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back-phased physics from a newer model version (cy42). Conventional observations,
satellite-based radiances, atmospheric motion vector winds and bending angle from
radio occultation observations are used. In addition, ground-based zenith total delay
(ZTD) from global navigational satellite systems (GNSS) and local surface observa-
tions, rescued from historical archives at the local National Meteorological Services,
are used. Another new feature is the construction of the background error statistics
for the data assimilation. Information from the ensemble run, CERRA-EDA, is used
in the derivation of the background error statistics for the high-resolution CERRA
runs. These background error statistics are updated every second day. By doing so,
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37 years of production. The reanalyses and reforecasts from CERRA show an added
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1 | INTRODUCTION

Reanalyses are more and more widely used in atmo-
spheric sciences. As compared to long observation series
and climate simulations, a reanalysis optimally combines
observations and models, using state-of-the-art numerical
weather prediction (NWP) models. This provides a spa-
tially complete and physically consistent dataset of the
best estimate of the state of the Earth’s atmosphere (Dee
et al., 2014). Reanalysis does not have the constraint of
issuing timely forecasts, so there is more time to collect
observations, and when going further back in time, to
allow for the ingestion of improved, reprocessed versions
of the original observations. By doing so, all available
observations will be used and, if possible, with better qual-
ity than the original ones. This will all benefit the quality
of the reanalysis product.

In this paper a regional reanalysis is presented that
covers the whole of Europe for the time period 1984-2021.
This new reanalysis is run with a high horizontal and
temporal resolution compared to the existing global
reanalyses. Global reanalyses have been run for quite some
time, for example the ERA-40 (Uppala et al., 2005) and
ERA-Interim (Dee et al., 2011) produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF),
the Japanese JRA-55 (Kobayashi et al., 2015), the Amer-
ican Modern-Era Retrospective Analysis for Research
and Applications (MERRA) (Rienecker et al., 2011), and
the NCEP/NCAR global reanalysis (Kalnay et al., 1996).
These were typically run with a horizontal resolution
of 60-70km or lower. The most recent reanalysis from
ECMWF, ERAS, is run with a horizontal resolution of
31 km (Hersbach et al., 2020).

As smaller-scale information and more realistic repre-
sentation of extreme events are more and more demanded
by users, the interest for spatially highly resolved regional
reanalyses (RRAS) is increasing.

Examples of such RRAs are the early North American
Regional Reanalysis (Mesinger et al., 2006) and the Arctic
System Reanalysis (Bromwich et al., 2012, 2017) followed
by recent efforts in Europe like the Met Eirann reanalysis
(MERA) at 2.5km covering Ireland and the British Isles
(Gleeson et al., 2017) and the Copernicus Arctic Regional
ReAnalysis (CARRA) covering parts of the Arctic region
(Keltzow et al., 2022).

Within the European Union-funded project European
Reanalysis and Observations for Monitoring (EURO4M),
the work started to answer the need for regional reanalyses
(RRAs) covering Europe with a high resolution compared
to what the global RA can provide. EURO4M delivered
RRA products at an intermediately high resolution (22 km)
and also with downscaling and surface analysis versions at
higher resolutions (Dahlgren et al., 2016).

EURO4M was followed by the FP7 (7th Framework
Project for Research) project “Uncertainties in Ensem-
bles of Regional Re-Analyses” (UERRA, www.uerra.eu).
UERRA increased the resolution to address some limi-
tations of EURO4M and also focused on the uncertain-
ties in the reanalyses. The time period of the RRA in
UERRA was also much longer than in EURO4M. In order
to assess the uncertainties in the RRA, advanced ensem-
ble data assimilation (EDA) was used for a long time
period. High-resolution deterministic RRA and other grid-
ded datasets were also included in the evaluation of the
uncertainties.

Within the framework of UERRA a regional reanalysis
was produced using the HARMONIE (HIRLAM ALADIN
Regional/Mesoscale Operational NWP In Europe) system.
HARMONIE is a complete system for NWP. It was devel-
oped in the HIRLAM (High Resolution Limited Area
Model) consortium and builds upon the code of the
models ALADIN (Aire Limitée Adaptation Dynamique
Développement International)), AROME (Applications
of Research to Operations at MEsoscale) and ALARO
(ALADIN and AROME combined model) developed in
a collaboration between Météo-France and the ALADIN
and HIRLAM consortia.

As part of the UERRA project two other reanaly-
ses were also produced, the COSMO-REA6 run by DWD
(Bollmeyer et al., 2015) and the UM-RRA from UK Met
Office. These RRAs were run with different systems and
will not be described further here.

The long reanalysis using the HARMONIE system
within the UERRA project (UERRA-HARMONIE) was
run from 1961 to 2015 with a horizontal resolution of
11 km and the ALADIN physics parameterization. Atmo-
spheric and surface data assimilation were both included.
To introduce large-scale information from the global
reanalyses a large-scale constraint has been added to the
cost function. Two reports presenting the results from the
UERRA reanalysis are available at http://www.uerra.eu/
as UERRA deliverables D2.6 (Ridal et al., 2016) and D2.7
(Ridal et al., 2017), respectively. While the first report
describes preliminary results, the second one contains
results from the entire period from 1961 to 2015.

