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Research to support 
development of 
ECMWF’s Integrated 
Forecast System

Research to support 
development of new 
environmental services in 
Europe  

Implementation of operational services on 
behalf of the European Commission 

From research to services development
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Mention here the strategic vision and hard work by ECMWF directors: Leonnart Bengtsson, Dave Burridge, Dominique Mabouty 
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ECMWF reanalysis productions over the years
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A2) 1994 - 1996
ERA-15

1) 1979 - 1981
FGGE

3) 2001 - 2003
ERA-40

4) 2006 - 2019
ERA-Interim

5) 2016 - …
ERA5

Atmosphere/land                                    including ocean waves

2006
ORAS3

2010 - … 
ORAS4

2016 - … 
ORAS5

Ocean                                                       including sea ice

Centennial                                       Coupled
2013 - 2015 

ERA-20CM/20C
2016 

CERA-20C
2017 

CERA-SAT

2012
ERA-Int/Land

2014
ERA-20C/Land

Enhanced land
2018 - …

ERA5L

2008 - 2009
GEMS

2010 - 2011
MACC

2017 - …
CAMS

Atmospheric composition

LAND ATMOSPHERE OCEAN

WAVE ICECOMPOSITION
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Why does ECMWF invest in reanalysis?
Reanalysis provides an excellent testbed for data assimilation

• It reveals a great deal about the quality of the forecast model

• It leads to new ways to make better use of observations

• It exposes bugs and other technical problems in the IFS

Reanalysis data are essential for ECMWF research and development

• It provides a comprehensive verification dataset for testing new model developments

• It allows development of new forecast products that rely on accurate climatologies

• It is needed for calibration of monthly and seasonal forecasts   

Reanalysis data are extremely popular with external users

• Global datasets for research and education

• Input for downstream models and systems

• Essential data for services development
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Presenter
Presentation Notes
Just the basics – think of this as an outline. Each of the bullets will be illustrate later in the talk
A very difficult test of the data assimilation



Use of reanalysis to evaluate forecast performance
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NWP forecast skill varies due to 
• model and DA upgrades 
• changes in the observing system
• atmospheric predictability

Precipitation skill (SEEPS)

Difference in skill between 
operational forecasts and 
ERA-Interim re-forecasts

Comparing with re-forecasts skill 
can isolate the effect of model/DA 
upgrades 

Reanalysis system must be “similar” 
to the NWP system

Presenter
Presentation Notes
The top panel shows the lead time at which the stable equitable error in probability space (SEEPS) skill for the high-resolution forecast for precipitation accumulated over 24 hours over the extratropics drops below 45%. This threshold has been chosen such that the score measures the skill at a lead time of 3-4 days. 

Much of the recent variation of the score for HRES is due to atmospheric variability, as shown by comparison with the ERA-Interim reference forecast (dashed line in Figure 38, top panel). By taking the difference between the operational and ERA-Interim scores most of this variability is removed, and the effect of model upgrades is seen more clearly (centre panel in Figure 38). For example, the increase in skill at the beginning of 2015 is also seen in ERA-Interim, and the difference has been relatively stable at the time. Towards the end of 2015, however, there is an increase in the skill difference due to the last model upgrade (cycle 41r2) which would have been masked by atmospheric variability if only the HRES scores were considered. 
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Use of reanalysis in probabilistic forecast products



Adrian Simmons: Adapted from a 2009 talk, with acknowledgments to Kevin 
Trenberth and organisers of the 2009 World Climate Conference-3

Use of reanalysis for climate services development



The Copernicus Sentinels, together with other systems for Earth 
Observation, provide (or will provide) operational data:
• for atmosphere,

ocean and land
• for climate and

environmental
monitoring

Copernicus
also provides
associated
services

The EU Copernicus Earth Observation Programme



Three services 
monitoring individual 

components of the  
Earth System …

The six Copernicus Information Services

… and three themed 
cross-cutting 

services

Presenter
Presentation Notes
The Copernicus services provide round the clock information on the state of the Earth – on the Atmosphere, the Oceans and Land environment.

Furthermore, Services are providing important information on 
the challenge of climate change, 
the monitoring of land, atmosphere and marine environment
and they provide civil protection authorities with vital mapping information to manage emergencies such as natural disasters or humanitarian crises.




