Oceanic component (mass exchange)

Boussinesq assumption:

• Only density variations that matter are the ones which contribute to buoyancy variations Mass exchange due to precipitations and evaporation ρwqw = E -Pr -Pi

• Pr rain drops

• P i ice (snow graupel))

• E evaporation

• Precipitated water = pure freshwater • Salt particles remain in the ocean during evaporation 

Interface conditions

Continuity of stresses at the free boundary (under the assumption of no surface waves)

Mass exchange "Heat" exchange

ρ0c oce p (J (sfc) Θoce + (1 -α alb )F SW ) = ρatmc atm p (J (sfc) Θ atm + (1 -α alb )F SW ) "Subgrid" interface conditions θoce(z = 0 -) = θatm(z = 0 + ), ν θ oce ∂zθoce(z = 0 -) = ν θ atm ∂zθatm(z = 0 + ) uoce toce(z = 0 -) = uatm tatm(z = 0 + ), νoce∇uoce• noce(z = 0 -) = νatm∇uatm• natm(z = 0 2
Turbulent fluxes in the surface layer

• Representation of the transfer of heat, momentum and moisture between the surface and the lowest model level (i.e. within the surface layer)

→ estimate of τs, Qsen, Q lat , E z x, y z = ⌘ 0 ⇠ 1 m ⇠ 20 m

Assumptions

• Quantities at the first model level are interpreted in a FD sense

• First model vertical level is in the surface layer and above the roughness sublayer

• Effect of heterogeneity in free-surface elevation (?)

• Representation of the transfer of heat, momentum and moisture between the surface and the lowest model level (i.e. within the surface layer)

→ estimate of τs, Qsen, Q lat , E z x, y 0 ⇠ 1 m ⇠ 20 m sl z 0 { Surface layer

Assumptions

• Quantities at the first model level are interpreted in a FD sense

• First model vertical level is in the surface layer and above the roughness sublayer

• Effect of heterogeneity in free-surface elevation (?)

• Oceanic mean velocities are assumed constant in the oceanic surface layer F. Lemari é -OA coupling formulation and algorithms

• Representation of the transfer of heat, momentum and moisture between the surface and the lowest model level (i.e. within the surface layer)

→ estimate of τs, Qsen, Q lat , E

Assumptions

• Quantities at the first model level are interpreted in a FD sense

• First model vertical level is in the surface layer and above the roughness sublayer

• Effect of heterogeneity in free-surface elevation (?)

• Oceanic mean velocities are assumed constant in the oceanic surface layer ⇒ Semi-empirical Monin-Obukhov similarity theory is the basis to derive turbulent quantities from the mean variables available from the models → Generalization of the classical law of the wall to stratified conditions Successive steps:

• Only mechanical and thermal forcing act on the turbulence (horiz. homogeneity + stationarity) ⇒ Semi-empirical Monin-Obukhov similarity theory is the basis to derive turbulent quantities from the mean variables available from the models → Generalization of the classical law of the wall to stratified conditions Successive steps:

Sm = -(v w ) • ∂zv St = g θ ref v (w θ v ) F.
• Only mechanical and thermal forcing act on the turbulence (horiz. homogeneity + stationarity)

• Constant flux layer assumption

• Define fundamental turbulent parameters z, u , θ , q Sme = τs ρa • ∂zv S th = g θ ref v (w θ v ) sl u = τs ρa θ = - (w θ ) sl u q = - (w q ) sl u

Monin-Obukhov similarity theory (aka surface-layer similarity)

Monin A.S., A.M. Obukhov : Osnovnye zakonomernosti turbulentnogo peremesivanija v prizemnom sloe atmosfery, Tr Geofiz Inst AN SSSR, 1954

⇒ Semi-empirical Monin-Obukhov similarity theory is the basis to derive turbulent quantities from the mean variables available from the models → Generalization of the classical law of the wall to stratified conditions Successive steps:

• Only mechanical and thermal forcing act on the turbulence (horiz. homogeneity + stationarity)

• Constant flux layer assumption ⇒ Semi-empirical Monin-Obukhov similarity theory is the basis to derive turbulent quantities from the mean variables available from the models → Generalization of the classical law of the wall to stratified conditions Successive steps:

• Define fundamental turbulent parameters z, u , θ , q • Form dimensionless groups u = τs ρa θ = - (w θ ) sl u q = - (w q ) sl u πγ = κz φ ∂zγ, γ = (v, θ, q) πL = κgz θ ref v u 3 (w θ v ) sl = z L ob F. Lemari é -OA
• Only mechanical and thermal forcing act on the turbulence (horiz. homogeneity + stationarity)

