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Abstract
New York State will increasingly face challenges from a rapidly changing climate in the years ahead
and is undertaking comprehensive climate action to mitigate the impacts of and increase resiliency to
climate change. Offshore wind (OSW) represents a critical component in achieving the State objective
of achieving a 100% clean electricity portfolio by 2040.
While OSW farms are already designed to withstand many climate hazards, climate change has the
potential to stretch design and operational limits, exposing equipment to potentially harsher and more
variable conditions than anticipated under conventional design paradigms.
Work accomplished under this NYSERDA project aggregated, refined, and distilled climate adaptation
and resiliency considerations that pertain to offshore wind for New York State and in the broader North
Eastern Atlantic region of the United States. The report identifies climate factors that are meaningful to
OSW operations and reliability and examines the range of options to build resilience to climate change,
including revisions to planning and design processes, technology solutions, and improvements to
operational strategies.
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Executive Summary
The purpose of this study is to aggregate, build knowledge of, and distill climate adaptation and
resiliency considerations that pertain to offshore wind (OSW) for New York State and to identify
resilient design strategies that the New York State Energy Research and Development Authority
(NYSERDA) can implement to support meeting its OSW development objectives. Published in
support of NYSERDA's goals under its 2020–2023 Strategic Outlook: Toward a Clean Energy Future,
this study aims to build awareness and drive resilient outcomes to implement the goals outlined in the
New York State Climate Leadership and Community Protection Act (CLCPA) as well as to ensure a
just transition, bringing energy efficiency, community resilience, and clean energy jobs to our State. This
study represents a first industry sector in depth investigation into the topic of resiliency and serves as a
harbinger of more concentrated action from NYSERDA in the months ahead on this strategic focus area.
Given that New York State’s OSW resource is situated in federal waters spanning the coast from New
England through southern New Jersey, resiliency considerations for the State may also be relevant for
the broader Northeastern Atlantic Region. For the purposes of this study, we consider resilience as the
planning, design, operational, and financial considerations that facilitate meeting performance objectives
under a broad range of conditions today as well as in the future. There are several performance objectives
for OSW, including project economics (e.g., energy generated, operations, and maintenance costs),
technical performance criteria (e.g., mechanical availability), climate change mitigation (e.g., avoided
tons of carbon), and the consideration of these objectives differs depending on a given stakeholder.
New York State will face challenges from a rapidly changing climate in the years ahead. In response,
the State is undertaking comprehensive climate action at an unprecedented rate in our nation to deliver
a range of projects and initiatives to decarbonize our economy, mitigate impacts and increase resiliency
to climate change. The CLCPA seeks to mitigate climate change impacts by requiring NYS to have a
net zero carbon economy by 2050, including a 100% clean electricity portfolio by 2040. Offshore
wind represents a critical component to meet this mandate and improve climate resiliency in the State.
Accordingly, NYS is supporting the development of at least 9 gigawatts (GW) of OSW energy by 2035
as a crucial step on the pathway to a carbon-neutral economy and an integral part in achieving the Clean
Energy Standard, whereby 70% electricity will come from renewable sources by 2030.
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While OSW developments are already designed to withstand many climate hazards, including
extreme winds and storm surge, 1 climate change has the potential to stretch design and operational
limits, exposing equipment to potentially harsher and more variable conditions than anticipated under
conventional design paradigms. For example, climate change may exacerbate strong storms and sea
level rise, as well as drive changes in wind patterns and velocity that could affect reliability or the extent
to which the system provides output and avoids periods of temporary disruption. However, while climate
change is an acknowledged reality in New York State and around the globe, the extent and severity of
impacts related to climate change remains to be seen.
Mainland ports are also integral in the transport and staging of material used for construction of OSW
systems. Port infrastructure, such as warehouses, wharves, piers, cranes, and container storage yards, as
well as port operations, are potentially vulnerable to several of the climate factors described in this report.
Additionally, potential threats to resilience such as hacking, vandalism, and terrorism are considered,
though the strong remote monitoring software and challenge of physically accessing offshore turbines
mitigate the vulnerability to such attacks.
Since 2010 over much of North America, Europe, and Asia, global wind speeds have increased,
yielding an estimated 17% increase in potential wind energy for the average wind turbine (Zeng et al.
2019). Looking forward, changes to wind velocity, frequency, and variation due to climate change and
corresponding impacts to offshore wind performance and reliability in the Northeastern United States
remain uncertain. Projections regarding hurricanes indicate that by 2050, the frequency of hurricanes
will likely be similar to today, although the frequency of strong hurricanes is projected to increase.
Stronger hurricanes produce stronger winds, ocean waves and storm surge that could be detrimental
to offshore wind developments and coastal infrastructure.
All forms of energy generation have the potential to impact wildlife and communities. However, the
impact on wildlife and ecologies is far less significant from wind power generation than traditional
forms of energy production based on fossil fuels, because wind power does not require the same level
of resource extraction in manufacturing and construction or promote large-scale ecosystem pollution and
emissions during their up to 25-year operational lives (Carini, 2018; American Bird Conservancy, 2017).
Due to the uncertain nature of several likely future changes—such as changes in biodiversity patterns
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and future species redistribution—some impacts noted in this review are neither positive or negative,
but rather trends that NYSERDA is aware of and will seek to understand potential technical and design
adaptations to promote sensitivity to a changing climate in its efforts to support the responsible and costeffective advancement of this industry and projects supplying New York State with clean energy.
The common potential community impacts associated with offshore wind development—particularly
sound impacts experienced by nearby communities and coastal impacts such as turbine visibility—will
be significantly mitigated by the wind farm’s location more than 14 miles offshore (see Figure A-1) and
will not likely be significantly influenced by changes in climate (NYSERDA, 2013a). Conversely,
significant direct and indirect benefits to coastal communities in the State are anticipated through
offshore wind, including the responsible transition away from dirtier “peaker plants” (power plants
used to balance the fluctuating power requirements of the grid) to provide local energy while
meaningfully improving air quality in more vulnerable communities; investment in grid hardening
and resource diversity; port infrastructure investment that will enable maritime industries; and the
creation of 10,000 jobs by 2035. Where the CLCPA squarely recognizes the frontline experience
of disadvantaged communities2 in the fight against climate change, this study’s identified resiliency
considerations should be furthermore considered as a starting point to think of how users could best
intersect these initiatives with the delivery of benefits including workforce development, training,
jobs creation, and economic development broadly to disadvantaged communities, and the critical
partnerships to do so.
Current OSW design practices already consider a range of climate factors in OSW project site
assessments and characterizations. Indeed, these components are fundamentally designed to be
subjected to harsh conditions, and international OSW design standards account for storms and
extreme weather in the region of interest. However, under climate change, these factors will only
grow in importance. Recognizing the important new investments in technology to help support New
York State’s electricity grid that offshore wind will bring, NYSERDA recognizes the opportunity to
employ best efforts to ensure that the infrastructure built today is also cost-effective and responsible
for tomorrow.
This study identifies a range of options to build resilience into OSW systems. For example, wind turbines
can be made more robust with heavier or stiffer blades, or new radical designs such as split pitch and
two-bladed turbine layouts may enable turbines to more efficiently withstand extreme weather events
without damage (NREL, 2016; Kim et al, 2015). Turbines can incorporate technology that actively
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adjusts the blades to either improve performance in low-wind conditions or reduce loading in high-wind
conditions. Smart technologies can optimize operation in changing wind conditions by using lasers that
allow the turbine to register the wind approaching the turbine rotor, allowing the turbine to optimize
operation in changing wind conditions. This type of technology is becoming more commonplace in the
wind industry but is currently only offered as standard with wind turbines by one major turbine original
equipment manufacturer (OEM). Future scenarios of sea level rise can be incorporated into OSW system
planning through the design of the turbine foundations. Additionally, future climate conditions, such as
sea level rise and extreme weather, can be factored into the structural composition of and operations at
mainland ports that are associated with the OSW developments. In contemplating the anticipated changes
to the climate in the Northeast Atlantic and the various design or operational enhancements that are
emerging in the industry, NYSERDA and its selected OSW projects have the ability to make considered
decisions to support the incorporation of resilient design strategies into the development of 9 GW of
OSW by 2035, along with the associated mainland port infrastructure.
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1 Introduction: Climate Considerations for Offshore
Wind Systems
Offshore wind infrastructure includes ocean-based and land-based assets as well as supporting assets such
as coastal ports and their associated supply chains. There are several climate factors that are meaningful
to offshore wind (OSW) operations. Some factors such as wind velocity, shear, turbulence, consistency
of direction, and geographic distribution affect the performance of OSW systems or their ability to deliver
the expected output of energy over their useful lives. Other climate factors such as high wind speeds,
storms, and waves may affect reliability or the extent to which the system provides output and avoids
periods of temporary disruption as a result of climatic conditions outside of the normal operating range.
This section covers those climate factors and describes the ways in which those factors impact OSW
reliability and performance. In addition, the section covers human factors such as hacking and terrorism
and the potential impact on offshore wind systems. Finally, the research team discusses how climate
change may impact project financing and the associated due diligence 3 required.

1.1

Offshore Wind Systems

Offshore wind systems include ocean-based and land-based assets. Figure 1 shows a representative
offshore wind system. Ocean-based assets include (a) wind turbine generator, and its foundations, which
generates electricity from the wind, (b) collection or inter-array cables that electrically connect together,
(c) export cables which transmit the electricity to shore and include the cable landings where ocean-based
cable systems transition to underground land-based systems, (d) transformer stations which increase the
voltage of the electricity for transmission to shore, (e) converter stations that, in some installations,
convert the alternating current output of the wind turbines to direct current for transmission to shore, and
(f) meteorological masts which contain weather sensors. Land-based assets include (g) onshore stations
which receive the transmitted electricity and provide connection to the energy grid. At the OSW system
level, resilience is reflected in the fact that the output of the system is distributed across numerous wind
turbine generators, and the undersea electrical grid can be designed via a combination of series and
parallel connections to provide redundancy to allow continued output despite failures in the electrical
cables and substations.

1

Figure 1. Offshore Wind System
From Rodriguez et al., 2016.

OSW systems also include support infrastructure, such as ports, that facilitate construction and
maintenance of wind farms. Ports are strategic elements in the OSW supply chain because manufacturing,
staging, and assembly rely upon these facilities as the enormous size of OSW components generally
prohibit inland transportation and logistics. Figure 2 shows port infrastructure as it relates to the
components of offshore wind systems.
Figure 2. Offshore Wind Port and Port Infrastructure Example
From Baring-Gould, 2014.

OSW systems also represent vast complex financial transactions where the initial due diligence in
financing, underwriting of capital investments, and security of product delivery (energy, capacity,
and environmental attributes) play a major role in the design and operational phases of these long-term
projects. New York State’s ratepayers are insulated from the financial risks of a project by virtue of the
use of Offshore Wind Renewable Energy Certificate (OREC) contracts that represent an all-in price for
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the life of the contract, ensuring that such concerns are borne exclusively by the developer of an
OSW project. However, financial risks nevertheless bear consideration as part of the project’s original
design and risk premiums that may be built into the original project price.
The consideration of OSW systems in this report refers to the state of built and operational infrastructure.
The study does not consider climate factors and adaptations that specifically treat the construction phases
of offshore wind.
The development of at least 9 gigawatts (GW) of OSW by 2035 per the CLCPA’s mandate will be built
through billions of dollars of transformative private investments to the New York State grid. It is
important that the State work with the private sector to ensure that these investments, across each of the
OSW system components described above, support robust designs not only for current conditions but
further offer responsible, cost-effective designs for potential future conditions.

1.2

Offshore Wind and Climate Considerations

This section provides an overview of the basics of wind turbine operation and the climate factors relevant
to offshore wind ocean-based and land-based assets. It covers key factors considered in standard design
practices for both performance and reliability of these assets. “Performance,” used in this report, is
meant to convey the ability of the system to deliver the expected output of energy over its useful life.
“Reliability,” for the purposes of this report, captures the extent to which the system provides output
and avoids periods of temporary disruption as a result of climatic conditions that are outside of the
normal operating range.

1.2.1 Overview of Key Relevant Climate Factors
The primary climate variables impacting the performance of offshore wind developments include wind
speed, direction, turbulence, and geographic distribution as well as shear, temperature, and moisture.
These wind variables may have independent or compounding effects on a wind turbine’s performance.
The effectiveness of an offshore wind project will depend in part on the optimal confluence of these
variables.
Equally important to consider are the climate variables that may impact reliability and cause disruption
to offshore wind systems. While offshore wind systems are designed to withstand harsh environments,
extreme weather such as high or low windspeeds (“wind droughts”), ocean waves, precipitation
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(especially in the form of rain and ice), and sea level changes can potentially have a detrimental impact
on wind energy production and OSW system assets. All these factors are accounted for in international
design standards, such as the International Electrical Commission (IEC) 61400-3 standard, which outlines
the minimum design requirements for offshore wind turbines, including such considerations as acute
maximum loads and long-term fatigue performance. Offshore wind systems are designed to maximize
performance and minimize disruptions to power production.

