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Background and motivation: Mesoscale SST-Wind Coupling
Chelton et al. 2004

Key processes of MABL adjustment

SST anomalies à Heat flux variation

momentum mixing and pressure adjustment 

Variation of surface wind and momentum flux
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Submesoscale SST-Wind Coupling

Shao et al 2024, 2019Taylor and Thompson, 2023

Synoptic events shaping SST-Wind coupling
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Air-sea Interaction under TC Conditions

Emanuel 2021, TC review paper

Tropical cyclone (TC) intensification related physical processes: 

• Surface enthalpy flux

• Boundary layer process and eyewall turbulent mixing

• Microphysics and radiative impact 

• TC structure

• Upper ocean structure

• …

• Wind induced surface heat exchange (WISHE) (Emanuel et al1986): “…the intensification and maintenance of 

TC depend exclusively on self-induced heat transfer from the ocean …”

• SST is assumed to be smoothed, or slowly evoluted background, which may not be hold. 

• The current operational model does not adequately resolve these processes    
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• Q1, How do submesoscale SST-Wind Coupling in high-wind conditions?

• Surface heat flux variation

• Surface wind variation

• Q2, Does TC turbulence alter classical SST-Wind coupling pathways?

• Strong convection

• Enhance upper ocean boundary mixing

• Q3, Can finescale SST heterogeneity locally modulate TC boundary layer structure? 

Research Questions: 
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Data: Saildrone Observation in Atlantic Hurricane Missions + ERA 5

Foltz et al 2026
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Method:  Isolating SST-Induced Flux Perturbations

Bulk formula

heat flux perturbation test

• Spatial filter length: local mixed layer deformation radius

• Limitation of COARE bulk algorithm in high wind condition 

<latexit sha1_base64="rL5A7IxzXX5wLNl87athDKfV1aU="></latexit>

SHF = ρCpCh (U − Uc) (θs − θ)

<latexit sha1_base64="rzj8iAchKVM3WG/at4elSfbpyfc="></latexit>

LHF = ρLeCq (U − Uc) (qs − q)

<latexit sha1_base64="PYy3VkH1BVZJqSK1AwLx7ChkLFs=">AAACEXicbVDLSgMxFM34rPVVdekmWIRuLDMi6kYo6sJlBfuAzlAy6W0bmnmQ3BFK6S+48VfcuFDErTt3/o2ZdgRtvRByOOeem9zjx1JotO0va2FxaXllNbeWX9/Y3Nou7OzWdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx9cpXrjHpQWUXiHwxi8gPVC0RWcoaHahZJ7DRIZdbEP5rr4AUduZGzp1IxpF4p22Z4UnQdOBookq2q78Ol2Ip4EECKXTOuWY8fojZhCwSWM826iIWZ8wHrQMjBkAWhvNNloTA8N06HdSJkTIp2wvx0jFmg9DHzTGTDs61ktJf/TWgl2z72RCOMEIeTTh7qJpBjRNB7aEQo4yqEBjCth/kp5nynG0YSYNyE4syvPg/px2TktO7cnxcplFkeO7JMDUiIOOSMVckOqpEY4eSBP5IW8Wo/Ws/VmvU9bF6zMs0f+lPXxDTf4nKc=</latexit>

∆θ = θ − θ

<latexit sha1_base64="LoYlL9B5QHjw84/f55nMtGNmUus="></latexit>

SHF,LHF = COARE(θA, θO,uA,uO, qA, pA)

<latexit sha1_base64="4Flrme/CqMPCLmcz7lGvqSvPgrI="></latexit>

SHFocn, LHFocn = COARE(θA, θO,uA,uO, qA, pA)

<latexit sha1_base64="MhqgHCqPV/f6+sJnvflpFLUcZrs="></latexit>

SHFatm, LHFatm = COARE(θA, θO,uA,uO, qA, pA)

