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Abstract.

Offshore wind farms in the Southern New England lease area frequently operate within a persistently stable marine at-

mospheric boundary layer (MABL) during spring, when cold shelf waters beneath warm continental air suppress convective

mixing and maintain a shallow planetary boundary layer height (PBLH) well below turbine hub height. Here we quantify the

sensitivity of wind farm simulations to vertical resolution under these heavily stratified conditions. Our ensemble of WRF-Fitch5

mesoscale simulations of a large-scale offshore wind farm during a stratified period (2–8 May 2018) spans five vertical grid

configurations, labeled by their first-layer thickness (∆z = 5–100 m), which place between 27 and 2 model levels within the

30–246 m rotor swept zone, and two ABL schemes (MYNN2 and YSU), coupled to a one-dimensional slab ocean to diagnose

first-order air-sea interactions. The simulated mean PBLH of 92–118 m places 59–72% of the rotor above the boundary-layer

top, where strong stratification suppresses the turbulent redistribution of the wake and concentrates almost all of the shear10

across the disk below hub height. Hub-height wind speed and friction velocity are robustly represented for ∆z ≤ 50 m, de-

parting by less than 1.2% and 1% respectively in MYNN2, but coarser grids (resembling operational system resolution) fail to

resolve the sharp stable inversion: ∆z = 100 m overestimates PBLH by 87% with MYNN2 and 22% with YSU. Richardson

extrapolation over the three finest grids shows most diagnostics to be effectively grid-converged at the reference resolution, but

assigns PBLH a grid convergence index of about 13%, reflecting its nature as a threshold diagnostic evaluated on model levels.15

Crucially, the hub-height wake deficit and its downstream structure remain robust across vertical resolutions, so this 13%

PBLH error chiefly compromises PBLH-based diagnostics rather than the simulated wake and surface stresses. The time-mean

wake deficit peaks at −3.2 m s−1 at the cluster core and falls below 0.5 and 0.1 m s−1 at 81 and 136 km downstream, driving

a spatial PBLH dipole (a +90 m in-farm deepening and a −24 m downstream undershoot that recovers within 23 km), the

former being consistent with recent observations on land. The ocean responds to the reduced wind stress (13.5%) with a20

mixed-layer shoaling of 1.26 m (9.2%) within the farm footprint, a sea-surface skin warming peaking at +0.32 ◦C, and an

upward turbulent heat-flux anomaly of 2.23 W m−2 (10.7%) in the farm zone, reaching 3.18 W m−2 some 47 km downwind

of the stress minimum, consistent in sign and magnitude with fully coupled simulations of the same region. The air-sea fluxes

and the mixed-layer response show no ordered dependence on resolution across the four finest grids, although the coarsest,

operational-like resolution exaggerates every term.25
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These results establish that while the spatial structure of wake-induced atmospheric and oceanic perturbations is robust to

vertical resolution once converged, the precise quantification of PBLH-dependent wake dynamics requires at least eight model

levels within the rotor layer, corresponding here to ∆z ≤ 25 m. The ERA5 reanalysis that provides the boundary conditions

for these simulations places eight levels within the same layer, so its vertical grid sits at the threshold identified here; regional

forecast systems with coarser near-surface grids would not resolve it. Vertical refinement beyond this point is bounded by the30

horizontal discretization: at 1.5 km spacing the boundary-layer scheme remains a one-dimensional column closure, and further

progress requires relaxing that assumption toward 3D turbulence resolved by Large Eddy Simulations rather than a still thinner

grid aspect ratio.

1 Introduction35

The rapid expansion of offshore wind energy along the US East Coast has transformed the Southern New England (SNE)

continental shelf into one of the most intensively developed offshore wind regions in the world. The lease areas south of

Martha’s Vineyard and Nantucket alone account for more than 13 GW of planned capacity as of May 2024 (McCoy et al.,

2024), and the first commercial-scale project in the region, the 132 MW South Fork Wind Farm, has been fully commissioned

since March 2024. However, this unprecedented scale of deployment raises fundamental scientific challenges regarding how40

massive wind plants interact with the complex dynamics of the atmosphere and ocean. As outlined in the grand challenges

of wind energy (Veers et al., 2022), and specifically regarding the marine atmospheric boundary layer (Shaw et al., 2022),

moving beyond basic resource assessment requires determining how accurately mesoscale atmospheric models can represent

wake dynamics and air-sea interactions under the highly specific meteorological conditions that actually prevail over these

lease areas.45

The dominant marine atmospheric boundary layer (MABL) regime over the SNE shelf in spring and summer is persistently

stable. Cold shelf water, isolated beneath the seasonal thermocline as the Mid-Atlantic Bight Cold Pool (Lentz, 2017), holds

sea surface temperatures well below the temperature of continental air advected from the southwest. The resulting stable layer

is shallow: over the Gulf of Maine, where the same advective contrast operates, its thermal structure is set by the near-constant

difference between the water temperature and the continental air aloft rather than by fetch or by time of day, and the layer is only50

50–100 m deep (Angevine et al., 2006). Direct-covariance flux measurements at the Martha’s Vineyard Coastal Observatory

show that stable surface-layer stratification is likewise the dominant state over the SNE shelf from May onward, peaking in

midsummer (Chang and Kirincich, 2025). In this regime the turbulence dissipation rate offshore is roughly two orders of

magnitude smaller than at comparable onshore sites, sustaining strong and long-lived wind farm wakes (Bodini et al., 2019),

while suppressed vertical mixing enhances shear and veer across the rotor layer (Svensson and Holtslag, 2009; Holtslag et al.,55

2013). Beneath this stable atmosphere the upper ocean restratifies rapidly through spring: surface heating builds the seasonal
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thermocline and shoals the mixed layer from its deep, winter-mixed state to a climatological May depth of approximately

8 m over the SNE shelf (de Boyer Montégut, 2024). These conditions have direct consequences for the lease areas themselves:

year-long simulations of the mid-Atlantic build-out find the strongest and longest wakes under summertime stable stratification,

propagating tens of kilometers and coinciding with peak regional electricity demand (Rosencrans et al., 2024). Resolving this60

regime therefore requires a model that captures the vertical structure of a boundary layer that is shallower than the rotor layer

it must also support.

García-Santiago et al. (2024) documented systematic stability-dependent differences in wind-farm parameterization perfor-

mance benchmarked against high-resolution wake simulations, but the sensitivity of these simulations to vertical resolution

has not been isolated from parameterization performance under stable marine conditions. This is a consequential gap, given65

the well-known difficulty NWP models face in resolving the sharp inversions that cap the stable boundary layer (Holtslag

et al., 2013). The Fitch scheme is coupled here to MYNN2 (Nakanishi and Niino, 2004, 2009), the closure for which it was

formulated. To evaluate the structural error inherent in boundary layer schemes like MYNN2, otherwise identical turbine-free

simulations with the YSU scheme (Hong et al., 2006) are used to bracket how far the simulated structure of the stable MABL

itself depends on closure choice, independent of any wind farm effect. Both are one-dimensional column closures that in-70

tended for shallow aspect ratio grid cells and so parameterize vertical fluxes alone and assume horizontal homogeneity within

a grid cell. Rybchuk et al. (2022) showed that relaxing this assumption, by coupling Fitch to a three-dimensional PBL scheme,

changes simulated wakes appreciably; that limitation is common to both schemes used here, and how far vertical refinement

can usefully be pursued while it remains in place, at kilometer-scale grid spacing, is itself an open question.

A second major frontier in offshore wind modeling is the response of the upper ocean to wind farm forcing. By extracting75

momentum from the atmosphere, offshore wind farms reduce surface wind stress over large footprints; the resulting horizontal

stress gradient adjusts the Ekman transport and generates a dipole in sea surface elevation, with corresponding anomalies

in vertical velocity (Broström, 2008). North Sea studies have approached these effects from both directions. Hydrodynamic

modeling reproduces the large-scale structures that emerge beneath atmospheric wind farm wakes (Christiansen et al., 2022),

while towed-CTD surveys through operational wind farm wakes resolve the hydrographic fingerprint of the dipole changes in80

mixed layer depth and potential energy anomaly over distances below 5 km, and thermocline excursions of 10–14 m although

the associated vertical velocity anomalies themselves remained below the detection limit of the survey (Floeter et al., 2022).

Seo et al. (2025) extended this work to the US East Coast, showing with coupled simulations that large-scale lease-area build-

out drives seasonal sea surface warming and mixed layer shoaling, and that the resulting upward heat flux destabilizes the

MABL and enhances wind stress, partially offsetting the atmospheric wake. Such perturbations may also propagate into the85

ecosystem: Daewel et al. (2022) project changes in primary production and bottom-water oxygen under North Sea build-out

scenarios.

