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Abstract. As the offshore wind industry emerges on the US 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 Development 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 to 200 m height with a 20 m vertical resolution. 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 ms~! and 0.05s~!,
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
US East Coast, and a comprehensive understanding of the
wind resource in this area is critical for the industry’s suc-
cess. There are currently 15 active lease areas with over

21 gigawatts (GW) of planned capacity spanning from Mas-
sachusetts to North Carolina (Fig. 1), with an additional
planned 86 GW capacity in all US 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 15km 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).
Extreme wind events relevant to wind turbine operation
include rapid changes in flow direction and speed or per-
sistently high values of shear and veer (Commission, 2019).
High vertical wind shear is of particular interest to wind en-
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Figure 1. Map of US North Atlantic 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).

ergy as it has a direct effect on wind turbine power and re-
liability (Colle and Novak, 2010; Pefia et al., 2012; Dvo-
rak et al., 2013; Gutierrez et al., 2014, 2017, 2019; Mur-
phy et al.,, 2020; Borvardn et al., 2020; Hallgren et al.,
2020). One phenomenon responsible for producing high-
shear events has gained particular attention by the wind en-
ergy 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 US 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 (Nunalee and Basu, 2014; Colle et al., 2016;
Strobach et al., 2018), ship-borne lidar (Pichugina et al.,
2017; Strobach et al., 2018), aircraft measurements (Colle
et al., 2016), sodar (Helmis et al., 2013), radiosonde (Colle
and Novak, 2010; Helmis et al., 2013; Nunalee and Basu,
2014), and radar wind profilers (Zhang et al., 2006; Nunalee
and Basu, 2014). A consensus agreement among these stud-
ies is the frequent occurrence of persistent LLJs in this area
during the warm season. While some studies were limited
to heights above wind turbine operation (Zhang et al., 2006;
Nunalee and Basu, 2014), others found wind speed maxima
at heights representative of a typical wind turbine rotor (Colle
and Novak, 2010; Pichugina et al., 2017; Strobach et al.,
2018).

These LLIJs are not limited to the US mid-Atlantic but are a
global phenomenon (Parish et al., 1988; Winant et al., 1988;
Burk and Thompson, 1996; Parish, 2000; Hoinka and Cas-
tro, 2003; Pefia et al., 2012, 2014; Ranjha et al., 2013; Floors

Wind Energ. Sci., 6, 1043-1059, 2021

etal., 2013; Soares et al., 2014; Rijo et al., 2018; Lima et al.,
2018; Svensson et al., 2019; Hallgren et al., 2020), occur-
ring both onshore and offshore and triggered by a range of
atmospheric conditions. The most common trigger perhaps
is the onset of stable stratification in the lower atmosphere,
most commonly at night, which reduces turbulent mixing and
allows the expression of the inertial oscillation in the wind
profile (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 an LLJ
(Holton, 1967; Parish and Oolman, 2010; Du and Rotunno,
2014; Shapiro et al., 2016). Offshore LLJs have been associ-
ated with changes in coastal topography (Beardsley et al.,
1987; Winant et al., 1988; Strobach et al., 2018) and the
land—sea temperature gradient (Chao, 1985; Clemente-Colon
and Yan, 1999; Colle and Novak, 2010; Floors et al., 2013;
Soares et al., 2014).

To date, it is not well-established which of these mecha-
nisms (or combinations thereof) are responsible for LLJs in
US 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 US East Coast wind
energy lease areas. Many of the data sets were spatially dis-
junct (Colle et al., 2016; Pichugina et al., 2017; Strobach
et al., 2018) or limited to coastal areas (Zhang et al., 2006;
Helmis et al., 2013; Nunalee and Basu, 2014; Colle et al.,
2016). The only two experiments recorded in the literature
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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; Pichugina et al., 2017; Strobach et al., 2018).

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

A cursory look at the NYSERDA data alone can re-
veal very important wind characteristics and phenomena. We
show an example of this in Fig. 2, where an intense high-
shear event existing over a 2d period is measured at the
northeast (NE) buoy. We see not only frequent extreme shear
across the nominal rotor area but also several low-level-jet
(LLJ) events where the peak in the wind profiles is as low
as 100 m. In the highlighted LLJ and monotonic-shear peri-
ods, the time-averaged profiles reveal a power-law exponent
of 0.59 and 0.32, respectively, when measured across a nom-
inal rotor layer spanning between 40 and 160 m. This corre-
sponds to wind speed gradient, AU/Az, values of 0.12 and
0.08s™!, respectively, across the rotor layer. The ability to
accurately predict such events using numerical weather pre-
diction (NWP) models is crucial for wind resource assess-
ment, wind power forecasting, and the timely implementa-
tion of operation and maintenance procedures to protect tur-
bines from damage. A proper documentation of these ex-
treme 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 off-
shore wind turbines. To our knowledge, the existence of these
high-shear events, let alone their causes and development,
has not been previously studied in the US East Coast offshore
wind lease areas. Our goal is to characterize these events and
understand the physical mechanisms governing their onset
and dissipation. To do so, we leverage these novel floating
lidar observations in the US offshore wind areas.
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2 Identification of high-shear events

Time series of vertical profiles 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 al-
gorithm developed to detect these events discerns between
two types of wind speed profiles: monotonic shear and LLJ
(Fig. 2). The algorithm is applied to each 10 min mean pro-
file. When high shear is detected for a continuous period of
1 h or longer, this period is defined 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 two steps: first, events with lower shear
that last 1 h or less but are sandwiched in between two high-
shear periods are identified as an integral part of the adjacent
events and merged into them to form one longer event; fi-
nally, two events that are within 6 h of each other are merged
into a single, long-lived event.

The monotonic-shear profiles refer to 10 min averaged
profiles in which the wind speed magnitude strictly increases
with height (Fig. 2, right-side profile). For the LL]J cases, the
wind speed magnitude increases up to a certain height and
then decreases, revealing the presence of an LLJ with a nose
below 200 m (Fig. 2, left-side profile). While the monotonic-
shear cases could be the lower part of an LLJ with a nose
above 200 m, the vertical extent of our measurements does
not allow for that distinction to be made. For this reason, the
algorithm was developed to distinguish between both.

The detection of both types of high-shear profiles is based
on several conditions, as outlined below and shown by the
schematic in Fig. 3. We define nominal hub height and rotor
diameter values to be 100 and 120 m, respectively (the rotor
span being between 40 and 160 m). These are assumed to
be representative of an offshore wind turbine and are used
here to facilitate the interpretation of results in the context
of offshore wind development. For the analysis performed
here, only profiles with a hub height wind speed greater than
3ms~! are considered. A profile is classified as “monotonic
shear” if the rotor layer shear is greater than a prespecified
threshold value,

AU

AU
_— >
Az

~ Az

rotor rotor_threshold

A profile is classified as “LLJ” if

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

40m < 7 (Umax) < 180m;

(ii) the wind speed gradient between the rotor bottom and
the nose height (%) is greater than the same pre-
specified threshold value used for the monotonic-shear
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Figure 2. Example of high-shear event as measured by lidar on the NE buoy. Location of the NE buoy is provided in Table 1. Time series
between 13:50 UTC on 14 May 2020 and 19:30 UTC on 16 May 2020 (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.

