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COSMO-Priority Project '‘Conservative dynamical core

Main goals:

» develop a dynamical core with at least conservation of mass,
possibly also of energy and momentum
 better performance and stability in steep terrain

2 development branches:

« assess aerodynamical implicit Finite-Volume solvers (Jameson, 1991)
P.L. Vitagliano (CIRA, ltaly), L. Torrisi (CNMCA, Italy), M. Baldauf (DWD)

« assess dynamical core of EULAG (e.g. Grabowski, Smolarkiewicz, 2002)
M. Ziemianski, M. Kurowski, B. Rosa, D. Wojcik (IMGW, Poland),
O. Fuhrer ( MeteoCH), M. Baldauf (DWD)

EULAG: anelastic approximated equations (Lipps, Hemler, 1982)
MPDATA for advection, GMRES for elliptic solver
non-oszillatory forward-in-time (NFT) integration scheme

M. Baldauf (DWD) 10-13 Oct. 2011 2 %



Test the EULAG model under semi-realistic

conditions
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Experiments involve a case study of summer Alpm@vection on 12 July 2006.

Simplified parameterizations:
* Boundary layer processes are represented by aTlKéq.(turbulent kinetic energy) model
* Surface fluxes and drag are taken from the operaltimin of the COSMO2 model for (

* Simple representation of moist processes (warmKassler-scheme)

Experiment setup:

* Horizontal resolution 1.1 km, vertical resolutiosmina COSMO?2

* The computational domain is restricted to 234x188dnd covers the Southern Alps
* |nitial, boundary conditions from COSMO2 operatibnan
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Comparison of the EULAG simulation with satellite |

12:00 UTC

12:00 UTC , m{\is

Temporal and spatial structure of the simulated cowmection in
the EULAG experiment closely resembles the actualedelopment
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... how test the implementation of the
EULAG dynamical core in COSMO

@

Skamarock W. C. and Klemp J. B. Efficiency and accuracy ahidigVilhelmson

time-splitting techniqueMon. Wea. Rewl22 2623-2630,1994

Initial potential temperature perturbation
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Constant ambient flow within channel 300

and 6000 km long

Initial velocity
u(t=0)=20m/s
v(it=0)=0m/s
w(t=0)=0m/s

Initial potential temperature
perturbatiol

sin(z/ H)
1+(x-x )’ /a’

(x,z,t =0) = A6,

Setup overview:

« domain size 300x10 km

o resolution 1x1km, 0.5x0.5 km, 0.25x0.25 km
. rigid free-slip b.c

. periodic lateral boundaries

« constant horizontal flow 20m/s at inlet

« N0 subgrid mixing

. hydrostatic balance

« stable stratification N=0.01's

« max. temperature perturbation 0.01K
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Results - gravity waves In a short channel
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— — 10 —————— L L L I L B L R R R L L R L
0'=0 - 06(t=0) [ =50 min_— -' .
8 | -
/[ —— C&E
6 L .
I —— Eulag
4t I -
2 = -
0 N bl L
0 100 300
Resolution 0.5km
100 [rorrr T L R AL R R LR L LA
L t=50 min ' :
8 | «;' ]
6 { | — C&E
4 1 | —— Eulag
2 - -
0 L M L
0 100 300
Resolution 0.25km
100 —mm——————— LB L L A LA L L L R AL L
N\ /=
8 r VAR .
il
6 F { \|||| il ,H . — C&E
I T ]
! |
4l Nl {1 ol 1 | —— Eula
I h | v g
2r J\Y -
0 sy b by
0 100

M. Baldauf (DWD) 10-13 Oct. 2011 6 R



Deutscher Wetterdienst (@)

Wetter und Klima aus einer Hand

Straka, J. M., Wilhelmson, Robert B., Wicker, Louis J., Anglersohn R.,
Droegemeier, Kelvin K., Numerical solutions of a non-linear densityeat:
A benchmark solution and comparisoternational Journal for Numerical
Methods in Fluid, (17), 199:

Experiment configuration:

e isentropic atmosphere, open b.c.

