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Abstract: Two years of high-resolution simulations conducted with the Weather Research and
Forecasting (WRF) model are used to characterize the frequency, intensity and height of low-level
jets (LLJ) over the U.S. Atlantic coastal zone. Meteorological conditions and the occurrence and
characteristics of LLJs are described for (i) the centroids of thirteen of the sixteen active offshore
wind energy lease areas off the U.S. east coast and (ii) along two transects extending east from the
U.S. coastline across the northern lease areas (LA). Flow close to the nominal hub-height of wind
turbines is predominantly northwesterly and southwesterly and exhibits pronounced seasonality,
with highest wind speeds in November, and lowest wind speeds in June. LLJs diagnosed using
vertical profiles of modeled wind speeds from approximately 20 to 530 m above sea level exhibit
highest frequency in LA south of Massachusetts, where LLJs are identified in up to 12% of hours in
June. LLJs are considerably less frequent further south along the U.S. east coast and outside of the
summer season. LLJs frequently occur at heights that intersect the wind turbine rotor plane, and at
wind speeds within typical wind turbine operating ranges. LLJs are most frequent, intense and have
lowest core heights under strong horizontal temperature gradients and lower planetary boundary
layer heights.

Keywords: low-level jet; wind turbines; offshore; wind energy; operating conditions

1. Introduction

The United States (U.S.) Department of Energy has announced a goal of 30 GW of
installed offshore wind capacity by 2030, which is sufficient to provide electrical power
to 10 million U.S. homes [1]. Sixteen commercial wind energy lease sites are active along
the U.S. east coast [2] and under differing states of development [3]. Recent research has
indicated development of the 15 northernmost of these lease areas with 15 MW wind
turbines having a 1.85 km (1 nautical mile) spacing in the north–south and west–east
directions will yield nearly 3% of national electricity demand [4]. One of these lease
areas (Vineyard Wind, proposed installation of 800 MW) south of Massachusetts, has
recently been approved for development and represents a milestone in the development
of U.S. offshore wind energy infrastructure [5]. Improved understanding of the wind
climate at these and other prospective lease areas will aid in planning and optimization of
these developments.

Wind speeds offshore tend to be higher than over adjacent land areas due to lower
roughness, which reduces the frequency of calms and increases the persistence of higher,
power producing, wind speeds [6,7]. Strongly stable conditions and low turbulence in-
tensity are relatively frequent offshore [4], so under land–sea flow regimes, the internal
boundary layer grows slowly and long offshore fetch is required before the wind fully
equilibrates to the water surface. This, and the action of coastal waves, result in complex
wind speed profiles and large, height-varying horizontal gradients in wind speeds [8].
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There are many challenges to making climatologically representative measurements of
wind resources and operating conditions offshore [9]. Two buoys with vertical potentially
continuous wave lidars onboard are operating in the northern and southern extents of New
York bight (an offshore region east of New Jersey and south of Long Island) [10,11]. These
lidar systems measure wind speed and turbulence conditions in the lowest 200 m above sea
level (a.s.l.) [12]. However, evidence of large spatial variability in wind conditions along the
U.S. east coast from satellite-based analyses, NOAA buoy measurements at 2 to 7 m height,
and previous numerical simulations indicates data from these floating lidar are valuable
but insufficient to characterize flow at all of the lease areas [13]. Further, the G.E. Haliade-X
13 MW wind turbine that has been selected for the first lease area has a hub-height (HH) of
~140 m and a rotor diameter (D) ~220 m. Hence, the rotor plane extends well above the
measurement range of these buoy-mounted lidars. Thus, herein numerical simulations are
presented to characterize low-level jets within and close to the U.S. east coast lease areas at
heights relevant to wind energy.

Low-level jets (LLJs), defined as wind maxima at heights within the planetary bound-
ary layer, frequently occur in coastal areas [14]. Analyses of ERA-Interim reanalysis data
found locations with large-scale (100 km+) LLJs with core heights below 2 km occur with
frequencies above 50% in summertime, in coastal areas offshore of California, and the
Iberian and Arabian Peninsulas [15]. Coastal LLJ formation is often associated with low-
level baroclinicity (i.e., thermal gradients on horizontal pressure surfaces), due to land-sea
temperature contrasts [16]. Topographic forcing (such as inland terrain or the presence
of complex coastline morphology such as capes, peninsulas and inlets), upwelling, and
frontal passages have also been identified as important LLJ genesis mechanisms [17–22].
The diversity of formation mechanisms implies the scales and dominant altitudes of LLJs
may vary greatly, and that prior work (such as [15]) may have under-sampled LLJs at
heights of relevance to the wind energy industry.

Although regionally forced LLJs may have core maxima above typical wind turbine
HH, coastal LLJs in the North Sea and Baltic Sea have been found to occur at heights
as low as 90 m a.s.l. and at many locations have a median jet core height of 100–120 m
a.s.l. [23]. Further, the increasing physical dimensions of wind turbine heights over time,
and particularly offshore, mean LLJs may more frequently intersect with the wind turbine
rotor plane [24,25]. When a LLJ occurs within the rotor plane, changes to the distributions
of turbulent kinetic energy, shear, wind speed and wind direction [26,27] may increase
energy production and enhance wind turbine wake recovery [28,29]. However, it is also
likely to be associated with enhanced static and mechanical loading, fatigue cycles and
deflections [30]. A study using the NREL FAST code to model interaction of a LLJ with a
horizontal-axis wind turbine found increased power and aerodynamic loads in the presence
of positive and negative shear regions of the LLJ [31].

