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Outline of the talk:

1. Progress - field campaigns and coupled model development

• Unified Wave Interface – Coupled Model (UWIN-CM)

• Observations and UWIN-CM simulations/predictions of tropical cyclones

2. Impacts of seastate-dependent sea spray heat fluxes on landfalling hurricanes  

3. Effects of surface waves on storm surge

4. Challenges, gaps, and ways forward
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CBLAST

How surface waves affect air-sea fluxes in TCs?

Coupled Boundary Layers 
Air-Sea Transfer (CBLAST)
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BAMS issue on CBLAST:

Black et al. 2007: Air-Sea Exchange in 
Hurricanes: Synthesis of Observations from 
the Coupled Boundary Layer Air-Sea Transfer 
Experiment, BAMS, 357-374.

Chen et al. 2007: The CBLAST-
Hurricane Program and the next-generation 
fully coupled atmosphere-wave-ocean models 
for hurricane research and prediction. BAMS, 
311-317. 

Edson et al. 2007: The Coupled 
Boundary Layers and Air-Sea Transfer 
Experiment in Low Winds (CBLAST-LOW). 
BAMS, 346-356. 

Ck/Cd < 0.75
Chen et al. (2013)
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Atmosphere Model

Ocean Model

Surface boundary conditions

Ocean surface layer

Atmosphere surface layer

Air-Sea Interface Module

Unified Wave INterface (UWIN) 
for Coupled Models (CM)

Chen et al. (2013), Chen & Curcic (2016) 

Coupled observations and 
data assimilation

Coupled Atmosphere-Wave-Ocean Modeling

Ocean surface layer

Interface (waves)

Atmosphere surface layer
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τx = τwx + τsx
τy = τwy + τsy

Chen et al. (2013) – Directional wave stress coupling



𝑑𝑑(𝜌𝜌𝒖𝒖)
𝑑𝑑𝑑𝑑

= −2Ω × 𝜌𝜌𝒖𝒖 − 𝛻𝛻𝑝𝑝 +
𝜕𝜕𝝉𝝉
𝜕𝜕𝜕𝜕

+ 𝚽𝚽

𝑑𝑑(𝜌𝜌𝒖𝒖𝑬𝑬)
𝑑𝑑𝑑𝑑

= −2Ω × 𝜌𝜌 𝒖𝒖𝑬𝑬 + 𝒖𝒖𝑺𝑺𝑺𝑺 + 𝜌𝜌𝒖𝒖𝑺𝑺𝑺𝑺 × 𝜁𝜁 − 𝛻𝛻𝑝𝑝 +
𝜕𝜕𝝉𝝉
𝜕𝜕𝜕𝜕

+ 𝚽𝚽

Atmosphere 
Momentum:

Ocean 
Momentum:

𝜕𝜕𝜕𝜕
𝜕𝜕𝑑𝑑 +

𝜕𝜕 𝒄𝒄𝒈𝒈 + 𝒖𝒖𝑬𝑬 𝜕𝜕
𝜕𝜕𝒙𝒙 +

𝜕𝜕�̇�𝑘𝜕𝜕
𝜕𝜕𝑘𝑘 +

𝜕𝜕�̇�𝜃𝜕𝜕
𝜕𝜕𝜃𝜃 = 𝑆𝑆𝑖𝑖𝑖𝑖 + 𝑆𝑆𝑑𝑑𝑑𝑑 + 𝑆𝑆𝑖𝑖𝑛𝑛

Wave energy
balance:

𝜕𝜕𝜕𝜕
𝜕𝜕𝑑𝑑

= −(𝒖𝒖𝑬𝑬 + 𝒖𝒖𝑺𝑺𝑺𝑺) ⋅ 𝛻𝛻𝛻
𝒖𝒖𝑳𝑳- Total Lagrangian velocity

Scalar tracer
transport:

𝒖𝒖𝑺𝑺𝑺𝑺 = �
−𝜋𝜋

𝜋𝜋
�
0

∞
𝜔𝜔𝑘𝑘2

cosh[2𝑘𝑘 𝜕𝜕 + 𝑑𝑑 ]
sinh2(𝑘𝑘𝑑𝑑)