Site Location Period analyzed Distance from Lidar measurement  Quantities analyzed

name coast heights

SW 39.55°N, 4 September 2019- ~ 69km 20-200m every 20 m Wind speed and direction,

buoy 73.43°W 16 August 2020 turbulence intensity, 2 m air

NE 39.97°N, 12 August 2019- ~ 114 km temperature, sea surface

buoy 72.72°W 16 August 2020 temperature
detection, the number of the detected events can vary (Kalverla et al.,

2019). For most of the analysis in Kalverla et al. (2019), the

ﬂ > ﬂ . and threshold used for AUgrop is 2ms~!. The enforcement of

AZ |nose  AZ lrotor_threshold both dimensional and nondimensional wind speed drop-off

(iii) the wind speed drop-off above the jet nose meets mini-
mum requirements in terms of dimensional and dimen-
sionless threshold values,

Udrop

1 A
and

AUgrop > 1.5 ms™ > 10%,

nose

where AUgrop = Utop — Unose» and Uyop marks the top of the
jet and is the first local minimum in wind speed identified
above the nose. If a minimum is not found, a jet nose can-
not be identified, and the profile is not flagged as an LLJ.
Depending on the threshold of the wind speed drop, AUgrop,
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criteria is based on previous work (Baas et al., 2009), but the
threshold values are adjusted in magnitude here because of
the limited vertical extent of the measurement data available.

In the wind energy industry, the vertical wind shear is typ-
ically represented by the power-law exponent, & (Commis-
sion, 2019). However, in this work, the variable used to quan-
tify vertical wind shear is wind speed gradient between a ref-
erence height (here taken as 40 m) and other heights above it.
A relationship plot (Fig. 4a) among wind speed at hub height
(U100m), wind speed gradient across the rotor (AA—IZ/) and shear
exponent () explains that the shear exponent can be very
low even though a turbine faces a high wind speed differ-
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Figure 3. Schematic showing key quantities used in the algorithm developed to detect the two types of high-shear profiles considered herein:
monotonic shear and low-level jet (LLJ). Individual detections are then merged into events.
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Figure 4. An analysis of vertical wind shear parameters from the NE floating lidar. Panel (a) shows the relationship between the wind speed
at 100 m height (U1ggm), the power-law exponent between height 40 and 160 m («), and the wind speed gradient between 40 and 160 m
(AU/Az). The dashed black line represents the 90th percentile value of AU/Az. Panel (b) shows the probability distribution of AU /Az for

both buoys.

ence across its diameter. The shear exponent is nondimen-
sional and does not consider the magnitude of wind speed
that a turbine actually faces. As a result, data points that
would normally be considered to be high shear by « often
have relatively low wind speeds and would not pose a danger
to wind turbines. The fitted dashed black line (Fig. 4a) pro-
vides the change in extreme wind shear exponent with wind
speeds rather than a constant shear exponent threshold (e.g.,
0.2). It explains that the threshold for the extreme wind shear
exponent should decrease with an increase in wind speed to
properly consider the wind speed gradient across the rotor
diameter. To better capture events that do pose that danger,
we consider instead the % metric — which does account for
wind speed magnitude — as a threshold for detecting high-
wind-shear events. The distribution of % for the buoys is
presented in Fig. 4b. The figure shows a long tail in the dis-
tribution that captures a considerable number of high-shear

https://doi.org/10.5194/wes-6-1043-2021

events. Setting a threshold at the 90th percentile, as shown
in the figure, captures a large number of events while en-
suring that the shear values are extreme. Herein, for both

types of profiles, the threshold shear value, % , 1s set to

the 90th percentile of the distribution of % over the en-
tire measurement period, which equals 0.035s~! (Fig. 4b)
when averaged across the lidars. Note that we are using fixed
heights (e.g., 40 to 160 m) to calculate the wind shear ex-
ponent and wind speed gradient across the rotor. However,
the wind shear exponent and wind speed gradient will be un-
derrepresented across the rotor for the LLJ cases which have
wind speed maxima below 160 m height.

Wind Energ. Sci., 6, 1043-1059, 2021
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Figure 5. Number of high-shear events for both buoys as a function
of event duration. Only events with a minimum duration of 1h are
considered.

3 Reslults

3.1 Detected events

We first summarize the results of the high-shear detection al-
gorithm in Fig. 5. A large number of events are detected at
both lidars, most of which are less than 10 h, but some extend
for more than 2 d. All the events identified based on the de-
tection criteria are marked as “high-shear” events. The events
presented in this section include both LLJ and monotonic-
shear cases. The total number of detected events are 104 and
92 for the northeast (NE) and southwest (SW) buoy, respec-
tively. To explain why there are more events at the SW buoy,
we must first better understand the atmospheric conditions in
which these events are able to occur. We begin this investi-
gation in the next section by looking at seasonal and diurnal
trends in event frequency.

3.2 Seasonal and diurnal dependence

We explore seasonal and diurnal trends in the high-shear
events in Fig. 6. In Fig. 6a and b, we consider the number
of 10 min average data points as they depend on hours of di-
urnal cycles and months, respectively. In Fig. 6¢, we consider
actual event counts by month. Figure 6a shows a clear diurnal
trend in the high-shear events, with event frequency increas-
ing after noon and dropping after 22:00 local time. Indeed,
events are twice as likely to happen during the night than
during the morning. We see in Fig. 6b and c that there is also
a strong seasonal trend in event frequency. Events are largely
concentrated in the spring months (i.e., March through June)
and are much less frequent in the rest of the year. In particu-
lar, the month of June has the highest number of events (16
events, on average), and November has the lowest number of
events (1 event, on average).
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The presence of strong diurnal and seasonal trends in the
number of high-shear events suggests the influence of mete-
orological 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; Blackadar, 1957; Holton, 1967; Stull, 1988; Burk and
Thompson, 1996; Parish, 2000; Poulos et al., 2002; Wharton
and Lundquist, 2012; Ranjha et al., 2013). In the next section,
we explore this possible relationship between high shear and
atmospheric stability in more detail.

3.3 Atmospheric stability and turbulence

In this section, we intend to investigate the relationship
among the high-shear events, atmospheric stability and tur-
bulence. However, we do not have air temperature measure-
ments at different heights to appropriately characterize the
atmospheric stability. Instead, we use the difference between
2m air temperature and the sea surface temperature as our
best proxy for atmospheric stability. We herein denote this
air—sea temperature difference as AT. Of course, the air—
sea temperature difference is more of an external forcing to
the atmosphere, but it may provide some indication of atmo-
spheric stability, such as when warm air flows over a colder
sea, inducing a stable stratification. To measure turbulence,
we use the turbulence intensity (TI) measurements at 100 m
as measured by the floating lidars, denoted as TIjpom. Tur-
bulence intensity is defined as standard deviation of the wind
speed normalized by the mean wind speed of the 10 min
window. In Fig. 7a and b, we plot distributions of AT and
TI100m, where the full data set is shown in blue and 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 difference
(AT > 0). The distribution of TIgpm is shown for both high-
shear events and the full data set in Fig. 7b. The high-shear
events have turbulence intensity mostly within the bin of 4 %
to 6 % (mean Tljgoym of 5.1 %), whereas mean turbulence
intensity of all the data sets is 8.3 %. Focusing only on the
high-shear events (i.e., the orange distributions), we plot AT
and TI distributions by wind direction in Fig. 7c and d. We
see that these high-shear events are almost exclusively asso-
ciated with southwesterly flow with a mean wind direction
of 217°. Referring to Fig. 1, we see that southwesterly flow
is about parallel to the coastline and features an area of very
large ocean fetch. The coastline parallel flow has also been
identified in previous works (Winant et al., 1988; Hoinka and
Castro, 2003; Colle and Novak, 2010; Soares et al., 2014).
Although we cannot provide an explanation of this coastline
parallel flow due to the limitations of the measurements used
in this study, these previous studies have explained this par-
ticular flow direction based on detailed observational and nu-
merical model data. The coastal flows are influenced by the
high-pressure system over the ocean and a low-pressure sys-
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Figure 6. Diurnal and seasonal distribution of high-shear events at both buoys: number of 10 min profiles in which high shear was detected
as a function of local time (a) and month (b) and number of events across the year (c).
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tem inland induced by a sharp contrast between high temper-
ature over land and lower temperature over the sea (Winant
et al., 1988; Hoinka and Castro, 2003; Soares et al., 2014).
The coast-parallel flow is then generated by the geostrophic
adjustment and deflection due to the Coriolis force (Soares
etal., 2014).

