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Code availability 1 / 32

▶ a python toy code
https://github.com/g-voelker/python-msgwam/tree/dev

▶ the ICON model
https://gitlab.dkrz.de/icon/icon-model

▶ the ICON/MS-GWaM submodule
https://github.com/DataWaveProject/msgwam

https://github.com/g-voelker/python-msgwam/tree/dev
https://gitlab.dkrz.de/icon/icon-model
https://github.com/DataWaveProject/msgwam


Mathematical model formulation



Assumptions: A small parameter, many meanings 2 / 32

1. scale height separation Hp/Hθ = O(ϵα)

2. small Rossby number 1 ≫ Ro = ϵ

▶ quasi-geostrophic regime
▶ hydrostatic scaling Hw = ϵLw

▶ stratification and rotation f = ϵ5−αN

3. perturbation scale separation ϵ (X ,Y ,Z ,T ) = ϵ(x , y , z , t)

4. perturbation expansion in small parameter (not shown)
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Weakly nonlinear gravity waves in the atmosphere 3 / 32

▶ non-dimensional compressible Euler equations
▶ multiscale theory with (X ,T ) = ϵ(x , t), ϵ = Ro

v =
∞∑
j=0

ϵj V (j)
0 + ℜ

∑
β

∞∑
n=1

ϵn V
(n)
β eϕβ/ϵ (1)

θ =
α∑

j=0

ϵj Θ̄(j)(Z ) + ϵα+1
∞∑
j=0

ϵj Θ
(j)
0 + ϵα+1ℜ

∑
β

∞∑
n=1

ϵn Θ
(n)
β eϕβ/ϵ (2)

π =
α∑

j=0

ϵj Π̄(j)(Z ) + ϵα+1
∞∑
j=0

ϵj Π
(j)
0 + ϵα+2ℜ

∑
β

∞∑
n=1

ϵn Π
(n)
β eϕβ/ϵ (3)

▶ field = reference + mean flow + superimposing waves β

▶ wave properties ωβ = −∂Tϕβ , kβ = ∇Xϕβ

Achatz, Ribstein, et al. 2017



The Bretherton-Grimshaw modulation equations 4 / 32

▶ dispersion relation ξ̇ = (∂t + cg · ∇r )ξ

ω = Ω(X ,T , k ) = k · U (0)
0 (X ,T )±

√
f 2m2 + N2(k2 + l2)

k2 + l2 +m2
(4)

▶ eikonal equations
(∂T + cg · ∇X )k = k̇ = −∇XΩ cg = ∇kΩ (5)

▶ polarization relations (omitted)
▶ wave action conservation (no TRI) N = N (X ,T , k )

0 = ∂TN +∇X · (cgN ) +∇k · (k̇N ) + S (6)
0 = ∇X · cg +∇k · k̇ (7)

Grimshaw 1972; Grimshaw 1974; Muraschko et al. 2015; Achatz, Ribstein, et al. 2017



The dimensionful modulation equations 5 / 32

▶ changes in position ξ̇ = (∂t + cg · ∇r )ξ

λ̇ =
cgλ

r cosϕ
ϕ̇ =

cgϕ
r

ṙ = cgr

▶ changes in wavenumber
k̇λ = − 1

r cosϕ

(
k · ∂λU +

|kh|2∂λN2

2ω̂|k |2

)
− kλ

r
cgr +

kλ tanϕ

r
cgϕ

k̇ϕ = −1

r

(
k · ∂ϕU +

|kh|2∂ϕN2 + k2
r ∂ϕf

2

2ω̂|k |2

)
− kϕ

r
cgr −

kλ tanϕ

r
cgλ

k̇r = −
(
k · ∂rU +

|kh|2∂rN2

2ω̂|k |2

)
+

kλ
r
cgλ +

kϕ
r
cgϕ

▶ wave action conservation
0 = ∂tN + cg · ∇rN + k̇ · ∇kN + S



The dimensionful perturbation impact 6 / 32

▶ relax assumption of geostrophic, horizontal, and hydrostatic
leading order mean-flow

▶ direct flux approach
Dtθ + N2w = −∇h · u′θ′ (8)

Dtu + f ez × u = −cp θ̄∇hπ−
1

ρ̄
∇ · (ρ̄u′v ′)+

f

g
ez × u′b′ (9)

entropy-flux convergence, momentum-flux convergence, elastic term
▶ for details see Achatz, Ribstein, et al. 2017; Wei et al. 2019



The explicit wave flux formulation 7 / 32

ρ̄u′u′ = A
(
kcgx − f 2

kcgx + lcgy
f 2 − ω̂2

)
ρ̄v ′u′ = lcgxA (10)

ρ̄u′v ′ = kcgyA ρ̄v ′v ′ = A
(
lcgy − f 2

kcgx + lcgy
f 2 − ω̂2

)
(11)

ρ̄u′w ′ = kcgzA
(

f 2

f 2 − ω̂2

)
ρ̄v ′w ′ = lcgzA

(
f 2

f 2 − ω̂2

)
(12)

