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Spectral-transform formulation of the operational IFS (IFS-ST)

» hydrostatic primitive equations in hybrid mass-based Nodes of octadedral
vertical coordinate reduced Gaussian grid

« spherical-harmonics representation in horizontal

 finite-element approach for integrals in vertical Grid-point space
/ -semi-Lagrangian advection \

« two-time-level semi-implicit semi-Lagrangian -physical parametrizations

) ) FFT -products of terms Inverse FET

integration scheme : :

1 No grid-staggering of 4
prognostic variables
« cubic-octahedral grid (“TCo") Fourier space Fourier space
« coupling to IFS physics using SLAVEPP (Semi- 1
. . . . . LT Inverse LT
Lagrangian Averaging of Physical Parametrisations)

Spectral space

\ -horizontal gradients /
-semi-implicit calculations

-horizontal diffusion
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IFS dynamical core performance comparison: time-to-solution at

3km for dry baroclinic instability test case with 10 tracer fields

3km Case: Speed Normalized to Operational Threshold (8.5 mins per day)
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IFS dynamical core performance comparison: time-to-solution at
3km for dry baroclinic instability test case with 10 tracer fields

3km Scaling Efficiency Relative Over Four Highest Core Counts
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Current dynamical core options at ECMWF
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024 grid points Primary mesh 024 01280 dual mesh spacing

dual volume: V;, face area: §; | Ccu rrently 0perati0na| |
Model aspect IFS-FVM IFS-ST IFS-ST (NH option)

Equation system fully compressible hydrostatic primitive fully compressible

Prognostic variables od, us v, w, 0, @' v, e riurs Inps, u, v, Ty, gy, q1, Grs Gin gs Inms, u, v, da, Ty, G, qv, q1, Gr Gi» Gs
Horizontal coordinates A, ¢ (lon—lat) A, ¢ (lon—lat) A, ¢ (lon—lat)

Vertical coordinate generalized height hybrid sigma—pressure hybrid sigma—pressure

Horizontal discretization  unstructured finite volume (FV) spectral transform (ST) spectral transform (ST)

Vertical discretization structured FD-FV structured FE structured FD or FE

Horizontal staggering co-located co-located co-located

Vertical staggering co-located co-located co-located, Lorenz

Horizontal grid octahedral Gaussian or arbitrary ~ octahedral Gaussian octahedral Gaussian

Time stepping scheme 2-TL SI 2-TL constant-coefficient SI 2-TL constant-coefficient SI with ICI

Advection conservative FV Eulerian non-conservative SLL non-conservative SL




FVM summary (state from back in 2019!)

Current features:
« nonhydrostatic, deep-atmosphere, fully compressible equations

horizontally-unstructured vertically-structured finite-volume discretisation

« semi-implicit integration with 3D implicit dynamics right-hand-sides (diffusion is
HEVI by default)

» (explicit) nonoscillatory forward-in-time conservative Eulerian advection

 flexibility with respect to horizontal and vertical meshes

« Atlas library mesh and parallel datastructures

* Fortran code and using hybrid MP1/OpenMP for CPUs, but Python/GT4Py DSL
implementation under development

* 64-bit or 32-bit precision

* IFS-FVM coupled to IFS physical parametrisation package (CY43R3)

« ecRad radiation scheme on model grid

&~ EC
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dual volume: V;, face area: Sj

Nodes of octahedral gyid 024



Octahedral reduced Gaussian grid of the IFS
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nodes of 024 edges primary mesh connecting 01280 dual mesh spacing
nodes of 024

* Quasi-uniform resolution over the surface of the sphere
« Suitable for spherical harmonics transforms and hence the spectral-transform IFS model

* Unstructured finite-volume IFS-FVM can develop mesh about nodes of the grid

» Using the same grid benefits overall infrastructure and model comparison studies
— see Malardel et al. 2015; Smolarkiewicz et al. 2016; Deconinck et al. 2017; Kuhnlein et al. 2019
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Summary of FVM spatial discretization