The observations in Fig. 7 suggest a positive correla-
tion between the near-surface temperature gradient and these
high-shear events. Depending on the locations, there are sev-
eral factors such as topography (Winant et al., 1988) and ther-
mal forcing over sloping terrain (Holton, 1967) that can fa-
cilitate 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 stratifi-
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
floating lidars, sufficient to cause high wind shear and allow
for the formation of low-level jets.

We provide evidence of this induced stratification 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 nega-
tive AT to a positive AT value. Notably, the end of the sec-
ond high-shear event (e.g., event-02) aligns with the switch
back to a negative AT value and a sharp change in wind di-
rection. The sharp change in air—sea temperature difference
and wind direction suggests the evidence of a frontal passage
within this event. The wind direction change in the “event-
017 is not as sharp as the “event-02” but well-correlated with
the change in air-sea temperature difference. Furthermore,
we see that the change in sign in AT is driven by changes in
the air temperature, T,, whereas the SST remains relatively
constant before, during and after the high-shear events. So
indeed, the arrival of warm air from the southwest and the re-
sulting induction of stable stratification appears to be a dom-
inant contributor to these high-shear events.

We further examine the role of the air—sea temperature
difference in influencing wind conditions in Fig. 9. Here,
we consider the full set of data and not just the high-shear
events. Specifically, we show the relationship between AT
and wind speed at 100m, TI at 100 m, the shear exponent
() across the rotor layer, the maximum wind speed gradi-
ent across the rotor (AU/Azmax) and wind veer. The data
are bin-averaged and shown along with the standard devia-
tion 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 nega-
tive but increases sharply when the temperature difference
is positive. The linear increase in wind speed with an in-
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crease in positive temperature difference (AT > 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 as the temper-
ature difference approaches zero, showing a strong depen-
dency on static stability (Fig. 9b). There is an upward trend
in the turbulence intensity after AT =2 °C. This could be
caused by a low density of the data within the bin. Similar to
wind speed, the shear exponent (Fig. 9c), the maximum wind
shear (Fig. 9d) and wind veer (Fig. 9e) are roughly constant
when AT is negative before increasing sharply when the dif-
ference becomes positive. As both wind shear and veer in-
crease with positive AT, any possible relationship between
the wind shear and wind veer is investigated in Fig. 9f. It
is observed that the wind veer increases with an increase in
wind shear. The upward trend of the wind veer when the wind
shear exponent is negative is caused by a low density of the
data. Similarly, we are not confident in the relationship above
wind shear exponent 0.4. Note that, as the wind direction is
calculated with the ratio of wind speed components, wind
shear exponent is better suited than wind speed gradient to
show the relationship between the wind veer and wind shear.

3.4 Spatial variability

In this section, we briefly explore the potential reasons for
having 13 % additional events at the SW buoy over the NE
buoy. The two buoys are located at different locations in the
wind lease areas and vary in proximity to the coast (Table 1).
We can apply these findings to inform developers of the dif-
ferent conditions that can be expected in these regions within
the lease areas. The high-shear events occur with the south-
westerly flow described in Sect. 3.3. Thus, wind farms in-
stalled in the SW region of the lease areas will be impacted
by the southwesterly winds before the wind farms installed
close to the NE buoy.

In Table 2, we compare mean atmospheric variables be-
tween the two buoys, for both the high-shear cases and the
full data set. To perform a proper intercomparison between
the buoys, we only considered time stamps that are com-
mon for both buoys. Table 2 shows that the local air tem-
perature at the NE buoy is lower than the SW buoy. Further-
more, the difference in air temperature between the buoys,
T, sw — Ta, NE, is higher than the change in SST between the
buoys, SSTsw —SSTNE. Therefore, the lower air temperature
at the NE buoy is largely responsible for its lower air—sea
temperature difference relative to the SW buoy. This higher
air-sea temperature difference at the SW buoy corresponds
to notably lower TI and a slightly higher wind speed gradient
across the rotor relative to the NE buoy. The SW and NW
buoys are ~ 69 and ~ 114 km away from the coast, respec-
tively. The SW buoy, which is closer to the coast, faces a
higher air—sea temperature difference than the NW buoy. It
suggests that the coast has an impact on the buoys, and the
impact varies depending on the distance from the coast.
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speed, (b) turbulence intensity, (¢) wind shear exponent, (d) maximum wind speed gradient across the nominal rotor defined here (between
40 and 160 m) and (e) wind veer. A relationship between the wind shear exponent and wind veer is provided in panel (f).

3.5 Low-level jets

Up to this point, the analysis considered high-shear events
irrespective of the profile characteristics across a nominal ro-
tor span. Here, we focus on a subset of 10 min periods that
are interspersed within these high-shear events: those with
an LLJ. These events are of particular interest to wind en-
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ergy applications as they subject the rotor not only to high
shear but also to negative shear when the jet nose is within
the rotor span.

Out of the 104 (92) high-shear events detected for the SW
(NE) buoy, 30% (26 %) feature LLIJs, and 9 % (7 %) are
made up entirely of LLJ profiles. These profiles were not

https://doi.org/10.5194/wes-6-1043-2021
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Table 2. Comparison of the mean atmospheric variables between the NE and SW buoys.

High-shear data ‘ All the data
Variables [units] SWbuoy NEbuoy SW buoy — NE buoy ‘ SWbuoy NEbuoy SW buoy — NE buoy
T, [°C] 13.97 13.62 0.35 13.01 12.67 0.346
SST [°C] 12.45 12.21 0.23 14.58 14.60 —0.023
T, —SST [°C] 1.52 1.4 0.12 —1.62 —1.94 0.31
all 0.286 0.289 —0.003 0.103 0.097 0.0066
AU/Az [s71 0.050 0.0491 0.0010 0.0127 0.0123 0.0004
AU/Azmax [s71] 0.0753 0.0731 0.0022 0.0250 0.0245 0.0005
Utgom [ms~!] 16.179 15.735 0.445 9.843 10.116 —0.2736
TIioom [%] 4.379 5.119 —0.740 7.833 8.327 —0.4930

detected at any specific point of the high-shear events. In-
stead, they occurred at the beginning, end and throughout the
longer-lived events. A simple statistical analysis of these LLJ
profiles confirms that they are highly relevant for wind tur-
bine operation: the most common nose wind speeds are be-
tween 9 and 12 ms~!, and the most common nose heights are
80 and 100 m. As expected, the predominant wind direction
during these LLJ occurrences is consistent with that for the
long-lived, high-shear events: primarily from the SW sector.
These LLIJs exhibit a clear seasonal signature, being most fre-
quent in spring and not occurring at all in winter (Fig. 11a).
No clear diurnal signature for these LLJ events can be iden-
tified from Fig. 11b. It should be noted that this study uses a
year of observational data, but multi-year data would be more
useful to investigate the seasonal variability and climatology.