Consequently, three specific knowledge gaps motivate this study: (1) the sensitivity of the Fitch-scheme atmospheric wake

to vertical resolution under real-world stable marine ABL conditions has not been quantified, nor has the vertical resolution

required for such simulations to be grid-converged been established; (2) the physical consequences of the PBLH falling below90
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the turbine hub height have not been systematically evaluated in mesoscale wake modeling; and (3) the sensitivity of the

mechanical ocean mixed layer (OML) response to atmospheric grid discretization is entirely unknown for the SNE lease area.

Here, we address these gaps through a suite of 15 WRF-Fitch-OML mesoscale simulations of a large offshore wind farm

over the SNE Vineyard Wind lease area. Simulating a representative stable atmospheric episode in May 2018, we test five

vertical atmospheric grid configurations, labeled by their first-layer thickness (∆z = 5–100 m) and spanning 27 to 2 model95

levels within the rotor swept zone, and two ABL schemes (MYNN2: Nakanishi and Niino 2004, 2009; YSU: Hong et al.

2006), coupling the atmospheric domain to a 1D ocean mixed layer (OML) model to diagnose the resulting air-sea coupling.

Section 2 describes the data, model configuration, and validation. Section 3 presents results and discussion, detailing the

background ABL structure, spatial wake characteristics, stability-dependent PBLH perturbations, and the ocean mixed layer

response. Section 4 summarizes the main conclusions.100

2 Data and Methods

2.1 Study region and ERA5 climatological context

The Southern New England (SNE) offshore wind lease area is situated approximately 15-25 nautical miles south of Martha’s

Vineyard and Nantucket, Massachusetts, over the Mid-Atlantic Bight continental shelf at water depths of 30-60 m. The region

lies downstream of the Gulf Stream SST front, which in spring positions cold shelf waters (10-14 ◦C) of northern origin beneath105

warmer continental air masses advected from the southwest, establishing a persistently stable marine atmospheric boundary

layer (MABL). This thermodynamic configuration, warm air overlying a cool ocean surface, suppresses convective mixing and

maintains a shallow, stable ABL which is the primary regime of focus for this study.

Atmospheric stability is quantified throughout this study using the dimensionless stability parameter ζ = z
L , where L is the

Obukhov length (Monin and Obukhov, 1954):110

L=− u3
⋆θv

κgw′θ′vs
(1)

where u⋆ is the friction velocity, θv the virtual potential temperature, κ= 0.4 the von Karman constant, g the gravitational

acceleration, and w′θ′vs the surface buoyancy flux. Positive ζ indicates stable stratification corresponding to a downward

buoyancy flux with an ocean surface cooler than the overlying air.

The persistence of this regime is documented through observations. Direct covariance flux measurements at the Air-Sea115

Interaction Tower (ASIT) of the Martha’s Vineyard Coastal Observatory, 3.2 km south of Martha’s Vineyard in 15 m of water

and approximately 40 km north of the lease area, provide a 16-year record of surface-layer stability over the same shelf (Chang

and Kirincich, 2025). The observed climatology (Fig. 1) shows that the air-sea temperature difference over the inner shelf

reverses sign in spring: Tair −Tsea is negative through winter, crosses zero in May, and remains positive through the summer.

Stable stratification (0< L< 200 m, equivalent to ζ10 > 0.05) is the dominant surface-layer state from May onward, and the120
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observations confirm that the warm air over cool water configuration described above is a persistent feature of this shelf rather

than a model artifact. May marks the onset of this regime and carries the largest interannual spread of the stable season.

To identify the month in which this regime coincides with turbine-relevant wind conditions, we analyzed ERA5 reanalysis

data (Hersbach et al., 2020) at 0.25◦ horizontal resolution and 1-hourly temporal resolution over the SNE lease area for the

period 2015-2024. Hourly ERA5 PBLH, 10-m wind speed and Obukhov length were extracted over the lease area domain125

(Fig. 2) and averaged to daily means. We define a shallow stable event as a day whose daily means satisfy three simultaneous

criteria: PBLH ≤ 300 m, stability parameter ζ = z
L > 0.05 evaluated at z = 10 m, and hub-height wind speed Uhub in the

operational range 8-16 m s−1. Daily averaging is used throughout the selection because the simulation window is itself chosen

to have a multi-day duration. Applied individually, the criteria are nearly degenerate between May and June: shallow boundary

layers occur on 49.7% of May days against 48.0% of June days, and stable stratification on 55.8% against 54.0%, while June130

in fact registers the lower monthly mean PBLH (347 m against 365 m). The joint criterion separates the two decisively, with

shallow stable events on 15.8% of May days against 7.0% in June, 8.0% in April and 2.3% in July (Fig. 3a). The discriminating

constraint is the operational wind range, which is satisfied on 55.8% of May days but only 46.7% of June days and 33.2%

of July days, so the months of strongest stratification coincide with the seasonal wind minimum. May was therefore selected

as the target month, as the month in which shallow stable conditions and turbine-relevant winds co-occur most often. Note135

that a different month is most strongly stratified: the observations show stratification continuing to strengthen into midsummer

(Fig. 1), when the seasonal wind minimum occurs. These findings are consistent with observations of the highly stable MABL

over the Gulf of Maine (Angevine et al., 2006).
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Figure 1. Observed climatology of marine atmospheric surface-layer stability over the New England shelf, from direct covariance flux

measurements. (a) Monthly occurrence of stability classes at the Martha’s Vineyard Coastal Observatory Air-Sea Interaction Tower (ASIT;

41◦19.5′N, 70◦34.0′W, z ≈ 18 m), from 20-minute flux estimates spanning 16 years within the period 2004-2023 (Chang and Kirincich,

2025). Classes follow the Obukhov length: unstable (−200< L< 0 m), near-neutral (|L| ≥ 200 m) and stable (0< L< 200 m), equivalent

to ζ10 = 10/L below −0.05, within ±0.05, and above +0.05 respectively; sample counts are annotated above each bar. Hatched bars

show the corresponding occurrence from the University of New Hampshire air-sea flux buoy (ASFB) deployed off the New Hampshire

coast during 2024-25 (Laxague et al., 2026). (b) Monthly distribution of the stability parameter ζ10 = 10/L at ASIT: climatological median

(solid), interquartile and 10-90% ranges (shading), and individual years (thin grey); diamonds and bars give the ASFB median, interquartile

and interdecile ranges. Red dotted lines mark the ±0.05 class boundaries. (c) As (b), for the air-sea temperature difference ∆T = Tair−Tsea.

The two sites lie in different basins but show the same seasonal structure: ∆T reverses sign in spring, and stable stratification dominates

the surface layer from May through the summer, peaking in midsummer. The seasonal maximum in stratification is not coincident with the

regime targeted here, which additionally requires hub-height winds within the turbine operating range. (Data collected by N. Laxague.)
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Figure 2. ERA5 sea surface temperature (SST, ◦C) and 10-m wind vectors over the western North Atlantic during (a) winter and (b) summer.

The box indicates the SNE lease area.

2.2 Simulation window selection

Based on this climatology, we selected the period 2-8 May 2018 as the simulation window. Candidate seven-day windows140

were ranked by a composite score combining the fraction of qualifying days, the window-mean PBLH relative to the 300 m

threshold, and the window-mean stability. Of 3648 candidate windows in the 2015-2024 record, none contained six or more

qualifying days, exactly one contained five, and sixteen contained four or more. Sustained multi-day occurrences of the joint

regime are therefore rare, and 2-8 May 2018 is the strongest realization available in the record rather than a typical week: at

235 m it has the lowest May mean PBLH of the ten Mays analyzed, and its qualifying-day fraction of 35% lies in the 90th145

percentile of that distribution. May is also the most interannually variable month of the stable season in the reanalysis, with

mean z/L ranging from −0.002 to +0.166 across the record, consistent with the observed spread (Fig. 1). Selecting a strongly

expressed episode is deliberate for a sensitivity study, in which a clear signal is required to separate resolution effects from

noise, but the window should not be read as climatologically representative.

This period satisfies the three qualifying criteria on five of seven days (Fig. 3b), with a period mean PBLH of 263 m and150

a mean hub-height wind speed of 11 m s−1. The criteria serve to select the window; the full seven-day period is simulated

and retained in all subsequent analysis, and no days are discarded. The daily-mean threshold ζ > 0.05 used here to select the
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window is likewise distinct from the hourly threshold z/L > 0.1 used in Sect. 3 to composite stable conditions: the former

identifies candidate periods, the latter isolates stable hours within the simulated window. The two days that do not meet the

selection criteria illustrate the same trade-off that operates seasonally: 4 May exceeds the boundary-layer depth threshold (daily155

mean 331 m), while 7 May is the most strongly stratified day of the window (z/L= 0.29) but has a daily mean hub-height wind

speed of 6.8 m s−1, below the operational range. Retaining both is deliberate, as they broaden the range of conditions sampled

and contribute to the stability bins examined in Sect. 3.3. The flow is predominantly southwesterly: the southwest sector (191–

259◦) accounts for 50% of hours over the analysis period (Fig. 4b), and the lease-area-mean stability exceeds z/L= 0.1 for

80% of hours, with a median of 0.18, so the window is stable for the large majority of its duration. This directional persistence160

is consistent with the ERA5 climatological mean for May over the lease area and ensures that the along-wind transect analysis

presented in Section 3 captures the primary wake propagation direction. The window spans seven diurnal cycles, over which

the lease-area PBLH varies by approximately 75 m, shallowest near midday and deepest near 04:00 local time; this is sufficient

to characterize the diurnal response, although the window samples a single synoptic regime and the results should not be read

as spanning synoptic variability.165

All WRF simulations are initialized at 00:00 UTC on 1 May 2018, and the first 24 hours are discarded as spin-up: every

quantity reported below is computed over the 168 hourly outputs from 00:00 UTC 2 May to 23:00 UTC 8 May, including

the profiles, the scalar diagnostics, the difference maps and the transects. Two further conventions apply throughout Sect. 3.

