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ECMWF reanalysis productions over the years

Atmosphere/land including ocean waves (opernicus

1) 1979 - 1981 2) 1994 - 1996 3) 2001 - 2003 4) 2006 - 2019 5) 2016 - ...
FGGE ERA-15 ERA-40 ERA-Interim ERAS5

‘Ocean including sea ice
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‘Centennial Coupled

2013 - 2015 2016 2017
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Enhanced land (o opernicus

\
- ~ 2012 2014 2018 -
ERA-Int/Land ERA-20C/Land ERA5L

Atmospheric composition (opernicus

2008 - 2009 2010 - 2011 2017 - ..
GEMS MACC CAMS
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Why does ECMWEF invest in reanalysis?

Reanalysis provides an excellent testbed for data assimilation

* |t reveals a great deal about the quality of the forecast model

* |t leads to new ways to make better use of observations

* |t exposes bugs and other technical problems in the IFS

Reanalysis data are essential for ECMWEF research and development

* |t provides a comprehensive verification dataset for testing new model developments
* |t allows development of new forecast products that rely on accurate climatologies
* |t 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

e
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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 evalu

NWP forecast skill varies due to

 model and DA upgrades
* changes in the observing system
e atmospheric predictability

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

)

Reanalysis system must be “similar’
to the NWP system
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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. 



Use of reanalysis in probabilistic forecast products

Global EFI - multiple parameters
Forecasts homepage % v

Charts
Anomalous weather predicted by EPS:Wednesday 30 November 2016 0000 UTC
Datasets 1000 hPa Z ensemble mean (Wednesday 30 November 2016 1200 UTC)
and EFl values for Total precipitation,maximum 10m wind gust and mean 2m temperature (all 24h)
Quality of our forecasts valid for 24hours from Wednesday 30 November 2016 0000 UTC to Thursday 01 December 2016 0000 UTC

Documentation and support

Accessing forecasts

© Back to charts

Related charts

EFl 2m temperature

EFl 2m minimum temperature
EFl 2m maximum temperature
EFl wind gust

EFl wind speed

EFI precipitation

EFI significant wave height

EFl snow fall

EFl cape

EFl cape shear

Global EFI - multiple
parameters
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Use of reanalysis for climate services development

Raw
Observations Homogenised
Gridded

Quality control and Data
bias estimates .
services

Under- |< Global and
standing Regional downstream

information
Verification, calibration .
l and diagnosis services

Reconstructions

|‘ Reanalyses

Models Predictions
Projections

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



The EU Copernicus Earth Observation Programme

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

* for atmosphere, SENTINEL-1
Launch Date: 1A: Launched; 1B: Launched
ocean and Iand SENTINEL-6 (Jason-CS) Payload: All Weather Imaging Radar
= 2020 Revisit time: 1-6 Days
° for Cl I mate and = Radar altimeter Applications: Mopltor.lng se§ ice and the Arctic,
. = 10days Land Surface motion risks, disaster response
environ mental = Measure precisif)n sea-surface height
. . for ocean and climate studies SENTINEL-2
monitori ng = 2A: launched; 2B: 2017
‘\f = Qptical imaging sensor with 13 bands
SENTINEL-5 i T e = 25 d.ays.
. A28 I = = Monitoring land-use changes,
2021 A0 = !
& sentinel-1 agriculture and ecosystems, volcanoes

and landslides

= Ultraviolet/visible/near- ¥ centinel-s
infrared/short-wave infrared e iy
spectrometer on Metop-SG A satellite ‘\,‘;«

= Daily SENTINEL-3
= Monitoring of air pollution, = 3A Laun(.:hed; 3B: 2017
stratospheric ozone, solar radiation Q5 = Radar altimeter, Sea/land surface

temperature radiometer, sea/land colour

and climate o A4S
: sentinel-3 ) Imager

Femel ~ = 1-2 days (imagers); 27 days (altimeter)
sentinel+ ) 55/ . = Sea-surface and land-ice topography, sea