A comprehensive assessment of the frequency and characteristics of LLJs along the
U.S. eastern seaboard offshore lease areas is lacking. Previous research on specific areas
includes the New York Bight jet (east of New Jersey and south of Long Island). This found,
based on 9 years of observations from two offshore buoys and WRF simulations of a LLJ
case study, that LLJs develop during the warm season and occur with jet core speeds of
11–17 ms−1 [32]. An integrated study of a LLJ event off the New Jersey coast based on
WRF simulations and wind profilers found LLJs with maxima around 12–15 ms−1 [33].
A coastal LLJ event observed off the Maryland coast, captured through Doppler wind
lidar observations and analyzed through WRF simulations, exhibited maxima at heights of
around 250 m [34].

The objective of this research is to provide a quantitative assessment of LLJ frequencies
and characteristics along the U.S. east coast that incorporates both seasonal and diurnal
timescales. This research employs simulations with the Weather Research and Forecasting
(WRF) model. This model has been extensively used and validated within the wind
energy community and in modeling regional LLJs [33,35,36]. Two years of WRF output
encompassing 13 of the 16 active lease areas off the U.S. east coast are used to characterize
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wind directions and speeds at HH and boundary layer heights. We provide a monthly
map of LLJ frequency over an extensive area off the U.S. east coast. We quantify the LLJ
monthly and hourly frequency, core height and speed, and spatial extent, and describe the
meteorological conditions associated with LLJ occurrence. Two transects are constructed to
compare variations in LLJ characteristics and meteorological conditions associated with
their occurrence across scales. Comprehensive evaluation of the characteristics of LLJs
from WRF simulations is not possible due to the relative paucity of publicly-available
observations. Partial validation of the LLJ climatology from WRF is performed using
information from one of the two buoy-mounted conically-scanning continuous wave lidars
deployed by New York State Energy Research and Development Authority (NYSERDA) in
the New York Bight [12]. The northernmost of these two buoy-mounted lidars (39.97◦ N,
72.72◦ W) is close to the centroid of the second lease area group (the NY Equinor lease area),
and thus is used here.

2. Materials and Methods
2.1. WRF Simulation

WRF (v3.8.1) simulations were conducted over a 2-year period in the contemporary
climate. A Lambert projection was used for a nested domain wherein the outer two domains
(d01, d02) comprise 340 by 320 12 km by 12 km grid cells and 298 by 298 4 km by 4 km grid
cells, respectively (see model configuration in Table 1). Unless otherwise noted, all analyses
presented herein use hourly output from the entire two-year simulation. The outer domain
(d01) encompasses much of the U.S. East Coast and Great Plains, whereas the next inner
domain (d02) encompasses much of the U.S. East Coast, with the western domain boundary
in the center of Ohio. The third domain (d03) comprises 352 by 352 1.3 km by 1.3 km grid
cells. It is the focus of the research herein, and extends from north of Massachusetts to south
of New Jersey (Figure 1). It encompasses thirteen active commercial lease areas off the U.S.
East Coast [2]. Note: herein, the simulations do not use WRF wind farm parametrizations,
but rather analyze LLJ climatology without the influence of the planned wind farms.

Table 1. Multi-domain high-resolution WRF simulation—key model physics and domain configura-
tions. Analyses presented herein used once-hourly output from d03 (see Figure 1).

d01 d02 d03

Simulation Period 2 calendar years in the contemporary climate
Lateral Boundary

Conditions
MPI-ESM-LR Global Climate Model (Low Resolution Max Planck

Institute for Meteorology Earth System Model)
Grid resolution (km) 12 × 12 4 × 4 1.3 × 1.3

Time step (s) 60 20 6.66
Cumulus scheme Kain-Fritsch None None

Vertical levels 41
Microphysics WRF-single-moment-microphysics classes 5 (WSM5)

Longwave radiation Rapid radiative transfer model
Shortwave radiation Goddard
Surface layer physics Eta similarity
Land surface physics Noah land surface model
Planetary boundary

layer MYNN

An evaluation of offshore wind speeds at a nominal wind turbine hub-height of
100 m from an ensemble of WRF simulations at 5 km grid resolution found relatively low
sensitivity to the: product used to provide lateral boundary conditions, the number of
vertical levels (6 versus 14 in the lowest 200 m), the resolution of the sea surface temperature
data applied, or the strength of spectral/grid nudging, but found a high sensitivity to the
planetary boundary layer (PBL) scheme [37]. Offshore LLJ characteristics, such as frequency
and height or speed of the jet core (the jet’s wind speed maximum), have also been shown
to be dependent on the WRF physics scheme employed, with particular sensitivity to
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the PBL scheme [33]. The Mellor–Yamada Nakanishi and Niino (MYNN) 2.5 order PBL
scheme is used here [38]. It has been shown previously to simulate PBL structure well
in offshore regions [39], to exhibit fidelity in modeling a strong LLJ event over the U.S.
Northeast Coast (near Martha’s Vineyard, MA) [40], and in reproducing observed near-
surface wind speeds [41]. Further, the MYNN PBL scheme was shown to simulate the
marine atmospheric boundary layer well over the North Sea, with low wind speed biases
and standard deviations when compared to observational data [39]. MYNN is compatible
with three different surface layer (SL) parameterizations; here we use Eta similarity surface
layer physics [42,43] and the Noah land surface model [44] (Table 1).
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encompassed by white boundary; d03 covers the area encompassed by red boundary. The white panel
displays the spatial extent of the 13 offshore lease areas (magenta) in d03 considered in this study.

