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Abstract. Understanding atmospheric stability throughout the wind turbine rotor layer is critical for predicting wake evolution,
power production, wake steering performance, and structural loading. Here, we use sonic anemometer, profiling lidar, and
thermodynamic profiler observations collected from an instrumented barge deployed during June-September 2024 as part of
the Third Wind Forecast Improvement Project (WFIP3) campaign off the U.S. northeast coast to evaluate how well near-surface
measurements represent atmospheric stability at wind turbine hub height. Surface-based and rotor-layer stability classifications
disagree more than 30% of the time, with the dominant decoupling regime characterized by unstable surface conditions beneath
a stably stratified rotor layer. The frequency of these decoupling events increases through late summer into fall as hub-height
stratification strengthens, while individual events become shorter-lived, indicating frequent transitions between coupled and
decoupled states. Decoupling events are characterized by slower wind speeds consistent with weaker turbulent mixing through
the marine boundary layer. Surface observations often fail to represent the atmospheric stability experienced by offshore wind
turbines during summer marine conditions. Consequently, relying solely on near-surface measurements may underestimate the
occurrence of stable rotor-layer conditions that influence wake behavior, offshore wind farm power performance, and estimates

of structural loads.

1 Introduction

Atmospheric stability influences the performance of offshore wind turbines by governing turbulence levels, power generation,
wake evolution, wake steering effectiveness, and structural loading. Stable atmospheric conditions suppress turbulent mixing,
allowing wind turbine wakes to propagate further downstream and increasing wake losses, while unstable conditions enhance
mixing and promote wake recovery (Lundquist et al., 2018; Keck et al., 2014; Machefaux et al., 2016). Atmospheric stability
also influences the effectiveness of wake steering (Fleming et al., 2017) and can alter fatigue and extreme structural loads
experienced by wind turbines (Sathe et al., 2013). Consequently, accurately characterizing atmospheric stability throughout
the turbine rotor layer has become a fundamental requirement for offshore wind resource assessment, operational forecasting,

wake modeling, and wind farm control.
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Despite this importance, atmospheric stability is rarely measured directly throughout the turbine rotor layer. Instead, op-
erational monitoring, numerical weather prediction model validation, and many offshore observational studies characterize
atmospheric stability using surface-layer stability metrics. These metrics may include the Obukhov length measured from me-
teorological towers or buoys sampling the lowest tens of meters. In other cases, the air-sea temperature difference measured
in the lowest tens of meters is used in a Richardson Number calculation (Sathe et al., 2011; Djath et al., 2018; Schneemann
et al., 2021; Paulsen et al., 2026). Implicit in these approaches is the assumption that near-surface measurements provide a
representative description of the atmospheric conditions experienced by modern offshore wind turbines, whose rotor disks now
routinely span heights of 100 to 250 m above the ocean surface.

That assumption may not always be valid. During stable marine conditions, turbulence generated near the ocean surface
may remain confined to the lowest tens of meters while the atmosphere aloft remains stably stratified. Surface observations
may indicate unstable or weakly unstable conditions, even though the turbine rotor layer remains stably stratified. Under these
circumstances, measurements commonly used to characterize atmospheric stability for offshore wind applications become
unrepresentative of the conditions actually experienced by wind turbines. Such vertical decoupling would lead surface-based
observations to underestimate the occurrence of stability regimes that are most relevant for power production, turbulent struc-
tural loads, and wake dynamics. Although previous modeling (Rosencrans et al., 2024; Xia et al., 2025) and observational
(Cimini et al., 2025; Platis et al., 2022) studies have recognized that surface-layer stability metrics may not fully characterize
offshore boundary-layer structure, the frequency, persistence, and meteorological controls of disagreements between surface-
and rotor-layer stability have not been quantified using co-located offshore observations.

In this study, we use observations collected during the Third Wind Forecast Improvement Project (WFIP3) from an instru-
mented barge deployed offshore near the Vineyard Wind wind farm during the summer and early fall of 2024 to evaluate how
well surface measurements represent atmospheric stability at turbine hub height. Sonic anemometers mounted on the barge
quantify surface-layer stability via the Obukhov Length, while a profiling lidar and infrared thermodynamic profiler provide
wind and temperature profiles that allow calculation of the Bulk Richardson number throughout the rotor layer. Comparing
these independent measurements allows us to directly quantify when surface observations accurately represent rotor-height
stability and when they do not.

To describe these situations, we distinguish between coupled and decoupled stability regimes. Coupled conditions occur
when the stability classification is consistent between the surface layer and the rotor layer, whether both are stable or both are
unstable. Decoupled conditions occur when the stability classifications differ between the two layers. Of greatest importance
for offshore wind energy are periods during which the surface layer is unstable while the turbine rotor layer remains stably
stratified, because relying solely on surface observations during these times risks underestimating stable atmospheric conditions
that strongly influence wake evolution and turbine performance.