<latexit sha1_base64="Erqt/ytPv5wRnafwGqO3zxQvoaE=">AAACCnicbVDLSgMxFM34rPU16tJNtAhuLDMi6kYoKtJlRfuAzlAyadqGZpIhyQhl6NqNv+LGhSJu/QJ3/o2Z6Sy09UDCybn3JLkniBhV2nG+rbn5hcWl5cJKcXVtfWPT3tpuKBFLTOpYMCFbAVKEUU7qmmpGWpEkKAwYaQbDq7TefCBSUcHv9Sgifoj6nPYoRtpIHXvPuyZMI3hXvYEX2X4EPWEc6YWJOY87dskpOxngLHFzUgI5ah37y+sKHIeEa8yQUm3XibSfIKkpZmRc9GJFIoSHqE/ahnIUEuUn2ShjeGCULuwJaRbXMFN/OxIUKjUKA9MZIj1Q07VU/K/WjnXv3E8oj2JNOJ481IsZ1AKmucAulQRrNjIEYUnNXyEeIImwNukVTQju9MizpHFcdk/L7u1JqXKZx1EAu2AfHAIXnIEKqIIaqAMMHsEzeAVv1pP1Yr1bH5PWOSv37IA/sD5/ABoYmKY=</latexit>

∆SHF = SHF − SHF

<latexit sha1_base64="R/1z3pxDaXQda6nE1I4Cq8QDi6M=">AAACCnicbVDLSgMxFM34rPU16tJNtAhuLDMi6kYoKtKFiwr2AZ2hZNK0Dc0kQ5IRytC1G3/FjQtF3PoF7vwbM9NZaOuBhJNz70lyTxAxqrTjfFtz8wuLS8uFleLq2vrGpr213VAilpjUsWBCtgKkCKOc1DXVjLQiSVAYMNIMhldpvflApKKC3+tRRPwQ9TntUYy0kTr2nndNmEbwtnoDL7L9CHrCONILE3Med+ySU3YywFni5qQEctQ69pfXFTgOCdeYIaXarhNpP0FSU8zIuOjFikQID1GftA3lKCTKT7JRxvDAKF3YE9IsrmGm/nYkKFRqFAamM0R6oKZrqfhfrR3r3rmfUB7FmnA8eagXM6gFTHOBXSoJ1mxkCMKSmr9CPEASYW3SK5oQ3OmRZ0njuOyelt27k1LlMo+jAHbBPjgELjgDFVAFNVAHGDyCZ/AK3qwn68V6tz4mrXNW7tkBf2B9/gD47JiR</latexit>

∆LHF = LHF − LHF

Ref: Iyer et al 2022; Busecke and Balwada 2025 
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Mixed layer deformation radius

<latexit sha1_base64="9oE5i/93TBqQWB4fUUtMyKAehOA=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkEIWJAqWDoAKog+pDaKHNdprTpOZDtIVZSZhV9hYQAhVr6Ajb/BSTNAy5EsH59zr67v8SJGpbKsb2NufmFxabm0Ul5dW9/YNLe2WzKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RpeZ334gQtKQ36txRJwADTj1KUZKS665d+cm11cpPIc9XyCc3Eye9fxKEz8tu2bFqlo54CyxC1IBBRqu+dXrhzgOCFeYISm7thUpJ0FCUcxIWu7FkkQIj9CAdDXlKCDSSfJVUniglT70Q6EPVzBXf3ckKJByHHi6MkBqKKe9TPzP68bKP3MSyqNYEY4ng/yYQRXCLBfYp4JgxcaaICyo/ivEQ6QjUTq9LAR7euVZ0jqq2idV+/a4Urso4iiBXbAPDoENTkEN1EEDNAEGj+AZvII348l4Md6Nj0npnFH07IA/MD5/ALdQmag=</latexit>

RML =

NMLHML

f
• Mixed layer deformation radius in Oct 2024

• Saildrone moving speed: 1 m/s à 3.6 km/hr



SST - Ta coupling strength vs smooth length scale

• Air-sea Coupling coupling between SST and Ta perturbation changes with filter length scale 

• The maximum coupling exists at about 1.2 kmà on the order of the mixed layer deformation radius

• The coupling strength decreases with the increase in filter length scale

cold to warmwarm to cold
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Saildrone observation in Milton (2024)

Day from 2024-08-01
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Key processes of MABL Thermal adjustment

SST perturbation à Heat flux variation

Vertical mixing and pressure adjustment 

surface wind and momentum flux response
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SST-heat flux coupling strength for Milton (2024)

• TC winds suppress surface Ta thermal adjustment

cold to warmwarm to cold cold to warmwarm to cold
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SST-heat flux coupling strength for Milton (2024)

Non-TC condition:

• Ocn forcing à positive heat flux

• Atm forcing à negative heat flux

• Total forcing à positive heat flux

TC condition: 