1.2.2 Basics of Wind Turbine Operation
A wind turbine creates electrical power from the wind. As wind speed increases, turbine power output
increases. In fact, wind energy density and consequently, turbine power, has a cubic relationship with
wind speed such that turbine power increases with the cube of wind speed (P = ½ pAC P U3, where P =
wind power [W], p = air density [kg/m3], A = swept rotor area [m2], C P = rotor efficiency, also known as
coefficient of power, and U = wind speed at hub height [m/s]). Airflow over the turbine blades creates a
low-pressure suction on the top of the blade. This low-pressure suction along the blade, also known as
lift, acts to rotate the turbine rotor. The turbine rotor consists of the blades and hub assembly. This
rotational energy is converted into electrical power by the turbine generator.
Figure 3. Turbine Wind Power Curve
From DOE EERE, 2017.
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The turbine controller, essentially the “brain” of the turbine, constantly monitors the operational health
of the turbine and adjusts the turbine blades or turbine orientation based on the incoming wind. The
designed operational plan for the turbine is prescribed by the turbine’s “power curve,” an example of
which is shown in Figure 3. At any given point in time, the speed of wind into the turbine rotor
determines the turbine’s “operation point,” or the location on the power curve.
As the wind speed increases above zero, it reaches the wind turbine’s “cut in” wind speed, defined as
the minimum wind speed at which the turbine can produce power (see Figure 3). At this point the wind
turbine pitches, or rotates, the blades such that the airflow over the blades produces a rotational force
that spins the rotor and ultimately creates power. As the wind speed continues to increase, the turbine
operating point climbs up the power curve slope (DOE EERE, 2017). This part of the power curve, with
continuously increasing power production with increasing wind speed, is known as “Region 2” in the
power curve. At rated wind speed the turbine can produce rated “nameplate power.” Nameplate power
is the as-designed rated power of a turbine. For example, the nameplate power of a 3-megawatt (MW)
machine is 3 MW. The part of the power curve where the turbine can produce rated nameplate power is
known as the “knee of the power curve” and represents the highest loading the turbine will experience
during normal operation. As the wind speed increases above the knee of the curve, the blades are pitched
into the wind such that the overall loading on the blades is reduced to maintain rated nameplate power
and to ensure loads respect the turbine design limits. This area of the power curve with constant rated
power production is known as “Region 3.” Wind turbines operate at highest efficiency in Region 3. As
the wind speed continues to increase, it will reach the maximum wind speed design limit of the turbine
at the cut-out wind speed. Beyond this speed, the turbine exceeds its design operational load limit. To
prevent damage, the wind turbine will pitch the blades into the wind for wind speeds above cut-out, also
known as “feathering,” which results in no lift on the blades and ceases power production. The turbine
will remain in an idle configuration until the wind speed drops to below the cut-out speed (DOE EERE,
2017). This idle configuration allows the rotor to slowly turn as needed without producing power and
to reduce overall loading on the turbine to “ride out” gusts or sustained heavy winds such as those
experienced under storm conditions. Once the wind speed returns to prevailing conditions (i.e., below
cut-out speed) the wind turbine will change the blade pitch to start producing power again.
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1.2.3 International Wind Turbine Design Standards
IEC 61400-1 and IEC 61400-3
There are a number of international design standards that give guidance on the design of wind turbines,
and all wind turbines sold internationally are certified to have been designed per these international
design standards. Two of the most common and widely used standards are the IEC 61400-1, which
outlines the design of onshore wind turbines, and the IEC 61400-3, which outlines the design of
offshore wind turbines. Both design standards set a list of Design Load Cases (DLC) which simulate
various loading conditions a wind turbine may experience. In order to achieve international certification,
a wind turbine design must meet or exceed all DLC requirements.
Both IEC wind turbine standards categorize the operational environments for which a wind turbine
should be designed. Table 1 contains the IEC wind classes, as defined in IEC 61400-1.
Table 1. The IEC 61400-1 Ed 4 Wind Turbine Classes
Source: Liu et al, 2018.

Wind Turbine Class

V ave
V ref

I

II

III

(m/s)

10

8.5

7.5

(m/s)

50

42.5

37.5

Tropical (m/s) V ref,T

57

57

57

A+

I ref (-)

0.18

A

I ref (-)

0.16

B

I ref (-)

0.14

C
I ref (-)
The parameter values apply at hub height:

0.12

S

Values specified
by the designer

V ave is the annual average wind speed
V ref is the reference wind speed average over 10 min
V ref,T is the reference wind speed average over 10 min applicable for areas subject to tropical cyclones
I ref is a reference value of the turbulence intensity
A+ designates the category for very high turbulence characteristics
A designates the category for higher turbulence characteristics
B designates the category for medium turbulence characteristics
C designates the category for lower turbulence characteristics

The IEC 61400-3 combines the above table with wave and current loading as well as sea level to develop
a full-offshore design load case set for the design of offshore wind turbines.
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The reader should note the S class on the top right of Table 1. The S stands for “site specific.” In the early
days of the wind industry, wind turbines were generally designed for a specific wind class per the IEC,
such as IA or IIIB, which defines the average and reference wind speeds as well as the turbulence level.
Since wind farm designers would select the next higher wind class for their project site, the result was that
turbine designs would include a level of margin by virtue of these discrete classes. However, it is
becoming increasingly common for modern wind turbines to be designed for S-class or site-specific wind,
which is unique for each wind farm location. This means smaller wind speed, load, and design margins
resulting in turbines operating closer to their ultimate design limits than older models. Accordingly, there
may be less additional design margin to absorb an increase in loads that may occur due to climate change,
requiring designers to better understand the impact of climate change to site-specific loading conditions.
The international design standards provide design guidance for the development of onshore and offshore
wind turbine systems to withstand all reasonably expected loading, including extreme weather events.
Given the potential for climate change to affect the severity and probability of occurrence of extreme
weather, there is a potential for increased damage and/or reduced productive life due to extreme weather
loading. Accordingly, the wind industry continues to research solutions to improve resilience in
extreme weather.

1.2.4 Climate Factors Impacting Offshore Wind Performance
1.2.4.1 Wind: Velocity, Shear, Turbulence, Direction, Geographic Distribution,
Temperature, and Moisture
The following sections discuss factors that are common inputs to site assessments, characterizations,
and yield estimates for wind turbines. With climate change, these factors will continue to be important
and may change wind turbine calculations and performance.
Offshore wind site conditions are particularly optimal for wind energy production with less turbulent
and more consistent wind flow conditions and higher overall energy levels than those onshore. As such,
offshore wind farms exhibit great potential to power much of future electrical demand in coastal regions,
particularly those close to highly populated areas with high-electrical demand.
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1.2.4.2 Wind Velocity (Including Frequency Distribution and Variation)
Wind velocity, which accounts for wind speed and direction, has the most significant impact on
wind turbine performance. Site assessments typically consider annualized mean wind speed, wind
speed frequency distributions, and seasonal as well as diurnal variations in velocity.
As mentioned previously, wind energy density is directly proportional to the cube of wind speed (E = ½
pU3, where E = energy density [W/m2], p = air density [kg/m3], and U = wind speed at hub height [m/s]).
As such, small changes in average wind speed will significantly impact turbine power production (Pryor
and Barthelmie, 2010). If average wind speed increases, there will be more total energy in the wind and
the average operating point for the turbine will shift to the right on the power curve. It is typical for a
turbine to operate in Region 2 for most of its life. In this case, an increase in average wind speed will
shift the operating point to the right on the power curve, climbing up Region 2. The wind turbine will
operate at maximum power output capacity if the shift is sufficient to push the turbine to rated wind
speed and into Region 3. Conversely, decreasing average wind speed may shift the turbine average
operating point out of Region 3 and into Region 2, or, at extremely low-wind speeds, below cut-in
speed, decreasing overall power production.
The “capacity factor” of a wind turbine is a measure of the amount of electricity the turbine produces
over a given period relative to its nameplate power level (American Wind Energy Association). A
turbine’s capacity factor depends on the quality of the wind at a given site in addition to its intended
operating level and design criteria. Capacity factor is important to the overall economics of a wind
turbine and wind farm as the main characterization of a project’s net energy production over a period
of time. For a project to be profitable, the value of the net energy produced must exceed all costs by
an amount equal to or greater than the desired rate of return for the project. Annualization means wind
speed has a direct impact on turbine capacity factor.
Annual Energy Production (AEP) for a turbine or a wind project will be estimated based on knowledge
of meteorological conditions specific to the project site, taking into account typical variances in daily
and seasonal winds. For instance, if average wind speed increases or if high winds become more frequent,
the wind speed may be more likely to exceed a turbine’s designed cut-out speed, necessitating shutdown
(Pryor and Barthelmie, 2010). Prolonged periods of turbine shutdown could result in an overall decline
in AEP. Where climate change has the potential to alter common wind patterns, it is important to consider
how such changes could alter AEP.
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The frequency distribution of wind speeds is important for planning offshore wind farms because
short-term wind speeds impact power output, extreme wind loading, and fatigue loading of the structural
elements. The frequency distribution of wind speeds is typically approximated by a Weibull Distribution, 4
the parameters of which are determined according to wind speed measurements taken during
site assessments.
Wind speed also exhibits variation over longer time periods. Wind farms often experience a diurnal
wind effect, or consistent but different daytime and nighttime wind trends. This effect is accounted for
when planning the development and operation of future wind farms in terms of annual energy production
and expected downtime. The diurnal wind effect also impacts the timing and relationship between energy
production and energy consumption. Wind speeds off New York City show a peak during the late
afternoon and early evening hours (NYSERDA 2010). Seasonal wind variation is also considered in
the planning process. The strongest winds off New York City normally occur during the winter, while
the weakest winds occur during the summer.

1.2.4.3 Wind Direction
The directional distribution of wind is an important consideration when planning a wind project.
Consistency in wind direction is key for optimal turbine power production and longevity as it reduces
overall turbine wear and tear because the wind turbine yaw system—which rotates the turbine hub
horizontally to match the prevailing wind direction—needs to rotate less to track the wind and, as such,
suffers less wear and tear over the life of the project.
Consistent wind direction also allows for a more efficient wind farm layout with turbine placement
optimized for the prevailing wind direction. It likewise allows turbines to be located closer to each
other within wind farms, because wake effects 5 can be better predicted and accounted for in the layout
design. Offshore sites often have more consistent winds than onshore sites (DOE EERE, N.d. B). Wind
consistency also has a direct relationship with wind turbine capacity factor.
Site assessments use directional wind plots (wind roses) to indicate the frequency of occurrence and
percentage of total energy from each direction sector. The resulting information is used to support the
site analysis and farm layout design.
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1.2.4.4 Turbulence Intensity
Turbulence intensity conveys the fluctuations in the wind speed, recorded by instrumentation, in each
recording time interval as a fraction of the average speed (NYSERDA, 2010). Turbulence intensity
can have a negative effect on turbine performance and power production. As air flows over the turbine
blades, the blade shape creates a low-pressure suction that “lifts” the blade and causes the rotor to rotate,
in similar fashion to the way airplane wings lift the airplane for flight. Smooth, or “laminar,” air flow
over the turbine blades is required to properly create this lift for rotation and power production. If air is
“turbulent,” air flow may separate prematurely over the turbine blade and result in a loss of low pressure
and lift, reducing power production and increasing loads due to increased drag on the blade. In general,
smooth air flow is optimal to efficiently extract energy and produce power from the wind.
More frequent or intense events of high-wind turbulence will increase turbulent flow of wind over turbine
blades, diminishing turbine power production.

1.2.4.5 Wind Shear
Changes in wind speed and direction can be described in terms of “wind shear,” a measure that indicates
the amount of change in wind speed or direction over a given distance (Sanchez and Lundquist, 2020).
There are two main types of wind shear that affect wind turbines: vertical and horizontal. Vertical wind
shear is the variation of wind speed with elevation. Horizontal wind shear is a change in wind velocity or
direction as one moves laterally. Vertical shear is influenced by thermal differences within the air column
and by surface roughness interactions near the ground or water level. Horizontal shear is typically most
influenced by weather fronts and is similar between onshore and offshore locations. Vertical wind shear
has a much larger impact on overall wind turbine design than horizontal shear.
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Figure 4. Graphical Profile of Vertical Wind Shear
From Salazar et al, 2016.

Typically, wind speed increases with elevation due to decreasing effects of wind shear because the
wind profile is affected by friction with the surface which produces drag, reducing wind speed. For this
reason, turbine original equipment manufacturers (OEM) design turbines with towers and hub heights
high enough to minimize the impact of vertical wind shear. Accordingly, taller towers are used onshore
due to the increased onshore vertical shear impact. For offshore, surface roughness values over the ocean
are quite small (~ 0.001) as compared to over land (0.1-1). Because of this, offshore turbine towers can be
shorter because of the decreased offshore vertical wind shear impact. In fact, the current industry standard
for the lowest blade tip elevation is approximately 20 m above the ambient sea level. The ocean surface
frictional effects are predominantly caused by interaction with waves and swells. Water surface variations
have been shown to cause distortions in vertical wind profiles up to 100 m above the water surface
(Kalvig et al, 2014). Where climate change has the potential to increase water surface turbulence due to
changing wave or current patterns, the impact of such changes on wind shear and consequently turbine
performance needs to be considered.
The extent of horizontal shear is similar between onshore and offshore locations and the impact is
less than vertical shear. Current design standards for wind turbines already account for moderate levels
of horizontal shear. Horizontal shear produces imbalanced loading on the turbine rotor. Mitigation of
horizontal shear loading is normally done through the turbine controller dynamically adjusting the blade
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pitch and yaw of the turbine based on real-time information about rotor load imbalances. Turbine design
also includes a prescribed amount of margin in the design limits to account for rotor imbalance loads as
part of the international industry design standards, such as IEC 61400-3.

1.2.4.6 Wind Geographic Distribution
Large scale changes in the geographic distribution of wind could have significant negative impacts
on overall energy production for existing wind farms (Pryor, S. C., and R. J. Barthelmie. 2010).
Energy production will diminish if turbines are designed for wind patterns and speeds divergent from
those actually experienced by the wind turbines. Predictable and consistent wind patterns for a given
geographic area are required to accurately plan for and finance wind farm development, both onshore
and offshore.

1.2.4.7 Air Temperature
As discussed previously, wind energy and, consequently, wind turbine output, is directly proportional
to air density and air density is itself inversely proportional to air temperature. Thus, increases in air
temperature lead to slight declines in air density and wind turbine power output. At mean sea-level
pressure, an increase in air temperature of 5 degrees C would result in a decrease in air density of
1–2% with a similar, marginal change in wind energy (Pryor, S. C., and R. J. Barthelmie. 2010).

1.2.4.8 Air Moisture
Moisture in the air has the potential to impact the functionality of blades and will cause blade leading
edge erosion over time. Where turbine blades are designed for air flow to separate at specific areas of the
blade surface to ensure optimal lift and drag at all locations along the blade span, if air flow is disrupted
such that it separates from the blade prematurely, the resulting flow becomes turbulent. Erosion along the
front of a turbine blade, known as “leading edge erosion” (LEE), is one of the main causes of suboptimal
turbine blade performance (Liersch and Michael, 2014). LEE creates a rough surface along the front
of the blade which causes laminar airflow to detach prematurely and transition to turbulent airflow.
Turbulent airflow reduces lift and increases drag, ultimately reducing turbine power production (Corrigan
and Demiglio, 1985). Recent studies have shown that leading edge erosion is more likely to occur due
to a high volume of small mass impacts (e.g., mist or dirt) than to a low volume of high-mass impacts
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(i.e., rain or bugs/Eisenberg et al., 2018). While offshore wind blades are designed with sacrificial layers
of coatings to combat the effects of LEE, offshore turbines are nevertheless susceptible to leading edge
erosion due to the wetter environment in which they operate. Operations and maintenance commonly
include efforts to inspect, prevent, and repair leading edge erosion.

