Ocean Mesoscale Air-Sea Interactions and
Implications for Offshore Wind Energy

length-scale smaller than Rp (~10-1000 km)
mesoscale SST, ocean currents, sea states (waves)

T=pPaCp (W - U)>?

U.S. DEPARTMENT OF Energy Efficiency &

ENERGY Renewable Energy

Hyodae Seo (hseo@whoi.edu) . / \ WOODS HOLE
OCEANOGRAPHIC
Gwangju Regional Office of ‘ : — INSTITUTION

Meteorology [ N
January 27, 2023 |

s


mailto:hseo@whoi.edu
https://www.energy.gov/eere/articles/wind-turbines-extreme-weather-solutions-hurricane-resiliency

WOODS HOLE
OCEANOGRAPHIC
INSTITUTION

-3 P
S g’

WHOI is the World’s largest private ocean research institution

» Studying the ocean and related earth systems since 1930 + Fleet of nearly 100 vehicles, including three
» Major discoveries and advances in ocean science, marine  large ships, dozens of robotic and remotely
technology and engineering operated submersibles, and the iconic human-

» 475 scientific and technical staff occupied submersible Alvin

» 50+ years of world-class Ph.D. program with

« $200+ million annual research budget; _
| MIT; highly regarded post-doctoral program

~800 active projects
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WHOI (lead) UC Boulder, NCAR, UT Dallas, Tufts, DNV, 4 DOE labs, 3 NOAA labs, & user advisory board

Offshore Wind requires accurate characterization of the
resource and realistic, high resolution energy forecasts on
time scales of minutes.

Boundary Layer Profiles

Goals: |
" Stable with

low level jet

Improve understanding of mesoscale and smaller meteorological |

and oceanographic processes that affect the wind resource.

Neutral :

Convective

Improve understanding of the atmospheric and oceanic boundary |
layers and their interactions through the wave-mediated surface :
Evaluate fully coupled wave, wind, and ocean models, and
improved model parameterizations of small-scale processes, and
industry-specific applications.
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WEFIP3 focus: The New England Shelf including MA/RI wind energy lease areas
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WFIP3 Field Deployment Plan (2024)
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WFIP3 Modeling Elements

Observations = Modeling Improvements — Industry Products

Modeling goals: Industry product goals:
o |mprove the p|anetary boundary |ayer (PBL) and ° Quantify which mOdeling developments (COUp!ed mOdeling,
surface-layer parameterizations used in mesoscale improved PBL, improved surface layer, etc.) yield the
WRF and WRF-LES. largest impact on reducing the LCOE for offshore wind in
the U.S.

* Incorporate ocean dynamics via a fully coupled | |
atmospheric/wave/ocean modeling system. * Use observational and modeling results to hone resource

characterization efforts

* Coupled mesoscale-microscale simulations, wind o
plant parameterizations, etc. * Industry application development and testing.

https://www2.whoi.edu/site/wtip3/
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Ocean mesoscale air-sea-wave interactions



Wind-driven SST variability
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Daily correlation between wind speed and SST
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NOAA-OI SST Negative correlation: Oceanic response to the atmosphere
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Daily correlation between high-pass filtered wind speeds and SSTs
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MABL stratification and turbulent mixing

U s

PBL ~1-2km ’\-

Downward N 2 T
turbulent mixing of —<u w > = U =—
momentum P,

Uio > >

Righer wind Lower wind
ssr T ~0
O(10-100)km Warm SST Cold SST

1-D turbulent boundary layer process
A shallow and rapid adjustment (~hrs)

Wallace et al. (1998)

High-wind occurrence climatology
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Climatological impacts of SST fronts on extratropical storm tracks

The growth rate of the extratropical cyclones

" 00 06 scales with low-level baroclinicity
= 0.31( —g-) -

BI‘ ?
\V ¢ | By 0X Atmospheric baroclinicity is maintained by the
large-scale oceanic fronts near the WBCs



Synoptic-scale air-sea interactions: atmospheric fronts over SST fronts

nany 1000 ki scaies  ENOth SCalE: atmospheric fronts = ocean fronts (10-100 km)
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Parameterizing surface wave impacts on wind stress

‘c—p‘W U)2

Wave roughness length (z0) parameterization in COARES.5 (Edson et al. 2013)

12
K

In(z(zg) =, (2/L).

Cp

12

1. Wind Speed Dependent Formulation (WSDF)

Zroveh — o “if 1 (Uyon)

Charnock coefficient

__ _smooth rough
<0 T 20

- Assumption #1: Wind-wave equilibrium (wave

age~1.2):

- Wind seas under high wind and swell under low
wind.

- Assumption #2: Waves aligned with winds (6=0)

* Violated near strong density fronts, shallow, fetch-

limited oceans, under rapidly translating cyclones.

2. Wave-Based Formulation (WBF)

2
u
zloueh = g . 0.09- (=) inverse wave age
0 ) C,
significant wave height (  wave phase speed

Cp=g"(Tp/2m)

Tp: wave period at the
spectral peak

« Still assumes 6=0.

- WBF often DOES NOT vyield better fluxes.
» Does that mean waves aren’t important?
* No, parameterizations are imperfect.