0(z)=const (300K) 4

* free-slip bottom b.c. r
 constant subgrid mixing,

« periodic lateral boundaries T=T() 8 = const (300K )

»

K=75m?/s periodicb.c periodicb.c
e domain size 51.2km x 6.4km b

* bubble min. temperature -15K
« bubble size 8km x 4km 1

* no initial flow ~— —

>

e integration time 15min .
J \free-sllp b.c.
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Comparison of the potential temperature distributio
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Comparison of potential temperature distribution at resolution 25 m
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Conclusions

M ~
= \9)

for smaller scale models and dry Euler equations the anelastic approximation seems to
work quite well

keep in mind that short sound waves are also strongly damped in our compressible
solver (divergence damping)

all of the idealised tests studied in task 1.1 delivered satisfying results

with the anelastic approx.

what is the meteorological meaning of long sound waves and the Lamb mode?
are there changes in the assessment when moist processes are studied?

Temporal and spatial structure of the simulated convection in the EULAG experiment
closely resembles the actual development.

implementation of EULAG code into COSMO currently underway (= 'C&E")

Results of the idealized tests obtained using the hybrid C&E model are in good
gualitative and quantitative agreement both with reference and analytical solutions.
Small differences indicate the need for further testing and verification of the C&E code.
Dynamical core of the developed prototype, cooperates correctly with the diffusive
forcing from COSMO parameterizations.

implementation of MPDATA as an alternative tracer advection scheme into COSMO
(G. deMorsier, M. Mullner (MeteoCH))

. Baldauf (DWD) 10-13 Oct. 2011 10
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3 publications accepted for Acta Geophysica 59 (6) , 2011
(collection of papers for the EULAG workshop, Sopot, Sept. 2010)

B. Rosa, M. J. Kurowski, and M. Z. Ziemianski: Testing the anelastic nonhydrostatic
model EULAG as a prospective dynamical core of a numerical weather prediction model.
Part I: Dry Benchmarks

M. J. Kurowski, B. Rosa and M. Z. Ziemianski: Testing the anelastic nonhydrostatic model
EULAG as a prospective dynamical core of numerical weather prediction model. Part Il:
Simulations of a supercell

M. Z. Ziemianski, M. J. Kurowski, Z. P. Piotrowski, B. Rosa and O. Fuhrer: Toward very
high resolution NWP over Alps: Influence of the increasing model resolution on the flow
pattern

M. Baldauf: Non-hydrostatic modelling with the COSMO model,
proceedings of ‘ECMWF workshop on non-hydrostatic m odelling ’, 2010, p. 161-169
< Dispersion relation of sound/gravity waves in filtered equations

goal: prototype of a complete implementation/coupling of EULAG dyn. core
iInto COSMO at end of 2012
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Other current numerics developments in COSMO

current dynamical core:

 split-explicit time integration (Klemp, Wilhelmson, 1978, MWR)
of the fully compressible non-hydrostatic equations
» 5th order horiz. advect. + 3-stage Runge-Kutta
(Wicker, Skamarock, 2002, MWR), (Baldauf, 2008, JCP)
 HE-VI fast waves (sound, gravity waves) (Baldauf, 2010, MWR)

M. Baldauf (DWD) 10-13 Oct. 2011 12
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why conservation / finite volume discretization is important
for a dynamical core ... an example

Avoid ©-Peaks in COSMO

The COSMO-model produces in
connection with small-scale,
thermically driven circulations
strange effects like ,,©-peaks” in
Alpine valleys or grid point
storms at mountains or at the
coast.

© Routine-Wachhund (B. Ritter)

O gTHETA = 10.0

U. Blahak (DWD)

COSMO _DE THETA 2011060500
+ ...+ 2011071100

14

total number of BC events: 131

most extreme value:

20.7 20110703 00UTC + 12h
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Explanation by an idealised study

2D-simulation (dry), att=0:V =0, N =0.01 s, surface is warmer than atmosph

X-Zcut of W at je_tot = 4 time 00 day(s) 03:30:00 h X-Z-cut of THETA at je_tot = 4 time 00 day(s) 03:30:00 h X-Zcut of U at je_tot = 4 time 00 day(s) 03:30:00 h
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Explanation by an idealised study

X-Z-cut of THETA at je tot = 4 time 00 day(s) 03:30:00 h
6000 -
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b
it
AR 11
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u ~on

Although correct for the center of the column, it is not
representative for the grid box averaged horizontal
advection of T (and p") !

... whereas vertical adv. and divergence terms are
representatively estimated!

- too few lateral inflow of cool air into the column
- artificial heat source !l!

