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Abstract. Deployment of wind energy systems in cyclone-prone regions faces substantial challenges due to risks posed by

tropical cyclones (TCs). These storms can generate extremely high winds and waves that have the potential to cause signifi-

cant structural damage to turbines, disrupt energy production, and result in major financial losses. As such, it is important to

better understand and quantify the risks associated with TCs and adapt design standards and operational guidelines to meet

the increased reliability requirements for systems in these high-risk areas. Addressing these challenges requires significant5

advancements in modeling capabilities, the collection of high-quality data, and the integration of these resources to ensure that

wind systems in cyclone-prone regions achieve a level of reliability comparable to systems in less hazardous environments

(e.g., the North Sea). This article aims to shed light on the grand challenges in designing resilient wind energy systems in

cyclone-prone regions by presenting the current state of research and engineering practices and identifying key research gaps;

and to offer recommendations for future work, highlighting the need for enhanced modeling tools, data integration techniques,10

and more resilient design approaches.

1 Introduction

Wind energy systems deployed in offshore and coastal regions may be exposed to challenges posed by tropical cyclones (TCs),

particularly in areas such as the South China Sea, the Sea of Japan, and the Gulf and East coasts of the United States. Figure 1,
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Figure 1. Global atlas showing the location of installed wind turbines globally as of February 2025 (Global Energy Monitor, 2025) together

with all recorded best tracks of tropical cyclones. Best tracks are obtained from the International Best Track Archive for Climate Stewardship

(IBTraCS)(Knapp et al., 2010). Only tropical cyclones of category 1 and above on the Saffir-Simpson scale are shown.

shows all currently installed wind turbines (both onshore and offshore) along with global tropical cyclone best track historical15

data (Knapp et al., 2010). Exposure of wind turbines, particularly offshore, poses substantial risks that must be addressed to

ensure the resilience of existing and future projects (Wang et al., 2024a).

Tropical cyclones can exhibit winds in excess of 50 ms−1 (Tamizi et al., 2020), and ocean significant wave heights in excess

of 12 m (Young, 2006). These extreme conditions present significant risks that affect not only individual turbine components,

such as blades and towers, but also foundations and onshore/offshore substations, impacting the entire wind energy infras-20

tructure. To account for these extreme conditions, wind turbine standards established by the International Electrotechnical

Commission (IEC) have recently introduced a new turbine class, the Tropical T-Class, which sets the reference 10-minute

average, hub-height wind speed Vref,T equal to 57 ms−1 (IEC 61400-1; IEC 61400-3-1). An additional subset of marine design

load cases related to wave, and combined wave/current, are included (Annex I of IEC 61400-3-1) for offshore wind turbines.

In both cases, site-specific assessments are needed to determine the reference wind and wave parameters (Wang et al., 2024a).25

Although such assessments may require turbine designers to ultimately strengthen blades, towers, foundations and other com-

ponents (e.g., inter-array and export cables), the current standards simplify the complexity of tropical cyclones and do not

consider the possibility that other design load cases (DLCs) might exist in the form of extreme microscale vorticity, extreme

shear and veer, among other phenomena.

To successfully deploy wind energy systems in TC-prone regions, a comprehensive understanding of the TC-induced hazards30

(extreme wind, waves, current) as well as the associated risk to wind energy infrastructure should be well understood by wind

turbine manufacturers, developers, insurers, financiers and regulators. This requires accurately characterizing storm behavior,
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Figure 2. Schematic representation of the atmospheric and oceanic phenomena of a tropical cyclone. (image credit Alfred Hicks).

quantifying associated risks, and refining design standards to ensure system reliability comparable to that achieved in other

regions not exposed TC hazards (e.g., Northern Europe). In the next paragraphs we shall present past TC events that have

affected wind turbine systems and have led to extensive damage.35

1.1 Past Events and Available Data on TC Impact

Past events of TCs passing by wind turbines have resulted in significant damage (e.g., blade failure, tower collapse or foundation

overturn). The earliest documented case is that of Typhoon Maemi (2003) in Japan (Ishihara et al., 2005). The case sheds light

on the risks posed by TCs and underscores the need for robust and resilient turbine design practices. With peak gusts of

74 ms−1, the storm caused extensive damage to all turbines at an onshore coastal wind farm (Ishihara et al., 2005). Three years40

later, Super Typhoon Saomai struck Cangnan County in China, resulting in the collapse of 27 wind turbine towers (Li et al.,

2013). At the turbine site, 10-minute maximum wind speeds exceeded 60 ms−1, with 3-second gusts surpassing 80 ms−1.

More recently, Hurricane Maria in 2017, a Category 4 storm at landfall, impacted two onshore wind farms in Puerto Rico:

Santa Isabel and Punta Lima. Although Santa Isabel escaped much damage by avoiding the eyewall, Punta Lima was directly
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hit, sustaining severe damage, including collapsed towers (Kwasinski, 2018). The most recent case involved Super Typhoon45

Yagi in 2024. As a Category 4 storm at landfall in Mulan Bay, Haikou Province, China, it severely impacted the Wenchang

Wind Power Plant, a site undergoing repowering, and damaged numerous turbines (Recharge News, 2024). An extensive list

of TC events that impacted wind turbines is presented in table 1. The list, although not exhaustive, indicates the location, name

and year of the TC along with the intensity at impact and the reported damage.

We note that many of the instances have reported damages after “forensic engineering” studies, with well documented50

damages (Ishihara et al., 2005; Chou et al., 2013; Chen et al., 2015). However, the majority of these instances of damage

correspond to previous generation machines with ratings from 500 kW to 2 MW, and do not allow us to make conclusions

regarding the vulnerability of more recent T-Class designs. In the following sections, we shall discuss the state of current

research efforts, provide an overview of current practices, guidelines and standards, and bring attention to remaining knowledge

gaps.55

1.2 Tropical Cyclones and the Grand Challenges Initiative

Before proceeding to the scope and structure of this paper, it is worth connecting this work to the broader scope of the “Grand

Challenges initiative”. The “Grand Challenges initiative”emerged from an International Energy Agency (IEA) Wind Topical

Experts Meeting assessing the “Grand Challenges” for wind energy to meet its full potential, followed by a review article

in Science (Veers et al., 2019). The original paper names three high-level categories that future research should focus on to60

improve our understanding: atmospheric and wind power plant flow physics; aerodynamics, structural dynamics, and offshore

wind hydrodynamics of enlarged wind turbines; and systems science for the integration of wind power plants into the future

electricity grid. This initial outline of grand challenges created the need for a coordinated effort by the international research

community to provide a detailed description of the challenges, identify specific research gaps, and outline recommendations

for future research. These include grand challenges in the design, manufacturing, and operation of future wind energy systems65

(Veers et al., 2023), the digitalization of wind energy (Clifton et al., 2023), the characterization of the offshore wind resource

(Shaw et al., 2022), wind farm flow control, small wind energy technology (Bianchini et al., 2022), turbulence on performance

and loads of turbines (Kosović et al., 2025) as well as wind energy research needs for a global energy transition (Veers et al.,

2022). A number of these articles have partially addressed extreme weather challenges including tropical cyclones (e.g. Shaw

et al. (2022); Kosović et al. (2025)), however, their broader focus has not allowed them to systematically present research needs70

specific to tropical cyclones. In this paper, we focus on:

1. The high-severity and low-probability nature of tropical cyclones and their potentially catastrophic consequences to wind

energy systems.

2. The fact that during a major TC event, wind turbines will typically be idling, while remaining fully exposed to extreme

wind/wave loads and directional shifts.75

3. The lack of long-term data and established standards for designing wind energy systems in tropical-cyclone-prone re-

gions.
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Table 1. Documented cases of wind turbines impacted by tropical cyclones (TCs), including affected regions, cyclone name and year, shortest

distance to the TC track, total number of turbines, rated power, reported wind speeds, and level of damage.

Country TC Name

(Year)

Wind Farm

(Shortest

Distance to

TC)

Turbine

Number

Turbine

Rated Power

Intensity∗ Blade

Damage

Tower

Collapse

References

Japan Maemi

(2003)

– 6 400–500 kW 60ms−1 to

90ms−1

✓ ✓(2),

Founda-

tion (1)

Ishihara et al.

(2005)

China Dujuan

(2003)

40–50 km 25 660 kW 57ms−1 ✓(9) ✗ Chen et al.

(2015)

China Saomai

(2006)

30–40 km 28 250 kW(x3),

550 kW(x2),

600

kW(x19),

660 kW(x2),

750 kW(x2)

>80ms−1 ✓(15) ✓(3),

Founda-

tion (2)

Li et al.

(2013)

Taiwan Jangmi

(2008)

– – – 53.4ms−1 ✓ ✓ Chou et al.

(2013)

China Megi

(2010)

10–15 km 85 850

kW(x36),

1.25

MW(x36), 2

MW(x13)

– ✓(1) ✓(1) Chen et al.

(2016)

China Usagi

(2013)

10–15 km 25 660 kW 75.8ms−1 ✓(11) ✓(8) Chen et al.

(2015)

China Usagi

(2013)

60–70 km 33 1.5 MW – ✓(2) ✓(1) Chen et al.

(2015)

China Rammasun

(2014)

20–30 km 33 1.5 MW – ✓(15) ✓(13) Chen et al.

(2016)

Japan Malakas

(2016)

– – – – ✓ ✗ Wind Power

Monthly

USA

(Puerto

Rico)

Maria

(2017)

– – – – ✓ ✗ Kwasinski

(2018)

China Yagi

(2024)

– – – – ✓ ✓ Recharge

News (2024)

China Ragasa

(2025)

– 5 – >60ms−1 ✓ ✗ Guy Carpen-

ter & Com-

pany (2025)

∗ Wind speed values correspond to 10-minute averaged measurements where available; otherwise peak gust information is used.
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Based on the above, this paper serves as a valuable complement to previous work within the “Grand Challenges initiative”.

