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Mesoscale to Microscale Coupling
Mesoscale to Microscale Coupling (MMC) Project (PI Sue Haupt): 

To build new high-performance-computing-based multiscale wind plant 
simulation tools coupling a broad range of scales with scale interactions that 
will enable the optimization required to ensure the efficient, reliable 
production and integration of future wind-generated electricity.

The Challenge: 
Without appropriate larger scale forcing, microscale models cannot correctly 
capture flow details, making wind plant optimization less effective

Partners: 
Pacific Northwest National Lab
National Renewable Energy Lab
Lawrence Livermore National Lab
Argonne National Lab
Los Alamos National Lab
Sandia National Lab
National Center for Atmospheric Research

DOE EERE DE-AC05-76RL01830 
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SWIFT Facility 
and WFIP2

Measurements

Assessment Metrics

Mesoscale Microscale

Initialize 
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Surface  & Boundary Conditions

Improved understanding and 
more realistic forcing of turbulence resolving simulations

through effective coupling between mesoscale and microscale models

Reanalysis
Case 
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DATA MODELS

Terra 
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Mesoscale to Microscale Coupling



Initial benchmark – SWiFT facility

• SNL SWiFT/TTU Reese site 
– Unstable
– Neutral 
– Stable
– Non-stationary

• TTU 200 m met tower and 
surrounding observations

Brandon Ennis, Sandia National Lab

730 days over 2012-2014



First approach to mesoscale to miscroscale coupling:
 Large-eddy simulation (LES) with periodic boundary conditions 

is forced using large scale tendencies extracted from a 
mesoscale simulations. 

 Tendencies are applied uniformly over the entire LES domain
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Two approaches to meso to microscale coupling
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Second approach to mesoscale to microscale coupling:
 LES domain is nested into a mesoscale domain and one-way 

coupled to it
 Microscale flow is computed online with mesoscale simulation

Two approaches to meso to microscale coupling

Equations
Turbulence Development
Parameterizations
Boundary Conditions
Numerics



Frontal passage case – May 12, 2013
LES nested in mesoscale simulation

SWiFT tower WRF LES

LES nested in a mesoscale simulation results in a better agreement 
with observations, however the wind speeds are lower than 
observed – potentially due to inaccurate mesoscale forcing.

Wind Speed

Frontal passage Frontal passage



• Case Selection:
– Stable BL is dominant at SWIFT site and 

very important for harvesting wind, but 
hard to model

– Difficult to find good quality neutral case
– Difficult to define a canonical case

• Important issues for coupling:
– “Terra Incognita” issues
– Initializing turbulence 
– Surface conditions

• LES of neutral ABL shows importance of 
carefully selecting subgrid model, grid cell 
size aspect ratio, and order of advection 
scheme

z = 500 m

Summary of simulations of canonical cases
Δ=20m, 
5th order

Δ=10m, 
5th order

Δ=10m, 
2nd order



The CWEX-13 field campaign
• Crop and Wind Energy Experiment (CWEX) 2013 campaign in central Iowa: 

improve understanding of stability impacts on wind turbine/farm performance

%

200 m wind rose

• Additional benefit: provides a great opportunity for validation of multiscale 
modeling capabilities (without considering wind farm effects)

5/12

Muñoz-Esparza et al., 2017 (JAMES)



Multiscale simulations of a diurnal cycle
• Simulated period: 26th - 27th of August 2013 (mesoscale spinup, 1day; LES, 6h), 

characterized by southwesterly winds 

Mesoscale LES

d01 d02 d03 d04 d05

dx,dy (m) 8910 2970 990 90 30/8.2

dz (m) 73 grid points [10m-142m < 2 km, 42 gp]

75 km

25 km

x

6/12

(w, ms-1)

(w, ms-1)

• Enhancing Cs from 2d Smagorinsky
closure in the mesoscale model 

• Higher horizontal diffusion prevents 
convective instability to develop 3d 
flow structures incompatible with 
PBL assumption



Meso-LES transition in convective conditions

 Under-resolved convection strongly 
influences transition and turbulent 
characteristic in the LES domain

