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Motivation

● Numerical models forcing and BC: need wind stress not wind
○ Bulk formulas with prescribed drag coefficient or roughness length
○ Different parameterizations used in ocean models can lead to differences in SHF, 

LHF, EKE, SST etc. (e.g. Brodeau et al. 2017, Bonino et al. 2022)
○ Sea state (if correctly taken into account) makes a substantial impact on stress, its 

curl and ocean velocities (e.g. Shi and Bourassa 2019)
■ Choice of sea state parameterization is still controversial

● In situ wind stress measurements are rare
● Synthetic aperture radar (SAR): air-sea interaction tool

○ High spatial resolution, large coverage
○ SAR backscatter sensitive to wind, current, waves and MBL stability

■ SAR senses the stress
○ SAR images (WV mode) can be used to derive 2D wave spectra



Goals

● Short-mid term goals
○ Investigate the relation between satellite-SAR backscatter and in situ wind stress
○ Analyze the effect of waves on momentum flux

● Long term goals
○ Derive directly the wind stress (momentum flux) from satellite SAR data
○ Improve parameterisation of air-sea flux bulk formulae

● In practice
○ Find co-located Eddy covariance (EC) observations of momentum flux and SAR images
○ Evaluate feasibility of building an empirical model backscatter-stress
○ Use co-located wave observation to evaluate waves effect on drag coefficient and wind 

stress



SAR - measurement principle

● Bragg scattering occurs from the ocean capillary-gravity 
waves (cm-range) that are in resonance with the microwaves

● It is shown/known that backscatter is related to stress: 
                                                                      

<σ0>∝E(kB)∝u*
2∝𝜏

● Traditionally, we derive real wind (or ENW) referenced to 10 m height from SAR backscatter

● Wind-stress relation depends on surface current (Us), MBL 
stability 𝜙, air density (via u*) and sea state (via z0)



Effect of atmospheric stability

● The atmospheric stability 𝜙, affects the relation between 
wind and stress

● This implies that the SAR-derived wind speed is larger  
(smaller) than the real wind speed in stable (unstable) 
conditions

Monin-Obukhov equation (aka MOST)

https://www.coaps.fsu.edu/~bourassa

u(z=6) = 6 m/s; qs-q(z=6) = 3 g/kg



Effect of atmospheric stability

Credit: ovl.oceandatalab.com
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Note: other effects than stability might contribute to backscatter anomaly



Effect of ocean currents
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Bulk formulae - wave parameterization

● Using drag coefficient:

● Drag coefficient  related to z0

● Roughness length z0

● Charnock relation
○ 𝛼 constant, wind speed and/or sea state dependent

● Usually, the wave parameters are incorporated in roughness length parametrization

● Wave age 𝒳 = cp/u*
○ 𝒳 < 20: wind waves dominant (young sea)
○ 𝒳 > 20: Swell dominant (old sea)



Ocean observatories initiative (OOI)
● Eddy covariance and Bulk fluxes

○ Focus here on Eddy Correlation (EC) Flux and Southern Ocean station (SO)
○ Sentinel-1 wave mode



ICOS Ocean stations network
● Only one station (Östergarnsholm) measures momentum and heat fluxes
● SAR IW and EW mode

https://www.icos-sweden.se



Momentum flux - EC data

● The wind stress is a vector quantity, which has two components: along-wind and 
cross-wind components

● From EC data, we get                               
● Friction velocity: 
● Wind stress: 
● Drag coefficient (neutral):

● The main quantities analyzed here, u*, 𝝉 and Cd, together with SAR NRCS, wind 
and wave parameters



OOI SO: wind and wave climate 

● Wind is dominantly W / N-W, Westerlies
● The waves (swell) dominantly S-W
● Swell-dominated sea, a lot of old sea

Young sea

Old sea



ICOS: Wind and wave climatology

● Wind and waves dominantly S-W
○ Westerlies region

● Wind-sea dominated site, a lot of young sea

Sector 45 - 220 deg

Young sea

Old sea



OOI: NRCS - U* relationship - OOI SO

● Towards NRCS-wind stress model
● Power law fit

● “a” and “b”, function of pol, inc and wind speed
○ WV1, inc=23: a=0.606, b=0.519, 
○ WV2, inc=35: a=0.119, b=0.887

○ “a” decreases with θ and “b” increases with θ

● In agreement with Weissman et al. 1994
■ Ku-band coefs larger than C-band



SAR backscatter - U* relationship - ICOS Baltic Sea

● Towards NRCS-wind stress GMF?
● Power law fit 

● “a” and “b”, function of pol, inc and wind speed
○ Inc < 38: a=0.085, b=0.84
○ inc > 38: a=0.043, b=0.86

○ “a” decreases with θ and “b” increases with θ
○ In agreement with Weissman et al. 1994

■ Ku-band coefs larger than C-band

● Consistent with OOI data



OOI SO: Evidence of swell effect on wind stress

● Difference between stress and wind directions decreases with U10 and increases 
with wave age

● Swell decreases u* and Cd 
○ i.e. for given U10, 𝜏 and Cd are larger for young sea and lower for old sea

● Large differences between models, mainly at low < 6m/s and high wind > 15 m/s
○ COARE and ECMWF best fit, but still deviate from data at low and high wind



OOI SO and SAR: 𝝉 - wind relation
● Wave age derived from SAR wave spectrum
● Clear effect of wave age
● For the same wind speed, stress is higher is lower in presence of swell



ICOS data: Evidence of swell effect on wind stress

● Stress direction relative to wind decreases with U10 and increases with wave age
● Swell decreases u* and Cd

○ i.e. for given U10, u* and Cd are larger for young sea and lower for old sea
● Large differences between models, mainly at low < 6m/s and high wind > 15 m/s

○ COARE and ECMWF best fit, but still deviate from data at low and high wind

● Consistent with OOI SO data



ICOS Östergarnsholm - wind stress

● Inverse wave age derived from buoy
● SAR wind is affected by waves more than ECMWF

○ Surprising, ECMWF affected by swell! (coupled model, data assimilation?)
● In situ wind is least affected by swell (expected?)

High wave age, likely swell?



Summary

● SAR NRCS-stress (ustar) relation is promising: larger dataset is required to build a model 
● If it is not enough with EC data, we can complement with bulk stress

○ But we inherit the bulk parameterisation
● Clear wave effect on stress and SAR-backscatter-derived wind speed

○ Discrepancy between models and data, room for improvement of parameterization
● Large deviation of stress direction from wind direction in presence of swell

Outlook

● Continue the hunt of flux data: any tips about sources of EC measurements of momentum and heat 
fluxes are welcome, preferably fixed stations time series

● Wave-induced stress and wind-wave misalignment effect on total stress
● Effect of SAR wave-dependent parameterization on ocean circulation, temperature, salinity, etc.
● Momentum budget and pathways in the ocean


