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URI Coupled WaveURI Coupled Wave--Wind (CWW) ModelWind (CWW) Model
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1. Modeling of air-sea fluxes in hurricanes 

Effect of surface gravity waves on air-sea fluxes
c        

c        

c       c       

Ocean 
Currents

EFair = EFc + (EFgrowth + EFdivergence)

( )divergencegrowthcair ττττ rrrr
++=

Horizontal wave 
propagation 

(EFdivergence ,               )divergenceτr
Wave growth

( EFgrowth, )growthτr



1. Modeling of air1. Modeling of air--sea fluxes in hurricanessea fluxes in hurricanes

Air-sea flux calculations
Wind Field

τc=τair - τw
EFc = EFair - EFw

Momentum & energy flux
τair=f(ψ(θ,k),β(θ,k))
EFair=f(ψ(θ,k),β(θ,k))

Wave information 
ψ(θ,k), Hs, L, T, …

Downward Energy 
and Momentum 

Flux Budget Model

Ocean Model 

Ocean Response
U, T, …U

Atmospheric observations
(wind speed, Uw ) Coupled Wind-Wave

Boundary Layer Model

Traditional parameterization 
Momentum flux (                         )

Energy flux (EFair )
wwdairair UUC
vv ρτ =

airτr , EFair

Ocean Model



2. Energy and momentum flux budget across air2. Energy and momentum flux budget across air--sea interfacesea interface
Uniform wind experiments

Fetch limited (space variation) experiment

Duration limited (time variation) experiment

Steady and homogenous wind: 10, 20, 30, 40, 50 m/s

Steady and homogenous wind: 10, 20, 30, 40, 50 m/s

30o



2. Energy and momentum flux budget across air2. Energy and momentum flux budget across air--sea interfacesea interface

Time
Dependent

Fetch
Dependent

Uniform Wind experiments: Momentum  and energy fluxes

|τc| / |τair| x 100%

|τc| / |τair| x 100%

EFc / EFair x 100%

EFc / EFair x 100%

= cp/u* = cp/u*

= cp/u* = cp/u*



2. Energy and momentum flux budget across air2. Energy and momentum flux budget across air--sea interfacesea interface

Uniform wind: Energy flux into currents (EFc) as a function of u*

This studyThis study: EF: EFc c ~ ~ ρρairair |u|u**||3.53.5

gray circle – fetch dependent

Black circle – time dependent

Previous studies: EFc ~ ρair |u*|3



2. Energy and momentum flux budget across air2. Energy and momentum flux budget across air--sea interfacesea interface

Hurricane experiments
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2. Energy and momentum flux budget across air2. Energy and momentum flux budget across air--sea interfacesea interface

Hurricane experiments
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2. Energy and momentum flux budget across air2. Energy and momentum flux budget across air--sea interfacesea interface

Hurricane experiments: Stationary Case (TSP = 0 m/s)

|τc| / |τair| x 100% EFc / EFair x 100%
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2. Energy and momentum flux budget across air2. Energy and momentum flux budget across air--sea interfacesea interface
Hurricane experiments: Moving cases (TCP = 5 m/s and 10 m/s)
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2. Energy and momentum flux budget across air2. Energy and momentum flux budget across air--sea interfacesea interface
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2. Energy and momentum flux budget across air2. Energy and momentum flux budget across air--sea interfacesea interface
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3. Wind3. Wind--wavewave--current interaction in hurricanescurrent interaction in hurricanes

airτr

cτ
r

Control 
(one-way interaction, 

fluxes from air)
Exp. A 

(one-way interaction,
fluxes into currents)

Exp. B 
(two-way interaction, 

partial)

Exp. D 
(fully coupled)

Exp. C 
(two-way interaction, 

partial)

Momentum & energy flux

τair=f(ψ(θ,k),β(θ,k))

EFair=f(ψ(θ,k),β(θ,k))

cτ
r



Ocean response in Control Experiment

τair Currents W at 90 m

3. Wind-wave-current interaction in hurricanes



Ocean response in Control Experiment

3. Wind3. Wind--wavewave--current interaction in hurricanescurrent interaction in hurricanes

a b

Initial T
profile

Sea Surface Temperature anomaly
Temperature, TKE profile

RMW 2RMW

TKE
T TKE

T



3. Wind3. Wind--wavewave--current interaction in hurricanescurrent interaction in hurricanes
Momentum Flux ratio 

τc in A / τair in Control τair in B / τair in Control

τair in C / τair in Control τc in D / τair in Control

Exp A
(one way)

Exp C
(two way
Partial)

Exp B
(two way)