As part of the Copernicus Climate Change Services, the
UERRA-HARMONIE system was used to extend the time
series for the period 2016-July 2019. The entire dataset,
starting in 1961, is available in the Copernicus Climate
Data Store (CDS). Meanwhile, the system for the next
generation regional reanalysis for Europe was developed.
The new system, CERRA (Copernicus European Regional
ReAnalysis), was developed with a horizontal resolution
of 5.5km that covers entire Europe (Figure 1). Together
with the high resolution this new system contains many
improvements compared to UERRA-HARMONIE. It is
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FIGURE 1 The CERRA domain
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for example based on a newer version of HARMONIE
and includes many more observations, where the biggest
difference is the inclusion of satellite observations. More-
over, CERRA is run with a three-hour cycling whereas
UERRA-HARMONIE was run with a six-hour cycling fre-
quency. The number of vertical levels is also increased,
together with a higher model top in order to better describe
the processes in the upper troposphere and lower strato-
sphere.

In parallel to the high-resolution deterministic system,
an ensemble system of 10 members with a lower resolution
has been developed. This system uses an ensemble data
assimilation (EDA) system, referred to as CERRA-EDA,
that runs with 11-km horizontal resolution. Although
CERRA-EDA uses a six-hour cycling frequency, its setup
is very similar to that of CERRA with, among others, the
same number of vertical levels and the same observations
(apart from one satellite instrument).

One innovative feature of the CERRA reanalysis is that
the output from CERRA-EDA is used to create its back-
ground error statistics (El-Said et al., 2022). This means
that CERRA-EDA needs to run a few days ahead of the
deterministic system. More details are provided in the
following sections.

In addition to CERRA and CERRA-EDA a
two-dimensional surface analysis was produced, CERRA-
Land (Verrelle et al., 2022). This analysis utilizes additional
observation such as carefully quality-controlled
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precipitation observations. CERRA-Land will be described
in a separate paper and not further discussed here.
However, for most of the surface and soil variables it is rec-
ommended for users to obtain these from CERRA-Land
instead of CERRA.

The need for keeping the European regional reanalysis
up to date and improved with a more modern system and
higher resolution is motivated by the high number of users.
At the end of the contract UERRA-HARMONIE had more
than 1500 registered users and CERRA and CERRA-Land
data was downloaded by more than 600 users during a
period of one year (August 2022 to August 2023). The users
come from a wide range of research areas, for example,
the breeding range and time of migrating song birds (Vega
etal., 2021) to other applications, for example the planning
of new wind farms (Spangehl et al., 2023).

In parallel to CERRA a regional reanalysis for the
Arctic has also been produced. The Copernicus Arctic
Regional ReAnalysis (CARRA) is run over two smaller
domains with a resolution of 2.5 km (Keltzow et al., 2022).
Since the two systems, CERRA and CARRA, have been
developed and produced in parallel it has been possible
to take advantage of many synergies between the two
projects. For example, many local observations could be
used by both systems as well as some monitoring tools.

In this paper details of the modeling systems are
provided and results from CERRA are compared to
the global ERAS5 reanalysis which is used as lateral
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boundaries. Furthermore, ERAS is considered to be the
state-of-the-art reanalysis at the moment and is in some
senses more advanced than CERRA; for example, ERAS is
using a more advanced data assimilation scheme, although
run at a much lower horizontal resolution of 31 km. Run-
ning with higher resolution is one of the main advantages
of CERRA and the purpose of producing a regional reanal-
ysis. CERRA also uses a few additional observation sources
compared to ERAS.

The paper is organized as follows; Section 2 describes
the model system setup, including the ensemble setup
and the construction of the background error statis-
tics. Section 3 describes the observations used while
Section 4 shows a few results as compared to ERAS5,
including a case study of a storm that hit Scandinavia
in 2005. Section 5 shortly gives some detail on the
technical implementation followed by some conclusions
in Section 6.

2 | THE CERRA MODEL SYSTEM

HARMONIE is a complete system for NWP. It was
developed in the HIRLAM consortium and builds around
the code of the models ALADIN, AROME and ALARO
developed in collaboration with Météo-France and the
consortia ALADIN and HIRLAM (Bengtsson et al., 2017;
Termonia et al., 2018).

The CERRA reanalysis system builds in large parts
on HARMONIE cy40h1.2 with some important differ-
ences. Among others, several changes in the script sys-
tem compared to the reference version of HARMONIE
were introduced to speed up the production. The main
achievement was to separate the analysis and forecast
steps. In the production runs, the new analysis is started as
soon as the first guess is available, that is, the three-hour
forecast. The remaining forecast hours are run in par-
allel to the next analysis. This saves a lot of time in a
reanalysis setup but is of no use for operational fore-
casts. Several other optimizations have been introduced
in the CERRA system to improve the performance. These
include, among others, a few code and script changes,
including changes to the data handling; for example, fetch-
ing observations for one month at a time or several days of
boundary files, and changes to the submission commands
by altering the number of nodes or memory allocations for
different tasks.

The CERRA system runs with a three-hour cycling,
5.5-km horizontal grid distance over the same domain
as used for UERRA-HARMONIE (Figure 1). It is run
with 106 vertical levels with the lowest level at 10 m,
19 levels below 1000m and the model top at 1hPa. In
addition, a 10-member ensemble, CERRA-EDA, described

in Section 2.4, is run in parallel to CERRA at 11-km
horizontal resolution. CERRA uses a time step of 4 min
while CERRA-EDA runs with a 10-min time step.

The main focus of CERRA is to optimize the
short-range forecasts, that is, the 3-12-hour forecasts. The
three-hour forecast is the background for the next analysis
and for longer forecast lead times the influence from the
boundaries will increase in a limited-area model. Fore-
casts up to 30 hours lead times are, however, provided to
users for continuity purposes, for example, for daily mean
calculations.