1.2.5 Climate Factors Impacting Offshore Wind System Reliability
1.2.5.1 High Winds above Operating Limits
Wind turbines generate rated power at wind speeds in Region 3 (see Figure 3). Turbines are designed
to optimize power production efficiency and to minimize structural damage in this operating region. If,
in a given geographic location, the average wind velocities shift higher or high-wind events become
more frequent, turbines in that location may experience more frequent shutdowns, decreasing overall
power output.

1.2.5.2 Ocean Waves
Ocean waves can affect OSW foundations, inter-array and export cables, and cable landings. Figure 5
shows the various types of offshore wind foundations that can be used for turbines, substations, and
converter stations. Ocean waves directly impact and influence foundation and tower loading for both
fixed and floating wind turbine, substation, and convertor station foundations (Kalvig et al., 2014).
Wave loading is accounted for in the design of offshore wind turbines and is combined with ocean
current as well as wind loads. Any increase in wave or current loading needs to be accounted for in
the turbine design to ensure that such loading does not exceed design limits. Severe wave loading
increases may exceed the foundation design load limits and result in turbine tower bottom and/or
foundation damage or failure.
Wave loading frequency can potentially match a tower’s first fundamental modes6 (side-side and
fore-aft). This includes a phenomenon called “ringing,” which occurs when choppy waves strike marine
structures. If these frequencies overlap, a resonance condition can occur where energy is continuously
loaded into those tower modes. In this configuration, waves will cause a sympathetic motion response
in the tower with tower and foundation displacement exceeding design limits.
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Figure 5. Offshore Wind Foundations
Source: IPCC 2011.

Mooring lines for offshore wind infrastructure are also sensitive to changes in wave loading. Wave
motion causes the touchdown point of mooring lines on the ocean floor to change, moving back and
forth and side to side as waves pass on the surface. Changes in wave loading, either in amplitude or
frequency, have the potential to affect the fatigue life of mooring lines along the sections near and at
the touchdown point. There is potential for increased fatigue damage or rate of fatigue damage if wave
loading changes sufficiently.
Additionally, if changing global climate patterns result in increased wave activity around turbines,
accessing the turbines to perform time-sensitive maintenance could become more challenging.
OSW cable systems include inter-array cables that make electrical connections between wind turbine
generators and export cables that transmit the electricity to shore. Most of the cable system is buried
beneath the ocean floor. However, for floating foundation systems, a portion of the cable system is
exposed to ocean currents as it transitions from the foundation to the ocean floor. Standard design
practices consider wave motion by incorporating bend stiffeners that provide strength against flexion,
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buoyancy modules that help maintain cable shape and reduce tension loads, and touchdown protection
that reduces the risk of damage where the cable transitions to a buried configuration. However, changes
in wave loading, either in amplitude or frequency, have the potential to affect the fatigue life of these
parts of the cable systems.
Inter-array, export cables, and cable landings can be impacted by waves through scour—erosion that
is caused by the turbulence from waves. Scour can wash away the underlying seabed, exposing buried
cables, allowing ocean currents to move the cables, potentially increasing the amount of stress on
the cables.

1.2.5.3 Precipitation
In general, precipitation tends to improve turbine performance by regularly cleaning the turbine blades.
This cleaning removes bugs and dirt that collect over time and improves blade performance and overall
turbine power production. However, extreme precipitation such as more energetic and/or more frequent
thunderstorms or torrential rainstorms, with a high level of water particles continuously striking the
turbine blades, increases the risk of blade leading edge erosion (Eisenberg et al., 2018). This happens
particularly with offshore turbines operating for frequent, extended periods of time in fog, mist, high
humidity, or rainy conditions. As previously described, leading edge erosion increases blade surface
roughness, which in turn, disrupts the airflow over the blade and causes premature flow separation.
This results in a loss in blade lift and ultimately reduced turbine power production. If precipitation
levels or events become increasingly extreme or frequent, accessing the turbine to perform operations
and maintenance could also become more challenging.

1.2.5.4 Sea Level Rise
Sea level rise is the gradual increase in the static level of the sea as opposed to storm surge which is
abnormal rise in seawater level during a storm. Sea level rise alone may threaten infrastructure and that
threat can be compounded by storm surge. Sea level rise has the potential to impact both fixed foundation
and floating foundation offshore turbines by increasing water damage and corrosion of non-resistant
components. For floating turbines, the impact would be less noticeable and would likely only show up
on mooring line length and tension. The mooring line or tether tension limits for floating turbines may
be exceeded due to the increase in elevation from sea level rise.
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Sea level rise may also affect the corrosion rate of the offshore turbine foundations. If the sea level is
higher than expected, it may exceed the height of the corrosion-resistant section of the foundation and
come into contact with more sensitive parts of the structure. Sea level rise may also cause higher than
anticipated sea spray onto the underside of foundation top or at the tower base connection which could
also result in unwanted corrosion to these parts.
The offshore wind profile may also be affected by sea level rise and result in increased wear and tear on
turbines. As referenced earlier, water surface variations have been shown to cause distortions in vertical
wind profiles up to 100 m above the water surface (Kalvig et al, 2014). In this way, sea level rise could
distort or change the vertical wind profile and affect the shear loading into the offshore turbine. The shear
loading into the turbine directly affects the wear and tear rate on the pitch and yaw systems. Turbines
dynamically maintain loading balance using Individual Pitch Control (IPC). A change in the shear
loading could cause increased pitch activity and result in faster wear of the pitch bearings.

1.2.5.5 Ice and Frozen Precipitation
Ice and other frozen precipitation can pose risks to turbine health and performance. Ice can build up
on the blades and disrupt the airflow over the blades and cause weight imbalances in the rotor that will
trigger shutoff of an affected turbine, reducing project performance. Sea ice, while less likely to be a risk
off the coast of New York State, can damage foundations and tower bottoms. Hail or sleet, if severe, can
damage blades. If climate change causes a shift to colder weather patterns, there is an increased risk of
damage or under performance due to ice. Shifting weather patterns may cause increased operations and
maintenance (O&M) expense due to the need to retrofit existing turbines to prevent ice buildup.

1.2.5.6 Extreme Storms
Although extreme weather events are accounted for in the international design standards for wind
turbines, such as IEC 61400-1 (onshore) and IEC 61400-3 (offshore), standards do not account for
all possible levels of storms. Extreme storms have damaged turbines, caused failures, and resulted
in decreased output both during events and as a result of extended repair times.
If high-wind speeds increase due to an increase in the intensity and/or frequency of extreme weather
events, such as storm fronts, hurricanes, or typhoons, this may heighten the risk of turbine damage or
failure when they occur (Worsnop et al., 2017; Rose et al., 2012).
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Extreme weather events are also likely to result in an increase in offshore wave loading. As discussed
above, a change in wave loading may dramatically affect the overall fatigue life of electrical cable
systems for offshore wind systems and mooring lines for floating system designs. Increased wave loading
may also increase the amount of scour (see discussion on ocean waves), which can uncover buried cable
systems. Standard practice includes assessing touchdown points and laydown shapes of all underwater
lines against the expected wave loading.

1.2.6 Onshore Electrical Infrastructure
Onshore electrical infrastructure includes onshore stations which receive the electricity from OSW
export cables and provide connection to the energy grid. The receiving station is typically a transmission
substation with operating voltages of 69 kilovolts (KV) or higher that is part of the larger energy grid and
transfers power from several sources including transmission feeders from other substations, conventional
generation, and renewable generation. These substations may be located near-shore but more often are
located inland. Transmission substations located near-shore may be vulnerable to both sea level rise
and storm surge while transmission substations inland may be vulnerable to inland flooding from heavy
precipitation events, particularly in areas of dense build-up. The vulnerability of transmission substations
is typically part of the operating utility’s considerations of climate change vulnerability across its broad
portfolio of assets rather than the scope of an OSW system design, but nevertheless bears mention.

1.2.7 Coastal Infrastructure and Ports
Due to the size of OSW components, ports are integral in the transport and staging of material used
for construction of OSW systems. Port infrastructure, such as warehouses, wharves, piers, cranes, and
container storage yards, as well as port operations, are potentially vulnerable to several of the climate
factors described above. Such climate factors include sea level rise, heavy precipitation, and storm
surge from coastal storms, and high winds and icing from hurricanes and nor’easters.
Sea level rise allows storm surge to travel further inland, compounding potential water damage to
ports infrastructure. Increased seawater flooding can increase metal corrosion of port equipment.
Higher sea levels also increase the risk that drainage systems could be overwhelmed by heavy
precipitation, leading to surface flooding. Flooding, from either ocean sources or from inland flooding
due to heavy precipitation, can damage shipping containers and their contents, as well as terminal
buildings and other port infrastructure. Flooding can also impact operations by limiting access to
roads and disrupting movement of cargo into and out of the port.
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Storms can cause damage to marine port services by impairing visibility, disrupting the power and
communications networks, washing away channel buoys, and submerging debris in ship channels.
Channels may require more frequent, and more costly, dredging of debris and silt build-up following
severe storms. Waves can cause structural damage to wharves and piers and as well as vessels and
their cargo.
High wind speeds from storms can also damage port facilities and impact operations. High winds can
damage or destroy piers, wharves, cranes, and berths. Wind can also result in loss of markers, making
navigation channels temporarily inoperable.

1.2.8 Human Stressors
In addition to the climate factors described in earlier sections, there are several human factors that are
relevant to OSW systems and their resilience. Since OSW systems are remotely located and operate
“unmanned,” they require supervisory control and data acquisition (SCADA) systems to allow operators
to receive operating information about the system and to make control adjustments when necessary. This
dependence of OSW on SCADA systems creates a vulnerability to hacking. The remote location of OSW
systems makes it challenging to monitor the individual turbines and associated equipment, making such
systems vulnerable to vandalism and physical attack.

1.2.8.1 Hacking
Researchers from the University of Tulsa have demonstrated the ability to hack wind turbine control
systems after gaining physical access to an individual turbine. They were able to impact the power output
for the turbine they accessed as well as for other turbines in the wind farm. They also simulated actions
that would have been able to damage turbines (Greenberg, 2017). The researchers also built software
tools to demonstrate several concepts. One tool repeatedly engaged the turbine brakes to cause damage;
another tool demonstrated the ability for malware to spread from turbine to turbine, while a third tool
allowed hackers to hide the cyber-attack from plant operators. Researchers also examined the ability to
remotely hack into wind turbine systems. They found that the encryption used between operations centers
and wind farms was effective at limiting a hacker’s ability to remotely access wind turbine controls.
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This successful attack by researchers required physical access to and breach of a wind turbine’s
structure. The current practice for security measures for wind farms include basic physical protection
such as locks as well as physical intrusion detection and alarm systems. Offshore wind systems have the
added protection of being relatively difficult to access because of their location and the need for ocean
transport to reach them.
A cyberattack on a renewable energy company in Utah resulted in a loss of communication between
the energy provider control center and wind turbine farms, denying operators the ability to control
around 500 megawatts of wind and solar generation, although the attack did not result in the loss of
generation to the grid (Sobczak, 2019). This attack was not aimed at the wind turbines directly but was
a denial-of-service attack, 7 which flooded energy providers’ computers with fake traffic, eventually
crashing the devices. Denial-of-service attacks do not only affect energy generation systems but are
an increasing problem across many industries. The federal government as well as private industries
continue to be focused on this issue and continue to develop solutions.