 Delayed transition to fully-developed 
turbulence

 When is the solution reliable?
 CP method results in homogeneously 

developed turbulence across the entire 
domain within a short fetch

75 km

Non-
perturbed
(Cs=2.0)

(u, ms-1)

(, K)
8/12

Cell
perturb.
(Cs=2.0)

Non-
perturbed
(Cs=0.25)



Comparison to vertically scanning LiDAR
• Meso-LES coupling is able to 

realistically reproduce ABL 
features during the entire 
diurnal cycle

• Meso-LES does not only 
improve turbulence 
representation but also 
produces a more realistic 
mesoscale variability
(frequency and amplitude)

LiDAR

MesoLES

(u, ms-1)

LiDAR WRF-mesoLES WRF-meso

10/1



Wind Vanes

Sonic Anemometers

Temperature

Humidity

Pressure

Global irradiation

Rain

Cup Anemometers

FINO offshore towers include a wide 
array of atmospheric and wave state 
measurements

We used FINO data to develop new ocean 
surface layer parameterization

DOE DE-EE0005373



Annually Averaged Wind and Wave 
Direction at FINO 1 During 2006
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Stability Dependence of Monin-Obukhov
Similarity Is Modified By Waves?

Fluxes and stresses from Rodrigo (2012)















Nondimensional surface roughness depends 
on inverse wave age and wind - wave  

alignment 
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red Drennan et al., 2003, 2005

Wind and waves aligned Wind and waves perpendicular

Wind and waves opposite
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We used LES to study effects of waves 
on hub-height winds

Ned Patton and Peter Sullivan






We adopted Andreas et al. (2012, JAS) empirical formulation for the surface 
friction velocity based on a number of measurements over the  ocean

However, this relation does not include the effect of wave speed and alignment.
Based on LES results we modified Andreas et al. expression

Additional input variables describing wave state are:
 Significant wave height,
 Wave period, and
 Wave direction

A new surface friction velocity 
parameterization associated 
with (MYNN) planetary 
boundary layer (PBL) 
parameterization

Modifications of MYNN PBLParameterization
to Account for the Effects of Surface Waves

waves opposite to wind waves aligned with wind

FINO 1 10/09/2006 FINO 1 11/13/2006
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Thank you!

Questions?

Branko Kosović
branko@ucar.edu



Improving forecasts of complex flows 

23

 High spatial resolution is required to achieve more accurate 
wind forecasting of complex flows, however…
 Currently NWP models use one-dimensional planetary 

boundary layer (PBL) parameterizations that are based on 
the assumption of horizontal homogeneity
 The assumption of horizontal homogeneity is not valid in high 

resolution simulations in complex flows (e.g., in coastal 
environment with sea and land breezes)
 The goal is to develop and implement a three-dimensional 

planetary boundary layer scheme

DOE EERE: DE-EE0006898 
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We developed a three-dimensional 
parameterization of turbulent mixing in PBL
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We developed a three-dimensional 
parameterization of turbulent mixing in PBL
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Reports on Resource Measurement 
Progress

Ruben Delgado, Alexandra St. Pé, Meredith Sperling, 
Christiana Sasser, Belay Demoz

University of Maryland, Baltimore County
Joint Center for Earth Systems Technology

Atmospheric Lidar Group

2017 Fall POWER-US Technology Workshop
Partnership for Offshore Wind Energy in the United States
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NASA

Benefits of Offshore Wind Power

• 80% of U.S. electricity demand is located in coastal states.
• Project's proximity to load centers provide electricity grid transmission and 

congestion relief and lower the wholesale price of electricity (i.e. zero marginal cost).

