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

Operational configuration of the Integrated Forecasting System at ECMWF

Current operat ional dynamical core configurat ion of the Integrated Forecast ing System (IFS) at the ECMWF:

• hydrostat ic primit ive equat ions (nonhydrostat ic opt ion available; see Benard et al. 2014)

• hybrid ⌘ − p vert ical coordinate (Simmons and Burridge, 1982)

• spherical harmonics representat ion in horizontal (Wedi et al., 2013)

• finite-element discret isat ion in vert ical (Untch and Hortal, 2004)

• semi-implicit semi-Lagrangian (SISL) integrat ion scheme (Temperton et al. 2001, Diamantakis 2014)

• cubic-octahedral (” TCo” ) grid (Wedi, 2014, Malardel et al. 2016)

• HRES: TCo1279 (O1280) with ∆ h ⇡ 9 km and 137 vert ical levels

• ENS (1+ 50 perturbed members): TCo639 (O640) with ∆ h ⇡ 18 km and 91 vert ical levels

Schemat ic of spectral-t ransform method in IFS
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Schematic description of the spectral transform 

method in the ECMWF IFS model
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• IFS physics parametrizat ions for radiat ion,
sub-grid scale turbulence and surface
interact ion, orographic/ non-orographic drag,
moist convect ion, clouds and strat iform
precipitat ion, surface processes

• Fract ional stepping within di↵erent
parametrizat ions (Beljaars 1991)

• Coupling of IFS physics parametrizat ions to
dynamical core using SLAVEPP
(Semi-Lagrangian Averaging of Physical
Parametrizat ions, Wedi 1999)
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• hydrostatic primitive equations in hybrid mass-based 

vertical coordinate

• spherical-harmonics representation in horizontal

• finite-element approach for integrals in vertical

• two-time-level semi-implicit semi-Lagrangian 

integration scheme

• cubic-octahedral grid (“TCo“)

• coupling to IFS physics using SLAVEPP (Semi-

Lagrangian Averaging of Physical Parametrisations)

Y X

Z

Nodes of octadedral 

reduced Gaussian grid
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IFS dynamical core performance comparison: time-to-solution at 

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

3(adapted from Michalakes et al, NGGPS AVEC report, 2015)

Operational need!

The higher the better

IFS-ST (HPEs)
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IFS dynamical core performance comparison: time-to-solution at 

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

4(adapted from Michalakes et al, NGGPS AVEC report, 2015)

IFS-ST (HPEs)

The higher the better

IFS-ST (HPEs)



October 29, 2014

Current dynamical core options at ECMWF
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|  currently operational |
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Finite-Volume Module of IFS—key formulation features

• moist-precipitat ing, deep-atmosphere, nonhydrostat ic, fully compressible equat ions (Smolarkiewicz,
Kühnlein, Grabowski 2017; Kühnlein et al. in prep.)

• flexible height-based terrain-following vert ical coordinate

• hybrid of horizontally-unstructured median-dual finite-volume with vert ically-structured
finite-di↵erence/ finite-volume discret isat ion (Szmelter and Smolarkiewicz 2010; Smolarkiewicz et al. 2016)

• two-t ime-level semi-implicit integrat ion scheme with 3D implicit acoust ic, buoyant and rotat ional modes
(Smolarkiewicz, Kühnlein, Wedi 2014)

• finite-volume non-oscillatory forward-in-t ime (NFT) MPDATA scheme (Smolarkiewicz and Szmelter 2005;
Kühnlein and Smolarkiewicz 2017), direct ionally-split NFT advect ive t ransport (Kühnlein et al., in prep.)

• precondit ioned generalised conjugate residual iterat ive solver for 3D ellipt ic problems arising in the
semi-implicit integrat ion schemes (Smolarkiewicz and Szmelter 2011 for a more recent review)

• octahedral reduced Gaussian grid, but the IFS-FVM formulat ion not restricted to this (Szmelter and
Smolarkiewicz 2016)

• opt ional moving mesh capability (Kühnlein, Smolarkiewicz, Dörnbrack 2012)

• coupling of IFS physics parametrizat ions using Euler forward approach (see below)

i jSj

median-dual finite-volume approach
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A hybrid all-scale finite-volume module for global NWP

Piotr Smolarkiewicz, Willem Deconinck, Mats Hamrud, 

George Mozdzynski, Christian Kühnlein, Joanna Szmelter, Nils Wedi
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FVM summary (state from back in 2019!)
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Nodes of octahedral grid O24

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 MPI/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

