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Motivation: GW Impacts ONIVERSITAT
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Gravity-wave effects numerous, e.g. e
* Clear-air turbulence (e.g. Koch et al 2005)
Clouds & convection (e.g. Zhang et al 2001, 2003) : u
Middle-atmosphere waves (QBO, solar tides) : 0
residual circulation W & I N>
« GW impact in stratosphere (e.g. Palmer et al 1986) e ERERR NN
« GW control in mesosphere (e.g. Lindzen 1981) Schmidt et al (2006)

Indirectly: Impact middle atmosphere on troposphere (downward control)
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Motivation: Parameterization of GW Processes RIS

GW propagation
 Described using WKB theory
(Grimshaw 1975, ...)

« Simplifications for efficiency:
* Single-column
« Steady state

« Transience considered important
(intermittency, Alexander et al 2010)

« Horizontal propagation has an effect (
=

full

altitude [km]
[
o

(Dunkerton1984, ..., Kawatani et al 2010)
 Synoptic-scale balanced background assumed

But NWP models resolve some GWs By
Theory to be revisited Effects on GW-ST IA (Senf & Achatz 2011)
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Motivation: Parameterization of GW Processes RIS

GW propagation
 Described using WKB theory
(Grimshaw 1975, ...)
« Simplifications for efficiency:
* Single-column
« Steady state

* Transience considered important
(intermittency, Alexander et al 2010)

(a) (x 1073)
45

 Horizontal propagation has an effect s} ; _;;? ;“5’
(Dunkerton1984, ..., Kawatani et al 2010) a5k y-—= -
 Synoptic-scale balanced background assumed Bl »” 2
~ 20
*  But NWP models resolve some GWs - "
* Theory to be revisited al 10
: . 5
Nonlinear dissipation
) ) 0 200 400 600 800
» accelerated by wave-mean flow interaction f (min)

(Dosser & Sutherland 2011) Rieper, Achatz & Klein (2013)
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Objectives & Strategy ONIVERSITAT

Goal:

« A prognostic WKB model for propagation and dissipation of subgrid-scale GWs
* to be implemented into NWP and climate models.

Strateqgy:

WKB theori l

Validation against LES

Numerical methods :I‘
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Preliminary Work N ERSTAT

LES code pseudo-incompressible equations (Rieper, Hickel & Achatz 2013)

4D ray tracing (Senf & Achatz 2011)

« applied to interaction GWs with solar tides

« single column and steady state lead to overestimation of GW impact

« refraction by horizontal gradients leads to considerable latitudinal displacements
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(Achatz, Klein & Senf 2010) FRANKFURT AM MAIN

« Scaling of 2D Euler so that waves are close to convective instability
» Scale separation parameter e = L/Hg

¢ =vO
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NG
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TO VO L 0 4o(z) ()
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Large-Amplitude WKB GOfTEI;EIT
(Achatz, Klein & Senf 2010) DA Crr o T

» Scaling of 2D Euler so that waves are close to convective instability
» Scale separation parameter e = L/Hg

¥ =vO
0=00 +50Y
£ =70 427

TO VO L 0 4o(z) ()

e e

VO = VO (L, &, £2) + 9?{\71(0) (7, 1, ¢) eXID[i olr, 1, ¢ )}}
T Y ¢ ‘

Mean flow with only large-scale dependence

14.05.2014
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Large-Amplitude WKB GOfTEI;EIT
(Achatz, Klein & Senf 2010) DA Crr o T

« Scaling of 2D Euler so that waves are close to convective instability
» Scale separation parameter e = L/Hg

v=v?
0=0 +20®
7 =79 427

TO VO L 0 4o(z) ()

VO =0 (., «z,:>+an{v<°> (2 6)00] - (r,m}}
T ¥ ¢ K=V, ¢
L
ot

Wavepacket with amplitude, wavenumber and frequency with large-scale dependence

14.05.2014



Large-Amplitude WKB
(Achatz, Klein & Senf 2010)

» Scaling of 2D Euler so that waves are close to convective instability

» Scale separation parameter e = L/Hg

_ g

>

§=00 4550

7 =79 427

TO VO L 0 4o(z) ()

VO = V@ (d, &, A>+m{\7§°> (7, 1:6) exp[i (p(r,z,e“)}
&
4

VO =VP(z, z, §)+SRZ{ Dz, 1, g)exp[ (Tlg)}}

Next-order mean flow

14.05.2014
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(Achatz, Klein & Senf 2010) UNIVERSITAT