Technical Potential:
7,200 TWh/year (2x 2015 Total Electric Generation)

National Offshore Wind Strategy (DOE/DOI 2016)
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Data Collection:
Offshore Atmospheric Measurements in MD Wind Energy Area

• July – Aug. 2013 MEA sponsored 
Offshore Geophysical Survey

• Offshore Measurements:
• Windcube V2 Offshore (Leosphere)

• Wind speed/direction 40-220m

• Weather Balloons 
• “snap-shots” of vertical wind 

speed, direction, temperature, 
moisture, pressure profiles
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Data Collection:
Offshore Atmospheric Measurements in MD Wind Energy Area

• Scanning Doppler wind lidar
measurements (Leosphere 200S) to
characterize seasonal wind variability
within the Coastal (Land/Marine)
Boundary Layer for wind resource
assessment, and validation and
assimilation of winds in NWP models.
PPI and RHI scans and vertical profiles.

• Data collected between 2014-2016
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• Lewes, Delaware
• September-October 2016
• 2 MW Coastal Turbine (Gamesa)
• Remote Sensing Measurements: 

• Wind: Scanning Doppler wind lidar
• Windcube 200s (~3km)

• Stability: Microwave Radiometer 

Data Collection:
VERTEX Campaign 

Instrumentation Overview:

149.8◦

245.8◦

Radial
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Data Collection:
NOAA ESRL Atmospheric Remote Sensing Group

Pichugina et al. (2012): Doppler Lidar–Based Wind-Profile Measurement System for 
Offshore Wind-Energy and Other Marine Boundary Layer Applications, J. Appl. Meteo. Clim, 327.

• Land-, ship-, and aircraft-based active and 
passive optical systems to study processes of 
importance to air quality and climate, 
aviation and weather forecasting, wind 
energy, and marine ecosystems.

• Over 10 offshore field experiments 
measurements of wind speed and direction, 
and turbulence parameters. 

https://www.esrl.noaa.gov/csd/groups/csd3/measurements/

https://www.esrl.noaa.gov/csd/news/2011/96_0426.html
https://www.esrl.noaa.gov/csd/groups/csd3/instruments/floe/
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Data Collection:
University of Maine

DeepCLidar

• Wind resource data, metocean monitoring, 
and ecological characterization capabilities.

• System’s data recovery and measurement 
accuracy validated against Carbon Trust’s 
industry-standard performance criteria. 

• Third-party validation. System available for 
commercial lease or purchase.

Contact: Dr. Anthony Viselli, P.E 
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Data Collection:
Massachusetts Clean Energy Center (MassCEC)

Woods Hole Oceanographic Institute 
Martha’s Vineyard Coastal Observatory

Air-Sea Interaction Tower
• Located 41.325 N, 70.5667 W
• Leosphere Windcube

• Wind speed and direction 
between 10-200m

• Three year deployment
• Collecting data since October 

2016
• Contact: Anthony Kirincich 

(akirincich@whoi.edu)
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Data Collection:
DOE Offshore Wind Energy

Lidar Buoy Data Access
http://offshoreweb.pnnl.gov/

• Data from DOE owned AXYS Technology 
Floating Lidar

• Buoys deployed in Virginia (42 km East of 
Virginia Beach,  Dec. 2014-May 2016) and New 
Jersey (5 km off Atlantic City: Nov. 2015-Feb. 
2017)

• Wind speed and direction , air and sea 
temperature, barometric pressure, relative 
humidity, wave height and period, water 
conductivity, and subsurface ocean currents.
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The Need of Measurements:
MetOcean Database 

• Help the public and private sector mitigate the persistent challenge of low performance 
efficiency, (i.e  lower operational performance than expected prior to wind farm 
construction)

Clifton et al. (2016), NREL: 
Wind Plant Preconstruction Energy Estimates: Current Practices and Opportunities. 