1.2.8.2 Vandalism and Terrorism
Energy infrastructure assets have been the target of terrorist attacks in the past. One notable example
was the 2013 attack on the Pacific Gas & Electric Metcalf substation that damaged 17 transformers
(Behr, 2016). Vandals have also targeted transmission lines by shooting at insulators and even toppling
transmission towers. Transmission substations and transmission lines are targeted because they are
likely to be transfer points for significant amounts of power and are often remotely located and minimally
staffed. Offshore wind farms are also remotely located and minimally staffed. However, even a wind farm
with significant amounts of total generation is composed of individual turbines distributed across a large
area. Since the output of any single turbine is small relative to the farm’s total output, the value of
physically sabotaging any one unit is correspondingly small. In addition, as mentioned previously, the
electrical connections for OSW systems incorporate series and parallel connections to implement a level
of redundancy and allow continued operations despite failures of some components. Coupled with the
challenge in reaching the offshore site and the inability to access the transmission lines which are under
water, offshore wind sites do not appear to be an inviting target for terrorist attack.
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1.2.9 Project Financing
As the energy industry continues to transition away from fossil fuels, investors are seeing increasing value
in renewable investment opportunities such as offshore wind. Offshore wind investments offer significant
certainty and transparency because much of the deployment is tied to government incentives. In addition,
relative to fossil fuel investments that have risk increases with the continued transition to a low-carbon
economy, the risk profile for OSW decreases as more projects come online and underscore the ability
for OSW to provide carbon free energy. These factors, as well as offshore wind’s value to mitigate the
effects of climate change, support estimates of over $200 billion in investment by 2025 (Lassen and
Evans, 2020).
In addition to considering transition risks, 8 the project finance and due diligence processes consider
both chronic and acute physical risks. Chronic physical risks refer to longer-term shifts in climate such
as sea level rise while acute risks are those that are event-driven like extreme storms. Due diligence
relating to chronic physical risks caused by gradual climate shifts focuses on the potential for those risks
to negatively impact the long-term performance of OSW systems. Due diligence for event-driven physical
risks examines the likelihood of extreme weather events that cause damage to infrastructure that either
reduces its lifespan or results in catastrophic failure. Both chronic and acute physical risks have the
potential to affect the financial viability of projects by reducing revenues and increasing expenses
over the lifetime of a project.
The potential impact of climate change on project finances is based on the difference between the actual
future conditions (i.e., annualized mean wind speed, wind direction, sea level, storm frequency) and that
assumed in financial models. Project due diligence considers the potential financial impact on several
areas including revenues, expenditures, asset value, capital, and financing.
Revenues can be impacted by chronic physical risks such as lower than expected annualized wind speed
resulting in lower energy output from OSW facilities. Revenues can also be impacted by acute physical
risks such as storms that result in periods of time during which wind assets are unavailable.
Expenditures can be impacted by chronic physical risks such as greater horizontal wind shear, requiring
more frequent yaw adjustments, which increase maintenance costs, or icing, which could require more
frequent blade maintenance. Acute risks such as storms can require significant expenditures to repair
facilities that have been damaged. Higher expenses related to repair, and normalization of infrastructure
may also increase insurance fees.
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Once in service, the asset value of OSW infrastructure may be impacted by the potential for chronic and
acute physical risks to shorten asset life and hence increase depreciation rates. The process of accounting
for the potential for climate change to impact OSW projects may increase forecasts for capital expenses,
costs of supplies and materials, and maintenance, all with potential implications to liabilities.
Climate-related physical risks have implications to rates of return and the cost of capital as well as
to long-term debt. Physical risks from climate change may be reflected in higher expected rates of
return from investors and higher costs of capital to developers to account for those risks, making it more
challenging to finance projects. Climate-driven increases in capital and operational expenses may, over
the life of a project, require an increase in debt, particularly if physical climate risks reduce cashflows
or increase expenses. In addition, the ability to raise or refinance debt may be affected by climate-related
physical risks by reducing project valuation which lowers attractiveness, increasing the difficulty in
raising capital.
The perception of climate risk is already reflected in the pressure coming from private equity firms,
banks, and their underwriters. For example, The Network for Greening the Financial System, a group
of central banks and financial supervisors, has expressed concern that financial risks related to climate
change are not fully reflected in the valuation of assets and has called for increased monitoring (NGFS
2019). The uncertainty around climate risk is also echoed in the pricing of offshore wind renewable
energy certificates (ORECs) 9 in the form of risk premiums where developers are submitting lower
bids to mirror this uncertainty. The extent to which underwriters and developers will acknowledge
the potential for climate adaptations in OSW design to reduce risk is an evolving area in need of
further evaluation.
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2 Projected Changes to Climate Factors and
Potential Impacts
New York State will face challenges from a rapidly changing climate in the years ahead. In response,
NYS is undertaking a range of projects and initiatives to mitigate impacts and increase resiliency to
climate change. The recent landmark CLCPA seeks to mitigate climate change impacts by requiring
NYS to have a net zero carbon economy by 2050, including a portfolio of 70% renewable energy by
2030. Offshore wind represents a critical component to meet these mandates and improve climate
resiliency in the State. To this end, the New York State Energy Research and Development Authority
(NYSERDA) has adopted a strategy to incorporate resilience considerations into planning and programs
to ensure that clean energy investments and infrastructure are protected and resilient against future
climate impacts over the long term.
Climate change has the potential to impact multiple aspects of offshore wind performance, functionality,
and reliability, encompassing both offshore development and coastal infrastructure. Global Climate
Models (GCM) provide numerical representations of the climate system (Hayhoe et al. 2017) and are
the primary tools to understand future climate change. Models are driven by changes in greenhouse gas
concentrations known as Representative Concentration Pathways (RCP), which consider both unabated
and mitigated greenhouse gas emissions through time and in response to different anthropogenic actions
such as business-as-usual emissions as well as social and political pathways to support aggressive global
decarbonization (IPCC, 2013). A standard set of GCMs and RCPs were developed for the most recent
Intergovernmental Panel on Climate Change Assessment (IPCC), which underpin our understanding of
future climate change and corresponding impacts (IPCC, 2013). The information provided in this report
largely draws on this existing body of research.
While offshore wind developments are already designed to withstand many climate hazards including
extreme winds and storm surge, climate change has the potential to stretch design and operational limits.
For example, climate change may exacerbate strong storms and sea level rise, as well as drive changes
in wind patterns and velocity. This section provides an overview of potential changes to climate factors
relevant to offshore wind performance and reliability because of climate change. Ultimately, the overview
aims to strengthen offshore wind developments to provide clean and resilient energy generation in NYS.
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2.1

Projected Climate Factor Changes

2.1.1 Wind Velocity, Frequency, and Variation
The potential for offshore wind production in the northeastern United States, from the New Jersey coast
to the Gulf of Maine, is among the greatest in the country (e.g., Figure 6). Overall, average windspeeds
in the region range from 8.0 to nearly 10.0 m/s (approximately 18 to 22 mph) [Figure 6]. A range of
processes drive regional wind velocity, frequency, and variation, including the prevailing westerlies,
storm systems, and local sea breeze. A change to any of these drivers produces a corresponding impact
on regional windspeeds and, in turn, offshore wind performance.
Impacts to offshore wind performance from changes in windspeed depends, in part, on the sensitivity
of the wind turbine power curve (Figure 3). Wind turbines are designed to operate optimally under
specific wind conditions and turbines typically have small design margins. This means that small
changes in windspeed can result in reduced power production (Pryor and Barthelmie, 2010).
Looking forward, changes to wind velocity, frequency, and variation due to climate change and
corresponding impacts to offshore wind performance and reliability in the northeastern United States
remain uncertain (McInnes et al., 2011; NYSERDA, 2014a). Despite these unknowns, historical
observations help characterize future change, and new research provides insights into plausible
future conditions.
Variability in global windspeeds has impacted wind power generation in the past. Historical
observations show surface windspeeds declined after the 1970’s, during a period referred to as “global
stilling” (Vautard et al. 2010; Azorin‐Molina et al. 2017). This trend reversed in 2010 over much of
North America, Europe and Asia. Since then, global wind speeds have increased from about 3.1 to 3.3
m/s translating to a 17% increase in potential wind energy for the average wind turbine (Zeng et al. 2019).
At a global scale, natural climate variability such as changing ocean and atmosphere temperatures can
trigger decadal scale windspeed changes as observed in the past (Zeng et al. 2019; Harvey, 2019). While
the recent speed up could persist for several decades, natural variability may also yield future declines
(Zeng et al. 2019).
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Figure 6. U.S. Wind Energy Potential Based on Average Wind Speeds at 300 Feet
Three hundred feet is the height of most turbines. The northeastern U.S. and Northern California
coasts (in red) have the greatest potential.
DOE EERE, 2016.

In addition to global influences, sea breezes exert a local control on windspeeds over diurnal and seasonal
timescales and can represent an important wind source for offshore wind production. Temperatures are
projected to increase between 3.0–5.5 °F in New York State through mid-century based on a range of
GCMs and greenhouse gas concentration scenarios (NYSERDA, 2014a), which could invigorate the sea
breeze in the northeastern United States. However, a stronger onshore sea breeze circulation can also
cause wind patterns to move inland, potentially limiting their influence on offshore wind production.

2.1.2 Wind Shear and Geographic Distribution
Reduced wind shear improves wind turbine performance and reliability. In general, offshore winds are
abundant and frequent because frictional forces and vertical shear are small over the ocean compared
to over land. While ocean waves can distort vertical wind profiles and disrupt generation efficiency, it
is unclear how climate change impacts sea surface roughness over the long term (Lange et al. 2004). In
turn, higher and more intense windspeeds provide more reliable power production.
Stable wind patterns are essential to predictable and consistent offshore wind generation. Changes in
the geographic distribution of wind patterns, such as to the location of the jet stream or historical storm
tracks, would result in significant changes to offshore wind production. Ultimately, the long-term outlook
for offshore northeastern United States remains promising, and abrupt shifts are unlikely through 2050.
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2.1.3 Extreme Weather and Wind Turbulence
Extreme weather presents outsized impact potential to offshore performance and reliability. In
particular, hurricanes and nor’easters drive a range of hazards relevant to offshore wind, including
extreme and turbulent winds, waves, storm surge, and icing. In addition, these storms can also impact
coastal infrastructure, including ports used to support offshore developments and transmission cables.
Elevated windspeeds and wave heights during storms can be particularly detrimental to offshore wind
infrastructure. Strong storms can produce winds causing physical damage, but also above cut-out and
operating limit speeds that curtail production (Pryor and Barthelmie, 2010). Storm-driven winds can be
turbulent and chaotic, which can cause turbines to rotate and yaw beyond design levels, affecting their
functionality or damaging them (Worsnop et al. 2017). Furthermore, wave activity can impact foundation
and tower loads and worsen blade functionality and leading edge erosion (Pryor and Barthelmie, 2010).
The sections below describe potential future changes in the frequency and intensity of these storms
and their associated hazards offshore the northeastern United States through the mid-century.

2.1.4 Hurricanes
Hurricanes are rapidly rotating low-pressure systems that produce extreme winds, waves, precipitation,
and storm surge. Since about 1980, hurricanes in the North Atlantic have increased in intensity, frequency
and duration, potentially in response to warming sea surface temperatures (Walsh et al. 2014). While
storm activity has increased overall, fewer storms have made landfall in recent decades, and prevailing
westerly winds generally steer hurricanes away from the coast as storms approach the northeastern United
States. As a result, locations further from shore are slightly more likely to experience strong storms than
nearshore locations. Regional changes in hurricane intensity and frequency depend on coincident changes
across a range of factors including sea surface temperatures and atmospheric conditions.
In the fall of 2020, Tropical Storm Isaias tracked up the Eastern Seaboard on a path which centered
approximately 100 miles from NYSERDA’s pair of offshore wind floating lidar buoys in the New
York Bight. Launched in September 2019, the buoys have been collecting data from prospective wind
energy development areas, the BOEM Hudson North and Hudson South Call Areas. As Isaias made its
way, wind speeds were tracked to show an average of 50 miles per hour (22.3 m/s), and a maximum of
93 miles per hour (41.5 m/s), well within the Class I design conditions (see Table 1). Where offshore
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wind turbines are classed to survive maximum gusts of up to 155 miles per hour (70 m/s) gusts for
three-seconds, the in-situ data offers encouraging insights into the relative design standards anticipated
in the region’s eventual construction. 10
Looking forward, climate model projections show that warming atmospheric and ocean conditions will
likely increase hurricane intensity, wind turbulence and the frequency of the strongest storms, including
Category 4 and 5 hurricanes, in the North Atlantic relative to historical conditions (Knutson et al. 2013,
IPCC, 2013). At the same time, models project that overall hurricane activity in the North Atlantic will
most likely remain the same or slightly diminish over the coming century (Knutson et al. 2013), although
other research projects marked increases globally (Emanuel, 2013) and more northward trajectories in the
Atlantic (Kossin et al. 2014; Baldini et al. 2016). Projections also show future hurricane tracks could
move offshore at the latitude of New York City, which could result in more direct impacts to offshore
wind developments in the New York Bight and offshore New England (Garner et al. 2017).
Overall, projections suggest that mid-century hurricane frequencies will likely be similar to today, but an
anticipated increase in the number of very strong hurricanes. Stronger hurricanes produce stronger winds,
ocean waves and storm surge detrimental to offshore wind developments and coastal infrastructure.

2.1.5 Nor’easters
Nor’easters differ from hurricanes in that they do not form in the tropics and most commonly occur
between November and April due to the convergence of cold polar air and warm air over the Atlantic
Ocean. These storms often track along the boundary of these air masses and drive a range of hazards
including hurricane-force winds, ocean waves, and storm surge. Nor’easters also produce a range of
precipitation types, including freezing rain and icing, depending on air temperatures at the time of
the storm.
While the future behavior of nor’easters is still largely unknown, some regional climate models provide
insights into the direction and magnitude of future change (Colle et al. 2015). Model simulations reveal
a potential 10% to 40% increase in the frequency of very strong storms and the density of storms along
the Atlantic Coast by end of the century (Colle et al. 2013). These results suggest a possible increase in
extreme winds and ocean waves with the potential to impact OSW.
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2.1.6 Precipitation
Precipitation is both beneficial and detrimental to offshore wind turbines. Normal rainfall helps clean
turbine blades of dirt and other debris, which can increase turbine performance. In contrast, excessive
or long duration precipitation can increase the risk of leading edge erosion, as described in Section
1.2.5.3. Similarly, ice accretion can disrupt airflow around the turbine and decrease performance.
Climate change is expected to increase heavy precipitation events because a warmer atmosphere
holds more water vapor and drives stronger storms. Climate projections show large increases in the
frequency and magnitude of heavy precipitation in the northeastern United States. For example, the
amount of precipitation than falling during the heaviest events is projected to increase from 20%
to 40% by the late twenty-first century (Hayhoe et al. 2018). Similarly, both hurricanes and nor’easters
are projected to produce more precipitation during the previous century (e.g., Knutson et al., 2013).
Ice and other frozen precipitation can pose a risk to turbine health and performance. Climate model
projections show a decrease in the frequency of frozen precipitation over the twenty-first century
(Zarzycki, 2018), which will likely decrease the impact of icing on offshore wind turbines. However,
projected decreases are smaller for the larger storms, meaning that strong storms in the future may
produce more ice than present-day if atmospheric conditions are cold enough.

2.1.7 Sea Level Rise
Sea level rise is an important planning and design consideration for resilient infrastructure. In particular,
sea levels present potentially outsized impacts to coastal infrastructure through both long-term, chronic
tidal flooding and short-term, acute storm surge events.
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Figure 7. Tide Gauge Locations and Regional Settings

Since 1900, sea levels along the New York State coastline have been rising by an average of 1.2 inches
per decade and this rate is expected to increase in the future due to climate change (NYSERDA, 2014a).
Sea level rise is driven by a range of factors, including ocean thermal expansion and ice sheet mass loss.
New York State sea level rise projections are evaluated probabilistically to consider uncertainties in
these and other contributions under varying increases of greenhouse gas concentrations.
Based on these projections, New York City and the Long Island coastline could experience up to
30 inches of sea level rise by the 2050s (Table 2). The Hudson River is also susceptible, with the
Capitol Region projected to experience up to 27 inches of sea level rise by the 2050s (Table 2).
Importantly, these sea level rise projections refer to coastal locations where tide gauge records
help constrain present and future sea level changes. The Gulf Stream also influences sea level off
the Northeast coastline, with warming or weakening of the Gulf Stream driving faster rates of sea
level rise relative to the global average (Yin et al., 2009 and 2010).
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Table 2. NYSERDA ClimAID Sea Level Rise Projections for New York State
The projections correspond to the locations shown in Figure 7. Percentiles represent in inches a low
estimate (10th percentile), middle range (25th to 75th percentiles), and high estimate (90th percentile)
of the model projection distribution. Projections are based on 24 global climate models and both
representative concentration pathways, 8.5 and 4.5. Sea level rise projections are relative to the
2000–2004 base period.