• Constant flux layer assumption

• Define fundamental turbulent parameters z, u , θ , q

• Form dimensionless groups

• Empirically define functional relationships πγ = κz φ ∂zγ, γ = (v, θ, q) πL = κgz θ ref v u 3 (w θ v ) sl = z L ob πu = φm(πL) π θ = φs(πL) πq = φs(πL)
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vatm(z) = v † oce (zm) - u κ ln z zm -ψm z L Ob + ψm zm L Ob e iθτ θatm(z) = θ † oce (z h ) - θ κ ln z z h -ψs z L Ob + ψs z h L Ob qatm(z) = qsat(θ † oce (z h )) - q κ ln z zq -ψs z L Ob + ψs zq L Ob
• Provided a proper treatment of viscous sublayers this amounts to extend the model mean vertical profiles to the surface to satisfy (same for θ)

vatm(0 + ) = voce(0 -), νatm∂zvatm(0 + ) = νoce∂zvoce(0 -) vatm(z) = v † oce (zm) - u κ ln z zm -ψm z L Ob + ψm zm L Ob e iθτ θatm(z) = θ † oce (z h ) - θ κ ln z z h -ψs z L Ob + ψs z h L Ob qatm(z) = qsat(θ † oce (z h )) - q κ ln z zq -ψs z L Ob + ψs zq L Ob
Usual form :

τs = ρaCD vatm(z 1 atm ) -v † oce (zm) (vatm(z 1 atm ) -v † oce (zm)) Qsen = ρac atm p CH vatm(z 1 atm ) -v † oce (zm) (θatm(z 1 atm ) -θ † oce (z h )) E = ρaCE vatm(z 1 atm ) -v † oce (zm) (qatm(z 1 atm ) -qsat(θ † oce (z h ))) vatm(z) = v † oce (zm) - u κ ln z zm -ψm z L Ob + ψm zm L Ob e iθτ θatm(z) = θ † oce (z h ) - θ κ ln z z h -ψs z L Ob + ψs z h L Ob qatm(z) = qsat(θ † oce (z h )) - q κ ln z zq -ψs z L Ob + ψs zq L Ob
Usual form :

τs = ρaCD vatm(z 1 atm ) -v † oce (zm) (vatm(z 1 atm ) -v † oce (zm)) Qsen = ρac atm p CH vatm(z 1 atm ) -v † oce (zm) (θatm(z 1 atm ) -θ † oce (z h )) E = ρaCE vatm(z 1 atm ) -v † oce (zm) (qatm(z 1 atm ) -qsat(θ † oce (z h )))
⇒ Historically ignored but strong impact on energetics from an oceanic perspective 

General comments

Add-on components to the theory :

• Effect of gustiness on the surface fluxes [e.g.

Redelsperger et al., 2000]

• Effect of surface waves on the roughness lengths

• Even under ideal conditions, the theory has an accuracy of only about 10-20% [Foken, 2006] • Bill Large ( 2006) "Surface fluxes for practitioners of global ocean data assimilation"

-For hourly fluxes on a spatial scale of 10 km, there is at least a factor of 2 uncertainty due to transfer coefficient variability on these scales -Sign can be uncertain on time scales less than about 10 min.

-Annual averaging is probably required before the uncertainty in bulk fluxes is minimized Coupled problems can be solved by using 

Various alternatives

Concurrent coupling vs sequential coupling (aka parallel vs multiplicative) Global-in-time vs local-in-time Computation of surface fluxes in coupler or in atmospheric component ?

Some criteria to choose an appropriate coupling algorithm

• Practical aspects -Computational efficiency -Minimal modification to existing codes 

Standard partitioned time-stepping methods in CMs

Global-in-time (sequential) 