The objectives of this study are therefore to (1) quantify the frequency with which conventional surface observations fail to
represent rotor-layer stability, (2) identify the diurnal and seasonal (over the course of the summer and early fall) variability of
these decoupling events, (3) characterize the duration and persistence of prolonged decoupling episodes, and (4) discuss the

implications for offshore wind measurements, atmospheric model evaluation, and wind farm applications.



60

65

70

75

80

85

https://doi.org/10.5194/wes-2026-115 WIND
Preprint. Discussion started: 8 July 2026

~
© Author(s) 2026. CC BY 4.0 License. e we \ EZ:EEIT\I%YE

The remainder of this paper is organized as follows. Section 2 describes the WFIP3 observational datasets and their pro-
cessing. Section 3 introduces the stability metrics used to compare surface and rotor-layer atmospheric conditions. Section 4
quantifies how frequently conventional surface observations fail to represent rotor-layer stability, examines the seasonal and
diurnal variability of these decoupling events, and characterizes their persistence. Finally, in Section 5, we discuss the implica-
tions of these findings for offshore atmospheric measurements, wind farm applications, and future observational and modeling

studies.

2 Data
2.1 The Third Wind Forecast Improvement Project (WFIP3)

This study analyzes in situ flux measurements as well as remotely sensed temperature and wind profile observations from the
Third Wind Forecast Improvement Project (WFIP3) to classify atmospheric stability within different height intervals (Kirincich
et al., 2026; Bodini et al., 2026b). The Wind Forecast Improvement Projects are a series of U.S. Department of Energy-
sponsored field campaigns focused on improving weather modeling and forecasting using computational and observational
methods. WFIP1 was conducted in the Midwest/central plains (Wilczak et al., 2015) while WFIP2 occurred in the Columbia
River Gorge of the Pacific Northwest region of the United States (Shaw et al., 2019; Olson et al., 2019; Wilczak et al., 2019).
This third project studied the Marine Atmospheric Boundary Layer (MABL) along the U.S. East Coast (Figure 1) due to the
region’s opportunity for offshore wind energy production and the accompanying need for forecast improvement (Kirincich
et al., 2026; Bodini et al., 2026b; Adler et al., 2026).

The main objectives of WFIP3 were to gather data on the vertical structure of the MABL across different regions along the
East Coast to understand its complexity and variability (Kirincich et al., 2026). These findings should help optimize numerical
weather model prediction models that can be applied to wind energy (Adler et al., 2026). Six coastal field sites, including
the offshore Air-Sea Interaction Tower (Edson et al., 2007; Bodini et al., 2019; Cinquino and Kirincich, 2024), used lidars,
radiometers, cloud and precipitation sensors, and surface meteorological stations to characterize the coastal boundary layer,

while one temporary far-offshore site, the Barge site, characterized the marine boundary layer.
2.2 Barge Deployment

A unique observational platform, an instrumented barge (Figure 1), was one of WFIP3’s innovations. The 46 m by 16.5 m
barge was deployed off the coast of Massachusetts and Rhode Island between June and October 2024, 44 km south of Martha’s
Vineyard in water 52 m deep, to gather extensive data on the MABL (Bodini et al., 2026a; Kirincich et al., 2026) in the vicinity
of the Vineyard Wind offshore wind farm. For the prevailing wind direction (southwesterly), the nearest "upwind" land location
in New Jersey is approximately 280 km away. The deployment of this barge is of particular interest due to its proximity to many

offshore wind farm lease areas. The barge provides the data analyzed in this study.
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Figure 1. Map (a) of the U.S. Northeast Coast including offshore lease areas, turbines installed by May 2024, and the barge location and
photo (b) of moored barge annotating locations of met tower, ASSIST, and lidar. Photo credit Eve Cinquino, WHOI.

Start End Days On-Station
05:00 UTC 17 Jun 2024 11:00 UTC 23 Jun 2024 7
05:00 UTC 29 Jun 2024  11:00 UTC 8 Aug 2024 40
06:00 UTC 23 Aug 2024  10:00 UTC 28 Sep 2024 38

Table 1. Dates when the WFIP3 Barge was on-station at 40.901°, -70.787°

The barge was deployed on tation for a total of 85 days, over the 120 day period, as it was recovered and towed to shore
for 2 large wave events events (Table 1). During the deployed periods, its 16 instruments document the MABL in the region,
collecting wind and thermodynamic data, as well as precipitation profiles, and wildlife information (birds and bats). The most
relevant instruments for this study are the profiling lidar, the ASSIST thermodynamic profiler, and the sonic anemometers on

the meteorological mast, summarized in Table 2.
2.3 WindCube V2 Profiling Lidar

The WindCube V2 profiling lidar was deployed on the barge to capture vertical profiles of wind speed and wind direction.
The lidar measures the Doppler shift in frequency from its laser reflecting off of aerosols and other particles in the flow, and

calculates the radial velocity projection onto the four beams projected 6 degrees from vertical in the northerly (v, n), easterly
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Figure 2. Data availability from the sonic anemometers on the barge. Off-station times have been removed.