2.1 | Improved physics

Another difference compared to HARMONIE cy40h1.2 is
that parts of the ARPEGE-ALADIN physics package have
been back-phased from cy42t2 used in the Météo-France
ARPEGE operational system in order to improve primarily
convective precipitation at 5.5km. This ARPEGE physics
is used operationally at Météo-France in the global system
since summer 2019 with a horizontal resolution of 5.5 km
over France.

The radiative transfer in the atmosphere with the sur-
face is described using the RRTM scheme (Rapid Radia-
tive Transfer Model) for long-wave radiation (Mlawer
et al., 1997) and the six-band Fouquart-Morcrette scheme
for short-wave radiation (Fouquart & Bonnel, 1980; Mor-
crette, 1991). Gravity waves, their reflection and trapping,
aswell as upstream blocking, are taken into account (Catry
et al., 2008).

The boundary layer parameterization is represented
by a mass-flux shallow convection scheme using a CAPE
closure (Bechtold et al., 2001) and by a diffusion scheme
based on prognostic turbulent kinetic energy (Cuxart
et al., 2000) using the Bougeault and Lacarrere (1989)
mixing length modified by the shallow convection (Bazile
et al., 2011). Deep convection is represented with a
mass-flux scheme based on a moisture convergence clo-
sure (Bougeault, 1985) modified by Marquet et al. (2019) to
avoid grid point storms. The microphysical processes are
based on Lopez (2002) and a statistical cloud scheme of
Smith (1990) modified by Bouteloup et al. (2005).

2.2 | Data assimilation

Observations are introduced into the model through data
assimilation, both in the three-dimensional (3D) atmo-
sphere and in the two dimensional surface scheme. The
assimilation scheme used for the atmospheric analyses is
a 3D-Var assimilation scheme, which creates an analysis
by minimizing a cost function (e.g., Gustafsson et al., 2001;

ASUAOIT suowwo)) dAnear) d[qedrdde ayy Aq pausoaoS are sapo1Ie YO ‘asn Jo sa[nL 10§ A1e1qr] duljuQ A3[IA| UO (SUOIIIPUOD-PUB-SULID} /WO A3[IM"ATeIqi[dur[uo//:sd}y) SUOIpUO)) pue suud | ay) 39S ‘[$707/90/40] uo A1eiqiy sutuQ A3 ‘Sutupaseg sudeis Aq $9.(b/7001°01/10p/woo Kopim:Areiqiaurjuo-sioury//:sdpy woiy papeoumo( 0 “X0LSLLY 1



RIDAL ET AL.

Quarterly Journal of the ESRMets

Lindskog et al., 2001; Fischer et al., 2005; Brousseau
et al., 2008):

769 = Sr=x) B (k=) + 20— HE)' R ¢~ HE0),
&)

where x is the model state vector (containing the con-
trol variables vorticity, divergence, temperature, specific
humidity and surface pressure), x, is the first guess or
background, in our case a three-hour forecast. y repre-
sents the observations while H is the observation operator,
B is a matrix that describes the errors of x, and R is a
matrix that describes the errors of the observations y. It
is assumed that the observation errors are spatially uncor-
related and thus, R is represented as a diagonal matrix.
The background error matrix, on the other hand, describes
both spatial correlations and balances between variables.

CERRA-EDA uses a background error correlation (B)
matrix usually constructed from a mix of forecast differ-
ences from summer and winter to get an estimate valid
for the whole year (Berre, 2000; Montmerle & Berre, 2010;
Brousseau et al., 2012). For CERRA analyses, however, Bis
constructed using statistics from the CERRA-EDA output.
The methodology of B matrix construction is described in
Section 2.4.

The surface observations are assimilated using an opti-
mal interpolation (OI) method using CANARI (Code for
the Analysis Necessary for ARPEGE for its Rejects and its
Initialization) and SURFEX (surface externalisée) analysis
schemes.

CANARI (Taillefer, 2002) is a part of the IFS/ARPEGE
(Integrated Forecast System/Action de Recherche Petite
Echelle Grande Echelle) source code and was developed to
provide both surface and atmospheric ARPEGE/ALADIN
analysis based on the OI method. In CERRA, while using
the surface part of CANARI, for the 2-m temperature and
2-m humidity analysis, the MESCAN option, which takes
into account the difference in height and the land-sea
mask, was used.

The surface analysis is performed in two steps. First
CANARI finds the analysis increments in each grid point
based on observations minus first guess. In the next step a
consistent update of the SURFEX fields (surface and deep
soil temperature, soil moisture and snow depth) is made
based on analysis increments interpolated to all grid points
by CANARL.

2.3 | Geographical data

Geographical data are all the external data used as input
of the system to describe as realistically as possible the
physiographical data at any location in the domain. It
includes topography, land use, soil texture, and so forth.
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2.3.1 | Land use dataset ECOCLIMAP

Land use is described in CERRA by the ECOCLIMAP
database (Faroux et al., 2013). The ECOCLIMAP program
is a dual database at 1-km resolution that includes an
ecosystem classification and a coherent set of land surface
parameters that are primarily mandatory in meteorologi-
cal modeling (notably leaf area index and albedo). Hence,
the aim of this physiography is to enhance the quality of
initialization of the surface parameters and impose some
surface attributes within the scope of weather forecast-
ing studies, including reanalysis. Fractions of nature, sea,
urban areas and inland water are calculated by ECO-
CLIMAP. The fraction of land equals one for pixels covered
with vegetation only and decreases for those where urban
fraction, inland water fraction and/or sea fraction are pos-
itive. In CERRA the urban model is not activated since at
the start of the project it was not fully developed and vali-
dated. Instead the urban fractions were converted to rocks
which are part of the natural areas. This is a common
approach in, for example, climate models.