SENTINEL-5 precursor

Copernicus = 2016

= Ultraviolet/visible/near-infrared/short-

also prOVideS wave infrared spectrometer SENTINEL-4

and land surface temperature and colour

= Daily = 2021
associated = Monitoring of air pollution, = UItravioIet/visibIe/near-infrargd
stratospheric ozone, solar radiation and spectrometer on MTG-S satellite

Se rVi Ces climate = Geostationary. Hourly coverage of

Europe/North Africa
= Monitoring of air pollution,
stratospheric ozone, solar radiation



he six Copernicus Information Services

Three services

monitoring individual
components of the e

Earth System ... |

Copernicus
Security Service
Copernicus
Marine Environment
Monitoring Service

O

Copernicus Emergency
Management Service
Mapping Component
Copernicus

Atmosphere Monitoring
Service
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... and three themed
cross-cutting
services
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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

Copernicus Atmosphere . X | 4

here.copernicus.eu

B Most Visited @ Getting Started @ Suggested Sites @ Web Slice Gallery
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NEWS & MEDIA
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IN FOCUS

New platform, new resolution, new
frequency: global atmospheric
composition forecasts were never
so fine-tuned

22 Jun 2016

EVENTS CATALOGUE ~ RESOURCES

Global fire emissions

Live Map

CATALOGUE

USER SUPPORT

TENDERS

23 Jun 2016

The Copernicus
‘roadshow’ continues to
roll in Europe

20 Jun 2016

Atmospheric composition
forecasts move to higher
resolution

06 Jun 2016

The new CAMS catalogue
of services and products.
marks a major
improvement on
atmosphere data
accessibility

Y
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climate.copernicus.eu

@ Copernicus Climate Chang... X | 4
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AGIT Symposium and Expo,
Salzburg, Austria

04 Jul 2016
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The Copernicus Climate Change Service
(C3S) will combine observations of the
climate system with the latest science to
develop authoritative, quality-assured
information about the past, current and
future states of the climate in Europe and
worldwide.

22 Jun 2016

How can Copernicus data
transform the water
sector?

21 Jun 2016
The Copernicus ‘roadshow’
continues to roll in Europe

08 Jun 2016

How to adapt:
International Workshop on
Climate Change in
Budapest seeks for

answers
ARCHIVE

Average surface air temperatures
for June 2016

June 2016

ARCHIVE

&
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A Climate Data Store for access to data and tools

Surface air temperature anomaly for July 2018 relative to 1981-2010

CECMWF

Surface air temperature anomaly for July 2018 relative to the July average for the period 1981-2010.
Source: ERA-Interim. (Credit Copernicus Climate Change Service / ECMWF)
DOWNLOAD THE ORIGINAL IMAGE

July 2018 was warmer than the 1981-2010 average over much of Europe. Temperatures were substantially higher
than normal over most of Norway, Sweden and Finland, but were also relatively high over parts of France,
Germany, the Unmited Kingdom and the Benelux countnes. Records for maximum temperature were broken in
places, and many more places saw records for the monthly average temperature broken. Temperatures were
below average over Portugal and parts of Spain, and to a lesser degree over most of the Balkan Peninsula

Heatwaves were also experienced in several other regions of the summer hemisphere. Monthly average
temperatures were much higher than normal over Califomnia, eastern Canada, Algeria, countries bordering the
Caspian Sea, northem China, Korea and Japan. Media articles have reported some of the local temperature
records that have been broken and impacts of the extreme heat.

Regions of the northermn hemisphere that were colder than average include central Russia, where temperatures
were much higher than average in June, and northern Greenland and the far north-east of Canada.

Parts of the Antarctic were less cold than normal for July, although other parts had temperatures that were
below average for the month. Most of Australia had a relatively warm month. Temperatures were above average
over much of South Amertica, most so over the Brazilian state of S&o Paulo, but 1t was colder than average in the
south of the Continent.