Lease-area means over stable conditions are point-hour weighted, so that every stable grid-point-hour carries equal weight and

hours in which a larger fraction of the lease area is stable contribute proportionally more; averaging the hourly spatial means170

with equal weight instead changes the reported lease-area mean PBLH by 7% and the other scalars by 2–5%. Stability is always

classified from the no-farm run at each grid point and hour, for both members of a wind-farm/no-farm pair, so that the two

runs are averaged over an identical set of point-hours and the difference of the time-mean fields is exactly the time-mean of the

differences.
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Figure 3. (a) ERA5 monthly mean planetary boundary layer height (PBLH, m, left axis; blue line ± 1σ) and the frequency of shallow stable

event days (PBLH ≤ 300 m, z/L > 0.05, Uhub = 8-16 m s−1; right axis; pink bars) over the SNE lease area for 2015-2024, both evaluated

on daily means. The dashed red line marks the 300 m threshold. May maximizes the joint criterion (yellow shading), motivating its selection

as the simulation month; the individual criteria are near-degenerate between May and June, and mean PBLH is lowest in June. (b) Daily

mean PBLH (black line), Uhub (green line, right axis), and mean z/L (annotated bars) for 2-8 May 2018. Orange bars: days satisfying all

qualifying criteria; grey bars: days not meeting the criteria, which are nonetheless simulated and retained in the analysis.

2.3 WRF model configuration175

Atmospheric simulations were conducted using the Weather Research and Forecasting model (WRF-ARW version 4.4: Ska-

marock et al., 2019), following the modeling framework of Seo et al. (2025) for the US East Coast offshore wind context.

Two one-way nested domains were configured: an outer domain (d01) at 7.5 km horizontal grid spacing covering the broader

northwest Atlantic, and an inner domain (d02) at 1.5 km horizontal grid spacing centered on the SNE lease areas (Fig. 4a).

Both domains use an integration time step of 20 s on d01, with a parent time-step ratio of 5.180

Near-surface vertical resolution is the primary sensitivity parameter of this study. Five configurations were tested, labeled

by their first-layer thickness, ∆z = 5, 10, 25, 50 and 100 m. The vertical grid stretches continuously with height in every

configuration, so ∆z is a label for the near-surface refinement rather than a spacing held uniform over any fixed depth. Table 1

gives the resulting geometry, measured from the model geopotential rather than from the namelist. The mean layer thickness

over the lowest 250 m, which spans the rotor, is 7, 11, 26, 47 and 79 m respectively, and the number of model levels within the185

rotor swept zone falls from 27 to 2 across the ensemble, a range of 13.5:1. At ∆z = 100 m the lowest mass level lies at 50 m,

above the rotor bottom tip, so that configuration carries no information in the lower part of the rotor. Above the near-surface
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Table 1. Vertical grid geometry of the five configurations, measured from the model geopotential over the lease area. ∆z labels the first-layer

thickness; the grid stretches continuously above it. The rotor swept zone spans 30–246 m and the hub is at 138 m. Values are identical for

the MYNN2 and YSU configurations, which share the same vertical levels.

∆z label first layer lowest mass mean thickness levels in levels below total

(m) (m) level (m) below 250 m (m) rotor hub levels

5 2.5 1.2 7.4 27 24 92

10 5.0 2.5 11.3 18 13 80

25 12.5 6.2 26.4 8 5 60

50 25.0 12.5 47.4 3 3 49

100 50.1 25.0 78.8 2 1 40

region the grid stretches toward the domain top at approximately 50 hPa, and the five configurations use 92, 80, 60, 49 and 40

vertical levels in total.

The five configurations were chosen to span, in approximately geometric steps, the range of near-surface vertical resolutions190

encountered in practice. The finest, ∆z = 5 m, resolves the rotor layer with 27 model levels and serves as the reference against

which the others are compared; the coarsest, ∆z = 100 m, places only two levels within the rotor and its lowest level above

the bottom tip, a configuration representative of the near-surface grids used by operational regional forecast models, which are

not designed to resolve a rotor layer. The intermediate values fill the range so that the ensemble samples the transition between

the two regimes rather than only its endpoints. The ∆z = 5 m configuration is used as the reference throughout the paper. Its195

adequacy as a reference is assessed in Sect. 3.1.

The near-surface grid is constrained by the vertical Courant condition on the outer domain. With a 20 s time step at 7.5 km

horizontal spacing, layer thicknesses below roughly 15 m at the top of the rotor produce vertical Courant numbers above unity

in convective cells over land in the far corners of d01, well outside the lease area but sufficient to terminate the integration. The

stretching in each configuration is therefore set so that the layer thickness reaches at least 15 m by 250 m, matching the envelope200

of the vertical grid used by Seo et al. (2025) over the same domain at the same time step. This is a concrete instance of the

aspect-ratio constraint that arises when meter-scale vertical resolution is combined with kilometer-scale horizontal resolution:

the achievable near-surface refinement is limited by the outer domain rather than by the inner domain where the resolution is

wanted.

Initial and lateral boundary conditions were derived from ERA5 reanalysis data at 0.25◦ resolution and 1-hourly temporal205

resolution (Hersbach et al., 2020). The model physics suite was held the same across all simulations. Longwave and shortwave

radiation were parameterized using the Rapid Radiative Transfer Model for GCMs (RRTMG: Iacono et al., 2008). Cloud

microphysics followed the Thompson et al. (2008) graupel scheme. Land surface processes were represented by the Noah

Land Surface Model (Chen and Dudhia, 2001).
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Surface fluxes and ocean skin temperature over the ocean were computed using the Pollard-Rhines-Thompson (PRT) 1D210

ocean mixed layer model (Pollard et al., 1973) as implemented in WRF, which prognostically updates both the mixed-layer

temperature (which sets the ocean skin temperature, TSK, that is seen by the atmosphere) and the mixed layer depth (Hml) as

a function of wind-driven mechanical stirring and surface buoyancy flux. The initial mixed layer depth was set to 8 m, the May

climatological mixed layer depth over the Southern New England shelf from global climatology (de Boyer Montégut, 2024).

The deep water temperature lapse rate was set to γ = 0.02 K m−1, computed as the maximum local lapse rate max(−∂T/∂z)215

in the stratified deep water below the ∼100 m of the HYCOM GOFS 3.1 May 2018 temperature profile at the SNE lease

centroid. Through this coupling, the wind-farm-induced reduction in surface stress weakens the mechanical stirring of the ocean

mixed layer, which in turn shoals the mixed-layer depth, reducing entrainment and raising mixed layer and skin temperatures;

this is the air-sea feedback diagnosed in Section 3.4.

Two planetary boundary layer (ABL) schemes were evaluated: the Mellor-Yamada-Nakanishi-Niino level-2.5 scheme (MYNN2:220

Nakanishi and Niino, 2004, 2009) and the Yonsei University scheme (YSU: Hong et al., 2006). Both are among the most widely

used schemes in offshore wind applications and were the pair identified by Rybchuk et al. (2022) as a primary source of wake

uncertainty in US offshore simulations, which is why they are the two examined here. MYNN2 employs a prognostic TKE

equation with stability-dependent mixing length closure, making it well-suited for stable stratification. YSU uses a non-local

K-profile approach with an explicit entrainment flux term. MYNN2 is used as the primary reference throughout the paper;225

YSU noWF results are presented alongside for comparison in the background ABL characterization (Section 3.1). Wind farm

simulations (WF) were conducted only with MYNN2, as it is the recommended ABL scheme for use with the Fitch parameter-

ization under stable marine conditions (Rybchuk et al., 2022; García-Santiago et al., 2024). This yields a total of 15 simulations

(10 without wind farms and 5 with wind farms).

2.3.1 Wind farm parameterization230

Wind turbine effects were represented using the Fitch wind farm parameterization (Fitch et al., 2012, 2013) as implemented in

WRF-ARW. The Fitch scheme represents each turbine as a momentum sink and TKE source distributed across model levels

intersecting the rotor disk. The thrust and power coefficients are prescribed as functions of hub-height wind speed, and the

momentum extracted at each level is proportional to the fraction of rotor area contained within that level. The turbine-induced

TKE source term uses the correction factor α= 0.25 proposed by Archer et al. (2020) to address the overestimation of TKE235

generation identified in the original Fitch formulation through comparison with large-eddy simulations.