In large lakes such as Ladoga or Onega, the lake frac-
tion equals 1 in the middle of the lakes indicating pure
lake pixels whereas on their border the lake fraction
decreases to the benefit of the vegetation fraction. This
is also the case for smaller lakes where the lake fraction
never reaches 1. Changes in land use are not considered
so that the prescribed land use is constant over the entire
reanalysis period.

2.3.2 | Topography and soil texture

Two other important pieces of information are required by
the system. These are the topography and the soil texture
for natural tiles. The topography is used to describe the ele-
vation of each grid point, to account for pressure effects on
flows and which is for instance used in the conversion from
air temperature to potential air temperature. Topography
is computed from the Global Multi-resolution Terrain Ele-
vation Data (GMTED2010) (Danielson & Gesch, 2011).

In the ISBA (Interaction Soil-Biosphere-Atmosphere)
soil-vegetation-atmosphere transfer model some param-
eters depend on soil texture which is represented by the
fractions of sand and clay, especially pedotransfer func-
tions. These fractions are derived from the Harmonized
World Soil Database (HWSD, Nachtergaele et al., 2012)
that is a soil map at 1-km resolution that combines several
datasets available worldwide.

2.3.3 | Lakes

In CERRA the lake parameterization model FLAKE is
used (Kourzeneva, 2010). The lake depth comes from the
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(min: 1.000E+00 // max: 5.000E+01)

FIGURE 2

Global Lake DataBase (GLDB, version 2) which is a 1-km
global lake depths database. Figure 2 shows the distribu-
tion of lakes and their depths in CERRA. The high density
of lakes in the northern part of the domain demonstrates
the importance of considering lakes in the system.

2.34 | SSTandseaice

Sea surface temperatures (SST) and sea ice concen-
trations are taken from different sources depending
on the period and the location. ERA5 data (prior to
1985) and OSTIA (Operational Sea Surface Temperature
and Ice Analysis, https://ghrsst-pp.metoffice.gov.uk/ostia
-website/index.html) (Donlon et al., 2012) products are
used for the Mediterranean Sea, the Black Sea, the Atlantic
and the North Sea. For the Baltic Sea, an ocean reanal-
ysis based on the RCO model (Rossby Centre Ocean
model) is used, which is available for the period 1970-1999
(Liu et al., 2013). Between the year 2000-2016 a Baltic

Lake depth in CERRA. [Colour figure can be viewed at wileyonlinelibrary.com]

Sea reanalysis based on the NEMO-Nordic model (Hor-
doir et al., 2019) was applied with data available through
Copernicus Marine Services (CMEMS, https://marine
.copernicus.eu/). After 2016, data based on the Danish
North Sea—Baltic Sea model HBM (http://ocean.dmi.dk
/models/hbm.uk.php) was used for the Baltic Sea (Poulsen
& Berg, 2012). This dataset was also available through
CMEMS. The availability of this dataset ceased in Septem-
ber 2020 so from October 2020 and onward OSTIA data
were used also for the Baltic Sea.

2.4 | The ensemble setup

The CERRA-EDA system is an Ensemble of Data Assim-
ilation system consisting of 10 members. It is built from
the same code as the deterministic (CERRA) version and
uses the same observations, except the MSU (Microwave
Sounding Unit) satellite observations from the early years.
There are a few differences where the main ones are that
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the EDA system runs with an 11-km horizontal resolution
and cycles every six hours. This also means that the time
step can be longer, 10 min instead of 4 min as for CERRA.

The distinction between each ensemble member is
obtained by perturbing the observations prior to the data
assimilation. One control member is initialized with
unperturbed observations while the other nine are ini-
tialized with perturbed observations. The perturbation
technique uses a random technique assuming a Gaussian
distribution within the estimated observations errors.
There are no perturbations to the SST/sea ice or the
physical parameters.

As lateral boundary conditions for CERRA-EDA the
ERAS5 ensemble is used. The ERA5 EDA system has 10
members and is run with 63-km horizontal grid distance
(Hersbach et al., 2020).

The resulting analyses are used to produce six-hour
forecasts from which the background error covariances are
estimated. Due to the fact that CERRA uses the output
from CERRA-EDA, the EDA system needs to run ahead of
the deterministic system. This is normally not a problem
since CERRA-EDA is faster than CERRA due to the lower
resolution and the longer time step. The 10 members run
more or less in parallel so this does not slow the production
down much either.

The CERRA-EDA derived B matrices comprise two
principal components, a seasonal component and a daily
component. The seasonal component is derived from two
one-month experiments using 5.5km resolution and a
4-min time step. One experiment is for a winter month,
January 2018, and one from a summer month, July 2017.
This referred to the “static” or “climatological” B in this
paper and is the B matrix used in the CERRA-EDA runs.
Within CERRA however, this is done a bit more advanced
(El-Said et al., 2022).

First a seasonal component from these two months
of forecasts is introduced. This seasonal component rep-
resents seasonal changes by incorporating forecast dif-
ferences coming from each season, summer or winter,
according to the current time of year. During winter the
majority of the forecast differences will come from the win-
ter period and then gradually change so that in summer
the majority will come from the summer month.