Wind Farm Underperformance Bias (WFUB)
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Turbine Power Prediction Uncertainty 

OBSERVATION:
Hub-height wind speed alone does not always 

accurately and precisely predict power, in part related 
unexpected rotor-layer wind shear 

Instantaneous Power Scatter

11

INDUSTRY-WIDE GOAL:
Find the predictors to be incorporated into models which will accurately and precisely predict turbine 
power generation, thus reduce power prediction uncertainty
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Wind Profile & Turbine Power Uncertainty
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m
)

Average Wind Speed (m/s)

Expected “Power Law” 
Wind Profile Shear & Shape

Unexpected
Wind Profile 

Shear & 
Shape

• Wind speed shear throughout a
turbine’s rotor-layer, hence average
shape of the wind speed profile,
affects the kinetic energy flux
available, thus turbine power
(Wagner et al., 2009)

• Industry expects average “power
law” profile shapes (monotonically
increasing speed with height) often,
and uses alpha values to understand
shear conditions

Buoy

Power-Law:

Wind Shear Proxy:

• However, when the average wind
profile shear is not monotonically
increasing or “near” power law
shape, alpha may be
misrepresentative of shear
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REWS to Reduce Power Prediction Uncertainty

Wind Speed (m/s)
H

ei
gh

t(
m

)

• Research shows ignoring unexpected shear
conditions when predicting power leads to
erroneous evaluation of kinetic energy flux, thus
higher turbine power prediction uncertainty
(Wagner et al., 2011)

• However, to take full advantage of REWS for power
prediction uncertainty reduction, need to understand
unexpected shear conditions during wind resource
assessment!
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Rotor-Layer Wind Speed Profile Classification

Average Wind Profile Types
Weak Inflections Expected
Strong Inflections Unexpected
Inverted Profiles Unexplained2VH

ei
gh

t (
m

)

Average Wind Speed (m/s)

1

1V

2 3 4

3V 4V 5V

5 6

6V

• A novel, empirical method for classifying turbine rotor-layer wind profiles

*St. Pé et al. (2017), Classifying rotor-layer wind to reduce offshore available power uncertainty, 
Wind Energy, accepted.
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Research Methods:
Assessing Classified Wind Profile Shear

Introduced Scaling Term:

Wind Speed (m/s)
4 5 6 7 8 9

H
e
ig

h
t 

(m
)

0

40

80

120

160

200

July 18, 2013 Type 3 Offshore Vertical Wind Profiles

• Need new method to assess wind shear variability within classified profiles

• Higher ST stronger rotor-layer wind shear 
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Classify Stability Groups:

• Using Microwave Radiometer measurements of 
virtual potential temperature profiles 

Research Methods:
Classifying Rotor-Layer Stability

where g = gravity,  Δθv = change in virtual 
potential temperature across a layer of 

thickness Δz (vertical depth), and Δu and 
Δv are the changes in horizontal wind 
components across that same layer

?
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Offshore Results:
Expected vs. Unexpected Wind Profile Frequency

St.Pé et al., 2017 (accepted Wind 
Energy journal)

Type 1
(100%)
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Offshore Wind Profiles

Reality:
Summer 2013 Mid-Atlantic Bight
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 Expected Profiles  Large Fetch, NE open water flow, weaker winds, lower shear
 Unexpected Profiles  Short Fetch, SW continental flow, stronger winds (+2 m/s), 

stronger shear
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10%
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Offshore Results:
Classified Wind Profiles & Offshore Fetch

Offshore Fetch: Maryland Wind 
Energy Area
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Offshore Data vs. Estimates
• Measured “offshore hub-height’’ winds vs. model estimates

– Models’ underestimate wind speed resource
– Large model error in wind direction

12 13 32 61-78 43-55 215-275Model Grid
Size (km):
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Summary
• Offshore/Coastal atmospheric boundary layer is dynamic, with wind

resource conditions that often deviate from “expected” power-law
like shear conditions.

• Therefore, wind resource assessment using vertical wind
extrapolation and related shear assessment of may not suffice!

• Remote sensing technology is key to observe and understand drivers
of atypical wind resource conditions.

• Classification of wind profiles and atmospheric stability across a
turbine’s rotor-layer help achieve the ultimate goal of reducing
turbine power prediction uncertainty, beyond REWS alone.