𝐹𝐹𝑑𝑑𝒌𝒌𝑑𝑑𝜃𝜃

Wind stress
from wave 
growth
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Stokes Drift 

Unified Wave INterface (UWIN) for Coupled Models (CM)
Chen and Curcic  (2016), Curcic et al. (2016) 

 Air-Sea Momentum 
Exchange through 
Surface Waves

 τatm > τocn, when wave 
growth is greater than 
dissipation
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University of Miami Wave Model (UMWM, Donelan et al. 2012)

WRF or other AM HYCOM or other OM

UMWM or other WM

Ua, Ta, SST, SSH, SSC τwx, τwy, SWH, C, Stokes drift
wave dissipation

(τax, τay) = (τwx, τwy)+(τtx, τty)
(τox, τoy) = wave dissipation
….. spray, bubbles, …..  

τax, τay, SH, LH, SST u, v, Ta, qa, p, Qrad τox, τoy, Stokes, QradSST, SSH, SSC 

Unified Air-Sea Interface
E

SM
F

Unified Wave INterface – Coupled Model (UWIN-CM) (Chen et al. 2013, 2023)



• Weather Research and Forecasting (WRF):
12/4/1.3 km horizontal resolution with storm following nests, 45 
vertical levels (phys: YSU, Donelan+Garrat sfc., WSM5)
Initial and boundary conditions from NCEP GFS/FNL

• University of Miami Wave Model (UMWM):
4 km horizontal resolution, 36 directional bins and 37 frequency 
bins from 0.0313 - 2 Hz

• HYbrid Coordinate Ocean Model (HYCOM):
1/25 degree (~4 km) horizontal resolution, 41 vertical levels;
Initial and boundary conditions from global 1/12 deg. HYCOM

Unified Wave INterface-Coupled Model (UWIN-CM) (Chen et al. 2013, Chen & Curcic 2016)
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Wave spectrum: Mean Square Slope (MSS): Frequency range:
UWIN-CM: fo=0.03, f1=2.0 Hz (wind-sea waves)
UWIN-CM: fo=0.03, f1=0.485 Hz (long waves)
NDBC buoys: fo=0.02, f1=0.485 Hz 

Evaluating Wind and MSS: CYGNSS, NDBC buoys, and UWIN-CM  

CYGNSS

UWIN-CM

buoys

UWIN-CM



Does CYGNSS MSS represents higher 
frequency waves beyond 2.0 Hz? 

MSS increases with frequency range



1. Breaking Waves and Spray Droplets (Subgrid):
• Droplets (r ~10 μm to ~1 mm )ejected from breaking 

waves exchange sensible and latent heat fluxes (HFs).

Photo: Ray Collins

2. Air-Sea Interface (Subgrid): 
• Spray heats/cools and moistens air (lowest ~1-10 m), 

creating feedbacks on spray and interfacial HFs.

Photo: Ray Collins

3. Atmospheric Boundary Layer (ABL) and Ocean Mixed 
Layer (OML) (Resolved):

• ABL (~1 km) and OML (~100 m) mediate heat and 
moisture transfer between the ocean and atmosphere.

• Spray HFs modify ABL, creating feedbacks on HFs.

Photo: NOAA

Photo: NOAA

4. Storm (Resolved):
• Storm-scale vertical (~15 km) and horizontal (~500 km 

to ~1000 km) extent
• Changes to surface layer, feedback from BL, and 

coupling of  storm-scale dynamics and thermodynamics

Air-Sea Interaction in Hurricanes – A Multiscale Problem
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Air-Sea Momentum Exchange through Surface Waves

τatm > τocn, when wave growth is greater than dissipation 

τo/τa

τo= τa

Earl (2010)
τo, τa

large stress -> 
strong current ->
over mixing/cold SST



− 0.5 m/s
+ 0.8 oC

Effects of Separating Wave-induced Wind and Current Stress



GLAD
Eulerian
Lagrangian

Ocean surface transport in Hurricane Isaac (2012): 
GLAD surface drifter data and UWIN-CM forecast

Stokes drift 
trajectories

𝒖𝒖𝑳𝑳 = 𝒖𝒖𝑬𝑬 + 𝒖𝒖𝑺𝑺𝑺𝑺

Curcic et al. (2016, GRL): Transports in Hurricanes
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Stokes drift contribution to GLAD-averaged drifter velocity magnitude 
and trajectories

Current magnitude Observed and forecasted trajectories

Curcic et al. (2016, GRL)
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ITOP 2010 (Impact of Typhoons on the Ocean in Pacific) - D’Asaro et al. (2014)

How TC-induced cold wake affect TC structure and intensity?