SCOAR ocean-wave-atmosphere coupled modeling system

v L © SCOAR WRE-ROMSWW: Q@@w b ol
Reglonal Coupled Modelmg SY%w,.,f L7

» A modeling tool to study the multi-scale nature of the ocean-
atmosphere interactions and their climate implications
- The wave-coupling procedure is documented in Sauvage et

£0.WNOi du/scMa:r ?ilbdeiﬁ

~atit B

Weather Research and Forecasting (WRF)

WRF Planetary Boundary Layer:

, YSU, ACM, etc

al. (2023)

Lowest-level bulk meteorology T 72, Quy, Qs
Experiments Coupling z0 in COARE3.5
WRF Surface Layer
r2 derived from WW3 COAREWBF 72 Quy, Qs | CONRE \,’ng; ( gs"‘f Ll
- WSDF WRF-ROMS wind speed only
9 @[ /G
Uo 78, Qnet, Qrw
/)] - -
6 | Ourif calculating 7 directly WBF WBF R?MS WW3 wave-based (Tp, Hs)
§ from WW3 SST, Uste with default WBF
e
8 | @Cy, Hs Cn, if using original W RSN Regional Ocean
5 aveWatch Ill WBF _6 vector wave stress (6+0)
O | COARE WBF (Edson et al. 2013 e @ Modeling System —
é Eeoneta S (WW3) (ROMS) WRF-ROMS-WW3
. Uste, with modified WBF
> | Cnm, peak or mean wave dir. if bathvmet e e T : :
& | using refined COARE WBF (Sauvage TV WBF—Tm with Tm instead of TIO
3 et al. 2023)

https://hseo.whoi.edu/scoar-model

Seo et al. 2007, 2014; Sauvage et al. 2023

» 10 km resolutions with matching grids. All runs include tides,

current-wind and SST-wind interactions, and breaking wave
induced vertical mixing.




Wind speed and vectors Peak wave age (Cp/W10)
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z0 (mm)

z0 and T responses to surface waves and sea state in COARES.5
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tau (N/m2)

Comparison to the directly measured wind stress

wind stress (t): measured vs. WSDF vs. WBF
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tau (N/m2)

Comparison to the directly measured wind stress

wind stress (t): measured vs. WSDF vs. WBF  wave age
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Improving the wave-based formulation for the mixed sea conditions

Waves are not aligned (0+0) with local wind direction e——p> ~—increased surface drag
winds in mixed seas: *’W\'\J\I“\,M\
4—— wave direction

Edson et al. (2013) COARES3.5 Sauvage, et al. (2023)
2 2-cos(—0.320)
U
rough _ (2 z =H_0.09-cos(0.450)(— 6
ZO HS 0.09 (Cp> wave age rough S ( ) (Cp)
1.75 180
2.0
T I 1.50 4 WBF (with 620) W +00
—/F 1.6 T, L 140
WSDF Al
| | - - 120
WBF (with 8=0)
- 1.2 < 1.00
c - 100
2
5 0.75 - 80
- 0.8 +
0.50 - 60
0.4 40
0.25
20
0.0 0.00 - 0
0 5 10 15 20 0 5 10 15 20
U-on U+on

* The next-generation COARE (v4.0) will continue to assume 6=0.
- Our model provides various revised formulations to represent the wave effects.



wind stress surface current Wave-Curre nt interaCtion

md

WRF-ROMS-WWa3 simulations with and without surface
current effects on waves
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The spatial variability in ocean currents affects the wave properties and thus air-sea flux (Ardhuin et al. 2017)
Even the most advanced bulk formula do not take into account this effect.



Multi-scale O-W-A interactions

Troposphere L>> downstream

circulation
atmospheric ocean forcing of
stochastic baroclinicity and diabatic
variability heating
PBL
wave-wind
interaction SST-heat flux
&

current-wind
Interactions
surface wave

wave-current
Interaction

ocean

Air-sea interaction research and the of WHOI

- Ocean mesoscale air-sea interaction is a multi-scale phenomenon, and
IS Important for determining the air-sea flux impacts on boundary layer
processes, ocean circulation, and high-impact weather events.

- Because of the multi-scale nature, there are many challenges in
developing observing and modeling strategies

* In-situ measurements are extremely sparse. But there are many
emerging technologies that enable fine-scale sampling of the ocean and
air-sea interaction. WHOI is the leading institution in many efforts.

- Efforts like WFIP-3 will develop the RI/MA lease areas into an ocean
test bed for energy and climate research and development.

- An ambitious ($100M) project is being developed led by WHOI scientists
to provide better global observations of mesoscale air-sea coupling.



A NASA Earth Venture Mission - EVMS3 - Proposed Mission
EVMs are science driven, competitively selected, low cost satellite missions

CBUTTERFLY

a satellite-mission to reveal the oceans’ e
Impact on our weather and climate.

10-4°%
)
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Principal Investigator: Dr. Chelle Gentemann Science Team: Aneesh Subramanian. Mark
Deputy Principal Investigator: Dr. Carol Anne Clayson Bourassa, Hyodae Seo, Kelly Lombardo, Sarah
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https://nasa-butterfly.github.io/

Helpful reading:

Offshore wind energy
Shaw et al. 2022: Scientific challenges to characterizing the wind resource in the marine

atmospheric boundary layer. Wind Energ. Sci.,

Veers et al. 2019: Grand challenges in the science of wind energy, Science,

Air-sea interaction

Seo et al. 2023: Ocean Mesoscale and Frontal-scale Ocean-Atmosphere Interactions and

Influence on Large-scale Climate: A Review. J. Climate,

Small et al. 2008: Air-Sea Interaction over Ocean Fronts and Eddies. Dyn. Atmos. Oceans.,
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