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Coastal upwelling modulates
winds and air-sea fluxes,
impacting offshore wind energy

L. Fernando Pareja-Roman*, Travis Miles and Scott Glenn

Center for Ocean Observing Leadership, Rutgers University, New Brunswick, NJ, United States

Coastal upwelling, marked by cool sea surface temperatures, modulates the
wind stress and heat fluxes at the air-sea interface. However, the impact of
upwelling on offshore wind power has been scarcely studied. This study uses
satellite sea surface temperature data and a numerical model to examine
how coastal upwelling shapes the diurnal evolution of the marine boundary
layer, focusing on implications for offshore wind energy. The study region is
the U.S. Mid Atlantic Bight, specifically the coast of New Jersey, known for
its persistent summertime upwelling events. We run numerical experiments
with upwelling, and upwelling artificially removed, to assess differences in
the atmospheric response. For the wind event considered, results agree with
theory where a stable, upwelling-cooled atmospheric boundary layer leads to
reduced air-sea drag and turbulence intensity, higher wind speeds at hub height,
and greater vertical shear relative to the scenario with upwelling removed.
This response is likely caused by a sea breeze superimposed on onshore
background winds. Experiments with parameterized turbines show that an 18-
hour power generation at a lease area close to the shore was 6.5% higher
with upwelling (4.86 GWh and 4.56 GWh, respectively). While upwelling can
modulate offshore wind, the nature of the modulation is strongly dependent
on the boundary layer regimes, background wind direction, and synoptic or
mesoscale weather patterns.

KEYWORDS

coastal upwelling, offshore wind energy, marine boundary layer, air-sea interaction,
heat fluxes at the surface

1 Introduction

Coastal upwelling has been observed in regions where offshore wind farms are either
established or projected, for example, along the U.S. west and east coasts, the Baltic Sea,
and the northern coast of South America (Sproson and Sahlée, 2014; Costoya et al.,
2019; Rusu, 2020; Raghukumar et al., 2023). Upwelling can influence air-sea fluxes,
impacting offshore wind and making it a key factor in renewable energy assessments.
Despite this, there is a notable gap in fully understanding how upwelling-driven changes
in ocean-atmosphere interactions affect the performance and efficiency of offshore wind
turbines. This study explores the role of coastal upwelling in modulating air-sea fluxes
and its broader implications for offshore wind energy. Upwelling events feature cold
Sea Surface Temperatures (SSTs) with spatial scales that range from tens to hundreds
of kilometers, lasting from days to weeks. By moving subsurface cold water to the
upper ocean, these events can increase land-sea and air-sea temperature gradients at
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local and regional scales, modulating winds and fueling thermal
circulations such as the sea breeze (Seroka et al., 2018). The layer of
the atmosphere that responds to SSTs and air-sea fluxes is theMarine
Boundary Layer (MBL), with a typical height range from 500 m
to 3,000 m. MBL heights tend to be low under high atmospheric
pressure systems and higher in the tropics but can also vary at
regional scales (von Engeln and Teixeira, 2013).

Offshore wind farms, with planned turbine hub heights of
150–200 m, will typically lie within the MBL, highlighting the
need to understand how surface fluxes, SSTs, and wind power
are interconnected. The impact of upwelling on offshore wind,
however, has been scarcely studied. Monin-Obukhov theory offers
a framework to determine how the wind profile could respond
to changing sea surface temperatures (Monin and Obukhov, 1954;
Hsu, 1988; Garratt, 1994). Incorporating Prandtl’s mixing length,
in which the size of turbulent eddies increases with distance from
the surface, the theory proposes that the wind speed increases
logarithmically with height. Surface heat and momentum fluxes
shape this profile through a competition between thermal and
mechanical turbulence, increasing the shear in a stable atmosphere
(i.e., warm air over a cool ocean) and reducing it when unstable
(i.e., cool air over a warm ocean). Within this framework, we
can hypothesize that upwelling stabilizes the lower atmosphere by
cooling surface air, which would decrease drag and result in higher
wind speeds and greater vertical shear. Conversely, over warmer
waters conducive to convection, we would anticipate an increase in
drag and a decrease in vertical shear and low-level wind speeds.
Vertical mixing under unstable conditions can also mix down
momentum from geostrophic winds aloft, increasing wind speeds in
the MBL. Applying this theory to coastal environments is complex
due to the strong land-sea temperature gradients; however, we will
investigate its conceptual validity in the context of upwelling.

Informed by theory, numerical models can represent the
multiple physical processes that drive winds in coastal MBLs. These
models employ surface and boundary layer schemes connected with
boundary conditions that capture synoptic-scale processes, offering
a fuller picture of spatial and temporal scales. In this study, we use an
atmosphericmodel of theMid-Atlantic Bight on the east coast of the
United States. Based on a summertime upwelling event, we compare
experimental scenarios with upwelling, and upwelling removed, to
assess the response of the MBL. Our goals are to explore the role
of upwelling on winds and air-sea turbulent fluxes and to discuss
how upwelling can modulate offshore wind power. This paper is
structured as follows: Section 2 presents themethods, (3) results, (4)
discussion, and (5) conclusions.