Ad-hoc correction:
1 .
Adv, ; = - D) { Ui_yz Bupming(TiSIgNU _y0)) +

Uiz Bupuing(TisSIGNU 14 115)) }
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Explanation by an idealised study

2D-simulation (dry), att=0:V =0, N =0.01 s, surface is warmer than atmosph

X-Zcut of W at je_tot = 4 time 00 day(s) 06:00:00 h X-Z-cut of THETA at je_tot = 4 time 00 day(s) 06:00:00 h X-Zcut of U at je tot = 4 time 00 day(s) 06:00:00 h
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Development of a new fast waves solver M. Baldauf (DWD)
for the Runge-Kutta scheme

Main changes towards the current solver: RPNy

-0 «
1. improvement of the vertical discretization: e

use of weighted averaging operators for all vertical operations  —e—+—e—+ -

2. divergence in strong conservation form

1 1 ]0 , — 0 _ 0
D_:r'cosqﬁ\/g a)\(\/gu)—k%(cosqﬁ\/gu)-i—E(J,\u-l—J,;;)cosqﬁu—:rcosqﬁw)

3. optional: complete 3D divergence damping

stability inspected in Baldauf (2010) MWR

M. Baldauf (DWD) 10-13 Oct. 2011 17 %



Deutscher Wetterdienst (@

Wetter und Klima aus einer Hand

simulated radar reflectivity
Imk_1100_1700x1700_2011082406
20110824, 06 UTC + 0:00h dBZ,..,

B L oY e
5"‘)4!] y ¥F ey 4 T
L& F "

#

0 5 10 15 20 25 30 35 40 45 50 55 60
base radar reflectivity (dBZ)

COSMO-run with a resolution
of 0.01°(~ 1.1km)
1700 * 1700 grid points

model crash after 10 time steps
with the current fast waves solver

stable simulation with the new FW

simulation by Axel Seifert (DWD)
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shear instability in COSMO-DE at 26.08.2011, 6 UTC run, after about 14h30 min

v, t=14:30, lev=30, no Smag v, t=14:30, lev=30, no Smag

0B
0E
0.4

0.2

-2

-0.4

—4B -48 —44 -4z -4 -38 -6 -34 32 -3

Mean: 224214 Min: —B. 75731 Max: 102038

Mean: 434831 Min: 21 9536 Maox: 102038 Sigma: 4.44813

Grans: COLL/IGES Gra0s: 0L/ IGES 2011-09-1
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Additionally to a 4th order hyperdiffusion ... Aep o
dim.-less diffusion coeff.: a,:= K, 4t/ Ax*
stability for 0 < a, < 1/64 ~0.016
in COSMO-EU: a, =0.25/ (2n*) = 0.0013 only for v
in COSMO-DE: a, =0.1/ (2m*) = 0.0005 only for v
.. hon-linear Smagorinsky-diffusion needed Smagorinsky (1963) MWR:
6_U+Vvu — "'+K8'ma-gAua Ksmag = Zg \/T2—|—82?
ot ou  Ov
v T = — - —
E—FV-V’U = ... 4 KsnegAv, Or Oy’
Ow S = % + @
E—l—v-Vw = ...40, B oy Ox
|, = c (A%, Ay)

dimensionless diffusion coefficient:

ksmag_:_: Ksmag* At/ |32
stability 2 Kypnaq< 2
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D. Schuster, M. Baldauf (DWD), D. Kroner, S. Brdar, R. Klofkorn, A. Dedner (Univ. Freiburg)

A new dynamical core based on Discontinuous Galerki n methods
Project ‘Adaptive numerics for multi-scale flow’, DFG priority program ‘Metstrom’

PhD student (financed by DFG (german research community) for 4 years)

shallow water equations:

 DG-RK method in a toy model implemented
oh  Ohu Ohv

e currently: implementation of DG solver in the o or "oy
COSMO model (explicit (RK integration), flat Ohu | O(h® + hgl*) | O(huv) _
terrain) ot dz By

Ohv N d(huv) N O(hv® + 5gh®) 0
ot ox oy N
t=20 t = 800

2d shallow water equation, Zj L Zj L
2nd order Runge-Kutta, h 53 | f I h
2nd order DG, weak formulation 52 | e

Axr =0.25

Ay =0.25

At = 0.0025

M. Baldauf (DWD) 10-13 Oct. 2011 21
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A new dynamical core based on Discontinuous Galerki n methods

Comparison between COSMO and =%
. 0.1 f

the DUNE library: oy
test case linear gravity wave £ o001} By
(Skamarock, Klemp (1994) MWR) 5 o

