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Outline 

ÅNumerical weather prediction, a brief (HPC) history

ÅEvolving Earth-System complexity

ïAtmosphere

ïLand

ïLakes

ïOcean

ïSea-Ice

ïWaves

Å(Macro) coupling the ESM components

ÅVertical coupling  of (heterogenous) model surfaces and why details matter

ÅRecent developments and challenges
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Sustained HPC performance
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ECMWFôs progress in degrees of freedom 

(levels x grid columns x  prognostic variables)

(Schulthess et al, 2018)
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Ensemble of assimilations and forecasts
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Ocean ïLand ïAtmosphere ïSea ice
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Atmosphere
Monitoring

CO2 SURFACE  FLUXES

Vegetation          (CTESSEL)

Fires                     (GFAS)

Ocean                  (inventory)

Anthropogenic   (inventory)

TRANSPORT (ECMWF)

PBL mixing 
Advection
Convection

CHEMISTRY

Oxidation of CO 
(not yet represented in model)

CO2 OBSERVATIONS

GOSAT CO2 (IUP- Uni Bremen)

Graphic: A Agusti-Panareda, S Massart(ECMWF)

C h a l l e n g e : M o n i t o r i n g a t m o s p h e r i c  C O2



Earth surface modelling components @ECMWF in 2018
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*Ocean
used across forecast systems

and in Ocean reanalysis

(*migration completed with 

HRES-coupled operational 

from the 5th June 2018)

+Land
used across forecast systems

and new Climate reanalysis 

Atmos
Land 
Resol.

ECMWF
in 2018

80 km ERAI

32 km ERA5+

SEAS5+* 

18 km ENS+*

9 km HRES+*



The tiling concept for land surface coupling

HTESSEL (Hydrology -Tiled ECMWF 

Scheme for Surface Exchanges over Land)  

The tile scheme allows for a simple representation of surface 

heterogeneity over land and for fractional sea ice over the ocean  

Lowest 

model level

Skin  

level

FLAKE (Fresh water

Lake scheme) 
NEMO (Nucleus for European 

Modelling of the Ocean) +

WAM (Wave Model)

Lake
Open oceanSea Ice

ñBulkò



Impact of the soil model vertical resolution: heatwaves severity

During summer 2017 the effect of multi-layer is examined for European heatwave, here shown for 
Corboba(Spain) where temperatures went above 40o Celsius on the 6th of August 2017

ECMWF

Land 

model

ML9 & 

ML4

(offline)

Difference

ML9-ML4

soil model

(offline) An enhanced soil vertical discretisation is increasing the amplitude 
of the diurnal cycle. Extremes heatwave are up to 1 K hotter

Differences in

the maximum

skin temperature

ML9-ML4



Vertical surface fluxes
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friction velocity2 (correlated with momentum flux)

latent heat flux

sensible heat flux

Lowest model level 

or 10m wind speed

Roughness lengths



Typical near surface diurnal cycle structure of temperature profiles

skT

Temperature of 

deep soil, snow, 

ice, or bulk SST

Tsk: Radiation intercepting/emitting level, 

e.g. SST, ice surface , vegetation canopy, litter 

layer on top of bare soil, top of snow layer, or 

combination of these in a heterogeneous 

configuration

ὌὌὌὌ ╛╔╠▪

╖

Surface energy balance: 

Qn + H + LE = G

Qn :   Net radiation (solar + thermal)

H    :   Sensible heat flux

LE  :   Latent heat flux

G    :   Heat flux into the surface

Adi (K)
Diurnal cycle 

amplitude  of Tsk 

Dsurf (cm)
Surface penetration 

depth  of diurnal cycle

Land 10 -30 10

Snow 0 - 10  5

Ice 0 -10  10

Open ocean 0 - 2 100

Adi

Stable Unstable

Dsurf

Typical numbers



uncoupled (SCM) diurnal fluxes 
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Benson, UK Tropical Pacific