The highest shear values observed throughout this year
of measurements correspond to LLJ profiles, as evidenced
by the pronounced tail of the LLJ maximum-shear distri-
butions in Fig. 12a. When the nose of the jet is within the
rotor-swept area, a portion of the rotor will experience neg-
ative shear. Here, we quantify how much of the rotor expe-
riences negative vs. positive shear for each LLJ profile us-
ing the turbine-jet relative distance parameter (&; Gutierrez
et al., 2017, 2019). These values are shown in Fig. 12b: —1
indicates entirely positive shear across the rotor, 0 half neg-
ative and half positive, and 1 entirely negative. This analy-
sis reveals that the nominal rotor defined here experiences
at least some negative shear during most of the LLJ pro-
files identified: less than 1% of LLJs have £ = —1. More
than 50 % of the LLJ profiles identified have more nega-
tive than positive shear across the rotor (1 > & > 0). While
the mean negative shear is not too high (i.e., AU/Az=
—0.024 57! for both buoys), the distribution reveals a notice-
able tail where AU/Az < —0.035s~! (Fig. 12¢). While pre-
vious work (Gutierrez et al., 2017) has found that negative
shear can decrease loads on the wind turbine system (primar-
ily at the nacelle and tower), the positive shear in these pro-
files has been directly linked to an increase in static and dy-
namic loads relative to a well-mixed profile (Gutierrez et al.,
2016). A recent study (Gutierrez et al., 2019) investigated the
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symmetry in wind turbine loads when the rotor experiences
half-positive and half-negative shear and found complex in-
terplay between the tower, blades and gravitational loads.
The complexity of this aero-structural problem and the na-
ture of these boundary layer profiles off the US East Coast
highlight that more studies are needed to support the suc-
cessful deployment of offshore wind turbines in the United
States.

The high-shear periods measured at the two sites had sub-
stantially lower turbulence levels than the remainder of the
data. This is exemplified in Fig. 13, wherein TI is given as a
function of wind speed for all 10 min periods without a high-
shear profile (black) and those with an LLJ profile (colors)
only. Note that the monotonic-shear profiles are not included
here, but their turbulence distribution is similar to that of the
LLJ profiles. As expected, most of the data (the profiles not
flagged as having high shear) follow a decreasing trend with
wind speed up to a certain point and then see a slight in-
crease as wind speeds go up again and generate mechanical
turbulence. For example, the SW buoy goes from 5.9 % TI
at 8ms~! to 7.8 % TI at 20ms~!. The same is not observed
for the LLJ-exclusive data: a TI value of 4.9% at 8ms~!
decreases even further as the wind speed increases, to about
3.7% at 20ms~!. This is likely connected to stable atmo-
spheric stratification, which has been found to support LLJ
formation and suppress turbulence not only on land but off-
shore on the US East Coast (Colle and Novak, 2010).

4 Synoptic overview

Our analysis to this point has demonstrated the frequency
of extreme high-shear events that are associated with stable
stratification induced by warmer air from the southwest flow-
ing over colder mid-Atlantic waters. In this section, we ex-
amine synoptic charts from the NOAA’s Weather Prediction
Center archive (https://www.wpc.ncep.noaa.gov, last access:
22 July 2021) for each case to examine the synoptic condi-
tions that lead to the arrival of warmer southwest air.
Synoptic conditions during these high-shear events gen-
erally include a surface low-pressure system centered west

Wind Energ. Sci., 6, 1043-1059, 2021
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of the floating lidar locations and a region of high-pressure
to the east, as depicted in the schematic shown in Fig. 14a.
This schematic is a generalization of the synoptic setup for
roughly 75 % of the 86d that registered an event. The ex-
act location and strength of these pressure systems deviate
from case to case, but the general pattern holds, resulting in a
large southerly component to the near-surface winds. Due to
the differences in location and strength of these pressure sys-
tems, a composite schematic was avoided as the averaging
would generate a diffuse depiction of the environment. The
directional component of the wind speeds is an important
feature as winds coming from the south typically result in
warmer air being advected into the area. Additionally, winds
with a southwesterly component may be coming from on-
shore and can contain much higher air temperatures because
of stronger heating over land during the day. Further, the long
fetch over the ocean results in low-turbulence conditions.

Wind Energ. Sci., 6, 1043-1059, 2021

This synoptic setup has been observed in previous studies
pertaining to offshore low-level jets in the mid-Atlantic re-
gion, such as Zhang et al. (2006), Colle and Novak (2010),
Helmis et al. (2013), and Strobach et al. (2018). While these
studies each provide different mechanisms for the low-level
jet formation (such as downslope winds from near-shore to-
pography, differential heating over land and sea, sloping ma-
rine boundary layers, cold water upwelling, etc.), the synop-
tic setups from each study are generally consistent with each
other. In most cases, the cyclone to the west advances toward
the east or northeast denoted by the blue arrow in Fig. 14a.

Many of the stronger events coincide with the west-
ern low-pressure system strengthening and moving eastward
as the pressure gradient ahead of the cold front tightens
and increases the wind speeds over the floating lidars (see
Fig. 14b). Of the 10 longest events (averaging 30 h in dura-
tion), 7 exhibited a tightening of the gradient and increase
in wind speed as the event progressed. Helmis et al. (2013)

https://doi.org/10.5194/wes-6-1043-2021



M. Debnath et al.: Extreme wind shear events in US mid-Atlantic wind energy areas

entirely

half negative

1055

entirely

(a) 20.0 = SW Buoy (b) positive half positive negative (C) == S\W Buoy
- NE Buoy Znose = Zhub + R Znose = Zhubs Znose =2Zhub — R 501 ... NE Buoy
:‘L—) g 17.59 ronoéonic Shear 351 I swBuwoy o : E) E
© 2150 eriods {77 NE Buoy % 5401
ES —— LLJ Periods SR e E£8
¢< 125 8% g2
>3 s8> 830
28100 53 B8
23 38200 | || [ 22
SE 751 55 © € 204
@O 2815 R
gc g ec
59 501 g< ]
~ ¥ 5§10 ~*+ 104
2.5 . e
e, 5
0.0 - e 0 .
0.04 0.06 0.08 0.10 0.12 0.14 0.16 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.00

o

maximum shear across profile L2313

2 |max [s711

turbine-jet relative distance parameter
3

0 13 23 1

shear above LLJ nose
(Utop = Unose\(Ztop — Znose) [57*1

Figure 12. Distribution of maximum shear over 1 year of measured profiles and separated by profile type: monotonic vs. LLJ (a); distribution
of turbine-jet relative distance parameter for all LLJ profiles (b); distribution of shear above LLJ nose (between nose and local wind speed
minimum measured above it), shown only for 10 min periods with LLJ profile (c).

30
—- no high-shear profile
- Ly

(a)

N
v

N
o

=
o

turbulence intensity [%]
=
w

v

3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22
wind speed bin [m s1]

30
(b) —- no high-shear profile

254 - L
g
2204
2
2
£ 15
3
c
2 10{IN
Qo
2

° 4

1 8B EmEE

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

wind speed bin [m s?]