ECMWF implements two of the services on behalf of 
the European Commission

atmosphere.copernicus.eu

climate.copernicus.eu



A Climate Data Store for access to data and tools

Quality-assured information and tools for 
scientists, practitioners and policy makers.

cds.climate.copernicus.eu



Monthly climate bulletins

climate.copernicus.eu/climate-bulletins

Presenter
Presentation Notes
Common rationale for both monthly bulletins and annual statement: 
Recent past in a climate perspective: Focus on change relative to the period 1981-2010
Pan-European and global
Timely 			
Chain of products / details
Draws on data from in-situ and satellite measurements, and from climate reanalysis
Multi-source analysis

Aim: 
Encourage use of data and information products by an increased user base:
(media-)relevance
Caters for different levels of users
Transparency and traceability via Climate Data store





Is it possible to accurately represent climate 
trends and variability?
The fundamental problem:
• Observation coverage changes over time
• Models biases are partly corrected by observations

• Observations are also biased
• Data assimilation may exacerbate the problem



Red line is difference over Europe between ERA-40 analysis of synoptic data 
and CRUTEM2v (Jones and Moberg, 2003) analysis of monthly station data

Warm bias in ERA-40 due to 
model bias and insufficient 

SYNOP coverage to correct it
Warm bias in CRUTEM2v 

due to erroneous station data

CRUTEM2v bias has now been 
addressed: blue line is 

difference between ERA-40 and 
CRUTEM4 (Jones et al., 2012)

Surface air temperature anomalies 

Presenter
Presentation Notes
Wrong station data came from one country that resent its data for August instead of its data for November (if I remember correctly)



Air temperature anomalies 

Simmons et al, 2014
DOI:10.1002/qj.2317  

ERA-Interim
ERA-40
JRA-55

Presenter
Presentation Notes
Troposphere is ok
1998 El Nino ok
Lower stratosphere in ERA-Interim ok
1998 switch SSU-AMSU



Hydrological cycle 



Hydrological cycle 
Hersbach et al, 2020
DOI:10.1002/qj.3803  

Presenter
Presentation Notes
Note scale
Improved use of rainy radiances in ERA5
Message: slow improvement



Global mean energy budgets (W/m2)

- 03/2000–05/2004 (Trenberth 2009)
- 1989-2008 (ERA-20CM, ERA-I, ERA5)

Energy fluxes Hersbach et al, 2020
DOI:10.1002/qj.3803  

Presenter
Presentation Notes
Corrected an error in TSI calculation
Improved radiative forcing, developed for ERA-20CM (ERA-CLIM) – e.g. volcanic eruptions
Net energy input at TOA is OK
Still a large surface imbalance – DA adds energy to system which is deposited into the surface during background forecasts
ERA-20CM -1.6 should be -0.01. The loss is due to error in IFS model – this makes the ERA5 imbalance worse. (Mayer and Haimberger 2002)



Progress in representing climate trends and 
variability
Twelve-month running mean temperature (ᵒC) at 100 hPa averaged over the tropics (20°S to 20°N)

Ho et al 2019

Impact of radio occultation data

Presenter
Presentation Notes
Impact of RO starting 2006, except MERRA
The shift is smallest in ERA5 and MERRA-2
 



Progress in representing climate trends and 
variability – what is involved?

• Reprocessing input observations
• Improving model input (radiative forcing, boundary conditions)
• Addressing biases in forecast models
• Improving observation operators
• Better quality control of observations
• Bias-aware data assimilation (VarBC, weak-constraint 4D-Var) 
• Performance monitoring, workflows and practices



Variational bias corrections (K) in ERA-Interim
Simmons et al, 2014
DOI:10.1002/qj.2317  



Cao et al. (2009), Dee and Uppala (2009), Kobayashi et al. (2009), Chung and Soden (2011), 
Nash and Saunders (2013), Saunders et al. (2013), Lu and Bell (2014), Simmons et al. (2014), …

Drift due to CO2 loss in PMR cell
Drift due to H2O loss

Drift from increase 
in unadjusted 

radiosonde data
Underestimation 

of Pinatubo 
warming in 
background

GPS RO data 
reduce 

background bias

Solar heating change 
due to orbital drift

Drift in data from MSU and 
early AMSU-A instruments 
due to frequency shifts of 

local oscillator 

Drift due to fixed 
CO2 in RTTOV

Poor HIRS spectral 
response functions

TIROS-N 
data poor

Variational bias corrections (K) in ERA-Interim

Presenter
Presentation Notes
Some of the reasons for variations in the estimated biases are known. In some cases this is due to a true drift in the data, in others due to a problem in the model (e.g.  not taking volcanic aerosols from Pinatubo into account) or data assimilation (e.g. not adjusting for biases of increasing amounts of recent radiosonde data)
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What is new in ERA5? 
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ERA-Interim ERA5
Period 1979 – present 1979 – present, now extended to 1950

Availability behind real time 2-3 months 2-3 months (final product)
2-5 days (ERA5T)

Assimilation system 2006 (31r2), 4D-Var 2016 (41r2), 4D-Var ensemble

Model input
(radiation and surface)

As in ERA-40
(inconsistent SST and sea ice)

Appropriate for climate: greenhouse gases, volcanic 
eruptions, sea surface temperature, sea ice

Spatial resolution 79 km globally
60 levels to 10 Pa

31 km globally
137 levels to 1 Pa

Uncertainty estimates Based on a 10-member 4D-Var ensemble at 62 km

Output frequency 6-hourly analysis fields Hourly (three-hourly for the ensemble)

