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Outline

* Review aspects of observed and simulated
internal (gravity) wave dynamics

* The laboratory experiment of Plumb and
McEwan and its numerical equivalent

» Implications for the numerical realizability
of internal (gravity) wave dynamics
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Critical layers

Internal gravity waves in a stratified shear flow 459 Internal gravity waves in a stratified shear flow 461
z(cm)
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+——— Corrugated wall moving in this direction

~— Corrugated wall moving in this direction

Freure 5. Shadowgraph image of wave field generated by 7.5 em corrugated wall towed at
2.5 cm/s. Measured velocity profile (in coordinate system moving with corrugated wall) is shown Fiaure 7. Sha(‘lowgra,ph of wave field generated by 15 cm corrugated wall towed at 3.88 cm/s.
superimposed on the photograph. Position of critical level noted by an arrow. Dotted lines have Measured velocity profile (in coordinate system moving with corrugated wall) is shown superimposed
been superimposed on the photograph to accentuate the isopycnal displacements. on the photograph. Position of critical level noted by an arrow.
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Wave breaking
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Wave-mean flow interaction
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Approximate solutions (WKB)
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Method

 Employ a direct numerical simulation
(DNS) of the QBO analogue to understand
in detail the mechanism leading to the
oscillation 1n the laboratory

* Investigate numerical and parametric
sensitivities of the arising oscillation to
draw conclusions on the numerical
realizability of zonal mean flow oscillations
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The laboratory experiment of
Plumb and McEwan

*The principal mechanism
of the QBO was
demonstrated in the
laboratory experiment of

and later repeated
at the University of Kyoto.




The laboratory experiment of
Plumb and McEwan

Animation: .
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The generalized time-dependent
coordinate transformation

T =7 = E(z,y,t)
7° =7~ D(z,y,t)
z — zg(x, yjt)
SCE,y?th) T HU
( H(z,y,t) — zs(x,y,1)
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Time dependent boundaries
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Boussinesq equations
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Generalized coordinate equations

op™v*") _
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Strong conservation formulation !
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Explanations ...

Using:
Jacobian of the . T
transformation p = pr:

. R "'*"’k o . . _k J
Transf(?rmatmn Gj = +/ g9 (6;1; / o ),
coefficients k .

8 . 3=k g7 . =

Contravariant . UY i=dT / dt =7 ;
velocit —k

! k. 5k OT
Solenoidal » U7 =0 YR
velocity \ ~
hysical vel v = G
Physical velocity g
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Numerical Approximation

Compact conservation-law form:

Y | <
=+ V- (p"VY) = p*R
o (07" P) = p
Lagrangian Form: d w

- =R
dt

=yt = LE;(¢)) + 0.5ALRM!
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Numerical Approximation

with o= Y+ 0.5ALR"

LE, flux-form Eulerian or Semi-Lagrangian
formulation using MPDATA advection schemes

V:p'v:i=0
At S~ O _
= . i i] —
p* = 0T pg(v ZC 61;9) )
with

V* « 11 specified and/or periodic boundaries

0



Height [em]

£
&
]

o3
=
1

]
[ =
1

0 30 60 90 120
Time [min]

0.025

0.020

0.015

0.010

0.005

-0.000

-0.005

-0.010

-0015

-0.020

-0.025

Time — height cross
section of the mean

flow U
in a 3D simulation

Animation .



What happens then really 1n the
laboratory experiment ?

u  [m/s] at time= 150 j= 1

cemx,cmn,ent: 0.8766E-02-0.9766E~02 0.9301FE~03
T0. LI S B B B LN S B B B B B B T | I B B B B B

« Recall: a standing wave i1s
equivalent to two travelling

56. - : waves one left and one right with

i wave-number k=8 | k=-8)

E

« The observed frequency of the

waves equals the forcing
frequency w,= 0.43s"!
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Wave interterence
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The mean tlow becomes
critical...

The dispersion relation for linearized inviscid Boussinesq flow exhibits
a singularity when the magnitude of the phase speed of a wave equals
the mean flow speed and the wave travels in the same direction as the
mean flow.