Secondly a day-to-day variability is introduced using
forecast differences from CERRA-EDA, interpolated to
5.5km. The daily component comprises a 2.5-day mov-
ing average, in parallel to CERRA production. The choice
of averaging over 2.5days was made by studying the
day-to-day variability of the prognostic variables. It was
found that the maximum gradient in the background error
estimate, particularly for vorticity, occurred over 2-3 days.
The B matrix statistics for CERRA are updated every sec-
ond day.

Royal Meteorological Society

The pooling of forecast differences is such that 80%
come from the seasonal component and 20% from the
daily. The reason for choosing an 80%-20% seasonal-daily
split for EDA forecast differences was that they provided
the most favorable root-mean-squared errors (RMSE) fore-
cast differences when compared to a static seasonal-only B
matrix. Forecast scores and data assimilation performance
statistics as well as a more detailed description of the B
matrix construction can be found in El-Said et al. (2022).

3 | OBSERVATION USAGE

Different sources of observations have been used in
the CERRA and CERRA-EDA production runs, such as
conventional and satellite observations as well as other
non-conventional observations. These are described fur-
ther below.

3.1 | Conventional observations
Conventional observations include in-situ data from land
surface stations (SYNOP), surface measurements from
ships (SHIP), drifting buoys (DRIBU), radiosonde/bal-
loon profiles (TEMP, PILOT) and aircraft measurements
(AIREP, AMDAR, ACARS).

The atmospheric data assimilation in CERRA and
CERRA-EDA utilizes the conventional observations that
are currently stored in the Meteorological Archival and
Retrieval System (MARS) archive at ECMWF. Since
ECMWF has produced several reanalysis products their
archive of conventional observations is fairly well main-
tained for the CERRA domain during the production
period from 1984 until present.

Although comprehensive, the archive at ECMWF does
not include every observation that has been made in the
time period from 1984 until present. For CERRA, local
SYNOP data from the archives at the Swedish, Norwe-
gian, Danish, Finnish and Icelandic meteorological insti-
tutes are added on top of the data retrieved from MARS
at ECMWF. Additional surface observations from the cli-
mate database at Météo-France are also used. Some of
the latter observations have already been used in the
UERRA-HARMONIE and MESCAN-SURFEX reanalyses,
but additional observations from automatic stations are
available for use in CERRA.

Figure 3 shows the total number of conventional obser-
vations per day used in the CERRA reanalysis. The data are
smoothed with a 30-day running average to be more clear.

There are a few interesting things to notice in Figure 3.
First, the number of radiosondes (TEMP) keeps increas-
ing until around 2010. From there on to the end of the
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Number of daily observations used in the CERRA production showing ship observations (SHIP), land surface stations

(SYNOP), aircraft observations (AIRCRAFT), drifting buoys (DRIBU), and radiosonde observations (TEMP). The data are smoothed over
30 days for display purposes. [Colour figure can be viewed at wileyonlinelibrary.com]

period, a constant number, or even a small decrease can
be observed. The reason is that radiosondes are expen-
sive to launch and the evolution of other observations,
for example, aircraft observations, reduces the need for
radiosondes. Several institutes have therefore reduced the
number of radiosonde launches. At the beginning of the
production, that is, the start of the five first streams, some
radiosonde data were missing. This was quickly fixed and
for the rest of the reanaylsis period all data are present.
Another interesting thing is the steep drop of aircraft
observations at the end of the reanalysis period. This is
caused by the reduced number of aircrafts due to the
Covid-19 pandemic.

3.2 | Satellite radiances

The satellite radiances used in the reanalysis are primar-
ily from the microwave sounders MSU, AMSU-A and
AMSU-B (Advanced MSU). The latter is also referred to as
MHS (Microwave Humidity Sounder). These instruments

have been flown since 1980 on a number of platforms mea-
suring temperature and humidity that are very useful for
NWP. In Table 1 the channels used from each instrument
are summarized as well as the platform it was mounted on
and the time period from which we use the data.

For the later period of the reanalysis, after 2007, radi-
ances from the Infrared Atmospheric Sounding Interfer-
ometer (IASI) are also utilized. From this hyperspectral
instrument, a subset of 74 channels is used to derive
temperature and moisture at different levels of the atmo-
sphere.

Included in Table 1 are also the variational bias cor-
rection predictors used for each particular instrument. In
some cases it can differ slightly between different chan-
nels for the same instrument depending on what altitude
the channel is most sensitive to but in general they are
the same. The bias correction method and the meaning
of the different predictors is described in Section 3.4. An
evaluation of the satellite radiance impact on the analy-
sis and forecasts in CERRA can be found in Wang and
Randriamampianina (2021).
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TABLE 1 Summary of the usage of satellite radiances including the variational bias correction predictions used.
Satellite Channels Predictors used Time period
Instrument: MSU
NOAA-6 2-4 0,1,2,8,9,10 1980-1983
NOAA-7 2-4 0,1,2,8,9,10 1981-1985
NOAA-9 2-4 0,1,2,8,9,10 1985-1987
NOAA-10 2-4 0,1,2,8,9,10 1988-1992
NOAA-11 2-4 0,1,2,8,9,10 1989-1995
NOAA-12 2-4 0,1,2,8,9,10 1993-1997
NOAA-14 2-4 0,1,2,8,9,10 1996-2007
Instrument: AMSU-A
NOAA-15 5-11, (12) 0,1, 2, 8-10, 15-18 1999-2021
NOAA-16 5-11, (12) 0,1,2,8,9,10 2001-2009
NOAA-17 5-11, (12) 0,1,2,8,9,10 2002-2003
NOAA-18 5-11, (12) 0,1, 2,8-10,15-18 2006-2021
NOAA-19 5-11, (12) 0,1,8,9,10 2008-2021
Metop-A 5-11, (12) 0,1,8,9,10 2007-2021
Metop-B 5-11, (12) 0,1,8,9,10 2013-2021
Instrument: AMSU-B
NOAA-15 3-5
NOAA-16 3-5 0,1,8,9,10 2001-2007
NOAA-17 3-5 0,1,8,9,10 2002-2009
Instrument: MHS
NOAA-18 3-5 0,1,8,9,10 2006-2021
NOAA-19 3-5 0,1,8,9,10 2008-2021
Metop-A 3-5 0,1,8,9,10 2007-2021
Metop-B 3-5 0,1,8,9,10 2013-2021
Instrument: IASI
Metop-A 74 channels 0,1,2,8,9,10 2007-2021
Metop-B 74 channels 0,1,2,8,9,10 2013-2021