Where appropriate, we shall refer the reader to these prior studies for additional context and further reading.

1.3 Scope and Structure of this Paper80

This paper attempts to identify the challenges in designing resilient wind energy systems in areas prone to TCs. As such, it

provides a comprehensive review of the current state-of-the-art on TC modeling, including storm tracking, and wind/wave

field modeling, with a focus on their impact on wind turbines. The paper also addresses key gaps in current standards and

guidelines, emphasizing the importance of refining risk quantification frameworks and moving towards probabilistic models to

more accurately assess the long-term impacts of TCs on wind energy systems. The aim is not only to provide a comprehen-85

sive overview of the ongoing research but also to identify critical areas for future work. To this end, we present the current

research status and challenges of measurement and modeling in Section 2, followed by the current status and challenges of

engineering design in Section 3, and challenges in quantifying TC risk in Section 4. In Section 5 we discuss how to “bridge

the gap” between research and engineering practice, including identifying future research paths and approaches that the wind

engineering community should adopt. Finally, in Section 6, we provide a summary of the discussed “Grand Challenges” and90

the conclusions from this study.

2 Current Research Status of measurement and modeling

2.1 Field measurements and available data

Measuring tropical cyclones across different scales involves a variety of data sources and measurement platforms to understand

storm characteristics like frequency, intensity, size, and wind structure. At the regional/climatological scale, best track data95

such as IBTrACS (Knapp et al., 2010) and the National Hurricane Center’s HURricane DATa 2nd generation (HURDAT2,

Atlantic Basin database) are critical for tracking storm frequency and peak intensity and monitoring long-term trends in TC

activity. Observations at storm-scale are focused on storm size and wind field distribution. Observations of these parameters

are provided by spaceborne, airborne, and ground-based platforms. Spaceborne platforms provide global coverage and can

sometimes provide measurements nearly continuously. These measurements include Dvorak estimates from cloud patterns and100

both passive radiometer and active scatterometer wind measurements. The recent deployment of synthetic aperture radar (SAR)

on satellite systems is a promising technology that provides very high resolution (less than 100 m, with 3 km gridded fields)

measurements of winds (Fig. 3) even at very high values and in rainy environments (Mouche et al., 2017, 2019; Ricciardulli

et al., 2023).

Airborne platforms provide the ability to sample winds over the open ocean, far-removed from the coastline. Such measure-105

ments include flight-level measurements from reconnaissance aircraft , dropsondes, Stepped-Frequency Microwave Radiometer

(SFMR), airborne Doppler radars and scatterometers (see Figure 3), and uncrewed systems. Offshore buoys, ships, and plat-

forms like Saildrones further enhance storm observation capabilities far from the coastline. Aircraft observations of TC wind
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structures have occurred in the Atlantic basin for decades, and also in the western Atlantic, Caribbean Sea, and US Gulf states

(Rogers et al., 2006, 2013; Zawislak et al., 2022). Similar capabilities have been developed in the West Pacific basin and South110

and East China Seas (Chan et al., 2011; Ito et al., 2018; Holbach et al., 2023) over the past 10-15 years, providing more global

coverage of airborne TC measurements.

Ground-based platforms can provide spatial coverage and temporal continuity to wind measurements. National radar net-

works, like the Weather Surveillance Radar – 88 Doppler (WSR88D) operating in the S-band and aviation focused Terminal

Doppler Weather Radars (TDWR) in the US operating in the C-band, alongside various commercial radars, provide detailed115

storm insights at varying scales as a function of specific radar operation parameters and measurement resolutions. At a more

local scale, specialized mobile research radar systems such as the Shared Mobile Atmospheric Research and Teaching Radars

(SMART-R; C-band), Doppler on Wheels (DOW; X-band), and Texas Tech University Ka-band (TTU-Ka) systems are de-

ployed into landfalling TCs to capture specific wind features, including mean and turbulence fields near the surface with varied

spatial and temporal resolution and data availability (Figure 4). Surface measurements such as Automated Surface Observ-120

ing System/Automated Weather Observing System (ASOS/AWOS), tower-based lidars, and anemometer measurements from

fixed oil and gas platforms as well as in-situ portable research systems like the Florida Coastal Monitoring Program (FCMP;

four 10-m towers), TTU StickNet (48 2.25 m towers), and James Cook University SwirlNet (six 3.2 m towers) also contribute

valuable time histories documenting the local wind field of record. Wind measurement standardization, highlighted in (Powell

et al., 1996), is critical for merging data from various platforms, accounting for differences in measurement height, averaging125

time, and exposure.

An optimal observing system for TC winds in the context of wind energy includes spatially extensive and temporally contin-

uous observations at high spatiotemporal resolution, with observations through the vertical layer encompassing most turbines

(20-300 m AGL). While a multitude of platforms have been developed to observe winds within the TC boundary layer, there

are still gaps in our ability to obtain continuous wind measurements in this altitude range, at the spatial and temporal res-130

olutions important for offshore wind plant operations and control. SAR offers great promise for measuring winds globally,

independent of high wind speeds and heavy rain rates, but it only provides observations at a given location once or twice per

day. TC wind speed estimates derived from geostationary satellites (e.g., Dvorak technique) and associated wind field products

(e.g., cloud-drift winds) provide near-continuous measurements with relatively fast revisit times (30 seconds to 5 minutes,

depending on operational mode), but there are significant uncertainties associated with the inferred wind speeds and little to no135

available information on the vertical wind structure, particularly in the lowest 300 m. These satellite-based measurements also

lack the spatial and temporal resolution necessary to characterize the flow at the scale of individual turbines. Dropsondes from

aircraft provide valuable vertical profiles through the TC boundary layer, but only offer point measurements during descent,

resulting in uncertainty when adapting their data to represent 10-minute sustained winds, 3-second wind gust or turbulence

statistics estimates. Other remote and in situ measurements from aircraft (e.g., SFMR, airborne radar and scatterometers, small140

unmanned aerial systems) are also limited by aircraft range and availability. Ground-based operational and research radars

offer the potential of spatially extensive and temporally continuous measurements at relatively high resolution in the lowest

300 m, but to date have been generally constrained to overland deployments, leading to sparse data coverage offshore.
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Figure 3. Left:SAR-derived wind speed map for Cyclone Halima on 24 March 2022 from Sentinel-1A. The black, white and grey curves rep-

resent 64, 50, and 34-kt wind radii, respectively, for each quadrant. Adapted from (Ricciardulli et al., 2023) Right: Three-dimensional render-

ing of vertical profile of wind speed from a conically-scanning Imaging Wind and Rain Airborne Profiler (IWRAP) onboard the NOAA WP-

3D aircraft. Image courtesy of NOAA NESDIS Center for Satellite Applications and Research, https://manati.star.nesdis.noaa.gov/datasets.

To date, there exists no ideal dedicated measurement system(s) for documenting TC winds specifically for the offshore wind

community. However, the recent application of remote sensing technologies – such as customized research Doppler radars (e.g.145

TTU X-band; Hirth et al. (2024)) and commercially available long-range scanning lidars (e.g. WindCube 200s, Streamline XR)

originally developed for multiscale wind energy applications – shows potential promise if properly adapted for this purpose.

Future implementation includes adapting and deploying ground-based radar systems at offshore locations, such as on existing

platforms or offshore wind farm infrastructure, providing an optimal measurement coverage domain further offshore over open

water. A major advantage of radar is the ability to design optimal scanning strategies to achieve the horizontal coverage, vertical150

depth, and measurement revisit times that are desired for a given site.

2.2 Probabilistic and Statistical Description of Tropical Cyclones

2.2.1 Synthetic Track Models

Synthetic storm track models are widely used tools for generating event-based, statistical representations of TCs. By producing

extended catalogs of synthetic events, they enable the estimation of return periods and occurrence probabilities for extreme155

hazards – key inputs for engineering design and risk assessment. In contrast to historical storm databases, which are temporally

limited and spatially sparse, synthetic approaches can simulate hundreds of thousands of years of TC activity, thereby extending
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Figure 4. (a) TTU-Ka radar deployment during Hurricane Laura (2020) at Port Arthur, TX and (b) a resulting snapshot dual-Doppler wind

speed (m/s) map from 27-Aug-2020 04:17 UTC at 200 m AGL documenting detailed gust structure within Laura’s wind field at the coastal

interface.

well beyond the observational record and capturing rare but high-impact events (Vickery et al., 2000; Hall and Jewson, 2007).

This capability is particularly important for offshore wind infrastructure, where design return periods extend well beyond

historic records and therefore require probabilistic characterization of extreme winds, waves, and storm surge.160

Nevertheless, synthetic track models are firmly anchored in observational data. Historical TC archives such as HUR-

DAT2 (Landsea and Franklin, 2013) and IBTrACS (Knapp et al., 2010) provide the statistical foundations for storm gen-

esis, intensity, and track characteristics across different basins. Key parameters typically include the storm center position,

central pressure, radius of maximum wind (RMW), forward speed, maximum wind speed (Vmax), and wind radii thresholds

(e.g., R34kt, R50kt, R64kt). Over the past five decades, methodologies have evolved from early probabilistic models (Russell,165

1971; Batts et al., 1980) to full-track simulation frameworks (Vickery et al., 2000), auto-regressive and Markov chain formu-

lations (James and Mason, 2005; Emanuel et al., 2006), and environmentally driven track–intensity models (Lee et al., 2018).