% -
horizontally-unstructured finite-volume (FV) and vertically-structured finite- /// \\_‘
difference/finite-volume (FD/FV) discretisation framework % g
median-dual FV approach is current default but other options are explored L A\ e

%7 W

terrain-following coordinate

« Gauss divergence theorem is central to FV technique

» Various approximations for FV fluxes between neighbouring cells
depending on process and form of operator

* Fluxes in Laplacian operator (gradient & divergence) are usually
_ linear & centred reconstructions of data at neighbouring points,
(i) compact specifications are used for diffusion, upwind and nonlinear
V.A= An=— S Als, : - :
o o0 V. Vi, fluxes occur in context of non-oscillatory advection
I j=1

dual volume: V;, face area: S;

Smolarkiewicz et al. JCP 2016

S Kuhnlein et al. GMD 2019
_w EC MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 8



FVM fully compressible equations with full IFS physics

0Gpd
0’0 +V - -(vGpy) =0,
t
0 u — N
gdptd +V - (VGpau) = Gpd [_QPGWP/ -6,GVp, +g—fxu+ M(u)+ P"
o) g’
Q(,;)td +V - (VGp4 6') = Gpd [_GT“ VO, +P9] :
0Gpd rk
gt +V-(V§Pdfk):§Pdek, rk:rv,r,,r,,r,-,rs,/\a
R4 Rg/evd YL
QDZde (de0(1+rv/8)) ]:deﬂ' 9,0— 1+rt
re="ry+rp+r+rs+fr
¢ =¢-¢a, 0" =6-0, v=G'u e - Rd
"Ry
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Universal characteristics of atmospheric flows

Universal characteristics of atmospheric motions (R. Klein Annu. Rev. Fluid Mech. 2010)

Earth’s radius a~6x10°m
Earth’s rotation rate Q~ 107571
Acceleration of gravity g~ 9.81 ms™?
Sea-level pressure Pref ~ 10° kgm~1 572
H,O freezing temperature Tier ~ 273 K
Equator-pole potential temperature difference

Tropospheric vertical potential temperature difference } AO~A0K

Dry gas constant R =287m?s? K|
Dry isentropic exponent y =14

Auxiliary quantities of interest dervied from the Table above

Sea-level air density Pref = Pref/(RTep) ~ 1.25 kgm ™3
Density scale height hse = Vpref/(@Pref) ~ 11 km
Sound Speed Cref = ypref/pref ~330ms™!
Internal wave speed Cint = \/ ghse %Ti ~ 110 ms~!
Thermal wind velocity Upef = %gs% %—i ~ 12 ms™~!

& ECMWF 10



Global baroclinic instability, Smolarkiewicz, Kuhnlein & Wedi (2014, J. Comput. Phys.)

8 days, surface €',
128x64x48 lon-lat grid,
128 PE of Power7 IBM

CPI2, 2880 dt=300 s,
wallclock time=2.0 mns

Lciiiiiiiiiiiirrinniiionnioi oy OPEX, 432000 dt=2 s,
U@ s Y wallclock time=178.9 mns

RO S
P et d

This huge computational-efficiency gain comes at the
cost of increased mathematical/numerical complexity

< ECMWF

Slide courtesy Piotr Smolarkiewicz
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FVM semi-implicit integration

ag—t\p—l—v-(V\D):G(Rq’—l—Pq’) ,

\Ijlfl‘i—l — Ai(ﬁ}, Vﬂ—|—1/2’ Gn, Gn+1’ St) _|_b\IJ St R\IJ|;I+1
= @i +b¥ 5t7€qj|?+l :