• SST-heat flux weakened substantially

• Ocn forcing persist

• Atm forcing is strongly suppressed

• Consistent with vertically saturated

turbulent mixing

SHF varies consistently with LHF

cold to warmwarm to cold cold to warmwarm to cold
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SST-heat flux coupling strength for Ernesto (2024)

• Independent validation in Ernesto (2024)

• And many other TCs …

cold to warmwarm to cold cold to warmwarm to cold
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Key processes of MABL adjustment

Heat flux variation

Vertical mixing and pressure adjustment 

Variation of surface wind and momentum flux
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Mesoscale SST-Wind Coupling

• Monthly-mean SST, downwind SST gradient, surface wind divergence, Laplacian of air temperature 
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Milton 2024

surface wind divergence vs downwind sst gradient

• blue dot: monthly-mean 

• black dot: TC condition à negative value

• Intense mixing?

• Atm force SST gradient?

Lesile 2024

Helene 2024Rafael 2024

Mesoscale SST-Wind Coupling Under TC Condition

cold to warmwarm to cold

Milton

cold to warmwarm to cold
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Submesoscale SST-Wind coupling strength for Milton (2024): SD1042

• SST-induced perturbations become overwhelmed by TC turbulence

cold to warmwarm to cold
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Submesoscale SST-Wind coupling strength for Ernesto (2024): SD1068

• SST-induced perturbations in TC even showed negative trend
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Following: Saildrone Observations vs Previous Coupling Regime Studies

• Saildrone observations suggest coupling behavior beyond regimes in previous simulation studies

• TC may modify the thermal coupling to a turbulence-dominated regime

Saildrone 2024
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Preliminary Summary

• The USV (Saildrone) resolve the fine scale (100 m) air-sea interaction processes. 

• Classical thermal coupling exists under non-TC conditions

• SST perturbation induce coherent air temperature and turbulent heat flux response

• Oceanic and atmospheric forcing jointly modulate surface heat flux variability

• TC turbulence fundamentally alters coupling pathways

• Under TC conditions, atmospheric thermal adjustment becomes weakened

• SST-induced wind responses collapse

• A possible transition toward a mixing-saturated coupling regime

• Mesoscale regional SST-wind coupling showed negative value

 

Thank you!     mshao@rsmas.miami.edu
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Backup Slides



Hurricane Ernesto

5Ernesto
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Schematic plot
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Submesoscale SST-Wind coupling from Saildrone

cold to warmwarm to cold
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Vertical mixing mechanism (Wallace et al. 1989, Skyllingstad et al. 2007, Kilpatrick et al. 2013, Sullivan et al. 2020, 2021)

Linear relationship: divergence of the wind stress perturbation (      ) and downwind SST gradient field (           )  r · τ

<latexit sha1_base64="ZWGnSLpHsvhC4yLQpKZaUOsDEZc=">AAAB+3icbVBNS8NAEN3Ur1q/aj16WSyCp5KIoseiF48V7Ac0oUw223bpZhN2J2Ip/StePCji1T/izX/jpu1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPqy0TJJpxpsskYnuhGC4FIo3UaDknVRziEPJ2+HoNvfbj1wbkagHHKc8iGGgRF8wQCv1yhVfQSiB+ixKkPoIWalXrro1dwa6SrwFqZIFGr3ylx8lLIu5QibBmK7nphhMQKNgkk9LfmZ4CmwEA961VEHMTTCZ3T6lp1aJaD/RthTSmfp7YgKxMeM4tJ0x4NAse7n4n9fNsH8dTIRKM+SKzRf1M0kxoXkQNBKaM5RjS4BpYW+lbAgaGNq48hC85ZdXSeu85l3ULu8vqvWbRRxFckxOyBnxyBWpkzvSIE3CyBN5Jq/kzZk6L8678zFvLTiLmSPyB87nD+kxk7c=</latexit>

τ̂ ·rSST
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fẑ ⇥ V = �rΦ� ✏V
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Pressure gradient adjustment (Lindenze et al. 1987, Lambaerts et al. 2013,  Foussard et al. 2019), weak wind conditions,

r · V =
✏

f2 + ✏
2
r

2SST
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�rΦ ⇡ κrSST
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κ = Rlog(P0/Ph)
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V and Φ are the weight averaged velocity and pressure in the boundary layer, and 𝜖 the drag coefficient,   

Assuming the hydrostatic equation and mean air temperature adjusts to the SST,

The momentum balance leads to a linear relationship between wind divergence and the SST Laplacian

Two mechanisms controlling the surface wind variation