2 Methods

2.1 Study region: the U.S. Mid Atlantic Bight

The Mid Atlantic Bight (MAB) comprises a substantial portion
of the U.S. east coast’s continental shelf, extending from Cape
Hatteras to Cape Cod and delimited to the east by the 100-m
isobath (Figure 1). Seafloor topography, river discharges, and storm
events drive ocean circulation in the MAB, which also features
seasonal variability in density stratification. In the summer months,
the isolation of a bottom cold layer known as the “Cold Pool”

from the relatively warm surface layer results in one of the world’s
most strongly stratified ocean conditions, with a typical drop from
30°C to 8°C across a thermocline spanning only a few meters
(Houghton et al., 1982; Schofield et al., 2008; Chen et al., 2018).
The Bermuda-Azores high over the subtropical Atlantic propels
persistent southwesterly winds along the New Jersey coast during
the summer, causing offshore Ekman transport and the upwelling
of the Cold Pool. The spatial extent of the upwelling is noticeable
in satellite imagery and depends on the wind stress magnitude and
duration, receding during wind relaxation events (Seroka et al.,
2018; Murphy et al., 2021). The continental shelf of New Jersey has
active and projected offshore wind lease areas within the influence
of coastal upwelling (Figure 2A), making it suitable to assess how
upwellingmodulates the structure of themarine boundary layer and
offshore wind power.

2.2 RUWRF atmospheric model

The model used in this study is the Weather Research
and Forecasting (WRF) model, version 4.1 (Skamarock et al.,
2019), implemented for the MAB at Rutgers University, hereafter
RUWRF (Figure 1). Designed to support offshore wind research
and operations, the current version of RUWRF was run daily from
2019 to 2023 with a grid resolution of 9 km, including 3-km and
1-km nested grids centered on the New Jersey area. The 1-km
grid, designed for research applications, allows parameterized wind
turbines (Fitch et al., 2012). RUWRF obtained initial and lateral
boundary conditions from the Global Forecast System (GFS) at
0.25 ° × 0.25 ° resolution, and initial conditions for Sea Surface
Temperature (SST) from cloud-filtered geostationary (GOES-16)
data (Schmit et al., 2017; Murphy et al., 2021). The model ran with
a time step of 30 s. In the vertical coordinate, RUWRF features 48
vertical levels, 15 of which lie in the lowest 300 m. A comprehensive
model evaluation and skill assessment was carried out by the U.S.
National Renewable Energy Laboratory (Optis et al., 2020).

RUWRF computes surface fluxes of momentum, sensible, and
latent heat following the Mellor, Yamada, Nakanishi, and Niino
(MYNN 2.5) surface layer and planetary boundary layer schemes
(Nakanishi and Niino, 2009). The wind stress (τ) in N/m2 can
be written as:

τ = ρu2
∗ = ρCDU

2
10, (1)

where ρ is the air density, u∗ is the friction velocity, CD is the drag
coefficient, and U10 is the wind speed at 10 m. Here, CD accounts for
atmospheric stability and a spatially variable roughness. Over land,
the roughness is based on land use, and over water on the Coupled
Ocean-Atmosphere Response Experiment (COARE) 3.0 algorithm
(Edson et al., 2013). The sensible heat flux (HFX, Equation 2) and
latent heat flux (LH, Equation 3), in units W/m2, can be written as
bulk aerodynamic formulas:

HFX = ρcpCHU1(θ1 − θ0), (2)

and

LH = ρlvCQU1(q1 − q0). (3)
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FIGURE 1
Broader Mid-Atlantic Bight and domains of the Rutgers University-Weather Research and Forecasting (RUWRF) atmospheric model. The model grids
have 9, 3, and 1-km spatial resolutions.

FIGURE 2
Sea surface temperature input for RUWRF based on cloud-filtered GOES-16 data for 14 August 2022; (A) upwelling and (B) upwelling removed
scenarios. The 25°C isotherm contours the extent of the upwelling. The offshore wind lease areas are outlined in green.
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TABLE 1 Summary of model runs.

Model run SST input Parameterized
turbines

1 GOES-16 No

2 GOES-16, Upwelling
removed

No

3 GOES-16 Yes

4 GOES-16, Upwelling
removed

Yes

For the sensible heat flux, cp is the specific heat at constant
pressure, CH is the Stanton number, U is the wind speed, and θ is the
potential temperature. For the latent heat flux, lv is the latent heat of
evaporation, CQ is theDalton number, and q is the specific humidity.
Subscripts 1 and 0 refer to a reference height above the surface
and the surface level, respectively. For further details on RUWRF
model physics and validation, we refer the reader to the Optis et al.
(2020) report.