Turbine specifications follow the 12 MW turbine configuration of Seo et al. (2025), with a rotor diameter of D = 215 m and

a hub height of Hhub = 138 m, placing the rotor swept zone between 30 (bottom tip) and 246 m (top tip) above the surface.

The turbine layout and SNE lease area configuration also follow Seo et al. (2025). Because the Fitch scheme distributes the

momentum sink over the model levels intersecting the rotor disk, the number of levels within that zone (Table 1) sets the vertical240

structure the parameterization can represent, and is the mechanism by which vertical resolution enters the wake calculation.
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2.4 Model validation

Model performance was evaluated against hourly observations from two NDBC buoys (44017 and 44025) over the analysis

period (165 and 166 matched hours respectively, after the spin-up day is excluded). Model wind speed was interpolated to

each buoy’s anemometer height (4.1 m at 44017, 5.0 m at 44025) by linear interpolation between the two lowest model levels,245

and assessed together with 2 m air temperature (ATMP) at both buoys on a normalized Taylor diagram (Taylor, 2001) for the

MYNN2 and YSU (∆z = 5 m) noWF simulations (Fig. 4c).

Both schemes reproduce the wind speed variability well, with normalized standard deviations of 0.86–1.00, correlations of

0.76–0.83 and RMSE of 1.6–1.8 m s−1. MYNN2 carries the larger wind-speed RMSE at both buoys (1.76 and 1.79 m s−1,

against 1.61 for YSU), reflecting primarily a positive near-surface wind bias, but also the normalized standard deviation closest250

to unity (0.93 and 1.00, against 0.86 and 0.87), so YSU underestimates the amplitude of the observed variability while MYNN2

reproduces it. Air temperature is less well captured: normalized standard deviations of 0.51–0.76, correlations of 0.50–0.64 and

RMSE of 0.9–1.1 ◦C, with centred RMS errors of 0.78–0.87 comparable to the observed standard deviation. This is expected

over a seven-day window within a single synoptic regime, in which the observed 2 m temperature varies over a narrow range so

that the correlation is computed against limited signal, and it should not be read as a characterization of the model’s temperature255

skill over longer periods. The validation establishes that the simulated near-surface wind field, the quantity on which the wake

analysis depends, is realistic; it does not extend further.
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Figure 4. Model configuration and validation. (a) WRF nested domains, d01 (dashed black outline, 7.5 km) and d02 (solid black, 1.5 km),

with bathymetry (shading, white dashed depth contours at 50, 100 and 500 m), the turbine layout (black dots) and the modeled lease areas

across the Southern New England (SNE) Bight; the red box marks the lease-area analysis domain. The two NDBC buoys used for validation

are shown as white markers, 44017 as a circle and 44025 as a diamond. (b) Distribution of the lease-area-mean 10 m wind direction over

the analysis period (2–8 May 2018); bars are hatched where the lease-area-mean stability exceeds z/L= 0.1. (c) Taylor diagram comparing

simulated and NDBC-observed near-surface fields for the ∆z = 5 m configurations. Colour denotes the ABL scheme (blue MYNN2, red

YSU) and marker shape the buoy, using the same shapes as in (a); filled markers are wind speed at the anemometer height (4.1 m at 44017,

5.0 m at 44025) and open markers are 2 m air temperature. The black star is the observation reference (normalized standard deviation 1,

correlation 1); radial distance from the origin is the normalized standard deviation, azimuth is the correlation, and distance from the star is

the centered RMS error.
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3 Results and Discussion

3.1 Stable marine atmospheric boundary layer structure

The time-mean vertical profiles of wind speed and potential temperature over the SNE lease area during stable events ( z
L > 0.1)260

are shown in Fig. 5. Both ABL schemes produce a strongly sheared wind profile through the lower rotor layer, rising from

8.9 m s−1 (MYNN2) and 7.7 m s−1 (YSU) at the rotor bottom tip to 12.4 and 12.3 m s−1 at hub height, and remaining near

12.4 m s−1 at the rotor top in both schemes. Almost all of the shear across the rotor is therefore concentrated below hub height:

of the 3.5 m s−1 (MYNN2) and 4.8 m s−1 (YSU) increase between the bottom and top tips, the wind speed is essentially

constant over the upper half of the disk. This is accompanied by a sharp potential temperature inversion concentrated in the265

lowest 100 m, rising by 6.7 K (MYNN2) and 7.2 K (YSU) between the bottom and top tips. This structure is characteristic of the

stable marine internal boundary layer that forms when warm continental air is advected over cooler shelf waters, documented

over the Gulf of Maine (Angevine et al., 2006) and over the Mid-Atlantic Bight (Jiang and Edson, 2021), a stable cool-water

regime shown to enhance vertical shear and hub-height winds with direct consequences for offshore wind energy (Pareja-

Roman et al., 2024).270

This bottom-weighted shear structure is qualitatively consistent with lidar observations at Block Island, some 60 km west of

the lease area, collected during the WFIP3 campaign (Wind Forecast Improvement Project 3, 2025). Under stable conditions in

May the observed power-law exponent over the rotor span is 0.20–0.22 across hub-height wind speeds of 9–15 m s−1, and 0.21

in the bin bracketing the simulated hub-height wind speed. The simulated exponents are of the same order, with YSU (0.20)

close to the observed value and MYNN2 (0.13) roughly a factor of 1.5 lower. The comparison is qualitative: the observational275

record does not overlap the simulated week, and the exponent is sensitive to the layer over which it is evaluated, falling from

0.28 between the bottom tip and hub height to 0.08 between hub height and the rotor top.

The two ABL schemes agree on the shape of these profiles but disagree substantially on the boundary layer height (PBLH):

MYNN2 diagnoses 118 m and YSU 92 m, a 29% difference. Both lie well below hub height, so that 59% (MYNN2) and

72% (YSU) of the rotor swept area sits above the boundary-layer top. This difference reflects their distinct stable turbulence280

parameterizations. MYNN2 sustains mixing to greater heights through a prognostic TKE equation that explicitly represents

the production, transport, and dissipation of turbulent kinetic energy under stable stratification (Nakanishi and Niino, 2009).

YSU applies a bulk Richardson number criterion that produces a more abruptly capped stable layer (Hong et al., 2006). The

consequences of this choice are well documented and regionally contingent. Bodini et al. (2024) selected the best-performing

WRF configuration for each US offshore region from a 16-member ensemble validated against floating lidars, and found that285

MYNN performed best over the North and Mid-Atlantic while YSU was preferred in the South Atlantic, Gulf of Mexico

and South Pacific. Off the northern California coast, Liu et al. (2024) attributed the majority of the modelled wind bias to

the PBL scheme, with MYNN overestimating the frequency of stable conditions and producing larger warm-season hub-

height errors than YSU. That the preferred scheme differs between regions, and that the two schemes here diverge by 29%

in diagnosed PBLH under identical forcing, indicates that scheme choice remains a leading source of uncertainty in stable290

offshore conditions.
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The two variables respond very differently to vertical resolution. Potential temperature profiles are nearly indistinguishable

across the four finest grids throughout the rotor swept zone for both schemes (Fig. 5b, d); the maximum departure from the

reference inside the rotor is below 0.21 K for ∆z ≤ 25 m in MYNN2, rising to 0.60 K only at ∆z = 100 m. The thermal

stratification defining the stable regime is therefore robustly represented across the practical range of resolutions. Wind speed295

profiles are not (Fig. 5a, c), and the two schemes degrade in physically distinct places. In MYNN2 the maximum departure

from the reference occurs at 38 m and 33 m for ∆z = 25 and 50 m, near the rotor bottom tip, and reaches 0.63 m s−1 at ∆z

= 50 m; only at ∆z = 100 m does the largest error move to 102 m, close to the boundary-layer top. In YSU the maximum

departure lies between 102 and 148 m at every coarse resolution, that is, near the boundary-layer top throughout. MYNN2

therefore loses accuracy first in the lower rotor, where the shear is concentrated, while YSU loses it first near the inversion.300

Part of this sensitivity is structural rather than parametric. The rotor swept zone spans 30–246 m and is sampled by 27 model

levels at ∆z = 5 m, 18 at 10 m, 8 at 25 m, 3 at 50 m and 2 at 100 m; the corresponding counts below hub height are 24, 13, 5, 3

and 1 (Table 1). At ∆z = 100 m the lowest mass level lies at 50 m, above the rotor bottom tip, so the lower rotor is unsampled

by construction and the near-surface shear cannot be represented there irrespective of the turbulence closure applied.

Figure 6 shows the resolution sensitivity compared to the ∆z = 5 m reference. The friction velocity u⋆ is by far the most305

stable diagnostic, remaining within ±3.2% of the reference across the full range in both schemes and within ±1% in MYNN2.