Time

Instrument Variables Heights Temporal Primary
Used Resolution Use
3-D sonic anemometers 3-components of wind speed, 6.64 m, 24 m 20 Hz or 32 Hz Obukhov
sonic temperature 7', turbulence averaged to 20 min  length (L)

WindCube V2 profiling lidar

ASSIST infrared spectrometer

Thermometer

Wind speed, wind direction

Temperature, humidity, pressure

Air temperature

40-160 m (20 m spacing)

Surface—160m

(~10 m near surface)

7.87,10.0,16.0,23.3m

Table 2. Summary of the observations used in this study.

1 sec
averaged to 10 min

10 min

1 sec

winds for Ri

0, for Ri

T profiles

(vr,E), southerly (v, s), westerly (v, ) directions (Lundquist et al., 2015; Robey and Lundquist, 2022). The lidar assumes

horizontal homogeneity, meaning the flow is assumed constant along the measurement scan. The WindCube V2 emits five

beams, one in the vertical direction, and four along each of the cardinal directions at an angle 6 ~ 30° off the vertical. A high-

frequency inclinometer captured the motion of the barge, and those measurements were used to correct the lidar observations

as per the methodology in Krishnamurthy et al. (2023) and Newsom et al. (2024). For this dataset, the WindCube V2 captured

vertical wind profiles every 20 meters between 40-300 m altitudes. Since the lowest measured height is 40 meters on the lidar,

40-60 meters is the lowest available level for stability assessment with the lidar. Temporally, velocity profiles were averaged

over 10 minutes.
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2.4 ASSIST+TROPoe

The Atmospheric Sounder Spectrometer by Infrared Spectral Technology (ASSIST-1I by LR Tech Inc.), hereby called ASSIST,
leverages the unique way air particles in the atmosphere absorb and emit infrared radiation (Michaud-Belleau et al., 2025). The
energy these particles absorb/emit, the spectra, changes with the surrounding thermodynamic conditions. The ASSIST observes
the spectral radiance at the surface and the cloud base height, while the TROPoe algorithm, or Tropospheric Remotely Observed

Profiling via Optimal Estimation, estimates temperature profiles by inversely solving the radiative transfer equation

B(v) :af,/Bo(ﬂ,T(z))e_“”dz (1)
0

where B(?) is the radiance at a given wavenumber ¥, a; is an absorption coefficient, and By (?,7(z)) represents the sum of
spectral radiance along the height as a function of wavenumber and temperature at each height, T'(z) (Michaud-Belleau et al.,
2025; Letizia et al., 2025). The ASSIST easily captures wavenumber ranges such as 500 — 750 em™ 1Y, 1250 — 2000 cm 1, and
2250 — 2380 cm 1, which absorb more energy near the surface. During overcast events, the ASSIST demonstrates greater
uncertainty in capturing any wavenumbers above the cloud base height.

The ASSIST dataset contains profiles of temperature, potential temperature, relative humidity, cloud base height, and many
others. The most relevant ASSIST profiles for this study are temperature, pressure, and relative humidity, which are used to
calculate the virtual potential temperature. These profiles are measured from the surface height up to 17 kilometers, with height

intervals and thicknesses that increase with altitude. starting with the lowest height interval being from the surface to 10 m.
2.5 Sonic anemometer data

In addition to the remote sensing instrumentation, the barge’s 25-m observational tower enabled low-flow distortion obser-
vations of the predominant southwesterly winds. Sonic anemometers were deployed at five measurement heights (6.64, 8.84,
11.02, 16.1, and 24.0 m, relative to water surface assuming a 1.52 m barge draft) reporting fluctuations of virtual temperature
and three components of velocity at 20 Hz (at 24 m) or 32 Hz (all other heights). The sonic anemometer at 24 m, mounted on
a 1.22 m boom was a Gill R3-50 sonic anemometer with a Systron Donner MotionPAK (Edson et al., 1998) while the other
levels hosted RM Young 81000RE sonic anemometers on 1.55 m booms. All booms were pointed to 210 degrees. Data were
removed during times of precipitation as detected by a RM Young precipitation gauge at 14 m on the tower. The barge was
moored, resulting in motion less than that of a buoy or ship, but motion correction was applied to the sonic anemometer data.