Montauk Point

Tide Gauge
Time Interval
2020s
2050s
2080s
2100

10th

25th
2
8
13
15

75th
4
11
18
21

90th
8
21
39
47

Troy

New York City
Percentile

10th
10
30
58
72

25th
2
8
13
15

75th

4
11
18
22

90th
8
21
39
50

10th
10
30
58
75

25th
1
5
10
11

75th
3
9
14
18

90th
7
19
36
46

9
27
54
71

2.1.8 Storm Surge
Coastal flooding depends on both rising sea levels and storm surge, both of which are influenced
by climate change. Rising sea levels are projected to increase storm surge associated with coastal
storms relative to present-day conditions. For example, the return period associated with a seven-foot
flood in New York City are projected to increase from approximately 25 years between 1970–2005 to
approximately five years by 2030–2045 (Garner et al. 2017). Similarly, models also show small increases
in storm surge levels associated with nor’easters as a result of climate change in the northeastern United
States (Lin et al. 2019). Ultimately, storm surge severity depends on storm trajectory, intensity, and
timing relative to high tide. Within the northeastern United States, coastal locations along the
Atlantic Ocean are most exposed to storm surge compared to inland locations, such as those
along the Hudson River.
Climate change may also drive changes to future storm tracks and coastal regions exposed to storm
surge. Models reveal that hurricane storm tracks are projected to shift farther offshore of the northeastern
United States, which would partly offset increases in coastal storm surge within the New York City
metropolitan area (Garner et al. 2017). However, new storm tracks could potentially drive more direct
impacts to offshore wind developments situated in the mid continental shelf and other coastal regions
such as New England. More work is needed to confirm these potential impacts.
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3 Impacts of Climate Change on Wildlife and
Communities from Offshore Wind
The process for developing OSW projects includes assessing potential impacts on wildlife and
nearby communities. This section reviews how those impacts may be affected by climate change.
Each state that borders the Atlantic Ocean or Pacific Ocean has jurisdiction over submerged lands out
to a distance of three nautical miles offshore. 11 Beyond three nautical miles, the jurisdiction to grant
leases, rights-of-way and easements lies with the federal Bureau of Ocean Energy Management (BOEM).
The OSW development process considers the potential impacts on wildlife and communities through the
Environmental Impact Assessment (EIA) process administered by BOEM pursuant to the federal National
Environmental Policy Act (NEPA) process. 12
All forms of energy generation have the potential to impact wildlife and communities. However, the
impact on wildlife is far less significant from wind power generation than traditional forms of energy
production, such as those based on fossil fuels (Saidur et al., 2011; Sovacool, 2012). The relatively
low impact of OSW on surrounding wildlife is due to a range of factors, including the fact that wind
power does not require the same level of resource extraction, or promote large-scale ecosystem and
noise pollution as compared to traditional power generation projects (Jarvis, 2005). Additionally, many
of the potential adverse impacts to wildlife, including noise pollution and increased vessel traffic, are
significantly worse during the construction phase of offshore wind development, and will taper off during
operations (BOEM, 2020). Due to the uncertain nature of several likely future changes—such as changes
in biodiversity patterns and future species redistribution—some impacts noted in this review are neither
positive or negative, but rather trends that NYSERDA is aware of, is working with stakeholders—notably
through New York State’s Technical Working Groups—to support active research to better monitor and
understand environmental changes and the intersections with this evolving industry, and will prepare for
to the extent possible. 13
Offshore wind also has the potential to influence waves and currents and therefore may in turn affect
how waves and currents impact coastal processes and consequently the shoreline. However, the proposed
locations of New York’s OSW developments, which are far from the coast and not closer than 14 miles
(see Figure A-1) from any New York State coastline, helps ameliorate many of the potential coastal and
community impacts discussed in the sections below and may even offer beneficial uses for wildlife in
addition to the anticipated benefits to humans through this new resource.
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Where understanding the potential impacts and benefits of offshore wind are of continuous focus for New
York, Table 3 details NYSERDA’s current activities pertaining to environmental research and offshore
wind. (For more information on specific activities, see Appendix B. NYSERDA Environmental Research
Offshore Wind Activities.)
Table 3. NYSERDA’s Current Environmental Research Offshore Wind Activities and
Associated Categories
NYSERDA Environmental
Research OSW Activities

Cumulative
Fishing
Impacts

Environmental

Navigation

Outreach

Predevelopment

Regional Wildlife Science
Coordinating
State of the Science Workshops
Wind Resource Assessment
Monitoring Protocols for Bird and
Bat Nanotag Studies
Understanding Ecosystem
Dynamics
Bird and Bat Research Framework
Regional Monitoring
Fishing and Environmental
Mitigation Plans
State OSW Fisheries Manager
and Recreational Fishing Liaison

3.1

Wildlife

3.1.1 Offshore Wind Impacts on Wildlife
The primary risks to wildlife associated with OSW farms are avian impacts and habitat alteration and
temporary noise in the marine environment. The primary avian impacts from Northeast U.S. OSW are
likely to be fatalities of birds and bats. Compared in terms of gigawatt-hours (GWh) of power generated,
avian fatalities per GWh associated with wind power generation are, on average, less than 3% of the avian
fatalities per GWh associated with fossil fuel power generation (Sovacool, 2012). Research indicates
that impacts to marine wildlife are largely temporary and localized, and for the most part can be mitigated
or avoided with proper pre-construction planning and considered operations and maintenance protocols
(Mahan et al., 2010).
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NYSERDA has developed a wind siting and biodiversity evaluation tool14 that may be valuable to
weigh potential impacts to wildlife and communities alongside energy generation capacity at different
OSW sites under consideration (NYSERDA, 2014b). NYSERDA may also draw on regional habitat
information from habitat mapping analyses (e.g., Guida et al., 2017) as part of this effort. Further,
NYSERDA will conduct offshore wind development in compliance with the national and sub-national
regulatory framework governing wildlife and coastal protection (NYSERDA, 2017a). This framework
involves federal laws and regulations, state laws and regulations, and policies by state and regional
councils and commissions (NYSERDA, 2017a; DOE, 2012).

3.1.1.1 Avian Wildlife: Bird and Bat Fatalities
When compared with risks that other forms of energy generation pose to avian wildlife, fatalities
associated with wind turbines are significantly lower than those associated with other energy sources
(Sovacool, 2012). A comparison of fatalities per gigawatt-hour (GWh) of electricity generated found
that wind farms resulted in approximately 0.27 avian fatalities per GWh, compared to 0.6 fatalities
per GWh for nuclear power plants and 9.4 fatalities per GWh for fossil fuel power stations (Sovacool,
2012). At the California Altamont Pass wind farm, for example, where recorded avian mortality rates
appeared high, cost-benefit calculations that also included the benefits to avian populations of reduced
pollution associated with wind generation found the wind farm not only reduced avian mortality but
also benefited human health (Sovacool, 2012).
In general, a greater density of birds and bats around turbine sites is associated with higher mortality
rates. Additional research on bats’ offshore activities and how bats may interact with distant offshore
wind turbines is an area recognized by the offshore wind industry as warranting increased study. A
recent study reviewing existing research found that a variety of migrating and non-migrating bat
species may venture to offshore wind farms and predicted that the phenomenon of bats colliding
with onshore turbines could translate into an offshore phenomenon (Pelletier et al., 2013). However,
in New York State’s anticipated OSW environment, at greater than 14 miles offshore, the density of
birds and bats is low.
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Both turbine design and siting and climate factors may influence avian risks. Similar turbine height and
elevation of local or migrating species’ flight zones, and turbines’ proximity to regions with high avian
concentration (e.g., migratory routes or along coastlines), are associated with higher fatality rates onshore;
locating turbines more than 14 miles offshore may therefore mitigate fatality risks (FWS, 2018). For
example, higher turbine height is correlated with greater numbers of bat fatalities due to flying patterns
(Barclay et al., 2017).
Climate factors that alter avian activity may also influence rates of avian mortality due to interaction with
OSW turbines. Specifically, warming temperatures may drive higher fatality rates on wind farms. A study
on bat activity on an onshore wind farm in the Mediterranean found avian fatality rates were positively
correlated with temperatures and relative humidity—authors theorized this was due to increased insect
activity driving increased bat activity in warmer temperatures—while fatalities were negatively correlated
with wind speed (Amorim et al., 2012).
Acoustic monitoring of avian calls—in particular, nocturnal flight calls—has been used to study avian
activity with the goal of assessing potential for avian fatalities at a given location, though there are
recognized limitations to this method (NYSERDA, 2012b).

3.1.1.2 Marine Wildlife: Underwater Sound and/or Habitat Alteration
Offshore wind impacts on marine wildlife, such as habitat alteration or displacement, addition of
underwater noise and vibration, and in some cases wildlife mortality, are concerns that NYSERDA
is considering in development of its offshore wind program.
Sounds associated with construction necessary for farm scoping and turbine installation may be
detrimental to marine fish and mammals, and other marine wildlife (Thomsen et al., 2006; Matuschek
and Betke, 2009). Techniques such as wildlife warning signals and “bubble curtains” can be used to
reduce noise levels and increase the distance of wildlife from the noise during the period of construction
(Mahan et al., 2010). Previous studies have also found that marine wildlife migrates away from farm
sites during construction when noise becomes significant, even without warning signals (Leonhard et al.,
2013). The main climate factor that affects how and where sound disperses underwater is water
temperature (NOAA, 2019).
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Once built, wind farms may alter marine ecosystems and habitats through changes to local ecosystems
and/or development of “artificial reefs,” where underwater turbine structures attract mussels and fish
(ten Brink and Dalton, 2018). These “reefs” may lead to temporary fish aggregation, particularly of reef
fishes. Some studies have found that they do not significantly alter fishing opportunities in the area
(ten Brink and Dalton, 2018; Leonhard et al., 2013), while others have found local habitat and
biodiversity could be improved by the “reefs” (NYSERDA, 2017a).

3.1.1.3 Climate Change and Impacts of Offshore Wind on Wildlife
Climate change can modulate the relationship between OSW turbines and coastal wildlife. In particular,
climate change can cause ocean and atmospheric warming, corresponding changes in species distribution
and ecosystem function, and increased species endangerment and extinction. This section provides
information regarding these potential changes.
Climate change already drives global redistribution of species and alteration of migration patterns due
to changing environmental conditions such as air and water temperature, as well as shifts in ecosystem
function and resource availability (Pecl et al., 2017; Sugden, 2017; Horton et al., 2020; Dupigny-Giroux
et al., 2018). Climate change is also already causing faster endangerment and extinction of species and
is likely to continue to do so at an increasing rate in the future (Román-Palacios and Wiens, 2020).
Together, these climate stressors may intensify caution around risks to wildlife, including those
associated with OSW. Looking forward, the exact location and extent of future species endangerment
and redistribution, and potential associated changes in protection, are not known. The degree to which
these changes will be relevant to energy generation projects including OSW development are site-specific
as well as dependent on environmental and societal shifts.
Additionally, in relatively shallow ocean areas such as the middle continental shelf, changes in water
depth and density, acoustic properties of the sea floor, and wind and wave action due to climate change
may affect sound transmission (Lynch et al., 2018). Given the extent to which shallow water regions
vary, the resulting effect in a specific area will depend on local conditions proximal to wind turbines.

3.2

Community Impacts

The common potential community impacts associated with offshore wind development—particularly
noise and coastal impacts—will be significantly mitigated by the location of the wind farm being more
than 14 miles offshore with visibility limited to clear conditions and representing the equivalent size on
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the horizon of the quarter of your thumbnail when visible at all. Impacts of localized vertical air mixing
(Armstrong et al., 2016; Roy and Traiteur, 2010) on coastal communities are unlikely to be significantly
altered by climate change. Because sound attenuation with distance is only weakly linked
to ambient temperature, future increases in atmospheric temperature are unlikely to impact OSW sound
levels for nearby communities (NYSERDA, 2013a). Likewise, average turbine visibility is unlikely to
be significantly influenced by changes in climate.
Coastal communities in New York State are some of the most vulnerable to certain effects of climate
change by nature of their location. For example, flooding from sea level rise and the increased severity
and frequency of storms impact coastal communities the most. As Figure 8 depicts, coastal areas are
also host to many environmental justice areas (i.e., primarily low income and minority communities).
As such, in many areas these coastal communities bear dual burdens of greatest risk of impacts due to
their location and greatest vulnerability if exposed (e.g., lacking resources to quickly or fully recover).
This environmental justice issue is already visible, exemplified by the effects of storms like the 2012
Super Storm Sandy, which incurred over $65 billion in damages to the United States15 with impacts
particularly notable in New York State and New Jersey, and for which future flooding mitigation
solutions are being proposed.
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Figure 8. Potential Environmental Justice Areas
Department of Enviornmental Conservation, 2020.
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Figure 9. Map of New York City Flooding from Hurricane Sandy, October 29, 2012
Dotted red lines show proposed future storm barriers.
Federal Emergency Management Agency, National Institute for Coastal & Harbor Infrastructure.

Moreover, many of these communities, notably in the New York City metropolitan area, also experience
higher concentrations of fine particulate matter (PM2.5) and ozone, which can lead to health impacts
including respiratory and cardiovascular disease. These high pollutant levels are estimated to be
associated with more than 2,000 premature deaths, 4,800 emergency department visits for asthma,
and 1,500 hospitalizations (NYSERDA, 2018). Further, most of the emissions from peaker plants
occur during the summer season, when pollution from ozone is already high, and urban heat island
effects compound the risks to health-vulnerable populations.
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As an example, two Bronx communities that host older peaker plants (Mott Haven and Melrose) have
three times the citywide rate of asthma-related emergency room visits by children between the ages of
five and 17. 16 The novel coronavirus (COVID-19) pandemic has exacerbated and further shined a light
on these injustices. The costs imposed on the health of adjacent communities is also significant because
these plants are often sited near highways where emissions from the plant compounds the effects of
traffic-related pollutants.
Figure 10. Air Quality in New York State Metropolitan Area
NYC Department of Health, 2019.