2.3 Experimental setup

This study includes four model runs, all with a focus on the New
Jersey area and based on the 1-km nested grid (Table 1). The goal
of the first two runs is to determine the role of upwelling in the
structure of the marine boundary layer. As a test case, we selected a
strong upwelling event from 14 to 15 August 2022 when the coastal
SST was as low as 18°C, compared to higher than 25°C offshore.
The ‘Upwelling’ run uses the realistic GOES-16 SST input. The
‘Upwelling removed’ run artificially removes the upwelling, setting
any SST under 25°C–25°C. Both runs start on 14 August 2022 00:
00 UTC for a 48-h forecast period, based on a single SST input. To
excludemodel spin-up, the analysis focuses on 15August 2022, from
12 AM to 6 PM local time (UTC- 4:00). The initial SST input fields
are shown in Figure 2 for eachmodel scenario, including the location
of offshore wind lease areas.

For these runs, we calculate the surface stability, expressed
as the difference between the SST and the air temperature at
2 m, SST–T2. Conditions are stable when the ocean is cooler than
the overlying air, limiting convection and reducing friction at
the air-sea interface. The opposite is true in unstable conditions
when the ocean is warmer than the air, enhancing convection
and friction. We evaluate the impact of upwelling on the surface
momentum transfer by considering the wind speed at 10 m, the
drag coefficient, and the wind stress (Equation 1). We then show
patterns in sensible and latent heat fluxes. Next, we focus on the hub
height (160 m) and the rotor layer, considering a turbine diameter
of 240 m (turbine diameter) the rotor layer extends from 40 m
to 280 m above the surface. We then calculate the vertical wind
shear as the velocity difference across this layer. The convention
hereafter for wind direction is “onshore” (blowing toward the
shore) and “offshore” (blowing toward the ocean). The MBL height,
based on the MYNN scheme, is defined as the height where the

Turbulent Kinetic Energy (TKE) falls below a critical value of 1.0
× 10−6 m2/s2 (Banks et al., 2015). The last variable we compute is the
turbulence intensity (IU, Equation 4) or the ratio of TKE to themean
wind energy,

IU = √
2
3
⋅ TKE
U2
hub

(4)

where Uhub is the hub-height wind speed. We characterize the
turbulence intensity as low (<5%), moderate (5%–15%), and high
(>15%), following Wharton and Lundquist (2012). These computed
and model output variables are shown over a 60-km cross-
shore transect (Figure 3A).

The second set of runs is identical to the first in terms of
forcing and spatial resolution, but they include parameterized wind
turbines with a spacing of 2 km within the lease areas. In the
Fitch et al. (2012) parametrization used here, a wind turbine acts
as a sink of wind kinetic energy due to drag. Some of this energy
is converted into usable electrical energy. The fraction of power
extracted by the turbine that is not converted into electricity is
converted into TKE. The rate of loss of mean wind kinetic energy
to drag at a single turbine (Equation 5) can be expressed as
(Fitch et al., 2012):

∂KEdrag

∂t
= −1

2
∫ρCT(|V |)|V |3dA (5)

where V is the horizontal wind velocity vector, CT is a thrust
coefficient, and dA is a differential of cross-sectional rotor
area. The usable power (P, Equation 6) at a grid cell can be
written as:

P = 1
2
∫ρCP|V |3N ⋅ dA (6)

where N is the number of turbines per grid cell and CP is the
power coefficient.This coefficient is embedded into amanufacturer’s
rating curve that specifies the amount of generated power as a
function of wind speed (Figure 3B). The minimum wind speed
for power generation, or cut-in speed, is 3 m/s. The speed for
maximum generation, the rated speed, is 11.9 m/s, with a maximum
output of 15 MW. The cut-out wind speed is 25 m/s, beyond which
the turbine is unable to generate power. With this second set
of runs, we compare the total usable power generation with and
without upwelling.

3 Results

3.1 Surface atmospheric stability

Cold, upwelling SSTs tend to stabilize the lower atmosphere near
the shore, while unstable conditions are prevalent offshore where
the ocean is warmer than the overlying air. Figures 4A, B show the
stability from midnight to evening on 15 August 2022 along a 60-
km offshore transect, and (Figures 4C, D) the constant in time SST
across the transect. With upwelling, the SSTs are at their lowest near
the shore, increasing from 20.5°C to 25°C across 40 km. Without
upwelling, the SST is 25°C (as defined) for 40 km, and then increases
by about 1°C offshore.
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FIGURE 3
(A) A 60-km cross-shore transect, crossing a lease area between kilometers 13 and 34. (B) Power curve for a 15 MW wind turbine used by the Fitch
parameterization.

FIGURE 4
Time series of air-sea temperature difference in the (A) upwelling and (B) upwelling removed scenarios. T2 is the air temperature at 2 m above the
surface. The transect crosses one of the lease areas (shaded region). Panels (C) and (D) show the constant in time SST along the transect for
each scenario.
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FIGURE 5
Surface wind speed (A), drag coefficient (B), and wind stress (C) for the upwelling scenario. Dashed vertical lines mark the boundaries of the offshore
lease area.