• Nonetheless, more offshore measurements and research needed!
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• Maryland Energy Administration
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Research Methods:
Wind Profile Reconstruction Around Turbine

200s Lidar
PPI scan Elevation Angle 1
PPI scan Elevation Angle 2
PPI scan Elevation Angle 3
PPI scan Elevation Angle 4
OI Reconstructed Profile [Choukulkar 2013]

Ex: 15◦ Elevation Plan Position Indicator (PPI) Scan

22

Snapshot of Power-Profile Matches on 
September 28, 2016 (14:41:44 UTC)
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Research Methods:
Quantifying Relative Role of Wind Resource 

Uncertainty on Power Prediction Uncertainty

Calculating Fraction of Variance Unexplained (FVU):
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VERTEX Results:
Connecting Wind Resource to Power Prediction 

Uncertainty Reduction

• The REWS approach reduce power 
prediction uncertainty by -2.22% 
compared to the hub-height wind 

speed approach

• However, the magnitude of power 
prediction uncertainty reduction 
significantly varies by classified 

wind profiles (i.e., uncertainty in the 
wind resource)

Lowest uncertainty when accounting for
shear in addition to REWS during near
power-law classified wind profiles

St.Pé et al. (in final preparation)
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VERTEX Results:
Connecting Wind Resource to Power Prediction 

Uncertainty Reduction

• Power law Type 1 profiles slightly 
more frequent during unstable 

atmospheric conditions

St.Pé et al. (in final preparation)

• Unstable conditions also associated with 
lowest power prediction uncertainty; 

neutral and inversion aloft highest



Gusts and shear 
within hurricane 
eyewalls can 
exceed offshore 
wind turbine 
design standards

Rochelle P. Worsnop1, Julie K. Lundquist1,2,
George H. Bryan3, Rick Damiani2, Walt Musial2

1 University of Colorado Boulder
2 National Renewable Energy Laboratory

3 National Center for Atmospheric Research

Worsnop et al., 2017, Geophysical Research Letters, 
DOI: 10.1002/2017GL073537

Graduate Research Fellowship
Grant No. DGE-1144083 



Hurricanes present challenges to 
offshore wind in the US

https://oceanservice.noaa.gov/news/historical-hurricanes/

Hurricane tracks from 1851-2016 in the East Atlantic Basin



Hurricanes & typhoons can damage turbines

• Typhoon Maemi 
(2003 Sept 11)

• Mijakojima Island, 
Japan

• Category 1 hurricane 
at landfall:
– Uavg = 38.4 m s-1

– gustmax = 74.1 m s-1

• All six turbines 
severely damaged

Ishihara, T., A. Yamaguchi, K. Takahara, 2005: An analysis of damaged wind 
turbines by typhoon Maemi in 2003. Proceedings of the sixth Asia-Pacific 
conference on wind engineering, 12-14 September 2005, Seoul, South Korea. 



And more recently, Category 5 Maria 
(Cat 4 at landfall, 155 mph winds) 
struck two wind farms on Puerto Rico

55 km

Pattern Energy says their
101 MW Santa Isabel wind 
farm had no damage to
their Siemens 2.3 MW turbines
or any of their grid infrastructure
http://renews.biz/108660/pattern-rides-out-storm/

But Punta Lima experienced a direct hit of Maria’s eyewall…..

Only part of Santa Isabel wind farm
was captured with NOAA storm
imagery, but all the turbines I could
see there looked undamaged.



NOAA storm imagery shows broken 
blades or worse at Punta Lima.

Inspection of the NOAA storm
imagery shows at least 8 of the 
13 Vestas 1.8 MW turbines had damaged 
or missing blades. The other 5 turbines 
could not be identified on the imagery.

http://storms.ngsnoaa.gov/storms/maria



http://storms.ngsnoaa.gov/storms/maria



Problem: knowledge gap on how to design 
turbines to survive strong hurricanes (gusts, 
mean wind speed, gust factor, veer)

Solution: use large-eddy simulations to 
quantify hurricane characteristics that are 
not well-observed



Idealized simulation of a Category 5 
hurricane provides critical data

• Cloud Model 1 (CM1)
• 3D, non-hydrostatic, 

time-dependent 
numerical model

• designed for deep 
convective systems

• outer domain 3000 x 3000 x 25 km
• inner domain 80 x 80 x 3 km

– ∆𝑥𝑥 = ∆𝑦𝑦 = 31.25 m
– ∆𝑧𝑧 = 15.625 m
– ∆𝑡𝑡 = 0.1875 s

parameterized
turbulence 

LES 
subdomain

Mostly 
resolved
turbulence 

≈ 3000 km

Bryan, G. H., and R. Rotunno (2009), The maximum intensity of tropical cyclones in axisymmetric numerical 
model simulations, Mon. Weather Rev., 137(6), 1770-1789, doi:10.1175/2008MWR2709.1. 