Fluxes were calculated from 20-minute eddy-covariance averages.
2.6 Dataset Regularization

To calculate stability metrics over a given height interval, the static stability and shear effects must be calculated over matching
intervals. Because Bulk Richardson number requires wind and thermodynamic measurements on identical vertical grids, the

ASSIST profiles were interpolated onto the lidar measurement heights.
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Figure 3. Example of interpolation performed on potential temperature between 40-300 meters

The WindCube V2 provides a uniformly spaced grid of wind profiles between 40 and 300 meters, while the ASSIST spec-
trometer provides a non-uniform distribution of temperature profiles between 0 and 17 kilometers. To resolve this discrepancy,
we linearly interpolated the relevant ASSIST profiles between 33 and 318 meters (the first heights just below and above 40 and
300 meters, respectively) to obtain values every 20 meters in height until 300 meters (Figure 3). This interpolation produced a
thermodynamic dataset with uniformly distributed data along the height to match the height resolution of the WindCube.

Furthermore, the WindCube provides 10-minute averages of wind velocity profiles across the summer. The ASSIST also
provides 10-minute averages, but offset from the lidar by 5 seconds. This study merely shifted the ASSIST temporal coordinates
to remove the offset and ensure compatibility between the two dataset time coordinates. Since the ASSIST only featured a 5
second difference compared to the WindCube, the expected distortion of the temporal data is negligible and allows for direct
comparison between the instruments to calculate the Bulk Richardson number.

For comparison of this elevated Bulk Richardson number at 10-minute intervals to the Obukhov Length calculated from the
sonic anemometer data at 20-minute intervals, no temporal interpolation was performed. Instead, each 20-min sonic observation

was assigned to the two corresponding 10-min bulk Richardson number time stamps.
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2.7 Dataset Availability
2.7.1 Lidar and ASSIST data

Neglecting null values and off-station dates (Table 1), the lidar and ASSIST datasets demonstrated a total data return of 62.1%
and 79.4%, respectively, after removing any unavailable data between both instruments at the 40 m - 60 m and 120 m - 160 m
height intervals. The static stability and Bulk Richardson number were only calculated when both datasets contained values at
the same heights and times. If one dataset did not include a value at a particular height and/or time, then the stability metrics

were not calculated.
2.7.2 Meteorological Tower Data

Each of the tower sonic anemometers functioned differently during the deployment, with variable data return rates. The data
availability rates for each level are shown in Figure 2. Only the 6.64 m and the 24.0 m sonic anemometer functioned for most of
the on-station time periods, so either of them can provide the required measurements of the horizontal and vertical components
of the flow as well as sonic temperature. Both the 6.64 m and 24 m sonic provided data in excess of 97% of the time the barge

was on-station.

3 Methods

The objective of this study is to determine how frequently atmospheric stability inferred from surface observations differs
from the stability experienced within the turbine rotor layer. To accomplish this, we compare two complementary stability
metrics. Surface-layer stability is characterized using the Obukhov Length derived from sonic anemometer observations, while
rotor-layer stability is characterized using the Bulk Richardson number calculated from co-located wind and thermodynamic
profiles. Static stability, based solely on the vertical temperature gradient, is also evaluated to distinguish thermally-driven

stability changes from those influenced by vertical wind shear.
3.1 Stability Metrics
3.1.1 Static Stability

Static stability, neglecting mechanical shear effects, is determined from the vertical gradient of virtual potential temperature.

The Brunt-Viisila frequency describes the frequency at which a displaced particle oscillates in a stably stratified atmosphere

(Vallis, 2017):

g 90,
(

N2 _
0z

0,

) 2

where 0, is the virtual potential temperature. Rather than evaluating N? directly, We use the bulk virtual potential temperature

gradient (%) which provides an equivalent classification of static stability over each height interval. Negative values indicate
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statically unstable conditions and positive values indicate statically stable conditions. Because this metric depends only on the
temperature structure of the atmosphere, it neglects the effects of mechanical turbulence generated by wind shear. Data from

the 6.64 m and 24 m sonic anemometers are used for the Obukhov Length calculations.
3.1.2 Surface-Layer Dynamic Stability

Surface-layer dynamic stability is quantified using the Obukhov Length determined from surface fluxes of heat and momentum:

