Received: 3 September 2019

Revised: 17 March 2020

W) Check for updates

Accepted: 30 March 2020 Published on: 15 June 2020

DOI: 10.1002/qj.3803

RESEARCH ARTICLE

Quarterly Journal of the RMetS

Royal Meteorological Society

The ERAS5 global reanalysis

Hans Hersbach!

Mufioz-Sabater!

| Julien Nicolas!

| Bill Bell' | Paul Berrisford! | Shoji Hirahara? | Andras Horanyi! | Joaquin

| Carole Peubey! | Raluca Radu' | Dinand

Schepers'® | Adrian Simmons!® | Cornel Soci! | Saleh Abdallal® | Xavier

Abellan'® | Gianpaolo Balsamo!'® | Peter Bechtold'® | Gionata Biavati'!® | Jean

Bidlot!® | Massimo Bonavita! | Giovanna De Chiara!® | Per Dahlgren® | Dick Dee!® | Michail
Diamantakis'® | Rossana Dragani! | Johannes Flemming!® | Richard Forbes!® | Manuel
Fuentes!® | Alan Geer! | Leo Haimberger*® | Sean Healy!® | RobinJ. Hogan'® | Elias
Holm! | Marta Janiskova!® | Sarah Keeley'® | Patrick Laloyaux'® | Philippe Lopez! | Cristina
Lupu'® | Gabor Radnoti! | Patricia de Rosnay!® | Iryna Rozum! | Freja

Vamborg!® | Sebastien Villaume!® | Jean-Noél Thépaut!

'European Centre for Medium-Range
Weather Forecasts, Reading, UK

2Japan Meteorological Agency, Tokyo,
Japan

3The Norwegian Meteorological Institute,
Oslo, Norway

“Department of Meteorology and
Geophysics, Universitit Wien, Vienna,
Austria

Correspondence

H. Hersbach, ECMWEF, Shinfield Park,
Reading RG2 9AX, Reading, UK.
Email: hans.hersbach@ecmwf.int

Funding information
European Union through the Copernicus

Climate Change Service

Abstract

Within the Copernicus Climate Change Service (C3S), ECMWEF is producing
the ERAS reanalysis which, once completed, will embody a detailed record of
the global atmosphere, land surface and ocean waves from 1950 onwards. This
new reanalysis replaces the ERA-Interim reanalysis (spanning 1979 onwards)
which was started in 2006. ERAS is based on the Integrated Forecasting Sys-
tem (IFS) Cy41r2 which was operational in 2016. ERA5 thus benefits from a
decade of developments in model physics, core dynamics and data assimilation.
In addition to a significantly enhanced horizontal resolution of 31 km, compared
to 80 km for ERA-Interim, ERA5 has hourly output throughout, and an uncer-
tainty estimate from an ensemble (3-hourly at half the horizontal resolution).
This paper describes the general set-up of ERAS5, as well as a basic evalua-
tion of characteristics and performance, with a focus on the dataset from 1979
onwards which is currently publicly available. Re-forecasts from ERAS5 analyses
show a gain of up to one day in skill with respect to ERA-Interim. Compari-
son with radiosonde and PILOT data prior to assimilation shows an improved
fit for temperature, wind and humidity in the troposphere, but not the strato-
sphere. A comparison with independent buoy data shows a much improved
fit for ocean wave height. The uncertainty estimate reflects the evolution of
the observing systems used in ERA5. The enhanced temporal and spatial res-
olution allows for a detailed evolution of weather systems. For precipitation,
global-mean correlation with monthly-mean GPCP data is increased from 67%
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1 | INTRODUCTION

The role of reanalyses in climate monitoring applications
is now widely recognized. ECMWF's ERA-Interim reanal-
ysis (Dee et al., 2011) has been routinely used, together
with other datasets, as input to the WMO annual assess-
ment of the State of the Climate and in the assessments car-
ried out by the IPCC!. ERA-Interim and the earlier ERA-40
reanalysis (Uppala et al., 2005) have also been a resource
for the production of ECVs (Bojinski et al., 2014)) and Cli-
mate Indicators recommended by the GCOS. By optimally
combining observations and models, reanalyses indeed
provide consistent “maps without gaps” of ECVs and strive
to ensure integrity and coherence in the representation of
the main Earth system cycles (e.g., water, energy).

Reanalyses have found a wide application in atmo-
spheric sciences, not least in operational weather centres
where, for example, reanalyses are used to assess the
impact of observing system changes, to gauge progress
in modelling and assimilation capabilities, and to obtain
state-of-the-art climatologies to evaluate forecast-error
anomalies.

ECMWF has a long history with reanalysis, as indi-
cated in Table 1, and ERAS is the fifth generation of
atmospheric reanalysis to be produced. Activities on atmo-
spheric reanalysis started in 1979 with the FGGE project,
followed by the production of ERA-15 in the mid 1990s,
ERA-40 from 2001 to 2003, and ERA-Interim from 2006
to 2019. Successive atmospheric reanalyses have typically
offered higher horizontal resolution, more sophisticated
DA schemes and have benefitted from the continuous
development of forecast models. All include a land com-
ponent and, from ERA-40 onwards, ocean surface wave
and atmospheric ozone products have also been included.
Beyond ECMWEF, several groups produce global atmo-
spheric reanalyses and the most recent products are the
MERRA-2 reanalysis (Gelaro et al., 2017) from the NASA
GMADO, JRA-55 (Kobayashi et al., 2015) produced by the
JMA and CFSR (version 2) produced by NCEP (Saha et al.,
2014).

LAll acronyms are defined in the Glossary (Table 8).

to 77%. In general, low-frequency variability is found to be well represented and
from 10 hPa downwards general patterns of anomalies in temperature match
those from the ERA-Interim, MERRA-2 and JRA-55 reanalyses.

climate reanalysis, Copernicus Climate Change Service, data assimilation, ERAS5, historical obser-

In recent years, ECMWF has also undertaken the sys-
tematic production of ocean reanalyses culminating in
the most recent, ORASS5. Although originally these ocean
reanalyses were passive applications of the atmospheric
reanalyses in which the latter provided the atmospheric
forcing for the former, ORASS5 went a step further. For the
first time, the selection of consistent records for SST and
SIC took into account the needs for atmospheric reanal-
yses (Hirahara et al., 2016). Hence, the SST records are
common to both ORAS5 and ERAS.

Within the European Commission-funded GEMS and
MACC projects, and now the Copernicus Atmosphere
Monitoring Service, ECMWF has also produced reanaly-
ses of atmospheric composition in 2008, 2010 and 2018,
respectively (Table 1).

Preceding and in parallel with the development
of ERA5, ECMWF has produced centennial reanaly-
ses within the EC-funded ERA-CLIM and ERA-CLIM2
research projects, involving international consortia and
coordinated by ECMWF. One aspect was the provision
of boundary datasets over the oceans (SST and SIC pro-
vided by the Met Office Hadley Centre) and forcing terms
in radiation (from CMIP5) to provide a good represen-
tation of their evolution over the 20th century. This was
successfully implemented in ERA-20CM, a century-long
ten-member ensemble model-only integration. The next
step was the production of a century-long reanalysis,
ERA-20C, using surface pressure and marine wind obser-
vations only (Poli et al. (2016)). The production of such a
model-based reanalysis that extends back more than one
century was first pursued in the 20CR Project (Compo
etal.,2006) at NOAA's Earth Systems Research Laboratory,
where a reanalysis spanning the period 1871-2010 was
conducted (Compo et al., 2011). An experimental reanaly-
sis from 1939 to 1967 using in addition upper-air temper-
ature and wind was also produced (Hersbach et al., 2017).
In the ERA-CLIM2 project, research towards coupling
with the ocean culminated in a century-long ten-member
reanalysis (CERA-20C) which is based on outer-loop
coupling between the ocean and atmosphere, and an
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TABLE 1 ECMWEF reanalyses

Grid
Reanalysis Period covered resolution
Atmospheric reanalyses
FGGE 1979 208 km
ERA-15 1979-1994 125km
ERA-40 1957-2002 125km
ERA-Interim 1979-2019 80km
ERAS5 1950-present 31km
Ocean reanalyses
ORAS3 1959-2012 1.0°
ORAS4 1959-2018 1.0°
ORAS5 1979-present 0.25°
Atmospheric composition reanalyses
MACC 2003-2012 80km
CAMS-Interim 2003-2018 110km
CAMS 2003-present 80 km

Centennial reanalyses and model-only climate integrations

ERA-20CM 1899-2010 125km
ERA-20C 1900-2010 125km
CERA-20C 1901-2010 125km
CERA-SAT 2008-2016 65km

eight-year reanalysis (CERA-SAT) for the current-day
full observing system with the same resolution as the
ensemble component of ERA5. Collectively, these develop-
ments laid the foundations for future coupled reanalyses
at ECMWF.

The developments outlined above also allow the
extension of ERAS5 further back in time (to 1950) than
ERA-Interim, though the focus for this paper is the period
common to both, 1979-2019. ERAS5 replaces the very pop-
ular ERA-Interim reanalysis, which was progressively
becoming outdated and was stopped at the end of August
2019. ERAS is a highly visible activity within the Coper-
nicus Climate Change Service (C3S; Thépaut et al., 2018),
where it provides an improved and consistent record for
a large number of ECVs for the C3S Climate Data Store
(CDS; Raoult et al., 2017). Besides a considerable increase
in resolution (both in the horizontal and vertical) and
the benefit of 10 years of model and data assimilation
(DA) developments, ERAS5 provides an enhanced number
of output parameters (such as the 100 m wind product),
hourly high-resolution output throughout and 3-hourly

Royal Meteorological Society

Assimilation IFS model

scheme cycle (year) Reference

Ol (1980) Bengtsson et al. (1982)
Ol 13r4 (1995) Gibson et al. (1999)
3D-Var 2314 (2001) Uppala et al. (2005)
4D-Var 31r2 (2006) Dee et al. (2011)
4D-Var 41r2 (2016) This paper

Ol (2006) Balmaseda et al. (2008)
3DVar-FGAT (2010) Balmaseda et al. (2013)
3DVar-FGAT (2016) Zuo et al. (2018)
4D-Var 36r1 (2010) Inness et al. (2013)
4D-Var 40r2 (2014) Flemming et al. (2017)
4D-Var 42r1 (2016) Inness et al. (2019)
4D-Var 38r1 (2012) Hersbach et al. (2015)
4D-Var 38r1 (2012) Poli et al. (2016)
4D-Var 41r2 (2016) Laloyaux et al. (2018)
4D-Var 42r1 (2016) Schepers et al. (2018)

uncertainty information. This uncertainty information
is obtained from the underlying ten-member ensemble
4D-Var DA system.

Another innovative aspect is a timely, preliminary
product that is available within 5days of real time. It is
replaced by a more thoroughly quality-checked final prod-
uct two months later. In practice, though, it is expected
that both products will rarely differ, and in case they do
(due to considerable errors found in the early release),
users will be notified.

The step forward with ERAS5 is illustrated by Figure 1,
which shows a gain of up to one day in skill of re-forecasts
started from ERAS5 (thick lines) analyses using the
ERAS5 model, compared to the re-forecasts run using the
ERA-Interim system (thin lines). The distinct improve-
ment originates from a better forecast model (which is an
integral part of the assimilation system as well) and in par-
ticular the improved analyses from which these forecasts
are started.

This paper provides an overview of the configura-
tion of ERAS and a basic description of its characteristics
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FIGURE 1
anomaly correlations of 500 hPa height forecasts from 0000 and
1200 UTC reach 95% (green), 80% (orange) and 60% (blue), for (a)
the extratropical Northern and (b) Southern Hemispheres, from
1979 onwards. The heaviest lines denote ERA5, and the thin lines
ERA-Interim. Shading denotes the difference between ERA5 and
ERA-Interim. The improvement of ERAS5 with respect to

Range (days) at which running 365-day mean

ERA-Interim is thought to be dominated by a better analysis at
short forecast ranges, while towards longer ranges the improved
forecast model will also contribute

and performance. In general, results cover January 1979
to August 2019, which corresponds with the period for
which ERA-Interim is available for comparison. The
structure is as follows. The general set-up is described
in Section 2. Details on the ERAS5 production and data
access are provided in Section 3. A concise summary of
the model improvements that took place between the
ECMWEF IFS cycle releases between ERA-Interim and
ERAS is given in Section 4. Section 5 details the obser-
vations which were assimilated in ERAS5, a considerable
number of which originate from reprocessed datasets.
Section 6 provides information on the ingested SST, sea
ice, and external forcing applied in the radiation scheme.
The paper continues with some diagnostics from ensem-
ble spread, departure statistics and analysis increments
(Section 7). A basic assessment of characteristics is made
in Section 8 (weather) and Section 9 (climate). This
includes an intercomparison with the global reanalyses
MERRA-2 and JRA-55. Section 10 summarizes strengths
and weaknesses of ERA5 and ends with concluding
remarks.

2 | ERA5CONFIGURATION

2.1 | General overview
This section provides an overview of the configuration of
ERAS. A summary is displayed in Table 2 which includes
a comparison with ERA-Interim.

The starting point for ERA5 is IFS Cy41r2, which was
used in the ECMWF operational medium-range forecast-
ing system from 8 March to 21 November 2016. With
respect to Cy31r2 on which ERA-Interim is based, this
incorporates 10 years of R&D for all its components (atmo-
sphere, land, ocean waves, observation operators and addi-
tional observations; Sections 4 and 5) and improvements
in the DA methodology, which is now based on a hybrid
incremental 4D-Var system (Bonavita et al., 2016). ERA5
contains an ensemble component (EDA; Isaksen et al.,
2010) of one control and nine perturbed members which
provide background-error estimates for the deterministic
HRES DA system. The EDA system provides estimates of
analysis and short-range forecast uncertainty which are
considered to represent the evolution of the errors in the
HRES system. This allows for the estimation of uncertain-
ties in the reanalysis products. A concise assessment of this
innovative feature is provided in Section 7.1. Details of the
EDA system are deferred to Section 2.4. Before then, focus
is on the HRES system.

Although ozone is part of the Earth-system component
atmosphere, for technical reasons in this paper the term
atmosphere will be mainly used to denote the dynamical
and moist thermodynamical state of the atmosphere. The
specifics of the ozone analysis are discussed separately.

The assimilation system makes use of 12-hourly win-
dows in which observations are used from 0900 to
2100 UTC (inclusive) and from 2100 to 0900 UTC (inclu-
sive) the next day. The resulting analysis fields follow
the time evolution within the window and are stored
hourly. Information gathered within each analysis window
is transported by a short forecast initiated from the anal-
ysis fields 9 hr into the window, that is, from 1800 and
0600 UTC, where it provides the starting point (first guess)
for the next assimilation. In these forecasts (which are also
archived hourly) all ERA5 components are coupled. The
atmosphere generates ocean waves through the surface
wind stress, while the waves influence the atmospheric
boundary layer via sea-state dependencies in the surface
roughness. A two-way interaction also exists between the
atmosphere and land (Section 4.3).

The interaction between ozone and the (rest of the)
atmosphere is one-way. Ozone is advected by the atmo-
spheric flow. In addition, the prognostic ozone model
includes the representation of the stratospheric ozone
chemistry based on the Cariolle and Teyssedre (2007)
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TABLE 2

Publicly available now

Overview of characteristics of ERA5

ERA-Interim

1979 - August 2019

Expected in 2020

Availability behind real time 2-3months
Model cycle (year) Cy31r2 (2006)
Atmospheric DA 12 hr 4D-Var

Window for 0000, 1200 UTC

Model input

(radiation and surface)

Spatial resolution

(154ay-1, 03], (03,15]
As in ERA-40,
inconsistent SST
and sea ice

79 kms (TL255)

60 levels to 10 Pa

Ocean waves 1°

Inner-loop resolution TL95, TL159
Land-surface model TESSEL

Soil moisture DA 1D-0I

Snow DA Cressman
Uncertainty estimate None

Output frequency 6-hourly for analyses,

3-hourly for forecasts
Output parameters
Extra observations Following ERA-40, GTS
Reprocessed FCDRs Some
Radiative transfer model RTTOVv7
Clear-sky assimilation

VarBC Radiances only

Radiosonde corrections RAOBCORE

Other corrections scatterometer, altimeter

Note: DA=Data Assimilation; sfc=surface; ua=upper air.

parametrization scheme in which the time evolution is
expressed as a linear expansion with respect to the photo-
chemical equilibrium for the local value of the ozone mass
mixing ratio, the local overhead ozone column, the local
temperature and an additional term for the rapid depletion
associated with the emergence of the ozone hole. How-
ever, the ERAS5 prognostic ozone has no feedback on the

84 (sfc), 25 (wave), 27 (ua)

Royal Meteorological Society

ERAS5

1979 onwards

1950 - 1978

2-3 months (final product)

5 days (preliminary product)
Cy41r2 (2016)

12 hr 4D-Var ensemble

(214ay-1, 09], (09, 21]
Appropriate for climate,

e.g., evolution greenhouse gases,
aerosols, SST and sea ice

31 km (TL639), HRES

137 levels to 1 Pa

0.36°

TL95, TL159, TL255

HTESSEL

SEKF

2D-0I

From the 4D-Var ensemble, EDA
10 members at 63 km (TL319),
ocean waves 1°,

TL127, TL159 inner loops
Hourly throughout

(uncertainty 3-hourly)

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

In addition, latest instruments
Many more (Table 4)
RTTOVv11

Partly all-sky assimilation

Also ozone, ground-based radar-gauge composites,
aircraft temperature, surface pressure
RICH

scatterometer, altimeter

atmosphere via the radiation scheme. Diagnostic ozone is
used instead (Section 6.1).

The HRES assimilation system contains two main
components: incremental 4D-Var (Courtier et al., 1994)
for the atmosphere plus ozone, and the land DA (LDAS).
The interaction between these is an example of weak cou-
pling (Penny et al., 2017), where the influence from the
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FIGURE 2
regarding the atmosphere including ozone (ATMO), land surface
(LAND), ocean waves (WAVE), sea surface temperature (SST) and
sea ice (ICE). Large boxes represent outer-loop integrations

Assimilation diagram for ERA-Interim and ERAS5

(trajectories) where the indicated domains are coupled. Triangles
represent the land-data assimilation (LDAS) and ocean wave
optimal interpolation (OI), while circles correspond to 4D-Var inner
loops. The ocean wave OI assimilation is performed only inside the
final trajectory. For ERAS5 the LDAS assimilation is an example of
weak coupling (Penny et al., 2017) where the influence from land
surface and other observations is only mixed in the next analysis
window via the coupled short forecast from the current

analysis

land surface and other observations is only mixed in the
next analysis via the coupled short forecast from the result-
ing sub-analyses. A graphical representation is provided in
Figure 2. The incremental formulation involves the step-
wise minimization of a linearized quadratic 4D-Var cost
function at reduced resolution in inner loops, with nonlin-
ear updates at full resolution in outer loops (trajectories).
These latter also involve the integration of the coupled
model over the length of the assimilation window. ERAS5
HRES uses three inner loops, and its ensemble compo-
nent two inner loops. The ocean wave analysis, which is
based on optimal interpolation (OI) is performed in the
final trajectory of 4D-Var. In order to match the hourly out-
put of ERAS, this OI is now performed hourly, rather than
6-hourly in ERA-Interim.