Marine air temperatures were above normal on average, and particularly warm over the North Pacific and
Atlantic Oceans to the east of Japan and the USA 1espectively. There were nevertheless numerous oceanic
tegions with below-average temperatures.

cds.climate.copernicus.eu

DATA SUPPLIER

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



Monthly climate bulletins

Implemented by ECMWF as part of The Copernicus Programme News Events Press Tenders Help & Support

@\ Climate
Change Service ABOUT US  WHAT WE DO  DATA QSEARCH

Monthly climate update

WHATWE DO » CLIMATE BULLETIN

Climate bulletins

Through our monthly maps, we present the current condition of the climate using key climate change
indicators. We also provide analysis of the maps and guidance on how they are produced.

HIGHLIGHTS OF THE LATEST MONTHLY SUMMARIES ~ MONTHLY CLIMATE UPDATE  FEATURED STORY ~ MONTHLY
SUMMARIES

Monthly summaries

Surface air Seaice Hydrological Surface in-situ
temperature variables monitoring for
We produce sea-ice Europe
This series of monthly maps every month. This series of monthly
maps and Based on ERA-interim maps and charts, based Monthly and yearly
charts, generated from reanalysis data, these on ERA-interim State-of-the-European-
ERA-interim data, covers provide near real-time data, covers several climate reports provided

climate.copernicus.eu/climate-bulletins

15TH OCTOBER 2018

In Europe, it was the warmest September on record. . ) ) -
Portugal and western Spain were particularly warm. i Simatelptdiery Copertcs JSeptemb Watch later  Share
Iceland, Ireland and Scotland saw generally cooler than

average temperatures.

Japan was hit by two devastating storms, Jebi and
Trami following rains, landslides, floods and record-
breaking heat this year.

Strong tropical cyclone Mangkhut caused at least 134
fatalities 1n the Philippines, Hong Kong and China.

Featured story

29TH OCTOBER 2018

A stormy September

One of the warmest summers on record has come to an end wi
September full of storms. Modelling of historic storms can hell
prepare for such events. We use two of the recent storms to d¢
the improvements we have made with the release of our new |
dataset.

"B Read more
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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




s it possible to accurately represent climate
trends and variability?

The fundamental problem:
* Observation coverage changes over time

* Models biases are partly corrected by observations

Biased model, unbiased observations
" mean error = 0.21 | mean error = 0.11

Apparent climate change induced by changing observing system
_1 | | | | | L | | | | |
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

e (QObservations are also biased

e Data assimilation may exacerbate the problem



Surface air temperature anomalies

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

0.5
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-0.5 CRUTEM2v bias has now been
0.75 addressed: blue line is

' 1960 1965 1970 1975 198 difference between ERA-40 and

CRUTEM4 (Jones et al., 2012)

Warm bias in CRUTEM2v
due to erroneous station data

Warm bias in ERA-40 due to
model bias and insufficient
SYNOP coverage to correct it
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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 |  tooea
DOI:10.1002/qj.2317 L U T
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Troposphere is ok
1998 El Nino ok
Lower stratosphere in ERA-Interim ok
1998 switch SSU-AMSU


Hydrological cycle

Tropical-mean oceanic TCWV (kg/(m*m))

— ERA-Int

LA A AR
AWN\WAN W\,

1989 1990 ' 1991 ' 1992 ' 1993 ' 1994 ' 1995 ' 1996 ' 1997 ' 1998 ' 1999 ' 2000 ' 2001 ' 2002 ' 2003 ' 2004 2005

Tropical-mean oceanic precipitation rate (mm/day)

7 4 = ERA-40 — ERA-Int
— RS5v6e GPCP

JRA -25

1989 ' 1990 ' 1991 ' 1992 1993 ' 1994 ' 1995 ' 1996 ' 1997 ' 1998 ' 1999 ' 2000 2001 ' 2002 ' 2003 ' 2004 ' 2005




Hydrological cycle

2.9

2.8

2.7

2.6

12-month running global mean precipitation (—— ) and evaporation ( -+~ )

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

(@) ERA-Interim

(b) ERA5

GPCP precip GPCP precip
1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015

2.7

2.6
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Note scale
Improved use of rainy radiances in ERA5
Message: slow improvement


E ﬂ e rgy fl u Xes Hersbach et al, 2020

DOI:10.1002/q;j.3803

(a) Anomaly of TOA Net in (Rt) Energy Flux (W/m"2), , ERA-Interim, ERA5
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1980 1985 1990 1995 2000 2005 2010 2015
(b) Anomaly of Net Absorbed by Surface (Fs) Energy Flux (W/m*2), , ERA-Interim, ERA5S

o i # Global mean energy budgets (W/m?)