Offshore WRF simulations conducted over the Baltic Sea at 1 km grid horizontal reso-
lution (for the inner nested domain) showed that initial boundary conditions have a greater
impact in resolving LLJ characteristics compared to increasing vertical resolution from
14 to 21 layers in the lower 180 m a.s.l. [45]. Simulations presented herein use 41 vertical
(sigma) levels, 13 of which are below 540 m a.s.l., similar to past research on coastal wind
profiles [46]. For the first ~200 m a.s.l., these levels are approximately 30 m deep. To focus
primarily on LLJs that occur at or near the typical wind turbine rotor plane, output from
the first 13 sigma layers of the model were considered for LLJ characterization and were
sampled once-hourly. The simulations presented herein are part of those performed for
analyses of future wind climates and thus used lateral boundary conditions (including
sea surface temperatures, SST) from the Low Resolution Max Planck Institute for Mete-
orology Earth System Model (MPI-ESM-LR). MPI-ESM-LR exhibits a similar climate to
that from ERA-Interim [47], and WRF simulations within MPI-ESM-LR generate a similar
wind climate to that from WRF nested in ERA-Interim [48]. A recent inter-comparison of
global re-analyses over Europe and North America with respect to representation of near-
surface temperature and precipitation regimes concluded that, although ERA5 reanalysis
outperforms other global re-analyses over Europe, ERA-Interim outperforms ERA5 for
climate indices over North America [49]. Sea surface temperatures were remapped based
on recommendations from NCAR using bilinear interpolation from the MPI ocean model
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grid (122 × 101) to a global cylindrical equidistant (CE) grid to match the MPI atmospheric
model grid (256 × 220). SST values were updated every 24 h. ESM simulates a plausible
sequence of atmospheric conditions rather than a specific calendar date and year. The
simulations presented here are for a nominal period of July 2009–June 2011.

2.2. LLJ Analysis Domains

Wind speed components, potential temperature, and planetary boundary layer (PBL)
height are analyzed from grid cells containing the centroid of each of thirteen active
offshore wind energy lease areas (Figure 2). Results from the individual lease areas (LA)
are clustered into four groups to examine the macroscale variability in LLJ characteristics.
Group 1 encompasses seven lease areas and is centered south of Massachusetts. Group 2
is an individual lease area located in New York bight. Group 3 covers two lease areas off
the New Jersey coast. Group 4, comprised of three lease areas, is the most southerly and is
centered south of New Jersey and east of Delaware (Figure 2a).
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Figure 2. (a) Centroids of the active commercial offshore lease areas numbered 1–13 (white), and the
LA groups 1–4 into which the lease areas are clustered for analyses presented here (colored circles).
(b) Locations of grid cells in the control transect A, with the three subsets denoted as Groups 1–3
and colored accordingly. (c) Grid cells in transect B that crosses the New York Equinor offshore lease
area, with the three subsets denoted as Groups 1–3 and colored accordingly. State names frequently
mentioned herein (New York, New Jersey, Massachusetts) are indicated on the domain maps as NY,
NJ, and MA, respectively.

Two transects are also constructed for LLJ analysis. Transect A comprises 9 points
spaced at 40 km. It extends approximately 300 km west–east off the coast of New Jersey,
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and was constructed to analyze meso-scale variability in LLJ characteristics and specifi-
cally examine LLJ frequency as a function of fetch without the influence of other coastal
landforms (such as Long Island or Cape Cod) (Figure 2b). Transect B was used to examine
intra-farm variability and was sampled at nine points over a 30 km total length. Transect
B is influenced by Long Island to the north and covers the entirety of the planned lease
area off the coast of Long Island (NY Equinor). It is used to describe LLJ variability on an
intra-wind farm scale (Figure 2c).

2.3. LLJ Detection and Characterization
2.3.1. LLJ Detection

LLJ frequency and characteristics are sensitive to the definition employed [50,51]. Use
of only an absolute wind speed threshold for detection (i.e., maximum wind speed at the
jet core exceeds that above and below the jet by X ms−1) results in higher speed LLJs,
whereas the use of only a relative (or variable) wind speed threshold (i.e., jet core wind
speed exceeds wind speeds above and below by X%) results in lower speed LLJs [52]. A
combination of relative and absolute threshold was employed here. An LLJ was identified
at a given location and hour if the maximum wind speed from any vertical level (15–500 m
a.s.l.) deviated from any speeds above and below by both (i) > 20% and (ii) > 2 ms−1.

2.3.2. Preliminary WRF Simulation Validation

The LLJ climatology generated from the WRF output was evaluated using data from
the buoy-mounted lidar closest to the centroid of the second lease area group (the NY
Equinor lease area 39.97◦ N, 72.72◦ W). Because the lidar only measures wind speeds at
heights of 20 to 200 m with a 20 m interval, in this comparison WRF output from the grid
cell containing the buoy is sampled over the lowest 7 model levels (i.e., to 200 m a.s.l.) for
comparability. Two LLJ extraction criteria are applied to compare seasonality between the
WRF output and buoy data due to the low vertical window of the data (approximately
200 m a.s.l.): Criterion A, 1 ms−1 and 10%; and Criterion B, 2 ms−1 and 20%. Mean LLJ
profiles and LLJ seasonality from seven months of the NYSERDA buoy data and WRF
simulation are compared.

2.3.3. LLJ Characterization

Following preliminary validation of the WRF simulation in resolving LLJs, LLJ charac-
terization is outlined broadly as follows: spatiotemporal mean LLJ and non-LLJ wind speed
profiles from each LA group are evaluated for the 2-year period to evaluate differences in
the wind climate with changes in latitude. Following this, seasonal empirical probability
distributions for LLJ occurrence across each LA group and transect group are presented.
Next, monthly LLJ frequencies are further evaluated across the entire domain. For this
analysis, wind speed profiles are sampled every three hours at every third grid point
for computational efficiency, and monthly maps for relative monthly LLJ frequencies are
produced across the domain. Because many of the variables considered herein are not
Gaussian distributed, in much of the following the median is used as the primary measure
of the central tendency of regional LLJ characteristics. However, to enable comparisons
with past work, mean values are also cited for some LLJ properties. Where spatiotemporal
median or mean values of wind speed, direction, horizontal potential temperature gra-
dients, or PBL height (PBLH) are presented, the averaging is first performed for a given
grid cell in time, and then averaged in space. Mean wind speed profiles for the LLJ and
non-LLJ conditions are calculated from the mean wind speed components (u, v) at each
vertical level during hours with and without LLJs. Where lease area centroids and transects
are grouped (i.e., the four LA centroid groups and three groups per east–west transect as
described in Figure 2), LLJ wind profiles are sampled for each group to create separate data
subsets. From these subsets (4 subsets for each LA centroid group and 3 subsets across each
transect), LLJ statistics and characteristics are calculated.
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After the investigation of LLJ ensemble characteristics, four key aspects of LLJs and
their occurrence are presented herein via joint distributions and conditional probabilities.
Each joint distribution extends the initial LLJ characterization and investigates the proba-
bility of conditions in which they occur (probability of jet core speed and height, spatial
extent, diurnal variability and seasonality of occurrence, variations in wind direction during
LLJ occurrence):