This reflects that the bulk surface-layer flux formulations are relatively insensitive to vertical discretization. Hub-height wind

speed Uhub is similarly stable for ∆z ≤ 50 m in both schemes, departing by less than 1.2% in MYNN2 and 4.3% in YSU,

but at ∆z = 100 m it falls to −9.0% (MYNN2) and −6.7% (YSU), outside the ±5% band. The temperature scale θ⋆ behaves

differently between schemes: MYNN2 stays within 1.7% until ∆z = 50 m before rising to +11.8% at 100 m, while YSU310

increases steadily from ∆z = 25 m onward, reaching +19.7% at the coarsest resolution.

PBLH is the most sensitive diagnostic. Both schemes agree closely at ∆z = 10 m, where the bias is below 4%, but diverge

strongly beyond that point. The MYNN2 bias accelerates far more rapidly than YSU, reaching +15% at ∆z = 25 m, +36%

at 50 m and +87% at 100 m, where the diagnosed boundary layer is 222 m against 118 m in the reference. YSU diverges

more moderately and saturates, reaching +11%, +19% and +22% at the same resolutions. These discrepancies occur because315

the temperature inversion defining the stable PBLH is sharp and concentrated over a height that is often shallower than a

single layer at coarse resolutions. When vertical levels cannot resolve the inversion, the diagnosed boundary layer height is

systematically overestimated, consistent with the difficulty of representing the stable boundary layer and its tendency toward

excessive mixing in coarse models (Holtslag et al., 2013; Svensson and Holtslag, 2009).

The MYNN2 scheme is particularly sensitive because its prognostic TKE equation responds to the artificially smoothed320

inversion by sustaining spurious mixing to excessive heights, consistent with the general tendency of stable boundary layer

schemes toward excessive mixing (Holtslag et al., 2013) and with the over-deepening reported for an offshore low-level jet

case by Hawbecker et al. (2026).

The wind shear exponent α reveals the most significant contrast between the two schemes. Over the rotor layer, YSU

degrades monotonically, reaching −3%, −8%, −19% and −42% as the grid is coarsened. MYNN2 does not: the bias is325

+0.6% at ∆z = 10 m and −3.7% at 25 m, jumps to +23.0% at 50 m, and returns to −18.1% at 100 m. The 50 m spike is the
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feature that most obviously departs from a smooth trend, and its origin can be located. That configuration places its lowest three

mass levels at 25, 76 and 131 m, so the wind speed at the 30.5 m bottom tip is obtained by interpolating across the 25–76 m

layer, which is precisely the height range over which most of the rotor shear occurs; no model level lies within it. It is also

the resolution at which the maximum profile departure from the reference sits lowest in the rotor, at 33 m. The α anomaly is330

therefore a lower-rotor sampling effect, distinct in origin from the boundary-layer-top error that drives the PBLH bias.

This interpretation is supported by evaluating α over a layer that every configuration resolves. Between 60 and 245.5 m,

the YSU exponent is flat to within 1.5% out to ∆z = 50 m and departs only at 100 m (−21%), so its apparent monotonic

degradation over the rotor layer is almost entirely a lower-rotor effect. The MYNN2 spike at ∆z = 50 m persists in the

restricted layer (+21%), confirming that it is not an artefact of the bottom-tip interpolation alone. At ∆z = 100 m the rotor-335

layer exponent is evaluated between 52 and 245.5 m rather than the full rotor span, because the lowest model level lies above

the bottom tip, and that value is therefore not strictly comparable to the others.

The adequacy of the ∆z = 5 m reference can be assessed from the ensemble itself (Figs. 5–6). Differences between successive

grids contract sharply toward the fine end for most diagnostics: between ∆z = 5 and 10 m the MYNN2 hub-height wind speed

differs by 0.09%, the friction velocity by 0.06% and the shear exponent by 0.6%, against 7.9%, 1.1% and 33% respectively340

between the two coarsest grids. Richardson extrapolation over the three finest grids, using the mean layer thickness below

250 m as the effective spacing, places the finest solution within 0.5% of the zero-spacing limit for θ⋆ and, for YSU, within

0.1% for u⋆, 2.9% for Uhub and 3.9% for α. For the MYNN2 wind diagnostics the successive differences at the fine end are

too small for the extrapolation to be well posed, which is itself evidence that those quantities have ceased to change. Thus θ⋆,

u⋆, Uhub, and α are effectively grid-converged in MYNN2 at the ∆z = 5 m reference resolution (Fig. 6).345

PBLH is the exception (Fig. 6a). It converges monotonically in both schemes but slowly, with an observed order of 0.71

(MYNN2) and 0.76 (YSU), and the finest solution lies 11.5% and 11.6% from the extrapolated limit, corresponding to a grid

convergence index of about 13%. This reflects the nature of the diagnostic: the boundary-layer height is located by a threshold

criterion evaluated on model levels, so its discretisation error is set by level placement rather than by the accuracy of an

interpolated profile. The extrapolated limits, 106 m for MYNN2 and 82 m for YSU, are shallower than the simulated values,350

which would place a still larger fraction of the rotor above the boundary-layer top than reported above. Resolution-induced

PBLH differences smaller than roughly 13% should therefore not be read as physical; the biases reported here, which reach

87% at the coarsest grid, exceed that bound by nearly an order of magnitude.
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Figure 5. Vertical structure of the no-farm stable marine boundary layer and its sensitivity to vertical resolution. (a, c) Horizontal wind speed

and (b, d) potential temperature, averaged over stable hours (z/L > 0.1) during 2–8 May 2018, for (a, b) the MYNN2 scheme and (c, d) the

YSU scheme. Colours denote the five vertical configurations, labeled by their first-layer thickness (∆z = 5, 10, 25, 50, 100 m); because the

grid stretches with height, the corresponding mean layer thicknesses below 250 m are 7, 11, 26, 47 and 79 m. Open circles mark the model

level heights of each configuration, so the number of levels resolving the rotor can be read directly: 27 at ∆z = 5 m falling to 2 at 100 m.

Each profile begins at the lowest model level of its own grid and is not extrapolated below it; at ∆z = 100 m that level lies at 50 m, above the

rotor bottom tip, so the lower-rotor shear is unresolved by construction. The dot-dashed line gives the mean PBLH of the ∆z = 5 m reference

run for that scheme; the grey band marks the rotor swept zone (30–246 m) and the dotted line the hub height (138 m).
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Figure 6. Sensitivity of stable boundary-layer scalars to vertical resolution, for the MYNN2 (circles, solid) and YSU (squares, dashed)

schemes. Each panel gives the percentage difference of a diagnostic from its ∆z = 5 m value, (X(∆z)−X(∆z5))/|X(∆z5)| × 100%,

averaged over stable hours (z/L > 0.1) during 2–8 May 2018 as point-hour weighted means: (a) boundary-layer height PBLH; (b) hub-

height wind speed Uhub; (c) wind-shear (power-law) exponent α; (d) friction velocity u∗; (e) surface-layer temperature scale θ∗. Marker

colour denotes the configuration, labeled by its first-layer thickness; the grid stretches with height, so ∆z is not a uniform spacing. The

shaded band marks ±5%. In (c), α= ln(Utop/Ubot)/ ln(ztop/zbot) is evaluated between the rotor bottom and top tips (30.5 and 245.5 m)

for every configuration except ∆z = 100 m, whose lowest model level lies above the bottom tip; there zbot is raised to 52 m, as annotated,

and the exponent therefore spans a shallower layer. The ∆z = 5 m configuration is the reference throughout; its grid convergence is assessed

in the text.
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3.2 Spatial structure of the hub-height wake deficit

The time-mean hub-height wake deficit during stable events (Fig. 7) reveals a spatially coherent perturbation field whose355

structure reflects both the dominant wind direction and the dynamical constraints of the stable MABL characterized in the

previous section. The wake emerges sharply at the upwind farm edge and extends as a coherent plume along the prevailing

wind direction, with a peak deficit of −3.2 m s−1 within the farm footprint and a mean of −2.3 m s−1 within 30 km of the

cluster centre, the latter about 18% of the co-located no-farm hub-height wind speed of 12.8 m s−1 averaged over the same

period. Upstream of the farm the deficit averages −0.09 m s−1 beyond 100 km, more than an order of magnitude smaller than360

the in-farm value, as expected given that the Fitch parameterization (for a review of mesoscale wind-farm parameterizations

see Fischereit et al., 2022) applies a momentum sink within farm cells without an explicit axial induction term, and therefore

cannot represent upstream blockage (Vollmer et al., 2024).

