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MOTIVATION
• State-of-the-art gravity wave (GW) parameterizations:

steady-state approximation→ resolved flow forcing only
via wave breaking and critical layers

• Removing the steady-state approximation → transient
modeling of GWs: direct GW-mean-flow interaction

• Topic #1: relative importance of wave breaking and di-
rect GW-mean-flow interactions with respect to the forc-
ing of the resolved flow in idealized studies

• Topic #2: implementation of a transient GW parameteri-
zation in the ICON GCM including direct GW-mean-flow
interactions
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Fig. 1 GW ray volumes as represented in phase-space

DIRECT GW-MEAN-FLOW INTERACTIONS: COUPLED RAY-TRACING EQUATIONS
Theory

• Split up the flow into a mean and a
wave part: f = fm + fw

• Assume scale separation between
the two: Hw/Hm = ε << 1

• fw(x, z, t) = ReFw(Z, T )ei[kx+
φ(Z,T )
ε ]

with X = εx, Z = εz

• Insert the above in the governing
eqs. and order terms equal in O(ε)
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(Grimshaw et al., 1975, Achatz et al., 2017)

IDEALIZED STUDY WITH A TOY MODEL

(Bölöni et al., 2016)

• MS-GWaM: Multi Scale Gravity
Wave Model including direct GW-
mean-flow interactions (above
equations) and wave breaking

• Idealized validation of transient vs.
the classical steady-state GW pa-
rameterization against (2D) LES
simulations

• Direct GW-mean-flow interaction
more important than wave breaking

• Wave breaking adds a second order
correction

• Steady-state scheme (including
only wave breaking) predicts false
induced wind structure
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Fig. 2 idealized Gaussian wave packet, numerical simulations of a reference wave resolving LES

(left column), a transient GW parameterization with direct GW-mean-flow interactions (middle column)

and a steady-state GW parameterization (right column). 1st row: Hovmöller diagrams for wave energy,

2nd row: Hovmöller diagrams for induced mean-flow.

IMPLEMENTATION IN THE ICON GLOBAL CIRCULATION MODEL

• Implementation in the ICON model
(Zängl et al., 2015) and its upper-
atmosphere version (UA-ICON, Borchert
et al., 2018)

• Single-column implementation of MS-
GWaM (transient scheme), ST-MS-
GWaM (steady-state scheme), STMO-
MS-GWaM (steady-state scheme with
monochromatic saturation)

• MS-GWaM: ∆t ∼ 60s + RK4 sub-steps
for ray volume propagation

• ∼ 2500 ray volumes/column (launching,
merging, removing)

• Simple non-orographic sources based on
the Desaubies spectrum: ρu′w′(ĉ, φ) →
ρu′w′(k, l,m)→ N (k, l,m) (lower bound-
ary condition, see Fig. 3-4)

• Simulations with a model top at 150km
(sponge above 110km), with a vertical
resolution ∆z ≈ 700m in the stratosphere
and coarser above, horizontal resolution
”∆x” ∼ 160km

• 9 months perpetual Dec and June simu-
lations, 1991-1998 Dec, June (URAP pe-
riod), 2010-2015 Dec, June

• Zonal mean circulation of transient and
steady-state schemes rather similar but
with some small-magnitude significant
differences (see Fig. 5)

• GW momentum flux intermittency is in-
creased by the transient scheme leading
to a better match with balloon observa-
tions (see Fig. 6)

• Transience might correct for part of the
"missing drag" at ∼ 60oS (see Fig. 7)
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Fig. 3 GW source implemented as lower boundary

condition in MS-GWaM’s ray model
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Fig. 4 Definition of horizontal wavenumbers and the

ray volume size in MS-GWaM’s ray model
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Fig. 6 Intermittency of GW momentum fluxes at

z ≈ 20km between 50oS − 65oS
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Fig. 5 Latitude-height cross-section of zonally averaged zonal wind for a) URAP data, b) ICON ST-MS-GWaM

(steady-state scheme), c) ICON MS-GWaM (transient scheme), d) ICON STMO-MS-GWaM (steady-state

scheme with monochromatic saturation)

ST-MS-GWaM

180°180° 0°

90°W

90°E

-50o

-65o

0.0 0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 6.3

mPa

180°180° 0°

90°W

90°E

-50o

-65o

0.0 0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 6.3

mPa

180°180° 0°

90°W

90°E

-50o

-65o

0.0 0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 6.3

mPa

MS-GWaM ST-MS-GWaM x 1.8

Fig. 7 Zonal mean GW momentum fluxes over the Southern Hemisphere averaged over 8 individual Junes

at z ≈ 40km as simulated by MS-GWaM (left), ST-MS-GWaM (middle), ST-MS-GWaM x 1.8 (right)

SUMMARY & OUTLOOK

• A new transient GW drag parameterization proposed (Multi Scale Gravity Wave Model: MS-GWAM)
• MS-GWAM implementation in ICON: realistic zonal mean circulation, improved GW intermittency

• Missing pieces from the transient modeling puzzle: 1D→ 3D propagation,
pseudo-momentum flux→ momentum fluxes + buoyancy fluxes (Wei et al., 2019), physical GW sources

REFERENCES
Achatz U., B. Ribstein, F. Senf, R. Klein, 2017: The interaction between synoptic-scale balanced flow and infinite-amplitude

mesoscale wave field throughout all atmospheric layers: weak and moderately strong stratification, Q. J. R. Mete-
orol. Soc., 143, 342–361

Borchert S., Zhou, M. Baldauf, H. Schmidt, G. Zängl, 2018: The upper-atmosphere extension of the ICON general circulation
model (version: ua-icon-1.0), Geosci. Model Dev. Discuss., 12(8), 3541–3569

Bölöni, G., B. Ribstein, J. Muraschko, C. Sgoff, J. Wei, and U. Achatz, 2016: The interaction between atmospheric gravity
waves and large-scale flows: an efficient description beyond the non-acceleration paradigm, J. Atmos. Sci., 73,
4833–4852

Grimshaw, 1975: Nonlinear internal gravity waves in a rotating fluid, J. Fluid Mech., 71, 497–512
Zängl, G., D. Reinert, P. Ripodas, M. Baldauf, 2015: The ICON (ICOsahedral Non-hydrostatic) modelling framework of DWD

and MPI-M: Description of the non-hydrostatic dynamical core, Quart. J. Roy. Meteor. Soc., 141, 563–579
Wei, J., G. Bölöni, U. Achatz, 2019: Efficient modelling of the interaction of mesoscale gravity waves 2 with unbalanced

large-scale flows: 3 Pseudomomentum-flux convergence versus direct approach, J. Atmos. Sci., 76, 2715–2738