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

1980 1985 1990 1995 2000 2005 2010 2015
(c) Atmosphere Net In (TEI) Energy Flux (W/m*2), , ERA-20C, CERA-20C, ERA-Interim, ERA5

Model Trenberth et al. (2009) ERA-20CM ERA-Interim ERA5
1980 " 1085 1990 1995 " 2000 2005 2010 " 5 Incoming solar radiation (TSI/4) 341.3 340.4 344.2 340.4
Net absorbed solar radiation (ASR) 239.4 240.9 244.3 242.7
Outgoing long-wave radiation (OLR) 238.5 240.6 245.5 242.2
TOA net radiation in (Rt) 0.9 0.3 -1.2 0.4
Net energy absorbed by surface (Fs) 0.9 1.9 6.9 6.1

Atmosphere net (TEI = Rt — Fg) 0.0 -1.6 -8.1 —5.6
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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
Varlablllty Ho et al 2019

Twelve-month running mean temperature (°C) at 100 hPa averaged over the tropics (20°S to 20°N)

—— ERAS ERA-Interim —— JRA-55 MERRA —— MERRA-2
-78-
-79- ' A
A\ \ -~ ; | ~ /4 “A
\ ‘f ; NS/ \ et / 7N &
-80 : W
-81 Impact of radio occultation data

I | I I [ [ I I I I | | | | | I I I I I I [ [ [ [ I I I | 1 | I | I I I

1980 1985 1990 1995 2000 2005 2010 2015
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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)
e Addressing biases in forecast models

* Improving observation operators

* Better quality control of observations

e 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

Mid to upper stratosphere DOI:10.1002/qj.2317
3 —SSU-2

— AMSU-A12

—SSU-1
— HIRS-2
- MSU-4
— AMSU-A10
7 — AIRS-20...40

HIRS-5

— MSU-2

— AMSU-A6 (Set 1)
— AMSU-AG6 (Set 2)
— AIRS-201...221

1980 1984 1988 1992 1996 2000 2004 2008 2012



Variational bias corrections (K) in ERA-Interim

Drift due to HZO loss

3 Mid to upper stratosphere
. /j"j Drift due to CO, loss in PMR cell

_3 1 1 1 I 1 1 I 1 1 1
Lower stratosphere

Drift from increase

in unadjusted
radiosonde data

Underestimation
of Pinatubo
warming in

GPS RO data
reduce
background bias

\ Aam A
TIROS- N
data poor gums
Middle troposphere

—SSU-2
— AMSU-A12

—SSU-1

—— HIRS-2

— MSU-4

— AMSU-A10

7 — AIRS-20..40

Poor HIRS spectral

2_
response functions
24 0a % WU N p e
1 e~ ad AN VA
0 d

_1_Lt:wm .l\f\m

1980 1984 1988 1992

Solar heating change
1199|6 due to orbital drift

Drift due to fixed
CO2 in RTTOV

2008 2012

HIRS-5

— MSU-2

— AMSU-AG6 (Set 1)
— AMSU-AG6 (Set 2)
— AIRS-201...221

Drift in data from MSU and
early AMSU-A instruments

due to frequency shifts of
local oscillator

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), ...
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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)


What is new in ERA5?
. |ERAdnterim  [ERAS

Period

Availability behind real time

Assimilation system

Model input
(radiation and surface)

Spatial resolution

Uncertainty estimates

Output frequency

Output parameters
Improved observations

Variational Bias Correction

Downscaled land product

€ ECMWF

1979 — present

2-3 months

2006 (31r2), 4D-Var

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

79 km globally
60 levels to 10 Pa

6-hourly analysis fields

84 (sfc) + 25 (wave) + 27 (ua)
Mostly ERA-40, GTS

Satellite radiances

ERA-Interim land, 79km

1979 — present, now extended to 1950

2-3 months (final product)
2-5 days (ERAST)