The LDAS consists of a number of sub-steps which are
detailed in Section 2.3. Information from SST and SIC is
obtained from external level-4 sources (i.e., gridded and

complete). Their ingestion includes a minor interpola-
tion step which involves regridding onto the ERA5 model
grid, subject to its land-sea mask and some cross-checks
between these two quantities.

2.2 | 4D-Var including variational bias
correction (VarBC)

The objective of 4D-Var is to find the best estimate of the
state of the atmosphere within an assimilation time win-
dow, given a background forecast x" valid at the start of
the window and observations y° falling within that win-
dow. Here, approximately following the unified notation
proposed by Ide et al. (1997), any x contains the model data
at one particular time across all locations, levels and vari-
ables, and any y contains all the available observations in
the window. The aim is to reduce the misfit d between the
observations and their modelled equivalents y, that is,

d=y’ -y, (€)

consistent with the estimated uncertainty of the back-
ground and observations. This is done by adjusting the
state of the atmosphere at the start of the assimilation
window x and, recognising the possibility of bias in obser-
vations, by adjusting a vector of parameters # that describe
such biases b in observation space. Hence the vector of
simulated observations is computed as

y = HX) + b(x, p). ()

In 4D-Var the observation operator H () and bias model
b () include the model integration from the start of the
window to the time of the observation, as well as inter-
polation to the observation location and simulating of the
observed quantity (such as radiance) from the model state.
The bias parameter vector consists of a large number of
small subsets (containing between 1 and 12 elements),
each of which determines the bias estimate for a particu-
lar sub-group of observations, a ‘bias group’. Bias groups
contain anything from a handful to tens of thousands of
observations, collecting for example all the data from one
aircraft flight or from one channel of one satellite instru-
ment on one satellite. In ERAS5 all bias models are linear
(Dee, 2005), that is,

bix, B) = Y pi(X)f; 3)
jes

with p; the linear predictors and where the sum is lim-
ited to the small subset S of bias parameters that relates
to the bias group to which one observation i belongs.
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Each observation enters either exactly one bias group,
or none at all, in which case S =@ and no bias correc-
tion is applied. Such latter observations are also called
anchors. The simplest predictor is a constant, while others
can depend on characteristics of the observations and/or
the model state at the observation location and time.
ERA-Interim was the first ECMWF reanalysis to include
variational bias corrections (Dee and Uppala, 2009). It was
applied to radiance data. In ERAS5 this has been extended
to ground-based radar-gauge composites, total column
ozone, aircraft temperature and surface pressure obser-
vations. The bias correction for radiosonde temperatures,
scatterometer backscatter and altimeter wave height is
prescribed independently of the DA.
4D-Var minimizes the cost function

J(6x,6p) = Jp(6x) + ]p(5ﬂ) + Jo(d) =
1o 1n leorn 1 1. 11
Sox"Blox+ J8f By I6p + AR, (4)

Here 6x = x — x° and 88 = f — B° are the deviation,
or increment from the model and bias parameter back-
grounds x® and g°. T is the transpose operator. While x" is
the result of a model integration starting from the previous
analysis, there is no bias evolution model, so g° are sim-
ply the final values from the previous analysis. Covariance
matrices B, Bg and R express the second-order moment
error characteristics in the background model state, bias
parameter and (bias-adjusted) observations, respectively.
For simplicity in Equation (4), one term with minor effect,
J., has been omitted; this is a digital filter for reducing grav-
ity waves in the increments (Gauthier and Thépaut, 2001).

With the exception of some satellite radiances, correla-
tions between observation errors are neglected, that is, R
is mostly diagonal. In general, ERA5 uses the observation
errors described in Part I of ECMWF R&D (2016). Correla-
tions between bias parameters are also neglected, that is,
By is diagonal. The diagonal elements model the rate at
which bias parameters are allowed to change in one assim-
ilation cycle. For most satellite data, where each bias group
typically contains thousands of radiances, the weight is
chosen to be that of 5,000 observations. Weights for other
bias parameters vary. Off-diagonal terms in B describe the
correlation length-scales in the model background-error
estimate, as well as correlations across variables (such as
between wind and temperature). At ECMWF, B is mod-
elled using the wavelet formulation described by Fisher
(2003), where background-error correlations are local-
ized in both the spectral and the spatial domains. It is
evolved dynamically by the underlying ERA5 ensemble
(Section 2.4).

As mentioned above, the incremental formulation of
4D-Var solves Equation (4) through a series of linearised
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quadratic cost functions known as inner loops. Here min-
imizations are performed where in Equation (4), d is
approximated by the Taylor expansion:

d ~d" - H(x —x") — P§p, 5)

with d" = y° — H(x") — b(x", pY), the nonlinear departure
based on the previous trajectory started at x", 8° where x"
is the updated estimate from the previous minimization.
Matrix H = 0H/0x represents a linearization of the obser-
vation operator and model equations around the most
recent trajectory (indexed n) started from x", performed
at lower inner-loop resolution (Table 2). P = db/dp is
a matrix representation of the VarBC predictors from
Equation (3). In expansion (5), the dependency of x on
b has been neglected. Note that, in contrast to the model
state, the formulation for the bias parameters is not incre-
mental, that is, the optimized increments are only added
in the final trajectory which is conducted after the final
minimization.

The first-guess departure is d® from the background
trajectory, while the analysis departure d? is that from the
final trajectory. In some implementations of 4D-Var, the
terms background and first guess have different meanings,
but here they are interchangeable. So in the remainder of
the paper we refer to d° as the first-guess departure. Note
that both d® and d? include the estimated bias corrections.

Observations in 4D-Var are subject to a range of qual-
ity controls. This includes the a priori blacklisting of data
known to be of poor quality, and a check on the size of
the first-guess departure d® (relative to its expected value,
which is estimated from the observation and background
errors), both of which are applied in the first outer loop
prior to the assimilation. In addition, observations can be
downgraded to have a much reduced weight inside the
minimization, using the method of variational quality con-
trol (VarQC). This procedure is applied from the second
minimization. In ERAS5 it is based on the more robust
Huber norm (Tavolato and Isaksen, 2015) for conventional
data, while for satellite radiances the method of gross error
(Anderson and Jarvinen, 1999), as used for all observations
in ERA-Interim, is still applied.

The blacklist contains rules that vary from the exclu-
sion of certain channels on certain satellites, particular
data over specific regions like land, sea or ice, entire instru-
ments for periods of known anomalies, and particular
observables from in situ observations (like 10 m wind over
land). For ERAS5 this is a blend between the blacklists of
ERA-Interim (details in Dee et al., 2011) and the ECMWF
operational system (for more recent periods), augmented
with rules for newly ingested reprocessed data. In addition,
some extra exclusions were added, such as the blacklisting
of stuck pressure sensors (section 3.4.2 of Hersbach et al.,
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2018) and, based on experience in ERA-Interim, the exclu-
sion of the HIRS instrument on NOAA-18 (as shown later
in Figure 5).

The VarBC coefficients f are initialized by either zero
or based on the most populated bin of first-guess depar-
tures d°. In addition, there is the possibility to spin up their
estimates over a desired period, prior to actively using the
data within their corresponding bias groups. This facility
is used for a large number of satellite data.

The 4D-Var cost function (4) is minimized for the
atmosphere and ozone simultaneously. However, the back-
ground term B is univariate for ozone, that is, there are
no cross-correlations with any other parts of the con-
trol vector. In addition, changes in ozone advection due
to wind increments at the beginning of the assimilation
window or changes in ozone due to temperature pertur-
bations are neglected in the inner-loop minimizations.
The zeroing of the first dependency, which was already
in place for ERA-Interim, prevents anomalously large
wind increments in the stratosphere due to systematic
model bias. Note that updates in wind and temperature
in the outer loops do have an effect on ozone. Therefore,
although reduced, the atmospheric analysis does influ-
ence the ozone analysis. On the other hand, ozone influ-
ences the assimilation of other atmospheric quantities, via
the observation operator for a number of satellite chan-
nels that are sensitive to both ozone and temperature or
humidity. Examples of these are the HIRS instrument
(channel 9), and specific channels for the hyperspectral
radiances from IASI, AIRS and CrIS. The provision of
improved estimates for these observation operators was
one of the drivers to implement a prognostic ozone scheme
at ECMWF. Only when no such observations are avail-
able (as in the pre-satellite era before the early 1970s)
does ozone have no effect on the rest of the atmospheric
reanalysis.

2.3 | Land data assimilation (LDAS)

ERAS includes an advanced land DA system to analyze
land surface prognostic variables (de Rosnay et al., 2014).
It is weakly coupled with 4D-Var (Figure 2). First-guess
values are provided by the short forecasts that originate
from the previous LDAS and upper-air 4D-Var assimi-
lation. However, the LDAS and 4D-Var assimilation are
produced separately and their influence is only combined
towards the next assimilation. It consists of the following
components:

1. A two-dimensional optimal interpolation (2D-OI)
scheme for the analysis of screen-level 2 m temperature

and relative humidity, and for snow (depth and
density),

2. A point-wise Simplified Extended Kalman Filter
(SEKF; de Rosnay et al., 2013) for three soil moisture
layers in the top 1 m of soil, and

3. A one-dimensional OI for soil, ice and snow tempera-
ture.

These analyses only use data where the land-sea mask
is 50% or higher (i.e., including many islands). Over sea,
where 2 m temperature and humidity are purely diagnos-
tic fields in the LDAS (i.e., they do not influence any
subsequent results), increments are set to zero, so the anal-
ysis equals the first-guess. This is an improvement on
ERA-Interim and avoids the incorrect spill-over of incre-
ments from local land observations into the oceans. Over
land, these parameters are fed into the soil-moisture anal-
ysis, and do cycle information forward in time.

For soil moisture, the ERA5 hourly analysis products
follow the temporal evolution of the SEKF within the 12 hr
window. Each OI analysis (components 1. and 3. above)
is based on 6-hr sub-windows along the 12hr assimila-
tion windows of 4D-Var, each only providing an analysis
at the central time of its +3 hr window, without mak-
ing any corrections for misfits in timing. To accommodate
an hourly ERAS product, these OI analyses are now per-
formed hourly, that is, 12 times in the LDAS analysis step,
each retaining a =3 hr observation window. Many obser-
vations are three-hourly (at 0000, 0300, ..,2100 UTC). As a
result of this, analyses at other hours of the day may suffer
from systematic biases. On the other hand, observations
available at other times, such as some observations from
Australia, can introduce systematic biases for analyses at,
for example, 0000 and 1200 UTC. Note that a particular
observation can be used in up to six OI analyses. There is
no conflict here, since up to only one of them (the 0600 or
1800 UTC analysis) is used for the transport of information
towards the next analysis window.

The SST and SIC products are stored hourly as well,
although their values only change once daily in line with
the temporal resolution of the ingested level-4 products.

2.4 | The Ensemble of Data Assimilation
(EDA) systems

The ensemble component of ERAS5 is an EDA of 10 mem-
bers which provides background-error estimates for the
deterministic HRES 4D-Var DA system.

The analysis method is the same for each EDA member
and follows that of the HRES as displayed in Figure 2. In
particular, each member makes use of the flow-dependent

858017 SUOWWIOD A1) 8|qeo![dde 8y A peuienob ae sspiie YO 9sn Jo SNl 10} Aiq1T8UIUO 48] 1M UO (SUORIPUOD-PUR-SLLIBY/LIOO A3 1M AlRIq 1 BU1|UO//SdNY) SUORIPUOD pue SWie 1 8y} 88S *[20z/0T/LT] uo Ariqiauliuo A8|IM ‘AiseAIUN 81e1s opelo(oD Aq £08E Ib/200T 0T/10p/uo" A8 1M Aeiq Ul U0 'SBLLL// Sty WoJj pepeo|umod ‘08 ‘0202 ‘X0L8LLYT



HERSBACH ET AL.

Quarterly Journal of the EIRMets 2007

B matrix as determined by the ensemble as a whole. How-
ever, resolution is lower (TL319, compared to TL639 for
the HRES), and two inner loops are performed, rather
than three. Details are given in Table 2. In addition, each
member (except the control) is run with different ran-
dom perturbations added to the observations. The per-
turbations of observations are sampled from a zero-mean
Gaussian distribution with variance equal to the expected
variances of the observation errors. Likewise, the model
physical tendencies are perturbed (Leutbecher et al., 2017)
in the short forecasts that link subsequent analysis win-
dows. Perturbations in SST and SIC are taken from the
spread within the range of available products (Hirahara
et al., 2016). The perturbations applied to the observa-
tions, the SST, SIC and the model imply that the resulting
background (i.e., short-range forecast) of each member is
implicitly perturbed, thus avoiding the need for explicitly
perturbing the background fields. It can be shown (Isak-
sen et al., 2010) that in a weakly nonlinear environment
the combination of samples of perturbed short-range fore-
casts provides a good flow-dependent error estimate for B
when the ensemble size is sufficiently large.

However, the ensemble size in ERAS5 is quite limited.
Partly for this reason, the EDA and the HRES 4D-Var make
use of a hybrid B formulation (Bonavita et al., 2016). This
means that, as for the operational medium-range system, a
static, climatological background-error covariance matrix
(Bq)i) is combined with a dynamic one computed using
short-range forecasts from the EDA:

B = (1 - a)Bg; + aBgpa. (6)

This latter brings in flow-dependent correlation struc-
tures to the resulting background-error covariance matrix.
The weight « increases with wavenumber, from 0.15 for
the largest to 0.74 for the smallest scales. These weights
are lower than used in the Cy41r2 operational NWP sys-
tem (0.3 to 0.93), in order to limit sampling errors from
the smaller ensemble size (10 versus 25). The vertical pro-
files of the global average ensemble standard deviation for
model state variables are determined by the forecast errors
of the day from the ensemble members.

For data produced prior to March 2017, @« had been
kept constant (0.15) inadvertently for all scales and a sim-
ilar weighting for standard deviation was applied as well.
This affected ERAS5 data from January 2000 to June 2005,
and from January 2010 to October 2014. As will be seen in
Section 7.1, this change had a minor effect on the HRES
reanalysis products. It did have a larger effect on the spread
in the EDA ensemble and standard deviation of analysis
increments.

The static part B, that is, the long-term average error
characteristics of the model first-guess, depends on the
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state of maturity of the observing system as a whole. There-
fore, it should follow the evolution of the observing system.
In ERAS this is handled in a rather crude way. One sin-
gle estimate is used for the period from 1979 to the end of
1999 (called 1979-B};) which represents the early satellite
era, and one from 2000 onwards for the modern satellite
era, which follows what is used by default in Cy41r2 (called
41r2-Bj;). The effect of the abrupt transition on 1 January
2000 on the resulting reanalysis products is described in
Section 9. The narrower correlations of the 41r2-B; allow
for more accurate, local adjustments in the model anal-
ysis around observations, while 1979-B); distributes the
information of sparser observations over larger distances.
The static Bj; matrices were determined from the spread
in a large number of short-range forecasts from dedicated
hybrid EDA runs, spanning several months and combining
winter and summer cases in the period of interest.

The EDA also benefits from VarBC (Dee, 2005). As for
the model initial state x, bias parameters g are not per-
turbed. Analysis updates for § are only estimated from the
control, and are propagated as estimates for g to all per-
turbed members. The reason for this is to avoid artificially
long correlations in the background-error statistics as
derived from the short-range ensemble forecasts (Isaksen
et al., 2010).

3 | PRODUCTION
AND AVAILABILITY

ERAS5 is produced on the ECMWF high-performance com-
puting facility. Typically 6 to 9 days of reanalysis can be
completed per day. To produce 70 or so years of reanal-
ysis in a few years, ERA5 has been split into a num-
ber of parallel streams which are later merged into one
consolidated public dataset. The original target for the
40 years discussed in this paper was to have one stream per
decade starting from ERA-Interim initial conditions, with
the exception of the stream for the 1980s and mid-2010s
which were initialized from ERA-40 and ECMWF oper-
ational (Cy40r1 for 30 May 2014) analyses, respectively.
A one-year overlap between streams allows for a long
spin-up period. In practice, the final consolidated prod-
uct from 1979 onwards was built up from more streams.
Details are listed in Table 3. This deviation was driven
by practical solutions which were implemented to handle
issues that were discovered and resolved during produc-
tion. The most serious of these were: the initial appearance
of anomalously high ozone during the polar night because
of issues with the assimilation of ozone; an incomplete
response to the Pinatubo eruption due to the usage of a
sub-optimal B; in the stratosphere; and the persistent
appearance of anomalous sea ice over parts of the Baltic
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TABLE 3
from January 1979 to end of 2019

Start months in the consolidated public ERAS5 dataset of the collation of production streams

HRES Jan 19797, Jul 1981, Apr 1986, Oct 1988, Aug 1993, Sep 1995, Jan 20007, Oct 20007, Oct 20017,

Oct 20027, Oct 2003", Oct 20047, Oct 20057, Oct 2006, Jan 2008, Jan 2010, Jan 2015, Mar 2019

EDA Jan 1979, Apr 1986, Aug 1993, Jan 2000, Jan 2010, Jan 2015, Mar 2019

Note: The  labels repair runs, while the stream starting March 2019 is effectively a continuation of (i.e., initialized by) its

predecessor and is also used for the timely updates.

during summer. By extending certain streams sufficiently
long into the affected subsequent stream, the final con-
solidated public dataset was not affected by these issues.
Details are provided in Hersbach et al. (2018). Another
solution, which was used to clear the sea ice issue which
was discovered quite late in the production, was to con-
duct a number of relatively short ‘repair’ runs (11 in total)
which replace data from affected periods. Much care was
taken to ensure that the mean state of such re-runs only
deviates significantly from the original products where
required. This was accomplished by warm-starting such
streams from the initial production with a two-week
spin-up. In addition, the VarBC bias parameter estimates
B (Equation (3)) were imposed from the original produc-
tion; this method is also used to avoid systematic dif-
ferences between the EDA members (Section 2.4). Such
re-runs were not conducted for the ensemble component,
which means that the sea ice problem was not resolved
for the uncertainty estimate; the reason for this was the
prohibitive cost of so doing. Some details are provided
in Section 6.2.