N : 3 0.001 |

8 0.0001 D(l:JCI\).ISEMp? v

6 U | DUNE-p2 {7}~

5 1 10 00 1000 10000

CPBU time [s]
T T T Tabo T 0 T 200 T T 250 T T 300

higher order DG methods have the potential to be more
efficient if the accuracy requirements are high

from: Brdar, Baldauf, Kli6fkorn, Dedner:
Comparison of dynamical cores for NWP models,
submitted to Theor. Comp. Fluid Dynamics
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Wave propagation properties of different
equation sets
(analytic consideration)

M. Baldauf (DWD) 10-13 Oct. 2011 24
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Comparison between the compressible equations and t he anelastic
approximation; linear analysis (normal modes)

P=potpP’
ou' . ou' 1 op' N oD’ T=T+T
o or po Ox “D oz
5! L 1 ! N2 ! ! D’ :
01 (ai + ug ﬁi) S b ——— g2 + fXL).-Ua_ < divergence
ot Ox po 0z g po " po " 0z damping
ap’ op' 0
526—'(:: + d3ug 3% + 5511;’% = —poD'
! ! f f
% + dqtug gi:_ + ’UJ’%L;O = (% + Ug % + ’uf%(—j)
ou'  ow'
D' = + switches:
O & compressible: 0, =1
y : 1.5~
_ S S AN e compr. + div. damp.: &, =1
Bretherton-Transformation: ¢ = (ps) bp . anelastic: 5,20, 8,4 5=1
: : 1 d . po _ OP62, WO72, compr.: &, =0
: — = ——1logZ™= ~ (10 km)1 ’ ’ LH
(inverse) scale height: H 9z ° p, ( ) Lipps, Hemler (1982): o, ;=1

Baldauf (2010) proc. ‘ECMWF workshop on non-hydrostatic modelling’, ECMWF, p. 161-169
Davies et al. (2003) QJIRMS
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Dispersion relation

w= alk,, k) of internal waves

wave ansatz: u(x,z,t)=u(k, k.« exp(i(k,x+k,z-wt)), wx,z,)= ...

M_BV=0.35, Adiv=0/0.04, DeltaB=1.3, arg k=0.0

C, sound velocity

20 T T
compressible -
Re alay wf  compressnBiiome C 4 (=330Mis) o Gy
compressible + div.damp. - o C
16 anelastic B (3
" \ N Brunt-Vaisala-frequency
12 | - ‘
sound waves (=001 1/s) N2_ 9 oI g
10 . - = = —+ =
o compr. + div.damp. T \ 9z Cp
El -
6 | a), acoustic cut off frequency
4 (~0.03 1/s) .
2 . wg — N2 _|_ g_
N gravity waves c2
@, = @O I Ncos 3
N 2 ” 6 8 10 12 14 6 18 20 18: U(kz, K() =0°
t k*c./ w, t
A~7km A ~3.5km
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Dispersion relation w= alk,, k) of internal waves

N_BWV=0.35, Adiv=0.04, DeltaB=1.3, arg k=0.0

Strong damping of

. S S S S _
Im a @, short sound waves in
2} _ the compressible
equations due to
4r : artificial divergence
damping.
6 |-
sl (timescale 1/«, ~ 30 sec.)
O e
"a2" u 38
"a2" u 310 coeeeee
T . . . . . . . N ~0.011/s
0 2 4 B 8 10 12 14 16 18 20
CdiV ~01
t k*c/aw, 1
A ~7Kkm A ~3.5km
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Dispersion relation for horizontally propagating gr

iIsothermal stratification

N=0.019191 /s, £=0.0001 /s, alpha_D=0/160000m"2/s, arg k=0.0

0.018 |-

0.016 |-

0.014 |-

0.012 |-

0.01 |-

0.008 |-

Re(omega)in 1/s

0.006
0.004

0.002 |

compressible
compressible + div.damp.
anelastic (OP62/WO72)
anelastli{: (LHB2)

2e-05 de-05

k| in 1/m

Be-05

8e-05

avity waves

M. Baldauf (DWD)
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Dispersion relation for horizontally propagating gr avity waves
iIsothermal stratification

M=0.019191 /s, {=0.0001 /s, alpha_D=0/160000m"2/s, arg k=0.0

L= 0Kk, k)=0° 0.01925 ]

0.0192

"“::'_"..1.'?.':'7'.53'..'.'..-‘.F.':.'_-_';__:_:,:.:.:;t:::.:.'..'.;'.:-._-_-.;:-_-.::.::u.-;.;.;..-_..;__-. N cos '8

