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5-day forecast of geopotential height at 500 hPa (contours) and temperature at 850 hPa 
(colour shading)
Validity time 00 UTC, 9th November 2021 Source: www.ecmwf.int
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3-day forecast of geopotential height at 500 hPa (contours) and temperature at 850 hPa 
(colour shading)
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2-day forecast of geopotential height at 500 hPa (contours) and temperature at 850 hPa 
(colour shading)
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1-day forecast of geopotential height at 500 hPa (contours) and temperature at 850 hPa 
(colour shading)
Validity time 00 UTC, 9th November 2021 Source: www.ecmwf.int



  

Analysis of geopotential height at 500 hPa (contours) and temperature at 850 hPa 
(colour shading)
Validity time 00 UTC, 9th November 2021 Source: www.ecmwf.int
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Values greater than 60% → “Useful forecasts”
Values greater than 80% → “High degree of accuracy”

Evolution of forecast skill in global NWP

Nature 525 (3rd September 2015)



  

Global NWP centres

“Lead time at which forecast skill falls below 80%”



  

DWD :: Deutscher Wetterdienst (Germany)
CMC :: Canadian Meteorological Center
JMA :: Japan Meteorological Agency
UKMO :: United Kingdom Met Office
BoM :: Bureau of Meteorology (Australia)
KMA :: Korea Meteorological Administration
NCEP :: National Centers for Environmental 

Prediction (USA)

ECMWF :: European Centre for Medium-range Weather Forecasts
ERA5 :: ECMWF 5th-generation re-analysis

Global NWP centres

Global centres focus on medium-range forecasting (~3–10 days ahead)



  

Short-range NWP consortia: limited-area modelling



  

Short-range NWP consortia: limited-area modelling

Short-range NWP is concerned about lead times less than 3 days



  

ACCORD



  

Nature 525 (3rd September 2015)

...

...



  

1) Timely forecast production with ever increasing resolution in 
time and space

2) Initialization of model state close to observed current weather 
everywhere on the globe

3) Realistic representation of the effect of unresolved physical 
processes

4) Description of uncertainty in analysis and forecast

Greatest challenges in modern-day NWP
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High-Performance Computing facilitates time-critical 
production

Source: www.ecmwf.int



  

ECMWF bases its operational medium-range forecast products 
on version Cy47r3 (as of November 2021) of the Integrated 
Forecasting System (IFS)

HRES: Atmospheric Model high resolution
– Global 10-day deterministic forecast in ~9 km horizontal grid 

resolution
– Vertical discretization using 137 levels from surface up to 

0.01 hPa
– Produced twice per day from 00 UTC and 12 UTC initial 

times

ENS: Ensemble – Atmospheric Model
– 51-member ensemble of global 15-day forecasts 
– ~18 km horizontal grid resolution and 137 levels in vertical

4DVAR: Four-dimensional data assimilation
– Global analysis based on variational data assimilation

Key components of the ECMWF forecasting system

Source: www.ecmwf.int

~6.3·106 grid points for global 
coverage

450 second time steps in 
forecast integration

→ Production of 10-day forecast 
involves 1920 time steps



  
Nature 525 (3rd September 2015)

Demand on high-performance computing



  
Nature 525 (3rd September 2015)

Demand on high-performance computing

ECMWF ENS in 
November 2021

ECMWF HRES in 
November 2021



  

1) Timely forecast production with ever increasing resolution in 
time and space

2) Initialization of model state close to observed current 
weather everywhere on the globe

3) Realistic representation of the effect of unresolved physical 
processes

4) Description of uncertainty in analysis and forecast

Greatest challenges in modern-day NWP



  

“ … starting from the observed 
current weather … “

It’s a huge challenge to observe global weather!
Source: www.ecmwf.int
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Temperature sounding channels (54 GHz)
Humidity sounding channels (183 GHz)

Measurement from space: Advanced Technology 
Microwave Sounder (ATMS)

ATMS measures upwelling radiation at 
microwave frequencies near 54 and 183 GHz

Radiation measurement is used as an 
observation of temperature and humidity (not 
straightforward)

The measurement may be interfered by cloud, 
rain, or snow



  

Initialization of the NWP model to “observed 
current weather”

In practice no amount of available observations comes close to the degrees 
of freedom in NWP model state – so initializing to observed current weather is 
practically impossible!