ATM OCE ⌦ Foa(U N 1 atm , hUocei N 2 , R N 1 ) ↵ N 1 hUocei N 1 ⌦ Foa(U N atm, hUocei N 1 , R N ) ↵ N hUocei N 1 2 3 4 5 6 7 8 N-1 N Global-in-time (sequential v2) ATM OCE Foa(hUatmi N 1 , hUocei N 2 , hRi N 1 ) hUocei N 1 hUocei N 1 2 3 4 5 6 7 8 N-1 N hUatmi N 1 , hRi N 1 Foa(hUatmi N , hUocei N 1 , hRi N ) hUatmi N , hRi N Global-in-time (Concurrent) ATM OCE hUocei N 1 1 1 3 3 N-1 N hUatmi N 1 , hRi N 1 F N 1 oa 2 2 4 4 F N oa hUocei N hUatmi N , hRi N Local-in-time (Concurrent) ATM OCE 2 toce toce U n 1 oce hUatmi n 2:n 1 hRatmi n 2:n 1 F n 1
= u n atm + ∆tatm∂z K a z ∂zu n+1 atm + F a ρaK a z ∂zu n+1 atm (z = 0) = Foa(u n atm (z + ), u n oce (z -)) OCE Model u n+1 oce = u n o + ∆toce∂z K o z ∂zu n+1 oce + F o ρoK o z ∂zu n+1 o (z = 0) = ρaK a z ∂zu n+1 atm (z = 0)
→ Numerical stability ? 

= u n atm + ∆tatm∂z K a z ∂zu n+1 atm + F a ρaK a z ∂zu n+1 atm (z = 0) = Foa(u n atm (z + ), u n oce (z -)) OCE Model u n+1 oce = u n o + ∆toce∂z K o z ∂zu n+1 oce + F o ρoK o z ∂zu n+1 o (z = 0) = ρaK a z ∂zu n+1 atm (z = 0)
Sequential local-in-time approach (a.k.a implicit flux coupling) For n = 0, Nsteps atm -1

ATM Model u n+1 atm = u n atm + ∆tatm∂z K a z ∂zu n+1 atm + F a ρaK a z ∂zu n+1 atm (z = 0) = Foa(u n+1 atm (z + ), u n oce (z -)) OCE Model u n+1 oce = u n o + ∆toce∂z K o z ∂zu n+1 oce + F o ρoK o z ∂zu n+1 o (z = 0) = ρaK a z ∂zu n+1 atm (z =
ATM model    u n+1 atm = u n atm + ∆tatm∂z K a z ∂zu n+1 a + F a ρaK a z ∂zu n+1 atm (z = 0) = Foa(u n+1 atm , I ∆t atm ∆toce {u oce } (t n+1 )) For m = 0, Nsteps oce -1 OCE model    u m+1 o = u m o + ∆to∂z K o z ∂zu m+1 oce + F o ρoK o z ∂zu m+1 oce (z = 0) = G ∆toce ∆t atm {ρaK a z ∂zuatm} (t m+1 )
G ∆toce ∆t atm and I ∆t atm ∆toce : intergrid transfer operators (only G has to be conservative)

Current practice:

G ∆toce ∆t atm f | [0,T ] (ti) = 1 T T 0 f (t)dt, ∀ti ∈]0, T ]
F. Lemari é -OA coupling formulation and algorithms 26

ATM OCE ⌦ Foa(UN 1 atm , hUoceiN 2 , RN 1)↵ N 1 hUoceiN 1 ⌦ Foa(UN atm, hUoceiN 1 , RN ) ↵ N hUoceiN 1 2 3 4 5 6 7 8
N-1 N

Time-dependent, coupled, Ekman boundary layer model

Complex horizontal velocity in the x-y plane :

Uj = uj + ivj (j = 1, 2)      ∂tU j + if (U j -U g,j ) = ∂z (ν j (z)∂zU j ) , in Ω j × [0, T ] U j (z = H j , t) = U g,j (z = H j , t) t ∈ [0, T ] ν 2 ∂zU 2 (z = 0, t) = C D δU (U 2 (0 + , t) -U 1 (0 -, t)) t ∈ [0, T ] ν 1 ∂zU 1 (z = 0, t) = (ρ 2 /ρ 1 ) {ν 2 ∂zU 2 (z = 0, t)} t ∈ [0, T ]
→ Euler backward for diffusion and forward-backward for Coriolis If the iterations actually fail to converge, using only one iteration won't reveal this fact but in this case numerical results would be questionable • BUT: tight coupling between components require smoothness

       ∂tu1 -∇ • (ν1∇u1) = f1, x ∈ Ω1 ∂tu2 -∇ • (ν2∇u2) = f2, x ∈ Ω2 u1 = u2, x ∈ Γ ν1∇u1 = ν2∇u2, x ∈ Γ
• Easy way to try it : Schwarz algorithms (global-in-time for multiphysics problems; only require "perfect" restartibility of numerical models) 

Global-in-time domain decomposition based on Schwarz method

ATM OCE D Foa(U k atm , ⌦ U k 1 oce ↵ N 1 , R k ) E N 1 ⌦ U k oce ↵ N 1 1 

Partial conclusion

• May not be needed to dig too much into advanced partitioned methods as most models integrate the vertical physics implicitly (e.g. no problem with order reduction)