U=u"t+avsRY " +68: PY|",

Variable v | 4 G a¥ p¥
Dry density od vG g - -
Zonal physical velocity u vGoq Gpq 0.5 0.5
Meridional physical velocity v vGpg GYpg 0.5 0.5
Vertical physical velocity w vGpg Gpq 0.5 0.5
Potential temperature perturbation 6’ vGpg Gpqa 0.5 0.5
Water vapour mixing ratio rv. vGpy Gpg - -
Liquid water mixing ratio r vGpg Gpqg - -
Rain water mixing ratio It vGoqg Gpa - -
Ice mixing ratio ri vGoa Gpa - -
Snow mixing ratio rs vGpg Gpg - -
Cloud fraction Ay vGpg Gpg - -
Exner pressure perturbation o  vGpy Gpg (—a) «

Main principles of default scheme:

» Time integration aims for a high degree of implicitness with respect to rhs forcings
» Focus on co-located arrangement of prognostic variables, but selected compact operators used

» Numerically consistent second-order design about non-oscillatory forward-in-time flux-form advection (core
design uses MPDATA, alternative transport schemes for selected variables and tracers incorporated)

» Compact-stencil diffusion with implicit time stepping

_c ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS
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FVM coupling to IFS physical parametrisations Bauer et al. Nature 2015

Non-orographic

Parametrizations for turbulence, convection, cloud W“e“"’g \ \ 1 b //
microphysics, orographic and non-orographic gravity \j\ Loy Shm e ol G
Wave drag CIOUd \ radlatlon radlatlon
\ % »J
‘l
Land surface model HTESSEL ..‘. x Cloud Subaridseale
o L) ¢‘= “‘: “‘ %f orographic drag
. . . \ % ) _>_\f\
ecRad radiation scheme on model grid (called every 1h) G s ) 4 ';.‘3.“ If —’—\J\
. | SN
As the current default, tendencies from IFS physical L JAL \ .\4;“ 1 Sem,bleOO
. . . . QJ‘ ) atent  pheat flux
parametrizations are incorporated in FVM Sl scheme ‘,...::.“:‘. e P L°"guvxvavesh°guvxvave ';,ff; . " f
H . . " [) [ ¥ urface
using Euler forward approach with subcycling of Geean model
dynamics:

Physics time step from ¢V to ¥ + Al ppys = tN + Ny 8t for £ = 1,N; :
Wi (1N 4-£61) = 4 (P, V(N + (081 —0.5)), G(tV 4+ (£ —1)81),G(t" +£81), 81) +b* 5t ZE (1 4-£61)

~ecMwi P =P+ ((=1)81) +a" 517" (Y + (€ —1)81) + 81 PT (1, Aty



Fundamentals of the FVM integration scheme

dy Eulerian-Lagrangian congruency
Lagrangian T RY
\ Win+1 — ﬂl(q}, Vn+1/2, Gn’ Gn+1,5t) n b\l-’ 5tR‘~|-’|in+]
oGgvY W — W hd Y n
Eulerian Y +V-(V¥)=G RY / with Y =¥"+a"6tR"|

Gn+1 \_l_m+1 — Gnyn
ot

Forward-in-time discretization:

Modified equation:

oGY
ot

5t 1 Y oG
. f— \IJ— . — — . — — .
+V-(V¥)=GR" -V {ZV[GV (V‘P)+G at]}+v (VR

+V - (Vrl/2yn) = (GRY

y Ot
2

)n+1/2

) + O(6t%)

- See Piotr Smolarkiewicz’s lecture for further discussion

_c ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS
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MPDATA scheme

MPDATA: Multidimensional Positive Definite Advection
Transport Algorithm yn+l

Upwind scheme followed by error-compensating steps
formulated as pseudo-flux achieves at least second-
order accurate solution

Limiting the pseudo-flux using Flux-Corrected
Transport approach achieves monotone solution

Many variants of the scheme exist (sign-preserving,

ﬂi(\lm’ Vn+1 /2, Gn’ Gn+1 )

Xin+1/2~7~‘i(‘|’n,vn+1/2, G". Gn+1)
X-n+1/2 \IJNq

n+1/2 _ G"
o Gn+1

where X

split vs unsplit, third-order extension, structured grids, f(, iterates forn = 1, N :

unstructured meshes, curvilinear coordinates, moving
meshes)