2016 (41r2), 4D-Var ensemble

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

31 km globally
137 levels to 1 Pa

Based on a 10-member 4D-Var ensemble at 62 km
Hourly (three-hourly for the ensemble)

205 (sfc) + 46 (wave) + 30 (ua)

Various reprocessed CDRs, latest instruments

Radiances, ozone, aircraft temperature, surface pressure,
rain rates

ERASL, 9km

EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS
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ERAS input observations (newly reprocessed in blue)

Geostationary radiances

GOES 16 GEOS Rad.

GOES 15 GEOS Rad.

GOES 14 GEOS Rad.

GOES 13 GEOS Rad.

GOES 12 GEOS Rad.

GOES 11 GEOS Rad.

GOES 10 GEOS Rad.

GOES 9 GEOS Rad.

GOES 8 GEOS Rad.

METEOSAT 11 GEOS Rad. Allsky
METEOSAT 10 GEOS Rad. Allsky
METEOSAT 9 GEOS Rad. Allsky
METEOSAT 8 GEOS Rad. Allsky
METEOSAT 7 GEOS Rad.

MTSAT-2 GEOS Rad.
MTSAT-1R GEOS Rad.

Hyperspectral infrared

& NOAA-20 CRIS Rad.
& METOP-B IASI Rad.
& NPP CRIS Rad.

& AQUA AIRS Rad.
& METOP-A IASI Rad.

Multispectral infrared

& NOAA 14 SSU TOVS1B Rad.

& NOAA 11 SSU TOVS1B Rad.
£ NOAA 9 SSU TOVS1B Rad.
£ NOAA 8 SSU TOVS1B Rad.
£ NOAA 7 SSU TOVS1B Rad.
£ NOAA 6 SSU TOVS1B Rad.
& TIROS-N SSU TOVS1B Rad.

NOAA 12 HIRS Rad.
NOAA 11 HIRS Rad.
NOAA 10 HIRS Rad.
NOAA 9 HIRS Rad.
NOAA 8 HIRS Rad.
NOAA 7 HIRS Rad.
NOAA 6 HIRS Rad.
TIROS-N HIRS Rad.

Microwayve imagers.

GPM GMI Rad
GCOM-W1 AMSR-2 Rad
TRMM TMI Rad.

AQUA AMSRE Rad
DMSP 18 SSMIS Rad.

. All-sky
. All-sky
. All-sky
. All-sky
. All-sky

DMSP 17 SSMIS Rad. All-sky
DMSP 15 SSMI CM SAF All-sky
DMSP 14 SSMI CM SAF All-sky
DMSP 13 SSMI CM SAF All-sky

DMSP 13 SSMI All-sky

DMSP 11 SSMI CM SAF All-sky
DMSP 10 SSMI CM SAF All-sky
DMSP 8 SSMI CM SAF All-sky -+

Microwave sounders

SAPHIR All-sky 1+

FY-3C MWHS2 Rad. All-sky
FY-3B MWHS Rad.

MHS METOP-C MHS Rad. All-sky
MHS METOP-B MHS Rad. All-sky
MHS METOP-A MHS Rad. All-sky
MHS NOAA 19 MHS Rad. All-sky
MHS NOAA 18 MHS Rad. All-sky
NOAA 20 ATMS Rad.

NPP ATMS Rad.

NOAA 14 MSU TOVS1B Rad.

NOAA 12 MSU TOVS1B Rad.
NOAA 11 MSU TOVS1B Rad.
NOAA 10 MSU TOVS1B Rad.
NOAA 9 MSU TOVS1B Rad.
NOAA 8 MSU TOVS1B Rad.
NOAA 7 MSU TOVS1B Rad.
NOAA 6 MSU TOVS1B Rad.
TIROS-N MSU TOVS1B Rad.
NOAA 17 AMSUB Rad.
NOAA 16 AMSUB Rad.