Y X

Z
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Octahedral reduced Gaussian grid of the IFS
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O1280 dual mesh spacingedges primary mesh connecting

nodes of O24 
nodes of O24

• 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; Kühnlein 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

• median-dual FV approach is current default but other options are explored

8

Smolarkiewicz et al. JCP 2016

Kühnlein et al. GMD 2019

• 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, 

compact specifications are used for diffusion, upwind and nonlinear 

fluxes occur in context of non-oscillatory advection
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FVM fully compressible equations with full IFS physics
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Universal characteristics of atmospheric motions (R. Klein Annu. Rev. Fluid Mech. 2010)

Auxiliary quantities of interest dervied from the Table above

Courtesy EUMETSAT

Universal characteristics of atmospheric flows
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CPI2,  2880 dt=300 s, 

wallclock time=2.0 mns

8 days, surface θ’, 

128x64x48 lon-lat grid, 

128 PE of Power7  IBM

CPEX,  432000 dt=2 s, 

wallclock time=178.9 mns

This huge computational-efficiency gain comes at the 

 cost of increased  mathematical/numerical complexity

Slide courtesy Piotr Smolarkiewicz
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FVM semi-implicit integration 
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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
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FVM coupling to IFS physical parametrisations 
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• Parametrizations for turbulence, convection, cloud 

microphysics, orographic and non-orographic gravity 

wave drag 

• Land surface model HTESSEL

• ecRad radiation scheme on model grid (called every 1h)

• As the current default, tendencies from IFS physical 

parametrizations are incorporated in FVM SI scheme 

using Euler forward approach with subcycling of 

dynamics: 

Bauer et al. Nature 2015
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Fundamentals of the FVM integration scheme
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Lagrangian

Eulerian

Eulerian-Lagrangian congruency

with

Forward-in-time discretization:

Modified equation:

→ See Piotr Smolarkiewicz’s lecture for further discussion
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MPDATA scheme
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:

where

• MPDATA: Multidimensional Positive Definite Advection 

Transport Algorithm

• 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, 

split vs unsplit, third-order extension, structured grids, 

unstructured meshes, curvilinear coordinates, moving 

meshes) 

➢ Smolarkiewicz (1983); Smolarkiewicz and Clark 

(1986); Smolarkiewicz and Grabowski (1990); 

Smolarkiewicz and Margolin (1998); Smolarkiewicz 

and Szmelter (2005); Kühnlein et al. 2012; Kühnlein 

and Smolarkiewicz (2017); Waruszewski et al. 2018
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Split Eulerian flux-form advection
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Mass-compatible horizontal-vertical Strang-split 

flux-form advection in FVM:

Kühnlein et al. GMD 2019
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Formulate Schur complement 
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Helmholtz equation for implicit treatment of Exner pressure
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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); Kühnlein et al. 2019: 

with
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Elliptic Helmholtz boundary value problem 
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Coefficients:

Advective part:

➢ 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
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Linear solvers for the 3D Helmholtz problem
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GCR(k) scheme

• We prefer the Generalized Conjugate Residual method of order k for non-

symmetric systems (GMRES, BiCGSTAB are alternatives, pipelined versions

     can be useful)

• Matrix-free implementation

• Bespoke preconditioners for atmospheric configurations

• Multi-grid extension for preconditioner (Gillard et al. 2024)

Weighted line Jacobi method preconditioner in FVM (Kühnlein et al. 2019):

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

     for tutorials
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FVM comparison to hydrostatic IFS-ST: dry adiabatic dynamics
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surface pressure (hPa) at day 10
meridional wind (m/s) at 50N at day 10

experimental setup following Ullrich et al. QJ 2012

65km 32km
32km65km



October 29, 2014

FVM comparison to hydrostatic IFS-ST: dry adiabatic dynamics
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surface pressure (hPa) at day 15
KE spectra with O320/TCo319 at day 15

32km

Second-order finite-volume provides essentially the same 

solution-quality than spectral-transform model for this test
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Snapshot of computational efficiency: FVM vs IFS-ST

• Dry baroclinic instability experiments in identical 

configuration O1280/TCo1279 (9km) with L137

• Time steps of IFS-FVM were a factor of 6-7 smaller than 

IFS-ST

EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

O1280/TCo1279 with L137 dry dycore

on 350 nodes of ECMWF‘s Cray XC40
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Octahedral and HEALPix meshes with FVM
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Octahedral O400 example for baroclinic instability benchmark

O24 

O400

X
Y

Z
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Octahedral and HEALPix meshes with FVM
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X
Y