As shown later in Section 9, the mean state of the
resulting consolidated dataset exhibits very few signifi-
cant jumps in the troposphere or stratosphere at transition
points between streams. The most serious one is a disconti-
nuity in stratospheric and upper-tropospheric temperature
on 1 January 2000, which is the result of the switch of the
climatological part of the model background error from
1979-B; to 41r2-By;. Stratospheric humidity has a marked
discontinuity at both this transition point and early in
1986, and smaller discontinuities occur at other times.
In the observation-free mesosphere and deep soil (where
spin-up can take several years), at the seams discontinu-
ities in time are in general observed, with the exception of
repair-runs (the streams denoted by a { in Table 3), since
these were warm-started.

The consolidated dataset is archived in the ECMWF
MARS. Its volume from 1979 onwards totals about
Spetabytes. To ensure fast access to ERA5 data, a
post-processed product (around 1 petabyte), is available
on the CDS cloud server (https://cds.climate.copernicus.
eu/; accessed 11 April 2020). This includes upper-air
parameters on 37 pressure levels from 1,000 to 1hPa,

and a large number of near-surface parameters and other
two-dimensional fields. The CDS data have been con-
verted from the native reduced-Gaussian grid to a regu-
lar latitude-longitude grid (0.25° for the high-resolution
deterministic reanalysis and 0.5° for the ensemble prod-
ucts; for ocean wave products, 0.5 and 1°, respectively).
Several parameters, such as precipitation, surface fluxes
and minimum and maximum temperatures, are pro-
vided on the CDS as hourly timeseries which combine
hourly analysis fields with short-range forecasts as needed.
This simplifies many technical difficulties that users have
encountered in the past when retrieving ECMWF reanaly-
sis data.

For convenience, ensemble spread and mean data
are directly available. Monthly-mean averages (both for
a particular hour of the day and averaged over all hours
in the entire month) have been pre-computed as well.
Monthly-mean values for ensemble mean and spread were
not pre-computed.

The ERAS online data documentation (available via
https://confluence.ecmwf.int/display/CKB; accessed 11
April 2020) provides a detailed description of the various
products and a list of all available geophysical parameters.

Timely updates are provided. Each day, one day of
reanalysis products is added with a delay of 5days.
Once a month, one month of this preliminary product
is replaced by a more thoroughly quality-checked final
product with a delay of 2-3months. In practice, both
products will rarely differ, and if they do (due to con-
siderable errors found in the daily release), users will
be notified.

At the time of writing, the back extension from 1950
to 1978 had been completed, though was not yet pub-
licly available. The stream consolidated up to Decem-
ber 1999 has been continued up to end of 2006 since,
as will be discussed in Section 7, its usage of the
1979-B;; has a beneficial effect on stratospheric temper-
ature and the uncertainty estimate for ozone. It differs
very little in the troposphere. A more in-depth assess-
ment is provided in Simmons et al. (2020). This stream,
which is labeled ERAS5.1 in this document, was made
available as a supplement to the existing ERAS5 dataset
in May 2020.
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4 | BENEFITS FROM A DECADE
OF IFS IMPROVEMENTS
AND PREVIOUS REANALYSES

In the ten-year period between ERA-Interim (Cy31r2) and
ERA5(Cy41r2), many significant improvements have been
made to the representation of model processes (and the
treatment of their adjoint and tangent-linear approxima-
tions, where applicable) and to the DA methodology in
the IFS. This section provides for each component (atmo-
sphere, ozone, land and ocean waves) a summary of such
changes, other than those already mentioned in Section 2.
It also provides a summary of the major changes in obser-
vation handling.

41 | Improvements for the atmosphere
The radiation scheme used in ERA5, McRad, described
by Morcrette et al. (2008), is a major upgrade from the
scheme used by ERA-Interim. It incorporates the MCICA
(Pincus et al., 2003) for representing subgrid cloud struc-
ture and overlap, and the short-wave RRTMG (Iacono
et al., 2008), consistent with the existing use of RRTMG in
the long-wave. The radiation scheme is called every hour
on a grid 2.5 times coarser in each horizontal direction.
To mitigate erroneous temperatures at coastlines caused
by the coarser grid, approximate updates to the fluxes
are performed every time step and gridpoint (Hogan and
Bozzo, 2015). Infrequent radiation calls can lead to a warm
stratosphere bias through accumulated numerical error
in sunrise and sunset times, but this has been mitigated
by the Hogan and Hirahara (2016) scheme for computing
effective solar zenith angle.

The large-scale cloud and precipitation scheme, based
on Tiedtke (1993), was upgraded with an improved repre-
sentation of mixed-phase clouds (Forbes and Ahlgrimm,
2014), and prognostic variables for precipitating rain
and snow (Forbes and Tompkins, 2011; Forbes et al.,
2011). In addition, there were numerous improvements
to the parametrization of the microphysics, particularly
for warm-rain processes (Ahlgrimm and Forbes, 2014) but
also ice-phase processes and ice supersaturation.

Changes to the parametrization of convection, origi-
nally based on Tiedtke (1989), include a thorough revi-
sion of the entrainment and the coupling with the large
scale, leading to a large redistribution of rainfall from the
Hadley Cell to the Walker Cell, a large improvement in the
distribution of rain rate versus TRMM and an improved
representation of tropical variability (Bechtold et al., 2008;
Hirons et al., 2013). Improvements in the diurnal cycle
of convection, shifting the rainfall peak over land from
noon to late afternoon, have been achieved by use of
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a modified convective available potential energy (CAPE)
closure (Bechtold et al., 2014).

There were changes to the parametrizations of oro-
graphic drag, subgrid turbulent mixing and interactions
with the surface in unstable and stable conditions (Sandu
etal., 2011; Sandu et al., 2014).

A non-orographic gravity wave drag parametrization
was introduced to represent the effects of upward prop-
agating gravity waves from tropospheric sources such as
deep convection, frontal disturbances, and shear zones.
The parametrization uses a globally uniform wave spec-
trum, and propagates it vertically through changing hor-
izontal winds and air density, thereby representing the
wave breaking effects and associated drag due to critical
level filtering and nonlinear dissipation in the stratosphere
and mesosphere (Orr et al., 2010).

An improvement in the wind extrapolation scheme
SETTLS used for the departure point calculation,
described in Diamantakis (2014), reduced numerical
noise in the upper stratosphere typically occurring during
SSW events. The practical benefits of this modification
was a large reduction of both analysis and forecast tem-
perature error and an overall enhanced medium-range
predictability of SSW events.

Improved de-aliasing of the pressure gradient term
(ECMWF R&D, 2016), reduced numerical noise in the adi-
abatic tendencies, allowing a reduction of the horizontal
diffusion used in the forecast.

Regarding the tangent-linear and adjoint physics that
are used in the inner loops of the 4D-Var DA system
(Janiskova and Lopez, 2013), improvements include:

1. Inclusion of the freezing of rain in the moist physics;

2. Substantial revision of the moist physics to match the
nonlinear reference large-scale cloud and convection
schemes;

3. Replacement of the old long-wave radiation
parametrization (neural network) by the more
elaborate scheme of Morcrette (1991);

4. Linearized version of the new non-orographic gravity
wave drag;

5. Added simplified linearized parametrization scheme
for surface processes to represent the evolution of the
top soil layer, snow and sea ice temperatures; and

6. Revision of the linearized vertical diffusion to match
the changes of the exchange coefficients in the nonlin-
ear scheme.

4.2 | Improvements for ozone

The heterogeneous ozone chemistry, which is based on a
modified version of the Cariolle and Déqué (1986) scheme,
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was updated. A number of changes were introduced in
the assimilation system, such as the extension of VarBC to
observations of total column ozone, which are described in
Sections 4.5 and 5.10.

4.3 | Improvements for the land
component

In ERA5 the HTESSEL land surface scheme is used. Bal-
samo et al. (2015) documented the revised hydrology of
the HTESSEL scheme as used in ERA-Interim/Land com-
pared with the TESSEL scheme (van den Hurk et al,
2000) used in ERA-Interim. Some of the most significant
changes from ERA-Interim to ERAS5 are related to (a)
the introduction of the soil texture map (Balsamo et al.,
2009), and (b) an improved representation of bare soil
evaporation (Albergel et al., 2012). The new scheme also
accounts for seasonally varying monthly vegetation maps
specified from a MODIS-based satellite dataset (Bous-
setta et al.,, 2013). In addition, an enhanced snowpack
parametrization allows a more realistic timing of runoff
and terrestrial water storage variations and a better match
of the albedo to satellite products (Dutra et al., 2010). Bal-
samo et al. (2012) introduced the capacity of forecasting
of inland water bodies and evaluated the impact when
coupled to the atmosphere, following a previous offline
evaluation of sensitivity to lakes (Dutra et al., 2009). The
chosen parametrization for lakes (FLake; Mironov et al,
2010), allows consideration of both subgrid and resolved
water bodies (Manrique-Sufién et al., 2013). This series
of changes contributes to significant improvements in the
soil moisture and land surface fluxes consistency, which
allowed for the usage of satellite data in ERAS to analyse
soil moisture as described below.

Regarding the LDAS, the snow analysis and the SEKF
for soil moisture are an improvement on ERA-Interim in
which a Cressman interpolation and 1D-OI method were
used, respectively (de Rosnay et al., 2013).

44 | Improvements for ocean waves

The model bathymetry was updated to use a more recent
version of ETOPO2 (NOAA, 2006). A new wave advec-
tion scheme was introduced with a revised unresolved
bathymetry scheme to better account for the propaga-
tion along coastlines and to better model the impact of
unresolved islands (Bidlot, 2012). The slow attenuation of
long-period swell as well as the impact of shallow water
on the wind input was introduced with an overall retun-
ing of the level of dissipation due to white-capping (Bidlot,
2012). Extra output parameters were introduced to better

characterise freak waves (Janssen and Bidlot, 2009), swell
systems and wave-modified fluxes to the oceans.

4.5 | Improved handling of observations
ERAS benefits from many improvements in the observa-
tion operators and in the handling of observations imple-
mented in the IFS since the start of ERA-Interim (based
on Cy31r2, with RTTOV-7 as the radiative transfer model).
ERAS5 uses RTTOV-11 (Saunders et al., 2018) as the obser-
vation operator for radiance data (Lupu and Geer, 2015),
which incorporates improvements in the underlying spec-
troscopy in both the microwave and infrared as well as
improvements in the optical depth predictor model rela-
tive to RTTOV-7.

ERAS also benefits from the ongoing development of
all-sky assimilation at ECMWF (Geer et al., 2017). Initially
implemented for the microwave imagers, the scheme was
successfully extended to microwave humidity sounding
data. The approach exploits the capability of RTTOV to
model radiative transfer in cloudy and precipitating atmo-
spheres, as well as a linearised moist physics scheme
(Janiskova and Lopez, 2013), to assimilate microwave
observations in all-sky conditions. All-sky assimilation
improves analyses both through the improved analysis
of moist variables, as well as through improved analyses
of dynamical fields resulting from the ability of 4D-Var
to extract wind information from the advection of trac-
ers, in this case humidity, cloud and rain. The scheme
rectified a problem with the earlier 1D+4D-Var assimi-
lation of rain-affected radiances which, in ERA-Interim,
resulted in an underestimation of global rainfall
(Dee et al., 2011).

Several other developments have enhanced the
exploitation of observations since ERA-Interim. The diag-
nosis and modelling of several types of observation error
has advanced significantly since 2007 (Bormann et al.,
2009). For example, for AMSU-A improvements were
made allowing for increased weight in the assimilation
and improved handling of observation errors in cloudy
scenes and over orography. Situation-dependent observa-
tion errors for AMVs were introduced and the observation
errors for GNSS-RO bending angle data were re-tuned,
with more weight given to bending angles in the middle
and upper stratosphere. Advances have also been made in
extending the use of microwave data over land and sea ice
surfaces (Bormann et al., 2017).

For GNSS-RO data, allowance for tangent point drift
was introduced (Poli et al., 2009) and a 2D observation
operator implemented (Healy et al., 2007). The refractive
index coefficients used in the ray-path computation were
also revised, including non-ideal gas effects (Healy, 2011).
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For observations of total column ozone, quality con-
trol was made stricter, rejecting all observations where
first-guess departures exceed 30 Dobson units. Assim-
ilation of IR ozone-sensitive radiances was introduced
(Dragani and McNally, 2013), exploiting a part of the spec-
trum never used before from HIRS (channel 9) and the
hyperspectral IR sounders IASI, AIRS and CrIS.

Regarding dedicated efforts for the ERAS5 reanal-
ysis, several aspects of the observation operators for
key datasets have been improved for the early satellite
era. Observations from IR sounding instruments provide
important information on upper-air temperatures. This
information is mainly extracted from channels at wave-
lengths around the 15 ym CO; band. For these channels,
the form of their weighting functions, and in particular the
heights of the peaks in the weighting functions, is deter-
mined by the form of the CO, concentration profile which
exhibits seasonal variability as well as long-term trends.
Shine et al. (2008) have shown that the long-term trend
in CO,, if unaccounted for, gives rise to spurious atmo-
spheric temperature trends from SSU observations which
range from -0.4 K decade™! to +0.4 K decade™!, depend-
ing on altitude. In ERA5 the variability in CO, is taken
into account for the early IR sensors assimilated in the
reanalysis for the duration of these missions: HIRS, SSU
and VTPR. CO; profiles used in RTTOV-11 are estimated
from zonal fields as used in the ERAS radiation scheme
(Section 6.1). For the advanced IR sounders (AIRS, IASI
and CrIS) the evolution of atmospheric CO, concentra-
tions is not taken into account and the effect on the esti-
mated bias corrections is as expected and is illustrated in
Figures S1 and S2.

In a separate development, an improved observation
operator for the assimilation of SSU observations has
been incorporated in ERAS5. The SSU instruments, form-
ing part of the TOVS suite of instruments and opera-
tional from late-1978 until mid-2006, provide valuable
information on mid-upper stratospheric temperatures in
the pre-ATOVS era (i.e., pre-1998). The SSU instrument
is an infrared radiometer employing a detection tech-
nique based on pressure modulation. Leaks in the pres-
sure modulator cells have led to complex time-dependent
biases in the observations (Nash and Saunders, 2015). A
parametrized correction scheme has been developed and
tested, based on measured cell pressures, which improves
the simulation of brightness temperatures for NOAA-7 and
NOAA-11.

5 | OBSERVATIONS

This section provides a detailed account of the observing
system as used in ERAS. It starts with a general overview
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in Section 5.1, followed by more details in dedicated sub-
sections.

5.1 | The evolving observing system

The number of observations assimilated in ERAS5 increases
from approximately 0.75 million per day on average in
1979 to around 24 million per day by January 2019. In the
40 years from 1979 to 2019 inclusive, 94.6 billion observa-
tions were actively assimilated in 4D-Var, 65 million in the
OI ocean-wave component and about one billion observa-
tions each of surface air temperature and relative humidity
were processed by the LDAS.

The 4D-Var component of ERAS5 uses observations
from over 200 satellite instruments or types of conven-
tional data. It extracts information from in situ obser-
vations of 10m wind over sea and 2m humidity over
land, and pressure over land and sea. Upper-air obser-
vations of wind, temperature and humidity are obtained
from PILOT, radiosonde, dropsonde and aircraft mea-
surements. Upper-air wind is also obtained from AMV
winds from a number of polar and geostationary satel-
lites. In addition, ERA5 uses information on rain rate
from ground-based radar-gauge composite observations
from 2009. ERAS5 uses measurements from many satellite
platforms. These include radiances sensitive to upper-air
temperature, humidity and ozone from (clear-sky) HIRS,
MSU, SSU, AMSU-A, AMSU-B, ATMS, MWHS and
(all-sky) MWHS2, MHS, and from microwave imagers
(also all-sky) SSMI, SSMIS, TMI, AMSR-2, AMSRE, GM]I,
and (hyperspectral infrared radiances) from IASI, AIRS,
CRIS and (mixed clear-sky and all-sky) from geostation-
ary satellites. ERAS uses level 2 ozone from a range of
instruments. ERAS also benefits from GNSS-RO bending
angles (from 2001, but large quantities from 2006), pro-
viding information on upper-air temperature and humid-
ity. Information on ocean vector wind (4D-Var) and land
soil moisture (LDAS) is obtained from scatterometers,
while information on ocean-wave height (OI) is obtained
from altimeters (both types of instruments from 1991).
In addition, the LDAS uses in situ observations of the
global SYNOP network for temperature and humidity
at screen level, soil moisture and snow depth. From
2004 onwards it also uses information on snow cover
over the Northern Hemisphere from the multi-sensor
IMS system.

Figure 3 shows daily counts of those observations
per assimilated variable, on a logarithmic scale. Radi-
ances are the dominant and growing source of measure-
ments throughout the period. Major developments for
this class of observations have included the transition
from the TOVS (HIRS-2, MSU, SSU) to the ATOVS suite
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FIGURE 3 Number of daily actively assimilated observations (weak colours) and 30-day means (strong colours), both in log10 scale,
for ERA-Interim (blue) and ERAS (red) for the 12 observables for which observations are assimilated in 4D-Var and ocean wave assimilation.
Numbers for (d) upper-air wind exclude assimilated AMV wind. Numbers of these latter are shown for ERAS5 (black), while no statistics are
available for ERA-Interim. Rain (k) is assimilated only in ERAS5. No statistics are available for (1) ERA-Interim significant wave height, while
information on data usage in LDAS is incomplete for both reanalyses. Each 0.3 tick on the vetical axis corresponds to a factor of 2, and minor
ticks (0.1) to a difference of 26%
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(HIRS-3/-4, AMSU-A, AMSU-B) of sounding instruments,
the introduction of hyperspectral infrared radiances and
the increasing availability of observations from a grow-
ing constellation of microwave imagers. There has been a
marked increase in the number of other satellite observa-
tions assimilated, notably GNSS-RO, scatterometer wind
observations and Level-2 ozone products. The volume of
conventional observations has increased steadily through-
out the period. An analysis of the observation impact,
based on the Degrees of Freedom for Signal diagnostic
(DFS; Cardinali et al., 2004) shows that, as expected, satel-
lite observations play a progressively more important role
through the period (Horanyi, 2017).