Upwelling introduces diurnal and spatial patterns in stability
that are absent in the run with upwelling removed. In the upwelling
case, the MBL is stable during most of the day near the shore
(0–5 km), but the air becomes up to 1°C cooler than the ocean
for a few hours in the morning and afternoon. Across the lease
area, the SSTs become increasingly warmer, and conditions alternate
from stable to unstable during the day and remain unstable between
noon and evening. Without upwelling, conditions are consistently
unstable along the transect and during the day, indicating that
the ocean always remains warmer than the surface air. Unstable
conditions strengthen in the afternoon in this case when the ocean
can be up to 6°C warmer than the air.

3.2 Surface winds, drag, and wind stress

Figures 5A–C, 6A–C show that upwelling tends to intensify the
surface wind speed and the wind stress while reducing friction
at the surface. In both scenarios, surface wind speeds are low in
the mornings, typically under 4 m/s, and rise in the afternoon,
exceeding 6 m/s.Upwelling, however, causeswind speeds to increase
earlier in the day and enhances both the duration and intensity
of peak winds. With upwelling, coastal wind speeds reach 4 m/s
by approximately 7 AM and rise to 8–9 m/s by early afternoon,
maintaining speeds above 6 m/s until the early evening. With
upwelling removed, the wind near the coast only reaches 4 m/s
around 10 AM, peaking during the early afternoon but not
surpassing 8 m/s and declining below 4 m/s by late afternoon,
particularly within the lease area.

In contrast to the surface wind, which has more variability over
time than over distance offshore, the drag coefficient (hereafter
‘drag’) changes both during the day and across the upwelling,
with consistently low values over cool coastal waters as shown in
Figures 5B, 6B. With upwelling, the drag is around 0.8 - 1 × 10−3

up to 20 km offshore over the coldest SSTs. These values increase
offshore by 60%, to over 1.4 × 10−3, as atmospheric conditions shift

from stable to unstable. This cross-shore variability has a temporal
component as well: from midnight to early morning, the drag is
high (1.5 × 10−3), but the wind speeds are low. From morning to
afternoon, the drag increases within the lease area by 30%, from 1 ×
10−3 to 1.3 × 10−3, following the increase in wind speed. Without
upwelling, the drag stays between 1.1 and 1.2 × 10−3, displaying
minor change over space and time.

Figures 5C, 6C illustrate that in both upwelling and no-
upwelling scenarios, the surface wind speed, rather than the drag,
drives the wind stress. In the upwelling scenario, early afternoon
wind stress values range from 0.05 to 0.1 N/m2, mirroring surface
wind speed patterns. In the no-upwelling scenario, the wind stress
increases to 0.05 N/m2 around noon, but quickly decreases because
the higher drag does not offset the lower wind speeds, resulting
in a reduced momentum flux. For both scenarios, from midnight
to early morning, the wind stress is consistently low due to low
wind speeds. The difference in air-sea momentum flux between the
scenarios becomes particularly noticeable in the early afternoon,
as wind speeds begin to increase at noon, with differences less
pronounced in the late night and early morning.

Regarding heat fluxes, Figure 7 shows that upwelling results
in air cooling nearshore (sensible heat flux; Figures 7A, B) and
maintains low evaporation rates (latent heat flux; Figures 7C, D),
contrasting with the warming and higher evaporation rates seen
without upwelling. The cold sea SSTs associated with upwelling
lead to consistent air cooling throughout the day, as evidenced by
sensible flux values reaching −10 W/m2 within the first 10 km from
the shore. In the lease area, the sensible heat flux is slightly cooling
from midnight to noon, with values ranging from −5 to 0 W/m2,
then transitions to warming in the afternoon, exceeding 20 W/m2.
Beyond the lease boundary, the cooling effect of the upwelling
dissipates, and the sensible flux is consistent with air warming
throughout the day.

Without upwelling, the sensible heat flux shows continuous
air warming, without cross-shore variability, with mild warming
from midnight to noon (0–10 W/m2) that intensifies to above
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FIGURE 6
Surface wind speed (A), drag coefficient (B), and wind stress (C) for the Upwelling-removed scenario. Dashed vertical lines mark the boundaries of the
offshore lease area.

20 W/m2 in the afternoon. The latent heat flux with upwelling
remains below 50 W/m2 near the cold nearshore waters, indicating
low evaporation. Without upwelling, this flux more than doubles,
indicating a marked increase in evaporation correlated to
higher SSTs, with morning values of 80–100 W/m2 increasing to
∼200 W/m2 in the afternoon.