Z

HEALPix H240 example for baroclinic instability benchmark

H18 

H240
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Octahedral and HEALPix meshes with FVM
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X
Y

Z

HEALPix H240 example for baroclinic instability benchmark

H18 

H240

https://healpix.sourceforge.io/
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Stratified flow past Schär mountain in small-planet configuration
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MPAS

FVM

solution after 2hrs

MPAS results from

Klemp et al. JAMES 2015
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Stratified flow past steep orography in small-planet configuration
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max. slope 71°

Vertical velocity (m/s) in lon-height section Meridional velocity (m/s) in lon-lat section at z=2km

mountain

Experimental setup following Zängl 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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temporal evolution (panels are at 0.5,1.0,1.5, 2.0 h)

vertical velocity (m/s) 

in lon-lat section at 

z=5km

rain water (g/kg) in 

lon-lat section at 

z=5km

Zarzycki et al. GMD 2019
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DCMIP2016 dynamical core intercomparison: splitting supercell
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final 2h result as various grid spacing (panels are at 4, 2, 1, 0.5 km)

vertical velocity (m/s) 

in lon-lat section at 

z=5km

rain water (g/kg) in 

lon-lat section at 

z=5km

Zarzycki et al. GMD 2019
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DCMIP2016 dynamical 

core intercomparison: 

splitting supercell
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final 2h result as various grid spacings (panels are at 2, 1, 0.5, 0.25 km)

→ TEMPEST uses higher-order Spectral-Element 

methods

→ FVM uses second-order Finite-Volume method

Zarzycki et al. GMD 2019
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DCMIP2016 dynamical core intercomparison: tropical cyclone
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Willson et al. GMD 2024

50km grid spacing 25km grid spacing
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DCMIP2016 dynamical core intercomparison: tropical cyclone
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Willson et al. GMD 2024

50km grid spacing 25km grid spacing

McTaggart-Cowan et al. 2024
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FVM case study of Hurricane IRMA 
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• 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 
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IFS-ST IFS-FVM

▪ Initialisation from IFS analysis 20170904 00 UTC

▪ O1280/TCo1279 corresponding to ~9 km nominal spacing, L62

▪ IFS CY43R3, uncoupled

96h 96h
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FVM model previously developed in Fortran at ECMWF
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FVM 120h forecast experiment of tropical cyclone Irma 
using IFS CY43r3 physics and O1280 grid (~9km spacing)

FVM Spectral IFS

See Kühnlein et al. GMD 2019 for FVM and coupling to IFS parametrizations

Work with Linus Magnusson
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Relevance of nonhydrostatic effects for the supercell convective storm
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Nonhydrostatic dynamics

Idealized convect ive storm (Klemp et al. 2015) on a small planet (1/ 25 reduced) with H and NH
formulat ion of IFS: From what horizontal grid spacing ∆ h appear significant di↵erences?

! H-IFS and NH-IFS use Forbes et al. 2011 microphysics and similar numerical configurat ions, in
part iclar TCo grid, FD in vert ical, ICI, no explicit di↵usion, no convect ion scheme)

Christ ian Kühnlein, Sylvie Malardel, Piotr Smolarkiewicz , ECMWF colleagues and ESCAPE partners 3/ 19

∆ h = 5 km

∆ h = 2.5 km

∆ h = 1.25 km

∆ h = 625 m



EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS October 29, 2014

Relevance of nonhydrostatic effects for the supercell convective storm
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Nonhydrostatic dynamics

Idealized convect ive storm (Klemp et al. 2015) on a small planet (1/ 25 reduced) with H and NH
formulat ion of IFS and NH-FVM:

! NH-FVM uses smaller t ime steps and di↵erent microphysics parametrisat ion!

Christ ian Kühnlein, Sylvie Malardel, Piotr Smolarkiewicz , ECMWF colleagues and ESCAPE partners 4/ 19

∆ h = 5 km

∆ h = 2.5 km

∆ h = 1.25 km

∆ h = 625 m
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MPI x OMP 72 x 18 144 x 9 144 x 18 288 x 9

SP 2315 s 2365 s 1260 s 1269 s

DP 3660 s 3634 s 2007 s 1926 s

Single-precision implementation of FVM

• 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 O640 grid

• Convergence of the FVM preconditioned Krylov solver is essentially identical with SP and DP 

given typical thresholds



EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS October 29, 2014

Single-precision implementation of FVM
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SP
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Single-precision implementation of FVM

41

DP
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