Figure 3 also shows the observation volumes assim-
ilated in ERA-Interim. Generally, more observations are
assimilated in ERAS. Several discrepancies are apparent.
The divergence in the volume of radiance measurements
assimilated post-2007 (Figure 3a) is due to the assimi-
lation of many new observations in ERAS5, such as the
hyperspectral observations from IASI and CrIS, which are
not assimilated in ERA-Interim, together with the grad-
ual decline in the numbers assimilated in ERA-Interim,
as instruments and channels gradually fail. ERA5 uses
a revised cloud-detection scheme for HIRS (Krzeminski
et al., 2009) which appears to remove more observa-
tions and this is why, initially, fewer radiance measure-
ments are used in ERAS5. The initially smaller gain in
forecast skill for ERAS5 in Figure 1 seems to be unre-
lated to this scheme, though, since ERA-Interim type
experiments with the revised scheme performed com-
parably to ERA-Interim itself. ERA-Interim also shows
a sharp decline in the number of surface pressure and
upper-air winds and temperatures following the tran-
sition by data providers to a BUFR format from 2013
onwards which the system cannot handle. In addition,
ERAS5 makes use of several new and improved reprocessed
datasets.

5.2 | Reprocessed and new datasets
Improvements in the characterisation, inter-calibration
and processing of conventional and satellite measure-
ments have enabled data providers to progressively refine
the quality of historical observations, in terms of coverage
and accuracy. ERAS5 has made use of several reprocessed
satellite datasets, which were acquired from a number of
space agencies and institutes, as listed in Table 4. The
EU-funded precursor project, ERA-CLIM, provided AMVs
from Meteosat-8 and -9 and Metop-A AVHRR. Also shown
in Table 4 are some new datasets not used in earlier
ECMWEF reanalyses. Details are provided in the following
subsections.
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5.3 | Conventional observations
and ground-based radar-gauge composites

Conventional meteorological measurements used as input
in ERAS5 sample the troposphere and the lower and mid-
dle stratosphere, and come from observations made near
the surface on land and over oceans, upper-air sound-
ings, and atmospheric measurements from instruments on
board aircraft operating on air routes. Their spatial cov-
erage and temporal resolution vary in time, from sparse
observations in the 1950s particularly over the South-
ern Hemisphere, to the current dense observing network.
ERAS5 uses conventional observations prepared initially
for ERA-40, spanning September 1957 to December 2001,
and from the operational ECMWF data archive, received
through the GTS, to cover the period from 2002 to the
present. For the period prior to 1979, ERA5 also benefits
from the assimilation of improved reprocessed conven-
tional datasets, including the ISPD v3.2.6 dataset (Cram
et al., 2015), the ICOADS v2.5.1 (Woodruff et al., 2011)
and data collections from the NCEP. Figure 4 provides a
detailed overview of the observation usage in ERAS5 (and
compared to ERA-Interim).

Data selection rules for observations are predefined in
blacklists that cover the entire reanalysis period, and are
applied in the same way as in ERA-Interim (Dee et al.,
2011). Conventional observations are classified into five

types:

- SYNOP, consisting of measurements made near the sur-
face at land stations (surface pressure, relative humid-
ity in daytime in 4D-Var and 2m temperature, rela-
tive humidity and snow depth in the land component)
including airport weather reports (surface pressure),
and on ships (surface pressure, wind components at
10m);

« DRIBU, comprising drifting and moored buoys (surface
pressure, wind components at 10 m);

« TEMP, which includes radiosondes and dropsondes
(temperature, wind components, specific humidity);

« PILOT balloon observations (wind components), and
wind profilers (wind components), and

« AIRCRAFT-based atmospheric observations (tempera-
ture, wind components and specific humidity).

In addition to those observations assimilated in
ERA-Interim, ERAS5 assimilates the NCEP stage IV quan-
titative precipitation estimates produced over the USA
by combining precipitation estimates from the NEXRAD
with gauge measurements. An overview of the method
used to assimilate this product is provided by Lopez (2011).
The usage of these measurements benefits from VarBC
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TABLE 4 Reprocessed and
new(") satellite data assimilated in
ERAS5S

HERSBACH ET AL.

Instrument / Satellite Period covered Agency
Atmospheric motion vectors
Meteosat 1st Gen.(M-2 to -7) 1982-2000 EUMETSAT
Meteosat 2nd Gen.(M-8,-9) 2004-2012 EUMETSAT
GMS (-1,-3,-4,-5) 1979, 1987-2003 JMA
MTSAT-1R 2005-2009 JMA
GOES-9 2003-2009 NOAA
GOES GVAR (-8 to 13,-15) 1995-2013 CIMSS
AVHRR (NOAA-7 to -18) 1981-2014 CIMSS
AVHRR (MetOp-A) 2007-2012 EUMETSAT
Radiances
DMSP SSMI (F-08 to -15) 1987-2008 EUMETSAT CM SAF
Meteosat Second Gen. ASRs 2003-2012 EUMETAT
IASI" (Metop-A,-B) 2006-present EUMETSAT
CrIS* (S-NPP/ NOAA-20) 2012-present NOAA
MWHS"/MWHS-2" (FY-3B,-3C) 2012/2014-present CMA
TMI'/SSMIS’/AMSR-2"/GMI" 2005/2009/2012/2015- NASA/DMSP/

2015/(3)present JAXA/NASA
Ozone channels “(HIRS, 1979-present NOAA, NASA,
AIRS, IASI and CrIS) EUMETSAT and NOAA
Radio occultation
Blackjack 2001-2014 UCAR
(GRACE-A, CHAMP, SAC-C)
IGOR 2006-2014 UCAR
(TerraSAR-X, COSMIC-1 to -6)
Scatterometer wind
ASCAT" (MetOp-A,-B) 2007-2014 EUMETSAT
Oceansat” 2012-2014 ISRO
Ozone retrievals
GOME-2 (Metop-A,-B) 2007-2013 ESA/EUMETSAT
GOME (ERS-2) 1996-2002 ESA
MIPAS (ENVISAT) 2005-2012 ESA
MLS (EOS-AURA) 2004-2014 NASA
OMI (EOS-AURA) 2004-2015 NASA
BUV (Nimbus-4)" 1970-1977 NASA
SBUV and SBUV-2 (Nimbus-7, 1978-2013 NOAA
NOAA-9,-11,-14,-16,-17,-18,-19)
SCHIAMACHY (ENVISAT) 2002-2012 ESA
TOMS (NIMBUS-7, Earth Probe 1978-2006 NASA
ADEOS-1) 1996-1997 NASDA
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Instrument / Satellite Period covered Agency

Scatterometer soil moisture

AMI on ERS-1,-2 1991-2006 TU Wien

Royal Meteorological Society

TABLE 4 Continued

MetOp-A,-B ASCAT 2007-2014 EUMETSAT H SAF

Altimeter wave height

RA on ERS-1,-2 1991-2003 ESA

AltiKa on SARAL" 2014 onwards CNES/ISRO
SIRAL on CryoSat-2" 2014 onwards ESA
Poseidon-2 on Jason-1 2001-2010 NASA / CNES
RA-2 on Envisat 2002-2012 ESA

Radar/Gauge composites* -
Automatic METAR -

METAR -+

& ACARs with mixing ratio
& ACARS -

& WIGOS AMDAR -

& AMDAR 1-*-

& AIREP -+

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

& BUFR LAND PILOT +

& PILOT SHIP +

& Land PILOT +---

“ & BUFR LAND TEMP -

% & Land TEMP +---

% & Mobile TEMP 1---

“ & BUFR SHIP TEMP +

% & TEMP SHIP -~

& BUFR SHIP SYNOP -

& BUFR LAND SYNOP -+

& Automatic Land SYNOP 1---
& Manual Land SYNOP +---

& Reduced SHIP

& Automatic SHIP -

& Abbreviated SHIP -

£ SHIP -+

£ BUFR DRIFTING BUOYS A
& BUFR MOORED BUOYS -+
& DRIBU-TESAC +

& DRIBU-BATHY -+

& DRIBU -+
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FIGURE 4 Conventional observations assimilated per day (2100 to 2100 UTC) in ERAS during the period 1979-2018. Grey bars
indicate types of observation used in both ERAS5 and in the reference system (ERA-Interim, from 1500 to 1500 UTC, until 2016; ECMWF
operations from 2100 to 2100 UTC thereafter; the transition is indicated by the vertical dashed line). Red bars indicate observations
assimilated in the reference system but not in ERAS5, and green bars indicate observations that are used in ERAS5, but not the reference
system. A pencil symbol preceding an observation type indicates that a prescribed bias correction is applied to at least one assimilated
variable (or and/or channel for satellite observations) provided by that observation type. Similarly, an anchor symbol indicates that at least
one variable or channel provided by the observation type is used to anchor the analysis, i.e., it is assimilated without applying a bias
correction. Details on anchored variables and channels as well as on prescribed bias corrections are given in the sections covering the
respective observations. The NCEP stage IV quantitative precipitation estimates observation type is indicated as radar/gauge composites

where all observations are grouped into one bias group
subject to a six-parameter bias model.

In order to better represent past extreme weather
events, the ERA5 segment prior to 1979 will benefit
from the assimilation of the tropical cyclone best-track

minimum sea level pressure data contained in the ISPD
dataset. These are not used in the period from 1979.

At cruise level (around 200 hPa), aircraft observations
are on average biased warm by about 0.2 K, which had
affected temperature analyses in ERA-Interim when their
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numbers significantly increased around 1999 (Dee and
Uppala, 2009). In ERAS5 this has been alleviated by extend-
ing VarBC to aircraft temperatures with one bias group per
type of aircraft. Only one predictor (a constant) is used,
rather than three (also ascent and descent speed) in the
ECMWEF operational system at the time since, during the
preparations for ERAS, that implementation was discov-
ered to be flawed. This has since been corrected (Ingleby
et al., 2018) in Cy45r1 (5 June 2018).

For surface pressure, bias estimates are updated by
VarBC as it was developed for the ERA-20C reanalysis
(Poli et al., 2016), using one group per platform with one
predictor (a constant) and a background B; term that
corresponds to a response time of 60 days. For these obser-
vations, VarBC is performed in the screening task, that
is, before the minimization in 4D-Var. This is achieved by
solving Equation (4) for 68 with éx = 0, which is then
decoupled into a set of low-dimensional linear equations,
one per bias group. For a one-parameter bias model, its
solution is trivial. The reason for this choice is to avoid an
undesired (and understood) interaction with the applied
Huber norm (Tavolato and Isaksen, 2015) which would
lead to a far too slow response.

In the ERAS5 troposphere, about a 10% higher
weight is assigned to radiosonde temperatures than in
ERA-Interim (Tavolato and Isaksen, 2015). In the strato-
sphere the opposite is true, where prescribed observation
errors were inflated by 20-30%. Details are provided in
Table 5. At all heights the weight assigned to PILOT
and radiosonde wind was increased by 10%, while the
weight assigned to radiosonde humidity (assimilated
below 100hPa only) is unaltered. Regarding bias cor-
rections for radiosonde temperature, an update of the
method of a pre-calculated RAOBCORE (Haimberger
et al., 2008) homogenization as in ERA-Interim is used,
where estimates are now also based on comparison
between neighbouring stations, rather than from depar-
ture statistics alone (RICH; Haimberger et al., 2012). An
additional solar-elevation-dependent correction is applied
as in ERA-Interim. From 1 January 2015 onwards, such
estimates are not available and ERAS instead follows the
bias-correction scheme in the operational medium-range
forecast system.

5.4 | Microwave radiances

54.1 | Clear-sky assimilation
of temperature sounder radiances

Measurements from the microwave sounders MSU,
AMSU-A and ATMS (Bormann et al., 2012), assimilated

TABLE 5 Prescribed observation errors (K) for
radiosonde temperature in ERA5 and ERA-Interim as a
function of height
Pressure (hPa) ERA-Interim ERA5
10 1.47 1.66
20 1.05 1.34
30 0.98 1.28
70 0.98 1.28
100 0.91 1.09
150 0.88 0.70
250 0.81 0.73
300 0.70 0.64
400 0.63 0.57
500 0.66 0.61
700 0.77 0.70
1000 0.98 0.89

Note: At other heights, observation error is a linear
interpolation between the values at the listed pressures, while
it is constant from 10 hPa upwards. In the
troposphere/stratosphere in ERAS5, a higher/lower weight than
in ERA-Interim is assigned, with a crossover point at about
132hPa.

as brightness temperatures (as is the case for all radi-
ance observations), provide information on temperature
throughout the troposphere and stratosphere. ATMS
additionally provides humidity sounding capability. This
component of the observing system evolved consider-
ably throughout the 1979-2019 period (Figure 5). For
example in the mid-1990s, typically observations from
two microwave temperature sounding instruments were
assimilated. By early 2005 this had increased to four,
and by early 2019 observations from nine instruments
(seven AMSU-A and two ATMS) were assimilated. This
improves the resilience of the system to discontinuities
resulting from outages of any single instrument, but also
reduces analysis errors through the effect of averaging
independent errors in the observations, as well as through
improved sampling in time through the analysis window.
The radiances are bias corrected using VarBC (Auligné
et al., 2007). The bias correction model for channels
assimilated from these sensors employ a constant term, a
scan-angle-dependent correction (based on a third-order
polynomial in scan-angle) and four airmass predictors,
represented by the thickness of layers 1000-300 hPa,
200-50 hPa, 50-5hPa and 10-1hPa. The exception here
is AMSU-A channel 14 for which no bias correction is
applied, in order to anchor the temperature analysis in the
upper stratosphere.
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Similar bias models are used for the other radi-
ance datasets described below in Sections 5.4.3, 5.5.1
and 5.5.2.

5.4.2 | All-sky assimilation of humidity
sounder radiances

Humidity information throughout the troposphere is
obtained from passive microwave observations, for most
sensors using the all-sky approach (Geer et al., 2017).
Humidity sounding radiances from MHS instruments
on board NOAA-18 and -19 and the MetOp satellites
(Figure 5) are assimilated in all-sky conditions along with
the FY-3C humidity sounder MWHS-2 (Lawrence et al.,
2018). However the MWHS-1 sensor on FY-3B (Chen
et al. 2014) and AMSU-B sensors on NOAA-16 and -17
were assimilated using clear-sky scenes only, as an all-sky
configuration was not available in the Cy41r2 at the start
of ERAS.

5.4.3 | All-sky assimilation of microwave
imager radiances

Microwave imagers provide radiance observations which,
over ice-free ocean surfaces, improve the analysis of
lower-tropospheric humidity, cloud liquid water and
ocean surface wind speed. An overview is given in
Figure 5. ERAS assimilates EUMETSAT CM SAF SSM/I
FCDRs (Fennig et al., 2017) during the period August
1987-December 2008. This aspect of the observing sys-
tem has grown considerably since the 1980s and radiances
from TMI and AMSR-E were used starting in 2005 and
2009 (Geer et al., 2010), SSMI/S on F-17 starting in 2009,
and AMSR2 and GMI in 2012 and 2015 (Kazumori et al.,
2016; Geer et al., 2017). However, to avoid possible bias
problems, usage has been limited through the blacklist to
a maximum of three imagers at any one time. In addi-
tion, the humidity sounding channels of SSMI/S have been
assimilated, including those from the F-18 satellite, which
is not otherwise used.

5.5 | Infrared sounder radiances

5.51 | Multispectral IR radiances

The HIRS instruments are 20-channel infrared radiome-
ters providing information on temperature throughout
the troposphere and lower-mid stratosphere and humid-
ity information in the troposphere. An overview is given in
Figure 5. HIRS radiances have been used from all NOAA

and MetOp platforms (with the exception of NOAA-16 and
NOAA-18) since the TIROS-N satellite.

The SSU instruments provide information on strato-
spheric temperatures, and have three channels with
peak sensitivities in the range 1-15hPa. ERAS5 assimi-
lates SSU observations from NOAA platforms during the
period 1979-2006, and the treatment of SSU includes sev-
eral improvements since ERA-Interim (Section 4.5 and
Kobayashi et al., 2009). SSU channel 3 is used to anchor
the analysis. In contrast to ERA-Interim, it continued to
be used as an anchor with the advent of AMSU-A observa-
tions in 1998.

5.5.2 | Hyperspectral IR radiances
Radiances, assimilated as brightness temperatures, have
been assimilated from the hyperspectral IR instruments
AIRS, IASI and CrIS. An overview is given in Figure 5.
AIRS radiances were assimilated from October 2002
(McNally et al., 2006) and by June 2019 radiances from two
CrIS instruments (S-NPP and NOAA-20; Eresmaa et al.,
2017) and two IASI instruments (Metop-A and -B; Collard
and McNally 2009) were also assimilated. The hyperspec-
tral IR sounders, measuring in the thermal IR region of the
spectrum, provide information on temperature through-
out the troposphere and lower-mid stratosphere and tropo-
spheric humidity. Those channels that provide sufficient
information are assimilated using a cloud-detection tech-
nique based on McNally and Watts (2003). Observation
errors, including inter-channel correlations, have been
estimated using observation space diagnostics (Bormann
etal., 2015).

Variational bias correction is applied to all assimilated
channels with the exception of ozone-sensitive channels at
9.6 um for AIRS (channel 1088), CrIS (channel 626) and
IASI (channel 1585).

5.6 | Geostationary radiances

An overview is given in Figure 5. Infrared radiances from
geostationary satellites are first assimilated in ERA5 in
May 2001 (Meteosat-7). Since that time radiances from the
US GOES series of satellites (specifically GOES-8 to -16),
covering America and neighbouring oceanic longitudes,
with sub-satellite longitudes of 135°W and 60-75°W, from
the Meteosat satellites (-5 to -11) covering much of Europe
and Africa at longitudes of 0°-10°E, and MTSAT-1R and
-2 as well as Himawari-8 covering the Western Pacific,
East Asia and Australia at 140°E have been assimilated.
The IR imager instruments on board these satellites mea-
sure radiances in the mid-IR water vapour band, in one
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to three channels depending on instrument, and pro-
vide information on tropospheric humidity. Details of the
operational implementation of these radiances can be
found in Kdopken et al. (2003), Munro et al. (2004), Lupu
and McNally (2012), Letertre-Danczak (2016) and Bur-
rows (2018). These observations have also been shown
to improve analyses of wind fields through the abil-
ity of 4D-Var to extract dynamical information from the
observed advection of water vapour features (Peubey and
McNally, 2009).

5.7 | Atmospheric motion vectors

AMVs are winds derived by tracking clouds or water
vapour features in a sequence of images obtained from geo-
stationary satellites, or from pairs of images obtained from
polar orbiting satellites. AMVs therefore provide informa-
tion on vector winds throughout the troposphere. Heights
are assigned to the derived AMV winds using infrared win-
dow channel radiances. These observations are not bias
corrected.