& METOP-C AMSUA Rad.

& METOP-B AMSUA Rad.

& METOP-A AMSUA Rad.

& AQUA AMSUA Rad.

£ NOAA 19 AMSUA Rad.

£ NOAA 18 AMSUA Rad.

& NOAA 17 AMSUA Rad.

& NOAA 16 AMSUA Rad.

& NOAA 15 AMSUA Rad.

o o o° fCY

S

FORECASTS

& NOAA 19 AVHRR |
& NOAA 18 AVHRR |
& NOAA 17 AVHRR |
& NOAA 16 AVHRR |
& NOAA 15 AVHRR |
£ NOAA 14 AVHR

& NOAA 12 AVHR

& NOAA 11 AVHR

& NOAA 10 AVHR
& NOAA 9 AVH

AA 7

LI LI L L L << <<

ey

====

<< <<

& KOMPSAT-5 GPSRO -
METOP-C GPSRO 1
-3C GPSR

& CHAMP GPSRO -
& NESDIS IMS I

JASON 3 RALT WAVE +
SARAL RALT WAVE -

% CRYOSAT 2 RALT WAVE 1
R éASON 2 RALT WAVE -

& ENVISAT RALT WAVE 1

% JASON 1 RALT WAVE -

“ ERS 2 RALT WAVE -

“ ERS 1 RALT WAVE -+

“ METOP-B ASCAT +

% OceanSat-2 Scatterometer 1
“ METOP-A ASCAT +

A QuickSCAT SeaWind +

% ERS 2 Scatterometer 1

% New ERS 1 Scatterometer -

o R o



ERAS input observations (newly reprocessed in blue)

Radar/Gauge composites*

Automatic METAR -

METAR A

£ ACARs with mixing ratio -
& ACARS -

£ WIGOS AMDAR -

£ AMDAR -

& AIREP +---

% Japanese Wind Profiler A
& European Wind Profiler
% American Wind Profiler 2 4
& American Wind Profiler 1 1
& DROP Sonde -

& BUFR LAND PILOT 1

& PILOT SHIP A

& Land PILOT -*-

% % BUFR LAND TEMP -

% % Land TEMP +---

% & Mobile TEMP 1---

% & BUFR SHIP TEMP A

% & TEMP SHIP -~

£ BUFR SHIP SYNOP +

% BUFR LAND SYNOP -

% Automatic Land SYNOP -
% Manual Land SYNOP +---

% Reduced SHIP A

& Automatic SHIP

% Abbreviated SHIP -

& SHIP -+~

& BUFR DRIFTING BUOYS -+
% BUFR MOORED BUOYS -
1 DRIBU-TESAC A

& DRIBU-BATHY +---

& DRIBU -~

METOP-B GOME-2 O3
AURA OMI O3 +

ENVISAT SCIAMACHY O3 -+-
TOMS ADEQS-| 1-+*

EARTH PROBE TOMS O3 ¢---
ERS 2 GOME O3 1--*
METEOR 3-5 TOMS O3 -
NIMBUS 7 TOMS O3 -

& NOAA 19 SBUV-2 03 +
& METOP-A GOME-2 03 -+
& NOAA 18 SBUV-2 O3 -+
& NOAA 17 SBUV-2 03 -+
& NOAA 16 SBUV-2 03 -+
& NOAA 14 SBUV-2 03 -+
& NOAA 11 SBUV-2 03 -+
& NOAA 9 SBUV-2 O3 -+
& NIMBUS 7 SBUV O3 -+
& AURA MLS O3 -1

& ENVISAT MIPAS O3 -

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

_____________________ Ozone retrievals (level2) _ ____ __ __

Preparing input observations for
reanalysis is @ 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
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ERAS analysis increments

(a) Temperature (b) Zonal wind component
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ERA5 model cold bias in lower stratosphere / Change in B in 2000
Comparable size increments in ozone
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Comparable size humidity increments in troposphere


ERA-Interim analysis increments

(a) Temperature (b) Zonal wind component
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Improved spatial and temporal resolution