Two features of the spatial structure deserve to be noted. The first is the wake length. Under the stable conditions that

dominate the simulation period, the deficit recovers slowly, consistent with the theoretical expectation that suppressed vertical365

mixing under stable stratification limits the entrainment of momentum from aloft. Along the transect the deficit falls below

0.5 m s−1 at 81 km downstream, below 0.25 m s−1 at 112 km and below 0.1 m s−1 at 136 km. Rosencrans et al. (2024) found

wake lengths of approximately 55 km under stable conditions for comparable mid-Atlantic farms, while Pryor et al. (2021)

reported that under some flow conditions whole wind-farm wakes, defined by a 5% velocity deficit, extend up to roughly 90 km

downwind of the largest US East Coast lease areas for a 15 MW turbine build-out. The longer wake length in the present results370

reflects the particularly shallow and persistent ABL (118 m, well below hub height), which leaves the upper rotor operating in

a layer where turbulent entrainment from aloft to restore momentum to the wake is strongly suppressed.

The second feature is the positive wind speed anomaly flanking the wake at its lateral margins, reaching +0.35 m s−1

at its strongest, an order of magnitude weaker than the deficit it compensates. This is a mass continuity response: momentum

extracted from the farm core accelerates the flow at the lateral boundaries of the momentum deficit region, a feature documented375

in mesoscale modeling (Fitch et al., 2013) and in long-range scanning lidar measurements combined with mesoscale simulation

(Cañadillas et al., 2022). Its presence in the time-mean field confirms that the simulation captures the large-scale dynamical

response of the flow to the farm forcing, not merely the local turbine-level deficit. The wakes of other farms along the New

Jersey coast are also visible in the domain, though they fall outside the primary analysis region. Their presence underscores

the concern raised by Rosencrans et al. (2024) and Porchetta et al. (2024) regarding farm-to-farm interactions under stable380

stratification, a regime in which the wake of one farm can reach the footprint of a neighboring farm before recovering. Once

again, this long wake extent is a result of the stable conditions that are typical to this region in spring and the focus here.

The magnitude of the deficit is itself insensitive to vertical resolution: the transect minimum varies only between −3.2 and

−2.6 m s−1 across the five configurations, a 20% range against the 13.5:1 range in rotor-layer level count, and the coarsest grid

gives the weakest deficit.385
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Figure 7. Time-mean hub-height wind-speed deficit (WF−noWF) over the inner domain during stable conditions (z/L > 0.1) for the

MYNN2 ∆z = 5 m configuration, 2–8 May 2018. Colours show the difference in 138 m hub-height wind speed between the wind-farm

(WF) and no-farm (noWF) simulations, smoothed with a 5 km Gaussian low-pass filter; blue indicates the wind-speed reduction (wake

deficit) over and downwind of the farm, red the compensating acceleration at its lateral margins. Black dots mark turbine positions. The

black dashed line is the along-wind (SW–NE) transect through the cluster centre (star) used in Figs. 8, 9 and 10, with its upwind and down-

wind ends labeled. Stability is classified from the no-farm run at each grid point and hour, so the two simulations are averaged over an

identical set of hours.
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3.3 Wake deficit and planetary boundary layer perturbation

The four stability regimes in Fig. 8a, c are not separate experiments. Each configuration is a single continuous simulation over

2–8 May 2018 (Sect. 2.2), and stability varies naturally in time through the diurnal and synoptic variability. For each hourly

output we compute the lease-area-mean stability z/L from the no-farm run and assign that hour to one of four z/L bins; the

box for each bin shows the distribution of hourly lease-mean ∆Uhub (or ∆PBLH) over the hours that fell in it. The sample390

sizes (N ) annotated in each panel are hour counts, not run counts. Because each configuration is binned using its own no-farm

stability, the counts differ slightly between configurations, by at most three hours in any bin.

The farm-induced perturbations in hub-height wind speed and PBLH are examined through two complementary analyses:

their dependence on atmospheric stability across the simulation period (Fig. 8a, c) and their spatial structure along the dominant

wind direction (Fig. 8b, d). In every panel the five vertical configurations are shown separately, so that the resolution at which395

the response departs from the reference is visible directly rather than as an envelope.

The hub-height wind speed deficit (Fig. 8a) is negative across all stability bins and all vertical resolutions, confirming a robust

and consistent wake signal throughout the simulation period. At the reference resolution the median deficit is −0.31 m s−1

under near-neutral conditions, −0.29 m s−1 weakly stable, −0.29 m s−1 moderately stable and −0.21 m s−1 strongly stable.

The weakening in the most stable bin may reflect lower absolute ambient wind speeds associated with strong stratification,400

resulting in reduced absolute momentum extraction by the turbines. Overall, the modest gradient across the first three bins

should not be interpreted as evidence that stability weakly controls wake deficits; rather, it reflects the limited stability range

sampled. The SNE lease area in May is quasi-continuously stable: over the simulated window the lease-area-mean z/L exceeds

0.1 for 80% of hours (Sect. 2.2), and what is labeled ‘near-neutral’ is in practice weakly stable. The absence of convective

events in the dataset collapses the dynamic range that would otherwise reveal a sharper contrast, as documented in year-long405

simulations over the same region where stability dependence is far more pronounced (Rosencrans et al., 2024; Quint et al.,

2025b). The spread across resolutions is modest in the three least stable bins, where the median varies by at most 0.06 m s−1,

and largest in the strongly stable bin, where it spans −0.21 to −0.12 m s−1. We note that N ≤ 11 in the moderately stable bin

for every configuration and that this bin should be interpreted with caution.

The PBLH perturbation (Fig. 8c) shows a physically coherent transition across stability bins, and at the reference resolution410

it changes sign. Under near-neutral conditions the farm raises the PBLH by a median of +4.3 m through TKE injection into

the rotor layer, consistent with the Fitch scheme’s representation of turbine-induced mechanical mixing (Fitch et al., 2013).

The median response falls to +2.5 m in the weakly stable bin and becomes slightly negative in the moderately and strongly

stable bins, at −0.5 and −0.2 m, with interquartile ranges spanning zero. Under sufficiently strong stratification the buoyancy

restoring force therefore not merely mutes the turbine-induced deepening but can reverse it. The magnitude of this response415

is known to depend on how much TKE the parameterization adds: Quint et al. (2025a) showed over the same lease area that

simulated boundary-layer and surface-temperature impacts vary systematically with the prescribed turbine-added TKE. The

response is also markedly more resolution-sensitive than the wind deficit: in the strongly stable bin the median ranges from
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−0.2 m at ∆z = 5 m to +4.3 m at the coarsest grid, so a coarse grid can reverse the sign of the diagnosed response. This is a

direct consequence of the PBLH resolution sensitivity identified in Sect. 3.1.420

The along-wind transect profiles resolve the spatial structure of these perturbations under stable conditions. The hub-height

deficit (Fig. 8b) is negligible upstream, as expected given that the Fitch parameterization represents no upstream induction. The

deficit intensifies sharply at the upwind farm edge, reaches a minimum of −3.2 m s−1 close to the farm centre, and recovers to a

tenth of that value over 93 km downstream. The five configurations track one another closely throughout, the transect minimum

spanning −3.2 to −2.6 m s−1, so this spatial structure is insensitive to vertical resolution across the full range tested. Wake425

deficits of this magnitude and spatial extent under stable offshore conditions are broadly consistent with the observational and

modeling literature for the US East Coast and North Sea regions (Cañadillas et al., 2022; Rosencrans et al., 2024), and with

the finding that wake extent over this lease area scales with boundary layer depth, suppressed vertical entrainment sustaining

the deficit over long downstream distances (Quint et al., 2025a).

The PBLH transect (Fig. 8d) exhibits a dipole structure that is the most spatially distinctive feature of the farm’s atmospheric430

footprint. Inside the farm the PBLH increases by 90 m at the reference resolution, driven by the direct TKE injection of the Fitch

scheme. A shallower negative lobe is present on the upwind side (∼−12 m), and immediately downstream of the downwind

edge the PBLH undershoots by 24 m. In this wake region, where turbine-injected TKE is absent and background mechanical

mixing is reduced, the stable boundary layer re-establishes itself more shallowly than in the undisturbed flow. The perturbation

is also far more localised than the wind deficit, recovering to a tenth of its peak within 23 km downstream against 93 km for435

∆Uhub. The deepening is consistent with the idealized wind-farm simulations of Fitch et al. (2013) and with observational

evidence, albeit onshore: Abraham et al. (2025) reported a clear increase in PBLH downstream of an operating wind plant

under stable conditions during the AWAKEN campaign, strongest when the upstream boundary layer is shallow, the regime

that characterizes the SNE lease area in May. Their downstream signal is positive and decays within roughly 20 km, a recovery

distance close to the 23 km found here, whereas the present simulations produce a negative downstream lobe over the same440

range. Whether that undershoot is physical or an artefact of how the Fitch scheme terminates its TKE source at the farm edge

cannot be settled without offshore observations.