Environment justice factors stemming from pollution from peaker plants and the risks caused by climate
change vulnerability to flooding highlight the severity of impacts against which coastal communities
will need to build resilience. These risks offer important context for the policies that inform New York
State’s approach to its OSW goal of delivering 9 GW by 2035. Significant direct and indirect benefits
to coastal communities in the State are anticipated from the development of offshore wind, including
the responsible transition away from dirty peaker plants to provide local energy while meaningfully
improving air quality in those more vulnerable communities; investment in grid hardening and
resource diversity; port infrastructure investment that will enable maritime industries and support
coastal community logistical needs; and the creation of thousands of jobs by 2035.
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3.2.1 Turbine Sound and Human Perception
Turbine sound affecting coastal communities can be mitigated through a range of factors, such
as compliance with local, federal, and international wind turbine sound limit guidelines, and siting
turbines far from the coast (NYSERDA, 2013a). The distance that turbine sound travels is affected
by a range of turbine-related (e.g., size, condition, and number of turbines) and climate-related
(e.g., wind speed and direction, air temperature, atmospheric conditions) factors (NYSERDA, 2013a).
The significant offshore distance associated with the planned developments likely means their impact
on adjacent coastal communities will be negligible. For example, several studies found that sound levels
were between 20 and 50 dBA 17 at distances ranging from 0.30 to 0.40 miles from turbines, which are
similar to levels ranging from a whisper to typical sound levels inside a home (NYSERDA, 2013a).
At 10 miles or greater, turbine sound will be imperceptible to coastal communities.

3.2.2 Coastal Dynamics
Dynamic processes such as tides, waves, and currents influence coastal sediment transport through
longshore drift18 and erosion. OSW developments have the potential to influence waves and currents
and therefore may in turn affect how waves and currents impact coastal processes. An OSW project’s
Environmental Impact Assessment may include modeling of the potential impacts and revisions to design
parameters affecting ocean water transport such as the diameter of monopile foundations (ESTU, 2002).
Construction of different types of turbine foundations—such as monopile, gravity, tripod, and
floating—will have different impacts (ESTU, 2002) that can be considered in the project design phase.
One study investigating turbine foundations in the U.K. validated the ability to model coastal impacts
and did not find significant wave impacts or impacts on sediment transport processes, at large spatial
scales, for projects after completion (Lambkin et al., 2009). Design guidelines and environmental impact
assessments can incorporate the latest understanding of climate change driven changes in waves and
currents into coastal impact models.
With marine transportation offering an increasingly low-carbon alternative for coastal commerce
and logistics, investments in port capital infrastructure that will buttress these facilities against dynamic
coastal processes will not only enable supply chain activities related to offshore wind but also have
the potential to offer benefits to other industries and to service coastal community needs.
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3.3

Maritime Commerce

3.3.1 Shipping
Wind farms and turbines are typically placed outside of main shipping routes to avoid infrastructure
damages such as transmission or mooring lines being snagged by passing vessels.
Though global shipping routes are projected to see significant changes due to climate change and Arctic
melt, the study team did not identify research linking these changes to the areas of the U.S. East Coast
under consideration for OSW development.
Conversations between government agencies and industry stakeholders on the interaction between
OSW farms and maritime shipping and navigation are currently underway. A 2017 NYSERDA study
on potential shipping and navigation risks to offshore wind farm development identified the primary
concern as proximity to shipping and traffic routes, particularly high-traffic or high-convergence routes
(NYSERDA, 2017b). The U.S. Bureau of Ocean Energy Management (BOEM) and Coast Guard (USCG)
are in discussion around how OSW energy and maritime industries such as fishing and shipping can
coexist well (BOEM, 2018). With this goal in mind, Port Access Route Studies (PARS) such as the
ACPARS and MARIPARS have been developed (e.g., ACPARS, 2015; Coast Guard, 2020); regulations
and guidelines around development and land management are under consideration; and at a recent
workshop, representatives from the responsible agencies as well as industry stakeholders discussed
their respective needs and roles, with the aim of continuing discussion (BOEM, 2018).

3.3.2 Commercial and Recreational Fisheries
Investment in renewable offshore wind energy has the potential to mitigate the release of greenhouse
gas emissions associated with nonrenewable energy sources and, in turn, mitigate species redistribution
caused by climate change (NYSERDA, 2017a).
Under ocean warming conditions associated with climate change, many fish are projected to move away
from their traditional habitats in seeking the same water temperatures they are used to. On the Northeast
coast of the United States, this will translate into fish moving north as Atlantic waters warm (Goldfarb,
2017). There remains uncertainty around exactly when and where different species will move (Pecl et al.,
2017; Sugden, 2017), and as such it is unclear exactly how this redistribution may enhance or stress
fisheries near the potential offshore wind developments.
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Ocean waters off the northeastern United States are home to a range of fish species and, in turn,
recreational and commercial fisheries (NYSERDA, 2017a). An evaluation of the potential adverse
impacts to fish and fisheries that could be introduced by the development of an offshore wind
farm include (NYSERDA, 2017a) impacts pre-construction, during construction, and during
operation/following construction. Pre-construction, the primary impacts to fish, which may include
seafloor disturbance noise generated by survey equipment, could temporarily hamper local fishing
activities. During construction, impacts such as changes in water turbidity and suspended sediments,
disruption of habitat, and increased noise levels could temporarily displace local fish populations and
hamper local fishing activities. Local fisheries could be restricted during construction due to safety
concerns. Finally, after construction is complete and turbines are in operation, there may be a variety
of direct impacts to fisheries and indirect impacts to fisheries through impacts to fish populations.
Direct impacts to local fishing practices may include increased potential for damage to fishing gear
and vessels through contact; financial risk associated with increased risks to fishing materials, increased
complexity in fishing around the wind farms and increased competition in surrounding areas, and changes
in availability and species of local fish; and navigational challenges. Impacts to fish, which may affect
local fish stocks and fishing practices, may include sensory disturbances, development of new reef-like
habitats in what was previously open water, and shifts in fish availability and inter-species competition.
Offshore wind developments and management are engaging in a range of initiatives to mitigate potential
risks and ensure vital fisheries in the future. For example, NOAA Fisheries is working in conjunction
with BOEM and developers of offshore wind projects to ensure that the needs of marine habitats and
fisheries are involved in project development and partnering with regional and international fisheries
management councils (NOAA Fisheries, 2020).
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4 Evolving Opportunities for Offshore Wind
Resilience
This section examines a range of evolving design opportunities to build resilience of OSW for the
climate factors identified in section 1 of this report, and with the anticipated projected changes as
discussed in section 2. Design and material options for turbines are included as are technology options
related to wind turbine operations to improve performance in low-wind conditions or reduce loads and
potential damage in high-wind conditions. Resilience options for coastal ports and onshore electrical
infrastructure are explored as are options to build resilience against human stressors. Finally, we
discuss some strategies to mitigate climate risk for project financing.
This report identifies several ways in which climate change may impact OSW, such as reducing
revenues and increasing lifecycle costs. Some adaptations, such as revising foundation elevations to
address sea level rise, are likely to be relatively incremental while others like building robustness against
extreme storms are likely to require more investment and increase project costs. The incremental costs
of adaptations to climate change are best viewed in terms of the value they can provide to support meeting
a project’s performance objectives. 19 The additional cost of adaptation can offer a favorable return on
investment by reducing risk such that lower financing rates and improved underwriting are available to a
project. Indeed, the potential for climate change to impact OSW dictates that there is a
cost to not incorporating adaptations. This is an area where state leadership can support growth by
helping the industry to more effectively value these options.
Figure 11. Resiliency Risk Analysis Framework
RWDI, 2020.
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The approach taken by an offshore wind project and by the State in considering potential resiliency
adaptations should follow a form of recursive risk analysis that considers the detailed context of the
subject and its specific exposure, vulnerabilities, and risks to support an appropriate design response
(Figure 11). Where this study does not prescribe the adoption of any specific adaptations, it initiates a
dialogue with the industry and with stakeholders to promote awareness of resiliency approaches as a first
step to NYSERDA’s strategic focus on resiliency in keeping with NYSERDA's Strategic Plan, Toward a
Clean Energy Future: A Strategic Outlook 2020–2023.
Where the CLCPA squarely recognizes the front-line experience of Disadvantaged Communities in the
fight against climate change, the opportunities for offshore wind resiliency listed in this section should
be furthermore considered as an opportunity to consider how these adaptations can best intersect with the
delivery of benefits including workforce development, training, jobs creation, and economic development
broadly to Disadvantaged Communities, and the critical partnerships to advance such important benefits.

4.1.1 Wind Speed
As discussed in section 2, since 2010 global wind speeds have increased from about 3.1 to 3.3 m/s
translating to a 17% increase in potential wind energy for the average wind turbine (Zeng et al. 2019).
However, while the recent speed up could persist for several decades, natural variability may also yield
future declines (Zeng et al. 2019) and when considering the resiliency of OSW projects, planners should
acknowledge this uncertainty and potential impacts of natural climate variability on future windspeeds.
Recognizing the impact of wind speed on a turbine’s performance is discussed earlier in this report,
several things can be done to mitigate the impact of an increase or decrease of wind speed on overall
turbine power production and performance. In general, a decrease in wind speed results in reduced power
production and increased idle time while an increase in wind speed can result not only in reduced power
production but also in potential component damage or turbine system failure.
A variety of design options are available to mitigate the impact of wind speed on a turbine’s performance.
These lift modification devices use technologies that can be active (i.e., requiring dynamic activation
and/or electrical mechanisms) or passive to either improve performance in low-wind conditions or
reduce loads in high-wind conditions.
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Passive technologies are used to “design in” changes in turbine performance based on operating
conditions. These technologies, such as vortex generators, gurney flaps, and stall strips, all work
to improve turbine performance in low-wind conditions. The following three images show how
these technologies are deployed on wind turbine blades (Figure 12). Gurney flaps act as chord extenders
on the inboard span of a blade and work to improve the aerodynamic performance of this section of
the blade (Giguère, Lemay and Dumas, 2012; Saenz-Aguirre, 2019; Nikoueeyan et al., 2015). Vortex
generators are installed on the suction side of blades and help to maintain laminar air flow over the
blade, thus improving the aerodynamic performance of the blade (Martinez et al., 2016; Hu et al., 2016),
and particularly to boost power production in low-wind conditions. Vortex generators can improve the
efficiency of turbines and increase annual energy production by 2–3% (Sharpley, 2015). Stall strips are
lift-modifying devices that are typically installed on the leading edge of portions of wind turbine blades
to modify the air flow around the airfoil shape so that stalling effects are adjusted, improving
performance-reducing loads in high-wind conditions (Tee et al., 2017).
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Figure 12. Close-Ups of Lift Modification Devices
(a) Vortex generators, (b) gurney flaps, and (c) stall strips.
Source: CFI Notebook, Smart Blade, Vestas.

Active technologies typically need to be installed during manufacturing as they require power for
actuation and tend to be installed in the outer span of the blade which is inaccessible after manufacture.
Once the blade is manufactured, most retrofit add-ons can only be installed on the external surface of
the blade or the accessible inner span sections of the blade interior that are limited by blade size. Some
examples of active technologies include microtabs and flaps on wind turbine blades and LIDAR for the
turbine system (van Dam et al., 2008). Microtabs are actuated dynamically during operation to adjust
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and/or disrupt the airflow over the blades. Flaps can be used to adjust the camber or curvature of the
blade airfoil, in much the same way as they do on airplane wings (van Dam et al., 2008). Some turbine
OEMs offer high wind speed derating control beyond cut-out, where the turbine gradually reduces
power production above cut-out rather than completely stopping production (Vestas, 2019).
A unique technology that bridges the gap between design and operation is LIDAR. A LIDAR system
(Light Detection and Ranging) allows the turbine to scan in the upwind direction to predict the wind
that is approaching the turbine rotor. The turbine can then pitch the blades and/or reposition the rotor
by proactively turning the wind turbine towards the incoming wind (Aitken et al., 2012; Mikkelsen et al.,
2010). LIDAR systems can be ground- or turbine-mounted (Morris, 2011) and can be forward- or
upward-looking, depending on installation. LIDAR has become more commonplace within the wind
industry and allows the turbine to better optimize operation in changing wind conditions, including both
improved power performance in low-wind as well as load mitigation in high-wind (Dunne et al., 2011;
Mikkelsen et al., 2010). LIDAR systems can be installed during initial turbine erection or at a later time
as an add-on to the system.
Another option to build resilience is to develop a wind turbine that uses a more robust design than is
typically used in the current wind industry, where wind turbines are generally designed to closely match
the loads expected for a specific site in accordance with the IEC 61400-1 and -3 guidelines. Such a design
should operate well in a variety of wind conditions as compared to a focused design that is optimal in a
limited wind regime only (Cognet et al., 2017). The use of wind regime in this context is to define the
overall wind loading and annual/seasonal variation for a given site. This design would result in additional
design margin in the overall turbine. The wind industry has started to investigate a shift to this type of
robust design philosophy in current offshore wind turbines. For example, the current large-scale offerings
from GE and Siemens both use more robust, over-sized direct drive generators.
Operational measures to address wind speed impacts on turbines include using the active technologies
discussed above to make active load control reductions. Active load control involves the wind turbine
controller making dynamic changes to the turbine positioning such that an overall loading level into
the turbine system is maintained. This may involve the use of independent or collective pitch controls
(van Dam et al., 2008), derating or curtailment at higher wind speeds before cut-out (Aho et al., 2012),
or use of very fine pitch settings to increase power production at lower wind speeds below rated.
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Increased maintenance efforts can be used to help reduce the impact of changing wind speed on
wind turbines. This can include increased turbine and component inspections to catch damage more
quickly (Kuiler et al., 2018). Improved remote monitoring of the turbine health to more quickly and
accurately detect problems or issues can also help mitigate the impact of variable wind speed and loads.