Output parameters 84 (sfc) + 25 (wave) + 27 (ua) 205 (sfc) + 46 (wave) + 30 (ua)

Improved observations Mostly ERA-40, GTS Various reprocessed CDRs, latest instruments

Variational Bias Correction Satellite radiances Radiances, ozone, aircraft temperature, surface pressure, 
rain rates

Downscaled land product ERA-Interim land, 79km ERA5L, 9km
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October 29, 2014

ERA5 input observations (newly reprocessed in blue)
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• Preparing input observations for 
reanalysis is a massive undertaking

• Under Copernicus, many input data 
records are being reprocessed for use in 
climate reanalysis

• JCSDA is proposing to develop an 
observation data store, provide shared 
access to reanalysis input 

ERA5 input observations (newly reprocessed in blue)

See Hersbach et al. 2020 for details on 
ERA5 input observations 
https://doi.org/10.1002/qj.3803

https://doi.org/10.1002/qj.3803


ERA5 analysis increments

Presenter
Presentation Notes
ERA5 model cold bias in lower stratosphere / Change in B in 2000
Comparable size increments in ozone
-
Comparable size humidity increments in troposphere



ERA-Interim analysis increments



Accumulated precipitation (mm)
Mean sea level pressure (hPa)

ERA-InterimERA5

Improved spatial and temporal resolution

Presenter
Presentation Notes
Reanalysis needs to provide both: 1) accurate synoptic description of the atmosphere. 2) consistent long-term record (for e.g. climate monitoring).
ERA5T will allow users to assess near-real time situations against the available long-term record.



Ensemble spread as a measure of uncertainty 

1971 CERA-20C:
Surface pressure, 
marine wind, only

1971 ERA5:
Upper-air data

1980 ERA5:
Early-satellite era

2018 ERA5:
Current observing system

Presenter
Presentation Notes
Spread is related to the confidence on the synoptic actual weather.




ERA5 extension back to 1950

ERA5 back extension:
NHEM (especially Europe) skill is rather robust, 
but declines prior to the IGY in 1957-1958

Over SHEM there is a dramatic improvement 
following the introduction of TOVS satellite 
data in late 1978.

ERA5 1979 onwards:
Re-forecasts from ERA5 are up to 1 day more skilful 
than ERA-Interim



Coming next:  Coupling with the ocean and sea ice 

The ERA-CLIM2 project pioneered the development of an outer-loop coupled data-assimilation in climate reanalysis
• CERA-20C: centennial reanalysis using surface observations only
• CERA-SAT: proof of concept for a recent 9-year period using the full observing system at the ERA5 EDA resolution

ERA6



The coupled model is used in each of the 
outer iterations

Atmospheric and ocean increments are 
computed in parallel to correct the 
initial state in the inner loops

Variational approach is implemented as 
iterative system with inner-loop 

minimisations and outer-loop calculations of 
fits to observations

The analysis is dynamically consistent 
with respect to the coupled model

Coupled atmosphere-ocean analysis (CERA)

SST is computed in NEMO and relaxed to 
external analysis

Presenter
Presentation Notes
Note: SST used as a constraint on monthly timescales



Analysis is consistent with coupled model

33

Example: Tropical instability waves

CERA-20C
• tropical instability waves enabled by ocean dynamics
• atmosphere responds accordingly through surface wind 

stress

ERA-20C
• monthly SST for boundary condition
• no tropical instability waves or wind stress signals

Courtesy Eric de Boisseson
high-pass filtered SST (color) and wind stress (contour)

ERA-20CCERA-20C
2

Laloyaux et al. QJRMS 2016; MWR 2016; JAMES 2018.

Presenter
Presentation Notes
TIW: westward-propagating waves near the equator
Ocean dynamics, atmospheric response 



Final remarks and outlook
• Copernicus provides sustained funding for reanalysis in Europe – focus on climate

• Copernicus also supports work on improving the observational record:
• Satellite data rescue and reprocessing activities

• Coordination and tools for historical data rescue

• The next global reanalysis (ERA6) will be coupled with ocean/sea-ice

• Reanalysis-producing centers have always worked together, especially on observations

• JCSDA can help the US reanalysis collaborative effort by providing:
• Shared access to observation data, including ERA5 input (R2D2)

• Observation operators and QC for older instruments (JEDI/UFO)

• Evaluation tools for observation impact in coupled data assimilation



Extra slides



Baseline
Not used in baseline
Not used in ERA5
Reprocessed for ERA5

Baseline: ERA-Interim (until 2016) + 
ECMWF operations (after 2016)

No bias correction
Prescribed bias correction

VarBC Radiances
Retrieved ozone
Aircraft temperatures 
Surface pressure
Rain rates

Hersbach et al. 2020: doi.org/10.1002/qj.3803

https://doi.org/10.1002/qj.3803
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