(i) Joint probability distributions of LLJ core heights and speeds are analyzed across the
selected LA groups and transect groups to examine how LLJ characteristics change
with latitude and distance from the coast (macro- meso- and intra-farm scales). This
analysis is performed for transect groups closest to the coast and farthest from the
coast for both transects (Groups 1 and 3), plus LA groups 1 (south of MA) and
4 (highest and lowest latitude, respectively).

(ii) Spatial extent (i.e., co-occurrence in space). In this analysis, conditional probabilities
of LLJ occurrence are calculated for each LA centroid and/or each pair of points along
both transects. For example, for transect A, the conditional probability is calculated
that, if a LLJ is detected at point 1 (closest to the coast) in one hour, a LLJ will also
occur at point 9 (farthest from the coast) in that same hour.

(iii) LLJ probability of occurrence as a function of hour of the day and calendar month.
(iv) Joint probability distributions are constructed for LLJ occurrence considering both

hour of the day and wind direction at ~100 m for the month of highest LLJ frequency
(June). This analysis focused on two LA groups. Probabilities of LLJs in the first group
(LA group 1 in the north) are almost exclusively confined to the evening hours to
early morning hours (approximately 8 pm–8 am, local time) in June. Conversely, for
this month, probabilities of LLJs in the second (LA group 4 in the south) do not follow
a pronounced diurnal cycle.

2.3.4. Analysis of Meteorological Conditions associated with LLJs

The probability of occurrence and LLJ characteristics are analyzed with respect to two
key meteorological variables; horizontal land–sea gradients of potential temperature (θ) at
the sixth WRF sigma level (~180 m a.s.l., corresponding to the value of the median jet core
height) and PBLH along the two transects (Figure 2b,c). Horizontal gradients of potential
temperature are calculated every three hours at each point along each transect (Xi) relative
to output from the reference land grid cell denoted in Figure 2 (Xref = 0):

∆θ

∆X i
=

θi − θre f

Xi − Xre f
(1)

PBLH is analyzed hourly and is as defined within the MYNN scheme as the lowest
height at which modeled turbulent kinetic energy (TKE) < 1.0 × 10−6 m2s−2 [51].

Mann–Whitney U tests [53] are used to evaluate the null hypothesis that PBLH or
potential temperature gradients in the non-LLJ and LLJ samples are from the same pop-
ulation. Rejection of the null hypothesis at the 95% confidence level indicates that, for a
given month, horizontal temperature gradients or PBLH associated with LLJ and non-LLJ
conditions are drawn from different populations, and thus that PBLH and/or horizontal
gradients of temperature are causally linked to LLJ occurrence.

After significance testing of climatological conditions associated with LLJ occurrence,
LLJs are characterized monthly for each subset in terms of median LLJ core height, fre-
quency (for hourly realizations of wind speed profiles), and wind speed. LLJ characteristics
are then analyzed relative to the significance of climatological conditions associated with
their development, i.e., median LLJ characteristics for months in which the LLJ gradients
are deemed significant according to the Mann–Whitney U-Tests are compared to median
characteristics during months without significant temperature gradients.
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3. Results
3.1. Wind Climate

Consistent with previous independent WRF simulations and satellite-based remote
sensing [13], wind speeds output for all lease area (LA) centroids and transect groups
exhibit lower values in the warmer months (Figure 3a–c). The median wind speed at ~100 m
a.s.l. is <8 ms−1 in August, whereas values during the winter months are approximately
11–12 ms−1. Transect A (extending west–east off the coast of New Jersey, NJ, see Figure 2)
exhibits highest seasonality. Median wind speeds in August and November differ by 80%
of the August value. The seasonal variability of wind speeds at the individual LA or
along transects exceeds the spatial variability in the annual wind speeds. For the LA south
of Massachusetts (LA group 1), the mean annual wind speed at 100 m is approximately
9.89 ms−1, whereas it is 9.55 ms−1 for the southernmost lease areas (LA group 4) off the
coast of Delaware. There are also only modest differences in average wind speed across the
transects (i.e., with distance to the coast). For transect A (340 km long) and B (40 km long),
annual mean wind speeds at ~100 m a.s.l. increase by 0.0014 and 0.0057 ms−1 per km from
the coast, respectively. This is consistent with the largest wind speed gradients occurring
within 40 km of the coastline as the flow adjusts to the lower surface roughness and the
changing surface energy fluxes. All groups exhibit predominantly northwesterly and
southwesterly flows with few observations from the southeast.
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season is well-resolved. Some discrepancies may be further explained by inter-annual var-
iability of LLJ frequency and characteristics, because the lidar data only cover 7 months 
whereas the WRF output covers 2 years. 

Figure 3. Monthly median wind speed at ≈100 m height across (a) LA groups and (b,c) transects A
and B. Monthly median boundary layer heights across (d) LA groups and (e,f) transects; 2-year wind
direction frequency across (g) LA groups and (h,i) transects. Recall transect A extends 300 km from
the coast and transect B extends 40 km.
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PBLHs also exhibit a profound seasonal cycle and spatial variability (Figure 3). For
all LA and transect groups considered, highest median PBLHs occur during transition
months (spring and fall), in agreement with lidar observations [54]. PBLHs are lower
during summer due to advection of warmer air over the cooler sea surface. Lease area
groups at lower latitudes that also have shorter over-water fetches in the dominant wind
direction exhibit higher median PBLHs than those of LA groups 1 and 2 (Figure 3h–i).
There is also marked variability in PBLH across the transects in fall (September–Novem
ber, inclusive).

