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Integrated Forecast System (IFS) upgrades

2023 2024/2025
4811 4812 49r1 49r2

NWP: ENS resolution increase
Daily ENS-Ext ensembles
Multi-layer snow scheme
Interactive Hybrid Linear Ozone
OOPS

ORASG6 ocean reanalysis Reanalysis : NWP: New ocean and sea ice
ERAG6, EACS5 Higher 4D-Var resolution
Outer-loop coupled DA

Seasonal forecast:
NWP: Improved surface SEASG6

Updated land fields
Higher resolution waves
Implementation of SPP
Higher resolution EDA

Improved COMPO:
stratospheric chemistry

EFAS and GIloFAS: new versions at
1.5km and 5km respectively Improved COMPO:
prognostic stratospheric aerosol

scheme

OpenlFS new release

Hindcast reconfiguration

(ENS and ENS-Ext)
_w ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 5




Medium range ensemble: 18 km to 9 km (same as HRES)
Extended range ensemble: 50+1 members twice weekly to 100+1 members every day




Evolution of ENS upper-air forecast skill
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Integrated Forecast System (IFS) upgrades

2023 2024/2025
4811 48r2 49r1 49r2

NWP: ENS resolution increase
Daily ENS-Ext ensembles
Multi-layer snow scheme
Interactive Hybrid Linear Ozone
OOPS

ORASG6 ocean reanalysis Reanalysis : NWP: New ocean and sea ice
ERAG6, EACS5 Higher 4D-Var resolution
Outer-loop coupled DA

Seasonal forecast:
NWP: Improved surface SEAS6

Updated land fields
Higher resolution waves
Implementation of SPP
Higher resolution EDA

Improved COMPO:
stratospheric chemistry

EFAS and GIloFAS: new versions at
1.5km and 5km respectively Improved COMPO:
prognostic stratospheric aerosol

scheme

OpenlFS new release

Hindcast reconfiguration
(ENS and ENS-Ext)
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New ocean reanalysis performance

Mean SST biases (2015-2021)
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Integrated Forecast System (IFS) upgrades

2023
48r1

NWP: ENS resolution increase
Daily ENS-Ext ensembles
Multi-layer snow scheme
Interactive Hybrid Linear Ozone
OOPS

Improved COMPO:
stratospheric chemistry

EFAS and GIoFAS: new versions at
1.5km and 5km respectively

OpenlFS new release

2024/2025
48r2 49r1 49r2

ORASG6 ocean reanalysis Reanalysis : NWP: New ocean and sea ice
ERAG6, EACS5 Higher 4D-Var resolution
Outer-loop coupled DA

Seasonal forecast:
NWP: Improved surface SEAS6

Updated land fields
Higher resolution waves
Implementation of SPP
Higher resolution EDA

Improved COMPO:
prognostic stratospheric aerosol
scheme

Hindcast reconfiguration
(ENS and ENS-Ext)
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Model changes Data assimilation changes

Summary of contributions to cycle 49R1

* V1 - Microwave and RTTOV assimilation package, including updates to RTTOV and all-sky all-surface assimilation of
sea-ice areas for GMI/ASMR2 amongst other changes.

* V2 —Wave model and convection package, including waves on Tco grid, new wind input parameterizations, sea-state
dependent heat and moisture fluxes, hourly wave DA, improved CAT diagnostics, and updated non-orographic GWD.

* V3 — Non-microwave observations package, including observation updates from IR and active sensing groups.

* V4 - Land-surface model updates, including updated climate fields, modified vegetation properties, activation of urban
tile, updated T2m interpolation, and shadowing of snow under high vegetation.

* V5 - T2m assimilation package, activates assimilation of T2m observations.

* V6 — VarQC and stratospheric balance assimilation package, including activation of VarQC in first trajectory, increased
weight to GRAS/COSMIC-2 measurements, and activation of stratospheric balance in 4DVar.

« V7 — Land-surface assimilation package, including changes to soil moisture background errors, updates to snow
assimilation, and lapse rate correction for T2m assimilation.

« V8 — Activation of the Stochastically Perturbed Parametrizations (SPP) scheme, which replaces the Stochastically
Perturbed Parametrization Tendencies (SPPT) scheme in all IFS ensemble configurations.

* V9 — Physics and numerics contributions, which includes ecRad optimizations, improved 10m wind diagnostics,
improvements in TOA radiation budget, flexible aerosol treatment in radiation, time-dependent methane oxidation, and
preparation for reordered sequence of physics chain in IFS.