3.3 Hub-height wind speed, shear, and
turbulence intensity

Figures 8A–D shows that hub-height wind speeds and vertical
shear follow the same pattern of the surface wind speed, with a
marked diurnal variability. This contrasts with the drag and stability
pattern, which mirror the upwelling more closely. In the upwelling
case, the wind speed at hub height exceeds the cut-in speed at 9
AM close to the shore and increases to 8–9 m/s in early afternoon
(Figure 8A). In the no upwelling case (Figure 8C), the cut-in speed is
reached at around 9AM and thenwind speeds peak in the afternoon
but remain under 7 m/s. Offshore of the lease area, differences in
hub height wind speed are negligible between modeled scenarios.
These results show that the main difference between scenarios are
the onset of cut-in speeds and the magnitude of the peak wind
rather than the duration that a wind turbine would remain operable.
Neither the rated speed nor the cut-out speed was reached in
these scenarios.

Model results of wind shear in the rotor layer
are shown in Figure 8 (panels b, d; schematic of the rotor layer
in panel e). Here, ‘wind shear’ is the difference between the velocity
magnitude at the top and the bottom of the rotor layer. Black
(blue) arrows indicate the wind direction at the top (bottom) of the
rotor layer. Positive (negative) values indicate that the wind speed
increases (decreases) with height. For both runs, the wind direction
is primarily onshore. The main difference between runs is that the
vertical shear in both magnitude and direction is more prominent
with upwelling. In the upwelling case, the wind speed magnitude

increases with altitude across the rotor layer from midnight to 3
AM by about 1–2 m/s. The directional shear is also significant at
about 80° at that time. However, the hub height wind speeds tend to
be under the cut-in value. By early morning, the shear shifts from
increasing to decreasing across the rotor layer, also by ∼1–2 m/s.
The directional shear also decreases to under 30°, indicating an
alignment of the wind at the top and bottom of the rotor layer.
During the afternoon, the wind remains onshore but vertical shear
alternates from increasing to decreasing by 1 m/s across the rotor
layer. In the case with no upwelling, the directional wind shear is
always negligible, consistent with expectations for a more unstable
boundary layer. The shear in magnitude indicates a ∼1 m/s increase
with height across the rotor layer, in contrast with the upwelling case
where the wind speed can decrease with height.

Patterns in heat andmomentum fluxes, along with vertical shear
(Figures 5–8) set the stage for exploring turbulence intensity and
MBL height, which the upwelling SSTs also modulate. Figure 9
shows the turbulence intensity at hub height for scenarios with
(9a) and without upwelling (9b). In the upwelling scenario, low
turbulence intensity values of less than 5% persist up to 20 km
offshore throughout the day, consistent with a stable atmosphere
where turbulence is suppressed. Beyond 20 km, turbulence intensity
starts to increase. Despite low wind speeds in the early morning,
turbulence intensity reaches 20%–30% but then decreases later in
the day as the wind’s total energy becomes more concentrated in the
mean wind speed rather than in the TKE.

In contrast, without upwelling, the pattern of turbulence
intensity is primarily diurnal and shows less spatial dependence.
Mornings experience high turbulence intensity, with up to 30% of
the wind’s energy in TKE when wind speeds are low. Nearshore,
the turbulence intensity is double that observed in the upwelling
scenario, lying between 5% and 10%. This suggests that in the no
upwelling case, the time of day exerts a more significant effect on
turbulence intensity than location relative to the shore.

The low turbulence intensity nearshore and its increase
offshore in the upwelling scenario lead to the distinct patterns
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FIGURE 7
Time series of cross-shelf sensible heat flux (HFX) and latent heat flux (LH) for the (A,C) upwelling and (B, D) upwelling-removed scenarios.

in MBL height observed in Figure 10. In the upwelling scenario,
the MBL height is influenced by the diurnal cycle and the
proximity to the shore. Figure 10 shows that the MBL height
stays up to 200 m within 15 km offshore, a characteristic of
the stable atmospheric conditions over the cold SSTs. Within
the lease area, the MBL starts at about 800 m from early
morning to noon and then decreases to 200–400 m from noon to
early evening.

With upwelling removed, the MBL height does not show
significant offshore variability but follows a diurnal pattern.
Throughout the night until noon, the MBL maintains a height
of about 800–1,000 m, both nearshore and offshore. By early
afternoon, this height increases to 1,200–1,300 m and then
begins to decrease to approximately 400 m by 3 PM. These
patterns are consistent with the diurnal evolution of an unstable
boundary layer.

3.4 Upwelling effects on power generation

After discussing the MBL response to upwelling, next we
show model results with parameterized turbines (Runs 3 and 4).
Figure 11A, B) shows the total power generated by the turbines over
the last 18 h of the run. The lease area is the closest to the New Jersey