Note: The predictors are described in Section 3.4.2 and listed in Table 3.

Figure 4 shows the same as Figure 3 but for satel-
lite radiances. Interesting to note in Figure 4 is the total
dominance of IASI observations after they became avail-
able in 2007. IASI is a multispectral instrument and even
if we only use 74 channels in the data assimilation it is
dominating in the number of observations. Interesting to
see is also that MSU data are available from the start of
the reanalysis but gradually decrease as the instrument is
phased out. After 2007, MSU is fully replaced by the AMSU
instruments. Other things to notice are that AMSU-B is
gradually replaced by MHS, which is basically the same
instrument and that AMSU-A is gradually decreasing in
number toward the end of the period. Data from the

METOP-C satellite became available in spring 2021. They
are not used in this reanalysis but should be considered in
a continuation or a next generation of reanalysis.

3.3 | Other non-conventional
observations

Apart from satellite radiances a number of non-
conventional observation types are included. Several
of these observations are obtained from reprocessed
datasets. Only the last few years are real-time or
near-real-time observations. This means that the quality
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can be regarded as very good and that the signal-to-noise
ratio in many cases has been improved. It also means that
the blacklisting, for example, minimum altitude to use or
similar, can be a bit more generous than in operational
model configurations.

A reprocessed dataset of zenith total delay (ZTD)
from ground-based global navigation satellite systems
(GBGNSS) from the EPN EUREF Permanent Network
(Pacione et al., 2017) is used for the CERRA reanalyses.
The ZTD basically depends on the density of the atmo-
sphere and the moisture content. If the ground pressure
is known a good estimate of the integrated water vapor of
the atmosphere can be made (Sanchez Arriola et al., 2016;
Lindskog et al., 2017). ZTD data are available from 1997
onward and there are up to 342 stations in this dataset but
there are not data from all of them at any one time and sta-
tions may come and go during the period. All 342 stations
are allowed in the system through a white-list, thereby
allowing any of them to be used when they appear.

The refraction, or bending angle, of the GNSS signal by
the atmosphere observed by a receiver satellite is known
as GNSS radio occultation (GNSS-RO). These observations

Same as in Figure 3 but for satellite radiances from MSU, AMSU-A, AMSU-B, MHS and IASI. [Colour figure can be viewed

give very accurate profiles of temperature, humidity and
pressure (e.g., Poli et al., 2010 or Bauer et al., 2014). The
radio occultation meteorology satellite application facil-
ity (ROM-SAF) provides a reprocessed GNSS-RO dataset,
available from 2001. The advantage of using a reprocessed
dataset is that the signal-to-noise ratio is increased and the
observations can be used closer to the ground than in the
operational dataset. To be on the safe side the observations
are used down to 3 km in CERRA even though the data are
said to be of good quality all the way to the ground.

Another advantage of the GNSS-RO observations is
that they are considered to be bias-free. This means that
they can be used as an anchoring observation during
the bias correction of other observations, that is, help to
improve the impact of other observations.

Atmospheric Motion Vectors (AMV) from geostation-
ary and polar orbiting satellites have successfully been
assimilated by the HARMONIE 3D-Var analysis system.
For reanalysis purposes historical AMV data from differ-
ent sources have been archived at ECMWF. Data from
both geostationary and polar orbiters are available over the
CERRA domain back to the early 1980’s.
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Observations of surface winds over sea can be obtained
from scatterometers. In CERRA and CERRA-EDA arepro-
cessed dataset obtained from the ocean and sea ice SAF
(OSI-SAF) at the Royal Netherlands Meteorological Insti-
tute (KNMI) has been used. In this dataset observations
are available from 1997 to 2014 from the satellites ERS1
and —2, QuickSCAT, METOP-A and Oceansat-2. After
2014 near-real-time (NRT) data from ASCAT on METOP-A
and -B were used. A detailed description of the processing
and assimilation of scatterometer data in HARMONIE
can be found in Valkonen et al., 2017.

Figure 5 shows the usage of the other non-conventional
observations in the same way as in Figures 3 and 4.
Noticeable here is that the number of observations is very
dependent on the satellite constellation at the time. It can
therefore seem a bit jumpy. Note also that AMVs are avail-
able from the start of the period with a drastic increase
with better coverage from the polar orbiting satellites from
about the year 2000.