* V10 - Atmospheric composition package, including revisions to aerosol optical properties, chemistry updates, and
many other changes.

* V11 — Other technical/neutral changes, including bit-identical Ensemble control forecast and HRES.
« Updates to EDA, including Tcol1279 FC+Traj, soft recentering, and new climatology for SES calculation.



T2m verification against observations (NHEM, winter 2022/23)
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10m wind verification against observations (NHEM, winter 2022/23)
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* Impact from several contributions.

* Increased spread from SPP is important.
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49R1 RD esuite: score cards (summer + winter combined)
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Integrated Forecast System (IFS) upgrades

2023
48r1

NWP: ENS resolution increase
Daily ENS-Ext ensembles
Multi-layer snow scheme
Interactive Hybrid Linear Ozone
OOPS

Improved COMPO:
stratospheric chemistry

EFAS and GIoFAS: new versions at
1.5km and 5km respectively

OpenlFS new release

2024/2025
48r2 49r1 49r2

ORASG6 ocean reanalysis Reanalysis : NWP: New ocean and sea ice
ERAG6, EAC5 Higher 4D-Var resolution
Outer-loop coupled DA

Seasonal forecast:
NWP: Improved surface SEAS6

Updated land fields
Higher resolution waves
Implementation of SPP
Higher resolution EDA

Improved COMPO:
prognostic stratospheric aerosol
scheme

Hindcast reconfiguration
(ENS and ENS-Ext)
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From ERA5 to ERAG; new climate dataset Is being developed

ERAS is the world-leading climate dataset for many applications.

Preparations of its follow-up, ERA6 are well underway:

Taking onboard recorded user requirements from our huge ERA5 user base (over 160,000)
Will capitalize on an additional 8 years of R&D at ECMWEF plus increased compute power
Double the atmospheric resolution: 14km globally vs 31km; ocean waves 14km vs 40km.
Has coupling with the ocean, providing additional information on the climate system.

ERAG to start
production in early
2025
Aim to make the
first 20 years (2006-

2026) available
around Autumn
2026




SEASG6 Real-time forecast enhancements at a glance:

 7m twice a month (101 members)
SEASS * 13m every month (33 members) SEAS6
« 24m twice a year (33 members)
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SEASG6 Reforecasts

Main set 1993-2022 Supplementary set :

7m fc: 33 members twice a month Back extension to 1961 for all
13m fc: 22 members monthly Enhanced ensemble (up to 55
24m fc: 22 members twice a year members ) for 7m fcs quarterly

l 2o
A\~ 4 ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

17



Integrated Forecast System (IFS) upgrades

2023
48r1

NWP: ENS resolution increase
Daily ENS-Ext ensembles
Multi-layer snow scheme
Interactive Hybrid Linear Ozone
OOPS

Improved COMPO:
stratospheric chemistry

EFAS and GIoFAS: new versions at
1.5km and 5km respectively

OpenlFS new release

2024/2025
48r2 49r1 49r2

ORASG6 ocean reanalysis Reanalysis : NWP: New ocean and sea ice

ERAG6, EACS5 Higher 4D-Var resolution
Outer-loop coupled DA

Seasonal forecast:
NWP: Improved surface SEAS6

Updated land fields
Higher resolution waves
Implementation of SPP
Higher resolution EDA

Improved COMPO:
prognostic stratospheric aerosol
scheme

Hindcast reconfiguration
(ENS and ENS-Ext)
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Local benefits of km-scale
Storm Alex 2020/10/01 24h TP
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Hybrid 2024 — Forecast component adaptation progress

Spectral Transform  Manual, OpenACC 16% GPU-MPI

Model component Porting method .
run time Status Performance S SHE
Completion

Dynamical Grid point dynamics FIELD API + Loki 10% Porting MS2 (Q4-24)  Porting
core
)
Semi-Lagrangian  FIELD API + Loki 12% - ﬂﬂf‘;’:::’ MS2 (Q4-24)  Porting o
3
comps  FELDAP Lok Potng  Daaator w1/ 2" Patng | 2
30% —
Surface model FIELD API + Loki Porting MS2 (Q4-24) Porting ﬂ
Physics (7))
Radiation Loki 5% - Memory use MS2 (Q4-24) Porting %
Perturbation FIELD API + Loki N/A :
-core Manual, OpenACC 9_
Wave model By pe 8%
Source term FIELD API + Loki
Atmospheric composition FIELD API + Loki N/A
DDH CPU-only N/A
Diagnostics
FULLPOS Manual 6%
Ocean model (NEMO) CPU-only, PSyclone 6%