ERAS assimilates winds throughout the period from
1979 to the present (Figure 6). AMVs from the GOES
series of satellites, typically located at 135°W and 60-75°W,
cover the American continent from 1979. At 140°E the
GMS/MTSAT/Himawari series of satellites, supplemented
by repositioned GOES satellites, provide near-continuous
coverage of the Western Pacific and East Asia since 1979.
The Meteosat series of satellites, located at 0-10°E pro-
vide coverage over Europe, the Middle East and Africa
since 1982. The status of AMV assimilation at Cy41r2 is
summarised in (Salonen and Bormann, 2016).

ERAS5 assimilates a number of reprocessed AMV
datasets (Table 4) from the three major providers and some
new datasets (i.e., datasets which did not exist previously,
e.g., recently generated polar winds from NOAA LEO
satellites operating in the early 1980s). In pre-production
testing, significant benefit was obtained by assimilating
reprocessed GOES observations (-8 to -13, covering the
period 1995-2013). Model background fits to low-level
winds (below 400 hPa) were improved by 10-30% relative
to those obtained in experiments assimilating the original
near-real-time operational datasets.

5.8 | GNSS-RO bending angles

The GNSS-RO bending angles provide high-quality tem-
perature information in the upper troposphere and low-
er/middle stratosphere. They complement the information
provided by satellite radiances, because they have good
vertical resolution. GNSS-RO measures an accurate time

Royal Meteorological Society

delay. The physical retrieval process is well known, so
they can be assimilated without bias correction. The latter
means that GNSS-RO bending angles are anchor measure-
ments in the VarBC system, and therefore they constrain
the bias corrections applied to the radiances. It has been
shown that the consistency of lower/middle stratospheric
temperatures amongst the global reanalyses has improved
since the assimilation of COSMIC GNSS-RO measure-
ments in 2006 (Long et al., 2017).

The reprocessed COSMIC GNSS-RO dataset, provided
by UCAR, incorporates improved filtering of the measured
phase delays. The improvement was implemented in the
near-real-time operational COSMIC RO dataset in Novem-
ber 2009 and resulted in mean departure statistics more
consistent with those of Metop-A GRAS. An overview is
presented in Figure 6.

5.9 | Scatterometer wind and soil
moisture

Backscatter (level 1B) from scatterometers provides infor-
mation on near-surface vector wind over the global oceans
and soil moisture over land. ERAS5 is the first ECMWF
reanalysis to include remotely sensed observations in a soil
moisture analysis. An overview of the usage of scatterom-
eter data is presented in Figure 6.

In addition to ERS-1/-2 and QuikSCAT, ERA5 makes
use of wind information from the scatterometer on board
Oceansat-2 (2013), and the ASCAT scatterometers on
Metop-A/-B (2007-present), which were not used in
ERA-Interim. To improve their usage for ocean vec-
tor wind, the observation operator now acts on model
equivalent-neutral wind at 10 m height rather than on
10m wind itself (ERA-Interim). For ASCAT and ERS-2
measurements from 22 August 2003 onwards, the rela-
tion between wind and backscatter is provided by the
CMOD5.n geophysical model function (Hersbach, 2010),
while for ERS-2 and (all) ERS-1 observations prior to that
date the (bias-corrected) CMOD4 model (Stoffelen and
Anderson, 1997) as also used in ERA-Interim, was used
by mistake (however, acting on neutral wind). Although
departure statistics suggests that this had a limited effect
on the surface-wind mean state, it likely had a negative
impact on the usage of extreme scatterometer winds for
that period.

Soil moisture information is only extracted from
C-band, and not from Ku-band scatterometers, for which
the shorter wavelength penetrates less deeply into the sur-
face. The usage of a reprocessed product from ERS-1 and
-2 brings the entire time series from 1992 to 2006 into con-
sistency with the soil moisture products from MetOp-A/-B
ASCAT.
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FIGURE 6 Non-radiance satellite observations assimilated in ERAS5. The colour scheme is as for Figure 5

Reprocessed ASCAT observations from Metop-A  5.10 | Ozone
prior to 2014 (both wind and soil moisture) correct
inconsistencies in backscatter and brings observations  An overview is provided in Figure 7. All Level-2 ozone
into agreement with the operational data stream from  products assimilated in ERAS5 except METOB-B GOME-2,
2014 onwards. METEOR-3 and ADEOS-1 TOMS have been improved
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FIGURE 7

through recent reprocessing efforts. Each reprocessed
dataset is based on a single, temporally consistent retrieval
algorithm used throughout the period of availability.
Reprocessed BUV/SBUV/SBUV-2 datasets (version 8.6;
McPeters et al., 2013), from NOAA/NASA, offer an
increased number of levels in the vertical relative to ear-
lier data releases, as well as improved consistency over
the period 1970-2013 while near-real-time observations
were used afterwards. Total column ozone observations
from Nimbus-7, and Earth Probe TOMS (v8.0) were used
in conjuction with an earlier version for METEOR-3
and ADEOS-1 TOMS observations. The reprocessed limb
ozone profiles from MLS (v3) were assimilated until
December 2014 when the assimilation was switched to the
near-real-time product.

For European instruments, several algorithms and
datasets were available at the start of ERAS. Initiatives
such as the European Space Agency-Climate Change
Initiative (ESA-CCI) were instrumental in providing
long-term data records with improved inter-satellite
consistency and uncertainty characterisation. Dedicated
round-robin assimilation experiments were performed for
datasets for which multiple algorithms were available (i.e.,
OMI, SCIAMACHY, MIPAS, GOME, and GOME-2) aim-
ing at identifying the best candidates for ERAS5. Detailed
assessment studies were also performed to evaluate pos-
sible synergies from using ozone products derived from
instruments with different characteristics (Dragani, 2016).

Additional information on ozone in ERAS5 is pro-
vided by ozone-sensitive channels of the nadir-viewing
infrared sounders (HIRS, AIRS, IASI and CrIS; Dragani
and McNally 2013). ERA5 uses the available operational
NWP datasets for these sensors.

Total column ozone observations are subject to VarBC
(Dragani, 2009). The two-parameter bias model corrects
for a global bias and temporal-spatial systematic biases
that vary with solar elevation angle. Observations of partial
ozone layers from nadir- and limb-viewing instruments are
not bias corrected and act as anchors.
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Ozone observations assimilated in ERAS5. The colour scheme is as for Figure 5

Ozone observations from SBUV are not assimilated
in the EDA prior to 2000. Their initial usage in this
component had been shown to lead to an unexplained
high ensemble spread over the polar night, which largely
reduced the weight assigned to the model first guess, and
led to anomalously high values of (total column) ozone
(Hersbach et al., 2018).

511 | Altimeter wave height

Altimeter measurements provide information on sig-
nificant wave height over the ocean. Observations have
been used since the advent of ERS-1 in 1991 (Figure 6).
Observations from SARAL/AltiKa, CryoSat-2 and Jason-2
are based on the operational stream, while those from
ERS-1/-2, Jason-1 and Envisat are based on repro-
cessed products. Altimeter observations are subject
to prescribed bias corrections such that wave height
estimates emerge unbiased with respect to the ERAS
model, rather than with respect to independent in situ
measurements. These wave-height-dependent tables
were based on a comparison with ocean waves from
ERAS5-type test runs without using altimeter data. The
test period (January to May 2003) focused on Envisat
data, while results for other altimeters were determined
by inter-calibration of overlaps between the various
instruments.

6 | OBSERVATION-BASED
GRIDDED FORCINGS
AND BOUNDARY CONDITIONS

Besides information from sub-daily observations, the IFS
relies on climatological information, such as those which
influence forcing from the radiation scheme and the pre-
scription of SST and sea ice over the global oceans. For
ERAS a special effort was made to include state-of-the-art
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TABLE 6

Global mean energy budgets (W - m~2) according to Trenberth et al., (2009), ERA-Interim and the ensemble

mean of ERA-20CM, averaged from March 2000 to May 2004 for Trenberth et al., (2009), and from 1989 to 2008 for ERAS,
ERA-Interim (both based on the first 12-hr forecasts) and ERA-20CM

Model Trenberth et al. (2009) ERA-20CM ERA-Interim ERA5
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 (Rrt) 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 = Ry — Fg) 0.0 -1.6 -8.1 —5.6

datasets that describe well the low-frequency variability of
the climate system. A large part of this work was prepared
during the ERA-CLIM project.

6.1 | CMIP5 radiation forcing terms

The provision of the total solar irradiance (TSI) is
very important, as well as the provision of fields of
aerosols, greenhouse gases and ozone. A reanalysis span-
ning several decades requires that such fields follow the
observed 20th and 21st century evolution. Within the
ERA-CLIM project, state-of-the-art standardized sets of
such long-term forcing fields from the WCRP initiative
CMIP5 were implemented as options in the IFS. They were
first tested in an ensemble of century-long model inte-
grations (ERA-20CM). These modifications are shared in
ERAS5. Details may be found in (Hersbach et al., 2015). This
is an improvement on ERA-Interim, which, for example,
omitted the occurrence of stratospheric sulphate due to
major volcanic eruptions.

The average effect of these forcings on global radiation
budgets averaged from 1989 to 2008 is displayed in Table 6
where, as in Berrisford et al. (2011), values are compared
with Trenberth et al. (2009). From this it directly emerges
that the lower value of TSI for ERAS5 (based on rescaling
to match the Total Irradiance Monitor instrument (Lean
et al., 2005), first used at ECMWF in the Seasonal System 4
implementation (Molteni et al., 2011)) compares consid-
erably better with the estimates from Trenberth et al
(2009) than ERA-Interim does, which by mistake used
values which were too high. The net energy input at the
TOA, which results in a net global warming, agrees within
known uncertainties (Allan et al., 2014; Trenberth et al.,
2014); this is in contrast to ERA-Interim which has the
wrong sign. However, as for ERA-Interim, the net energy
absorbed by the surface is far too large. This leads to a net
energy loss of the atmosphere of about 5.6 W - m™2 (8.1 W -
m~2 for ERA-Interim). Apparently the assimilation system

systematically adds energy, which is then deposited into
the surface during the connecting short forecasts, which
emerges as the diagnosed loss (Mayer and Haimberger,
2012). The loss of =1.6 W - m~2 for ERA-20CM results from
an unknown error in the calculation of the post-processed
2D fields for energy budgets within the IFS, since for these
model-only runs the energy in the atmosphere should rise
by only about 0.01 W - m~2 (associated with global warm-
ing). Although the magnitude of this deficit varies with
model cycle, this would suggest that the actual energy
imbalance in ERAS is in the order of 4 W - m~2.

A more detailed picture is presented in Figure 8, which
shows the evolution from 1979. Figure 8a shows that
the response from the El Chichén and Pinatubo erup-
tions is clearly captured by ERA5 and ERA-20CM, but
missed by ERA-Interim. Responses from El Nifio events
are captured by all. At the TOA there is no obvious and
significant long-term change. This is in sharp contrast
to the surface (Figure 8b), and the resulting net loss in
energy (Figure 8c) is worse when going further back in
time. This could be the result of larger systematic incre-
ments. Around 2010, ERAS5 for a brief time almost reaches
the ‘energy-neutral’ state of ERA-20CM. A detailed study
on the origins and evolution of sinks (and sources) is
required. For ERA-20C and CERA-20C the Total Energy
Input (TEI) is remarkably good and comparable to that for
ERA-20CM.

6.2 | Sea-surface boundary conditions

In ERAS5, conditions for SST and SIC are provided by exist-
ing level-4 (i.e., gap-less) gridded datasets. ERA-Interim
had used partly what was used in ERA-40 (Fiorino,
2004) and subsequently what was used in the operational
medium-range forecasting system at the time. Details may
be found in table 1 of Dee et al. (2011). For ERAS5 a careful
selection procedure was conducted (Hirahara et al., 2016).
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The goal was to compile a dataset from 1950 onwards
that is

(a) asaccurate as possible at each moment in time,

(b) has quality suitable for climate applications, for
example exhibiting no noticeable breaks at transitions
between datasets, and

(c) is able to provide timely data for the ERAS5 continua-
tion close to real time.

For SST various flavours of the Met Office Hadley
Centre HadISST2 product (J.J. Kennedy, 2016, personal
communication) were considered (as developed within
the ERA-CLIM project and used in the ERA-20CM,
ERA-20C and CERA-20C centennial products), as well as
the Climate Change Initiative (ESA CCI) SST v1.1 (Mer-
chant et al., 2014), to be combined with the Met Office
OSTIA product (Donlon et al., 2012) used in the ECMWF
medium-range forecasting system since 2007. For SIC the
EUMETSAT OSI SAF reanalysis product (v409a; Eastwood
et al., 2014) and various flavours of the HadISST2 sea ice
product (Titchner and Rayner, 2014) were considered, to
be combined with the operational OSI SAF product that is
also part of the OSTIA product.

As a result of this study, the choices for ERAS are dis-
played in Table 7. As mentioned in Section 2.4, the SST and
SIC for the ERAS5 EDA follow a perturbation method as
described in Hirahara et al. (2016). ERAS5 uses the OSTIA
product at the appropriate validity date. This is in contrast
to the ECMWF operational forecasting system, where, due

to the stricter analysis cut-off time, only the product from
the previous day is available. The long-term evolution of
SST and SIC as used in the ERA5 HRES is displayed in
Figure 9. The global-mean SST shows the impact of global
warming from the mid-1970s, as well as the influence from
El Nifio events and major volcanic eruptions. Arctic sea
ice shows a general decline over time, especially during
summer.

Compared to ERA-Interim, ERA5 uses enhanced qual-
ity control to deal with spurious coastal sea ice in the
Northern Hemisphere. The limit of clearing ice when SST
exceeds 1°C (ERA-Interim) was raised to 3°C. It is very
effective and not overactive. For the modern period, where
OSTIA is used, this check is not required. Unfortunately
this enhanced check was only introduced quite late in the
production, to counteract the lack of any quality control in
the initial part of the production, which appeared to give
rise to spurious ice over the Gulf of Finland and several
other locations during each summer prior to 2008. For the
HRES final production, this was resolved through repair
runs as indicated in Table 3. For the EDA no repair runs
were conducted. As a result the EDA does contain spurious
ice during summer months in the periods from January
1979 to June 1981, April 1986 to September 1988, August
1993 to August 1995, and from January 2000 to August
2007 (the end of usage of the OSI SAF sea ice product).
The effect on the ERAS5 ensemble spread is found to be rel-
atively minor. An example is provided in Figure 10 which
confirms (a) a good-quality ice product for the HRES, (b) a
degraded estimate for the EDA, but (c) with a mild effect on
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TABLE 7 SST and SIC products as used in ERA5

Time period

January 1949-December 1960
January 1961-December 1978
January 1979-August 2007
September 2007 onwards

Note: All products are daily, although ‘pentad’ is based on 5-daily and ‘monthly’ (and all HadISST2 ice datasets) on one-monthly
analysis windows. HadISST2 sea ice is gridded on 0.25 °, although the native resolution is 1°. The OSI SAF (409a) 10 km polar

stereographic grid is regridded in-house to facilitate its usage. OSTIA is used for the correct date (see text for details).

FIGURE 9 Time series of
(a) global sea surface
temperature (°C) and (b) Arctic
sea ice cover (percent) as used in
the ERAS5 HRES assimilation for
data that have been released at
the time of writing (from 1979
onwards), and produced but not
yet released (1950-1978), for
monthly (blue) and yearly (red)
running-mean averages

(a) ERA5 HRES

(a) ERAS5 Sea Surface Temperature (Celsius), GLOBE (monthly, yearly, moving average)
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Zonal-mean cross-section on a logarithmic pressure scale (hPa) of ERA5 control (contours) and ensemble spread (colour

shading) of temperature (°C) averaged over (a) 1980 and (b) 2017. The top of the black areas at the bottom mark the zonally and yearly

averaged surface pressure (hPa)

the ensemble spread for 2 m temperature. The large spread
south of Novaya Zemlya appears for a number of days in
July 2006 and indicates a particular sensitive location for
that month.

ERAS5 does not impose the 100% ice concentration
north of 82.5°N as was applied to ERA-Interim between
January 1989 and February 2009 (Figure 10c), which was
particularly poor in September 2007 when sea ice retreated
beyond that perimeter. In addition, in ERA5 the mini-
mum non-zero sea ice fraction was lowered from 20%
(ERA-Interim) to 15%, since the latter coincides with the
usual threshold for defining ice edge.

7 | DATA ASSIMILATION
DIAGNOSTICS

7.1 | Evolution of the ERAS5 uncertainty
estimate

The ERAS5 EDA spread among the ten ensemble mem-
bers can be interpreted as a measure for the uncertainty
in the HRES estimates. It mainly samples random errors,
although perturbations in the HadISST2.2 SST dataset
do contain long time correlations. The perturbed model
tendencies can also lead to small systematic differences
in model climate for perturbed members with respect
to the unperturbed control. However, systematic differ-
ences between perturbed members are small. For example,
in 2018 the mean difference (globally) between the nine
ensemble members and the control member, for the vari-
ables temperature, relative humidity and u-component of
wind at the 500 hPa level were 0.006 K, 0.3% and 0.4 cm-s™!
respectively. Values of a similar magnitude were found for
1980.

For this reason the ensemble spread should mainly be
used as a guide for the quality of representing the cor-
rect synoptic situation at a given time, rather than for
long-term and/or large-scale averages, such as the global
mean 2 m temperature. For such quantities any systematic
errors in the ERAS5 mean state may become significant and
are not represented by the ensemble.

The magnitude of the ensemble spread is closely
related to the quality of the observing system. An example
is provided by Figure 11, which shows cross-sections of
the one-yearly and zonally averaged (synoptic) ensemble
spread in temperature for (a) 1980 and (b) 2017. The year
1980 falls in the early-satellite era with upper-air sen-
sitive data predominantly from the TOVS satellites and
radiosondes. This explains why ensemble spread is the
lowest over the Northern Hemisphere troposphere and
lower stratosphere where radiosondes are mostly avail-
able. The spread in the tropical upper stratosphere is quite
large. In 2017 the observing system is much more compre-
hensive; about 30 times more observations are assimilated.
Asaresult ensemble spread has tightened up almost every-
where.