The problem is made worse by the fact that all observations are inherently 
inaccurate.

The solution is to build on Bayesian probability theory to develop and apply 
methods of data assimilation: use observations to correct for errors in short-
range NWP forecast, and do this at frequent update intervals



  
Source: www.ecmwf.int/assets/elearning

Data assimilation: what it takes and what it gives?



  

Four-dimensional variational data assimilation (4D-Var)

–Use latest observations to update the NWP model trajectory
–Produce a dynamically-justified analysis that is consistent with all 

observations across the time range of the assimilation window



  

Four-dimensional variational data assimilation (4D-Var)

Find the maximum-likelihood estimate for the atmospheric model state x 
by minimizing the cost function J(x):

where 
x

b
 is a short-range model forecast (=background field), 

y is a vector consisting of meteorological observations, 
H[x] is an observation operator that transforms model state x into the 

space of observations (including model integration in time), 
B is the background error covariance, and 
R is the observation error covariance
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Four-dimensional variational data assimilation (4D-Var)

Find the maximum-likelihood estimate for the atmospheric model state x 
by minimizing the cost function J(x):

where notable challenges are involved with
(1) identifying the best possible composition of y (i.e. choosing 

observations)
(2) specification of H[x], B, and R,
(3) computing inverses of B and R
(4) finding the minimum of J(x)



  

1) Timely forecast production with ever increasing resolution in 
time and space

2) Initialization of model state close to observed current weather 
everywhere on the globe

3) Realistic representation of the effect of unresolved 
physical processes

4) Description of uncertainty in analysis and forecast

Greatest challenges in modern-day NWP



  Documentation of the Integrated Forecasting System, www.ecmwf.int

ECMWF model dynamical equations (1/2)
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ECMWF model dynamical equations (2/2)



  

Unresolved processes represented via physical parameterizations

Source: www.ecmwf.int/assets/elearning



  

Unresolved processes represented via physical parameterizations

Source: www.ecmwf.int/assets/elearning

Cloud physics at droplet 
particle scale:
–Heating & cooling
–Drying & moistening
–Tendencies of prognostic 

cloud variables



  

Unresolved processes represented via physical parameterizations

Source: www.ecmwf.int/assets/elearning

Radiation
–Short-wave radiation 

from the Sun and how it 
reflects off from air 
molecules, cloud 
droplets and surface

–Long-wave radiation 
from the surface and air



  

Unresolved processes represented via physical parameterizations

Source: www.ecmwf.int/assets/elearning

Sub-grid scale turbulence
–Vertical exchange of heat, 

momentum, moisture
–Coupling with surface through 

latent and sensible heat fluxes



  

Unresolved processes represented via physical parameterizations

Source: www.ecmwf.int/assets/elearning

Non-orographic gravity 
wave drag generated by
–Deep convection
–Frontal disturbances
–Wind shear



  

Unresolved processes represented via physical parameterizations

Source: www.ecmwf.int/assets/elearning

Sub-grid scale orographic 
drag
–Parameterized as a sink of 

momentum



  

Temperature tendencies associated with some physical processes

Source: www.ecmwf.int/assets/elearning
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Source: www.ecmwf.int/assets/elearning
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Variation of predictability in planetary scale



  

Variation of predictability in planetary scale

Periods of high predictability



  

Variation of predictability in planetary scale

Periods of low predictability



  

A case of low predictability in local scale

Twitter / @MattiHuu_YLE 9th January 2016

Two NWP models’ predictions of 2-meter temperature 
in the afternoon of the next day



  

Enabling probabilistic forecasts by the method of perturbed 
ensembles

Nature 525 (3rd September 2015)



  

Ensemble analysis and forecast cycle

Nature 525 (3rd September 2015)



  

Ensemble spread vs. skill

Hämäläinen et al., Mon. Wea. Rev. 148, 2020

Raw 50-member ensemble
Statistically calibrated ensemble

Root-mean-square 
of forecast error

Forecast spread 
within the ensemble



  

Ensemble spread vs. skill

Raw 50-member ensemble
Statistically calibrated ensemble

Realistic description of uncertainty would imply that spread ~ skill

Root-mean-square 
of forecast error

Forecast spread 
within the ensemble
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