More recently, artificial intelligence and machine learning (AI/ML) methods have been introduced to enhance storm track and

intensity prediction, such as recurrent neural networks and random forest–based hybrid frameworks (Bose et al., 2023).

While synthetic storm tracks have long been applied to onshore risk assessment (Vickery et al., 2009), their application to170

offshore wind energy remains in its early stages, with only a few studies beginning to address this critical domain (Mudd and
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Vickery, 2024). Recent advances have further strengthened the utility of synthetic storm models for offshore infrastructure.

At Pacific Northwest National Laboratory (PNNL), the Risk Analysis Framework for Tropical Cyclones (RAFT) has been

developed to combine physics-based models with statistical methods for generating large ensembles of synthetic storm tracks,

intensities, and rainfall (Xu et al., 2024). The RAFT database contains tens of thousands of synthetic North Atlantic storms and175

provides a robust foundation for probabilistic risk assessments. The same group have also highlighted climate-driven increases

in nearshore intensification rates of tropical cyclones, which may amplify risks for wind energy systems (Balaguru et al., 2024).

Validation of hazard maps against observed storm impacts therefore remains essential, particularly when evaluating rare,

high-intensity events. As wind deployment accelerates into TC-prone regions, the integration of stochastic storm modeling

with engineering design frameworks will be central to developing robust, climate-resilient standards. In the following sections,180

we distinguish between present-climate simulations—drawing on over four decades of historical data—and future-climate

projections informed by the most widely adopted climate scenarios.

2.2.2 Present-climate predictions

Wind turbines are typically designed with a 20-year lifetime for land-based systems and a 30-year lifetime for offshore systems.

Wind turbines deployed today are designed using the present-climate by reviewing events that occurred over the last few185

decades. Figure 5 presents the number of historical events (all storms) that occurred between 1850 and 2025 in the North

Atlantic basin along with a 20-year moving average. Overall, there has been an increase in the frequency of storm occurrence,

averaging more than 16 events per year in the last 20 years. We note, that as described in 2.1 during the course of the last 150

years, measurement techniques have evolved substantially, with modern satellite techniques (Dvorak) that provide global and

continuous coverage introduced in the late 70s. Large trends in the increase of event occurrence since 1900 may partially be190

attributed to basin-wide under-counts in the pre-satellite era (Vecchi et al., 2021). Nevertheless, between 1980 to 2020, there

has been an era with increased mean TC frequency and intensity (Kossin et al., 2020; Emanuel, 2020; Elsner, 2020), slower

translation speeds (Kossin, 2018; Wu et al., 2022), heavier precipitation (Touma et al., 2019; Murakami et al., 2022; Jong

et al., 2024), and slower inland decay rates (Li and Chakraborty, 2020). Additionally, Bhatia et al. (2019) found that TC

intensification rates have increased in the North Atlantic. Similarly, storm surge heights are found to increase due to sea level195

rise and stronger wind forcing whereas ocean surface wave heights as well as wave energy footprint (area) have been increasing

in the past several decades (Shi et al., 2024), threatening both offshore infrastructure and coastal grid connectivity.

2.2.3 Future Climate Projections

The term “future climate projections” refers to long-term alterations in the Earth’s climate system driven primarily by rising

temperatures (IPCC, 2021; National Research Council, 2010). Since the pre-industrial era, global surface temperatures have200

increased by about 1.1 ◦C and could rise by 3.3–5.7◦C by 2100 under high-emission scenarios (IPCC, 2021; National Climatic

Data Center (NCDC), 2014; Conway, 2008). These changes may influence TC behavior, as storm development depends on

warm sea surface temperature (SSTs) and persistent circulation patterns, among other factors.
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Figure 5. Number of storms spawned in the Atlantic basin per year from 1851 to 2023. Twenty-year moving averages of storm numbers

vs. time are shown for all storms as well as for Cat 1 and stronger (>74 mph) and Cat 3 and stronger (>111 mph) . In addition, averages of

cyclone activity are shown over different time windows differentiating between earlier and modern periods of data collect, i.e., 1861 (begin

of data collection), 1944 (start of aircraft reconnaissance), 1966 (start of polar orbiting satellite coverage).

For offshore wind energy, the potential for intensified TCs raises particular concern as it may require in-depth review of

design standards and the incorporation of higher extreme wind and wave design reference values. The effect of intensifying205

TC was studied by Wen et al. (2024) who indicated that future climate may pose a greater risk for offshore wind turbines.

Nonetheless, significant challenges remain in applying stochastic track simulation to offshore wind risk assessment. Key limi-

tations include the short duration and observational biases of historical records such as HURDAT2, assumptions of stationarity

in stochastic models despite non-stationary climate signals, and the need for statistical or dynamical downscaling of coarse-

resolution global climate model outputs (Camargo and Wing, 2016). Additional barriers involve difficulties in representing210

compound hazards (wind, waves, surge, currents) due to sparse observational datasets (Hall and Jewson, 2007), and the com-

putational intensity of high-resolution ensemble simulations. Critically, current design standards such as IEC 61400-3 (IEC,

2009) do not yet incorporate stochastic or future scenarios, creating a gap between science and practice. Recent efforts are

beginning to address this gap: AI/ML models have expanded typhoon track datasets in the Northwest Pacific (Huang et al.,

2020; Fang et al., 2022), classification-based models now incorporate environmental drivers, and hybrid full-track Monte Carlo215

frameworks have improved storm lifecycle representation (Huang et al., 2021). Engineering-focused approaches, including a
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probabilistic gust factor model for typhoon winds (Fang et al., 2024) and a probabilistic hurricane genesis framework for the

North Atlantic under climate change (Bhowmik et al., 2023), represent important progress. Collectively, these advances un-

derscore the need to integrate stochastic track simulations with future climate scenarios for offshore wind hazard assessment,

while simultaneously addressing data, downscaling, and uncertainty challenges.220

2.3 Weather-scale models

Weather-scale models provide three-dimensional, deterministic views of the dynamics of historical or idealized tropical cy-

clones. As such, they have been extensively used for research purposes. Despite their wide use, key challenges remain, particu-

larly the insufficient spatio-temporal resolution required to accurately capture high winds, the associated fluctuation in cyclone

substructures, and the representation of turbulence dynamics. The length scale of large-scale flow features in the upper portion225

of the TC boundary layer has been measured at ∼2 km over the open ocean, with horizontal to vertical aspect ratios near 1

(Guimond et al., 2018; Protzko et al., 2023). Therefore, both high horizontal and vertical resolutions are required to realistically

simulate hurricane intensity and turbulence. However, increasing resolution is often impractical due to computational demands

and the need for changes in physical parameterizations when transitioning to horizontal resolution finer than ∼1 km (Wyn-

gaard, 2004). Additionally, large uncertainties exist in physics parameterizations and model setups, requiring extensive testing230

and expert knowledge in hurricane modeling. For example, research shows that microphysics and boundary layer schemes have

a more significant impact on hurricane intensity than other physics schemes (Li and Pu, 2008; Tao et al., 2011; Wu et al., 2021;

Chen, 2022; Sanchez Gomez et al., 2025). However, an optimal configuration for one TC simulation may not work for another.

On the other hand, in the offshore environment, the coupled processes between the atmosphere, ocean, and waves, signif-

icantly impact extreme events and their potential impact on wind turbines. Numerically coupling atmospheric and oceanic235

processes in simulation frameworks is crucial for understanding and capturing their interactions. More specifically, high SSTs

fuel storm intensity, while wave effects — especially wave-current-wind misalignment — can alter the dynamics of TC bound-

ary layer. Currently used models range from offline, one-way coupling, to fully two-way coupled systems, such as the Coupled

Ocean-Atmosphere-Wave-Sediment Transport (COAWST) system (Warner et al., 2010), the coupled ocean-atmosphere-wave

with unstructured ocean grid (Jung et al., 2025), the Coupled Boundary Layer Air-Sea Transfer (CBLAST) Hurricane Pro-240

gram’s Ocean-Atmosphere-Wave model (Chen et al., 2007), the operational Hurricane Weather Research and Forecasting

(HWRF) model (Gopalakrishnan et al., 2010), and NOAA’s latest Hurricane Analysis and Forecasting System (Gopalakrish-

nan et al., 2021; Hazelton et al., 2024). Other advanced models include the Integrated Forecast System (IFS) of the European

Centre for Medium-Range Weather Forecasts (ECMWF) (Mogensen et al., 2017), the Non-Hydrostatic Model of the Japan

Meteorological Agency (Wada et al., 2018), the Global/Regional Assimilation and Prediction System (GRAPES) of the China245

Meteorological Administration (Zhang and Shen, 2008), and European institutions (e.g., Denmark Technical University and

Uppsala University Coupled model (UU-CM) (Wu et al., 2019)). These frameworks exchange variables interactively and have

advanced TC simulation through moving nests, multiscale resolution, and wind-wave interaction. Moving nested grids for

multiple storms allows for TC interactions and higher resolution (Alaka et al., 2022), reducing forecast errors compared to

single-storm setups. Advances in unstructured grids enable topographic refinement around wind farms, improving resolution250
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of localized dynamics (Jung et al., 2025). Coupled wave-induced processes like surface roughness variation, wind-wave-current

interactions, and sea spray generation can influence momentum, heat and moisture fluxes during TCs. The Technology Uni-

versity of Denmark’s recent integration of the Wave Boundary Layer Model into SWAN and its coupling with WRF improves

wind and wave predictions under extreme conditions (Du et al., 2022; Larsén et al., 2017b, a, 2019) over North Sea and Tanwai

region (Fischereit et al., 2023). More discussion about atmosphere-ocean-wave coupling can be found in Wang et al. (2024b).255