-0, 3
Jp——le 3)
kg(w'Ty)
where u, is friction velocity:
u? = (W + v )V?, @)

k is the von Kdrman constant, g is gravitational acceleration, and w7}, is the kinematic heat flux. To calculate the fluxes, the
eddy covariance method applies to the perturbations based on twenty-minute means of the u (streamwise), v (transverse), and
w (vertical) components of wind speed and the virtual temperature T),. Here, T, is taken as the sonic anemometer temperature
(Burns et al., 2012). Surface stability is evaluated independently using both the 6.64 m and 24 m sonic anemometers to examine
the sensitivity of the results to measurement height. Because the sonic-temperature approximation neglects small humidity-
related differences between sonic and virtual temperature, we tested the sensitivity of the stability classification using latent heat
flux measurements to estimate a humidity correction to the buoyancy flux. This correction changed the sign of the buoyancy
flux, and therefore the sign of L, for only 1.04% of observations at 6.64 m and 1.34% of observations at 24 m. Thus, while
the correction may affect the magnitude of L, it does not materially affect the stable/unstable classifications or the reported
decoupling statistics.

The Obukhov Length combines the competing influences of buoyancy and mechanical shear on turbulence generation within
the atmospheric surface layer. Throughout this study, L < 0 m denotes unstable surface conditions, while L > 0 m denotes
stable surface conditions. We note that it is possible to incorporate the sign of (u'w’) into the definition of L. Positive u, is the
standard treatment because friction velocity is a magnitude of the turbulent stress vector. However, we tested the sensitivity of
assigning the sign of u/w’ to u,, and the resulting stability classifications changed by only 2.5% at 6.64m and 7.1% at 24 m,

indicating that the conclusions are insensitive to this treatment.
3.1.3 Rotor-Layer Dynamic Stability

The Bulk Richardson number compares buoyancy due to thermal gradients and shear produced by convection in the atmosphere
(Stull, 1988). The Bulk Richardson number is calculated over a height interval rather than at a discrete point so the competing

effects of static stability and shear can be evaluated over a layer instead of at a point:

gAl,Az

0, (AU + AV2)

®)
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where 0, is the virtual potential temperature, U is the zonal (east-west) velocity and V' is the meridional (north-south) wind
component.

Unlike the Obukhov Length, which characterizes turbulence based on data at a single observation height, the Bulk Richard-
son number evaluates the balance between buoyancy and vertical wind shear across an entire layer. It is therefore well suited
for describing atmospheric stability throughout the turbine rotor disk.

Bulk Richardson numbers are calculated over two layers:

— 40-60 m, representing the lowest altitude interval available from the collocated remote sensing instruments, and

— 120-160 m, representing the hub-height region of modern offshore wind turbines.

The primary analysis focuses on the 120-160 m layer because it most directly characterizes the atmospheric conditions
experienced by utility-scale offshore wind turbines. The lower layer is used to examine how rapidly stability transitions occur
between the surface layer and rotor height.

Although critical Richardson numbers near 0.25 are often used to diagnose the onset of turbulence (Stull, 1988), the objective
of this study is to distinguish stable and unstable atmospheric regimes rather than identify the precise transition to turbulence.
Accordingly, positive Bulk Richardson numbers are classified as stable and negative values as unstable. A sensitivity study to

the choice of this threshold appears in the Appendix, supporting the choice of a threshold at 0.
3.2 Coupled and Decoupled Stability

The central question of this study is whether stability inferred from surface observations accurately represents stability within
the turbine rotor layer. For every observation period, the surface-layer stability classification obtained from the Obukhov Length
is compared with the corresponding Bulk Richardson number classification within the rotor layer. Four possible combinations

exist:

Coupled Stable: both surface layer and rotor layer stable

Coupled Unstable: both surface layer and rotor layer unstable

Decoupled, surface unstable: surface-unstable/ rotor-stable

Decoupled, surface stable: surface-stable/ rotor-unstable.

The primary focus of this paper is the surface-unstable / rotor-stable decoupling regime. During these periods, conventional
surface measurements indicate unstable atmospheric conditions while the turbine rotor layer remains stably stratified. Relying
solely on surface observations under these conditions may therefore underestimate atmospheric stability relevant to wind

turbine wakes, power production, and structural loading.

10
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3.3 Event identification

To quantify both the occurrence and persistence of stability decoupling, consecutive observations classified as surface-unstable
/ rotor-stable are grouped into individual decoupling events. Events separated by one or more observations that do not satisfy
the decoupling criterion are treated as distinct episodes. For each event, we calculate the start time, end time, duration, median
Obukhov Length, median Bulk Richardson number, and maximum Bulk Richardson number.

Throughout the remainder of this paper, comparisons between surface and rotor-layer stability refer to the 24 m Obukhov
Length and the 120-160 m Bulk Richardson number unless otherwise stated. Results are very similar between the two layers

and the 24-m level is selected to avoid any question of flow distortion from the barge itself.