• Different OA coupled models seem to converge when using iterative coupling methods

• Additional work on the impact of the G ∆toce ∆t atm and I ∆toce ∆t atm operators would be worthwhile (→ smoother transition between coupling periods)

• Huge gap to fill between the theory and practical applications. Coupling of codes :

= u n atm + ∆tatm∂z K a z ∂zu n+1 atm + F a ρaK a z ∂zu n+1 atm (z = 0) = Foa(u n+1 atm (z + ), u n oce (z -)) OCE Model u n+1 oce = u n o + ∆toce∂z K o z ∂zu n+1 oce + F o ρoK o z ∂zu n+1 o (z = 0) = Foa(u n atm (z + ), u n+1 oce (z -)) 4 
• Exchange and transform information at the code interface 

•

  Continuity equation → from mass to volume conservation • The conservation laws are changed from mass to volume-integrated Volume conservation for a water column ∂tη B = -∇ • U + (ρwqw)/ρ0,

F•F•

  z × u -ρ -1 0 ∇ • ΣT with ΣT the total stress tensor ΣT = -pI + Continuity of stresses at the free boundary ΣT ns = -p sfc ns + τs ts Rain-Induced Momentum Flux [e.g. Caldwell and Elliot (1971,1972)] τ R = ρ R u R P F. Lemari é -OA coupling formulation and algorithmsOceanic component (Conservative tracers for "heat content" and salt)Conservation of "conservative temperature" (TEOS10 standard 1 )Qs(z = η, t) = (1 -α alb )F SW J (sfc) Θ = (ẑ -∇sz) • JΘ = Qsen + Q lat + (F LW -F LW ) -∇sz) • JS = 0 Q lat = ΛvE1 Rich Pawlowicz, "What every oceanographer needs to know about TEOS-10", 2013 Outflow of precipitating mass at the surface • Evaporation flux of vapor from the surface → change of surface pressure ∂p sfc ∂t = -g z t zs ∇ • (ρv h ) dz + g(ρw) sfc • ρ: total mass density • (ρw) sfc = E -Pr -Pi • zs ? F. Lemari é -OA coupling formulation and algorithms

  Lemari é -OA coupling formulation and algorithms Monin-Obukhov similarity theory (aka surface-layer similarity) Monin A.S., A.M. Obukhov : Osnovnye zakonomernosti turbulentnogo peremesivanija v prizemnom sloe atmosfery, Tr Geofiz Inst AN SSSR, 1954⇒ Semi-empirical Monin-Obukhov similarity theory is the basis to derive turbulent quantities from the mean variables available from the models → Generalization of the classical law of the wall to stratified conditions Successive steps:• Only mechanical and thermal forcing act on the turbulence (horiz. homogeneity + stationarity)

  [Dewar & Flierl, 1987; Duhaut & Straub, 2006; Renault et al. 2016] Side remarks → Usual practice in fluid-structure coupling community the "speed scales equivalent parameters" Pu & Pq w θ s ≈ e Λqv (w θ )+Λθs(w q v )

⇒F

  Internal time-scale ∆t blk to keep uncertainty on turbulent flux estimates at a "reasonable level" → LES codes are also based on the MO theory → no notion of surface-layer resolving model (?)

  (∆t oce = ∆t atm ) Concurrent local-in-time approach (a.k.a explicit flux coupling) ATM Model u n+1 atm

F••

  Figure: Spectral radius of the matrix M with respect to the dimensionless coefficients σ and γ

-

  0) Alternative : monolithic approach based on a linearization of fluxes as in land surface / atmosphere coupling [e.g. Ryder et al., 2016] Local-in-time methods lagged coupling → loosely coupled partitioned scheme -Relevance of instantaneous air-sea fluxes ? Very frequent exchanges/remapping of interface data between models + Ability to represent processes related to diurnal cycle F. Lemari é -OA coupling formulation and algorithms Coupling diffusion equations (∆t oce = ∆t atm ) Sequential global-in-time approach (a.k.a asynchronous coupling)