4.1.2 Wind Consistency and Geographic Distribution
4.1.2.1 Directional Consistency and Predictability
As described in section 2, the impact of wind directional consistency and predictability on a turbine’s
performance is an important consideration. In summary, less consistent, more variable wind can lead
to reduced power production; a change in wind direction requires the turbine to adjust the rotor heading to
“chase” the prevailing wind direction; and an increase in the variability of wind direction will require an
increase in the frequency of the turbine repositioning the rotor. Greater frequency of rotor repositioning
will increase the wear and tear on the turbine yaw system components, potentially resulting in reduced
component life and/or more frequent maintenance requirements. Mitigating the effects of changing
directional consistency and predictability on overall turbine power production and performance
continues to represent an area of significant focus in wind turbine design and manufacturing.
As described in the preceding section, one design option is to create a wind turbine blade design that is
optimal for a large range of incoming wind angles. Such a design should operate well in a variety of wind
directionalities as compared to current industry designs that are optimal in a narrow section of operating
wind environments.
Another design option currently in use in the wind industry is to utilize pitch and yaw systems that are
more powerful, robust, and can handle higher loading. These systems would potentially allow the turbine
to respond more quickly, smoothly, and consistently to wind direction changes without affecting power
production, particularly at high or extreme wind speeds. Additionally, use of a LIDAR system to scan
the upstream air conditions before they impact the rotor can improve the turbine performance, particularly
in turbulent and/or chaotic wind conditions. The combined use of a LIDAR system with more robust pitch
and yaw systems can help mitigate the impacts of changing wind directionality. These designs are
becoming more common in the wind industry, particularly for offshore wind turbines. An example of this
design option is Enercon’s Storm Control controller feature, which slows the wind turbine down so that it
can continue to operate at high wind speeds. This is essentially a high wind speed curtailment used during
storm events (ENERCON, N.d.).
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Increased maintenance efforts can be used to help reduce the impact of lower wind direction consistency
and predictability on wind turbines. This can include increased turbine and component inspections to
catch damage more quickly as well as remote sensing for pitch and yaw lubrication degradation rates.
Improved remote monitoring of the turbine health to more quickly and accurately detect problems or
issues can also help mitigate the impact of variable wind speed and loads.
The wind industry has been shifting from gearbox generators to direct-drive generators for the very
large offshore wind turbines currently in development, prototyping, and commercial sale. Although
these direct-drive generators are more expensive than gearbox generators, because of fewer moving
parts, they have lower inspection and maintenance costs.

4.1.2.2 Geographic Distribution
The initial project siting analyses and optimization has the greatest potential to address changes in
the geographic distribution of wind for OSW developments. A geographically diverse portfolio of
projects also serves to provide resilience to changes in geographic distribution of wind. The NYS
OSW lease areas in the New York Bight span a distance of over 120 nautical miles, providing a
measure of geographic diversity.

4.1.3 Wind Shear
Increasing the turbine hub height using taller towers would help to mitigate the impact of increasing
vertical shear in offshore wind turbines. Horizontal shear results in a loading imbalance on wind turbine
rotors which requires active turbine yaw and pitch response that over time increases component wear and
tear and reduces useful lifespan and may reduce power output. For horizontal shear, mitigating design
options include the use of LIDAR systems to scan the upstream incoming wind before it gets to the rotor
to enable proactive actions to minimize loading imbalance and its impact to component wear and power
production, in addition to the use of more robust pitch and yaw systems. Combining LIDAR with robust
pitch and yaw systems would enable the wind turbine to handle increased rotor load imbalances due to
horizontal shear.
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A decrease in both vertical and horizontal wind shear should have minimal impact on turbine
performance and loading. Any turbine properly selected and installed in a given site should already
be able to withstand the expected wind loading during its lifetime. Any reduction in wind shear should
have little impact on turbine performance, as it would represent the wind becoming more optimal for
power production.
Increased maintenance efforts can be used to help reduce the impact that increased wind shear would
have on wind turbines. This can include increased turbine and component inspections, specifically for
blades, drivetrains, and gearboxes, to catch damage more quickly and enact repairs.

4.1.4 Sea Level Rise
The New York State Community Risk and Resiliency Act requires certain State expenditures and projects
to consider climate risks, including sea level rise projections. Current OSW system design practices for
foundations provide resilience beyond the maximum projected increases in sea level of around 1 meter
by 2050 as shown in see Table 2. This is because, as per international design standards, the “air gap,” the
distance from the sea level to the tower/foundation connection, must be at least 20% of the length of the
“50-year significant wave height” (DNV GL, 2018). For example, assuming a 50-year significant wave
height of approximately 50 ft, (NOAA, 1972) the air gap requirement is 10 feet, which is more than triple
the expected sea level rise projection. Given that Table 2 shows a less than 1-meter sea level rise, the
current requirement for the air gap of an offshore wind turbine should already be sufficient to handle
sea level rise due to climate change.
In order to address further projected sea level rise, the design elevations of future fixed foundations for
OSW components (wind turbines, substations or converter stations) can reflect sea level projections to
avoid water damage and corrosion of nonresistant components. For floating turbines, the design lengths
and tensions of mooring lines can similarly incorporate projections to be sufficiently resilient.

4.1.5 Extreme Weather
Extreme weather drives the limits of wind turbine design, often the cause of the highest loading a
turbine will see in its lifetime (Rose et al, 2012). If climate change causes an increase in the frequency
or intensity of extreme storms, there would be an increased likelihood of wind turbine damage and output
disruptions. An increase in extreme weather, specifically wind and wave loading, may push the turbine
outside of its design margin and could cause component damage or system failure. Wind turbines do not
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typically operate during extreme weather events (Worsnop et al., 2017; Rose et al., 2012). Any such
increases need to be accounted for in the turbine and wind farm design phases to ensure the design load
envelope anticipates these needs to the extent practicable (Rose et al., 2012). There are several options
available to improve a turbine’s resiliency to extreme weather and changes in extreme weather.
Design options to improve wind turbine resiliency to increases in extreme weather strength or frequency
can involve improving the robustness of the turbine system. Heavier or stiffer blades can endure higher
extreme loading (NREL, 2016). Stronger or additional pitch and yaw motors allow the wind turbine to
respond and change orientation under extreme weather. Other more radical designs such as split pitch
and two-bladed turbine layouts enable turbines to more efficiently “ride out” extreme weather events
without damage. Split pitch moves the pitching mechanisms out along the blade length, reducing the
load needed to pitch the blades. Two-bladed turbines can orient the blades tip-on into the wind to reduce
loading (Kim et al, 2015). These more radical designs are often designed to withstand hurricane
and/or typhoon loading, sometimes called “typhoon proof” in commercial materials (SME, 2020).
In addition, there are operational adjustments that can be made to improve the resiliency of offshore
wind turbines in extreme weather events. As mentioned before, wind turbines do not typically operate
in extreme weather. The turbine goes into an idle configuration, where blades are feathered into the
wind, the rotor is allowed to slow-roll, as needed, and power is not produced (DOE EERE, N.d. A).
Depending on the type of extreme weather, wind turbines can be programmed to adjust the turbine
orientation to minimize the extreme loading into the turbine system. For most traditional three-bladed
turbine machines, maintaining rotor orientation into the prevailing wind with blades feathered will
maintain the minimum possible loading given the environmental conditions. However, some turbines
designed for extreme offshore weather such as typhoons and hurricanes, can orient their rotors sideways,
edge-on to the wind to reduce overall loading. Other more radical turbine designs, such as down-wind
turbines, allow the rotors to “wind vane” with the wind to find the minimum loading condition. The term
“wind vane” means to allow the wind loading to adjust the yaw orientation of the turbine rotor passively.
This enables down-wind turbines to passively have optimal rotor positioning. All these operational
options enable the turbine system to withstand extreme loading conditions such as extreme weather
without sustaining damage.
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Maintenance options to improve offshore turbine resiliency consist predominantly of increased and
improved inspections and monitoring. This can include increased turbine and component inspections
to catch damage more quickly as well as remote sensing for pitch and yaw lubrication degradation rates.
Improved remote monitoring of the turbine health to more quickly and accurately detect problems or
issues can also help mitigate the impact of variable wind speed and loads.

4.1.6 Waves
The impact of waves on offshore wind turbines is discussed in previous sections of this report. As with
a reduction in wind, a reduction in waves should have little to no effect on offshore wind turbines. An
increase in wave loading can impact foundation and tower bottom loads in addition to loading into
transmission and structural cabling (Kalvig et al., 2014).
Fixed foundations will be more susceptible to wave loading. Robust design options can be used to
improve offshore turbine resiliency to increases in wave loading. Heavier and more massive foundations,
larger tower bottoms, and larger and/or more numerous foundation bolts can be used to increase the
amount of wave loading a turbine can withstand (Bhattacharya, 2014).
Floating offshore foundations can potentially “ride” the wave amplitude loading better than fixed
alternatives. However, the frequency of the waves may impact the fatigue life of both types of
foundations, depending if the fundamental modes of the foundations are close to the frequency of
wave loading. Also, the structural cabling used to maintain general positioning of the floating turbine
may experience reduced fatigue life if the frequency of waves impacting the turbine system increases.
This potential reduction in fatigue life can be addressed in the design phase of the project. Operations
and maintenance actions have minimal ability to provide resilience; however, increased inspection
frequency and remote monitoring can be used to minimize damage caused by waves.

4.1.7 Precipitation
4.1.7.1 Rain, Water, and Ice
The impact of ice on offshore wind turbines is discussed in previous sections of this report. The following
paragraphs discuss options to improve offshore turbine resiliency to ice.
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Wind turbine OEMs already offer several optional design additions for blades to address issues with
ice accumulation. These include hydrophobic blade coatings that diminish and/or prevent ice collection
as well as heating systems, both electrical and fluid-driven, to reduce or eliminate ice along the blades.
Typically, these are suggested for use in cold weather climates.
Real-time health monitoring of wind turbines can be used to monitor rotor imbalance as well as power
production. This can be used to determine when there is sufficient ice build-up on the blades to create a
mass imbalance and/or negatively affect power production. When such ice build-up occurs, the turbine
can deice the system by using heaters or pumping hot air or liquid throughout the at-risk components.
Increased maintenance efforts as well as the use of blade heating devices in areas that experience frequent
icing conditions can be used to help reduce the impact that ice has on wind turbines. This can include
increased turbine and component inspections, specifically for blades, to catch damage more quickly and
enact repairs. Remote visual inspections using drones may also help with increased turbine monitoring
and inspection.

4.2

Coastal Infrastructure and Ports

The extent to which port operators consider climate change impacts and adaptation in their
planning varies across the globe. A 2018 survey done by the United Nations Conference on Trade
and Development found that although 70% of ports had emergency response measures in place for
extreme events, 40% of respondents reported not having or planning relevant vulnerability assessments
and the same percentage had not yet carried out any work to identify and evaluate potential adaptation
measures (Asariotis, et al., 2018).
Resilience options for flooding due to sea level rise and storm surge include elevating port infrastructure,
using storm-resilient pier and wharf designs and building sea walls. Natural and nature-based features
(NNBF) (e.g., engineered wetlands, oyster reefs) can often provide flood protection and resilience for
coastal infrastructure while also providing additional benefits such as wildlife habitat and reduced coastal
erosion. Additional options are targeted protection of electrical and mechanical systems within buildings,
such as elevated platforms or waterproof rooms to house critical infrastructure. For flooding due to heavy
precipitation, drainage systems can be installed where needed and existing systems can be
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expanded to accommodate the expected increase in water flow. Paved areas such as parking lots
can be designed with porous surface technologies that can absorb water and reduce flooding. Green
infrastructure can help minimize industrial runoff by collecting and managing rainwater and preventing
it from entering local sewer systems. This supports local water quality and reduces the burden on
combined sewer systems which is important for workforce and community resilience. Operational
measures include clearly defined protocols for moving materials out of harm’s way or temporarily
offsite when storms are anticipated. Maintenance actions may include more frequent dredging of
channels to keep them clear of debris and silt build-up following severe storms. 20
Because of the significant land area occupied by ports, they provide an opportunity to help reduce
the urban heat island effect. 21 Strategies for mitigating urban heat islands include increasing tree and
vegetation cover, green roofs, cool (mainly reflective) roofs and cool pavements. Tree and vegetation
cover lowers both surface and air temperatures by providing shade. Green roofs include a vegetative layer
to reduce roof temperatures which reduces nearby surface temperatures. Cool roofs are made of materials
or coatings that reflect sunlight and heat away from buildings. Cool pavements use materials that remain
cooler than conventional pavements by reflecting more solar energy and enhancing water evaporation.
For high-wind events, the initial design of permanent structures such as piers, berths, and buildings
can include consideration of high winds. Existing structures, to a practical extent, can be upgraded to
withstand the expected winds over the life of the infrastructure. Operational measures such as lowering
and securing cranes and other equipment may also be used to reduce risk during high-wind events.
Ports have the potential to impact air pollution and greenhouse gases (GHG) in the areas in which they
are located. The U.S. Environmental Protection Agency (EPA) has developed a Ports Initiative22 to
reduce air pollution and GHGs, to achieve environmental sustainability for ports, and improve air quality
for near-port communities. The initiative addresses emissions from major sources including ocean going
vessels, harbor craft, rail, cargo handling equipment and regional trucking. Emissions reduction strategies
include fuel economy improvements, low sulfur as well as hydrogen fuels, electrification, and emission
control technologies.
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4.3