In viscous nonlinear flow there is a wave momentum flux contributing
to a mean flow change in some region near this point

(2ws/Ly)
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Mean flow profile U

Animation:
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wave momentum flux and its

divergence

Animation: .
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Spectral analysis:

Horizontal — Vertical wave number

Animation: .
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Horizontal wave number at

different heights
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Schematic description of QBO
laboratory analogue

Waves propagating right




Height [cm]

0.016

38 -
0.013

34 -
0.010
Bl = 0.006
26 0.003
21 1 0.000
17 1 -0.003
13 A -0.006
8 -0.010
4 -0.013
0 -0.016

0 90 180 270 360
Time [min]

Time — height cross
section of the mean
flow U
in a 2D Eulerian
simulation



Height [cm]

90

180
Time [min]

270

360

Time — height cross
section of the mean
flow U
in a 2D
Semi-Lagrangian
simulation



NumOerical realizability

All these influence the numerical solution of the obtained
wave dispersion, their dissipation and resulting zonal mean flow changes

Sufficient resolution (~10-15 points per wave, <5 no oscillation
observed)

» First or second order accurate (rapid mean flow reversals with
15" order (alternating) scheme)

* Accuracy of pressure solver (only when &= 107 mean flow
change distorts)

* Choice of advection scheme (flux-form more accurate)

« Explicit vs. implicit (explicit is less accurate but recovers with ~2
times resolution)

* Upper and lower boundaries (only in 2D here due to wave
reflection changing wave momentum flux, but an issue in atmospheric

models) P an
Yt



A QBO 1n IFS ?
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Numerically generated forcing !

Instantaneous horizontal velocity divergence at ~100hPa

No convection parameterization
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Madden-Julian oscillation (MJO)

*The interference of horizontally propagating waves 1n the
absence of dissipation can generate oscillatory zonal mean
flow changes of the form:

G_U_ s,
ot Oy

<uv' >, .

Do we find zonal mean zonal flow changes
with periods similar to the MJO ?
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Power

Madden-Julian oscillation (MJO)
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al velocity

MJO-like signal in TS11 ?

T511 L60 zonal mean flow

zonal mean zon
1

— 200 hPa| ]|

= 500 hPa

The zonal mean
zonal velocity

exhibits a 30-50 day
oscillation
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Conclusions I

There 1s a lot of intricate detail which cannot be
deduced from experimental data alone, therefore
there 1s a need for numerical simulations to
complement laboratory studies

The zonal mean flow oscillation 1n the tank 1s an
entirely wave-interaction driven phenomena which
exhibits wave interference, critical layer formation
and subsequent wave breaking
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Conclusions I1

There 1s a long list of numerical influences on
internal (gravity) wave dispersion and dissipation
(boundaries, implicitness, accuracy!) and their
distinction from physical phenomena may not be
obvious

Current and future high resolutions will resolve
part of these internal wave processes but may not
be accurate

New demands on dynamical core test cases
beyond Held-Suarez type simulations?

Accuracy of parameterizations expressing the
statistical effects of internal wave dissipation? — S



Viscous
dissip;

Kinetic energy

Numgrical
irreversible — dissipation
reversible =¥

both -

External energy

A

Surface flux

v

Available
potential
energy

Internal energy

Diapycnal

mixing

Background
potential energy




Energy

Energy [J]

0.06 ! | I I I I I | I I I I I I 1 | I I I I | I | 1 I I
0.055 | — total potential energy —
0.05 | | -—- diffusion (cumulative) »
L diapycnal mixing (cumulative) Pl
0.045 [~ | - diffusive surface flux (cumulative) | 7 - - 7
0.04 =1 available potential energy ' g _
| e background potential energy o -
0.035 [ | -~ total potential energy trend - ]
0.03 total kinetic energy trend i —
0.025 [ | = total energy tre‘.nd ) el -
0.02 - L |
0.015 |- e -
0.01 |- pr -
0005 /77" ol =
N e e W VY o —
-0.005 — —]

_0‘01 | | | I 1 I | | 1 I 1 I 1 I 1 | 1 I | I | | | | | | 1 I 1 | | | 1 I 1

0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640 680 720

time [x30s]

e’



Reconstructed from k=+8, 8<m<16
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