Exp D
(fully coupled)



3. Wind3. Wind--wavewave--current interaction in hurricanescurrent interaction in hurricanes
Differences in surface current 

τair in C / τair in Control τc in D / τair in Control

Exp A
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Exp C
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Exp D
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3. Wind3. Wind--wavewave--current interaction in hurricanescurrent interaction in hurricanes

τair in C / τair in Control τc in D / τair in Control

Exp A
(one way)
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(two way)

Exp C
(two way
Partial)

Exp D
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3. Wind3. Wind--wavewave--current interaction in hurricanescurrent interaction in hurricanes

A – Control B – Control 

C – Control D – Control 

Temperature and TKE profiles 
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3. Wind3. Wind--wavewave--current interaction in hurricanescurrent interaction in hurricanes
Impact of wind-wave-current interaction on the wave field

Exp. C Exp. D

RMW



3. Wind3. Wind--wavewave--current interaction in hurricanescurrent interaction in hurricanes
Frequency spectrum for different experiments



3. Wind3. Wind--wavewave--current interaction in hurricanescurrent interaction in hurricanes
WW3 2-D spectrum in two locations
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3. Wind3. Wind--wavewave--current interaction in hurricanescurrent interaction in hurricanes
Explanation of the ocean current effect on wave spectrum 

( ) 0=
∂
∂

∂
∂

−−+
∂
∂

x
U

k
NkUCU

x
N

tg

Steady state equation of wave action conservation: 

0>
∂
∂

x
U

0<
∂
∂

x
U

k
Nk
∂
∂

for x < 0  

for x > 0. 

is always negative



4. Case study: Hurricane Ivan (2004)4. Case study: Hurricane Ivan (2004)
Ivan track and reconnaissance flight tracks

Flight tracks/Scanning Radar Altimeter measurements
NASA/Goddard space flight center & NOAA/HRD

Exp. A: WAVEWATCH III wave model (operational model)
Exp. B: Coupled wind-wave model 
Exp. C: Coupled wind-wave-current model



4. Case study: Hurricane Ivan (2004)4. Case study: Hurricane Ivan (2004)

3000 m

50 m

2400 m

Scanning Radar Altimeter (SRA) measurements



4. Case study: Hurricane Ivan (2004)4. Case study: Hurricane Ivan (2004)
HRD H*wind



4. Case study: Hurricane Ivan (2004)4. Case study: Hurricane Ivan (2004)
Wind swath and sea surface temperature



Significant Wave Height Swaths
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4. Case study: Hurricane Ivan (2004)4. Case study: Hurricane Ivan (2004)

Exp. A: WAVEWATCH III wave model (operational model)
Exp. B: Coupled wind-wave model 
Exp. C: Coupled wind-wave-current model



4. Case study: Hurricane Ivan (2004)4. Case study: Hurricane Ivan (2004)
Surface wave field & flight track
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4. Case study: Hurricane Ivan (2004)4. Case study: Hurricane Ivan (2004)
Wave parameter comparisons between model and SRA data

Dominant Wave Length Significant Wave Height

Wave Direction

Left-rear Right-rear

SRA 

SRA data number

SRA data number SRA data number

Vertical velocity
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ConclusionsConclusions
•• For momentum flux calculations at the airFor momentum flux calculations at the air--sea interface, sea interface, 

the effect of time variation of the wave field is small but the effect of time variation of the wave field is small but 
the effect of spatial variation is important. Both effects, the effect of spatial variation is important. Both effects, 
however, are important for energy flux calculations.however, are important for energy flux calculations.

•• The surface wave effects on the airThe surface wave effects on the air--sea fluxes are most sea fluxes are most 
significant in the rearsignificant in the rear--right quadrant of the hurricane and right quadrant of the hurricane and 
consequently reduce the magnitude of subsurface currents consequently reduce the magnitude of subsurface currents 
and sea surface temperature cooling to the right of the and sea surface temperature cooling to the right of the 
storm track.  storm track.  

•• WaveWave--current interaction reduces the momentum flux into current interaction reduces the momentum flux into 
currents mainly due to the reduction of wind speed input currents mainly due to the reduction of wind speed input 
into the wave model relative to the ocean currents. into the wave model relative to the ocean currents. 

•• The improved momentum flux parameterization, together The improved momentum flux parameterization, together 
with wavewith wave--current interaction is shown to improve forecast current interaction is shown to improve forecast 
of significant wave height and wave energy in Hurricane of significant wave height and wave energy in Hurricane 
Ivan. Ivan. 



Energy and Momentum Flux Budget Model
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