Electrical Infrastructure

4.3.1 Ocean-Based Electrical Infrastructure
Offshore wind collection or inter-array cables and export cables as well as cable landings can be
impacted by extreme storms through scour and erosion. A first set of options for resilience includes the
design of the inter-array cable configuration. Figure 13 shows a range of cable configurations for OSW
inter-array cables with power generally flowing from right to left in the diagram. The single collector
radial configuration is the simplest and lowest cost configuration. However, it is more susceptible to
reductions in output due to cable failures than the other designs because there is a single path for power
to flow back to the collector bus. Alternate designs that incorporate redundancy features such as
additional return lines and ring topologies have the potential to provide higher reliability although
at higher cost because of the additional cabling and other infrastructure such as circuit breakers.
Figure 13. Offshore Inter-Array Cable Configurations
Source: NREL Offshore Wind Electrical Systems.
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There are several resilience considerations for the OSW export cable system. For large transmission
capacities, as will be required for the transmission of 9 gigawatts of power, multiple systems and cables
must be used because the capacity of a single cable is typically no higher than 600 to 700 megawatts.
The use of multiple systems and cables provides redundancy and reduces the impact of the failure of any
single component. Another consideration is the choice of whether to use high voltage alternating current
(HVAC) or high voltage direct current (HVDC) transmission. The choice between HVAC and HVDC
depends on the amount of power to be transmitted, the voltage level and the distance to the connection
point in the transmission grid. The higher the amount of power to be transmitted and the greater the
distance to the interconnection point, the more HVDC is economical. For HVDC systems, the choice
of configuration can provide additional resilience against cable damage caused by extreme storms. The
simplest HVDC configuration is a monopole design which uses a single cable as one side of the electrical
circuit and the earth as the other side. A symmetric monopole configuration uses two conductors, one
with positive polarity and one with negative polarity, and allows for double the capacity of a traditional
monopole link. Both monopolar configurations have no redundancy to operate if one of the cables is
damaged and out of service until a repair is made. In a bipolar configuration, there are two conductors,
one operating with positive polarity and one with negative polarity which allows for double the capacity
of a traditional monopole link. There is also a ground conductor which allows the system to operate at
one-half capacity in the event either of the two main conductors are damaged, thus providing an added
level of resilience to the export cable system.
Most of an OSW cable system is buried beneath the ocean floor, but floating foundation systems have
a portion of the cable system exposed to ocean currents as it transitions from the foundation to the ocean
floor. Standard design practices consider wave motion by incorporating bend stiffeners, which provide
strength against flexion; buoyancy modules that help maintain cable shape and reduce tension loads;
and touchdown protection that reduces the risk of damage where the cable transitions to a buried
configuration. The OSW cable industry offers “resilience cables” for harsh environments that are
designed to withstand more frequent and severe flexion over their lifetimes.
Even buried sections of OSW inter-array and export cables may be susceptible to wave caused scour,
the erosion of the ocean bottom that may expose the cables and increase the risk of movement and
subsequent damage. The OSW industry has developed several methods to minimize the potential for
scour. A typical method is the use of a subsea mattress that sits on the sea floor and prevents ocean
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currents from interacting with and eroding the seabed. Mattresses can be made of concrete, engineered
plastics and even repurposed vehicle tires and through surface chemistry and design can be enhanced to
promote the cultivation of NNBF and beneficial ecosystems via habitat creation that serve to improve
adherence to the seafloor further reducing the effects of scour (Perkol-Finkel and Sella, 2015).
Offshore wind transformer stations which increase the voltage of the electricity for transmission to shore,
and converter stations, which, in some installations, convert the alternating current output of the wind
turbines to direct current for transmission to shore, can be impacted by severe storms. Resilience options
for these stations include heavier and more massive foundations, larger tower bottoms, and larger and/or
more numerous foundation bolts which can be used to increase the amount of wave loading a structure
can withstand (Bhattacharya, 2014).

4.3.2 Onshore Electrical Infrastructure
Onshore substations, which receive the electricity from OSW export cables and provide connection to the
energy grid, can be vulnerable to sea level rise and storm surge if they are located near the shore. Industry
practices for hardening substations against flooding involves a defense-in-depth strategy which calls for
“multiple layers of protection that provide redundancy in the event that one or more of the measures fails”
(Con Ed, 2013). The outer layer of protection is typically provided by a floodwall designed to withstand
storm surge. An inner layer of protection is provided by elevating or installing moats around critical
equipment, sealing penetrations of electrical conduits, using flood doors in some locations and installing
high-capacity flood pumps to address any water that breaches initial protection layers (Con Ed, 2013).
These stations are also marginally susceptible to the impact of high winds during extreme storms and
ice from ice storms. Utilities are increasingly conducting climate change vulnerability studies across
their asset portfolios, including transmission substations (DOE, OEPS, 2016).

4.4

Human Stressors

4.4.1 Hacking, Vandalism, and Terrorism
As described in Section 1.2, the successful cyber attack on wind turbines by researchers at the University
of Tulsa required physical access to and breach of the wind turbines structure. Wind turbine designers
have the options of making access to and breach of wind turbine structures more difficult by incorporating
more robust physical protection such as the burglary protection door shown in Figure 14.
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Figure 14. Wind Turbine Burglary Protection Door

The ability to track and control the number of available master keys to wind turbine access doors
presents a challenge to physical security. The use of electronic locks with access codes that can be
granted or rescinded remotely can help address the vulnerability posed by physical keys. In addition,
electronic access systems can allow medical staff or firefighters to enter without losing valuable time.
Offshore wind operators can also employ tracking technology to monitor vessels in the vicinity of
wind farms. Recent systems use radar, thermal imaging, and long-range acoustic devices to provide
an integrated view of vessel movement near wind farms (ISJ, 2020).
Since the threat space is continually expanding for attacks on critical infrastructure, OSW companies are
focused on preventing such attacks from impacting their operations. The energy industry has initiatives
focused on protecting the grid and is partnering with federal agencies to improve resilience to cyber
threats. The Department of Energy’s Idaho National Laboratory is leading several research efforts to
explore ways in which to improve the cybersecurity resilience of wind farms (DOE, WETO 2020).
Other organizations involved in such collaborations include the National Institute of Standards and
Technology, the North American Electric Reliability Corporation, and federal intelligence and law
enforcement agencies.
Because of the remote location of OSW farms and the fact that the output of any single turbine is
relatively small relative to the total farm output, the value of physically sabotaging any one unit is
correspondingly small. Coupled with the challenge in reaching the offshore site and the inability to
access the transmission lines that are underwater, offshore wind sites do not appear to be an inviting
target for terrorist attack.
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4.5

Project Financing

Investors are broadening the scope of due diligence processes to include climate risk by identifying
the potential for chronic and acute physical climate risk to impact project revenues, expenditures, assets,
capital, and financing. The financial industry is increasingly recognizing and working to understand and
value climate risk to investments. Climate risk may be reflected in higher expected rates of return from
investors and higher costs of capital to developers to account for those risks, making it more challenging
to finance projects. The ability to raise or refinance debt may be affected by climate-related physical risks
by reducing project valuation which lowers attractiveness, increasing the difficulty in raising capital. This
report has outlined a range of options to help reduce climate risk to OSW projects in order to make them
more attractive to investors and lower the cost of capital to developers.
Two primary elements support reducing OSW project risk: understanding projected changes to
climate factors for the region in which the project is located and evaluating the adaptation options to
address projected climate risk. Section 2 of this report provides an overview of potential changes to
climate factors relevant to offshore wind for the Northeast. Updating the view of these changes as new
information and projections become available will support understanding the risk profile for OSW.
The options to build resilience to climate change, covered in this section of the report, demonstrate the
range of levers available to reduce the risk to both performance and reliability of OSW. Systematically,
evaluating the relative benefits of these resilience options and selecting those options that are suitable,
as an early part of the project planning process, will help reduce project climate risk and provide more
favorable project finance options.
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5

Conclusions

This report aggregated, refined, and distilled climate adaptation and resiliency considerations that
pertain to offshore wind (OSW) for New York State and in the broader Northeastern Atlantic Region
of the United States. The report identified climate factors that are meaningful to OSW operations and
reliability and examined the range of options to build resilience to climate change. Table 4 summarizes
the relative risks that different hazards associated with climate change may pose to the OSW systems
evaluated. It quantitatively characterizes risk as a combination of vulnerability to the given climate
stressor and the resilience options available to address that vulnerability.
Table 4. Summary of Relative Risk of Factors Associated with Climate Change to NYSERDA
Offshore Wind Development
Climate Stressor
Low velocity

Wind
Turbine
Generators

Foundations*

Cables**

High velocity
Turbulence

Wind

Shear
Geographic
distribution
Temperature

Air

Moisture
Waves

Ocean

Sea level rise

Precipitation
Extreme storms

Rain
Ice / frozen
Extreme wind
Storm surge

Human stressors

Hacking
Vandalism

Low risk
Medium risk
High risk
*Includes foundations for wind turbine generators, transformer stations and converter stations
** Includes inter-array and export cables
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Onshore
stations

Ports
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Appendix A. Location Maps
Figure A-1 indicates the potential locations under consideration for OSW development for which
this report assesses potential impacts of climate change and resilience opportunities.
Figure A-1. Proposed Lease and Project Areas for the Empire Wind and Sunrise Wind Projects
Includes distances from shore at closest point (14 miles and 30 miles, respectively).
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Appendix B. NYSERDA Environmental Research
Offshore Wind Activities
Regional Wildlife Science Coordinating. In cooperation with the Massachusetts Clean Energy Center
and coordination with regional states, federal agencies, developers, and environmental organizations,
NYSERDA is leading the development of a regional entity that can support and coordinate environmental
research, monitoring and related activities to assure that the scientific and policy value of environmental
data collected is maximized.
State of the Science Workshops. Biennial event (2018 and 2020) that brings together stakeholders
interested in environmental and wildlife research and offshore wind energy development along the
eastern seaboard to share research findings and coordinate on challenging environmental issues relating
to offshore wind such as cumulative effects assessments (2020 theme).
Wind Resource Assessment. NYSERDA is sponsoring two metOcean buoys in the New York Bight
(Hudson North and South Draft Wind Energy Areas) to develop energy generation estimates and better
understand oceanographic conditions in the New York Bight. The buoys are also outfitted with
environmental sensors to detect wildlife.
Monitoring Protocols for Bird and Bat Nanotag Studies. NYSERDA is sponsoring the development
of standardized guidelines to inform the use of miniature digitally coded VHF transmitters (“nanotags”)
to monitor birds and bats in relation to offshore wind energy development.
Understanding Ecosystem Dynamics. NYSERDA is sponsoring research to improve our understanding
of wildlife distributions through and assessment of multiscale relationships between marine predators and
forage fish, and an examination of the relationships between environmental processes, primary
productivity, and distribution of species at higher trophic levels.
Bird and Bat Research Framework. Through stakeholder driven processes, NYSERDA is developing
a scientific research framework to better understand the impacts of offshore wind energy development
on birds and bats. Identify key research questions and generate specific hypotheses for project- and
regional-level studies, and generalizable recommendations to monitor and mitigate impacts to birds
and bats during construction and operations of offshore wind facilities in the eastern U.S.

B-1

Fishing and Environmental Mitigation Plans. NYSERDA was the first and continues to require
environmental and fishing mitigation plans as part of the Offshore Wind Solicitation. The documents
provide a roadmap of developer activities for discussing with the TWGs, improving transparency.
Many other states have followed our lead in this regard.
State Offshore Wind Fisheries Manager and Recreational Fishing Liaison. NYSERDA created of
the first and only full-time state dedicated offshore wind fisheries manager with the main responsibility
to liaison with the commercial fishing industry. Additionally, NYSERDA has also hired a well-respected
and well-known charter boat captain to increase coordination and information sharing for the recreational
fishing community.
Regional Monitoring. In the 2020 round of the OSW RFP, NYSERDA is requiring selected
developers contribute $10,000/MW of proposed capacity ($8M/800MW project) to support advancing
our understanding of how OSW may affect species of concern and key commercial fish stocks. These
studies will help inform questions around fishing impacts and cumulative effects.
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Endnotes
1

An abnormal rise in seawater level during a storm.

2

Disadvantaged Communities are identified in the CLCPA as communities that bear burdens of negative public health
effects, environmental pollution, impacts of climate change, and possess certain socioeconomic criteria, or comprise
high-concentrations of low- and moderate- income households.

3

The process of investigating, reviewing and verifying all relevant aspects of a project.

4

A probability distribution which reflects that most of the time wind speeds will be low to moderate and gales and
storms will be infrequent.

5

Turbine wake is the phenomenon in which wind turbines extract energy from the wind, making downstream wind
lower in energy and velocity than upstream wind.

6

Patterns of motion in which all parts of a system move concurrently, with the same frequency, often with an
undesirable result.

7

A cyberattack that disrupts a “targeted system” by causing thousands or millions of individual computers, often
personal computers of unwitting users, to simultaneously and repeatedly request superfluous information from the
targeted system.

8

Risks that arise from the process of transitioning to a lower-carbon economy, such as changes in policy,technology,
or investor sentiment.

9

Market-based instruments that represents the property rights to the environmental, social, and other non-power
attributes of offshore wind renewable electricity generation. RECs are issued when one megawatt-hour (MWh) of
electricity is generated and delivered to the electricity grid from a renewable energy resource.

10

DNV GL. Tropical Storm Isaias: What did it mean for the NY Bight? August 18, 2020.
https://blogs.dnvgl.com/energy/tropical-storm-isaias-what-did-it-mean-for-the-ny-bight

11

Submerged Land Act of 1953. Texas, Florida, and Louisiana have jurisdiction over submerged lands in the Gulf of
Mexico out to nine nautical miles offshore.

12

https://www.boem.gov/environment/environmental-assessment/nepa/national-environmental-policy-act-nepa

13

See further: https://www.nyserda.ny.gov/All-Programs/Programs/Offshore-Wind/Focus-Areas/Ocean-Environment

14

The New York Natural Heritage Program and The Nature Conservancy recently developed an online mapping tool
for NYSERDA to use to weigh biodiversity as part of turbine siting decisions. The tool includes data layers relevant
to biodiversity and wind power, as well as a methodology to guide synthesis of that data to identify locations that
maximize “energy development and biodiversity conservation” (NYSERDA, 2014b).

15

NOAA National Hurricane Center.

16

New York City Health Provider Partnership, Bronx Community Needs Assessment Report, September 25, 2014.

17

“A-weighted decibels,” express the relative loudness of sounds in air as perceived by the human ear.

18

The displacement of materials such as sand or rocks in the direction of the shoreline, typically by tidal forces.

19

Objectives include project economics (e.g., energy generated, operations and maintenance costs), technical
performance criteria (e.g., mechanical availability) climate change mitigation (e.g., avoided tons of carbon) and the
consideration of these objectives differs depending on a given stakeholder.

20

See the Resilient Industry study (NYC Department of City Planning, 2018).

21

An urban area or metropolitan area that is significantly warmer than its surrounding rural areas due to
human activities.

22

https://www.epa.gov/ports-initiative/about-epa-ports-initiative
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NYSERDA, a public benefit corporation, offers objective
information and analysis, innovative programs,
technical expertise, and support to help New Yorkers
increase energy efficiency, save money, use renewable
energy, and reduce reliance on fossil fuels. NYSERDA
professionals work to protect the environment
and create clean-energy jobs. NYSERDA has been
developing partnerships to advance innovative energy
solutions in New York State since 1975.
To learn more about NYSERDA’s programs and funding opportunities,
visit nyserda.ny.gov or follow us on Twitter, Facebook, YouTube, or
Instagram.
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