MNGBRARIN | Domonstsiod | Working on it Extoralssuos  Notstartd yot | 1/OUGFEEORIT
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Since Sept 2023:
OpenlFS 48r1 beta release available, full release by

Q4
o in line with current operational IFS model cycle
o build procedure changed to ecBuild/cmake
o closely aligned with IFS working practice,
which facilitates easier upgrades
o OpenlFS can now be run as 3D model or as SCM

— » T iy | ' - - Barcelona
’ = Supercomputing
6™ OpenlFS User Meeting, Barcelona @ Center

Centro Nacional de Supercomputacion
42 participants, showcase of OpenlIFS/AC

= £2ECMWEF | OpenlFS Data Hub

120
10
100
90
80
70
60
50
40

Dashboard

Total no of issued OpenlFS HCer pashboard

Data requests

Id Status Created at Last updated at

Data Hub serves growin( 309 Tue, 26 Sep 2023 10:46:05 UTC Tue. 26 Sep 2023 11:05:16 UTC + B
30 . S
20 User baseS W|th data nee 265 COMPLETED Mon, 21 Aug 2023 13:01:45 UTC Mon, 21 Aug 2023 13:2228 UTC * B
10
ol . . . . . . ‘ . 151 COMPLETED Wed, 12 Jul 2023 16:30:11 UTC Wed, 12 Jul 2023 16:56:03 UTC *+r B
2014 2015 2016 2017 2018 2019 2020 2021 202z
— Licences 152 Wed, 12 Jul 2023 16:30:35 UTC Wed, 12 Jul 2023 16:54:28 UTC * B
123 Fri, 30 Jun 2023 16'46:26 UTC Fri, 30 Jun 2023 170734 UTC + B

OpenlFS Data Hub publicly released in Bologna, May 2023
500+ GB of initial data provided since July 2023
supports data production for cycles 43r3, 48r1 and beyond

< ECMWF

Pressure (hPa)

a October 2010 b November 2010 ¢ December 2010

10 F

1 1
10 F 10
100 F 100 F
N " L L L 1000 1 " L 1000 1 I L L
0O 2 4 6 8 10 12 0 5 10 15 0 5 10 15 20
O3 (mPa) Oz (mPa) O3 (mPa)

- OpenlFS/AC-CB05 - OpenlFS/AC-CB05BASCOE = O, observations

OpenlFS/AC composition modelling now includes
Strat (BASCOE) + Trop (CBO5) + AER in OpenlFS 48r1 (single code base)
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Enhanced ML efforts at ECMWF — project overview

The hybrid model Development of a ML
ensemble forecast
Enhanced and accelerated Data-driven model initialised with
implementation of ECMWF ML NWP analysis hence requiring
Roadmap conventional data assimilation.
Delivering results Embracing novelty




Step 1: Evaluation in an operational setting

How to establish trust in a new type of forecasting system?
THE RISE OF DATA-DRIVEN WEATHER FORECASTING

A FIRST STATISTICAL ASSESSMENT OF MACHINE LEARNING-BASED WEATHER FORECASTS

* Live daily forecasts provided openly R B

A PREPRINT V2

* Only possible because of open-source contributions from NVIDIA, Huawel,
Zied Ben Bouallégue, Mariana C A Clare, Linus Magnusson, Estibaliz Gasc6n, Michael Maier-Gerber, Martin

D eep min d . Janousek, Mark Rodwell, Florian Pinault, Jesper S Dramsch, Simon T K Lang, Baudouin Raoult, Florence Rabier,
Matthieu Chevallier, Irina Sandu, Peter Dueben, Matthew Chantry, Florian Pappenberger

ECMWF

* Enables real time evaluation of extreme events by operational analysts.

— As a community we can better identify strengths and weaknesses.