Using LES data, we create time series from 
virtual towers to calculate 3-sec gusts, gust 
factor, directional shifts at hub height, & veer

• Virtual towers located 
every 1 km in x and y 
and at every model 
level from 7.8 m to 507 
m above sea level

• Aggregate model 
output into 1-km radial 
bins for calculations.

Mesovortices 
U ≥ 90 m s-1

Stern et al. 2016, 
Mon. Weather Rev.

Eye 

Model validation in:                                                                                        
Bryan et al. 2016, Bound.-Layer Meteor.                                            
Worsnop et al. 2017, Bound.-Layer Meteor.



3-second gusts can exceed IEC design standard

IEC design standard for 
Class I turbines:
gusts = 70 m s-1

International Electrotechnical Commission. IEC 61400-1 
Wind Turbines - Part 1: Design Requirements, Edition 3, 2007. 

IEC Class I standard
3-sec gust              : < 70 m s-1

10-min mean wind : < 50 m s-1
Gust factor             : 1.4 

3-s gust (m s-1)

Pr
ob

ab
ili

ty

R = 15 km   
(Within eyewall) 

50 m 
100 m 
200 m 



3-second gusts can exceed IEC design standard

IEC design standard for 
Class I turbines:
gusts = 70 m s-1

International Electrotechnical Commission. IEC 61400-1 
Wind Turbines - Part 1: Design Requirements, Edition 3, 2007  

IEC Class I standard
3-sec gust              : < 70 m s-1

10-min mean wind : < 50 m s-1
Gust factor             : 1.4 

Pr
ob

ab
ili

ty

3-s gust (m s-1)

a) R = 5 km  Within eye

b) R = 10 km                   
Within eyewall

c) R = 15 km                   
Within eyewall

d) R = 20 km                        
Just outside eyewall

e) R = 25 km                   
Outside eyewall

f) R = 30 km                   
Outside 
eyewall

50   m 
100 m 
200 m 

RESULT: Gusts exceed IEC 
design standard within, and 
just outside of, the eyewall of 
the hurricane (here, R = 10 km 
to 20 km). 



Turbines designed to IEC standards 
would likely fail if they experience 
winds near eyewall of Cat. 5 hurricane

Overlapping contoured regions 
demonstrate areas within hurricane that 
exceed current IEC design standards 
for Class I turbines. 

IEC Class I standard
3-sec gust              : < 70 m s-1

10-min mean wind : < 50 m s-1
Gust factor             : 1.4 

50 m s-1 mean wind contour

70 m s-1 gust contour



A gust factor of 1.4 is suitable for most 
regions, but larger values do occur

IEC Class I standard
3-sec gust              : < 70 m s-1

10-min mean wind : < 50 m s-1
Gust factor             : 1.4 

Gust factor of 1.4 consistent with 
observations (Vickery and Skerlj 2005), 
limited to wind speeds < 60 m s-1

Gust factor:   
GF = (max 3-s average) / (10-min 

average)

1.4 gust factor contour

70 m s-1 gust contour

1.5  for z ≤ 30 m  

1.7 for all heights in eye-eyewall
interface 

(Highest gust factors found just 
inward of peak gusts)



A gust factor of 1.4 is suitable for most 
regions, but larger values (up to 2) do occur

Contours:  average wind speed (c.i. = 10 m s-1)
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Wind direction shifts occur faster than 
current yaw response time of 10 minutes