3.2. Preliminary WRF Simulation Validation

Depicted in Figure 4, mean LLJ profiles extracted from the buoy-mounted lidar in
the lowest 200 m a.s.l. exhibit similar mean jet core heights but slightly lower mean jet
core speeds than LLJs extracted with the same definition (Criterion A) from the first 220 m
a.s.l. of WRF output (corresponding to the lowest 7 sigma levels). The mean values for jet
core speed and height from the buoy are 9.1 ms−1 and 80 m a.s.l., whereas values from
WRF are 9.8 ms−1 and 84 m a.s.l. (Figure 4a). Both datasets indicate relatively low monthly
LLJ frequencies (Figure 4b). When LLJs are extracted with Criterion A, LLJ frequency
is comparatively low in magnitude but exhibits a peak in the warm months (Figure 4b).
When LLJs are extracted from the lowest 7 sigma levels of WRF output under Criterion B,
the absolute frequency of LLJ occurrence increases in magnitude and peaks in the warm
season. Thus, the absolute magnitude of monthly frequency is sensitive to the LLJ definition
employed (particularly due to the limit of the low vertical window) but the peak of LLJs
in the warm season is well-resolved. Some discrepancies may be further explained by
inter-annual variability of LLJ frequency and characteristics, because the lidar data only
cover 7 months whereas the WRF output covers 2 years.
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(black, solid) extracted under Criterion A and Criterion B (black, dashed).

3.3. LLJ Identification and Characterization

Mean wind speed profiles conditionally sampled by the presence or absence of LLJs
exhibit pronounced spatial variability across the LA groups (Figure 5). The mean profiles
when LLJs are absent have an approximately logarithmic form. Output for LA group 1
non-LLJ (south of Massachusetts) exhibits more vertical shear and higher wind speeds
at ≈100 m a.s.l. For LA group 1, the mean LLJ core wind speed is 10.9 ms−1, whereas
LA groups 2, 3, and 4 exhibit higher mean jet core speeds of 12.0, 13.4, and 13.2 ms−1,
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respectively. Importantly in a wind energy context, the spatiotemporal mean heights of
the LLJ cores are below 200 m a.s.l. for all LA groups, indicating that LLJs tend to occur
within or near the nominal wind turbine rotor plane. LA groups 1, 2, 3, and 4 exhibit
spatiotemporal mean jet core heights of 170, 157, 172, and 160 m a.s.l., respectively. Weibull
distribution fits to hourly wind speeds at ~100 m a.s.l. during LLJs indicate LLJs exhibit
very similar shape (k) and scale (c) parameters. For example, in output from LA group 1,
k = 1.997 and c = 11.93 ms−1 when LLJs are absent, and k = 2.013 and c = 11.94 ms−1 when
LLJs are identified as present. The implication is LLJs may have comparatively little impact
on the wind resource close to hub-height but may have a greater impact on rotor equivalent
wind speeds and/or shear across the rotor plane.
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Figure 5. Spatiotemporal mean wind speed profiles in the lowest 500 m for hours when LLJs are
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LLJs are most frequent over all LA and transects during the summer months (Figure 6).
The highest probability of occurrence is found for LA group 1 (south of Massachusetts),
with LLJs occurring in up to 12% of hours during June. LLJs are least frequent at LA off the
Maryland coast (Figure 6). Along transect A, highest jet frequencies (up to 7% of all time
periods) are observed approximately 30 km off of the coast (T1) with a decrease in frequency
with increasing distance from the coast across all months considered. However, along
the shorter near-coastal transect (B), as distance from the land increases, LLJ frequency
increases for warmer months and there is less evident spatial variability in the winter. At
approximately 60 km from the coast along transect B, frequency increases to 9% of all
hours in June (T9). This re-emphasizes the multiple scales of influence on LLJ frequency
and characteristics (i.e., sea breeze circulations vs. the role of capes and peninsulas). The
increase in LLJ frequency in the warm months may be attributed partially to differences
in land–sea horizontal temperature gradients observed in these months (and described
in Section 3.5).
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To provide a geospatial context for the LLJ frequencies in the LA, the same detection
algorithm was applied to 3-hourly output sampled at every third grid cell in the domain
(Figure 7). The results emphasize the summer peak in LLJ frequency and indicate LLJs
are identified in output from nearly every grid cell of the domain (Figure 7). During
the warm months, LLJs are observed throughout the majority of the domain, whereas
from October to December LLJs are infrequent everywhere. LLJ frequency is particularly
high in the Cape Cod, Nantucket Sound, and Cape Ann regions (i.e., near the state of
Massachusetts). During June, LLJs are identified in these regions in up 18% of hours.
LLJ frequency generally declines with decreasing latitude during both warm and cool
months, although areas of Long Island Sound (near LA group 2) exhibit relatively high
LLJ frequency in both warm and cool months. Thus, spatial patterns in LLJ frequency are
dependent on both month and location within the domain, further validating the results
in Figure 6.
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3.4. Extended Analysis of LLJ Characterization

Joint probability distributions of LLJ core height and magnitude indicate most jets
identified using the criteria described above occur within the likely wind turbine rotor
plane (heights 50–250 m) and at wind turbine operating conditions (i.e., wind speeds above
cut-in and below cut-out) (Figure 8). LA group 1 has the highest LLJ frequency (Figure 6)
and a clear maximum rate of occurrence with LLJ core wind speeds of approximately
10 ms−1 and core heights of 100–170 m a.s.l. (Figure 8). Conversely, WRF output for LA
group 4 (the most southerly), indicates a low frequency of LLJs (Figure 6) and a clearer
association between LLJ intensity (wind speed) and core height (Figure 8). Higher core
heights are generally associated with higher LLJ core wind speeds. There is a clear decrease
in LLJ frequency with distance offshore along transect A (Figure 6), and LLJs further from
the coast also appear to be associated with lower core wind speeds (Figure 8). Across the
shorter transect B, LLJs occur at similar heights and with similar jet core wind speeds.
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Figure 8. Empirical joint probability distributions for LLJ height and core wind speed (ms−1) in
(a) LA group 1 (LA 1–7) and (b) LA group 4 (LA 11–13); and on transect A approximately (c) 40 km
and (d) 340 km from the coast; and transect B approximately (e) 20 km and (f) 50 km from the coast.
Joint probabilities will sum to one for each individual panel.