0.01915

0.0191

0.01905

0.019

Re(omega)in 1/s

0.01895

quite similar dispersion oo1se
relation for anelastic ;g5
and P . |
Compressible eqns 0 0.0005 0.001 0.0015 0.002 0.0025

k[ in 1/m

compressible
compressible + div.damp. ------- |
anelastic (OPB2/WOT2) «-------
anelastilc (LHB2) -
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Dispersion relation for horizontally propagating gr avity waves
N=0.01 1/s

MN=0.01 /s, f=0.0001 /s, alpha_D=0/160000m"2/s, arg k=0.0

Re(omega)in 1/s

0.01 | | . |
0.008
0.006
0.004
0.002
compressible
compressible + div.damp. -------
anelastic (OPB2WQOT2) ----v---
anelastic (LH82) -
ok I | , |
0 2e-05 4e-05 Be-05 8e-05 0.0001

k| in 1/m
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Dispersion relation for horizontally propagating gr

avity waves

N=0.01 1/s
— = 0° N=0.01 /s, f=0.0001 /s, alpha_D=0/160000m"2s, arg k=0.0
B= Lk, k) =0 0.01005 . . . .
N~0.011/s
0.01 | B 1 N cos ,8
f 0.00995 |- .
@  0.0099 | -
o
quite similar dispersion o005 | i
relation for anelastic compressiblemhrale ——
and . it CPazMOTY
compressible egns. 0 0.0005 0.001 0.0015 0.002 0.0025
k| in 1/m
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General meteorological situation in the Alpine reqgi

— -

surface trough of low pressure
This Is representative case study for summer (convective) sisati

on - 12 July

Synoptic situation in the area: slow-moving cold front in a shallow

so'g A Hl'? .Was i (] 77 1 sty ’: g “a:;w T ﬁws- ‘;T TP '- J‘sz\}@ i ' ' ) ‘fjt‘
: . \ ‘ 020 - g
! 1 Qetl
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b : T N ;. g, md‘#‘isr
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s <] [Tl I
i 162 __/‘\ 4 4
Hfr._‘. 28 - i\ .1.9 Z s N .1 ;
- 23 \. tir\l‘ th 019
N ; . A 40"
) -4020. I & :
Il z,..r..t:::,a.;._.ﬂ vcjl::es =+ From | ] : : .“EF;’J-% o) N |
Synoptic map —2:00 UTC, 12 July 2006 MSG (Meteosat Second Genertion) 12:00 UTC
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Comparison with analytical solution

' =6 - 6(t=0)
Resolution 1km
10 e
8 i
6 _ -
4 7 _
2 | | -
O b W ~ —— Eulag
300
— C&E
10 e AR ARRS —— Analytical
. ~ _
6 _ -
4 7 _
2 - -
0 _ T B A A A A A A A AR b
100 200 300
M. Baldauf (DWD)  10-13 Oct. 2011 33 %@



Gravity waves in a long channel
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Gravity waves in a long channel
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Deutscher Wetterdienst (@

Wetter und Klima aus einer Hand

Reduction of ,Theta-peaks* in July 2011 (COSMO-DE)

THETA [K] COSMO_DE 20110701 00UTC + 12h LV=51 THETA [K] COSMO_DE_08291 20110701 00UTC + 12h LV=51

mean: 291.50 std: 4.30 min: 28441 max: 318.10 mean: 29149 std: 431 min: 28441 max: 31207

3~~~ & € 3~~~ & 9

T*ﬁ‘?ﬁ? &
)

.-'3"“‘“ 7

&

V

3 L] 9 12 15 18 12

pos. difference to average of neighbowrs threshold value: 10.000 maximum discrepancy: 1.507E+01 pos. difference to average of neighbowrs threshold value: 10.000

© B. Ritter
Experiment: 1.6. - ~20.7.2011
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Deutscher Wetterdienst (@
Wetter und Klima aus einer Hand

Artificial horizontal hyper-diffusion 4th order

— _—
= =~ KiAAg N
N
... or dim.-less diffusion coeff.: a,:= K, 4t/ Ax* | N
"l Amplification N\
stable + 'non-oszillating' sinus-waves: **[ factor for \ '
fir 0 < a, <1/64 ~0.016 o ®=0.001

(0 <0, <1/128 for Leapfrog (2 At))

in COSMO-EU: a, =0.25/ (2m*) = 0.0013 only for v
in COSMO-DE: a, =0.1/ (2m*) = 0.0005 only for v
(and in a boundary zone for v, p', T', ()

 Diffusion 4th order is not monotone! = flux limitation necessary
 additional orography-limitation:
diffus. flux=0, if slope of a coordinate plane > 250 m / Ax
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