Smolarkiewicz (1983); Smolarkiewicz and Clark
(1986); Smolarkiewicz and Grabowski (1990);
Smolarkiewicz and Margolin (1998); Smolarkiewicz
and Szmelter (2005); Kuhnlein et al. 2012; Kihnlein
and Smolarkiewicz (2017); Waruszewski et al. 2018

_c ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

(n) _ w(n=-1)
\Fk,i - \Ijk,i B

1(7)
5t -1 wn-1) \,1 ()
GV, >R (R s
5! _/:1

6t (1-1) (n-1) )
GZ 85z { sz+1/2,i (\Pk,i ’\Pk+1,i’ V/<z+1/2,i 1 )
Ni
(n=1) y(n=1) (n)
_F/<z—1/2,i (LIJk—Li’\Pk,i ; sz—1/2,/ 1 )}
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Split Eulerian flux-form advection

Mass-compatible horizontal-vertical Strang-split
flux-form advection in FVM:

o= A3 (ph, (PG 12 g", gt 0.581)
pc[121] y(p[l] (vhg)n+1/2, g[l], Q[z],&) ’
pil = pBl= A2 (ol (v2g)n+1/2 g2l gt 0,551

w= 42w, @ Gpn)l, Gpa)", Gpa)'!,0.561)
W= AP (M (w60, (Goa), (Goa)P, 81)
wPl= 422 (36 p0)B) (G pa)™,(Gpa)™ !, 0.561)

Kuhnlein et al. GMD 2019

< ECMWF

max. advective Courant number

3.0 . | I I | I I | I I | -

] courz -
2.5 courxy -
20- courxyz 2
1.5 1 | -

z IW ﬂ z
1.0 _: 'mh V“U ! A | -
0.5 - u W -
OO . | ! ! | ! ! | ! ! |

0 3 6 9 12 15

simulation time (days)
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Formulate Schur complement

n+1 -~ n+1 -~ n+1 -~ n+1 —~
ryy  ="ris rry  =Tlris Ty  =Tliis TIsy = Tsj
ryi = Fvi + &ty [_arv(rv - rvr)]i
~ o*(1+r)% /)
— — — . *x _ pxqn+l _ 4
6 = 6 + 6ty [~a6(6 — 6,)] 0 = om0 = =

9{ = é\,i + Oty [—aTU - VO, — 0(99' —ap(6; —6,) :

uj = U; + &ty [—6*8””6%0’ — (6, +6") 8™ GV, + g - fxu+ M*(U*,u) —ay(u-u,)|,
|

4

Lu=10-6t,65GV¢' —> u=L"u-L"6t,05GV¢/ —> |u=u-CVg’

< ECMWF
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Helmholtz equation for implicit treatment of Exner pressure

Total derivative of equation of state combined with mass continuity, thermodynamic, and water vapour
mixing ratio equations yields, see Smolarkiewicz et al. (2014, 2017, 2019); Kuhnlein et al. 2019:

oGPa¥") | .
ot

(VGr49') = Gpd l—%v ' (QGTU) — ngdV : (QPdGDaGTU)

V- (gpdGTu) - % + PY

Pa
GPd
Pe  Pv/e ) o Rd

with P¢:§cp(6+1+r/8
4

_|_

0= A + (1= B) 5t R? |" + 65tP? |",(vGpg)* "2, (Gpa)". (Gpa)"'. 6t) + B &t R |

B € [0.5,1.0]

JAANY
- ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 18



Elliptic Helmholtz boundary value problem

3 A*
¢ ~T / '_ @) = '
0= 3|7V 0 & @-CV)| B0/ ~¢) = Lig)-R
=1
Coefficients:
Cyd @ | v
AT =1, Ag:R_dZaZ—A? 51=G, $2=Gpdpa, §3=Gpd, *:ﬂ5th<P

Advective part:

@' = AP + (1= P) 8t R |" + 8tPY' |, (VGpa) |12, (Gpg)", (Gpa)"", 61)