(Importance of Bowen ratio for convective organisation, Sakradzija & Hohenegger, 2017)
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48h forecast ~9km

48h forecast ~1km

http://gigapan.com/gigapans/206287

Take the ñTuring testò of climate & weather modelling (T. Palmer)
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Global KE - Spectra ~500hPa

~9km ~2.5km ~1.25km

Resolve rather than parametrize much of the
crucial vertical transport of momentum and heat
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(Daniel Klocke, DWD)
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Ocean model - resolution
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1/12° 1/4° 1°

Hewitt et al. (2017) Hallberg (2013)
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AWI FESOM2 team

Animation: Nikolay Koldunov (AWI)

Arctiv Ocean 
circulation at ~1km 

4 months/day, time step 2 min, 

1700 Broadwell cores on Cray CS400
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TC Neoguri 2014: AMSR2 MW SST and model SKT from before and after

Before

After

OBS CoupledUncoupled

NOAA



Sea ice
ÅHeterogeneous surface

ï Snow (albedo 0.8 compared to water/black 

ice 0.1)

ï Melt ponds

ï Ridges and rafted ice (variable thickness)

ï Leads (open water)

1) Impact on the atmosphere

- Heat flux with / without ice cover, 

roughness // ocean wave distribution

2) Thin ice vs thick ice

- Requires multi-layered/multi-category ice 

thickness distribution

- Impact on Rheology (breakage; can be 

affected by waves as well)

3) Impact on ocean

- change in the density (melting ice) and 

temperature/salinity profile of the upper 

ocean
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Permanent Ice shelves are modelled as land 

(but Ross sea / Weddell sea ice from -77 S)

Single layer snow

Two ice layers

(LIM2: Fichefet & Maqueda, 1997; Bouillon, et al. 2009)  

Multi-layer snow

Multi-layer, multi-category ice

(LIM3: Vancoppenolle et al, 2009)
Multi-layer snow and melt ponds are a future development plan



Ocean Waves

ÅThe irregular water surface can be decomposed into a 

number of simple sinusoidal components with different 

frequencies (f) and propagation directions (q).

The distribution of wave energy 

among those components is called: 

ñwave energy spectrumò,  ɟw g  F(f,q).
water density: ɟw and  gravity: g

Wave spectrum
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Sea state dependency on 
momentum and heat fluxes

Forecast from 20170904 (Irma)

t=6 to 240 by 6, TCo1999 (5km)

All open ocean grid points.

Cd= Ŭ

CY45R1

Ch

Increase of drag with increasing wind, opposite to smooth surface

Breakdown of relationship at very high wind speeds ?

Both Cd and Ch (less pronounced) are sea state and wind 

speed dependent 



SST-windstress

relationship

www.metoffice.gov.uk © Crown Copyright 2017, Met Office

Å Positive correlations indicate where 

ocean leads atmosphere

Å Ocean becomes more important as 

resolution increases

Å Once eddies and fronts present, not 

strongly sensitive to resolution

Å Deficiency in physics of 

atmospheric boundary layer 

parameterisations? (Song et al., 

2009)
(H. Hewitt, 2018)
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Classifying automatically inland water bodies is a complex task.  A 1-km water bodies cover and bathymetry have been produced

Mapping continuously the surface at 1km: water bodies to improve surface fluxes

Flooding allows classify,
problems w. large rivers 

ESA GlobCOVER
has no water class

New classification algo
works well at 1km

A new 1-km global bathymetry and water body map

ESA GlobCOVERis combined with JRC/GLCS
to detect Lake cover changes

Aral Sea in 1998
(left) and 2015 (right)
as observed by 
Landsat 



Transformations in time (averaging) and space (grids) at 
each coupling exchange
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Ocean/Sea-ice

Atmosphere/land-surface

Octahedral Gaussian grid

Ocean waves

Latitude/Longitude grid

Gung-Ho 

developments Coupling frameworks/toolkits could be used

OASIS3-MCT (Valcke, 2013); ESMF (Hill et al, 2004)