« Scaling of 2D Euler so that waves are close to convective instability
» Scale separation parameter e = L/Hg

v=v?
0=0 +20®
7 =79 427

TO VO L 0 4o(z) ()

VO = VO (£ gA)+92{V(°) (z, 1, ¢) exp[- olz, x.¢ )}}

AL

Ty ¢
VO =VvP(z, y, §)+ERZ{V“’(T X J)EXD[ apl, 7, é)}}

Harmonics of the wavepacket due to nonlinear interactions

14.05.2014 10
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(Achatz, Klein & Senf 2010) EAEY Ok A A

Leading (zeroeth) order:

ik-V© =0
(1700
Cié 0 0 ik) Ul() )
7 (0
0 —-iw —N im WlA(l) s
0 N —io 0 %@3(10) -
. . )
14 Im 0 O )| 2mya
\ )\ 9011

d=w—-kU® intrinsic  frequency




Large-Amplitude WKB
(Achatz, Klein & Senf 2010)
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Leading (zeroeth) order: dispersion relation and structure as from Boussinesq

ik-V© =0
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(Achatz, Klein & Senf 2010) UNIVERSITAT
1st order:
( le<1) \ [ \
e
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Large-Amplitude WKB
(Achatz, Klein & Senf 2010)
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1st order: Solvability condition leads to wave-action conservation

ge \ ( )
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Large-Amplitude WKB
(Achatz, Klein & Senf 2010)
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1st order:

W = +5RZ{V(1)(T X QeXF{ aglr. 7, 5)}}

a=2:
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Large-Amplitude WKB
(Achatz, Klein & Senf 2010)
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1st order: 2nd harmonics are slaved

W = +SRZ{V(1)(T b Qexp{ aglr. 7, 5)}

a=2:

(0P ) Uy
I L I L R
M (26,2K ) i®(22) = = i®(22) =M *(26,2k)
WO WO
1R / HO1TY




Large-Amplitude WKB
(Achatz, Klein & Senf 2010) AL Cr M AT

1st order: mean-flow acceleration by GW momentum-flux divergence

ou Y
ot

+..=-V-EJ,




Large-Amplitude WKB
(Achatz, Klein & Senf 2010) AL Cr M AT

Validation (Rieper, Achatz & Klein 2013)
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Validation (Rieper, Achatz & Klein 2013)
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2 5 Problems as soon as rays tend to cross
0 T Y 0 (caustics) and GW affects the mean flow

WKB




GOETHE @4

Caustics in WKB SRR

Summary WKB (here Boussinesq, large-scale spatial dependence 1D)

* e.g. buoyancy
B = R {b((, 1) el lkx+ 9@ D/eN)

unique local wavenumber and frequency

¢ 9 K2
m((,f)=a—( w=—a=kU((»T)iN((';T) m=9((mk’m)

« all other wave fields u,w from b,m and w by polarization relations
« along rays

D,m om am aQ D,¢ a0Q
=—+Cpor=——= =Cy =7
Dt adt 94a¢ a{ Dt om

« amplitude from wave action A = E'/®

D,A 04 dA Bcg dw
A+ D, Cg =7

Dt ot 987 a7

* mean wind

6U_ J0 i
E——a—((uw) uw = A f(k,m,N)
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Caustics in WKB SRR

Nonuniqueness of wave number arises easily:

1
e.g. reflection at a jet U[ms ]
o5 -4 3 2 0
80+
60}
&
=,
N
40+
2
0 1 1 1 1 1
0 10 20 30 40 50 60

x [km]




Caustics in WKB
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Nonuniqueness of wave number arises easily:

e.g. overtaking rays

100
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Caustics in WKB SRR

Nonuniqueness of wave number arises easily:

e.g. by U [ms‘1]
wave-induced mean flow 500 0.2 0.4 0.6 0.8

x [km]




Phase-Space Wave-Action Density
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* linear limit:
wave field can be decomposed into fields with singlevalued wavenumbers

B = R {by(q,7) &' kx+ 9160/el 4 p, (¢, 7) ef lkx+ $260/el}

a¢ 1 ag T °
D, A dA dA dc
ga‘la a a_ _ ga _
Dt o1 +cg“_6( a7 A, + D, (a=1,2)