The ground-based GNSS observations are treated as a
subtype of SYNOP in the model. They are therefore not

Royal Meteorological Society

included in Figure 5 but instead as part of the number of
SYNOP observations in Figure 3.

Table 2 summarizes the datasets that are used in the
reanalysis from different non-conventional observations
other than satellite radiances.

3.4 | Variational bias correction

All observations contain some sort of observation error.
These can, in most cases, be divided into two parts, one
random error and one systematic error. The random errors,
or uncertainties in the observations, are described in the
observation error matrix used in the minimization and
compared to the background errors. The systematic error,
or bias, on the other hand, may not be a true error
but rather the systematic differences between model and
observations. These are harder to describe but may be
compensated for using a bias correction procedure. This
correction can either be static, that is, all observations
from the same instrument are “corrected” with a constant
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Same as in Figure 3 but for scatterometer winds, atmospheric motion vectors (AMV) and global navigational satellite

systems (GNSS) radio occultation (RO) observations. [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 2
other than satellite radiances.

Summary of non-conventional observations

Ground-based GNSS

Stations Platform Time period
342 stations Surface 2000-2021
Radio occultation GNSS

Instrument Platform Time period
CHAMP CHAMP 2001-2009
GRACE GRACE-A, -B 2007-2011
COSMIC FORMOSAT-3 2007-2011
GRAS METOP-A, -B 2007-2021
AMV

Instrument Platform Time period
AVHRR NOAA-satellites 1980-2021
MODIS TERRA 1999-2021
MODIS AQUA 2002-2021
AVHRR METOP-A 2007-2021
AVHRR METOP-B 2012-2021
SEVIRI MFG (Geostationary) 1982-2007
SEVIRI MSG (Geostationary) 2002-2021
Scatterometer winds

Instrument Platform Time period
ERS-1, -2 Scatterometer 1997-2001
SeaWinds QuikSCAT/seawinds 1999-2009
ASCAT METOP-A 2007-2021
OSCAT Oceansat-2 2009-2021

value, or by a variational bias correction (VARBC). The
latter is important if the bias is slowly varying, for example
between day and night, different seasons or depending on
the weather itself. How the bias correction varies is deter-
mined by a number of predictors valid for the specific
observation type.

Traditionally mainly remote-sensing observations have
been bias-corrected since these often are indirect obser-
vations that need to be processed to get an estimate
of, for example, temperature from satellite radiances
(Auligné et al., 2007) or moisture from ground-based
global navigational satellite system (GNSS) observations
(Sanchez Arriola et al., 2016). Another contributing fac-
tor is the model top. Some of the applied predictors (see
Section 3.4.2) cannot be used with a relatively low model
top, or badly represented stratospheric layers with too low
resolution, for example.

34.1 | Method

The method used is the same as introduced by Derber
and Wu (1998) at National Centers for Environmental Pre-
diction (NCEP) and later by Dee (2004) at ECMWF. The
bias b in each observation, radiance channel or observation
station, is determined according to:

Np
bex, ) = Y Bipi(0), @)
i=0

where p; is the predictor i and f; are unknown bias param-
eters. Np is the total number of predictors used for the
specific observation. This bias b is then subtracted from
the observations in the second term in the cost function,
described in Section 2.2, and the bias correction coeffi-
cient, g, is estimated by introducing an extra term in the
cost function:

J60 = 206 = x) B = x0) + 208 = o) BB = )
4200 - HO) = b AR 0 = H®) — bk, ). (3)

where By is the error correlation matrix for the bias cor-
rection coefficient. This basically only determines how
quickly the bias correction coefficients are allowed to
respond to the latest observations. The values have been
determined by tuning in previous studies.

3.42 | Predictors

The bias between model and the observations can be
caused by many different things. Several parameters can
therefore be used as predictors. Examples of such pre-
dictors can be surface pressure, the thickness of different
layers in the atmosphere or the state of the instrument
itself (e.g., the different viewing angles for the different
fields of view). Table 3 lists the predictors available in the
CERRA system.

Different satellite channels from the same instrument
can also have different predictors depending on which
altitude the channel is more sensitive to, for example, pre-
dictor 1 (in Table 3) for low-peaking channels or predictor
2 (in Table 3) for high-peaking channels.

3.4.3 | Observations to be corrected

In the HARMONIE system a static bias correction can be
applied to radiosonde temperatures which rely on tables
containing vendor -specific information, station identifier,
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TABLE 3  Predictors available for variational bias correction Predictors for ch. 9
in the CERRA system. o P
o 7| = pre
Predictor pneg 2
number Predictor <] g:di
0 1 (constant) © | pmds
1 1000-300 hPa thickness 8 o
S o
2 200-50 hPa thickness g °
°
3 Skin temperature B o | — =
a o S
4 Total column precipitable water }3
5 Stratosphere 1, 2-10 hPa thickness TE §
o
6 Stratosphere 2 2!
7 Surface wind speed g
|
8 Satellite nadir viewing angle
9 (Satellite nadir viewing angle)? g
|
10 (Satellite nadir viewing angle)? é ‘L é é 1[0
11 (Satellite nadir viewing angle)* Cycle
12 Cosine solar zenith angle FIGURE 6 Example of spin-up for NOAA 19, AMSU-A
13 Not assigned channel 9. The predictors 1-5 correspond to predictors 0, 1, 8, 9, 10
14 TMI diurnal bias in Table 3. [Colour figure can be viewed at wileyonlinelibrary.com]
15 0 1 land . . _
oversea, L over tan Before production a spin-up of the VARBC coefficients
16 0 over sea, nadir viewing angle over land was run. First a general spin-up of all coefficients for
17 0 over sea, (nadir viewing angle)? over land all instruments and channels and thereafter all observa-
18 0 over sea, (nadir viewing angle)® over land tions were included for 10 months before the data were
19 In(rain rate+1) used actively in the assimilation. An example of a spin-up
20 In(rain rate+1)? period from another experiment is shown in Figure 6.
- ; The example shows spin-up of VARBC coefficients for the
21 n(rain rate+1

