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Momentum, heat, mate rial and g as exchang ed b e tween atmosp he re , waves, and
ocean throug h d ynamic and the rmod ynamic p rocesse s

Air-Sea Fluxe s
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Diffusion • Wave g rowth and b reaking

Bub b le s, sea sp ray, sp ume facilitate exchang e and imp act up -scale b ud g e ts
Air-sea g as fluxes on g lob al climate
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1 Deve lop a hyb rid g as transfe r ve locity p arame te rization with b ub b le -
med iated g as exchang e linked exp licitly to b reaking wave ene rg y
d issip ation
Session 3 (Tues 17 May 14:30)
Ene rg y d issip ation-b ased estimate s of whitecap cove rag e
and air e ntrainme nt rate s in white cap s – Ad rian Callag han

2 Evaluate our p arame te risation and existing wind -only and wind -wave
p arame te risations using outp uts from a wind -forced sp ectral wave mod e l,
and comp are with fie ld measurements

Blomq uist e t al. (2017; BL17) : Wind -only
De ike and Melville (2018; DM18) : Wind -wave

3 Investig ate and id entify sources of p arame te risation success, unce rtainty
and e rror consid e ring p hysical and chemical p rocesse s

4 Rep eat 2-3 with a larg e r, more comp rehensive d ata-se t

Hig h Wind Gas Exchang e Stud y (HiWinGS, 2013)
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Measure me nts /  Me thod s

1 9 O ctob e r – 13 Nove mb e r 2013: 7 intensive  ob se rvation locations
North Atlantic O cean and  Lab rad or Sea

2 Hig h-q uality e d d y covariance  fluxe s, b uoy wave  measurements, CO 2 and
DMS flux via cavity ring -d own and  atmosp he ric p re ssure  ionization mass 
(Blomq uist e t al. 2010, 2014) sp ectrome te rs



3 Gas transfe r ve locity o f CO 2, DMS measured  ove r U10 = 1.8 - 25.2 m s-1
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Measure me nts /  Me thod s

Gas Transfe r Ve locity from Fluxe s and  Conce ntrations



Sp e ctra l Wave Mod e l: ECMWF ERA-5H
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Mod e l De ta ils

1 Glob al uncoup led  wave  mod e l forced  b y hourly ERA-5 wind  (U10N),
surface  air d ensity, g ustine ss, and  sea ice  cove r

2 14 km × 14 km (0.125° x 0.125°) sp atial re solution
36 freq uencie s (fmin = 0.035 Hz) x 36 d irections



3 9 O ctob e r – 13 Nove mb e r 2013: 1-hour outp uts
Inte rp olated  in sp ace  and  time  to  cruise  coord inate s
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Mod e l De ta ils

4 2-D wave  sp e ctrum and  to tal atmosp he ric 
stre ss calculated  at each mod e l g rid -p oint

At e ach g rid  p oint

Wave  sp e ctrum p artitione d

if ≥  1 if <  1

Wind -sea Swe ll



Wind -sea Swe ll Total

3 9 O ctob e r – 13 Nove mb e r 2013: 1-hour outp uts
Inte rp olated  in sp ace  and  time  to  cruise  coord inate s
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Mod e l De ta ils

4 2-D wave  sp e ctrum and  to tal atmosp he ric 
stre ss calculated  at each mod e l g rid -p oint
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Source : Sop hia E. Brumer

Full-form Hyb rid

Diffusive  Gas Transfe r Ve locity

Bub b le -Me d iate d  Gas Transfe r Ve locity

Evaluate d  Parame te risations

1

2

3

Source : Blomq uist e t al. (2017)

Source : De ike  and  Melville  (2018)

Current work
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O ur Parame te risation

Wind  Sp e e d Diffusivity Solub ility Air Entrainme nt Wave  Ene rg y Dissip ation

Entrainme nt Ve locity Growth-Phase  White cap  Fraction
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Current work
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Wind  Sp e e d Wave  Ag e
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Wind  Sp e e d Wave  Ag e

• Be tte r ag re e me nt in d e ve lop ing wave s
• More scatte r in swe ll, at low wind s
• Wind -only (BL17) ove r-e stimate s
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Wind  Sp e e d Wave  Ag e
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Wind  Sp e e d Wave  Ag e

• Syste matic shift d own
• Similar shap e /sp read to d ata vs. BL17
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Wind  Sp e e d Wave  Ag e
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Wind  Sp e e d Wave  Ag e

• Exp and e d b ut similar shap e /sp read to value s
• Re sid uals similar b e twe e n wind -wave p arams

Evaluate d  Parame te risations
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Source : Blomq uist e t al. (2017)

Source : De ike  and  Melville  (2018)

Current work
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Pe rformance  Summary

Evaluate d  Parame te risations
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Source : Blomq uist e t al. (2017)