Despite these advancements, high-frequency wind-wave coupled modeling remains challenging. While wave coupling may

have minimal impact on the wind structure in most part of the boundary layer under normal conditions, it becomes critical

during TCs. Under typical conditions, surface roughness varies within a narrow range (e.g., 1–5×10−4 m), only marginally

affecting wind, but during storms, roughness can increase by several orders of magnitude (e.g., from 10−4 to 2.5×10−3

m). Waves also undergo complex transitions depending on sea state, often deviating from the linear wind-wave relationships260

assumed in uncoupled simulations. Larsén et al. (2017b, 2019) demonstrated that improving sea state representation (e.g.,

fetch, wave age, and breaking processes) enhances peak wind speed predictions by several meters per second, aligning better

with observations. This has significant implications for extreme wind calculations and wind turbine classification (Larsén et al.,

2019). For high-resolution mesoscale modeling, fully coupled models are increasingly essential. Additionally, synchronizing

wave and atmospheric data is crucial for a complete understanding of storm dynamics.265

2.4 Wind Profiles and Coherent Structures

Accurately characterizing wind turbulence in TCs and its effects across multiple scales, from mesoscale to microscale, may

require the use of higher-fidelity, turbulence-resolving models. Turbulence characteristics of the wind field, such as turbulence

intensity, integral length scale of the flow, spatial coherence as well as the mean wind structure (e.g., wind shear, wind veer)

are known to modify loads on operational wind turbines (Stanislawski et al., 2023; Thomsen and Sørensen, 1999; Robertson270

et al., 2019; Gao et al., 2020; Doubrawa et al., 2019; Nybø et al., 2020; Eggers et al., 2003; Churchfield et al., 2012). However,

wind turbine loads under high-wind conditions remain uncertain due to TC boundary layer mean-wind structure and turbulence

characteristics remaining largely unknown. Turbulence data in TCs at wind turbine heights is extremely limited (Wang et al.,

2024b). Dropsonde data provide valuable insights into the near-instantaneous vertical profile of the storm at a given location,

enabling composite analyses that can be used to characterize the ensemble-average wind profile in TCs (Vickery et al., 2009;275

Zhang et al., 2011; Wang et al., 2015); however, deriving turbulence statistics, such as spatial coherence of the flow and integral

length scales, from sparse vertical profiles is not possible. High-resolution airborne radar measurements, like the Imaging Wind

and Rain Airborne Profiler (IWRAP), may provide additional insight into the larger scales of turbulence within the lowest

portion of the TC boundary layer (Fernandez et al., 2005; Guimond et al., 2018; Protzko et al., 2023). However, the effective

spatial resolution of the IWRAP (∆x≈ 150− 250 m) may not be sufficient to fully characterize the scales of turbulence that280

are relevant for wind turbine design. Given the lack of observational data and the importance of the nature of turbulence to

wind turbine loads, high-fidelity turbine-scale numerical simulations of the TC boundary layer are becoming prevalent to fully

characterize the mean wind and turbulence structure at turbine heights.
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LES-based high-fidelity simulation methods have become prevalent for simulating turbulence in TCs as they can represent

the temporal evolution of the storm across a wide range of temporal and spatial scales (Bryan et al., 2017; Chen et al., 2021;285

Ito et al., 2017; Rotunno et al., 2009; Green and Zhang, 2015; Rozoff et al., 2023; Stern et al., 2021; Ma and Sun, 2021;

Ma et al., 2024; Sanchez Gomez et al., 2023; Sanchez-Gomez et al., 2025). LES can offer site-specific high-resolution TC

wind data, which are missing in field measurements. LES domains typically span 10−100km along the horizontal directions;

however, TCs span hundreds of kilometers. Therefore, a challenge with LES is the definition of inflow conditions for the

limited-area domains that realistically represent the atmospheric (wind, temperature, moisture) characteristics in TCs. There290

are two approaches to simulating TCs using LES: internal forcing and boundary coupling. In the internal forcing approach,

the large-scale structure of TCs is represented in the LES via inertial and pressure-gradient acceleration terms added to the

governing equations (Bryan et al., 2017). By representing large-scale advection and centrifugal acceleration, the LES can

reproduce wind conditions far from the eyewall in TCs. However, this method is only applicable far from the eyewall, where

mean vertical motions are small, and relies on user-specified tendency terms for the momentum and temperature equations295

to simulate an idealized storm (Bryan et al., 2017). The boundary-coupled approach prescribes atmospheric variables from a

precursor simulation at the LES domain boundaries, thereby embedding the large-scale storm structure within the LES (e.g., Li

et al., 2021b; Sanchez-Gomez et al., 2025). To acquire realistic TC wind field results, coupled mesoscale models, such as the

WRF model (Powers et al., 2017), can be integrated with microscale LES models to better simulate TC wind fields. In this way,

the mesoscale model configuration captures the large-scale structure of the TC using grid spacing ∆x > 1km (Figure 6a,b),300

while the LES resolves the dominant turbulent structures that can directly impact wind loads on the turbine structure using

much finer grid spacing (Figure 6c,d). The boundary-coupled approach offers the flexibility to simulate idealized (Rotunno

et al., 2009; Ren et al., 2020; Sanchez Gomez et al., 2023) or historical storms (Li et al., 2021b; Sanchez-Gomez et al., 2025),

enabling analyses of site-specific TC wind data.

Although high-resolution LES of TCs can provide a faithful representation of mean wind and turbulence conditions in hur-305

ricanes, their computational cost is prohibitively high for engineering design. Engineering practice, particularly as established

by international standards and guidelines, specifies synthetic turbulence models such as the Mann spectral model (Mann, 1998)

and the Kaimal spectral and exponential coherence model (Kaimal et al., 1972) for the purposes of wind turbine design. How-

ever, such models may not realistically reflect the turbulence characteristics and spatial coherence of extreme TC winds. TC

winds can be more turbulent and can have larger coherent structures than canonical atmosphere boundary layer (ABL) winds310

(R.C., 2005; Schroeder, 2003; Ma and Sun, 2021), which can induce increased aerodynamic loads on the blades, nacelle,

tower, foundation, mooring system, and other supporting structures of offshore wind turbines. In turn, high-fidelity numerical

simulations can be used to inform engineering wind models used for structural design.

Although significant work has focused on characterizing the large-scale structure of the TC boundary layer, key challenges

remain in understanding turbulence and mean winds in TCs at turbine heights and considering its effect in wind turbine315

design. Mean winds in the lowest 1km of the TC boundary layer are characterized by having large radial, azimuthal, and

vertical gradients (Zhang et al., 2011; Wang et al., 2015). Exploring how these spatial gradients translate into the mean wind

structure across the turbine rotor layer is still an open question. Turbulent structures are likely to also show large spatial

14

https://doi.org/10.5194/wes-2026-32
Preprint. Discussion started: 11 February 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 6. Coupled mesoscale-microscale simulation of Hurricane Laura (2020) using the Weather Research and Forecasting model. The

large-scale structure of Laura develops in a two-domain mesoscale simulation with grid spacing ∆x = 4.5km (panel a) and a vortex-

following grid with ∆x = 1.5km (panel b). The mesoscale simulation data provide initial and boundary conditions to high-resolution

microscale domains with grid spacing ∆x = 33.33m (panel c) and ∆x = 11.11m (panel d) using an offline coupling method, as described

in Sanchez-Gomez et al. (2025).
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differences, which may impact wind turbine loads; however, characterizing turbulence at turbine heights in the TC boundary

layer is largely unexplored. Specific phenomena that need to be resolved for wind turbines offshore and in coastal regions320

include extreme winds near the eyewall, wind misalignment, shear/veer, mesoscale vortices, and rapid direction changes over

short periods–each of which poses challenges for turbine structures. Precipitation, while less impactful than wind and waves,

should also be reviewed in the context of existing studies, with observational data from typhoon cases in Japan providing

valuable insight (Pfahl and Wernli, 2012; Nayak and Takemi, 2020). From an engineering perspective, engineering wind

models must accurately represent the structure of the hurricane across the turbine rotor layer. Accurate engineering wind325

models can enable the understanding of the loads on individual turbines exposed to various hurricane intensities and geographic

locations. Furthermore, these engineering wind models should capture the relevant radial, azimuthal, and vertical differences

in the mean wind profile and turbulence characteristics to understand how wind loads vary across a wind farm, as turbines

in different positions relative to the storm’s center may experience different impacts. LES data can potentially enhance the

synthetic turbulence methods used by engineers (Keith et al., 2021; Izmailov et al., 2024).330

2.5 Parametric Wind and Wave Models

Under TC conditions a range of metocean components – boundary layer winds, ocean surface waves, ocean currents and high

water levels (storm surge) – produce loads on offshore structures (DNV, 2018). As wind, wave, and ocean conditions are

highly correlated with significant temporal variation throughout the passage of the storm, these individual metocean compo-

nents should not be treated as independent variables. In particular, due to the cyclonic nature of TCs and the differing response335

times of the atmosphere and the ocean, metocean components can be well-aligned at some times and locations and significantly

misaligned at others (Chen and Curcic, 2016). Therefore, one of the challenges for metocean conditions is to derive an appro-

priately extreme load combination (or set of combinations) for a given TC. This should be efficient enough to be repeatable for

at least 10 to 100,000 years worth of TCs (e.g., from a synthetic TC catalog; Section 2.2) to develop an accurate assessment of

the recurrence interval.340

Inherently, coupled atmosphere-ocean-wave weather-scale models (Section 2.3) can provide metocean time series. How-

ever, being able to accurately represent each TC and repeat it for the large number of TCs required, represents an almost

inhibitive computational cost. To this end, significant research effort has been devoted to the development of reduced-order

parametric TC wind field models to facilitate timely predictions. These parametric wind field models have been used in turn

to force parameric wave field models (Young, 1988; Young and Burchell, 1996; Young, 1998, 2006; Young and Vinoth, 2013;345