LLJs exhibit spatial coherence over tens of kilometers but the probability of co-
occurrence greatly declines with greater separation (Figure 9). The mean separation of
the LA centroids in the cluster south of Massachusetts (LA 1–7) is 28 km. When a LLJ is
detected in one of these LA centroids, it is highly likely (0.50 < p < 0.75) that a LLJ will be
detected concurrently at the centroid of other nearby lease areas (LA 1–7) (Figure 9a). For
lease area centroids 11–13 (Figure 2), which are in closer proximity to each other, it is highly
likely (p > 0.75) that if a LLJ is detected at one centroid, there is a LLJ is detected at the
other centroids. Thus, based on this analysis of WRF output, whereas LLJs are detected in
relatively few hours on average, LLJs are highly likely to simultaneously impact multiple
nearby lease areas.
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Figure 9. (a) Conditional probability of LLJ occurrences at a LA centroid given that a LLJ is occurring
at any other LA centroid in the same hour; conditional probability of LLJ occurrences for transect A
(b) and transect B (c) at any point along the transect given that a LLJ is occurring at another point in
the same hour.

Intra-transect conditional probabilities of concurrent LLJs are also high (p > 0.5). In
over three-quarters of time periods when a LLJ is detected at one point along transect A,
a LLJ is simultaneously indicated in grid cells displaced up to 120 km east and west of it
(Figure 9). There is asymmetry of conditional probabilities in both transects. It is less likely
if a LLJ occurs at the transect point closest to the coast that it will also occur further offshore
than vice-versa. These asymmetries are further evidence that LLJ generation in the region
occurs across multiple scales from intra-farm to meso-scale.

Joint probability distributions for LLJ occurrence by month and hour illustrate the
dominance of the seasonal cycle over the diurnal cycle in terms of frequency with which
LLJs are manifest (Figure 10); that is, there is a more consistent seasonal cycle (with
a peak in the warm months) for LLJs across the domain, whereas there is evidence of
intermittent diurnal signals in LLJ appearance depending on location and season. For LA
group 1, transect A group 1 (approximately 40 km from the coast) and transect B group 3
(approximately 50 km from the coast), LLJs are observed during all hours of the day in May
and June. LA group 1 exhibits a higher probability of LLJ occurrence overnight and in the
evening. For the more southerly lease areas (LA group 4), the variability in the frequency
of occurrence with hour of the day is even more pronounced. At LA group 4, there is a
clear evening peak in LLJ occurrence. The presence or absence of a diurnal cycle in LLJ
occurrence may be related to diurnal variability in flow direction and the proximity to land
as described further below.

LA group 1 has west–east and south–north oriented coastlines to the north and west,
respectively. WRF output for this location during June indicates the highest frequency
of LLJs under west-southwesterly (240◦) and southeasterly (120◦) flows at ~100 m a.s.l.
(Figure 11). Thus, LLJs are most frequently observed when the flow is nearly parallel to
the coastlines. Output for LA group 4 (off a south–north oriented coastline) exhibits LLJs
that are preferentially associated with south-southwesterly flow (Figure 11). This is again
almost parallel to the closest coastline (to the west, see Figure 1).

LLJ characteristics across the two transects (A and B) are summarized in Figure 12.
Recall, transect A extends over 300 km from the closest coastline, whereas transect B is used
to describe intra-wind farm variability and thus extends only 40 km. Across the intra-farm
transect B, median LLJ core height in peak months (April, May, June, July) is lower than in
other months, indicating that, during the months of highest frequency, LLJs are likeliest to
interact with the rotor plane. LLJs occur with higher jet core heights in the cooler months.
Further, for transect A, jet height increases with distance from the coast, with LLJs closest
to the coast exhibiting lowest heights for nearly all months. Increases in jet height with
increasing distance from the coast are similarly observed for transect B, particularly for
cooler months and into the early warm season (Jan–April).



Energies 2022, 15, 445 14 of 20

Energies 2021, 14, x FOR PEER REVIEW 14 of 22 
 

 

 
Figure 9. (a) Conditional probability of LLJ occurrences at a LA centroid given that a LLJ is occurring 
at any other LA centroid in the same hour; conditional probability of LLJ occurrences for transect A 
(b) and transect B (c) at any point along the transect given that a LLJ is occurring at another point in 
the same hour.  

Joint probability distributions for LLJ occurrence by month and hour illustrate the 
dominance of the seasonal cycle over the diurnal cycle in terms of frequency with which 
LLJs are manifest (Figure 10); that is, there is a more consistent seasonal cycle (with a peak 
in the warm months) for LLJs across the domain, whereas there is evidence of intermittent 
diurnal signals in LLJ appearance depending on location and season. For LA group 1, 
transect A group 1 (approximately 40 km from the coast) and transect B group 3 (approx-
imately 50 km from the coast), LLJs are observed during all hours of the day in May and 
June. LA group 1 exhibits a higher probability of LLJ occurrence overnight and in the 
evening. For the more southerly lease areas (LA group 4), the variability in the frequency 
of occurrence with hour of the day is even more pronounced. At LA group 4, there is a 
clear evening peak in LLJ occurrence. The presence or absence of a diurnal cycle in LLJ 
occurrence may be related to diurnal variability in flow direction and the proximity to 
land as described further below. 