4 Results
4.1 Meteorological Overview of Summer 2024

Summer winds were predominantly southwesterly (Figure 4a), consistent with other observations conducted in this region
during the summer (Bodini et al., 2019; Debnath et al., 2021) as well as modeling studies (Quint et al., 2025). The infrequent
northeasterly winds feature slower speeds than the southwesterly winds. Most wind speeds fall between 7.5-9.5 m s~ at the
lowest lidar level (40 m), and even faster at the hub-level 140 m, peaking around 18 m s~! (Figure 5).

The diurnal cycle over water differs substantially from that over land because of the large heat capacity of the ocean (Shaw
et al., 2022). The median air temperatures measured at 7.87 and 23.3 m exhibit a weak diurnal cycle, with minimum temper-
atures occurring shortly after sunrise (08:00-09:00 ET; 12:00-13:00 UTC) and maximum temperatures occurring during the
late afternoon and evening (16:00-18:00 ET; 20:00-22:00 UTC) (Figure 6a). The temperature evolution is nearly identical at
both levels, with median differences generally less than 0.3°C throughout the day, indicating weak mean thermal variability
within the lowest 25 m.

Despite these small mean temperature differences, the turbulent heat flux exhibits a clear diurnal cycle near the surface
(Figure 6b). At 6.64 m, the median heat flux becomes positive shortly after sunrise, remains upward throughout the daytime,
and returns toward zero after sunset, consistent with solar warming of the ocean surface and the resulting destabilization of
the lowest portion of the atmospheric boundary layer. In contrast, the median 24 m heat flux remains weakly negative or near
zero throughout the diurnal cycle. While the median 24 m flux is slightly negative during many hours, its magnitude is small
relative to the variability shown by the interquartile range (Figure 6b). Therefore, rather than indicating persistent downward
heat transport, the 24 m observations suggest that the surface-driven diurnal heating signal evident at 6.64 m is attenuated by
24 m. The differing behavior of the two flux levels, despite nearly identical mean temperatures, provides an early indication
that the coupling between the ocean surface and the lower rotor layer is often weak or not present.

Surface heating generates weak daytime destabilization near the ocean surface (Figure 6), yet this destabilization rarely
extends through the rotor layer, where the median virtual potential temperature gradient remains positive throughout the day

(Figure 7a). According to the ASSIST measurements, the average change in potential temperature over height is positive from

11
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Figure 4. Wind roses for the entire summer where data was available and on-station. (a) shows the wind at 40 m, the lowest lidar level, and

(b) shows the wind at 140 m, representing hub-level.

40 - 60 m and 120 m - 160 m, indicating largely stable conditions throughout the summer (Figure 7). Nonetheless, the change
in potential temperature over the lower layer (40-60 m) (Figure 7b)has a wider distribution that dips into negative changes,
indicating more tendency towards unstable conditions throughout the day closer to the surface than throughout the hub-layer
(120-160 m) (Figure 7a). These excursions into unstable conditions tend to occur during the day, between 14:00-21:00 UTC
(10:00-17:00 ET).

4.2 Decoupling between the surface and rotor region assessed

Surface-rotor stability decoupling occurs in nearly one third of the observed times regardless of the stability metrics used. In
Figure 8 we compare sonic-derived Obukhov Length with the bulk Richardson number calculated over the 120—160 m layer.
Each point represents a matched 10-minute observation, classified according to whether the surface layer (determined by the
sonic anemometer) and rotor layer (determined by the ASSIST and profiling lidar) are stable or unstable. Agreement between
the two stability measures occurs when both indicate stable conditions (upper right quadrant, blue) or both indicate unstable
conditions (lower left quadrant, red). Of greater interest are the off-diagonal quadrants, which represent vertical decoupling
between the surface and rotor layer. In particular, the upper left quadrant (purple) identifies periods in which the surface layer
is convectively unstable while the rotor layer remains stably stratified. Such conditions imply that turbulence generated near
the surface is confined to a shallow layer and does not extend through the turbine rotor, challenging the common assumption

that near-surface measurements provide a representative estimate of the stability experienced by offshore wind turbines.
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Figure 5. Wind speed distributions for the entire summer when data was available and the barge was on-station.

The dominant feature of Figure 8 is the frequent occurrence of this decoupled regime. Using the 6.64 m sonic, 37.6% of all
matched observations exhibit unstable surface conditions beneath a stably stratified rotor layer, compared with 51.4% that are
stably stratified throughout the profile. Even when the surface stability estimate is moved upward to 24 m, the decoupled regime
remains remarkably common, accounting for 30.6% of all observations (95% confidence interval based on 1000 resampled
datasets: 28.3-30.7%). In contrast, the opposite configuration, a stable surface layer beneath an unstable rotor layer, is rare
(<4%, 95% confidence interval: 3.0-3.9%)). The non-overlapping confidence intervals indicate that the strong asymmetry
between the two forms of decoupling is robust and unlikely to arise from sampling variability alone.