» 3D implicit Exner pressure solution is a crucial aspect for the performance, robustness and accuracy of
the FVM model

> Different kinds of solution methods considered/developed as some future HPC architectures may require
approaches that operate within the acoustic radius

JAANY
- ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 19



» See Smolarkiewicz et al. (2000, 2004 ); Smolarkiewicz and Szmelter 2011

_ For n = 1,2,... until convergence do
Linear solvers for the 3D Helmholtz problem
forv =0,....k-1 do

1% 1%
We prefer the Generalized Conjugate Residual method of order k for non- B=- {r vll(q )z ,
symmetric systems (GMRES, BICGSTAB are alternatives, pipelined versions (L(g")L(g"))
can be useful) pt =y + Bq)

Matrix-free implementation
Bespoke preconditioners for atmospheric configurations
Multi-grid extension for preconditioner (Gillard et al. 2024) exit if [|r'*]| <e,

_ -1 1
— pi (rv+ )’

riv+1 = riv +IB-£i(qv) )

GCR(k) scheme

for tutorials evaluate Lj(e),

Vieow a) = — (L(e)L(q"))
Weighted line Jacobi method preconditioner in FVM (Kiihnlein et al. 2019): Y (L)L)’
v
— ~ v+l _ /
et = |D+P,] : (Det —Pr(e")+7)+(1 —w) e* g =ei+ % aq; >
3 A% [(i) v
U A Bk (i gea e o2 L@ = Lit)+ Y ar Li(q).

Dy,i = V; ; v, ( -Sj —I—Bk,ij ) i i ; i

end do,

reset (v, r,q, L(q)f to [w,r.q, L(@]° .

JAANY
- ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS d d 20
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FVM comparison to hydrostatic IFS-ST: dry adiabatic dynamics

meridional wind (m/s) at 50N at day 10

15+

B

.:.‘ i . Finite-volume / 0160

E33888
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a wr 1y el ny 4y wr 138* L

23888

WET-BWUV-H-2 440 T 20D NDIYNS WV VW-H-WV-16-124 40 4 D BHBODUIN WO
A A 1 e " s A A A A A 1

\B2 S22 B2 Ras an

19 wpeb B tapd B
ok FV-ST/O160,TCol59 | - 1 FV-ST/0320,1Co319 |
" E 94 3
. ; - o -
3 ‘ 4 L 14 -
L - -l L] ‘lll“ |o ] v L] ‘4' 4 AIA v . L v d"’ |o ;
ar wr 1y I 1y a“ wr 135 o ny
- e T e e e W L R TN
day 10 day 10 j y i
& w | o & = " . 65km 32km

experimental setup following Ullrich et al. QJ 2012
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kinctic cnergy

FVM comparison to hydrostatic IFS-ST: dry adiabatic dynamics

KE spectra with O320/TC0319 at day 15

wavelength(km)
40000 20000 8000 4000 2000 &00 ~ 400 200 80 40
I I I

I T I I
100

10°
107

10°

Finite-volume

107~ Spectral-transform day 1 57
| | | | | | | |
1 2 5 10 20 50 100 200 500 1000
wavenumber

Second-order finite-volume provides essentially the same
solution-quality than spectral-transform model for this test

< ECMWF
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Snapshot of computational efficiency: FVM vs IFS-ST

21
* Dry baroclinic instability experiments in identical 18 | B
configuration O1280/TCo01279 (9km) with L137 = I i
] — -
o
* Time steps of IFS-FVM were a factor of 6-7 smaller than Z 157 B
IFS-ST o . i
S 12 -
= 1 -
E I
1.05 E 9 —_ __
7 . |
g [(P] N -
% 0.90 3 ] N
% 0.85 I B
. 0 EV(NH) _ ST(H) _ ST(NH)
0.75 - 01280/TCo1279 with L137 dry dycore
— IFSST on 350 nodes of ECMWF's Cray XC40
0.70 1 — IF5-FVM
0 SDIOO lD{I}OO 15{I}OO 20600 25600