Shuyi Chen –5th Workshop on Wave Coupling 
ECMWF 4/11/2024



t = 0 hr

t = 1 hr

t = 2 hr t = 3 hr t = 4 hr t = 6 hr t = 8 hr

t = 0 hr

t = 2 hr t = 3 hr t = 4 hr t = 6 hr t = 8 hr

t = 1 hr

20 oC 31 oC28 oC

Coupled Atmosphere-Ocean Model (AO)

Uncoupled Atmosphere Model (UA)

Typhoon Fanapi (2010): Enhanced Inflow from “in situ” Cold Wake to Eyewall

Rainbands

Eyewall
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Low θe

enhanced 
surface fluxes

Lee and Chen (2014): Effects of Stable Boundary Layer over Cold Wake on TC Energetics and Structure

High θe

Higher energy parcels 
into the eyewall

AO UA

Stable BL
Neutral or 
unstable BL

 SBL leads to less rainband convection, increased inflow angle, enhanced heat fluxes downstream of the cold weak
 Although TC-induced ocean cooling reduce TC intensity, SBL over the cold wake can mitigate the negative oceanic 

feedback and increase the storm efficiencyShuyi Chen –5th Workshop on Wave Coupling ECMWF 
4/11/2024



Saildrone in Hurricane Sam (2021)
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Saildrone Observations in Hurricane Sam (2021) - Zhang et al. (2023, BAMS)
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Hurricane Irene (2011)

Significant Wave Height and WindSea Surface Height Anomaly

Kerns and Chen (2022, 2023)
Shuyi Chen –5th Workshop on Wave Coupling ECMWF 
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Effects of Surface Waves



Effects of  Surface Waves on Storm Surge – Hurricane Irene (2011)

Wind-wave-current 
coupling improves SSH 
(storm surge) by 30-50%.
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Spray = F (wave dissipation, 
height, speed, slope)

Barr-Chen-Fairall (2023)

Effects of Sea Spray Takeaway:
1. Enhanced wave dissipation increases spray production. 
2. Spray increases winds and rainfall at landfall and over land.(UWIN-CM simulations with/without spray)



Hurricane Michael (2018)

Open ocean

Coastal



Hurricane Harvey (2017) – Flooding: Rain, Surge, Built Environment

Built environment without 
good natural drainage

UWIN-CM Simulation of Rain and Storm Surge

UWIN-CM Simulation

Storm Surge
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Challenges: High-resolution full physics models are computational expensive, data volume, etc.

Ways forward: New ways of downscaling: Global Earth system models -->AI/ML --> Regional coupled 
atmosphere-wave-ocean-land models --> AI/ML --> Flooding

Must haves: Earth system models Atmosphere-Wave-Ocean-Land-Ice

AI/ML AI/ML



Kerns and Chen (2022a, Natural Hazards)

Rain->ERM

Rain+SSH -> local flooding



Integrating Ocean Observations to Improve NOAA’s Hurricane Intensity Forecasts

Observation Requirements to Meet Challenges and Fill Gaps

• Sea spray (mean concentration obs, in situ 
size spectrometers, size distribution, 
characteristic height, whitecap, stress)

• Air-sea fluxes above the spray layer

• Accurate measurements of wind, humidity, 
waves, current, and temperature (across 
air-sea transition zone)



PROGRESS, CHALLENGES, AND WAY FORWARD

• Field campaigns and coupled atmosphere-wave-ocean-land model development

• Better understanding of the physical processes in air-sea interaction

• Regional Earth system modeling and forecasting capabilities

• Multiscale, multidisciplinary processes affecting flooding and other hazards

• Coupled atmosphere-ocean-land observations

• Earth system modeling with AI/ML, ensemble prediction, coupled air-sea-land-
ice observations and data assimilation

• Integrated forecasting, communication, and decision-making system  

Shuyi Chen –5th Workshop on Wave Coupling ECMWF 4/11/2024
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