shore and lies within the upwelling region. During that period, the
total generation was 4.86 GWhwith upwelling, 6.5% higher than the
no-upwelling scenario with 4.56 GWh. While this is the aggregate
comparison, the patterns in power generation vary spatially, also as
shown in Figure 11A, B). With upwelling, the turbines with higher
power generation are on the eastern edge of the lease area, close
to the 25°C SST isotherm. At these locations, the total power per
turbine ranged from 17 to 25 MWh. This pattern contrasts with the
southernmost region of the lease area where production per turbine
was low at around 5 MWh. This gradient in power generation could
be attributed to turbine wake effects, as the wind direction had an
important onshore component in this case study. The turbines on
the east edge of the lease area see the wind coming from offshore,
while the ones on the west side see the velocity deficit behind
these turbines. In the case with upwelling removed, the turbines
with most power generation are also on the eastern side of the
lease area, but the generation per turbine is around 17 to 20 MWh.
Spatially, most of the turbines in the upwelling scenario generated
20%–40% more power than those in the no-upwelling case.
However, this pattern is reversed in the south corner where removal
of upwelling increased generation by over 60% (Figures 11C, D).
These results highlight the key role of wind direction,
turbine array configuration and upwelling on offshore
wind power.
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FIGURE 8
Time series of hub height wind speed (A, C) and wind shear in the rotor layer (B, D) for the upwelling and no-upwelling cases, respectively. Panel (E)
shows a schematic of the turbine rotor layer. Positive (negative) shear values indicate wind speed increasing (decreasing) with height. Black and blue
arrows denote wind direction at the top and bottom of the rotor layer, respectively.

4 Discussion

4.1 Effect of upwelling on the MBL

Numerical experiments with and without upwelling show how
cold SSTs influence the MBL response off the New Jersey coast.
Variables such as the drag coefficient directly respond to the
upwelling SST showing a clear offshore gradient, while the surface
and hub-height wind speeds have a diurnal (and not spatial)
variability modulated by the SST.

In both modeled scenarios a background wind blew onshore
on August 15, as shown in Figures 8B, D. The role of the upwelling
here is in the local intensification of this flow by a sea breeze
circulation that, in the upwelling case, starts about 3 h earlier
in the morning. As the upwelling SST remains cold and the
land temperature increases with sunrise, a horizontal temperature
gradient is established, likely accelerating the onshore wind, and
peaking in early afternoon at over 8 m/s The earlier onset and
intensification of the breeze with upwelling is consistent with
a modeling study by Seroka et al. (2018), who found a ∼5 h
earlier onset of the sea breeze in the MAB during upwelling
conditions. Our study follows a different approach than Seroka
et al., as we focus on air-sea fluxes and turbulence rather than
the sea breeze. When upwelling is absent, the morning nearshore

wind speeds increase more gradually, due to the weaker land-
sea temperature gradient. As the day progresses, peak onshore
wind speeds in the early afternoon do not increase as much
as in the upwelling scenario, also consistent with increased
surface drag.

Atmospheric stability decouples the marine boundary layer
from upper atmospheric levels, indicated by low surface drag
coefficients, especially within 5 km from the shore in the upwelling
case. This result aligns with studies over the Great Lakes, where
temperature differences significantly affect surface drag. Schwab
(1978) reported that a 10 m/s wind speed would see a neutral
drag coefficient of about 1.3 × 10−3 decrease by 30% to 0.9 ×
10−3 if the water were 5°C cooler than the air. For a 7 m/s
nearshore wind, our study finds drag coefficients of 0.8 × 10−3 with
upwelling and about 1.2 × 10−3 without upwelling.Despite decreased
drag from the decoupled boundary layer during upwelling, the
wind stress still peaks in the afternoon, driven by wind speed
more than drag, conforming to the bulk formula where wind
stress relates linearly to the drag coefficient and to the squared
wind speed.

Limited research exists on the MBL response to upwelling,
particularly concerning offshore wind. Sproson and Sahlée (2014)
modeled both with and without upwelling in the Baltic Sea, finding
that upwelling caused air temperatures 2°C cooler and wind speeds
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FIGURE 9
Time series of hub height Turbulence Intensity (IU) for the (A) upwelling and (B) upwelling removed scenarios.

FIGURE 10
Time series of MBL height for the (A) upwelling and (B) upwelling removed scenarios.

to reduce by up to 0.25 m/s, resulting in a MBL height of only
100 m. These findings agree with ours in terms of MBL height
under upwelling but differ in that we observe an increase in wind
speed with upwelling because of the superimposed sea breeze. Other
studies had a similar approach where the SST was modified in

numerical experiments to study how coastal upwelling changes
wind speeds, but not in the context of offshore wind. Ribeiro et al.
(2011) found, in Cabo Frio, Brazil, that a cold SST of 18°C
prescribed in the model intensified the onshore sea breeze, a
response similar to our experiments.
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FIGURE 11
Total power generated over 18 h by the parameterized turbines in a lease area within the upwelling region for the (A) upwelling and (B) upwelling
removed cases. Panel (C) shows the difference in power in MWh. Red indicates areas of greater generation when upwelling is considered. Panel (D)
shows the percent change in power relative with the upwelling run as the reference.