To ensure these statistics are not artifacts of near-neutral conditions, we removed near-neutral conditions, requiring that the
absolute values of both the Obukhov Length |L| > 50 m and the Bulk Richardson number | Ri| > 0.05. The distribution of data
points persists with 29.5 % of data points surface-unstable/rotor-stable and 3.1 % surface-stable/rotor-unstable (instead of 30.6
% surface-unstable/rotor-stable and 3.6 % surface-stable/rotor-unstable for all data).

The disagreement between surface-layer and rotor-layer stability classifications is strongly asymmetric. Stable rotor-layer
conditions frequently coexist with unstable surface conditions, whereas the reverse configuration is rare. This asymmetry
persists after excluding near-neutral observations, indicating that the result is not simply a consequence of threshold sensitivity
near neutral stability. This distribution suggests a persistent tendency for convective mixing to remain confined to the lowest
tens of meters while the rotor layer remains stably stratified. Thus, at this offshore location, nearly one out of every three

available observations would incorrectly classify rotor-layer stability if only surface observations were available.
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while preserving the stable/unstable quadrants.

Finally, agreement on the assessment of stability between the 6 m and 24 m Obukhov Length classifications exceeds 88%,

indicating that these decoupling results are robust to the choice of level for the surface stability assessment.
4.3 Diurnal and Monthly Variability of Decoupling Events

Seasonal variability of decoupling dominates diurnal variability of decoupling during the limited 4-month deployment of the
barge (Figure 9). During June, this decoupled stability state is relatively uncommon, generally occurring in less than 20% of
available observations. Frequencies increase during July and become widespread by September, when the decoupled state is
observed during approximately 70-90% of available observations. Although modest hour-to-hour variability occurs, particu-
larly during late summer, no single hour consistently dominates the occurrence of decoupling. Instead, once the decoupled
regime develops seasonally, it persists throughout much of the diurnal cycle.

Similar behavior is found using the 6.64 m sonic (not shown), with generally more frequent decoupling, indicating that the
result is robust to the choice of sonic level.

The seasonal increase in decoupling is not explained by weaker surface buoyancy forcing. Median Obukhov lengths become
more negative during much of the daytime throughout late summer (Figure 10), indicating continued surface-driven convective
turbulence. In contrast, median Bulk Richardson numbers within the rotor layer increase substantially from June through
September (Figure 11), indicating progressively stronger elevated stratification. The increasing separation between surface

and rotor-layer stability demonstrates that the seasonal increase in decoupling frequency is driven by interactions between the
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(ET).

strengthening stratification aloft and changes in the surface energy balance. As summer transitions to fall, the marine boundary

layer transitions to a shallow surface mixed layer beneath a persistent stable rotor layer.

4.4 Frequency and Duration of Decoupling Events

Comparing the frequency and duration of these decoupling events by month reveals that the character of the decoupling

changes through the summer (Figure 12). Although decoupling becomes more frequent during September (even accounting for

the increased data availability in September), the individual episodes become shorter-lived. This shift reflects the progressive

strengthening of hub-height stratification throughout the summer. July and August include fewer but more persistent decou-

pling episodes, whereas September is characterized by a background state that is frequently favorable for decoupling but more

temporally intermittent. The median L and Bulk Richardson heat maps together suggest that this shift is not caused by weak-
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available events.

ened surface instability; rather, it reflects increasingly stable rotor-layer stratification superimposed on variable surface-layer

forcing.
325 4.5 Distribution of Winds during Decoupling Events

Unstable-surface/stable-hub conditions feature slower wind speeds than all other stability conditions (Figure 13), with an
average wind speed around 6.11 ms~! and a maximum speed of 17.42 ms~!. Meanwhile, coupled-stable conditions feature
the fastest wind speeds, averaging 9.84 ms~! and reaching a maximum of 21.72 ms~*!. Faster wind speeds are correlated
to more stable rotor layer conditions, suggesting that convective mixing may encourage temperature homogenization. The
330 preferential occurrence of decoupling during slower wind speeds does not arise from a particular wind direction, as decoupled

cases are observed across the prevailing southwesterly flow as well as less frequent northeasterly winds (not shown).
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5 Conclusions

Atmospheric stability is commonly inferred from measurements made near the ocean surface, yet offshore wind turbines
operate within a rotor layer extending more than 100 m above the sea surface. Using collocated sonic anemometer, profiling
lidar, and thermodynamic profiler observations collected during the WFIP3 barge deployment in the summer of 2024, we
quantify how frequently conventional surface-based stability estimates represent the atmospheric stability experienced within
the turbine rotor layer.