Grossmann-Matheson et al., 2023, 2025). For parametric wind field models, variations include, but are not limited to, the

semi-empirical models by Holland (1980) model and its enhanced version (Holland et al., 2010; Fujii and Mitsuta, 1986;

Willoughby et al., 2006), as well as the fully analytical model of Chavas et al. (2015), which evolved from the foundational

theoretical works of Emanuel (2004); Emanuel and Rotunno (2011). These models involve a functional form for the rotational

winds based on the gradient wind balance at the top of the boundary layer. Reduction factors and frictional inflow angles are350

applied to reduce the wind down to the surface, and a translational component is added, usually proportional to the storm

motion, to obtain the total surface wind (e.g., Schwerdt et al., 1979; Lin and Chavas, 2012; Iwamoto et al., 2023).
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Depth-averaged boundary layer models are also employed (e.g., Vickery et al., 2009; Mudd and Vickery, 2024), which

can produce additional complex features of the TC due to surface friction effects. This is particularity important as a TC

approaches the coastal zone and interacts with the land surface. In addition, ML models have been proposed to overcome some355

of the inherent assumptions of traditional parametric models. For instance, the probabilistic ML model of Loridan et al. (2017),

and the deep-learning generative adversarial network (GAN) model of Mulia et al. (2023), both trained on weather-scale model

data with the potential for incorporating observational data.

Ocean waves are known to be significantly larger on the right-hand side of the TC than the left due to the extended (cumula-

tive) fetch as waves propagate with the storm motion, and tend to be swept in behind the storm center as storm motion increases360

and outruns the group wave speed (Young, 2017). Furthermore, the spatial extent of wave fields are larger than the wind fields

because waves continue propagating once generated. By defining the equivalent fetch for wave growth in a TC, Young (1988)

pioneered parametric models for the maximum significant wave height in a TC as a function of the maximum sustained wind

speed (Vmax). Non-dimensional diagrams based on 2nd generation wave modeling are used to determine the spatial variation

as a function of Vmax and storm motion. Additional theoretical and empirical developments also led to equations for the peak365

frequency, as well as one-dimensional and directional spectra (Young, 2017). More recently, state-of-the-art parametric TC

wave models have been trained on a large data base of 3rd generation spectral wave model outputs, which include the effect on

nonlinear source terms that transfers energy from the local wind-sea to the dominant peak waves (Grossmann-Matheson et al.,

2023, 2025). ML surrogate models have also been developed that can more fully describe the potential range of wave fields

for a given set of TC parameters (e.g., Qiao and Myers, 2022). This model was trained with parametric Holland model wind370

forcing. Future work may consider employing a unified ML/AI modeling framework for both wind and wave fields of TCs.

One key research need is improving parametric hurricane wave models to better capture the full wave spectrum and provide

more comprehensive inputs for phase-resolving models. In particular, the extent to which environmental conditions outside

of the local TC wind field (e.g., external wind conditions, swell) influence the sea state conditions is an open question that

influences the effectiveness of parametric wave models. Some preliminary modeling by Qiao et al. (2020) suggests that, for375

the most intense TCs, the sea state conditions are dominated by the local TC wind field, but these issues are not fully resolved.

Another challenge lies in the representation of wave breaking effects, particularly in extreme TC conditions, where significant

wave heights can saturate and wave growth and decay may reach equilibrium (Shimura et al., 2024). Additionally, understand-

ing seabed mobility, scour effects, and wave-current interactions during storms is crucial for ensuring the stability of fixed wind

turbines and submarine cables. As hydrodynamic modeling advances, future research must address these challenges, including380

the need to better simulate wave-breaking forces, integrate storm surge effects, and refine coupling methods for more accurate

turbine load predictions under extreme conditions.

17

https://doi.org/10.5194/wes-2026-32
Preprint. Discussion started: 11 February 2026
c© Author(s) 2026. CC BY 4.0 License.



2.6 Wind Energy System Response

2.6.1 Rotor-Nacelle-Assembly (RNA) and Tower

During tropical cyclones, wind turbines are expected to remain idle and not produce energy from the extreme winds. The blades385

are designed to feather, or point into the wind to reduce their surface area exposure. At the same time, the yaw drive, located

in the wind turbine’s nacelle, continuously points the rotor into the wind to avoid large cross-wind loads. Despite such systems

and protocols being in place, challenges to the structures can still occur, motivating the need for improving wind turbine aero-

servo-elasticity models. These models are critical for understanding the complex interactions between aerodynamic forces

and the structural dynamics of wind turbine blades and tower, ensuring the reliability of turbines in extreme wind and wave390

environments. Aeroelastic models such as OpenFAST (NREL, 2023), HAWC2 (Larsen and Hansen, 2007), and Bladed (DNV,

2025) have been validated for power-producing, operational conditions. However, under non-operational, idling conditions,

modeling uncertainties and instabilities challenge the validity of these models, particularly due to the negative lift curve slope,

experienced during deep stall. This situation can lead to local negative aerodynamic damping, resulting in divergent oscillations

known as stall-induced vibrations (SIVs), especially near the first flapwise and edgewise modes.395

Stall-induced vibrations during operational conditions have been studied by Hansen (2003); Riziotis et al. (2004) using

modal analysis, showing differences in aerodynamic damping for forward and backward edgewise whirling modes. More

recent studies have focused on parked or idling rotors, with Politis et al. (2009) investigating the stability of an isolated parked

blade at various inflow angles using an eigenvalue approach, and Skrzypiński and Gaunaa (2015) analyzing the stability of an

elastically mounted 2-D section of a parked blade with unsteady aerodynamics. Blade-geometry-resolving simulations have400

also been performed to understand vortex shedding phenomena, including the influence of tip geometry (Horcas et al., 2022).

In addition, dynamic stall models are being improved to address technical challenges in modeling idling rotors (Bangga et al.,

2023).

Despite, existing uncertainties in modeling of idling turbines, recent studies have used engineering turbine models to simulate

the impact of extreme wind events, but generally for smaller turbines than the currently deployed 15+MW turbines. These405

studies include both fixed-bottom (Worsnop et al., 2017; Kapoor et al., 2020) and floating cases (Li et al., 2021a).

2.6.2 Substructure

When considering the impact of TC events on offshore wind substructure, site-specific information is often applied. Substruc-

ture design includes the collection of historical metocean data for storm event-based frequency analysis, and load analysis

is applied for a given return period. For different types of substructures (monopile, three-leg jacket, four-leg jacket, floating)410

textbook design methodologies (Bhattacharya, 2019) and engineering guidelines (e.g., DNV, 2016) are typically used. Note

that accurate prediction of the extreme wave loads are associated with ultimate limit state (ULS) loads which partially drive

the dimensioning of the substructure such as thickness, outer diameter and member length of all or individual members.

The standard procedure for extreme wave design typically relies on regular stream-function wave theory (Fenton, 1985), and

assumes a linear representation of the background irregular wave spectrum. Because of its simplicity the method has gained415
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widespread use but it also comes with notable limitations (Chaplin, 1979). This is because stream-function wave theory assumes

two-dimensional wave motion, a flat bed, periodicity, and symmetry around the crest, conditions that do not necessarily reflect

a real extreme wave, which is transient, irregular, and embedded in a stochastic sea state. As a result, the imposed constant wave

shape may diverge significantly from the true physical characteristics of extreme events. Moreover, steep waves are actively

breaking when they exceed a certain limit, leading to peak wave loads on monopiles (Bredmose and Jacobsen, 2010), and other420

structures.

For wave–structure interaction, the Morison equation (Morison et al., 1950) remains a classical tool. It represents hydro-

dynamic loading through a drag term proportional to the square of the velocity—using a drag coefficient similar to that in

steady flow—and an inertia term proportional to the horizontal acceleration of the displaced water mass. While effective for

slender structures, its simplicity limits its applicability under highly nonlinear conditions where higher-order wave kinematics425

and viscous effects become significant (Sarpkaya, 2010). Equally important is the treatment of nonlinear structural responses,

such as material plasticity, buckling, and global or local instability which influence the robustness of offshore wind turbine

substructures. Similarly for floating platforms, accurately computing hydrodynamic coefficients for wave loading remains a

major challenge, particularly in integrating complex time-domain models, which require high computational resources (Otter

et al., 2022). Similarly, soil-structure interactions requires the application of advanced models incorporating nonlinear soil430

springs and true continuum 2D/3D soil models are essential, alongside the inclusion of cyclic soil response.

Finally, a small number of studies have directly assessed hurricane and typhoon impacts. Mroczek et al. (2024) proposed a

conceptual design methodology for monopiles supporting the IEA 15MW reference turbine, beginning with fatigue lifetime

assessment and followed by ultimate limit state (ULS) and natural frequency analysis. They reported this sequence as more ef-

ficient, reducing design iterations, and found that fatigue-driven loads generally govern monopile sizing, except in cases where435

wave-breaking effects dominate ULS demands. Similarly, ultimate load analysis in Typhoon-prone regions was undertaken for

jacket-type offshore wind turbines by Ju et al. (2019) and for various support structures by Chi et al. (2020). The latter study

examined typhoon impacts on foundation design in Taiwan, starting from natural frequency analysis and proceeding through

ULS and fatigue limit state checks. The authors concluded that overall substructure geometry is neither controlled by allowable

natural periods nor highly sensitive to increased return periods. However, when comparing foundation types, they showed that440

increasing the storm return period from 50 to 100 years leads to substantial member-level demand increases, corresponding to

rises of about 30% in maximum overturning moments for jacket structures and up to 26.8% for monopiles.