4.2 The importance of background winds
and MBL regime on the upwelling response

While we see an intensification of the onshore wind speed
with upwelling, this outcome cannot be generalized to all coastal
upwelling events, as the MBL response varies depending on the

broader synoptic and mesoscale setting. For example, we could
consider a different scenario with offshore instead of onshore
background winds. In this case, the cold upwelling SST could lead
to an onshore sea breeze against the offshore wind. If the offshore
wind is stronger than the sea breeze, then an outcome is warm
air advection over the cold SST, which would tend to stabilize and
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TABLE 2 Summary of findings for the MBL response to upwelling and implications for offshore wind power generation.

Variable Model Configuration

Upwelling Upwelling removed

Atmospheric stability Stable most of the time over cold SSTs Consistently unstable in time and space

Surface Wind, Drag, and Wind Stress Earlier onset of the wind stress, reduced surface drag,
boundary layer decoupling

Delayed onset of the wind stress, increased surface
drag, boundary layer coupling

Heat flux The ocean cools the overlying air, with short periods of
air warming. Cool SSTs lead to low evaporation

The ocean consistently warms the overlying air.
Evaporation rates double over warmer SSTs relative to
the upwelling case

Hub-height winds Cut-in speed reached earlier in the day, peak speed in
the afternoon. Stronger pure sea breeze developing
earlier in the morning

Cut-in speed reached later in the day, slightly smaller
peak speed in the afternoon. Weaker sea breeze
developing 3 hours later in the morning

Rotor layer shear Wind speed direction and magnitude change across
rotor layer (up to 30° and 2 m/s), mainly in the
morning

Negligible velocity differences in both direction and
magnitude due to unstable conditions

Hub-height turbulence intensity Low turbulence (up to 5%) above upwelling SSTs Moderate turbulence intensity (15%) over warmer
SSTs

decouple the MBL from upper layers and reduce surface drag. Here,
we would see a transition between the unstable conditions over
land to the stable conditions over the cold upwelling, which could
develop an internal boundary layer and secondary circulations over
the ocean (Seo et al., 2023).

Other plausible scenarios include along-coast winds, for
example, the upwelling-favorable southwesterly winds off the New
Jersey coast where the land is to the left of the wind. In that case, the
land-sea temperature gradient is perpendicular to the southwesterly
background wind, and the surface divergence due to friction leads
to a “corkscrew” sea breeze, characterized by an elongated helicoidal
circulation. If the wind were downwelling-favorable, with land on
the right in the northern hemisphere, the surface convergencewould
weaken the upwelling-driven onshore wind, creating a “backdoor”
sea breeze (Miller et al., 2003; Steele et al., 2015). Corkscrew
sea breezes tend to carry more wind power than their backdoor
counterparts (Lin et al., 2019).

A phenomenon not observed in our study but that could
be intensified by upwelling is a Coastal Low-Level Jet, which is
a localized maximum in wind speed observed in the transition
between the land and marine boundary layers at coastal margins.
These jets have been observed in the MAB (McCabe and Freedman,
2023) and their intensity is correlated with land-sea temperature
gradients (Pullen et al., 2007; Colle and Novak, 2010).

In addition to the configuration of background winds relative
to the land-sea temperature gradient and sea breezes, whether
the momentum and turbulence in the MBL is driven by surface
fluxes or cloud processes is also critical in the expected response
to upwelling. In the cases studied here, the MBL is under
mostly clear skies where the momentum structure and turbulence
respond locally to surface fluxes (i.e., a “bottom-up” response).
Another boundary layer scenario, especially in midlatitude regions
under large-scale subsidence, is one where the MBL is capped
by marine stratocumulus. These clouds can be found over the

subtropical ocean and upwelling regions underneath a capping
temperature inversion (Hiscox, 2022). They effectively shield the
surface ocean from solar radiation. Instead, cooling at the top
of the cloud deck creates negatively buoyant thermals that sink
through the MBL, overshadowing the effect of surface fluxes. In
such a scenario, upwelling facilitates the stable conditions that
lead to these clouds, but the turbulence and wind speeds will
be more influenced by cooling at the top of the MBL (i.e., a
top-down response). An offshore wind farm in a stratocumulus-
topped MBL stabilized by upwelling would be affected by top-
down turbulence instead of air-sea fluxes. This highlights the
need for further studies that evaluate the multiple responses the
marine boundary layer and offshore wind could have during coastal
upwelling events.

4.3 Implications for offshore wind power

Model results indicate that coastal upwelling increases hub-
height wind speeds and vertical shear while reducing turbulence
intensity—three critical variables for offshore wind power
generation.According toWharton andLundquist (2012), convective
turbulence typically undermines power generation at wind speeds
close to the rated speed. In our study, upwelling leads to low
turbulence intensity (under 5%) near the shore during day and
night. This condition could potentially limit power generation
in the morning when wind speeds, though above the cut-in
point, are below rated speed. However, during peak winds in the
afternoon (7–8 m/s) accompanied by low turbulence, turbines
may outperform power curve estimates. Without upwelling,
turbulence intensity is moderate to high (15%–20%) during
late night through early morning; but, wind speeds are below
cut-in levels during that time. In the afternoon, as turbulence
intensity decreases to moderate levels (5%–10%), the slightly
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weaker peak wind speeds would result in decreased overall
power generation.