500 hPa geopotential height and 850 Experimental: FourCastNet ML model: Experimental: GraphCast ML model: Experimental: Pangu-Weather ML
hPa temperature 500 hPa geopotential height and 850 500 hPa geopotential height and 850 model: 500 hPa geopotential height
hPa temperature hPa temperature and 850 hPa temperature
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Anomaly correlation (%)
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100

AIFS v0.2 — atmospheric skill
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2m temperature BMSE (K}

—— MNew AIFS version

--- GraphCast
- |FS

e
i

against observations

2m temperature BMSE (K}
(%)
on

4]
1

Northern hemisphere 2m-temperature

5.5 : :
—— New AIFS version : : : : : !
5 Previous AIFSversion | = i g2 . ' ' ' . ; ; - ; -
Pangu-Weather : : : : i 1 1 2 3 4 5 5 7 8 9 10
~~- GraphCast : : : : : H Forecast Day
IFS : ' ' it
a5

Southern hemisphere 2m-temperature

i
1

w
o
1

Lower = better

(5]
1

h
Fa

1]

1 2 3 4 5 6 7 8 9 10
Forecast Day

l aa ) )
A\~ 4 ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 27




AIFS Ensemble...

jom 50.96°N 1.96°W (ENS land poin) 48 m
tribution Monday 10 June 2024 12 UTC
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Regional modeling with Member States

Data-driven regional'-modelling

23 April 2024

Thomas Nipen (MET Norway)

Matthew Chantry (ECMWF)

The AIFS teams from ECMWF and MET Norway
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https://www.ecmwf.int/en/about/media-centre/aifs-blog/2024/data-driven-regional-modelling
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implemented by _cECMWF @esa G EUMETSAT

DEstine: a digital replica of our planet to respond and adapt to
climate change and extreme events
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DestinE, in strategic partnership with EuroHPC Joint Undertaking:
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» Establishes bespoke cutting-edge simulation capabilities
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* Provides Earth-system information at scales where the impacts of
extreme events and climate change are felt
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« Fosters an innovative and thriving Al-enabled digital ecosystem
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First implementation (~ 1deg resolution) in 2023, following Keisler 2022 and Lam et. al 2022:
GNN architecture: Interaction Networks (Battaglia et. al 2016)
Graph representation, hidden multi-scale mesh, edge features
Scales to > 1000s of GPUs ; tensor parallel implementation, split model across multiple GPUs

Update beginning of 2024, update to ~ 0.25 deg:
Attention based GNN for encoder, decoder

Transformer backbone in processor
Trained on 64 GPUs ~ 1 Week
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Why GNN Encoder / Decoder: can handle arbitrary input / output grids, local and ad hoc grid refinement,
changing grids etc. ; attractive for use in earth system science

Lang, S., Alexe, M., Chant

M.C., Lessiqg, C., Maier-Gerber, M., Magnusson, L. and Bouallegue, Z.B., 2024.

. M., Dramsch, J., Pinault, F.,

Raoult, B., Clare,

AIFS-ECMWF's data-driven forecasting system. arXiv preprint

arXiv:2406.01465.




Scorecard -> compared to IFS (2022)

- Scorecard comparing forecast scores of AIFS versus IFS (2022). Forecasts are initialised on 00 and 12
UTC. Shown are relative score changes as function of lead time (day 1 to 10) for northern extra-tropics (n.hem),
southern extra-tropics (s.hem), tropics and Europe. Blue colours mark score improvements and red colours score
degradations. Purple colours indicate an increased in standard deviation of forecast anomaly, while green colours
indicate a reduction. Framed rectangles indicate 95% significance level. Variables are geopotential (z), temperature
(t), wind speed (ff), mean sea level pressure (msl), 2 m temperature (2t), 10 m wind speed (10ff) and 24 hr total
precipitation (tp). Numbers behind variable abbreviations indicate variables on pressure levels (e.g., 500 hPa), and
suffix indicates verification against IFS NWP analyses (an) or radiosonde and SYNOP observations (ob). Scores
shown are anomaly correlation (ccaf), SEEPS (seeps, for precipitaion), RMSE (rmsef) and standard deviation of
forecast anomaly (sdaf, see text for more explanation).
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Precipitation currently lacking intensity and small-scale structure

 2@= l Rain and mean sea level pressure Experimental: AIFS (ECMWF) ML model: Rain and mean sea level pressure
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tp_Dubai1.0_2024041600_ecmf_0001_cf
Member: 0, Step: 96

Recent extreme precipitation in UAE & region et it ——

tp_Dubai1.0_2024041600_ecmf_0001_obsobs
Observations

tp_Dubai1.0_20240416/
Member: 0, S
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1) Predict analysis from analysig 2) Predict obs targets from analysis ICs 3) Augment analysis driven ML with »hbs
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5) Predict future analysis from obs 6) Predict future obs from obs

4) Learn the analysis
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« Using historical measurements (10yrs ++) the network learns correlations
between observations from different sources, at different locations and
(crucially) at different times.

« Then from an input set of real-time observations the network can predict
an observation of any type at any required future location and time.

Per-channel  Prediction of masked observation
embedding

networks
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