Histograms of max change in wind direction at hub height

Abrupt shifts can lead 
to yaw misalignment 

10-30° shifts < 10 min

Results suggest a             
sub-minute response 
time may be needed 

R



Veer not accounted for in current design 
standard, but veer may be consequential

Veer relative to hub height 
(100 m) calculated over      
3 s to 1 min intervals
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Veer not accounted for in current design 
standard, but veer may be consequential

Veer relative to hub height 
(100 m) calculated over    
3 s to 1 min intervals

Wind direction can 
change > 35° with respect 
to hub height wind 
direction for 
periods ≤ 10 s (a and b) 
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avg

b) 10-sec 
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avg

d) 1-min 
avg



Veer not accounted for in current design 
standard, but veer may be consequential

Veer relative to hub height 
(100 m) calculated over    
3 s to 1 min intervals

Wind direction can 
change > 35° with respect 
to hub height wind 
direction for 
periods ≤ 10 s (a and b) 

Veer ranges from 5° to 
15° below 50 m ASL for 
periods of 30 s to 1 min   
(c and d)
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avg

Turbines could experience 
swift changes in wind direction 
across the rotor layer in 1 min 
or less 



Summary: Current turbine design standard 
does not account for hurricane conditions –
modify the standard or accept risk

• Hurricanes/typhoons have caused 
damage to turbines

• We produce mock towers using LES 
output from CM1 simulations of a Cat 5

• Gusts exceed design standards within 
eyewall and just outside of eyewall 

• Gust factor of 1.4 mostly suitable, but 
gust factors as high as 2 exist

• Wind direction shifts 10-30° ≤ 10 min 
faster yaw response time may be 
needed

• Veer > 35° for time periods ≤ 10 s and 
ranges from  5° to 15° below 50 m for 
time periods of 30 s to 1 min. Veer 
should be included in design

Worsnop, Lundquist, Bryan, Damiani, Musial 2017, 
Geophysical Research Letters, DOI: 10.1002/2017GL073537
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CM1C simulation simulates full hurricane with 
rotating flow and mesovorticies near the eyewall 

parameterize
d
turbulence 

LES 
subdomain

Mostly 
resolved
turbulence 
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Ideally, we want to use CM1C, but it is computationally 
expensive
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Turbines designed to IEC Class I cannot 
withstand > Cat. 3 hurricane

Category 3 strength at 10-m height

Category 4 strength at hub height

~ 50 – 57 m s-1

~ 58 – 70 m s-1

Hurricane categories defined at 10-m height
Wind speed increases logarithmically with height in hurricane 

1Powell, M., 2015: Design conditions for the hurricane met-ocean environment: wind shear. WINDExchange Offshore Wind Webinar: Design 
conditions for the hurricane metocean environment. January 15, 2015. 
http://apps2.eere.energy.gov/wind/windexchange/pdfs/workshops/2015/webinar_hurricane_metocean_environment_powell.pdf

Figure adapted from Dr. Mark Powell1

IEC Class I 

http://apps2.eere.energy.gov/wind/windexchange/pdfs/workshops/2015/webinar_hurricane_metocean_environment_powell.pdf
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LES hurricane, 
10-m wind 
speed 
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Motivation

2

• Hurricanes induce multiple hazards: e.g., wind, wave, storm surge ( , , )
• Correlation of these hazards in space and time important to assessing risk
• 10 Atlantic coast wind farms

# of instances of hurricane winds, 
> 33 m/s (10m; 1min), since 1900
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Overview
1. Coastal model validation
2. Temporal correlation of wind and waves
3. Effect of temporal correlation on structural loads
4. Effect of temporal correlation on environmental 

contours

What is the effect of assuming maximum wind and 
wave occur simultaneously during a hurricane? 
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1. Coastal model 
validation



Numerical model Mike 21
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Bathymetry, 
mesh, and 
calibration 
parameters 

Input: 
Wind field 
(CFSR or 
Holland)

Output: 
Wave field Mesh & bathymetry Wind (vector) and wave 

(contour); Hurricane Irene 
(2011)