While high wind speeds and low turbulence intensity are
favorable for power generation at speeds close to the rated speed, the
role of vertical shear on power is not as straightforward. Wharton
and Lundquist (2012) cite the work of Antoniou et al. (2009),
who found that low wind shear was conducive to higher power
generation. Contrasting these findings, Rareshide et al. (2009), also
as discussed by Wharton and Lundquist, analyzed empirical data,
and determined that power generation decreased with an increase
in turbulence intensity, yet saw an uptick with greater wind shear.
In our experiments, upwelling led to both low turbulence intensity
and high vertical shear across the rotor layer, both in magnitude
and direction. In the parameterized turbines used here, the specific
effect of wind shear and background turbulence are not accounted
for. More studies are needed to quantify and parameterize this
interaction.

In our analysis of parameterized turbine runs, upwelling
enhanced power generation, with turbines harnessing 4.86 GWh
over 18 h. This is a 6.5% increase compared to the scenarios without
upwelling (4.56 GWh). The most productive turbines, located at
the eastern edge of the lease area, harnessed up to 17–25 MWh
each, benefiting from the prevailing onshore winds. Turbines on
the western side saw reduced output due to wake effects that
lowered velocity and increased TKE, a mechanism discussed by
Emeis (2018). With upwelling removed, turbines on the eastern
edge saw their output decrease to between 17 and 20 MWh.
Findings from this case study highlight one of the roles coastal
upwelling could have on offshore wind power production. Table 2
presents a summary of the main findings, highlighting how coastal
upwelling modulated air-sea fluxes, wind speeds, and turbulence
in the MBL.

5 Conclusion

In this study, we conducted experiments with upwelling and
upwelling removed to examine the effects on the MBL and
power generation in the context of offshore wind. Below are our
key findings for a study case based in New Jersey, U.S. Mid-
Atlantic Bight:

• Coastal upwelling tends to stabilize the MBL and reduce
drag: In the upwelling case, the lower atmosphere was mostly
stable, with SSTs cooler than the overlying air, especially near
the shore where ocean temperatures were 18°C–20°C. With
upwelling removed, the lower atmosphere was unstable, with
warmSSTs over slightly cooler overlying air.The spatiotemporal
distribution of stability closely follows that of the surface drag
coefficient, with low drag values over cold SSTs and higher
over warmer offshore water, illustrating the impact of air-sea
temperature differences on frictional coupling.

• Coastal upwelling modulates wind stresses and air-sea fluxes
while reducing turbulence intensity: As expected, the sensible
heat flux indicated air cooling over the upwelling, withwarming
in offshore waters and in the scenario with upwelling removed.
The latent heat flux (evaporation) was low over the upwelling
area, with values under 50 W/m2, while without upwelling the

values were above 100 W/m2. In both scenarios, surface and
hub-height wind speeds were low from midnight to morning
and peaked in early afternoon. The key role of the coastal
upwelling was to intensify a background onshore wind. As a
result, peak surface wind speeds were 2–3 m/s higher in the
upwelling scenario. Even though surface drag was lower in the
upwelling run, the wind stresses were larger, as the momentum
flux was driven by the surface wind speed. Vertical shear, with
2–3 m/s across the rotor layer, was observed in the upwelling
scenario. In contrast, the shear was negligible when upwelling
was removed. The turbulence intensity at hub height was low,
about 5% in the upwelling case close to the shore, but moderate
(>10%) when upwelling was removed.

• Upwelling SSTs can affect winds in the MBL and wind
power generation: Coastal upwelling reduced MBL heights to
approximately 200 m near the coast, whereas heights exceeded
800 m without upwelling. This suggests that, in the upwelling
scenario, a portion of the rotor layer would extend beyond the
MBL, isolating it from the influence of surface fluxes. Model
runs with parameterized turbines indicated that total power
generation over an 18-hour periodwas around 6.5%higherwith
upwelling (4.86 GWh compared to 4.56 GWh), likely due to the
intensification of onshore winds by a superimposed sea breeze.
Spatial gradients in cumulative power captured by the wind
farm reveal that wind wakes can diminish power generation in
downstream turbines for both scenarios.

The results of this study show one of the several ways coastal
upwelling can influence the structure of the MBL and, consequently,
of wind power. Other scenarios include the presence of corkscrew
and backdoor sea breezes, offshore flows that may inhibit sea
breeze development, coastal low-level jets, and cloud-topped MBL
regimes. In the latter case, cloud cover would shield the sea
surface from solar radiation, and turbulence would primarily arise
from infrared cooling at the cloud tops, reducing the influence
of air-sea fluxes. Further research is needed to better understand
the interactions between the MBL structure and air-sea fluxes
in different coastal configurations in terms of background winds
and land-sea temperature gradients. The influence of mesoscale
atmospheric dynamics and cloud cover on coastal wind resources
also warrants investigation for its potential insights into climate
science and renewable energy strategy.
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