Figure 13. Hub height (z = 100 m) distribution of turbulence intensity for wind speed bins between 3 and 22ms~! for the NE (a) and
SW (b) buoys. Distributions are shown separately for all 10 min periods without a high-shear profile (black) and those with an LLJ profile
(colored). Only wind speed bins with at least 10 LLJ profiles are shown. Monotonic-shear periods are excluded here for clarity.

and Strobach et al. (2018) found a similar tightening of the
pressure gradient during cases of offshore low-level jets in
the mid-Atlantic resulting in a strengthening of the wind
speeds and shifting of the winds to contain a stronger west-
erly component. Interestingly, the western low-pressure sys-
tems in the two longest events were associated with named
winter storms (Isaiah and Ruth, respectively). In fact, 12 out
of 16 named winter storms that impacted the East Coast were
also associated with high-shear events, giving credence to
the idea that strong low-pressure systems over the contigu-
ous United States may produce the synoptic setup required
for these offshore high-shear events. Expanding to consider
the 25 longest events (averaging 19 h in duration) shows that
only 12 exhibit this eastward propagation and deepening of
the low-pressure system. This implies that while the advanc-
ing and strengthening low-pressure system is common in the
longest events in this area, it may not be a good characteriza-
tion of all events, including those with a much shorter dura-
tion.

Lastly, many of the events end around the time of frontal
passages as depicted in Fig. 14c. This can be seen in Fig. 8
(event-02), where a sharp drop in temperature (bottom panel,
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h) coincides with a drastic decrease in shear across the ro-
tor plane (middle panel, g). The wind shift from south-
southwesterly to west-northwesterly is also shown (Fig. 8f),
as would be expected during a typical cold frontal passage
at this location. This results in colder, well-mixed air advect-
ing over the relatively warmer sea surface temperatures and
breaks up the stable conditions favorable for generating high
shear. On the other hand, the majority of events — such as the
event shown in Fig. 8 (event-02, e—g) — end well after frontal
passage or have no clear synoptic event that can be attributed
to the demise of the high shear. Of the 25 longest events, 7
show the ends attributed to frontal passage (1 warm front,
6 cold fronts); however, 5 of these events are within the 10
longest duration events. While this is clearly not applicable to
the majority of events, many events, especially those that are
around 6 h or less in duration, are difficult to determine how
the event ends as the synoptic charts are output at 6 h inter-
vals. Other noticeable features that were seen in the synoptic
charts around the time an event ended were stationary fronts
or shortwave troughs (which are relatively small-scale synop-
tic disturbances commonly associated with changes in wind
direction near the surface but no or slight changes in tem-
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perature). Additionally, some events are considered to have
“begun” or “ended” erroneously due to missing data either
before or after the event, respectively. In these cases, it is not
possible to determine the physical process that produced or
destroyed the high-shear event.

There are no clear synoptic differences between the LLJ
events and monotonic-shear events. This may be due to the
limited observational height at which jet noses above 180 m
cannot be determined. It is possible that some events that
are considered high-shear are, in fact, LLJs with noses above
180 m. Additionally, it is possible that only subtle differences
in the air temperature, wind speed and/or wind direction are
able to augment the wind profile such that an LLJ nose de-
velops or does not develop below 180 m.

For the event days that did not display the setup illustrated
in Fig. 14 (roughly one-quarter of event days), 13 % dis-
played synoptic conditions with a surface high-pressure sys-
tem over the coastal mid-Atlantic region and offshore lease
area. This results in weak synoptic flow over the offshore
lease area and conditions greatly subject to diurnal processes.
A similar synoptic environment is found in a case study
within Nunalee and Basu (2014), where daily low-level jets
formed in coastal New Jersey under an area of high pressure
centered just offshore of the mid-Atlantic states. Addition-
ally, one event occurred as Tropical Storm Arthur approached
the lidars from the south off the coast of South Carolina and
moved north-northeast. Wind directions, in this case, were
from almost directly east; however, air temperatures became
warmer than the sea surface temperature as the high-shear
event began. From this, it becomes apparent that warm air ad-
vection over relatively colder water is an essential ingredient
to the formation of these high-shear events that is typically
caused by flow with a large southerly component.

5 Conclusions

This study has revealed the frequent occurrence of extreme
high-shear events in US mid-Atlantic offshore wind lease
areas. These events were characterized based on data from
two floating lidars recently deployed by NYSERDA. We
identified approximately 100 high-shear events over a year,
with some events lasting up to 3 d. The magnitude of these
events was striking, with maximum and mean hub height
wind speeds of 33 and 16 ms~!, respectively, and maximum
and mean power-law wind shear exponents across the rotor
of 0.82 and 0.28, respectively. These values are substantially
higher than 0.2, the number proposed in the design standards
to identify extreme-shear conditions relevant to turbine op-
eration (Commission, 2019). It is clear that once wind farms
are built in these areas, these extreme events will have sub-
stantial effects on wind turbine power generation and struc-
tural response.

Fortunately, these extreme events seem to be fairly pre-
dictable. We found that their occurrences were strongly asso-
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Figure 14. A simplified schematic of the synoptic conditions for
high-shear events at the beginning (a), during the event (b) and as
the event ends (c). Gray lines represent theoretical isobars; arrows
pointing to the floating lidars (green star) represent typical wind
directions, speed and air temperature; and L and H represent low-
and high-pressure centers, respectively.

ciated with a positive air—sea temperature difference, which
occurs when warmer air from the southwest flows over the
colder waters of the mid-Atlantic, thereby inducing a sta-
ble stratification. These events largely occurred in spring and
early summer, when the air—sea temperature difference was
greatest, and very seldom in fall and winter, when the air—sea
temperature difference is the lowest. The atmospheric condi-
tions leading to these high-shear events are consistent with
previous work (Colle and Novak, 2010; Zhang et al., 2006),
which had attributed offshore LLIJs closer to the coast. The
measurements analyzed herein reveal that the high shear and
jets persist farther from the coast, at offshore distances where
wind development is planned.

The high-shear events were characterized by low turbu-
lence: ~ 4.7 % TI on average, in contrast to 8.1 % when all
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the data are considered. We note, however, that the accuracy
of TI measurements from the floating lidars was not assessed
in this study. Future work examining such accuracy would be
valuable, provided of course that high-frequency wind speed
measurement by the floating lidar is made available.

The LLJ events were especially notable, given their domi-
nant nose heights of 80 and 100 m and the impact such pro-
files will have on turbine power generation. Although these
events were fairly infrequent, this fact likely has more to
do with the upper limit of 200 m from the lidar measure-
ments. Had measurements been available above this height,
it is likely that many of the identified monotonic-shear events
may actually be LLJs with noses above 200 m. Given in-
creasing wind turbine hub heights and rotor diameters (e.g.,
the International Electrotechnical Commission (IEC) 15 MW
reference turbine with blade tips extending up to 300 m), fur-
ther analysis of LLJs above 200 m is warranted.

In identifying these events, we relied on the wind speed
gradient, AU/Az, rather than the industry standard power-
law exponent, o« (Commission, 2019). The o parameter is
nondimensional and does not consider the magnitude of wind
speeds. Consequently, we found that extreme wind shear
events could have low values of «, while, conversely, low-
magnitude-wind-speed events could have high values of «.
These results suggest revisiting the standard use of « in tur-
bine design standards and the consideration of alternative pa-
rameters such as AU/Az.

The public availability of floating lidar data was crucial
for this analysis. Although many floating lidars are currently
deployed in US offshore wind areas, most data are kept confi-
dential and not available for these types of analyses. Moving
forward, future availability of additional floating lidars will
be valuable in further characterizing the regional differences
in extreme wind shear events and how they depend on fac-
tors such as proximity to the coastline, latitude and seasonal
changes in SST. Furthermore, these floating lidars will be-
come vital in validating NWP models in offshore wind areas,
especially their ability to accurately predict these high-shear
events.