Year Hurricane Category Hazard measurements 
   

1999  Dennis 2 10 7 4 
1999  Floyd 4 16 8 14 
1999  Irene 2 11 5 7 
2001  Gabrielle 1 7 3 3 
2003  Isabel 5 4 3 0 
2004  Alex 2 17 8 8 
2004  Charley 1 9 7 7 
2004  Frances 3 5 1 1 
2004  Jeanne 3 4 2 1 
2005  Ophelia 1 33 16 9 
2005  Wilma 3 4 2 0 
2006  Beryl TS 32 16 9 
2006  Ernesto TS 20 12 8 
2007  Gabrielle TS 13 7 4 
2007  Noel 1 1 6 0 
2008  Fay TS 8 6 3 
2008  Hanna 1 17 23 7 
2009  Bill 2 1 1 0 
2009  Danny TS 1 1 0 
2010  Earl 4 14 10 5 
2011  Irene 3 35 23 11 
2012  Beryl TS 12 13 3 
2012  Sandy 2 17 11 3 

Total 291 191 107 

Buoy measurements to validate model
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Buoys



Model performance measures

• ln ln ,	
– : Buoy	measurement
– : Numerical	prediction
– ’ve	 	model	underestimates
– 0.2; measurement	is	
122%	of	model

• ∑ , ̅

̅ 0.17
0.18
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Comparison with WaveWatch III

̅ 0.17
0.18

Mike 21WaveWatch III

̅ 0.18

0.23
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2. Temporal 
correlation of wind 
and waves
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Synthetic hurricanes

Selected hurricane tracks

• Hurricane record limited
• Synthetic hurricane catalog (from Prof. Pang – Clemson)

– Calibrated to historical record
– Represents 100,000 years
– The Holland model for wind
– Mike 21 model for waves



NJ wind farm
during Hanna (2008)
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Time lag

Time lag = + 3 hrs

• Wind and wave maxima do not necessarily occur simultaneously. Does 
that matter?

V → CFSR

Hs → Mike 21
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Max wind before max wave

Max wind after max wave

Time lag stats for all Atlantic wind farms
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Time lag

NC-S wind farm
during Andrew (1986)

• Time lag is an unreliable measure

Time lag = - 17 hrs
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Hazard ratio at max wind

NJ wind farm
during Hanna (2008)
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MA wind farm

Hazard ratio at max wind

• At MA, 70% of hurricanes have > 0.9 (i.e., the wave at max wind has 70% chance of being > 0.9 of 
max wave)

• At MA, 40% of hurricanes have = 1.0 (i.e., simultaneous maxima)
• The closer the curves to 1.0, the better the assumption of simultaneous maxima

MA wind farm
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Hazard ratio at max wind

• For all wind farm areas, ~70-90% of hurricanes have > 0.9 (i.e., the wave at max wind has ~70-90% 
chance of being > 0.9 of max wave)

• Combining maxima is probably OK, but check effect on loads
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3. Effect of temporal 
correlation on 
structural loads



Static structural model
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1
2 ,

	 Rotor	drag: , · 		determined	from	
																	NREL	5	 	FAST	simulation	 for	multiple	yaw	angles

Tower	drag: 0.5

90	m

10	m

d

Fwave 	Airy	wave	theory	and	Morison	equation

Calculate 500‐yr base moment for range of monopile 
diameters (4~10 m) and yaw error (0°~90°)

• Method I:  	&	 ,
• Method II: Max of time history of  	&	



Results for NJ
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7
Yaw	 0°

Maximum	percentage	for	all
	&	yaw

• Difference (%) is (Method I - Method II) / Method II
• Difference (%) is always positive (Method I always has higher loads)

• Method I: 	&	 ,
• Method II: Max of time history of 	&	



20

MA & RI

Results for all Atlantic wind farms

• Combining maxima has little impact on the 500-yr base moment
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4. Effect of temporal 
correlation on 
environmental 
contours
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Method 1: 	&	 ,
Method 2: 	&	 	 	 	&	 , 	
Method 3: 	&	 	 	 , , &	 	 	 	&	 , 	

50‐yr environmental contours
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