Florence Thu 13 Sep 2018, 01 UTC for ERAS Florence Thu 13 Sep 2018, 01 UTC for ERA-Interim
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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
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ERAS extension back to 1950

Range (days) when 365-day mean 500hPa height AC (%) falls below threshold
ERAS ERA-Interim ECMWF operations 1981

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

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

1955

1965 1975 1985 1995 2005 2015

S\ INTERNATIONAL
GEOPHYSICAL

Over SHEM there is a dramatic improvement —7
following the introduction of TOVS satellite 31w

: 7 S
data in late 1978. : Australia/New Zealand

1955 1965 1975 1985 1995 2005 2015



Coming next: Coupling with the ocean and sea ice

ERA5/ERA-Interim ERA6
[ tano | [ atmo | | wno | [ atmo | [ ocean |
gr,ﬂ“c% [CERA-SAT)
o
Lano | [(amo | (st ) ((ano | (Lamo | [ ocean |
Jo\— (Cwave )| (= ) S wave) (= )
I [CERA-20C) '
Analysis Analysis

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



Coupled atmosphere-ocean analysis (CERA)

Variational approach is implemented as
iterativ tem with inner-|

l IFS I [ NEMO ] IReIaxation SST external L. . érative syste e oop

analysis minimisations and outer-loop calculations of

fits to observations

Observations

(atmosphere
and ocean)

[HTESSEL] [ WAM ] I LIM ]

Observatl'on misfits

NEMOVAR
IFS 4D-VAR 3D-VAR
O

X]_—;—SX%_

IFS NEMO l Rela. ation
| | ]

The coupled model is used in each of the
outer iterations

SST is computed in NEMO and relaxed to
external analysis

IHTESSEL] [ wam | [ LIM ]

Observat on misfits

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

IFS 4D-VAR

NEMOVAR
3D-VAR

—ﬁ‘”‘%

Relaxation The analysis is dynamically consistent
with respect to the coupled model
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Analysis is consistent with coupled model

Example: Tropical instability waves

CERA-20C ERA-20C
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« tropical instability waves enabled by ocean dynamics

« atmosphere responds accordingly through surface wind
stress
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high-pass filtered SST (color) and wind stress (contour)

Courtesy Eric de Boisseson Laloyaux et al. QJRMS 2016; MWR 2016; JAMES 2018.
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Final remarks and outlook (opermicus

Europe’s eyes on Earth

Copernicus provides sustained funding for reanalysis in Europe — focus on climate

Copernicus also supports work on improving the observational record:
e 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 ERAS input (R2D2)
* Observation operators and QC for older instruments (JEDI/UFQO)

* Evaluation tools for observation impact in coupled data assimilation
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Baseline: ERA-Interim (until 2016) +
ECMWEF operations (after 2016)

] Baseline
I Not used in baseline
I Not used in ERAS
I Reprocessed for ERAS
kA No bias correction
o Prescribed bias correction
VarBC Radiances

Retrieved ozone
Aircraft temperatures
Surface pressure

Rain rates

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

Radar/Gauge composites* -
Automatic METAR A

METAR A

% ACARs with mixing ratio

& ACARS -~

% WIGOS AMDAR -

& AMDAR -~
& AIREP -+

% Japanese Wind Profiler -
% European Wind Profiler -
& American Wind Profiler 2
% American Wind Profiler 1

& DROP Sonde -~ ¥1-

& BUFR LAND PILOT A
& PILOT SHIP -

£ Land PILOT -+~

% & BUFR LAND TEMP A

% & Land TEMP -~
% & Mobile TEMP 1---

% & BUFR SHIP TEMP A

% & TEMP SHIP 1~

& BUFR SHIP SYNOP -
& BUFR LAND SYNOP A

& Automatic Land SYNOP -+~
% Manual Land SYNOP +---

£ Reduced SHIP -
& Automatic SHIP 1
& Abbreviated SHIP -

£ SHIP {---

& BUFR DRIFTING BUOYS A
4 BUFR MOORED BUOYS -
& DRIBU-TESAC A

& DRIBU-BATHY -+
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Baseline: ERA-Interim (until 2016) +
ECMWEF operations (after 2016)