Source : De ike  and  Melville  (2018)

Current work

BL17 DM18 SC22Sea State
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Wind -Wave  Parame te risations

2

3

Source : De ike  and  Melville  (2018)

Current work

Diffusive  Gas Transfe r Ve locity
COARE 3.1; Fairall, e t al. (2011)

Ashe r and  Wanninkhof (1998); Blomq uist, e t al. (2017)
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Wind -Wave  Parame te risations

2

3

Source : De ike  and  Melville  (2018)

Current work

Bub b le -Me d iated  Gas Transfe r Ve locity
De ike  and  Melville  (2018) and  re fs. the re in

Callag han e t al. (in. p rep .)
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Wind -Wave  Parame te risations

2

3

Source : De ike  and  Melville  (2018)

Current work

Bub b le -Me d iated  Gas Transfe r Ve locity
De ike  and  Melville  (2018) and  re fs. the re in

Callag han e t al. (in. p rep .)

• Bub b le -me d iate d flux too small in non-b reaking low wind s
• 96% of value s comp aring b ub b le -me d iate d p arams lie within 0.5 - 2
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1 Wind -sp eed b ased p arame te risations are inad eq uate

• Scatte r too larg e
• Missing wave b reaking as the d ominant air entrainment mechanism at

inte rmed iate and hig h wind s
• Missing low-wind swe ll influence , she lte ring e ffects, chemistry
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2 Wind -wave p arame te risations of DM18 and SC22 p e rform similarly across
d eve lop ing , d eve lop ed , and swe ll sea state s

• Corre lation coe fficients in the mid 70s, similar RMSE
• Similar d escrip tion of air entrainment, so lub ility e ffects
• Both p e rform more p oorly at low wind s, with more scatte r in swe ll seas

DM18 SC22
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1 Wind -sp eed b ased p arame te risations are inad eq uate
• Scatte r too larg e
• Missing wave b reaking as the d ominant air entrainment mechanism at

inte rmed iate and hig h wind s
• Missing low-wind swe ll influence , she lte ring e ffects, chemistry

2 Wind -wave p arame te risations of DM18 and SC22 p e rform similarly across
d eve lop ing , d eve lop ed , and swe ll sea state s

• Corre lation coe fficients in the mid 70s, similar RMSE
• Similar d escrip tion of air entrainment, so lub ility e ffects
• Both p e rform more p oorly at low wind s, with more scatte r in swe ll seas

3 Both DM18 and SC22 are imp rovements on wind -only p arame te risation b ut
the re is still room for furthe r imp rovement
• Physics: Wave she lte ring , d irectional sp read , wind -wave alig nme nt, choice of

wave he ig ht for entrainment/b allistic ve locity, is e ffective air fraction constant?

• Chemistry: Rad ius-d ep end ence of b ub b les/life time /e fficiency

• Datase t: Location? Fe tch? Instrument choices/e rror? … Need more d ata!
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1 Evaluate p arame te risations across more d atase ts

• 9 cruise d atase ts (> 7000 g as transfe r ve locity measurements)
• Sp ans 12 years, 2007-2019
• Diffe rent wind sp eed s, wave cond itions, fe tch, wate r temp erature (so lub ility)



2 Incorp orate missing eq uilib ration chemistry throug h e fficiency factor
• Based  on p arame te risations for rad ius-d ep end ent b ub b le  eq uilib ration, rise  

ve locity, p lume  p ene tration d ep th, so lub ility

• Account for contrib utions of b ub b les of d iffe rent sizes
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Will a b ub b le  e q uilib rate ? Efficie ncy facto r

Eq uilib ra tio n  d istance

Characte rist ic b ub b le  d e p th

Diffusio na l flo w  ra te  o r g as 
transfe r co e fficie n t



3 Lab oratory te sting & fie ld d ata of b reaking waves to constrain and
• Various air fraction e stimates from lite rature  (0.2-0.6; Lamarre  and  Melville , 

1991; Deane  and  Stokes, 2002; Deane  1999)

• O p timize  entrainment ve locity ag ainst fie ld  e stimates from Ad riatic Sea, Black 
Sea, Ye llow Sea

Future Work
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Source : Rui Cao Source : Joe  Peach
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Up co m ing  a t  1 0 :3 0

Session 3 (Tues 17 May 14:30)
Ene rg y d issip ation-b ase d  e stimate s o f white cap  cove rag e  
and  air e ntrainme nt rate s in white cap s

Poste r Session (Tues 17 May 17:30 - 19:00)
O b se rvations o f b reaking  wave  air e ntrainme nt and  b ub b le s in varying  
wind  and  wave  cond itions

Statistical d istrib utions o f white cap  variab le s using  a nove l re mote  
se nsing  te chniq ue  to  d e te ct and  track ind ivid ual white cap s in d ig ital 
sea surface  imag e s
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