ρ̄u′θ =
θ̄fN4k2

h

g ω̂K 2m(ω̂2 − f 2)
lA ρ̄v ′θ = − θ̄fN4k2

h

g ω̂K 2m(ω̂2 − f 2)
kA (13)

f

g
u′b′ =

f 2N4k2
h

ρ̄g ω̂k2m(ω̂2 − f 2)
lA f

g
v ′b′ = − f 2N4k2

h

ρ̄g ω̂k2m(ω̂2 − f 2)
kA (14)



Wave action conservation in phase space 8 / 32
▶ wave action conservation (no TRI) ξ̇ = (∂t + cg · ∇r )ξ

0 = ∂TAβ +∇X (cg ,βAβ) (14)

▶ wave action in phase space

Aβ =

∫
R3

N (X ,T , k)δ(k − kβ)dk kβ = kβ(X ,T ) (15)
▶ we then find for N (X ,T , k )

0 = ∂TN +∇X · (cg ,N ) +∇k · (k̇N ) (16)
0 = ∇X · cg , +∇k · k̇ (17)

▶ phase space volume is conserved

Muraschko et al. 2015
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Implementation of the coupled Lagrangianmodel



A Lagrangian phase space discretization 9 / 32

0 = ∇X · cg ,β +∇kβ
· k̇β (18)

freely after Fig. 3 of Muraschko et al. 2015



Interfacing the grids 10 / 32

▶ mean → wave:interpolation
Nray = Nn +

Nn+1 − Nn

zn+1 − zn
(zray − zn)

▶ wave → mean:integration andprojection
DtU ∝ −1

ρ
∇ ·

∫
R3

(ĉgkN )dk

extended version of Fig. 4 of Muraschko et al. 2015
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(ĉgkN )dk

extended version of Fig. 4 of Muraschko et al. 2015



Coupling the Eulerian and the Lagrangian Model 11 / 32

18°E 21°E 24°E 27°E

38°N

40°N

42°N

44°N ▶ Eulerian dynamical core
▶ Lagrangian wave model
▶ two-way coupling
▶ massively parallelized



Comparing momentum flux distribution:1D vs. 3D



Zonal mean zonal winds and temperatures 12 / 32
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Zonal mean zonal winds and temperatures 12 / 32
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Zonal mean zonal winds and temperatures 12 / 32
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Horizontal distribution of absolute momentum fluxes (June 10-20 1991) 13 / 32

1D 3D
25k

m
70k

m

Fabs = ρ̄(u′w ′2 + v ′w ′2)
1
2



Meridional momentum flux distribution - Southern hemisphere 14 / 32
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Meridional momentum flux distribution in Hindley et al. 2020 15 / 32

Part of Fig. 3 from Hindley et al. 2020



Zonal-mean wave action flux convergences (June 10-20 1991) 16 / 32
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▶ refraction redistributes wave action dissipation



Wave drags around the SH winter jet 17 / 32
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The (still) missing wave drag at 60°S



Wave drag in CCMI-1 models near 60°S (JJA for 2005–2007) 18 / 32

Holt et al. 2023



The effect of 3D transient non-orographic waves near 60°S (June 1991) 19 / 32
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▶ redistribution of non-orographic waves
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Modified orographic waves near 60°S (June 1991) 20 / 32
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▶ modified wind and SSO wave propagation

1D 3D



Combined wave drag near 60°S (June 1991) 21 / 32
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▶ 3D propagation of non-orographic waves alone does not solve it
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Lateral propagation and IGW intermittency



Gravity wave intermittency (PMF, Dec., z=20km) 22 / 32
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Gravity wave intermittency (PMF / Gini Index, Dec., z=20km) 23 / 32
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Simulating the QBO with MS-GWaM (details)



The QBO and columnar parametrizations: Right for the wrong reasons? 24 / 32

5°S < ϕ < 5°N



The QBO and columnar parametrizations: Right for the wrong reasons? 24 / 32

5°S < ϕ < 5°N z=24km



Notes on the model performance



MS-GWaM-3D computational performance 25 / 32
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Load imbalance (for physical reasons) 26 / 32

MPI barrier computation



Ray volume counts (June) 27 / 32
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Ray volume counts (December) 28 / 32

180° 120°W 60°W 0° 60°E 120°E 180°

60°S

30°S

0°

30°N

60°N

180° 120°W 60°W 0° 60°E 120°E 180°

60°S

30°S

0°

30°N

60°N

180° 120°W 60°W 0° 60°E 120°E 180°

60°S

30°S

0°

30°N

60°N

180° 120°W 60°W 0° 60°E 120°E 180°

60°S

30°S

0°

30°N

60°N

180° 120°W 60°W 0° 60°E 120°E 180°

60°S

30°S

0°

30°N

60°N

180° 120°W 60°W 0° 60°E 120°E 180°

60°S

30°S

0°

30°N

60°N

180° 120°W 60°W 0° 60°E 120°E 180°

60°S

30°S

0°

30°N

60°N



Towards a community-available model



MS-GWaM in ICON - From deep integration to a modular framework 29 / 32

+ convection+ ice microphysics+ turbulence(planned)
�
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+ convection+ ice microphysics+ turbulence(planned)
�

ice microphysics(current work byAlena Kosareva)

turbulence(planned)
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