3 Current Status of WES Engineering Practice

3.1 Design, International Standards and Technical Guidelines

Turbine design is governed by structural loads that are unique to wind energy systems. The design should establish a target445

reliably and then assess performance considering appropriate levels of hazards throughout the intended lifetime, accounting

for both the ultimate limit state and the fatigue limit state. Standard design approaches evaluate the characteristic load, S, and

characteristic resistance, R, by considering their distributions, and check structural integrity through partial load factors, α and
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ϕ, using the criterion αS < ϕR. Although these conditions may vary across sites and individual turbines, the IEC 61400-1

standard establish a general design basis that can be tailored to site-specific conditions (e.g., sea state) or aligned with turbine450

class requirements (Class I, II, III). Within the IEC framework, multiple methods are proposed to estimate the hub-height wind

speed Vhub, significant wave height Hs, and peak wave period Tp for extreme events, specifically around design conditions, i.e.,

50-year return period (IEC 61400-15-1, 2024). For wind turbines installed in TC-prone regions, these same design parameters

may need modification to reflect the more severe environmental conditions . A key distinction between cyclone-prone and non-

cyclone-prone regions is the introduction of the Tropical T-Class reference wind speed, which sets the 50-year return-period455

wind speed to V50 =57 ms−1. While this new class requires higher design wind speeds, it does not provide guidance on the

additional uncertainties associated with tail-event estimation, nor does it address regions where wind speeds may exceed this

threshold.

An additional point of concern is that the default IEC load partial-safety factors (e.g., α discussed earlier) are appropriate

for extra-tropical regions but not for areas exposed to tropical cyclones. Such regions may require larger safety factors due to460

the greater variability in their extreme environmental conditions. Figure 7 schematically illustrates this variability by showing

the extreme wave height (in meters) for two hypothetical sites (one extra-tropical and one tropical), and the normalized load

ratio as functions of the load return period (in years). To achieve an equivalent safety level in tropical-cyclone-prone regions,

the solution has been to adjust the partial safety factors. In particular, a load factor of 1.35, developed for DLC 6.1 for regions

exposed to extra-tropical cyclones, may need to be increased for tropical cyclones, as schematically shown in Figure 7. We465

note that load factors are governed by the probability distribution of loads and relate to the respective extreme wind-speed and

wave-height probability distributions.

Probabilistic design was first introduced to the IEC standards in edition 4 of 61400-1 and also to 61400-3-1 with regards

to wind-wave relationship (Annex F). Additionally, 61400-9 supplements 61400-1 by providing appropriate methodologies

and requirements for full probabilistic design taking into account specific uncertainties on not only material properties but470

also on environmental conditions, design models and the degree of validation. Under a probabilistic design approach, both the

load, S, and resistance, R, are variables that can be described by a distribution. A reliability-based method then calculates the

probability of failure,

PF = Φ
(
− µM

σM

)
= Φ(−β)

where M is a normally distributed variable (derived from M = R−S), µM is the mean value, σM is the standard deviation,475

and β = µM/σM is the reliability index. The method works well when both load and resistance are normally distributed.

However, when S or R are not normally distributed, other methods must be used. Common alternative approaches include the

Environmental Contour (EC) method which is closely related to the First Order Contour Method (FORM). Both EC and FORM

work well when data can be modelled by Weibull or log-normal. Equally, if the reliability index, β, is chosen beforehand, the

Inverse First Order Reliability Method (IFORM) can be employed (Winterstein et al., 1993).480

Finally, another important note regarding the IEC 61400-3-1 standard, is that it provides an optional robustness check (Annex

I). The robustness check applies only to the support structure and follows the same philosophy as the American Petroleum
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Figure 7. Design wave height and IEC partial safety factors for different load return periods. Safety factors need to be adjusted from extra-

tropical regions to ensure equivalent reliability in tropical cyclone regimes (Jonkman et al., 2024)

Institute (API) standards for moderate consequence of failure at a medium exposure level (L2 in ISO 19900). Consequently, the

design engineer must calculate loads under 500-year return-period conditions, V500 and Hs,500, but check structural integrity

by applying a unity safety factor, i.e., S500 ≤ ϕR.485

Apart from the IEC design standards, a number of additional guidelines and standards are available to design engineers

(see Table 2). The American Society of Civil Engineers (ASCE) standards (ASCE/SEI 7-22) provide inland hazard maps for

hurricane-prone regions at 10 m above sea level, while standards from the Architectural Institute of Japan (AIJ) include hazard

maps along with topographic factor to be used to estimate Typhoon-driven winds (Architectural Institute of Japan, 2004). Other

relevant technical reports and guidelines, such as those from DNV (2017, 2016), focus on the determination of extreme wind490

and wave conditions. Both guidelines emphasize that extreme load design under TC conditions requires wind conditions at

hub height, ocean surface wave characteristics, ocean currents (both surface and depth-dependent), and water levels (including

storm surge) evaluated at specified return periods (e.g., 50-year, 100-year, 500-year).

Nonetheless, significant gaps remain in current standards and guidelines, particularly regarding the site-specific estimation

of the reference wind speed V50 (e.g., Larsén et al. (2022); Larsén and Ott (2022)), the levels of wind shear and veer that495

should be considered (Sanchez Gomez et al., 2023), the appropriate characterization of turbulence (Sanchez Gomez et al.,

2023; Sanchez-Gomez et al., 2025), and the magnitude of extreme wave height (McElman et al., 2025). Moreover, existing

turbulence models, such as Mann and Kaimal, remain insufficient for accurately representing TC conditions (e.g., Müller

et al. (2025)). The definition of a “reasonable worst-case” scenario for turbine design also lacks clarity, whereas a number of

questions remain regarding potential fatigue implications from multiple lower-category storms impacting a wind farm over its500

design lifetime (Chen et al., 2022).
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Table 2. Standards and guidelines widely used by engineering practitioners for wind turbine design in tropical-cyclone-prone regions.

Standard Description

IEC 61400-1 Wind Turbines – Part 1: Design Requirements. A foundational standard specifying design principles,

safety factors, and load cases for onshore wind turbines.

IEC 61400-3 Wind Turbines – Part 3: Design Requirements for Offshore Wind Turbines. Extends IEC 61400-1 to

account for offshore environmental conditions.

API RP 2MET Derivation of Metocean Design and Operating Conditions. A modified version of ISO 19901-1:2005,

issued in November 2014; provides guidance for assessing metocean conditions for offshore assets.

API 2INT-MET Interim Guidance on Hurricane Conditions in the Gulf of Mexico (May 2007). Focuses on extreme-event

characterization and design-response considerations under hurricane loading.

DNV-ST-0437 Loads and Site Conditions for Wind Turbines. Provides methods for establishing environmental condi-

tions and deriving design loads.

DNV-RP-C205 Environmental Conditions and Environmental Loads. A widely used recommended practice for offshore

structures, detailing metocean load modeling.

ISO 19901-1 Metocean Design and Operating Considerations for petroleum and natural gas industries; Part 1 of the

ISO offshore structures series.

TAP 672 Development of an Integrated Extreme Wind, Wave, Current, and Water Level Climatology to Support

Standards-Based Design of Offshore Wind Projects (Feb. 2014).

TAP 724 Development of Hazard Curves for WEAs off the Atlantic Seaboard (Dec. 2015).

ASCE/SEI 7-22 Minimum Design Loads and Associated Criteria for Buildings and Other Structures.

3.2 Load Mitigation Strategies

Load mitigation strategies for wind turbines under tropical cyclones can involve a variety of approaches aimed at reducing the

impact of high winds and storm forces. Maintaining yaw and pitch control is crucial, with battery backup systems or other

alternative power sources ensuring continued control during power loss. Instrumentation plays a critical role in monitoring505

turbine performance, diagnosing increased loads in real-time, and enabling responsive actions. Vibration control techniques,

such as active, semi-active, and passive mass dampers help manage dynamic loads and reduce the risk of structural damage.

Scour protection is also essential to maintain turbine stability under severe conditions.

3.2.1 Active Yaw Control with Battery Backup Systems

Active yaw control supported by a dedicated battery backup system or a diesel generator represents a critical resilience feature510

widely adopted by the offshore wind industry. Under extreme wind conditions, rapid directional shifts of up to ±180◦ can
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occur during the passage of a tropical cyclone, and if grid power is lost, a nacelle locked in place may be exposed to severe

cross-flow loading (Kim and Manuel, 2014). Such large yaw misalignment amplifies aerodynamic loads across the rotor,

tower, and foundation, resulting in load extremes well beyond conventional IEC Design Load Case (DLC) 6.1 conditions

(IEC 61400-1). A properly designed battery backup system allows yaw drives to remain operable even during extended grid515

outages, maintaining yaw misalignment within a narrow error band (e.g., ±8◦). This minimizes dynamic loading, reduces the

probability of stall-induced vibrations, and mitigates the risk of catastrophic component failure under survival conditions.