Case dependent surgery: very complex
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Phase-Space Wave-Action Density GOETHE 13
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* linear limit:
wave field can be decomposed into fields with singlevalued wavenumbers

« Switch to phase space does this automatically
(Dewar 1970, Dubrulle & Nazarenko 1997, Buhler & Mcintyre 1999,
Hertzog et al 2000)

phase-space wave-action density:
Nm, 1) = [dady({1) 8[m—my(( )]

conservation equation (for D = 0)

6N+6( )+ O G N) =0
ar | aq g am- T
mean flow by

3 P14 uw uw dm f(k,m,N
generalization to 3D trivial

14.05.2014 25



Phase-Space Wave-Action Density

(Muraschko et al 2014) M
1st numerical method: Eulerian model j 41
» solve conservation equation .
oN 0 d
—+ = (g N)+—@mN) =0
dt 0d¢ am N T
] — N@,
on grid in phase space using
finite volume scheme (MUSCL)
( — U;
* Momentum equation —_—
m
ou d
—= —a—{(W) uw = [ dm N f(k,m,N)

by finite difference

Would be too expensive in 6D!
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(Muraschko et al 2014) UNIVERSITAT
2nd numerical method: Lagrangian model (ray tracer)
 Phase-space velocity is non-divergent .
NN
acg dm _ a asz d aQ - ]
=0 | |1
i 14 am a{ am om 6(
_ _ ' )
 Hence flow is volume preserving r |R -
z1
« Hence phase-space wave-action density conserved on rays —
DgN_aN_I_ aN+ aN_O
Dt ot T9ar P ™Mom = \\ )
 Region of nonzero IV approximated by rectangles l Pl T
 Rectangles move with central ray \ y )
 Rectangles change height (A{) and width (Am) Q J N
In area-preserving manner R. -
21

Very efficient !

14.05.2014 27
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Simple test case: Gaussian wave packet (ag = amplitude wrt static instability)
b'(x,z,t = 0) = Ay(z) cos(kx + myz)

my Wy
——— sin(kx + myz)

w(x,z,t=0) = 4@
0

AN

w
w (x,z,t=0) = —A,,(z)N—g sin(kx + myz)
0

: [_ (z—Zg)2
Apy(z) =ag— el 2
b(2) 0

WKB initialized with

A%(Z) ! for m —lAm <m<my+-—-Am
N(@m,zt=0) = 2N2®, Am, 0 2770 01270
0 otherwise
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(Muraschko et al 2014) RN o

Hydrostatic wave packet:
Wave energy and induced mean flow at t = 200min
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60

55

50

— 40+

z[km

25

20 T [l wkbFV [

—105.05 0 0.050 0.5 10 5 10 2 4 0 10 20 30

Ums E [m%s ) Ums™] E [m%s ™) Ums ™ E [m%s ™9

14.05.2014 30



Phase-Space Wave-Action Density corTHE 4

UNIVERSITAT
(Muraschko et al 2014) FRANKFURT AM MAIN
Wave packet reflected by a jet
time 000 min Ujet [ms_1] E, WKB finte-volume model E, WKB ray-tacer
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Phase-Space Wave-Action Density

(Muraschko 2014)

Non-Boussinesq: Wave packet refracted by jet

E, LES Modell PincFloit

E. Euler WKB Modell

GOETHE @
UNIVERSITAT

FRANKFURT AM MAIN

E. Strahlenmodell
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Phase-Space Wave-Action Density

(Muraschko 2014)

Non-Boussinesq: Wave packet reflected by a jet

E, LES Modell PincFloit
29 ; ; 29

z [km]

E, Euler WKB Modell
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E. Strahlenmodell
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t [min]

14.05.2014
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* Application of WKB to two-way interaction between propagating GW packet and
induced mean flow

« Phase-space wave-action density helps avoiding numerical instabilites due to
caustics

« Lagrangian approach (ray tracer) numerically efficient




Outlook: DFG research unit MS-Gwaves coerue S8

12/2014-11/2017 (+ 12/2017-11/2020?) EAEY Ok A A

* Investigation multi-scale dynamics of GWs in 6 projects
* prognostic WKB GW parameterization to be developed for NWP and climate model
 To be addressed:
Sources
Propagation
dissipation
« Combined effort:

* Theory,

* modelling,

* measurements,

« laboratory experiments
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