 
Figure 10. Empirical joint probability distributions of LLJ occurrence by hour of the day (local) and 
month in (a) LA group 1 (LA 1–7) and (b) LA group 4 (LA 11–13); and on transect A approximately 

Figure 10. Empirical joint probability distributions of LLJ occurrence by hour of the day (local) and
month in (a) LA group 1 (LA 1–7) and (b) LA group 4 (LA 11–13); and on transect A approximately
(c) 40 km and (d) 340 km from the coast; and transect B approximately (e) 20 km and (f) 50 km from
the coast. Joint probabilities will sum to one for each individual panel.
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Figure 11. Probability of LLJs sampled by hour of day (local time) and wind direction at 100 m in
(b) LA group 1 (LA 1–7) and (d) LA group 4 (LA 11–13), compared with probability of wind direction
sampled by hour of day during non-LLJ conditions in LA group 1 (a) and LA group 4 (c). Joint
distributions calculated for only the month of highest LLJ frequency (June). Joint probabilities will
sum to one for each individual panel.
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and occurrence of super-geostrophic flow in generating LLJs [55]. Although PBLHs vary 
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ent in potential temperature (θ) close to the median LLJ core height of 180 m a.s.l. from 
the coast and at each point along transects A and B (i.e., increasing x, as described in Equa-
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occurrence during the summer is generally associated with negative horizontal potential 

Figure 12. Monthly median jet core height (as indicated by position of blue lines within the circles),
magnitude (as indicated by the relative size of the circles), and frequency (as indicated in red) for
LLJs occurring in the three transect groups for (a) transect A and (b) transect B. The size of circles
and placement of the lines correspond to LLJ core speed and height, respectively. The given key
depicts the circle size corresponding to the ensemble median jet core speed, and a line positioned at
the center of the circle corresponds to the ensemble median jet core height (i.e., circles larger than that
given in the key indicate that the median jet core speed for that group and month is higher than the
ensemble median; lines positioned lower than the center of the circle indicate the median jet core
height for that group and month is lower than the ensemble median).

3.5. Meteorological Context for LLJs

Boundary layer heights during periods with LLJs are consistently lower, on average,
than hours in which LLJs do not occur (Figure 13). Median PBLHs during LLJ occurrence
across all months for transects A and B are 277 and 299 m a.s.l., respectively, whereas
median PBLHs during non-LLJ conditions for transects A and B are 864 m and 760 m a.s.l.,
respectively. This may reflect the importance of frictional decoupling at the top of the PBL
and occurrence of super-geostrophic flow in generating LLJs [55]. Although PBLHs vary
markedly with season (Figure 3), this association between lower PBLH and higher LLJ
frequencies is maintained.



Energies 2022, 15, 445 16 of 20

Energies 2021, 14, x FOR PEER REVIEW 17 of 22 
 

 

temperature gradients (colder temperatures further offshore). This is consistent with 
warmer air temperatures over land surfaces during the day and a contribution from the 
thermal wind to LLJ generation. As noted by [49], the occurrence of LLJs mainly in the 
summer “supports a baroclinic contribution and possibly an interplay with the evolution 
of sea breezes”. 

 
Figure 13. Median boundary layer height per month along transects A and B for non-LLJ (a,c) and 
LLJ (b,d) conditions, respectively. Median potential temperature gradients per month calculated 
relative to the reference land grid cell and at the height of the ensemble median jet core (180 m a.s.l.) 
along transects A and B for non-LLJ (e,g) and LLJ (f,h) conditions, respectively. Transect groups and 
months with no LLJ occurrences are undefined (white). 

Mann–Whitney U-tests applied to land–sea horizontal potential temperature gradi-
ents and PBLH during each calendar month indicate median values of Δθ/Δx and PBLH 
are generally significantly different for non-LLJ and LLJ periods (Figure 14). Median 
Δθ/Δx during LLJ and non-LLJ occurrence is not statistically significant in data from 
across the two transects in all months, but median PBLHs are frequently significantly 
lower when LLJs are detected. 

 
Figure 14. Monthly Mann–Whitney U Test results for LLJ and non-LLJ (a,b) horizontal land-sea 
temperature gradients and boundary layer heights (c,d) across the three transect groups in transect 
A (a,c) and transect B (b,d). The null hypothesis is tested at the significance level α = 0.05. Blue or 
orange indicates rejection of the null hypothesis, indicating that median boundary layer heights or 
temperature gradients during LLJ occurrence for each month are significant. Gray indicates failure 

Figure 13. Median boundary layer height per month along transects A and B for non-LLJ (a,c) and
LLJ (b,d) conditions, respectively. Median potential temperature gradients per month calculated
relative to the reference land grid cell and at the height of the ensemble median jet core (180 m a.s.l.)
along transects A and B for non-LLJ (e,g) and LLJ (f,h) conditions, respectively. Transect groups and
months with no LLJ occurrences are undefined (white).

Thermal gradients associated with LLJ occurrence are characterized using the gradient
in potential temperature (θ) close to the median LLJ core height of 180 m a.s.l. from the
coast and at each point along transects A and B (i.e., increasing x, as described in Equation
(1), indicates further offshore). The median horizontal gradients of potential temperature
(∆θ/∆X) across transects A and B during non-LLJ hours are positive (higher θ further
offshore) during the winter months, and close to zero during the summer (Figure 13). LLJ
occurrence during the summer is generally associated with negative horizontal potential
temperature gradients (colder temperatures further offshore). This is consistent with
warmer air temperatures over land surfaces during the day and a contribution from the
thermal wind to LLJ generation. As noted by [49], the occurrence of LLJs mainly in the
summer “supports a baroclinic contribution and possibly an interplay with the evolution
of sea breezes”.