Code availability. The code used in this paper is not publicly
available but can be obtained from the author upon request.

Data availability. The data are publicly available. The reference
of the data is provided in this article. The data can be obtained
at the following link: https://oswbuoysny.resourcepanorama.dnvgl.
com/download/f67d14ad-07ab-4652-16d2-08d71f257dal (DNV-
GL, 2020).

Author contributions. MD led the data analysis with significant
contributions from PD and PH. MD wrote the article with equal

https://doi.org/10.5194/wes-6-1043-2021

contributions from MO, PD and PH. NB downloaded and processed
the lidar data.

Competing interests. The authors declare that they have no con-
flict of interest.

Disclaimer. The views expressed in the article do not necessarily
represent the views of the DOE or the US Government. Neither
NYSERDA nor OceanTech Services/DNV GL have reviewed the
information contained herein, and the opinions in this report do not
necessarily reflect those of any of these parties.

Publisher’s note: Copernicus Publications remains neutral with
regard to jurisdictional claims in published maps and institutional
affiliations.

Acknowledgements. This work was authored by the National
Renewable Energy Laboratory, operated by Alliance for Sustain-
able Energy, LLC, for the US Department of Energy (DOE) un-
der contract no. DE-AC36-08G028308. Funding for this work was
provided by the Bureau for Ocean Energy Management under con-
tract no. IAG-19-02122-1. The US Government retains and the pub-
lisher, by accepting the article for publication, acknowledges that
the US Government retains a nonexclusive, paid-up, irrevocable,
worldwide license to publish or reproduce the published form of
this work or allow others to do so for US Government purposes.

Financial support. This research has been supported by the Bu-
reau for Ocean Energy Management (grant no. IAG-19-02122-1).

Review statement. This paper was edited by Andrea Hahmann
and reviewed by Peter C. Kalverla and one anonymous referee.

References

Archer, C. L., Colle, B. A., Delle Monache, L., Dvorak, M. J.,
Lundquist, J., Bailey, B. H., Beaucage, P., Churchfield, M. J.,
Fitch, A. C., Kosovic, B., Lee, S., Moriarty, P. J., Simao, H.,
Stevens, R. J. A. M., Veron, D., and Zack, J.: Meteorology for
Coastal/Offshore Wind Energy in the United States: Recommen-
dations and Research Needs for the Next 10 Years, B. Am. Me-
teorol. Soc., 95, 515-519, https://doi.org/10.1175/BAMS-D-13-
00108.1, 2014.

Baas, P, Bosveld, F. C., Klein Baltink, H., and Holtslag,
A. a. M.: A Climatology of Nocturnal Low-Level Jets
at Cabauw, J. Appl. Meteorol. Clim., 48, 1627-1642,
https://doi.org/10.1175/2009JAMC1965.1, 2009.

Beardsley, R. C., Dorman, C. E., Friehe, C. A., Rosenfeld, L. K.,
and Winant, C. D.: Local atmospheric forcing during the Coastal
Ocean Dynamics Experiment: 1. A description of the marine
boundary layer and atmospheric conditions over a northern Cal-
ifornia upwelling region, J. Geophys. Res.-Oceans, 92, 1467—
1488, https://doi.org/10.1029/JC092iC02p01467, 1987.

Wind Energ. Sci., 6, 1043-1059, 2021



https://oswbuoysny.resourcepanorama.dnvgl.com/download/f67d14ad-07ab-4652-16d2-08d71f257da1
https://oswbuoysny.resourcepanorama.dnvgl.com/download/f67d14ad-07ab-4652-16d2-08d71f257da1
https://doi.org/10.1175/BAMS-D-13-00108.1
https://doi.org/10.1175/BAMS-D-13-00108.1
https://doi.org/10.1175/2009JAMC1965.1
https://doi.org/10.1029/JC092iC02p01467

1058 M. Debnath et al.;: Extreme wind shear events in US mid-Atlantic wind energy areas

Blackadar, A. K.: Boundary Layer Wind Maxima and Their Signif-
icance for the Growth of Nocturnal Inversions, B. Am. Meteorol.
Soc., 38, 283-290, 1957.

BOEM: Outer Continental Shelf Renewable Energy Leases
Map Book, Tech. rep., Bureau of Ocean Energy Manage-
ment, available at: https://www.boem.gov/renewable-energy/
mapping-and-data/renewable-energy-gis-data  (last  access:
15 July 2020), 2018.

Borvaran, D., Pefia, A., and Gandoin, R.: Characterization of off-
shore vertical wind shear conditions in Southern New England,
Wind Energy, 24, 1-16, https://doi.org/10.1002/we.2583, 2020.

Burk, S. D. and Thompson, W. T.. The Summer-
time Low-Level Jet and Marine Boundary Layer
Structure along the California Coast, Mon. Weather
Rev., 124, 668-686, https://doi.org/10.1175/1520-
0493(1996)124<0668:TSLLJA>2.0.CO;2, 1996.

Chao, S.-Y.: Coastal Jets in the Lower Atmosphere, J. Phys.
Oceanogr., 15, 361-371,  https://doi.org/10.1175/1520-
0485(1985)015<0361:CJITLA>2.0.CO;2, 1985.

Clemente-Colon, P. and Yan, X.-H.: Observations of East
Coast upwelling conditions in synthetic aperture radar
imagery, IEEE Geosci. Remote S., 37, 2239-2248,
https://doi.org/10.1109/36.789620, 1999.

Colle, B. A. and Novak, D. R.: The New York Bight Jet: Climatol-
ogy and Dynamical Evolution, Mon. Weather Rev., 138, 2385—
2404, https://doi.org/10.1175/2009MWR3231.1, 2010.

Colle, B. A., Sienkiewicz, M. J., Archer, C., Veron, D., Veron, F.,
Kempton, W., and Mak, J. E.: Improving the Mapping and Pre-
diction of Offshore Wind Resources (IMPOWR): Experimental
Overview and First Results, B. Am. Meteorol. Soc., 97, 1377—
1390, https://doi.org/10.1175/BAMS-D-14-00253.1, 2016.

Commission, [. E.: IEC 61400-1:2019-02 (Fourth Edi-
tion): Wind energy generation systems — Part 1:
Design  Requirements, IEC  61400-1:2019-02, avail-
able at: https://standards.iteh.ai/catalog/standards/iec/
3454e370-7ef2-468e-a074-7a5¢c1c6cb693/iec-61400-1-2019
(last access: 15 July 2020), 2019.

de Wiel, B. J. H. V., Moene, A. E., Steeneveld, G. J., Baas, P,
Bosveld, F. C., and Holtslag, A. A. M.: A Conceptual View on In-
ertial Oscillations and Nocturnal Low-Level Jets, J. Atmos. Sci.,
67,2679-2689, https://doi.org/10.1175/2010JAS3289.1, 2010.

DNV-GL: NYSERDA Floating LiDAR Buoy Data, Tech. rep.,
DNV-GL, availble at: https://oswbuoysny.resourcepanorama.
dnvgl.com/download/f67d14ad-07ab-4652-16d2-08d71f257dal
(last access: 1 July 2021), Neither NYSERDA nor OceanTech
ServicesyDNV GL have reviewed the information contained
herein and the opinions in this report do not necessarily reflect
those of any of these parties, 2020.

Du, Y. and Rotunno, R.: A simple analytical model of the noctur-
nal low-level jet over the great plains of the United States, J.
Atmos. Sci., 71, 3674-3683, https://doi.org/10.1175/JAS-D-14-
0060.1, 2014.