The amplitude of the dipole is the most resolution-sensitive aspect of the wake’s vertical signature, and its dependence is

not monotonic. The in-farm peak is 90 m at ∆z = 5 m, rises to 100 and 108 m at 10 and 25 m, and falls to 105 and 77 m at

50 and 100 m. Only the coarsest grid, which cannot resolve the rotor layer at all, substantially underestimates the deepening;445

the intermediate grids overestimate it by up to 20%. Given that the reference PBLH itself carries a grid convergence index

of about 13% (Sect. 3.1), differences between the four finest configurations here are at the edge of what the ensemble can

resolve, and only the ∆z = 100 m result should be regarded as a clear resolution effect. A comparable resolution floor has been

identified at the eddy-resolving end: Wise et al. (2026) found that grid spacing of at least 10 m is required for the rotor drag to

be represented in stable boundary layer large-eddy simulation.450
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Figure 8. Resolution sensitivity of the wake deficit and boundary-layer response (WF − noWF), MYNN2, 2–8 May 2018. Rows are the two

comparators: (a, b) hub-height wind-speed deficit ∆Uhub and (c, d) boundary-layer-height change ∆PBLH. (a, c) Distributions grouped by

atmospheric stability bin, one box plot per vertical configuration, boxes giving the interquartile range (IQR), whiskers the 1.5 IQR extent

and the white line the median; N is the number of hours in each bin, not the number of runs, and is shown in red where fewer than 15

hours contribute. Stability is the lease-area-mean z/L from the no-farm run of each configuration. (b, d) Along-wind transects through the

farm under stable conditions (z/L > 0.1), one curve per configuration rather than a reference and an envelope, so the resolution at which

the response departs is visible directly; the grey band marks the farm footprint. Colour denotes the configuration, labeled by its first-layer

thickness. Transect fields use the same 5 km Gaussian low-pass as Figs. 7, 9 and 10 and are sampled by linear interpolation along the wind

direction.
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3.4 Ocean mixed layer response and air-sea coupling

The one-dimensional ocean coupled to the atmosphere lets us trace the wind-farm perturbation on the sea surface, without

complications of feedbacks from horizontal ocean dynamics: from the mechanical reduction of wind stress, through the shoal-

ing of the ocean mixed layer, to the resulting skin-temperature and air-sea heat-flux response. Figure 9 shows the ocean-state

response to a wind-farm (skin temperature ∆TSK and mixed-layer depth ∆HML) as ∆z = 5 m maps (a, c) and along-wind455

transects (b, d); Figure 10 shows the two bulk air-sea fluxes (momentum flux ∆τ and turbulent heat flux ∆(HFX+LH)) in

the same format. All fields are averaged during stable conditions (z/L > 0.1) and smoothed with a 5 km Gaussian low-pass,

so the transects are cross-section slices consistent with the plan view maps. Farm-zone values quoted below are means within

30 km of the cluster center at the ∆z = 5 m reference resolution.

The mechanical forcing is the reduction in surface wind stress (Fig. 10a, b). Inside the farm the bulk wind stress falls by460

1.24× 10−2 N m−2, or 13.5% of the 0.092 N m−2 background, and the transect reaches a minimum of −1.51× 10−2 N m−2

just downwind of the cluster centre before recovering over 117 km. This stress deficit is the sea-surface signature of the

same momentum extraction that produces the hub-height wake, and its magnitude is consistent with the 30% reduction in

wave-supported momentum flux reported for this region by the coupled ocean–atmosphere–wave simulations of Sauvage et al.

(2025).465

The loss of surface stress due to the turbine weakens wind-driven turbulent mixing in the ocean, and the mixed layer responds

by shoaling (Fig. 9c, d). The farm-zone mixed layer is 1.26 m shallower in the WF run than in the noWF run, a reduction of

9.2% relative to the 13.7 m background mixed layer depth, and the transect deepens this shoaling to −1.97 m near the cluster

centre, recovering to a tenth of that value within 37 km downstream. The sign and structure follow directly from the Pollard–

Rhines–Thompson balance (Pollard et al., 1973), in which reduced surface stress lowers the entrainment-driven deepening of470

the layer against the sub-mixed-layer stratification. The intermediate step is corroborated over this same lease area by Sauvage

et al. (2025), who report a 20% reduction in near-surface ocean turbulent kinetic energy accompanying the wake-induced

stress deficit. Mixed-layer shoaling under wind-wake forcing of this kind has also been reported in three-dimensional ocean

simulations of offshore wind clusters (Christiansen et al., 2022), but here the effect is isolated from amelioration by ocean

dynamical feedbacks.475

Because the same surface heat input is now distributed over a thinner mixed layer, the skin temperature warms (Fig. 9a, b).

The response is a warming-dominated dipole: the transect peaks at +0.32 ◦C near the cluster centre, flanked by a localized

cooling lobe on the upwind side, with the perturbation recovering within 30 km downstream. The farm-zone mean warming

is smaller and considerably noisier (+0.11 ◦C at ∆z = 5 m, varying between zero and +0.16 ◦C across resolutions), because

the one-dimensional slab has no horizontal mixing and the skin-temperature difference is speckled at the grid scale over the480

shelf-break front; the transect peak is the robust quantity and the farm-zone mean is not. The sign and peak amplitude are

nonetheless fully consistent with the fully coupled US East Coast simulations of Seo et al. (2025), which report wake-induced

sea surface warming of 0.3–0.4◦C and a shallower mixed layer driven by precisely this stress-reduction–shoaling mechanism.
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The warmer ocean skin temperature completes the sequence through its impact on the turbulent heat flux (Fig. 10c, d).

Under the prevailing stable regime of warm continental air over cool shelf water, with a background sea surface temperature485

of 10.5 ◦C in the farm zone, the background turbulent heat flux is directed downward into the ocean (−20.8 W m−2). The

farm reduces the magnitude of this downward flux by 2.23 W m−2, or 10.7%. The transect peak of +3.18 W m−2 occurs

some 47 km downwind of the cluster centre, well downstream of the stress minimum at 5 km, and the anomaly persists over

more than 100 km. This downstream displacement is expected: the flux anomaly is mediated by the skin temperature, which

must first respond to the accumulated stress deficit, so the thermodynamic signal lags the mechanical one in the advective490

direction. Both the reduced wind speed and the warmer skin act to weaken the downward flux, so this positive anomaly is the

thermodynamic counterpart of the mechanical stress deficit, the same upward heat-flux response that Seo et al. (2025) identify

as the feedback that destabilizes the marine boundary layer and partially offsets the wake. The sign is that expected within

established frameworks for mesoscale air-sea coupling over surface-temperature anomalies (Chelton et al., 2004; Small et al.,

2008).495

The coupled response is captured at every vertical resolution, but its magnitude is not monotonic in the grid (Figs. 10b,

d). Among the four finest configurations the farm-zone stress reduction spans −0.70 to −1.35× 10−2 N m−2, the mixed-

layer shoaling 1.08 to 1.35 m, and the heat-flux anomaly 1.97 to 2.42 W m−2, with no ordered dependence on resolution;

the reference is neither the largest nor the smallest in any of the three. The coarsest grid (∆z = 100 m) is a clear outlier,

exaggerating every term: the stress reduction rises to −1.72× 10−2 N m−2, 39% above the reference and 2.5 times the ∆z500

= 25 m value, the shoaling to 1.74 m and the heat-flux anomaly to 4.13 W m−2, 85% above the reference. The exaggeration

is a direct consequence of the degraded near-surface wind forcing at coarse vertical resolution documented in Sect. 3.1. The

practical implication is that the ocean response is insensitive to vertical resolution over the range a mesoscale modeller would

plausibly choose, but is substantially overestimated once the rotor layer ceases to be resolved at all.

The limitations of the configuration should be stated plainly. The one-dimensional Pollard–Rhines–Thompson ocean has505

no horizontal dimension and therefore cannot represent Ekman pumping at the farm perimeter (Broström, 2008), positive

SST–stability feedback, lateral advection, or wave-driven mixing; nor does it represent the scattering of surface waves by the

turbine structures themselves (Zhao et al., 2026). In fully coupled simulations these mechanisms amplify the ocean response

over seasonal timescales and can produce a net sea surface warming depending on the broader atmospheric feedback (Seo

et al., 2025; Christiansen et al., 2022), and where a coastal circulation is present they can redistribute it: Raghukumar et al.510

(2023) project cross-shore changes in upwelling induced by offshore wind development along the California coast. The present

results should therefore be read as a characterization of the sign, spatial structure, and resolution sensitivity of the first-order

mechanical-to-thermal coupling.

The horizontal scale of any three-dimensional oceanic response is worth considering, since only one-dimensional processes

are represented here. Restratification by Ekman buoyancy advection and submesoscale eddies and fronts might become impor-515

tant as they are for hurricane wakes (Haney et al., 2012). However, due to the shallow mixed layers at this time, the scale of

these phenomena will be very small, requiring sub-kilometer resolution (Dong et al., 2020, 2021).
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Figure 9. Wind-farm impact on ocean skin temperature and mixed-layer depth (WF − noWF), MYNN2, one-dimensional ocean, stable

conditions (z/L > 0.1), 2–8 May 2018. Rows are the two fields: (a, b) ∆TSK and (c, d) ∆HML. (a, c) ∆z = 5 m maps, zoomed on the

turbine cluster, with the along-wind transect drawn (dashed) through the cluster centre (star); the fine black dots are the individual turbine

positions. (b, d) Along-wind transects of the same fields, one curve per vertical configuration rather than a reference and an envelope, so the

resolution at which the response departs is visible directly; the grey band marks the farm footprint. Colour denotes the configuration, labeled

by its first-layer thickness. All fields are smoothed with a 5 km two-dimensional Gaussian low-pass and the transects are linear slices of those

smoothed fields, so the curves are literal cuts through the maps. Stability is classified from the no-farm run at each grid point and hour, so the

wind-farm and no-farm runs are averaged over an identical set of hours and the difference of the means equals the mean of the differences.