The implementation of battery-powered yaw control introduces several design and operational challenges. Energy storage

capacity must be sufficient to sustain yaw actuation throughout the full duration of a worst-case TC event, which may extend

over many hours, including periods preceding grid failure and post-storm diagnostics. The yaw duty cycle during storm pas-520

sages is characterized by intermittent but high-power demands, as the drive system must overcome aerodynamic loads, nacelle

inertia, and friction at critical moments of wind direction change. Reliability of the backup system is therefore paramount: re-

dundancy, robust state-of-health monitoring, and integration with supervisory control and data acquisition (SCADA) systems

are required to ensure that yaw functionality is available whenever needed. In this way, active yaw control with battery backup

provides an effective means of reducing extreme load risks, complementing existing IEC design load cases, and ensuring525

turbine survivability during the demanding TC-generated metocean environments.

3.2.2 Vibration Control Via Tuned Mass Dampers

Vibration control techniques, such as active, semi-active, and passive tuned mass dampers, can help mitigate dynamic loads

and reduce the risk of structural damage. Offshore wind turbines suffer from large complex dynamic loads under combined

extreme wind and wave impacts caused by TCs. Active tuned mass dampers, which directly impose control forces on target530

structures to counteract external load effects (Staino A., 2012; Fitzgerald B., 2014; Li J., 2024), have been shown to be effec-

tive in mitigating the dynamic responses of turbine blades and towers. However, active tuned mass dampers require actuators,

sensing and controlling systems, and stable external power supplies to maintain their efficacy, which may become ineffective

during extreme TCs. In comparison, semi-active tuned mass dampers can provide comparable load mitigation effects as their

active counterparts, yet require orders of magnitude smaller power supply. Existing studies show that semi-active tuned mass535

dampers (Arrigan J., 2011; Dinh V.N., 2016; Sun, 2017, 2018; Nazokkar and Dezvareh, 2022) are effective in mitigating the

dynamic loads/responses of offshore wind turbines under wind and wave impacts, structural damage and time-varying envi-

ronmental conditions. In contrast with active and semi-active tuned mass dampers, passive mass dampers are more convenient

(Actuator, power supply, and sensing are not needed) for application and hence are extensively utilized in offshore wind tur-

bines to mitigate the dynamic loads. Early research (Colwell and Basu, 2009; Murtagh et al., 2007; Lackner and Rotea, 2011)540

primarily focused on unidirectional dynamic load/response reduction. However, offshore wind turbine blades, nacelles, towers,

foundations, and mooring systems always experience bidirectional or three-dimensional dynamic responses under combined

wind-wave-current loads. To address this challenge, (Sun and Jahangiri, 2018, 2019; Jahangiri and Sun, 2020; Jahangiri et al.,

2019; Jahangiri and Sun, 2022; Jahangiri et al., 2024; Leng et al., 2023; Lei et al., 2023; Zhu et al., 2024, 2025) developed

multi-directional tuned mass dampers (including inerter enhancement) to effectively mitigate the two- or three-dimensional dy-545
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namic loads/responses of offshore wind turbine blades, towers, foundations, and floating platforms exposed to wind, wave, and

current loads. Although significant progress has been made in developing effective vibration control techniques for dynamic

load mitigation of offshore wind turbines, the evaluation of the integrated performance of vibration control and yaw/pitch

control under extreme TCs is inadequate. Future research efforts need to be focused on evaluating and improving the overall

performance of vibration control techniques used in collaboration with yaw and/or pitch control during extreme TCs. Innova-550

tive dampers realized through new materials (e.g., metamaterials), novel design, and effective control strategies are needed to

maintain the structural integrity of offshore wind turbines exposed to future extreme TCs.

Emerging and theoretical solutions for load mitigation include innovative designs like downwind and teetering rotors,

which alter the aerodynamic characteristics to reduce loading, and passive yaw control systems. Co-locating renewable en-

ergy sources, such as wave energy converters or solar power, as backup power during extreme conditions also shows promise.555

In more speculative scenarios, the concept of roaming turbines –turbines that can maneuver away from the path of a storm

– offers an exciting, though theoretical, solution for enhancing turbine resilience. Additional strategies might involve adding

material to key structures, such as turbine blades, to reinforce them against increased loading or using smaller rotors on larger

machines to reduce aerodynamic forces. These technologies, both available and emerging, aim to improve turbine durability

and reduce the risk of damage from extreme weather events.560

3.2.3 Innovative cyclone-resilient designs

Lastly, innovative cyclone-resilient designs have been proposed to deal with the extreme conditions posed by tropical cyclones.

The proposed concepts include designs inspired by the structural resilience of palm trees, incorporate downwind-oriented

segmented blades that deploy to capture wind during normal operation but fold together under extreme loading conditions,

thus mitigating storm-induced loads (Qin et al., 2016; Ichter et al., 2016). In addition to segmentation, the use of advanced565

composites such as carbon fiber is expected to reduce the rotor mass by up to 50%, allowing blade lengths approaching 200 m

while alleviating cantilever loads and tower strike risks.

4 Risk Quantification

Despite adherence to cyclone-region design criteria, detailed risk quantification at the project and region levels is still required

to understand the consequences of exceeding design limits. Today, risk assessment for wind energy projects presents several570

grand challenges, particularly when deciding on an appropriate framework in which to place the, often, disparate definitions and

assessment of hazard, failure and consequence that prevail in fields such as meteorology, structural and mechanical engineering,

grid operations and human ecology. This framework has proven highly successful, in the field of earthquake engineering by

defining risk as a convolution of the probability of system failure or damage and the consequence of that failure or damage

event, with the consequence typically being measured in monetary units such as US Dollars (Porter, 2003; Krawinkler and575
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Miranda, 2004; Moehle and Deierlein, 2004). In mathematical terms, the framework can be written as,

Risk =
∫∫∫

E[C |DM ]fDM |EDP (DM | EDP )fEDP |IM (EDP | IM)fIM (IM)dIM dEDP dDM

or, isolating the failure probability

Pf =
∫∫ [

1−FDM |EDP (dmfail | EDP )
]
fEDP |IM (EDP | IM)fIM (IM)dIM dEDP

where E is the expected value function and fX and FX are functions providing probability density and cumulative probability580

of random variable X . Here IM is the intensity measure of external, potentially damaging, actions or hazards on the system

(e.g., wind and wave from a cyclone), EDP is the engineering demand parameter that converts the external actions to demands

on the system (e.g. bending moment in a blade root), DM is a damage measure that typically ranges from zero damage to

complete system failure, and C is a consequence that maps damage measures onto financial consequence, possibly including

the importance of resilience. The framework, up through the failure probability Pf can also be depicted graphically as in Figure585

8, which uses results from Hallowell et al. (2018) to illustrate the various components of the integrand of the risk calculation.

While this approach to risk calculation is well established and implemented globally (including seismically active regions such

as the American Pacific Coast, the East Asian Pacific Rim and New Zealand), only a handful of studies have implemented a

tropical-cyclone-driven risk quantification framework for offshore wind (Jha et al., 2010; Powell and Cocke, 2012; Rose et al.,

2012a, b; Kim and Manuel, 2012; Mardfekri and Gardoni, 2013, 2015; Hallowell et al., 2018; Wilkie and Galasso, 2020). Even590

in those cases, the actual consequences were not calculated due to significant challenges in estimating the dollar-cost of the

consequences of the various damage states. While the integral formulation of the risk is a useful tool, significant challenges

remain to enable its implementation for tropical cyclone risk to offshore wind, among which are:

1. The availability of data suitable to calibrate input to the probability models required for risk calculation. For example,

when assessing risk, it is essential to understand the frequency and characteristics of extreme occurrences of natural595

hazards, which, by definition, occur very infrequently and therefore cannot typically be sufficiently characterized by

analysis of the historical record. For offshore wind infrastructure exposed to tropical cyclones, the hazard assessment

must include characteristics of both wind and sea state, including, if relevant, their correlation. Some relevant information

exists in the US in documents such as API-2INT-MET, but these maps are too coarse to be usable for design and

assessment of risk and the correlations are not explicitly considered. There is currently no consensus on the preferred600

methodology for characterizing hazard and calculations must be done on an ad hoc basis.

2. The complexity of wind energy systems and the interactions among its many components as well as the need to establish

and harmonize engineering- and physics-based models in the many domains that contribute to wind farm response to

tropical cyclone conditions. Accurate probabilistic assessment of environmental conditions, structural loads, structural

fragilities, and consequences of damage is deeply interdisciplinary, requiring expertise from structural and geotechnical605

engineering, mechanical engineering, controls, atmospheric science, and risk science. Knowledge from all of these do-

mains of expertise must be represented numerically in models. Ideally, there would be a single model that sufficiently

represents all of these phenomena, but no such model exists.
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Hazard: fIM

Fragility: fDM|EDP Probability of Failure: Pf

Structure: fEDP|IM

Figure 8. Graphical representation of the calculation of failure probability that can be convolved with consequence to calculate risk.

3. The need to incorporate human ecology aspects particularly of offshore wind response to tropical cyclones (e.g. oper-

ator response to cyclone activity affecting downtime and DM consequence); aspects in which methods of quantifying610

probabilities of human behavior may be completely absent or be incompatible with the mathematical formulation of risk

presented above.