The 40-year evolution of monthly and globally aver-
aged spread is displayed in Figure 12. The reduction over
time of temperature (Figure 12a) at 3hPa is quite large.
Major improvements seem to coincide with the advent of
ATOVS data in 1998, and increasing numbers of GNSS-RO
datain 2006. At other heights improvement of temperature
estimates is more gradual. In the troposphere, ensemble
spread is smallest in the mid to upper part and max-
imal at around 850hPa. For zonal wind (Figure 12b),
improvement over time is also largest for the upper part
of the stratosphere, with the most radical changes marked
around 1998 and 2006 as well. Spread is lowest near to the
surface.
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Time series of monthly and globally averaged ERAS5 ensemble spread from 1979 to 2018 at indicated pressure levels for

(a) temperature (K), (b) zonal wind (m-s~!), (c) ozone (partial pressure in mPa) and (d) specific humidity (in percent of the 1981 to 2010
mean value at the pressure level in question). For (c), ozone estimates from ERA5.1 (dotted lines) have been included for 50 and 300 hPa

Ozone (Figure 12c) shows two enhanced periods for
spread at 50 hPa which start at the consolidation seams
of January 2000 and January 2010. This inflation is not
related to differences in data usage. Instead, these are the
result of a configuration change of the EDA configuration
in March 2017, as explained in Section 2.4. These segments
originate from the production streams that had been pro-
duced prior to that date. For the extension ERA5.1 (also
displayed in Figure 12c) this increase is not observed.

The spikes in spread at 3hPa in 1995 and 1997 are
related to anomalously high values of ozone in the polar
night at those heights and were created by erroneous anal-
ysis increments. These stem from the same mechanism as
described in Hersbach et al. (2018), although in a much
milder form, and hardly affect estimates of total column
ozone. Somewhat surprisingly, the spread for tropospheric
ozone increases over time.

For tropospheric humidity (Figure 12d) the spread
decreases over time, with a sharp drop in late 1987 at
850 hPa coinciding with the start of microwave imager
assimilation with the first SSM/I. Relative spread is lowest
near the surface.

7.2 | Fit to observations

The increasing confidence of ERAS5 HRES estimates over
time, as apparent from the EDA ensemble spread, can be
verified by a comparison with observations. An example
is provided in Figure 13 for ERAS analysis ocean wave
height versus independent buoy observations. Compared
to ERA-Interim, the scatter index (normalized standard
deviation) is in addition much lower (i.e., improved),
where both are verified against the same dataset. One can
also infer such evolution from the statistics of departures
(defined in Equations (1) and (2)) that are readily avail-
able from the assimilation system. Analysis departures are
not useful here, since these express the extent to which
the analysis has drawn to the observations, rather than
providing an independent assessment of performance.
As an alternative, first-guess departures are much more
informative, since these represent the comparison with
observations just prior to their assimilation. Therefore
these are more (but not totally) independent. The 40-year
evolution of the standard deviation of such first-guess
departures is displayed in Figure 14 by red curves for
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30-day mean (weak colours) of the standard deviation of first-guess departures and 360-day mean (strong colours), for

used data in ERA-Interim (blue) and ERAS (red) for (a) upper-air temperature from radiosondes (from top to bottom in the panel) within

+25hPa of 50, 850 and 400 hPa; (b) upper-air zonal wind from radiosondes, dropsondes and PILOTSs; (c) upper-air humidity from radiosondes

and dropsondes; (d) surface pressure from SYNOP, buoys, ships and METAR; () 10 m zonal wind over sea from various in-situ sources; and

(f) 2 m relative humidity from SYNOP. The statistics for (b, c) are number-weighted averages of the standard deviation over pressure bands of

50 hPa throughout the vertical, without making corrections for any pressure-dependent biases. The vertical black line marks the start date of

the usage of BUFR TEMP data in ERAS from 1 January 2015 (Figure 4)

upper-air data from assimilated radiosonde, PILOT and
dropsonde data (a—c) and for near-surface observations
from SYNOP, buoys, ships and METAR data (d-f). The fits
do improve considerably over time. However, it should be
realized that these statistics measure the joint (random)
error between the reanalysis short forecast and observa-
tions, and the latter, generally, also improve over time.
In addition, changes in sampling can also have an effect.
A clear example is the apparent massive improvement in

statistics for upper-air temperature once data from BUFR
radiosondes are assimilated from 1 January 2015. This is
partly explained in Ingleby et al. (2016). Where previously
observations were more commonly used near significant
levels which are typically more difficult to represent, the
BUFR radiosonde data sample the vertical more densely
and homogeneously (figure SB1 of that paper). Figure S4
here shows the degree to which the spread (expressed as
a standard deviation) in the ERAS5 first-guess departures,
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for radiosonde temperatures at 500 hPa, is consistent with
the spread in the EDA and the assumed observation
erTOorS.

For ERA-Interim, corresponding fits are displayed by
the blue curves in Figure 14. Note that the comparison
between ERA5 and ERA-Interim is not pure, since the
verification sets (the used datasets) differ, as well as their
bias adjustments. However, for the report types considered
here, the differences are reasonably small prior to January
2015 (when ERAS5 starts using BUFR data). For ERAS the
fit to observations is better over the entire troposphere,
in particular for the near-surface parameters. The strato-
sphere is an exception, where the fit for ERAS is actually
worse for temperature (Figure 14a) and wind (not shown).
The transition point is around 100 hPa. One reason for this
is that, despite 10 years of model development, Cy41r2
exhibits a larger lower stratosphere cold bias. Therefore,
the analysis system is required to apply larger increments.
In addition, in Cy41r2, approximately 20-30% lower
weight (Table 5) is given to radiosonde stratospheric tem-
peratures, so the larger misfit is weighted less. Thirdly, and
this applies from 2000, the smaller correlation lengths in B
are less able to spread the initially sparse information hori-
zontally. This may have prevented part of the reduction for
temperature at 50 hPa around 2006 (when large amounts
of GNSS-RO data become available) to occur earlier.

The improvement over time is in line with the evolu-
tion of the skill of re-forecasts, as displayed in Figure 1.

7.3 | Mean observation departures

In general the time evolution of departure statistics pro-
vide a sensitive health check for the ingested observations.
Spikes in either their mean, standard deviation or bias
estimates typically indicate data problems. Alternatively,
these can also relate to problems in the analysis products
themselves. For this reason such departure statistics are
closely monitored in the ERAS5 production streams. The
amount of statistics is immense (several thousands): one
time series per satellite channel, and a range of heights for
upper-air data, each stratified with respect to the globe,
and sub-areas. A comparison with similar statistics from a
reference (ERA-40 prior to 1979, ERA-Interim, and for the
more recent period, the ECMWF operational NWP assim-
ilation system), is made as well. Identified problems are
investigated. When a simple solution is available (typically
a temporal blacklisting, or re-initialized bias estimates;
Hersbach et al., 2018), the production suite in question is
rewound to a date prior to the event (typically a month or
two). This procedure has been applied several times during
the production, and contributes to the quality assurance of
the final product.

Global-mean ob-bg for 60-40hPa radiosonde temperatures (K)

0.6 ERA5
0.4
*] WNM
ERAS5.1
0

1980 1985 1990 1995 2000 2005 2010 2015

FIGURE 15
differences from 1979 onwards for all assimilated bias-adjusted

Monthly average observation-background

radiosonde temperature data (K) between 40 and 60 hPa, for
ERA-Interim, ERA5 (based on 1979-B;; before 2000 and 41r2-B;
afterwards) and ERAS5.1 (using 1979-B;; from 2000-2006)

An example of a misfit that is related to the reanal-
ysis product, rather than to the ingested observations, is
displayed in Figure 15. This shows the mean bias-adjusted
departures of radiosonde data from the ERA5 (red) and
ERA-Interim (blue) background forecasts, averaged over
all assimilated radiosonde data from 40 to 60 hPa. Depar-
tures for ERAS suffer from a large jump at the transition
point at January 2000 (Table 3). As mentioned above, this
is the result of the usage of 41r2-B.; which is less able
to correct the model lower-stratospheric cold bias. The
resulting (cold) model background leads to more positive
observation minus background departures. The ERAS5 fit
to the radiosonde data considerably improves in 2006 once
substantially more GNSS-RO data are assimilated. As
mentioned in Section 3, the stream that was consolidated
prior to January 2000 has been extended up to the end of
2006 (as ERA5.1). It continues the usage of 1979-B; and
the positive effect on departure statistics (brown curve
in Figure 15) is striking, providing a more-or-less seam-
less transition when the GNSS-RO counts considerably
increase.

The upward spike in the ERA-Interim radiosonde fit
in mid-1979 is due to a slow adaptation to a change in cal-
ibration of the MSU radiances from TIROS-N. This is an
example where one type of observation has had an adverse
effect on the reanalysis product which then emerges in the
departure statistic of another type of observation. Guided
by the departure-based monitoring, the radiance bias cor-
rection was adjusted for ERAS5 to account for this special
case. The positive departures seen for ERA-Interim, which
are related to a partial response to the Pinatubo eruption
in 1991, are not evident in ERAS.

7.4 | Analysis increments

After observation bias adjustments, the assimilation sys-
tem implicitly assumes unbiased error characteristics. As
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FIGURE 16 Profiles of monthly and globally averaged increments between ERAS5 analyses and first-guess fields at 0000 and 1200 UTC

for (a) temperature (K), (b) zonal wind (m-s~1) (c) ozone (partial pressure) and (d) specific humidity (percent), on a logarithmic pressure
scale from 1,000 to 100 hPa, and (a-c) on an additional scale from 100 to 1 hPa

such, long-term averages of analysis increments 6x from
the minimum of Equation (4) should be small. Systematic
deviations typically indicate an average conflict between
observations and the forecast model that is used both
within the 4D-Var trajectories and the short forecast link-
ing to the next assimilation cycle. VarBC can alleviate this
incompatibility, but only as long as relative biases can be
traced back to the observations, rather than to the model.
Abrupt changes in mean analysis increments can usually
be related to changes in the observing system. The stan-
dard deviation of increments indicates the work done by
the assimilation, and is less informative about the health
of the system.

Pressure-time diagrams for monthly and globally
averaged mean increments are displayed in Figure 16.
In general, these are significantly lower than for
ERA-Interim (shown in Figure 17). Exceptions are ozone
and mid-tropospheric humidity where magnitudes are
comparable. For temperature (Figure 16a) the positive
mean ERAS increment in the lower stratosphere is related
to the model cold bias in this region.

Opposite increments at the top of the stratosphere indi-
cate a bias with respect to anchoring satellite observations
which peak at those heights. In this respect, the effect of
the introduction of the anchoring AMSU-A channel 14

observations in September 1998 is smaller than it was for
ERA-Interim. The reason for this is that ERA5 continues
to use SSU channel 3 as an anchor (from its first assimi-
lation in July 1979 on NOAA 6), while it is bias-corrected
in ERA-Interim once AMSU-A emerges. The jump in Jan-
uary 2000 at these heights is the consequence of the change
in Bgy;. This is in line with the time series for radiosonde
departures, as shown in Figure 15. The emerging pos-
itive temperature increments in the lower troposphere
between 1988 and 2007 are over the oceans and a drying
tendency is seen starting in 1988 for humidity and contin-
uing to the present day (Figure 16d). These issues coincide
with the advent of microwave imagers, which are known
to warm and dry the analysis at 850 hPa over the ocean
(Geer et al., 2017). The exact mechanisms causing these
biases remain unclear. The mid-troposphere negative tem-
perature increments are mainly over land (Figure 16b).
Analysis increments for specific humidity are in general
smaller over land (not shown) than over oceans, while
for zonal wind the opposite applies. For upper-air wind
(Figure 16b), the reason for the reduction of positive
increments around 100 hPa around 1987 is unclear. For
ozone the sharp transition in the upper stratosphere is
related to the start of using AURA MLS and OMI data.
Pressure-time diagrams for monthly and globally averaged
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FIGURE 17 AsFigure 16, but for ERA-Interim

standard deviations of analysis increments are shown in
Figure S3.

8 | IMPROVED RESOLUTION
FOR SYNOPTIC VARIABILITY

The considerable increase in resolution of ERAS5 allows
much more detail to be represented both in space and
in time (hourly output). Many examples can be pro-
vided or have already been reported in the literature. For
example, the positive effect on the quality of near-surface
wind is described in Olauson (2018). Re-forecasts from
ERAS reanalysis fields are more skilful than those from
ERA-Interim, as was demonstrated in Figure 1. ERAS5
improves the representation of tropical cyclones. Cen-
tral pressures are lower, and closer to those of the
ECMWEF operational HRES analysis than is the case for
ERA-Interim (F. Prates, 2018, personal communication).
An illustration of this is provided in Hersbach (2019) for
hurricane Florence, which hit the east coast of the USA on
15 September 2018.

The benefit of hourly temporal resolution is illustrated
in Figure 18 which shows the evolution of storm Lothar
at 0900, 1000 and 1100 UTC on 26 December 1999 when
it swept rapidly through Western Europe after its landfall
in Brittany, early in the morning of that day (Wernli et al.,
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2002). Lothar was the first of two December 1999 storms
and was followed by Martin 36 hr later. Both of these
storms caused considerable damage. The ERAS5 hourly res-
olution presents a detailed view of this rapidly evolving
storm, as is apparent from Figure 18a,b,c. Although at
0900 UTC the ERA5 minimum pressure is about 5hPa
higher (ensemble spread 2.1 hPa) than the reported mini-
mum (Hewson and Neu, 2015) (which also has an associ-
ated uncertainty) and also somewhat misplaced, the match
is within 1 hPa at 1000 and 1100 UTC (spread 0.5hPa at
1200 UTC), and the analysed position is highly accurate
at 1100 UTC. ERAS5 provides a detailed view of wind gust
(one of the available parameters, originating from the short
forecasts linking analysis windows), with maximum val-
ues up to 42m-s~! in the Black Forest and French Alpine
area. Maximum observed gusts in the Black Forest area
were 59 m-s~! (DWD, 2000).

A synoptic example for the stratosphere is displayed in
Figure 19. It maps the exceptional break-up of the south-
ern polar vortex in late September and early October 2002.
Water vapour is close to a conserved variable at the level
shown, and no humidity observations are assimilated at
this level. It thus serves as a convenient tracer to illus-
trate the short-term dynamics of the polar stratospheric
vortex, despite quantitative limitations. Prior to break-
down, the vortex is characterised by a relatively high abun-
dance of water vapour. The performance of the operational
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m-s~1) for storm Lothar on 26
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Analyses over the Southern Hemisphere of the abundance of water vapour (mole fraction in ppm; shading) and

Montgomery potential (contour interval 4,000 m?s~2) on the 850 K isentropic surface, for (a, €) 22, (b, f) 26 and (c, g) 30 September and
(d, h) 4 October 2002, from (a—d) ERA-Interim and (e-h) ERA5

ECMWEF system at the time is discussed by Simmons et al.

(2005).

On the first day shown, 22 September, the polar vor-
tex is already elongated, and has been reduced to a smaller
size than usual by a succession of events that strip material

from it. Remnants of this material can be seen within the
flanking anticyclones south of Australia and over south-
ern South America. By 26 September the vortex has split
completely into two similarly sized parts, and the domi-
nant anticyclone in the Australian sector extends to the
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South Pole. Thereafter, the vortex in the Pacific sector is
stretched around the northern flank of this dominant anti-
cyclone, and breaks into several smaller vortices due to
dynamical instability of the ambient easterly flow. Three
of these vortices are evident in the maps for 4 October.
The corresponding vortex in the Indian Ocean sector loses
less material in this way, and is eventually re-established
as the primary polar vortex, albeit a much weaker one
than is usual for October. This succession of events was
also seen in the operational analyses at the time. Sim-
mons et al. (2005) note that the operational analyses were
consistent with the 10 hPa temperature and wind mea-
surements from Australian and neighbouring radiosondes
during the passage of the smaller vortices around the
anticyclone.

ERAS5 and ERA-Interim are very similar in their syn-
optic evolution. The filaments of air drawn from the
vortices or entrained around them are sharper and richer
in structure in ERA5, as expected given its higher res-
olution, and the small vortices in the Australian sector
are a little stronger. ERAS5 benefits from further refine-
ments of the assimilating model's semi-Lagrangian advec-
tion scheme (Diamantakis, 2014; Diamantakis and Mag-
nusson, 2016) and is accordingly free of the noise that
occurs in the easterly flow on the southern flank of
the Pacific sector vortex in the ERA-Interim analysis for
26 September.

9 | PERFORMANCE OF
LOW-FREQUENCY VARIABILITY
AND CLIMATE TRENDS

9.1 | Surface air temperature

Since April 2019, ERA5 analyses of 2m temperature are
used as input to monthly summaries published by the
C3S. Before that they had been based on ERA-Interim
for almost 4 years. Such analyses from ERA-Interim, and
earlier ones from ERA-40, have been shown to be of rea-
sonable quality and complementary to the products of con-
ventional analyses of climatological station data (Simmons
et al., 2017, and references).

A number of regional and local improvements are
found in ERAS5. An example is displayed in Figure 20
which shows a considerably improved fit to observa-
tions for a location in the Arctic. Annual-mean anal-
ysis increments are smaller in most regions. This is
largely due to smaller mean background errors, although
some differences have been traced to differences in
data quality control: ERAS rejects fewer data as it has
fewer instances of large differences from background
values.
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FIGURE 20
of 4D-Var (background minus observation) departures of 2m

(a) Monthly means and (b) standard deviations

temperature (K) at Longyearbyen, Svalbard, Norway (78.2°N,
15.5°E) for ERA-Interim (blue) and ERAS (red)

The agreement found previously among various
datasets including ERA-Interim led to the expectation that
time series of global-mean temperature from ERAS5 would
not be substantially different to those from ERA-Interim.
This is confirmed by Figure 21. The largest differences
between ERAS5 and ERA-Interim occur in 2005 and 2006,
a period when the differences among various datasets are
relatively large. This is also a period in which differences
in SST analysis are quite large and in which the reanalyses
have large anomalies in polar regions that are not sam-
pled well by the conventional analyses. Differences in the
relationship between SST and marine air temperature also
play a part. Relatively large differences among datasets
have happened again recently, but in this case ERA5 and
ERA-Interim (which at this time use common SST and
sea ice analyses) give very similar results.

The global fit of the analysis to observations shows
little drift over time (not shown). The background fore-
casts have a global cold bias that is largely removed by the
optimal interpolation scheme: the monthly-mean analysis
fit varies between zero and -0.16 K, and its annual range
decreases over time. These variations are small compared
with the rise in mean temperature over land, which for the
past four decades has been rather larger than the rise in
global-mean temperature shown in Figure 21.