Dvorak, M. J., Corcoran, B. A., Ten Hoeve, J. E., McIntyre, N. G.,
and Jacobson, M.: US East Coast offshore wind energy resources
and their relationship to peak-time electricity demand, Wind En-
ergy, 16, 977-997, https://doi.org/10.1002/we.1524, 2013.

Floors, R., Vincent, C. L., Gryning, S., Pefia, A., and Batchvarova,
E.: The Wind Profile in the Coastal Boundary Layer: Wind Lidar
Measurements and Numerical Modelling, Bound.-Lay. Meteo-

Wind Energ. Sci., 6, 1043-1059, 2021

rol., 147, 469-491, https://doi.org/10.1007/s10546-012-9791-9,
2013.

Gutierrez, W., Araya, G., Basu, S., Ruiz-Columbie, A., and Castillo,
L.: Toward Understanding Low Level Jet Climatology over West
Texas and its Impact on Wind Energy, J. Phys. Conf. Ser., 524,
012008, https://doi.org/10.1088/1742-6596/524/1/012008, 2014.

Gutierrez, W., Araya, G., Kiliyanpilakkil, P., Ruiz-Columbie, A.,
Tutkun, M., and Castillo, L.: Structural impact assessment of low
level jets over wind turbines, J. Renew. Sustain. Ener., 8, 023308,
https://doi.org/10.1063/1.4945359, 2016.

Gutierrez, W., Ruiz-Columbie, A., Tutkun, M., and Castillo, L.: Im-
pacts of the low-level jet’s negative wind shear on the wind tur-
bine, Wind Energ. Sci., 2, 533-545, https://doi.org/10.5194/wes-
2-533-2017, 2017.

Gutierrez, W., Ruiz-Columbie, A., Tutkun, M., and Castillo, L.:
The structural response of a wind turbine under operating con-
ditions with a low-level jet, Adv. Mater Res., 108, 380-391,
https://doi.org/10.1016/j.rser.2019.03.058, 2019.

Hallgren, C., Arnqvist, J., Ivanell, S., Kornich, H., Vakkari, V.,
and Sahlée, E.: Looking for an offshore low-level jet champion
among recent reanalyses: A tight race over the baltic sea, Ener-
gies, 13, 3670, https://doi.org/10.3390/en13143670, 2020.

Helmis, C. G., Wang, Q., Sgouros, G., Wang, S., and Halios, C.: In-
vestigating the Summertime Low-Level Jet Over the East Coast
of the U.S.A.: A Case Study, Bound.-Lay. Meteorol., 149, 259—
276, https://doi.org/10.1007/s10546-013-9841-y, 2013.

Hoinka, K. P. and Castro, M. D.: The Iberian Peninsula
thermal low, Q. J. Roy. Meteor. Soc., 129, 1491-1511,
https://doi.org/10.1256/qj.01.189, 2003.

Holton, J. R.: The diurnal boundary layer wind oscilla-
tion above sloping terrainl, Tellus A, 19, 199-205,
https://doi.org/10.1111/j.2153-3490.1967.tb01473.x, 1967.

Kalverla, P. C., Duncan Jr., J. B., Steeneveld, G.-J., and Holtslag,
A. A. M.: Low-level jets over the North Sea based on ERAS and
observations: together they do better, Wind Energ. Sci., 4, 193—
209, https://doi.org/10.5194/wes-4-193-2019, 2019.

Lima, D. C., Soares, P. M., Semedo, A., and Cardoso,
R. M.: A global view of coastal low-level wind jets us-
ing an ensemble of reanalyses, J. Climate, 31, 1525-1546,
https://doi.org/10.1175/JCLI-D-17-0395.1, 2018.

Murphy, P., Lundquist, J. K., and Fleming, P.. How wind speed
shear and directional veer affect the power production of a
megawatt-scale operational wind turbine, Wind Energ. Sci., 5,
1169-1190, https://doi.org/10.5194/wes-5-1169-2020, 2020.

Musial, W. and Ram, B.: Large-Scale Offshore Wind Power in
the United States: Assessment of Opportunities and Barriers, li-
brary Catalog: digital.library.unt.edu, Number: NREL/TP-500-
40745, National Renewable Energy Laboratory (U.S.), Golden,
CO, United States, https://doi.org/10.2172/990101, 2010.

Nunalee, C. G. and Basu, S.: Mesoscale modeling of coastal low-
level jets: implications for offshore wind resource estimation,
Wind Energy, 17, 1199-1216, https://doi.org/10.1002/we.1628,
2014.

Parish, T. R.: Forcing of the summertime low-level
jet along the California coast, J. Appl. Meteo-
rol., 39, 2421-2433, https://doi.org/10.1175/1520-

0450(2000)039<2421:FOTSLL>2.0.CO;2, 2000.

https://doi.org/10.5194/wes-6-1043-2021


https://www.boem.gov/renewable-energy/mapping-and-data/renewable-energy-gis-data
https://www.boem.gov/renewable-energy/mapping-and-data/renewable-energy-gis-data
https://doi.org/10.1002/we.2583
https://doi.org/10.1175/1520-0493(1996)124<0668:TSLLJA>2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124<0668:TSLLJA>2.0.CO;2
https://doi.org/10.1175/1520-0485(1985)015<0361:CJITLA>2.0.CO;2
https://doi.org/10.1175/1520-0485(1985)015<0361:CJITLA>2.0.CO;2
https://doi.org/10.1109/36.789620
https://doi.org/10.1175/2009MWR3231.1
https://doi.org/10.1175/BAMS-D-14-00253.1
https://standards.iteh.ai/catalog/standards/iec/3454e370-7ef2-468e-a074-7a5c1c6cb693/iec-61400-1-2019
https://standards.iteh.ai/catalog/standards/iec/3454e370-7ef2-468e-a074-7a5c1c6cb693/iec-61400-1-2019
https://doi.org/10.1175/2010JAS3289.1
https://oswbuoysny.resourcepanorama.dnvgl.com/download/f67d14ad-07ab-4652-16d2-08d71f257da1
https://oswbuoysny.resourcepanorama.dnvgl.com/download/f67d14ad-07ab-4652-16d2-08d71f257da1
https://doi.org/10.1175/JAS-D-14-0060.1
https://doi.org/10.1175/JAS-D-14-0060.1
https://doi.org/10.1002/we.1524
https://doi.org/10.1007/s10546-012-9791-9
https://doi.org/10.1088/1742-6596/524/1/012008
https://doi.org/10.1063/1.4945359
https://doi.org/10.5194/wes-2-533-2017
https://doi.org/10.5194/wes-2-533-2017
https://doi.org/10.1016/j.rser.2019.03.058
https://doi.org/10.3390/en13143670
https://doi.org/10.1007/s10546-013-9841-y
https://doi.org/10.1256/qj.01.189
https://doi.org/10.1111/j.2153-3490.1967.tb01473.x
https://doi.org/10.5194/wes-4-193-2019
https://doi.org/10.1175/JCLI-D-17-0395.1
https://doi.org/10.5194/wes-5-1169-2020
https://doi.org/10.2172/990101
https://doi.org/10.1002/we.1628
https://doi.org/10.1175/1520-0450(2000)039<2421:FOTSLL>2.0.CO;2
https://doi.org/10.1175/1520-0450(2000)039<2421:FOTSLL>2.0.CO;2

M. Debnath et al.: Extreme wind shear events in US mid-Atlantic wind energy areas 1059

Parish, T. R. and Oolman, L. D.: On the Role of Sloping Terrain in
the Forcing of the Great Plains Low-Level Jet, J. Atmos. Sci., 67,
2690-2699, https://doi.org/10.1175/2010JAS3368.1, 2010.