Each of these challenges will require substantial research to overcome so that a probabilistic risk assessment framework can

be implemented for offshore wind and so that the framework can then be put to use by regulators, governments and developers

to mitigate risk.615

5 Bridging the Gap: Recommendations for Future Research toward Resilient Design

– Improving observational capacity:
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A major priority for advancing resilient wind energy design in TC-prone regions is the expansion of observational ca-

pabilities at turbine-relevant heights (20–300 m). Existing satellite, airborne, and ground-based platforms remain sparse

offshore and lack the temporal resolution needed to capture long-duration time series of turbulence, wind veer, spectral620

coherence, and gust features that are critical for load modeling and control strategies. These limitations are compounded

by the broader challenges that hinder operational use of observations, including the restricted spatial and temporal conti-

nuity of current measurements, insufficient spatiotemporal resolution to represent rapid TC-driven wind field variability,

the scarcity of data within the 20–300 m AGL layer, and the absence of offshore platforms situated far enough from land

to provide representative sampling in open-water environments. Significant opportunities lie in deploying long-range625

scanning lidars and research-grade Doppler radars offshore, including configurations mounted directly on wind farm

infrastructure. These systems must be capable of resolving turbulence statistics, gust factors, misalignment events, and

rapid wind field transitions with the accuracy required for engineering applications, while standardized measurement

protocols across basins will ensure comparability and facilitate integration of heterogeneous datasets into global design

standards.630

To address these gaps, a key mitigation strategy is the broader adoption of advanced remote-sensing systems, particularly

customized Doppler radars and long-range scanning lidars, that can deliver the required spatial coverage, temporal conti-

nuity, and sampling density across turbine-relevant heights. Mounting these instruments on offshore structures, including

wind farm assets, offers a practical pathway to substantially extend observational reach and improve TC characterization

over the ocean.635

– Refining synthetic and probabilistic models:

Synthetic track models offer an essential tool for characterizing the long-term probability of TC events, but their ap-

plication to offshore wind systems is still in its infancy. Future research should validate these models against observed

offshore storms, explicitly accounting for the combined impacts of wind, waves, and surge. Probabilistic hazard models

also need to evolve to represent plausible future scenarios, such as more intense high category storms, slower translation640

speeds, and intensified rainfall. Hybrid approaches that integrate deterministic, physics-based methods with emerging

generative AI foundation models capable of producing stochastic ensembles (Hatanpää et al., 2025) will be especially

valuable for producing synthetic catalogs that are both computationally efficient and scientifically robust. Stochastic sim-

ulation of synthetic storm tracks thus provides a critical tool for assessing TC risks in future weather conditions. When

coupled with global climate models, these frameworks allow exploration of how storm frequency, intensity, and spatial645

distribution may evolve under different greenhouse gas emission and socioecnomic pathways (Emanuel et al., 2006;

Camargo and Wing, 2016).For offshore wind applications, such integration enables site-specific quantification of risk in

tropical cyclone–prone regions, including existing projects in the U.S. Atlantic Coast, the Taiwan Strait, the South China

Sea, as well as in emerging offshore wind markets such as Japan, Korea, Vietnam, and the Philippines. Importantly, this

probabilistic perspective also supports resilience-oriented infrastructure planning, offering a pathway to “future-proof”650

wind turbine design standards that currently rely heavily on historical climatology (IEC, 2009).
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– High-fidelity simulations and reduced-order models:

The research landscape around high-fidelity and reduced-order models is evolving, and key studies (Bryan et al., 2017;

Chen et al., 2021; Ito et al., 2017; Rotunno et al., 2009; Green and Zhang, 2015; Rozoff et al., 2023; Stern et al., 2021; Ma

and Sun, 2021; Ma et al., 2024; Sanchez Gomez et al., 2023; Sanchez-Gomez et al., 2025; Ren et al., 2020) continue to655

refine LES methods to simulate tropical cyclone boundary layer winds, offering new insights into the turbulence dynam-

ics that influence wind turbine resilience. Challenges in applying these methods to real-world scenarios include balancing

computational costs with the need for high-resolution data and understanding the complex interactions between wind,

ocean, and wave dynamics in a TC. These advances are critical for developing resilient wind energy systems capable of

withstanding the extreme conditions posed by tropical cyclones. One possible approach to reducing the computational660

requirements for large-eddy simulations is shifting to GPU-based simulation codes such as FastEddy (Muñoz-Esparza

et al., 2020, 2022), ERF (Myers et al., 2024; Lattanzi et al., 2025), and Cloud Model 1 (Bryan and Fritsch, 2002; Bryan

and Rotunno, 2009). Establishing tiered modeling frameworks, where high-fidelity models inform reduced-order sur-

rogates, which in turn inform engineering standards, and thus ensure that cutting-edge science translates into practical

design tools.665

– Redefining turbulence and load frameworks:

Current turbulence models used in wind turbine design, such as the Mann and Kaimal spectra, fail to capture the elevated

turbulence intensities, larger coherent structures, and rapid directional shifts observed in TCs. Future work should focus

on redefining turbulence characterization for TC boundary layers, including moving beyond the standard 10-minute av-

eraging window, which may obscure damaging gusts. Engineering wind models must capture shear, veer, and coherence670

across the rotor layer, as well as radial and azimuthal variations around the storm (Sanchez Gomez et al., 2023; Müller

et al., 2025). Incorporating these refined inflow models into coupled aero-hydro-servo-elastic simulations will enable

more accurate prediction of loads on blades, nacelles, towers, foundations, and mooring systems during extreme events.

– Loads, standards, and mitigation techniques:

Existing design standards, such as the IEC 61400 series and DNV guidelines, provide partial coverage for tropical cy-675

clone conditions but remain inadequate for site-specific hazards and turbine sizes now exceeding 15 MW. Future research

should address three areas: (i) improved load case definitions that reflect cyclone-induced turbulence and wave–current

misalignment; (ii) development of probabilistic safety factors tailored for tropical basins; and (iii) systematic evalua-

tion of load mitigation strategies, including tuned mass dampers, advanced control algorithms, and innovative rotor or

substructure designs. Research should also explore the integration of passive and active load mitigation methods with680

yaw/pitch control systems under TC conditions. Importantly, new standards must be informed by a rigorous evidence

base, combining observational data, advanced simulations, and probabilistic hazard analysis to ensure turbines achieve

resilience without over-design.

– Integrated risk assessment frameworks:
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Finally, resilient design requires the development of integrated risk frameworks that combine hazard, fragility, and con-685

sequence models into a consistent decision-making tool. Current approaches often rely on partial safety factors calibrated

for extra-tropical conditions, neglecting the higher variability and cascading risks posed by TCs. Future research must

establish TC-specific reliability targets, quantify material and economic costs of meeting these targets, and incorporate

downtime losses into probabilistic risk frameworks. Such frameworks will provide developers, insurers, and regulators

with a transparent basis for balancing upfront investment with long-term resilience. Ultimately, this integration of hazard690

science, engineering design, and economics will be critical to ensuring wind energy viability in cyclone-exposed regions.

These efforts must also overcome major challenges, including the scarcity of suitable data for calibrating probabilistic

hazard models, the lack of consensus on methodologies for characterizing extreme wind–wave conditions, and the ab-

sence of unified models capable of representing the complex interactions across atmospheric, oceanic, structural, and

control-system domains. Moreover, human-ecology factors, such as operator response to cyclone activity and its effects695

on downtime and damage consequences, must be incorporated despite limited probabilistic tools for modeling human

behavior.

6 Conclusions

Wind energy is expanding rapidly into regions exposed to tropical cyclones, yet the scientific, engineering, and risk frameworks

required to ensure resilient design remain under-developed. This Grand Challenges paper highlights major advances in field700

measurements, modeling capabilities, engineering standards, and risk quantification, while also identifying critical gaps that

must be addressed.

On the observational side, significant progress has been made in deploying multi-platform systems – ranging from satel-

lites with SAR capability to airborne radars, uncrewed systems, and ground-based Doppler lidars – yet comprehensive wind

measurements at turbine-relevant altitudes (20–300 m) remain sparse, particularly offshore. Synthetic track and probabilistic705

storm models have matured into essential tools for estimating return periods and extreme hazards, but their application to

offshore wind remains limited and insufficiently validated. Weather- and turbine-scale models, especially LES and coupled

atmosphere–ocean–wave frameworks, are beginning to capture cyclone turbulence and inflow conditions with unprecedented

fidelity, though their computational demands and uncertainties in parameterizations limit direct application to engineering de-

sign. Parametric models and reduced-order surrogates provide a promising bridge, but require further development to capture710

cyclone-specific turbulence, wind–wave misalignment, and compound hazard effects.

From an engineering perspective, existing standards (IEC, DNV, API, AIJ) provide only partial coverage for tropical cy-

clone conditions and often rely on assumption originally developed for extra-tropical cyclones. Default turbulence models and

partial safety load factors underestimate the variability and intensity of cyclone-driven wind and waves, creating a mismatch

between current design practice and site-specific hazard profiles. Advances in load mitigation strategies ranging from tuned715

mass dampers to advanced yaw and pitch control and novel rotor or substructure concepts offer potential pathways to reduce

structural vulnerability, yet their integration into reliability-based design frameworks is still at an early stage. Finally, risk
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quantification remains particularly challenging: while probabilistic frameworks from earthquake engineering provide a robust

template, the lack of a widely accepted wind-energy-specific hazard, fragility, and consequence data limits implementation and

adoption by project developers and insurers.720

In conclusion, resilient wind energy development in cyclone-prone regions will require coordinated advances across disci-

plines. Priority areas include: (i) expanding and standardizing measurements at turbine-relevant scales; (ii) validating synthetic

storm and climate-informed hazard models against offshore observations; (iii) developing reduced-order simulators and turbu-

lence models that capture cyclone-specific dynamics; (iv) revising international standards to incorporate probabilistic safety

factors and compound hazard effects; and (v) integrating hazard, fragility, and consequence models into transparent risk as-725

sessment frameworks. Addressing these gaps will require collaboration across atmospheric science, oceanography, engineering,

and risk modeling. Through this coordinated effort, wind energy systems can be designed to account for the risks associated

with tropical cyclones, supporting long-term reliability in coastal and offshore regions exposed to tropical cyclones.
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