Mann–Whitney U-tests applied to land–sea horizontal potential temperature gradients
and PBLH during each calendar month indicate median values of ∆θ/∆X and PBLH are
generally significantly different for non-LLJ and LLJ periods (Figure 14). Median ∆θ/∆X
during LLJ and non-LLJ occurrence is not statistically significant in data from across the
two transects in all months, but median PBLHs are frequently significantly lower when
LLJs are detected.

For months in which LLJ occurrence is linked to variations in horizontal land–sea poten-
tial temperature gradients, LLJs exhibit marked spatial variability across both transects, in
terms of frequency of occurrence, maximum wind speed and jet core height (Figures 12–14).
Along transect A, LLJs exhibit higher median jet core wind speeds during months when
the potential temperature gradients differ most from the “background” (i.e., the median
value from the sample of non-LLJ cases). In months when the median horizontal gradient
of potential temperature differed from that in non-LLJ periods, the median LLJ core wind
speed on transect A is 12.6 ms−1, whereas for months where the median ∆θ/∆X in the
LLJ and non-LLJ samples do not differ, it is 11.0 ms−1. The same is observed for transect
B, which exhibits jet core speeds of 12.4 and 10.6 ms−1, respectively. This may imply that,
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although the dominant mechanism of formation is linked to frictional decoupling, the LLJ
intensity is being enhanced by the thermal wind.
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Figure 14. Monthly Mann–Whitney U Test results for LLJ and non-LLJ (a,b) horizontal land-sea
temperature gradients and boundary layer heights (c,d) across the three transect groups in transect
A (a,c) and transect B (b,d). The null hypothesis is tested at the significance level α = 0.05. Blue or
orange indicates rejection of the null hypothesis, indicating that median boundary layer heights or
temperature gradients during LLJ occurrence for each month are significant. Gray indicates failure
to reject the null hypothesis. Transect groups and months with no LLJ occurrences are undefined
(white). Colors are chosen to represent each variable in consideration (PBLH or horizontal land–sea
temperature gradient).

4. Summary and Conclusions

Data availability on flow conditions over and in the coastal zone along the U.S. east
coast is sparse, although the United States plans to install nearly 30 GW of offshore wind en-
ergy capacity in this region by 2030. To aid in filling this data gap, 2 years of high-resolution
WRF simulations were performed and analyzed. The analyses focus on characterizing
the wind climate and coastal LLJ characteristics and spatial and temporal frequencies in
the current generation of offshore lease areas and along two transects extending from the
coastline (Figure 2). The 13 active offshore lease areas examined here are clustered into four
groups—group 1: LA 1–7 south of Massachusetts; group 2: LA 8 off the east coast of New
York state; group 3: LA 9–10 off the coast of New Jersey; and group 4: LA 11–13 (further
south) (see Figure 2). Transect A is a nine point east–west transect located off the coast of
New Jersey extending approximately 300 km from the coast. Transect B also comprises
nine equidistant points but has a spatial extent of approximately 30 km near Long Island in
the New York bight region. This transect crosses the extent of the New York Equinor lease
area and was designed to examine LLJ variability at the intra-farm scale.

Wind speeds close to 100 m a.s.l. are lower in the warmer months, with median
monthly values around 8 ms−1 (warmer months) to 11 ms−1 (winter months) throughout
the study region. Wind directions in each lease area group are found to be dominated by
northwesterly and southwesterly flows.

LLJs are identified from the hourly WRF output as vertical profiles where a wind
speed maximum is evident in the lowest 530 m of the column and wind speeds are 20%
and 2 ms−1 lower both above and below that height. This analysis fully encompasses
the height of the rotor plane of all currently available wind turbines. A similar analysis
was also applied to output from WRF for the lowest 200 m a.s.l. and a vertically scanning
lidar on a buoy in the New York Bight region. These analyses indicate relatively good
agreement between the LLJ jet core height and wind speed and seasonality from the lidar
and WRF, with peak LLJ frequency in the warm season (May–September). LLJ occurrence is
highest in June for all groups of LA and indeed over the entire simulation domain. LLJs are
detected most frequently in the northern-most lease areas located south of Massachusetts
(LA 1–7). This region shows LLJs in up to 12% of hours in June, with winter exhibiting
comparatively low LLJ frequency (Figure 5). LLJs also exhibit a high probability to occur at
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rated wind speeds for turbines planned in the region, with all domains exhibiting relatively
high probability of LLJs occurring with jet cores of 10 ms−1 or higher. Generally, LLJ
frequency decreases with decreasing latitude, but increases or decreases with increasing
fetch, depending on the location within the domain. For all locations considered, LLJ cores
are frequently found at heights that intersect wind turbine rotor planes; the median LLJ
height is ~150 m a.s.l. in all LA groups. LLJ characteristics (speed, height) exhibit less
variation on the intra-farm scale (across transect B) when compared to meso- (transect A)
or inter-farm (across lease area groups) scales.

Co-occurrence of LLJs in space (i.e., in grid cells of varying horizontal separation) was
used to characterize the spatial scales of LLJs. LLJs typically do not simultaneously impact
the southern-most and northern-most LA groups. Although LLJs are most frequent in the
northern LA group, there is clear evidence LLJs are less likely to occur simultaneously
in this region than in the southern-most LA group, which exhibits high probability of
jet co-occurrence.

Although there is clear seasonality in LLJ frequency, variability with hour of the day
is considerably more modest. LLJs are preferentially found to be aligned with the nearest
coastline. For all transect and LA groups, LLJ occurrence is associated with lower boundary
layer heights and negative horizontal land-sea potential temperature gradients (cooler
conditions offshore) during the summer months. Future work will include investigation
of the impact of LLJs on rotor equivalent wind speed and shear across the rotor plane, in
addition to further investigation of causal mechanisms of LLJs for the region.
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