Baseline
Not used in baseline
Not used in ERA5

Reprocessed for ERAS

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

GOES 16 GEOS Rad. 1

METEOSAT 11 GEOS Rad. Allsky
METEOSAT 10 GEOS Rad. Allsky 1
METEOSAT 9 GEOS Rad. Allsky 1
METEOSAT 8 GEOS Rad. Allsky 1
METEOSAT 7 GEOS Rad
METEOSAT 5 GEOS Rad
Himawari 8 GEOS Rad
MTSAT-2 GEOS Rad

MTSAT-1R GEOS Rad.

& NOAA-20 CRIS Rad
& METOP-B IASI Rad
& NPP CRIS Rad

& AQUA AIRS Rad

& METOP-A IASI Rad.

& NOAA 14 SSU TOVS1B Rad
£ NOAA 11 SSU TOVS1B Rad
& NOAA 9 SSU TOVS1B Rad

& NOAA 8 SSU TOVS1B Rad

& NOAA 7 SSU TOVS1B Rad

& NOAA 6 SSU TOVS1B Rad

& TIROS-N SSU TOVS1B Rad
METOP-B HIRS Rad

TIROS-N HIRS Rad.

GPM GMI Rad. All-sky
GCOM-W1 AMSR-2 Rad. All-sky
TRMM TMI Rad. All-sky

AQUA AMSRE Rad. All-sky
DMSP 18 SSMIS Rad. All-sky
DMSP 17 SSMIS Rad. All-sky
DMSP 15 SSMI CM SAF All-sky
DMSP 14 SSMI CM SAF All-sky
DMSP 13 SSMI CM SAF All-sky
DMSP 13 SSMI All-sky

DMSP 11 SSMI CM SAF All-sky
DMSP 10 SSMI CM SAF All-sky
DMSP 8 SSMI CM SAF All-sky

ave sounde

SAPHIR All-sky 1

FY-3C MWHS2 Rad. All-sky 1
FY-3B MWHS Rad.

MHS METOP-C MHS Rad. All-sk
MHS METOP-B MHS Rad. All-sky
MHS METOP-A MHS Rad. All-sky
MHS NOAA 19 MHS Rad. All-sky
MHS NOAA 18 MHS Rad. All-sky
NOAA 20 ATMS Rad.

NPP ATMS Rad

NOAA 14 MSU TOVS1B Rad
NOAA 12 MSU TOVS1B Rad
NOAA 11 MSU TOVS1B Rad
NOAA 10 MSU TOVS1B Rad
NOAA 9 MSU TOVS1B Rad
NOAA 8 MSU TOVS1B Rad
NOAA 7 MSU TOVS1B Rad
NOAA 6 MSU TOVS1B Rad
TIROS-N MSU TOVS1B Rad
NOAA 17 AMSUB Rad

NOAA 16 AMSUB Rad

& NOAA 15 AMSUA Rad. 1
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Baseline: ERA-Interim (until 2016) +
ECMWEF operations (after 2016)

Baseline
Not used in baseline
Not used in ERA5

Reprocessed for ERAS

No bias correction

Prescribed bias correction

Radiances

Retrieved ozone
Aircraft temperatures
Surface pressure

Rain rates

VarBC

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

S 10 AMV

& GgE 09 WV AMV

& GOES 6 AMV subtype 83
& GOES 6 AMV subtype 82

& METESSAT 11 AMV

£ GM5-3 AMV
4 GMS-2 SATOB-AMV

Atmospher

i GMS-1 AMV -+

& KOMPSAT-5 GPSRO

& NESDIS IMS -

ASON 3 RALT WAVE

WAVE
% ERS 1 RALT WAVE +

© METOP-B ASCAT -~

Y OceanSat-Z Scatterometer
% METOP-A ASCAT

& chkSCAT SeaWind

S 2 Scatterometer

% ER
% New ERS 1 Scatterometer
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