9.2 | Global balance

The extent to which the sequence of ERA analyses
achieves global balance of quantities such as mass and
water provides measures of the consistency of these anal-
yses, and of general progress made in DA and in obser-
vational quality and coverage. The approach adopted for
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FIGURE 21 Twelve-month running averages from 1979
onwards of global-mean surface air temperature anomalies (K)
relative to 1981-2010 for ERAS (red) and ERA-Interim (blue). Grey
lines denote the spread from six other datasets: JRA-55 (Kobayashi
et al., 2015); GISTEMP version 4 (Hansen et al., 2010); HadCRUT4
(Morice et al., 2012); NOAAGIlobalTemp version 5 (Karl et al., 2015);
an infilled version of HadCRUT4 from Cowtan and Way (2014); and
a dataset from the Berkeley Earth Surface Temperature Project. For
ERA-Interim, values over sea were taken from the first guess rather
than the analysis, and prior to 2002 sea points are further adjusted
by subtracting 0.1 K

ERAS5 and its predecessors contrasts with that adopted by
the producers of the MERRA-2 reanalysis (Gelaro et al.,
2017), for which the assimilation method preserves, to
first order, the physical global constraint of conservation of
dry-air mass (Takacs et al., 2016).

Berrisford et al. (2011) examined the global atmo-
spheric budgets from ERA-Interim and made comparisons
with ERA-40. Although most measures indicated improve-
ment of ERA-Interim over ERA-40, this was not the case
for the global budget of dry mass for the years compared
(1989-2002). Neglecting the effects of fossil fuel burning,
which contribute a variation of approximately 0.01 hPa,
dry air mass is expected to be approximately conserved in
the atmosphere (Trenberth and Smith, 2005). Given that
there are no constraints on the global dry mass in the
DA system, the analysed variations of the global dry mass
provide a simple measure of the quality of the reanalysis.
As shown earlier by Trenberth and Smith (2005), ERA-40
performed much more poorly prior to the early 1970s.
This was found by Uppala et al. (2005) to be associated
with higher analysed surface pressure, particularly over
the data-sparse oceans of the Southern Hemisphere, and
with lower analysed water vapour prior to assimilation of
IR soundings, which began in 1973.

The dry mass of the atmosphere is estimated from the
global-mean surface pressure by subtracting the contribu-
tion from the water content of the atmosphere. Figure 22
shows the dry mass for ERA5 and ERA-Interim. Neither
reanalysis conserves the contribution of dry air to surface
pressure to within 0.3 hPa over the whole period. However,
they differ in behaviour; ERA-Interim has similar values
at the beginning and end of the period, but a spurious
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FIGURE 22 Monthly estimates from 1979 onwards of the
contribution of dry air to the global-mean surface pressure (hPa)
from ERAS (red) and ERA-Interim (blue), computed by subtracting
the contribution from the total water content of the atmosphere
from the global-mean surface pressure

rise and fall in dry mass centred around the year 2000.
In contrast, dry mass increases quite sharply in the early
years of ERAS5, but is reasonably uniform after 1990. The
range of values is a little larger in ERA5 than ERA-Interim.
The ERAS rise in dry mass in the early and late 1980s is
due to rises in the global mean of the analysed surface
pressure that are not accompanied by rises in analysed
moisture content (not shown). The variations in dry mass
in ERA-Interim are likewise due mainly to variations in
global-mean surface pressure that are not matched by vari-
ations in the contribution from moisture. Reasons for the
different variations in surface pressure analyses have yet
to be identified. However, given that the spurious vari-
ations occur in different periods in the two reanalyses,
these problems may well be due to separate causes in each
reanalysis.

Aspects of the global hydrological budget are presented
in Figure 23. Variations over time and imbalance are gen-
erally larger in ERA-Interim than in ERAS5. The degree of
global annual balance between precipitation and evapo-
ration in ERAS5 changes over time. Balance is quite good
for a period of twenty or so years from the mid-1990s. The
change that brings better balance at that time appears to
be in values over sea, where evaporation increases more
sharply than precipitation. An earlier gradual decrease in
marine precipitation is not matched by a corresponding
decrease in evaporation, which also improves the balance.

In the period when ERAS5 is in good balance, both pre-
cipitation and evaporation increase over sea, but not over
land. An increase over sea has been inferred from salin-
ity observations (Durack and Wijffels, 2010), but Figure 23
shows a much smaller increase in marine precipitation
from the GPCP (Adler et al., 2003) than from ERAS. Inter-
annual variations in net precipitation over land from ERA5
agree quite well with values from GPCP and the under-
lying data from GPCC? (Becker ef al., 2013). Although

2Data downloaded from https://www.dwd.de/EN/ourservices/gpcc/
gpce.html; accessed 13 April 2020
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FIGURE 23 Twelve-month running averages from 1979 onwards of global mean precipitation (blue) and evaporation (red) rates
(mm-day~!) from (a) ERA-Interim and (b) ERAS5. The precipitation estimates from version 2.3 of GPCP are also shown (green). The
corresponding contributions to these global averages from (c, d) sea and (e, f) land are also shown. Contributions from land are also shown in
(e, f) for estimates from GPCC (brown). The latter are based on GPCC's v.2018 monthly full-data product until the end of 2016, version 6 of its
monitoring product for most of the following period, and its first-guess monthly product for the latest 2 months

an improvement over ERA-Interim in this respect, ERA5 3B43 dataset (Huffman et al., 2010) is used in this eval-
exhibits a larger decline in precipitation over land from  uation. The dataset covers the period from 1998 onwards
the 1980s and 1990s to the 2000s than is the case for = and the region from 50°S to 50°N. It utilizes data from
ERA-Interim (discussed by Simmons et al., 2014). Sucha  TRMM until April 2015 and from several other satellite
decline is not seen in the GPCC and GPCP data, and was instruments measuring in the microwave or the infrared.
not expected in ERAS as it addressed issues believed to ~ Analyses of direct precipitation measurements by gauges
be responsible for this behaviour in ERA-Interim. Further over land from GPCC (Becker et al., 2013) are also used
effort is needed to understand these findings. in producing the TRMM/3B43 dataset. The dataset has

0.25° spatial resolution, and the ERA data are interpo-

lated to this grid to make the comparisons. The dataset is

9.3 | Comparison of long-term not entirely independent of ERA, as ERA-Interim, ERAS

and monthly average precipitation rates and TRMM/3B43 all make use of precipitation informa-
tion from microwave imagery, albeit in different ways, and

In addition, long-term and monthly average precipita-  the estimates of rainfall rate over the USA assimilated in

tion rates from ERA-Interim and ERAS have been evalu-  ERAS5 from mid-2009 onwards make use of US gauge data

ated by comparing them with values from other datasets.  that are also used in forming the GPCC datasets.

Figure 24 presents an example. Version 7 of NASA's Figure 24 shows maps of the mean differences (reanal-

TRMM Multi-satellite Precipitation Analysis (TMPA)  ysis minus TRMM/3B43) for ERA-Interim and ERA5 for
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FIGURE 24

Mean difference between (a) ERA-Interim and TMPA/3B43, and between (b) ERA5 and TMPA/3B43 precipitation rates

(mm-day~!) for 1998-2018. (¢, d) show the corresponding correlations (%) of the sequence of monthly values from the two pairs of datasets.
The mean annual cycle is removed from each dataset prior to calculating the correlations

the period 1998-2018, and the corresponding correlations
of monthly anomalies relative to the 1998-2018 means for
each month. Differences from TRMM/3B43 are in most
respects smaller for ERAS5 than ERA-Interim, including
along mountain ranges and coastlines, offshore of eastern
North America and Asia, and over the Congo Basin. Differ-
ences are larger over the ITCZ in the eastern Pacific, and
over the extratropical Pacific, South Atlantic and Indian
Oceans. Overall, the mean absolute difference over the
domain from 50°S to 50°N is 0.58 mm-day~! for ERA5 and
0.65 mm-day~! for ERA-Interim.

ERA5 is also closer than ERA-Interim is to
TRMM/3B43 in its representation of the temporal vari-
ability of monthly precipitation. The correlation maps in
Figure 24 show this to be widespread, including regions
such as the eastern Pacific ITCZ where mean differences
are larger, as well as regions where mean differences are
smaller. Improvement occurs both over the extratropical
regions and tropical oceanic zones where correlations are
already quite high in ERA-Interim, and over the trop-
ical land masses where ERA-Interim has particularly
low correlations. Correlations computed over the whole
domain are 70% for ERA5 and 63% for ERA-Interim.

Comparisons (shown in Figure S5) have also been
made with the GPCC and GPCP datasets and with JRA-55,
for 12-month continental averages over the full period
from 1979. Interpretation of mean differences is compli-
cated by differences between GPCC and GPCP due in part
to the adjustments for gauge undercatch made in GPCP
but not in GPCC, as already found for ERA-Interim (Sim-
mons et al., 2010). Long-term variations from ERA5 are
generally closer to those from GPCC and GPCP than are

those from ERA-Interim and JRA-55. Nevertheless ERAS5
exhibits shifts over time compared with GPCC and GPCP.
In particular, differences between ERAS5 and both GPCC
and GPCP exhibit a distinct decline for a few years cen-
tred on the year 2000 over several regions, especially over
the Congo Basin and southeastern China. Differences are
steadier thereafter. This can be seen in the net contribu-
tions to global precipitation from all land areas that are
shown for ERA5, GPCC and GPCP in Figure 23. Over-
all, the 1979-2018 whole-globe correlations for the 2.5°
resolution GPCP dataset are 77% for ERA5 and 67% for
ERA-Interim. The correlations for this period with the
1° resolution GPCC dataset, which covers all land except
Antarctica, are 63% for ERA5 and 50% for ERA-Interim.

94 |
fields

Intercomparison of ERA5 upper-air

This section examines the temporal evolution of
upper-air temperature and ozone fields from ERA5 and
includes some comparison with three other reanalyses
(ERA-Interim, JRA-55, and MERRA-2) for selected pres-
sure levels. Note that a comparison with observation-based
datasets, such as radiosondes or satellite retrievals, is not
included here but can be found in the recent literature,
in particular Davis et al. (2017) and Long et al. (2017)3.

3Note that these two papers do not use data from ERAS5. However,
as of writing, an updated version of Davis et al. (2017) that evaluates
ERAS is in preparation (M.I Hegglin and S.M Davis, 2019, personal
communication)
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Height-time evolution of monthly and globally averaged anomalies in (a) temperature and (b) ozone partial pressure

from ERAS5. The anomalies are calculated by removing the 1981-2010 monthly climatology of ERAS5. Time series of 12-month running mean

(c) global-average temperature anomalies at 3, 5, 30, and 500 hPa; (d) global-average ozone partial pressure anomalies at 70 hPa; and (e)

September mean total column ozone (TCO3) averaged over Antarctica (90°S-60°S). The time series are based on data from ERAS5 (red),
ERA-Interim (blue), JRA-55 (green), and MERRA-2 (orange). In (c), the time series of ERAS5.1 (Section 3 gives details) are also shown for the
3 and 5hPa levels. (e) includes TCO3 time series from a C3S merged satellite product (Copernicus, 2019) labeled ‘Obs’ (black) in the legend.
All anomalies are calculated with respect to the 1981-2010 monthly climatology of each dataset. In (a) and (b), the vertical space is partioned

equally between pressure levels below and above 100 hPa. In (c), note the different intervals used in the vertical for each pressure level

Furthermore, time series of several upper-air fields from
ERAS5 were included for the first time in the 2019 annual
“State of the Climate” report (Blunden and Arndt, 2019).

Figure 25a displays the time-height evolution of glob-
ally averaged upper-air temperature anomalies from ERAS5
while Figure 25c compares time series of these anomalies
with those from ERA-Interim, JRA-55, and MERRA-2 at
four pressure levels. These levels are representative of the
mid-troposphere (500 hPa), lower stratosphere (30hPa),
and upper stratosphere (5 and 3 hPa). Both figures high-
light transient increases in the global mean temperature
related to well-known climatic events such as El Nifio
events (1983, 1987, 1998, 2010, 2016) in the troposphere,
and the volcanic eruptions of El Chichén (1982) and
Mount Pinatubo (1991) in the lower stratosphere. ERAS
also captures the observed cooling of the latter and its
levelling-off since the late 1990s (Randel et al., 2016;
Maycock et al., 2018).

In Figure 25c, the temperature anomalies at 500 hPa
reveal close overall agreement between the four

reanalyses, although MERRA-2 anomalies remain slightly
lower (higher) during the 1980s (1990s). At 30 hPa, the
four reanalyses exhibit very similar interannual variabil-
ity but reveal some differences in the overall trend, with
ERAS5 (ERA-Interim) suggesting larger (smaller) cooling.
The behaviour of ERA-Interim may be related to a cold
bias in the lower stratosphere which persists through
the early 2000s but is then largely corrected through the
assimilation of GNSS-RO bending angles (Simmons et al.,
2014). This explanation would thus lend more credence to
the trends of the other three reanalyses.

Spurious variations and inhomogeneities in ERAS5
temperatures are more clearly apparent in the upper
stratosphere (above 10 hPa) and are generally concurrent
with changes seen in the analysis increments (Figure 16
and Section 7.4). The large interannual variability of ERA5
temperatures at 5 and 3 hPa (Figure 25c) greatly exceeds
that seen in the other three reanalyses. The degraded skill
of ERAS relative to ERA-Interim may come as a surprise
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given the improved treatment of SSU observations imple-
mented in ERA5 (Section 4.5). The largest anomalies in
ERADS stratospheric temperatures occur in the early 1980s
above 5hPa (Figure 25a) and clearly exceed the positive
anomalies seen in the other reanalyses during the same
period (Long et al., 2017). In this instance, the pecu-
liar behaviour of ERA5 can be ascribed to a combina-
tion of three factors: (a) the use of smaller correlation
length-scales in the model background-error estimates in
ERAS5 compared to ERA-Interim, (b) the known warm
bias of the IFS model in the upper stratosphere (Shep-
herd et al., 2018), and (c) the more sporadic availability of
SSU observations in the early 1980s. The subsequent sharp
drop in ERA5 temperature in early 1985 coincides with
the transition between NOAA-7 SSU and NOAA-9 SSU
already cited as a problem in ERA-Interim by Long et al.
(2017), albeit at higher levels.

Two other inhomogeneities in upper-stratospheric
temperatures occur in 1998 and 2000 and can be linked,
respectively, to the beginning of the anchoring of AMSU-A
channel 14 observations (Section 7.4) and to the change in
B.; (Section 2.4). The impact of the latter is most visible in
the vicinity of 5 hPa. Figure 25c shows that the marked dis-
continuity in 2000 at this pressure level all but disappears
in ERAS5.1 (dashed red curve in Figure 25c), underscor-
ing the significantly improved temporal consistency pro-
vided by this stream. At 3 hPa, JRA-55 and ERA-Interim
show remarkable agreement throughout the period while
the marked drop in MERRA-2 temperature in 2004 is an
artefact known to be related to the assimilation of Aura
MSL temperature profiles (Gelaro et al., 2017; Long et al.,
2017). The markedly reduced temperature variations from
2006 onwards in all four reanalyses denote the greater
constraint on stratospheric temperatures provided by the
assimilation of GNSS-RO observations.

Figure 25b shows the time-height evolution of ERA5
global mean anomalies in ozone partial pressure while
Figure 25d compares the time series of these anomalies
with those from the other three reanalyses at 70 hPa.
Above 100 hPa, ERA5 captures the observed significant
decline in stratospheric ozone during the 1980s and early
1990s, followed by a gradual recovery in subsequent years
(Steinbrecht et al., 2018). This recovery is exaggerated in
ERAS by a spurious increase in ozone in 2004 at 40-90 hPa
(concurrent with a decrease at 90-150 hPa), which can
be traced to the beginning of the assimilation of ozone
profiles from Aura MLS. These observations were shown
to cause inhomogeneities in the ozone field of other
reanalyses as well (Davis et al., 2017), most notably in
MERRA-2 (Figure 25d). This figure also highlights large
interannual variability in ERA-Interim ozone time series,
which Davis et al. (2017) found to exceed that seen in the
observations. The distinct behaviour of JRA-55 relative
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to ERA5 and MERRA-2 in Figure 25d can be explained
by the fact that this reanalysis did not directly assimilate
ozone observations but rather used ozone fields gener-
ated offline by a chemistry climate model (Kobayashi
et al., 2015; Davis et al., 2017). The growing discrepancy
between ERAS5 and the other reanalyses from around
2015 onwards, which is associated with larger positive
anomalies within 100-10hPa in Figure 25b, is not fully
understood at this stage.

Stratospheric ozone depletion during austral spring
over Antarctica has been an important driver of atmo-
spheric changes in high southern latitudes in recent
decades. Therefore, we conclude this section by compar-
ing, in Figure 25e, the time series of September mean total
column ozone (TCO3) averaged over 90°S-60°S from the
four reanalyses previously used. Additionally, we include
output from a Level-4 merged satellite ECV product
(Copernicus, 2019) spanning the 1979-2018 period. One
must keep in mind that this dataset is not independent
from the reanalyses since to a large extent both rely on
the same satellite observations. There is excellent agree-
ment overall between ERAS5 and the ECV product, with
the exception of September 1993 and (to a lesser extent)
1994. These two months fall within a period of reduced
TCO3 observation coverage, between the end of the NIM-
BUS 7 TOMS record in mid-1993 and the beginning of the
ERS-2 GOME record in late 1995. The lesser observational
constraint during these two months has likely had some
effect on the uncertainty of TCO3 estimates from the two
products, making it difficult to tell which one should be
regarded as more reliable. However, it is noteworthy that
ERAS estimates for September 1993 are very much in line
with the previous and following years, which is not the
case of the ECV product. Furthermore, the larger discrep-
ancies between MERRA-2 and ERA-Interim (on the one
hand) and the ECV product and ERAS5 (on the other hand)
in 1993-1995 can similarly be explained by the reduced
observation availability (Davis et al., 2017). For example,
these authors found that MERRA-2 did not produce an
Antarctic ozone hole in 1994. Agreement is lower overall
between JRA-55 and the four other datasets for the same
reason already mentioned in the previous paragraph (no
direct ozone DA).

10 | CONCLUDING REMARKS
AND FUTURE DIRECTIONS
10.1 | ERAS5 strengths

As stated above, a major strength of ERAS5 is the
much higher temporal and spatial resolutions than
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those of previous global reanalyses. The hourly out-
put, 31km horizontal resolution and 137 levels
spanning the surface of the Earth to 0.01hPa cap-
ture much finer details of atmospheric phenomena
than in previous, lower-resolution, global reanaly-
ses. The assimilation of a much larger number of
reprocessed datasets has also improved the reanaly-
sis products. As shown in this paper, the improvement
with respect to ERA-Interim is considerable in the
troposphere.