Temperature differences are given in ◦C; a 1 K and a 1 ◦C increment are identical.
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Figure 10. Wind-farm impact on air-sea bulk fluxes (WF − noWF), MYNN2, stable conditions (z/L > 0.1), 2–8 May 2018. Rows are the

two fluxes: (a, b) the momentum flux (wind stress) ∆τ = ρCd (U
2
10+V 2

10), with ρ = 1.2 kg m−3 and Cd = 1.2×10−3, and (c, d) the turbulent

heat flux ∆(HFX+LH), positive upward. (a, c) ∆z = 5 m maps, zoomed on the turbine cluster, with the along-wind transect drawn (dashed)

through the cluster center (star); the fine black dots are the individual turbine positions. (b, d) Along-wind transects of the same fluxes, one

curve per vertical configuration rather than a reference and an envelope, so the resolution at which the response departs is visible directly; the

grey band marks the farm footprint. Color denotes the configuration, labeled by its first-layer thickness. Processing matches Fig. 9: a 5 km

two-dimensional Gaussian low-pass, with the transects taken as linear slices of the smoothed fields, and stability classified from the no-farm

run so that both runs are averaged over an identical set of hours.
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4 Conclusions

This study examined the atmospheric and oceanic responses to a large-scale offshore wind farm under the shallow, stable marine

boundary layer (MABL) conditions characteristic of the Southern New England (SNE) lease area. Using WRF-Fitch mesoscale520

simulations across five vertical resolutions and two atmospheric planetary boundary layer (ABL) schemes, we evaluated the

sensitivity of wake dynamics and ocean coupling to atmospheric grid discretization. The central findings are synthesized as

follows:

– Rotor-layer decoupling in the stable MABL (Fig. 5). The stable MABL over the SNE lease area in May is persistently

shallow, with a mean boundary layer height (PBLH) of 92 m (YSU) to 118 m (MYNN2). Consequently 59–72% of the525

rotor swept area sits above the boundary-layer top, and almost all of the shear across the disk is concentrated below hub

height. This placement within a strongly stratified layer suppresses vertical mixing and the turbulent redistribution of

the wake, driving severe and elongated wind speed deficits, consistent with the finding of Quint et al. (2025a) that wake

extent over this same lease area scales with the depth of the boundary layer.

– Vertical resolution controls the diagnosed boundary-layer depth, not the wake (Fig. 6). Hub-height wind speed and530

friction velocity are robustly represented for ∆z ≤ 50 m, departing by less than 1.2% and 1% respectively in MYNN2,

while PBLH diverges sharply on coarser grids: at ∆z = 100 m, the inability to resolve the sharp stable temperature

inversion produces an 87% overestimation in MYNN2 and 22% in YSU. Richardson extrapolation over the three finest

grids places most diagnostics within a few per cent of the zero-spacing limit at the reference resolution, but assigns PBLH

a grid convergence index of about 13%, so PBLH differences below that threshold should not be read as physical. The535

wind shear exponent α exhibits a non-monotonic response in MYNN2, peaking at +23% at ∆z = 50 m; this originates in

the lower rotor, where that configuration must interpolate the bottom-tip wind speed across a 25–76 m layer containing

no model level, and is distinct in origin from the boundary-layer-top error driving the PBLH bias.

– Distinctive wake and PBLH spatial signatures (Figs. 7 and 8). Under stable conditions the time-mean hub-height wake

deficit peaks at −3.2 m s−1 at the cluster core and falls below 0.5, 0.25 and 0.1 m s−1 at 81, 112 and 136 km down-540

stream. The farm induces a distinct atmospheric dipole, an in-farm PBLH deepening of 90 m followed by a downstream

undershoot of 24 m that recovers within 23 km, an order of magnitude more localised than the wind deficit itself. The

stability dependence of the PBLH response changes sign: the farm deepens the boundary layer by a median of +4.3 m

under near-neutral conditions but shoals it slightly under moderate and strong stratification. The in-farm deepening is

consistent with the downstream PBLH increases observed onshore during the AWAKEN campaign (Abraham et al.,545

2025), while the downstream undershoot remains a simulated feature awaiting observational confirmation.

– Ocean mixed-layer and air-sea coupling (Figs. 9 and 10). The 1D Pollard–Rhines–Thompson ocean reproduces a

coherent mechanical-to-thermal response. The farm reduces the farm-zone surface wind stress by 13.5%, shoaling the

ocean mixed layer by 9.2% (1.26 m in the farm-zone mean, reaching −1.97 m along the transect). Concentrating the

surface heat input in a thinner layer warms the sea-surface skin (a warming-dominated dipole peaking at +0.32 ◦C)550
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and drives an upward turbulent heat-flux anomaly of 2.23 W m−2, or 10.7%, that weakens the background downward

flux of the stable regime; the flux anomaly peaks some 47 km downwind of the stress minimum, reflecting the time the

skin temperature takes to respond. Both the sign and the magnitude of this response are consistent with fully coupled

simulations of the same region (Seo et al., 2025; Sauvage et al., 2025). The response shows no ordered dependence on

resolution among the four finest configurations, but the coarsest grid exaggerates every term, raising the stress reduction555

by 39% and the heat-flux anomaly by 85% relative to the reference.

– Vertical refinement is bounded by the horizontal closure (Table 1). The finest configuration combines a 2.5 m first

layer with 1.5 km horizontal spacing, an aspect ratio of order 103. At such ratios the vertical grid is no longer the

limiting approximation. The ABL schemes used here are one-dimensional column closures, which assume horizontal

homogeneity within a grid cell and parameterize vertical fluxes alone; that assumption is already marginal at 1.5 km,560

within the grey zone in which the energy-containing eddies of the boundary layer are neither fully resolved nor entirely

subgrid. Refining the vertical grid sharpens gradients that the horizontal discretization and the closure cannot respond to,

and the diminishing returns evident here between ∆z = 5 and 10 m, where most diagnostics differ by less than 1%, are

consistent with that limit having been reached. The near-surface refinement is additionally constrained from below by

the vertical Courant condition on the 7.5 km outer domain (Sect. 2.3), so the achievable resolution is set by the coarser565

domain rather than the finer one. Progress beyond this point requires relaxing the closure rather than refining the grid:

three-dimensional PBL schemes, which represent horizontal as well as vertical mixing (Rybchuk et al., 2022), or large-

eddy simulation, in which the energy-containing eddies are resolved and the wake is not parameterized at all. That path

carries its own resolution floor, of order 10 m for rotor drag to be represented in the stable boundary layer (Wise et al.,

2026). The present results should therefore be read as establishing the vertical resolution required to make full use of a570

one-dimensional closure at kilometer-scale horizontal resolution, further vertical refinement alone does not improve the

solution.

– The choice of turbulence scheme is often as consequential as resolution (Fig. 10). The difference between the

MYNN2 and YSU schemes are of a similar order to the difference between the finest and coarsest resolutions. Their

rate of convergence with resolution differs: typically MYNN2 converged faster than YSU. Furthermore, these schemes575

showed very different behavior with coarsening, indicating that the choice of scheme becomes more pronounced at

marginal resolutions.

Because the 1D slab configuration lacks mechanisms such as Ekman pumping and horizontal advection, the ocean responses

documented here represent a conservative lower bound on the farm’s true oceanic impact. Extending this framework to fully

coupled three-dimensional models (Seo et al., 2025) across the complete seasonal cycle, particularly the convective autumn580

and winter regimes in which the air-sea heat flux reverses sign, is a critical next step toward a full stability-dependent char-

acterization of offshore wind farm impacts. A complementary direction is to reduce the horizontal grid spacing alongside the

vertical, either into the grey zone with a three-dimensional closure or below it with large-eddy simulation, so that the anisotropy
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of the present configuration is relaxed rather than accepted; the cluster and internal wake effects recovered by the latter differ

systematically from their mesoscale counterparts off this coast (Sanchez-Gomez et al., 2026).585

Code and data availability. All WRF namelists, turbine configuration files, lease-area shapefiles, figure and analysis scripts, and the pro-

cessed data underlying Figs. 4–10 and Table 1 are archived together at Zenodo (https://doi.org/10.5281/zenodo.21968332). The ASIT direct

covariance flux dataset shown in Fig. 1 is available from https://doi.org/10.26025/1912/69658 (Chang and Kirincich, 2025); the ASFB ob-

servations in the same figure were provided by N. Laxague.
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