  Ω1 =] -50 m; 0[, Ω2 =]0; 500 m[, ν1 = 0.05 m s -1 , ν2 = 0.1 m s -1 , ∆t1 = ∆t2 = 600 s, f = 10-4 s -1 ρ1 = 1000 kg m -3 , ρ2 = 1 kg m -3 CD δU = α1 +α2 δU +α3 δU 2 αj from (Large, 2005) ug,1 = vg,1 = vg,2 = 0 m s -1 , ug,2 = 10 m s -1 U1(-H1, t) = Ug,1(-H1, t) + f1(t) U2(H2, t) = Ug,2(H2, t) + f2(t) é -OAcoupling formulation and algorithms Global-in-time (sequential or concurrent) + Both models forced by the exact same mean flux on a given time window + Models communicate only once per time window + More consistent with the underlying assumptions of some physical parameterizations + More freedom to select the relevant temporal scales to be exchanges between models through the G ∆toce ∆t atm and I ∆toce ∆t atm operators -Shifted retroaction → loosely coupled solution -Current choice for G ∆toce ∆t atm ⇒ discontinuity in forcing fields between two successive time windows • Asynchronous coupling = one single iteration of a global-in-time Schwarz algorithm F. Lemari é -OA coupling formulation and algorithms Tight coupling • [Keyes et al. (2013)]: " Using an approach that ignores strong couplings between components gives a false sense of completion"

  Convergence rate : R = ν2/ν1 [e.g. Lemari é et al., 2013]

F

  it converge ? If yes, what's the impact on the physics ? m s -1 4.1 m s -1

  Analysis of Schwarz waveform relaxation for the coupled Ekman boundary layer problem with continuously variable coefficients (Th éry, Lemari é & Blayo, 2019, SIAM SISC, submitted) • Literature claiming non-conservation of energy in OA models ATM Model u n+1 atm

FF

  in resolutionThe atmosphere must "integrate" different subgrid surface fractions (tiles) Grid-box surface fluxes are calculated separately for the different tilesK φ ∂zφ sfc = i C φ i vatm(z 1 atm ) -voce(0 + ) (φ(z 1 atm ) -φ sfc )each tile (except the open sea) is treated via a surface energy balance Loss of small-scale informationAdditional difficultyInterpolation stencils should be exclusive Wet points only Wet & land points only Ocean/sea-ice and Ocean-land (wetting & drying) boundaries vary with time -No wetting & drying in current generation of OGCMs -Remapping weights are computed once for all with a predefined sea-ice cover. grid = Atm. dynamics grid (= Atm. physics grid)Compute fluxes on the atmospheric computational grid using bilinear/bicubic remapping (e.g. SCRIP package within MCT) 2. Coupler grid = exchange grid = Atm. dynamics grid[Balaji et al., 2005] Exchange grid = juxtaposition of the land-surface, ocean, sea-ice, glacial ice computational grids 3. Coupler grid = exchange grid = Atm. physics grid = Atm. dynamics grid[Vintzileos & Sadourny, 1995] 

Monin-Obukhov similarity theory (aka surface-layer similarity) Monin A.S., A.M. Obukhov : Osnovnye zakonomernosti turbulentnogo peremesivanija v prizemnom sloe atmosfery, Tr Geofiz Inst AN SSSR, 1954

  

	• Bulk vs skin sea surface temperature (?)

  • Manage the execution and synchronization of the codes • Applicable to existing and independently developed codes Softwares • ESMF (Earth System Modeling Framework) +NUOPS layer [Hill et al., 2004] Developed by Cerfacs, uses MCT for data regridding and exchange

-Single executable -Can be run sequentially, concurrently, in mixed mode • CESM/cpl7 [Craig et al., 2012] -Developed by NCAR, uses MCT for data regridding and exchange -Single executable • FMS (Flexible Modeling System) -Single executable -Serial or concurrent execution of components -Exchange grid • OASIS3-MCT [Craig et al., 2017] --used by ≈35 climate modelling groups world-wide

F. Lemari é -OA coupling formulation and algorithms

→ Atmospheric single column physics is computed on a juxtaposition of the land-surface, ocean, sea-ice, glacial ice computational grids

• Robustness to "under-resolved" scales on the atmospheric dynamics grid ?

• Scale-awareness of the physics package ? (Challenging already to find a robust parameterization set for uniform resolution) 

Summary

• Interface conditions -Clarify the mass exchange interface condition -Does the atmosphere care about the evolution of the oceanic free-surface ?

• Air-sea flux estimates -Which alternative to the MO similarity theory ?

• Non-conformity in time -Global-in-time approach may offer more flexibility (even for high-frequency coupling)

• Non-conformity in space -Cleaner treatment of sea-ice ?

Need for more systematic benchmarking of coupled models under simplified settings (!)

F. Lemari é -OA coupling formulation and algorithms