The provision of the accompanying ensemble, which
was not available for ERA-Interim, provides an uncer-
tainty estimate for the reanalysis products, which is much
sought after by users of the data.

Another advantage of ERA5 compared to ERA-Interim
is a much shorter latency of 5 days rather than 2-3 months.
Based on experience of the production of ERAS5 so far, it
is expected that this preliminary product will only rarely
deviate from the fully quality-checked final product that
is released 2 months later. This timely product serves
important classes of user needing up-to-date climate infor-
mation in combination with a long consistent climate
record.

In ERA-Interim, several different datasets for pre-
scribed SST and SIC were required to cover the 40-plus
years of the reanalysis, which made these two fields quite
inhomogeneous. ERAS has only one such dataset change,
in 2007, s0 SST and sea ice are more homogeneous in ERA5
than in ERA-Interim.

In ERAS5, CMIPS5 specifications provide more realistic
input to the model radiative forcing than in ERA-Interim.
As a result, ERAS5 has an improved response to major
volcanic eruptions.

Following the initial release of ERAS5, several inde-
pendent studies have evaluated its performance. ERA5
performs well in the Arctic (Graham et al., 2019) and
Antarctic (Tetzner et al., 2019) in representing winds, tem-
perature and humidity. Mayer et al. (2019) found excellent
closure of the Arctic energy budget using ERA5 atmo-
spheric data. The representation of irradiance fields has
been compared with other reanalyses (Trolliet et al., 2018)
and with ground-based and satellite observations (Urraca
et al., 2018). The representation of precipitation over the
continental USA, in support of hydrological applications,
has been evaluated relative to other modern reanalyses
(Xu et al., 2019) and observations (Tarek et al., 2019).
Finally, the characteristics of ERAS5 surface and low-level
winds over the ocean, relative to observations and other
reanalyses, has been the subject of several studies (Bel-
monte Rivas and Stoffelen, 2019; Olauson, 2018; Kalverla
et al, 2019). Generally, ERA5 performs well in these
comparisons.

10.2 | Known issues
An up-to-date list of known issues with more back-
ground information is provided in the ERAS5 online data
documentation  (https://confluence.ecmwf.int/display/
CKB; accessed 13 April 2020).

Although, compared to ERA-Interim, ERAS5 benefits
from a decade of research and development at ECMWF,
some aspects did not improve. The main example is the
larger cold bias in the lower stratosphere and a larger warm
bias near the stratopause. As a result, in the stratosphere
the fit to radiosonde data is worse, and above 10 hPa the
temporal consistency of the ERAS5 product is compromised
due to the time-evolving competition between model bias
and sparse observations. In addition, in the mesosphere,
where there are no observations to control it, Cy41r2 can
suffer from an overly strong tropical westerly jet, which
particularly affects the transition seasons. The resulting
volatility of this jet is one of the reasons why there can
be large discontinuities in the mesosphere at the transi-
tion points between different production streams. Another
example of discontinuities at these transition points is
that of tropical stratospheric humidity, which is a slowly
evolving quantity.

Although within the 12-hr assimilation windows the
model constraint ensures a smooth hourly product, anal-
ysis increments can introduce systematic jumps at the
transition points between the windows. For ERAS5 this has
been observed for wind in the boundary layer. For example
over Paris, France at 1000 UTC, ERAS5 exhibits on aver-
age a jump of about 0.25m-s~! in 10 m wind speed. This
decrease in wind speed is small, but systematic, so can be
seen in climatologies.

At specific locations, ERAS5 occasionally produces
amounts of precipitation that are unrealistically high.
These “rain bombs" became apparent in the IFS since cycle
40r1 (which became operational in November 2013), at
which time changes to its convection scheme were intro-
duced to capture better the diurnal cycle of deep convec-
tion. Under very special conditions (moist air, low-level
orographic forcing with converging low-intensity winds)
there is potential for “explicit-convection” at isolated
grid-points (Malardel and Ricard, 2015). These features
occur infrequently, of the order of ten episodes for an
entire year and mostly concentrated in Africa, at isolated
grid-points mostly in orographic areas. This feature was
later resolved in the IFS with the introduction of the octa-
hedral reduced Gaussian grid.

In mountainous regions above about 1,500 m, the snow
depth is unrealistically large. This is due to the IFS's rep-
resentation of the snow pack with a single layer of snow
which does not produce enough melting.
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In the northern winter of 1996/1997, the ozone val-
ues in the upper stratosphere at high northern latitudes
are many times larger than normal. This problem does not
significantly affect total column ozone.

Due to the very long spin-up time and non-optimal ini-
tialization, some soil parameters, such as root-zone soil
moisture, show discontinuities at the transition points of
some of the production streams.

Besides these limitations, there were several produc-
tion oversights that could have been prevented. From
1979 to 2013, the SST was not used over the Great Lakes
to nudge the lake model, as it should have been. Con-
sequently, the 2m temperature over these lakes has an
annual cycle that is too strong, with temperatures being
too cold in winter and too warm in summer. This problem
is particularly pronounced over Lake Superior. Over other
confined areas, like over the northern Caspian Sea and the
Gulf of Finland, systematic differences between the SST
products used before (HadISST2) and after 2007 (OSTIA)
are known to exist.

The prescribed sea ice field tends to exhibit sea ice
in the Baltic Sea in summertime, which is not there in
reality. Such occurrences of sea ice have been removed
in the HRES ERAS5 reanalysis but it is still partly present
in the ten-member ensemble. However, its impact on the
ensemble spread is found to be tempered.

Up to once or twice per year, the analysed near-surface
(e.g., 10m) winds in ERAS5 suffer from a problem of
extremely large wind speeds; the largest speeds seen so far
are of order 300 m-s~!. Typically, these occur in the last
two or three hours of the assimilation window and only at
one of several preferred locations around the globe, most
of which are near to orographic features. A more thorough
quality check could have prevented such cases by using
the solution that is followed when instabilities occasion-
ally occur in the 4D-Var tangent-linear physics. For the
ERAS timely updates, that check was implemented from
19 February 2020 onwards to prevent further occurrences,
while a practical solution for existing cases is provided in
the online documentation.

10.3 | Related products

In conjunction with ERA5, a down-scaled land product
has been made available. This ERA5-Land product, at 9 km
horizontal resolution (Mufioz-Sabater, 2019), was pro-
duced through a single simulation driven by near-surface
atmospheric fields from ERAS5, with thermodynamical
orographic adjustment of temperature. In addition to
improving the quality of near-surface quantities, it pro-
vides a more homogeneous dataset for soil parameters
between ERAS production streams.

Royal Meteorological Society

In 2020 the period from 1950 to 1978 will be made avail-
able. This will extend the hourly ERAS5 record to 70 years.
Details on this extension and its characteristics will be
reported elsewhere. The improved segment from 2000 to
2006 (ERAS5.1) was recently made available as a separate
product. It provides better global-mean temperatures in
the stratosphere and uppermost troposphere, with very
similar performance in the lower and middle troposphere.

Also in 2020 access will be provided to 12-hourly aver-
aged statistics of the ERAS5 observation usage. This will
include information on first-guess and analysis depar-
tures, bias estimates, and applied observation errors and
quality control. This will, for example, allow the repro-
ducibility of ERAS curves in most of the observation-based
Figures of this paper.

10.4 | Future directions

The interaction between model bias and an evolving
observing system (which comprises components that gen-
erally exhibit non-zero, and often significant, biases) is a
concern in climate reanalysis, since it can affect the tem-
poral consistency and accuracy of the product. For future
reanalysis activities at ECMWF, research is needed to tailor
the latest available formulation of weak-constraint 4D-Var
for reanalysis as well as the optimization of the use of
anchor data in VarBC. Regarding weak-constraint 4D-Var,
at ECMWF recently significant progress has been made
in handling the model bias in the stratosphere (Laloyaux
et al., 2020). Potentially, large-scale model bias as esti-
mated from the recent well-observed era (i.e., including
the availability of anchoring GNSS-RO data) can be used
as a forcing term to temper the adverse effect of model
drift. This would make the mean state of reanalysis prod-
ucts more resilient with respect to changes in the observing
system.

The non-closure of energy budgets, and particularly
its evolution over time, need to be better understood and
improved in future reanalysis, as well as the lack of con-
servation of the global dry mass and hydrological balance.

The hybrid incremental 4D-Var formulation in
ERAS5 allows for flow-dependent estimates of the
background-error covariance matrix. For future C3S
reanalysis, a more dynamic system is to be put in place
that allows for an improved response to the major changes
in the observing system. For the ocean (and also land), a
similar system would be required, such as to account for
the enormous change since the advent of Argo floats in
the early 2000s. In addition, prescribed observation errors
should evolve over time to reflect improvements in instru-
mentation, rather than to keep those constant over time
in ERAS.
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TABLE 8

Acronym
ADEOS-1
AIRS
AMSR-E

AMSR-2
AMSU-A
AMSU-B
AMV
ASCAT
ATOVS
AVHRR
BUFR

CAMS

ccI

CDS
(C)ERA-20C
CERA-SAT

CFSR
CHAMP
CIMSS

CKB
CMIP5
CMOD
CM SAF
COSMIC

CRIS
C3S
DMSP
DRIBU
EC
ECMWF

ECV
EDA
ENVISAT
EOS
ERA
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Glossary

Description
Advanced Earth Observing Satellite 1
Advanced Infrared Sounder

Advanced Microwave Scanning Radiometer for
EOS

Advanced Microwave Scanning Radiometer 2
Advanced Microwave Sounding Unit-A
Advanced Microwave Sounding Unit-B
Atmospheric Motion Vector

Advanced Scatterometer

Advanced TIROS Operational Vertical Sounder
Advanced Very High Resolution Radiometer

Binary Universal Form for the Representation of
meteorological data

Copernicus Atmosphere Monitoring Service
(ESA) Climate Change Initiative

C3S Climate Data Store

(Coupled) ECMWF Reanalysis of the 20th Century

Coupled ECMWF Reanalysis for the modern satel-
lite era

Climate Forecast System Reanalysis
Challenging Mini-Satellite Payload

Cooperative Institute for Meteorological Satellite
Studies

Copernicus Knowledge Base

Coupled Model Intercomparison Project, Phase 5
C-band model

Climate Monitoring Satellite Applications Facility

Constellation Observing System for Meteorology,
Ionosphere and Climate

Cross-Track Infrared Sounder
Copernicus Climate Change Service
Defense Meteorological Satellite Program
Report from Drifting and moored Buoy
European Commission

European Centre for Medium-Range Weather
Forecasts

Essential Climate Variable
Ensemble of Data Assimilations
Environmental Satellite

Earth Observing System
ECMWEF Reanalysis

TABLE 8

Acronym
ERAS

ERA-15

ERA-40
ERA-20CM
ERA-Interim
ERA-CLIM

ERA-CLIM2

ERS

ESA
ETOPO2
EUMETSAT

FCDR
FGGE
GARP
GCM

GCOS
GEMS

GMAO
GMI

GMS
GNSS-RO

GOES

GOME
GPCC
GPCP
GRAS

GTS
HadISST2

HRES
HIRS
HTESSEL

Glossary

Description

70-year ERA starting from January 1950 onwards
with timely updates

15-year ERA starting from January 1979 to Febru-
ary 1994

45-year ERA from September 1957 to August 2002
20th Century ECMWF Model integration
40-year ERA from January 1979 to August 2019

European Reanalysis of Global Climate Observa-
tions

European Reanalysis of Global Climate Observa-
tions 2

European Remote Sensing Satellite
European Space Agency
2-Minute Gridded Global Relief Data

European Organisation for the Exploitation of
Meteorological Satellites

Fundamental Climate Data Record
First GARP Global Experiment

Global Atmospheric Research Program
Global Circulation Model

Global Climate Observing System

Global and regional Earth system Monitoring
using Satellite and in situ data

Global Modeling and Assimilation Office

Global  precipitation
Microwave Imager

monitoring  mission

Geostationary Meteorological Satellite

Global Navigation Satellite System — Radio Occul-
tation

Geostationary Operational Environmental Satel-
lite

Global Ozone Monitoring Experiment
Global Precipitation Climatology Centre
Global Precipitation Climatology Project

Global Navigation Satellite Systems Receiver for
Atmospheric Sounding

Global Telecommunication System

Hadley Centre Sea Ice and Sea Surface Tempera-
ture dataset

High Resolution component (of ERAS)
High-Resolution Infrared Sounder

Revised Tiled ECMWF Scheme for Surface
Exchanges over Land

858017 SUOWWIOD A1) 8|qeo![dde 8y A peuienob ae sspiie YO 9sn Jo SNl 10} Aiq1T8UIUO 48] 1M UO (SUORIPUOD-PUR-SLLIBY/LIOO A3 1M AlRIq 1 BU1|UO//SdNY) SUORIPUOD pue SWie 1 8y} 88S *[20z/0T/LT] uo Ariqiauliuo A8|IM ‘AiseAIUN 81e1s opelo(oD Aq £08E Ib/200T 0T/10p/uo" A8 1M Aeiq Ul U0 'SBLLL// Sty WoJj pepeo|umod ‘08 ‘0202 ‘X0L8LLYT



HERSBACH ET AL. Quarterly Journal of the [ 2041
Royal Meteorological Society e
TABLE 8 Glossary TABLE 8 Glossary
Acronym  Description Acronym Description
IASI Infrared Atmospheric Sounding Interferometer NOAA National Oceanic and Atmospheric Administra-
ICOADS International Comprehensive Ocean and Atmo- tion (USA)
sphere Data Set (0)1 Optimal interpolation
IFS Integrated Forecast System OLR Outgoing Long-wave Radiation
IMS Interactive Multisensor Snow and Ice Mapping OMI Ozone Monitoring Instrument
System
ORASN Nth ECMWF Ocean Reanalysis System
IPCC Intergovernmental Panel on Climate Change
OSI SAF Ocean and Sea Ice SAF
IR Infrared Radiation
OSTIA Operational Sea Surface Temperature and Sea Ice
IRAS Infrared Atmospheric Sounder Analysis
ISPD International Surface Pressure Databank PILOT Wind report from pilot balloon
ITCZ InterTropical Convergence Zone QuikSCAT Quick Scatterometer
JAXA Japan Aerospace Exploration Agency RAOBCORE Radiosonde Observation Correction using
IMA Japan Meteorological Agency Reanalyses
JRA-55 Japanese 55-year Reanalysis Project RICH Radiosonde Innovation Composite Homogeniza-
i
LDAS Land Data Assimilation System on
. RISE Radiosonde adjustments with solar elevation
LEO Low Earth Orbit
dependence
MACC Monitoring Atmospheric Composition and Cli- RRTMG Rapid Radiative Transfer Model for GCMs
mate
RTTOV Radiative T fer for TOVS
MARS ECMWF Meteorological Archival and Retrieval adiative Hansterfor
System SARAL Satellite with ARGOS and Altika
MCcICA Monte Carlo Independent Column Approximation SBUV Solar Backscattered UltraViolet
MERRA-2  Modern-Era Retrospective analysis for Research SCIAMACHY Scanning Imaging Absorption Spectrometer for
and Applications, Version 2-2 Atmospheric Cartography
METAR Meteorological Aerodrome Reports SEKF Simplified Extended Kalman Filter
METEOSAT Meteorological Satellite SETTLS Stable Extrapolation Two-Time-Level Scheme
METOP Meteorological Operational Satellite SIC Sea Ice Concentration
MHS Microwave Humidity Sounder SSM/1 Special Sensor Microwave/Imager
MIPAS Michelson Interferometer for Passive Atmospheric SSMI/S Special Sensor Microwave Imager/Sounder
Sounding SST Sea Surface Temperature
MLS Microwave Limb Sounder SSU Stratospheric Sounding Unit
MODIS Moderate Resolution Imaging Spectroradiometer SSW Sudden Stratospheric Warming
MSU Microwave Sounding Unit SYNOP Surface Synoptic Report
MTSAT Multifunctional Transport Satellite TEI Total Energy Input
MWHS Microwave Humidity Sounder TEMP Report from radiosounding
MWHS2 Microwave Humidity Sounder 2 TESSEL Tiled ECMWF Scheme for Surface Exchanges
NASA National Aeronautics and Space Administration over Land
(USA) TIROS Television Infrared Observation Satellite
NASDA National Space Development Agency (Japan) TMI TRMM Microwave Imager
NCEP National Centers for Environmental Prediction TOA Top Of Atmosphere
(UsA)
TOMS Total Ozone Mapping Spectrometer
NESDIS National Environmental Satellite, Data, and Infor-
mation Service (USA) TOVS TIROS Operational Vertical Sounder
NEXRAD Neg-Conemiion Reckr Nemoms TRMM Tropical Rainfall Measuring Mission
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TABLE 8 Glossary

Acronym Description
TSI Total Solar Irradiance

UCAR University Corporation  for

Research (USA)

Atmospheric

UNFCCC United Nations Framework Convention on Cli-
mate Change

VarBC Variational bias correction
VTPR Vertical Temperature Profiling Radiometer
WCRP World Climate Research Programme

WMO World Meteorological Organisation
20CR Twentieth Century Reanalysis

4D-Var Four-Dimensional Variational data assimilation

ERAS uncertainty estimates are based on the spread
in the EDA component which mainly samples random
error (although the perturbed HadISST2 realizations do
introduce long-term correlations near the surface). More
information is desirable on systematic errors which, for
example, capture and explain large-scale and long-term
systematic differences with respect to other datasets.

Following user requirement analyses from communi-
ties, a large part of the preparation for future C3S reanaly-
sis are being addressed at ECMWF, while part of the work
takes place via external C3S contracts with other European
organisations and includes wider international collabora-
tions. This includes a considerable effort by EUMETSAT
on the reprocessing of a large number of satellite datasets
for usage in future reanalysis. Support for climate reanal-
ysis regarding satellite data rescue has been initiated, as
is the development and maintenance of quality-controlled
global databases containing all known digitised in situ
upper-air weather observations. These will contain meta-
data and information needed for DA such as bias adjust-
ments and uncertainty estimates. In addition, a set of
services to improve access to available in situ instrumental
data records and data streams from observing networks is
in place, as needed for monitoring climate change and to
support climate science.

All these developments and data will feed into
the next generation of global reanalysis (ERA6), which
is to be based on a coupled atmosphere-ocean sys-
tem. It is foreseen that, until completion of this new
full-observing-system reanalysis, ERAS5 will be updated
into the mid-2020s.
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