Surface observations often fail to represent rotor-layer stability. Approximately one-third of all matched observations exhibit
unstable conditions near the surface while the 120-160 m rotor layer remains stably stratified. In contrast, the opposite config-
uration, a stable surface layer beneath an unstable rotor layer, occurs only rarely. These results demonstrate that the dominant
form of stability decoupling over the summer marine boundary layer off the U.S. East Coast is a shallow unstable surface layer
underlying a persistently stable rotor layer. Consequently, atmospheric stability inferred solely from near-surface observations
would misclassify the stability experienced by offshore wind turbines during a substantial fraction of summertime conditions.

The occurrence of decoupling increases markedly throughout the summer, rising from relatively infrequent events during
June to the dominant stability regime during September. This seasonal evolution is not accompanied by an equally strong
diurnal cycle, suggesting that background marine stratification exerts a stronger control on decoupling than the daily surface
energy balance. As hub-height stability strengthens through late summer, relatively weak daytime surface heating generates

only shallow convective mixing that remains confined below the turbine rotor layer. Although decoupling becomes more fre-
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quent during September, individual events become shorter-lived, indicating that the atmosphere transitions repeatedly between
coupled and decoupled states once the rotor layer approaches persistent stable stratification.

These findings have important implications for offshore wind energy observations. Many observational studies, operational
monitoring systems, and floating lidar deployments characterize atmospheric stability using measurements made near the sea
surface, in some cases relying on the temperature difference between the air and water to approximate stability. Our results
demonstrate that surface-based measurements cannot be assumed to represent the atmospheric conditions experienced through-
out the turbine rotor layer, particularly during summer marine conditions. As offshore wind turbines continue to increase in hub
height and rotor diameter, the vertical separation between conventional surface observations and the region of turbine operation
will continue to grow, making representative stability measurements increasingly important.

The results also have implications for evaluating atmospheric models. Agreement between modeled and observed surface
stability does not necessarily imply that the model accurately reproduces the stability structure throughout the turbine rotor
layer. Future evaluations of mesoscale numerical weather prediction models and large-eddy simulations should therefore assess
vertically resolved stability whenever profile observations are available. Likewise, studies investigating wind-farm wakes,
wake steering, turbine loading, and power production should consider whether stability classifications derived from surface
observations accurately represent rotor-height conditions.

Previous studies have identified the occurrence of shallow unstable layers beneath more stable conditions aloft in offshore
environments in both observations (Platis et al., 2022; Cimini et al., 2025) and mesoscale simulations (Rosencrans et al., 2024;
Xia et al., 2025). Building on those contributions, this study quantifies the frequency, persistence, and seasonal evolution of
these decoupled stability regimes using co-located turbulence, wind-profile, and thermodynamic measurements. Framing the
analysis in terms of the representativeness of conventional surface observations provides a practical perspective for offshore
wind resource assessment, atmospheric model evaluation, and wind-farm applications.

Several important questions remain. The present analysis is limited to a single summer deployment off the northeastern
United States, and similar analyses are needed during other seasons and in other offshore environments to determine the gener-
ality of these findings. Future work should also investigate the meteorological conditions associated with decoupling, including
cloud cover, precipitation, and synoptic forcing, as well as evaluate whether current mesoscale and large-eddy simulations re-
produce the observed frequency, duration, and seasonal evolution of decoupled stability regimes. Improving our understanding
of when and why the marine boundary layer becomes vertically decoupled will ultimately lead to more representative offshore

observations, more rigorous atmospheric model evaluation, and more accurate prediction of offshore wind turbine performance.

Code and data availability. The relevant datasets can be found at https:/doi.org/10.21947/2569229  (Letizia, 2025),
https://doi.org/10.21947/2569228 (Bodini, 2025), and https://doi.org/10.21947/2476341 (Zippel, 2026). The code used to process the data
sets is available at https://github.com/valeria-vasquez-barros/BargeStabilityDecoupling (Vasquez-Barros, 2026).
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380 Appendix A: Sensitivity of Critical Richardson Number

We conducted a sensitivity analysis using the Bulk Richardson values from this analysis to determine the most suitable critical
Richardson number (Figure Al). A critical Richardson number of 0 demonstrates the most conservative and realistic cutoff
for turbulence and stable conditions. Thus, when Rip > 0, we define the target atmospheric region as dynamically stable, and

when Rip < 0, the target atmospheric region is considered dynamically unstable.
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