Number of XC30 cores R FORECASTS



Octahedral and HEALPix meshes with FVM

60° -

30°

0° -

-30°

-60°

sEgl

— T 1 T 1 1 T 1T 1 1 T 1T T T 1 T T 1T T T T T 1
45° 90° 135° 180° 225° 270° 315°

_c ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

Octahedral O400 example for baroclinic instability benchmark
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Octahedral and HEALPix meshes with FVM

HEALPix H240 example for baroclinic instability benchmark
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Octahedral and HEALPix meshes with FVM
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Stratified flow past Schar mountain in small-planet configuration
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Stratified flow past steep orography in small-planet configuration

Vertical velocity (m/s) in lon-height section

Meridiona| velocity (m/s) in lon-lat section at z=2km
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Experimental setup following Zangl MWR 2012

— IFS-FVM robust wrt very steep slopes of orography
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DCMIP2016 dynamical core intercomparison: splitting supercell
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DCMIP2016 dynamical core intercomparison:

vertical velocity (m/s)
in lon-lat section at
z=5km

rain water (g/kg) in
lon-lat section at
z=5km
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DCMIP2016 dynamical
core intercomparison: “N Qe | B | A
splitting supercell

Zarzycki et al. GMD 2019
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DCMIP2016 dynamical core intercomparison: tropical cyclone

50km grid spacing
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Figure 4. Azimuthally averaged vertical wind composite of the sim-
ulated TCs from days 4—10 of the 50 km simulation.
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Figure 6. Wind—pressure relationship in the simulated TCs at all
time steps for 25 km simulations of participating models.
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Figure 8. Azimuthally averaged vertical wind composite of the sim-
ulated TCs from days 4-10 of the 25 km simulation.
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DCMIP2016 dynamical core intercomparison: tropical cyclone

50km grid spacing
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Figure 4. Azimuthally averaged vertical wind composite of the sim-

ulated TCs from days 4—10 of the 50 km simulation.
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Figure 8. Azimuthally averaged vertical wind composite of the sim-

ulated TCs from days 4-10 of the 25 km simulation.
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FVM case study of Hurricane IRMA

Major Hurricane of Category 5 in tropical Atlantic

Formed 30 August 2017
Dissipated 14 September 2017

285 km/h 1-minute sustained winds

914 hPa minimum MSLP
Peak intensity on 5 September 2017

Fourth-costliest tropical cyclone on record
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FVM forecast experiments of Hurricane IRMA

ECMWEF IFS-ST, 04 Sep 2017 00 UTC t+96h, Wind speed (m/s) ECMWEF IFS-FVM, 04 Sep 2017 00 UTC t+96h, Wind speed (m/s)
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FVM model previously developed in Fortran at ECMWF
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FVM 120h forecast experiment of tropical cyclone Irma o
using IFS CY43r3 physics and 01280 grid (~9km spacing) Work with Linus Magnusson
See Kiihnlein et al. GMD 2019 for FVM and coupling to IFS parametrizations
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Relevance of nonhydrostatic effects for the supercell convective storm
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Relevance of nonhydrostatic effects for the supercell convective storm
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Single-precision implementation of FVM

MPIxOMP 72x18 144x9 144x18 288 x9
SP 2315s  2365s 1260 s 1269 s
DP 3660s 3634s 2007 s 1926 s

* Runtimes for a O640/L62 4-day forecast using single- vs. double-precision on Cray XC40

« Configuration is for init date 22 May 2018 00 UTC, full IFS physics package, all parametrisations
apart from radiation and non-orographic GW drag are called at every FVM time step here

« Radiation called every hour and run on the same 0640 grid

« Convergence of the FVM preconditioned Krylov solver is essentially identical with SP and DP
given typical thresholds
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Single-precision implementation of FVM

Tuesday 22 May 2018 00 UTC ECMWF IFS-FVM t+84 VT: Friday 25 May 2018 12 UTC, Surface Total Precipitation (mm/day)
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Single-precision implementation of FVM
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