Parish, T. R., Rodi, A. R., and Clark, R. D.: A Case
Study of the Summertime Great Plains Low Level Jet,
Mon. Weather Rev., 116, 94-105, https://doi.org/10.1175/1520-
0493(1988)116<0094:ACSOTS>2.0.CO;2, 1988.

Pena, A., Mikkelsen, T., Gryning, S. E., Hasager, C. B.,
Hahmann, A. N., Badger, M., Karagali, 1., and Court-
ney, M.: Offshore vertical wind shear: Final report on
NORSEWInDs work task 3.1, DTU Wind Energy E, available
at:  https://orbit.dtu.dk/en/publications/offshore-vertical-wind-
shear-final-report-on-norsewinds-work, -task (last access:
15 January 2021), 2012.

Pefia, A., Floors, R., and Gryning, S. E.: The Hgvsgre Tall Wind-
Profile Experiment: A Description of Wind Profile Observations
in the Atmospheric Boundary Layer, Bound.-Lay. Meteorol.,
150, 69-89, https://doi.org/10.1007/s10546-013-9856-4, 2014.

Pichugina, Y. L., Brewer, W. A., Banta, R. M., Choukulkar, A.,
Clack, C. T. M., Marquis, M. C., McCarty, B. J., Weickmann,
A. M., Sandberg, S. P., Marchbanks, R. D., and Hardesty, R. M.:
Properties of the offshore low level jet and rotor layer wind shear
as measured by scanning Doppler Lidar, Wind Energy, 20, 987—
1002, https://doi.org/10.1002/we.2075, 2017.

Poulos, G. S., Blumen, W., Fritts, D. C., Lundquist, J. K., Sun, J.,
Burns, S. P, Nappo, C., Banta, R., Newsom, R., Cuxart, J., Ter-
radellas, E., Balsley, B., and Jensen, M.: CASES-99: A Compre-
hensive Investigation of the Stable Nocturnal Boundary Layer, B.
Am. Meteorol. Soc., 83, 555-582, https://doi.org/10.1175/1520-
0477(2002)083<0555:CACIOT>2.3.CO:;2, 2002.

Ranjha, R., Svensson, G., TjernstroM, M., and Semedo, A.: Global
distribution and seasonal variability of coastal low-level jets
derived from ERA-interim reanalysis, Tellus A, 65, 20412,
https://doi.org/10.3402/tellusa.v65i0.20412, 2013.

Rijo, N., Semedo, A., Miranda, P. M., Lima, D., Cardoso, R. M.,
and Soares, P. M.: Spatial and temporal variability of the Iberian
Peninsula coastal low-level jet, Int. J. Climatol., 38, 1605-1622,
https://doi.org/10.1002/joc.5303, 2018.

https://doi.org/10.5194/wes-6-1043-2021

Rose, S., Jaramillo, P, Small, M. J., Grossmann, I., and
Apt, J.: Quantifying the hurricane risk to offshore wind
turbines, P. Natl. Acad. Sci. USA, 109, 3247-3252,
https://doi.org/10.1073/pnas.1111769109, 2012.

Sergeevich, M. and Obukhov, A.: Basic laws of turbulent mixing
in the surface layer of the atmosphere, Contrib. Geophys. Inst.
Acad. Sci. USSR, 151, 163-187, 1954.

Shapiro, A., Fedorovich, E., and Rahimi, S.: A unified theory for
the great plains nocturnal low-level jet, J. Atmos. Sci., 73, 3037—
3057, https://doi.org/10.1175/JAS-D-15-0307.1, 2016.

Soares, P. M., Cardoso, R. M., Semedo, A., Chinita, M. J., and
Ranjha, R.: Climatology of the Iberia coastal low-level wind
jet: Weather research forecasting model high-resolution results,
Tellus A, 66, 22377, https://doi.org/10.3402/tellusa.v66.22377,
2014.

Strobach, E., Sparling, L. C., Rabenhorst, S. D., and Demoz, B.: Im-
pact of Inland Terrain on Mid-Atlantic Offshore Wind and Impli-
cations for Wind Resource Assessment: A Case Study, J. Appl.
Meteorol. Clim., 57, 777-796, https://doi.org/10.1175/JAMC-D-
17-0143.1, 2018.

Stul, R. B.: An Introduction to Boundary Layer Me-
teorology, Springer, Dordrecht, Boston, London,
https://doi.org/10.1007/978-94-009-3027-8, 1988.

Svensson, N., Arnqvist, J., Bergstrom, H., Rutgersson, A., and
Sahlée, E.: Measurements and modelling of offshorewind
profiles in a Semi-Enclosed Sea, Atmosphere, 10, 194,
https://doi.org/10.3390/ATMOS 10040194, 2019.

Wharton, S. and Lundquist, J. K.: Atmospheric stability affects
wind turbine power collection, Environ. Res. Lett., 7, 014005,
https://doi.org/10.1088/1748-9326/7/1/014005, 2012.

Winant, C. D., Dorman, C. E., Friehe, C. A., and Beard-
sley, R. C.: The Marine Layer off Northern Califor-
nia: An Example of Supercritical Channel Flow, J. At-
mos. Sci., 45, 3588-3605, https://doi.org/10.1175/1520-
0469(1988)045<3588: TMLONC>2.0.CO;2, 1988.

Zhang, D.-L., Zhang, S., and Weaver, S. J.: Low-Level Jets over
the Mid-Atlantic States: Warm-Season Climatology and a Case
Study, J. Appl. Meteorol. Clim., 45, 194-209, 2006.

Wind Energ. Sci., 6, 1043-1059, 2021



https://doi.org/10.1175/2010JAS3368.1
https://doi.org/10.1175/1520-0493(1988)116<0094:ACSOTS>2.0.CO;2
https://doi.org/10.1175/1520-0493(1988)116<0094:ACSOTS>2.0.CO;2
https://orbit.dtu.dk/en/publications/offshore-vertical-wind-shear-final-report-on-norsewinds-work-task
https://orbit.dtu.dk/en/publications/offshore-vertical-wind-shear-final-report-on-norsewinds-work-task
https://doi.org/10.1007/s10546-013-9856-4
https://doi.org/10.1002/we.2075
https://doi.org/10.1175/1520-0477(2002)083<0555:CACIOT>2.3.CO;2
https://doi.org/10.1175/1520-0477(2002)083<0555:CACIOT>2.3.CO;2
https://doi.org/10.3402/tellusa.v65i0.20412
https://doi.org/10.1002/joc.5303
https://doi.org/10.1073/pnas.1111769109
https://doi.org/10.1175/JAS-D-15-0307.1
https://doi.org/10.3402/tellusa.v66.22377
https://doi.org/10.1175/JAMC-D-17-0143.1
https://doi.org/10.1175/JAMC-D-17-0143.1
https://doi.org/10.1007/978-94-009-3027-8
https://doi.org/10.3390/ATMOS10040194
https://doi.org/10.1088/1748-9326/7/1/014005
https://doi.org/10.1175/1520-0469(1988)045<3588:TMLONC>2.0.CO;2
https://doi.org/10.1175/1520-0469(1988)045<3588:TMLONC>2.0.CO;2

	Abstract
	Copyright statement
	Introduction
	Identification of high-shear events
	Results
	Detected events
	Seasonal and diurnal dependence
	Atmospheric stability and turbulence
	Spatial variability
	Low-level jets

	Synoptic overview
	Conclusions
	Code availability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