solar elevation and pressure level. This set of static cor-
rections for reanalysis was derived at the University of
Vienna during the ERA-CLIM2 project, led by ECMWE.
The same corrections are used in ERAS5. These corrections
ensure that the bias-corrected time series of radiosonde
temperatures are temporally homogeneous (Haimberger
et al., 2017). The corrections are stored in MARS in ODB2
(observation data base) format and the procedure to use
them involves a retrieval and then a pre-processing of the
ODB2 file into a binary file which is then read by the model
and applied to the observations.

For the satellite radiances used in CERRA, described in
Section 3.2, the variational bias correction is very similar.
For most channels predictors 0, 1, 8, 9 and 10, accord-
ing to Table 3, are used with the exception of a few
high-peaking channels where predictor 1 is omitted. Since
the model top is fairly high for CERRA, 1hPa, predic-
tor 2 was included for the same channels. This predictor
is not used in the operational HARMONIE configuration
due to a lower model top, so extensive testing was
performed prior to the production started (see also Wang
& Randriamampianina, 2021).

predictors used for AMSU-A, channel 9 on the NOAA-19
satellite. In this case the spin-up period was fairly short and
the VARBC coefficients are almost stable after 10 cycles.
However, the length of the period until stabilization can
vary so the choice for CERRA with a one-month spin-up
period is on the safe side.

The ZTD from ground-based GNSS stations is known
to have a bias that needs to be corrected for. The bias is
station-dependent as well as producer-dependent due to
the different software being used by different producers.
The reprocessed dataset used in CERRA, however, is pro-
duced using the same software for all stations (Pacione
et al., 2017).

Only predictor 0 (constant) was used for ground-based
GNSS. Attempts with more predictors have been made in
other studies but the results did not improve by adding
more predictors (e.g., Lindskog et al., 2017).

4 | PRODUCT EVALUATION
41 |

Climate signal

To verify that long-term trends as well as climate vari-
ability are well represented in CERRA, we compare
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long-term mean differences (2003-2020 minus 1985-2002)
and annual variability of CERRA with ERAS5.

For the long-term differences, the period 2003-2020 is
compared to the period 1985-2022. For temperature, the
climate change signal has the same pattern in CERRA and
ERAS5 as shown in Figure 7, where the left panel shows
CERRA and the right panel ERAS. In general, the pat-
terns and the amplitude agree very well between CERRA
and ERAS. For both reanalyses, the temperature increase
is more pronounced to the northeast of Europe. Some
important differences in the signals are present though, for
example over the Iberian Peninsula and areas with steep
orography like the Alps, where the signal is stronger in
CERRA. These differences are most likely attributed to

the higher resolution in CERRA. The differences over the
Baltic Sea are due to the fact that CERRA uses a locally
produced reanalysis dataset in the Baltic Sea area (see
Section 2.3.4).

Examples of annual mean temperature series are given
in Figure 8 for the cities Stockholm (Sweden), Minsk
(Belarus), Paris (France) and Ajaccio (France, on Corsica).
Realizations of CERRA and ERA5 are compared with
observations for the locations. In general, the year-to-year
variability is very well represented in both reanalyses.
Cold years, such as 2010 in Stockholm, as well as warm
years, for example 2011 in Paris, are well depicted in both
reanalyses and the amplitudes are comparable to obser-
vations. Figure 8 shows that ERAS5 has a slight cold bias
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Stockholm (Sweden), Paris (France), Minsk (Belarus) and Ajaccio
(France, on Corsica) computed from observations, CERRA and
ERAS. [Colour figure can be viewed at wileyonlinelibrary.com]

for these locations and that CERRA is generally closer
to observations at these stations. In Section 4.2.1, we
draw a similar conclusion for the Alpine region but it
is not necessarily the case for all places in the CERRA
domain.

It is also worth noting that the temperature trends for
the four locations (Figure 8) over the period 1985-2021
are comparable to each other for CERRA, ERAS and the

Royal Meteorological Society

observations, which is in line with the comparison of the
climate change signal in Figure 7.

Overall, these results indicate that CERRA has reli-
able temperature climate trends as well as the year-to-year
variability shows good performance in CERRA.

Based on monthly mean temperatures for the four loca-
tions, Table 4 summarizes some basic statistics. The cold
bias of ERAS visible in Figure 8 is backed up with num-
bers, for example, ranging from —0.32 K for Stockholm to
—0.66 K for Ajaccio. The bias for CERRA is much lower for
all four stations. The correlation with observed monthly
mean temperatures is very high for both reanalyses. This is
at least to some degree due to the seasonal cycle. However,
CERRA has a slightly better correlation with observations
than ERAS5. CERRA has smaller RMSEs as well though
the RMSEs become quite similar if the biases are removed
before the computation of the RMSE (Table 4).

4.2 | Seasonal verification

To verify the forecasts the HARMONIE verification
tool (Monitor) has been used. With this tool a set of
observations is used to do a comparison to one or several
model runs, in this case CERRA and ERAS5 for com-
parison. Model data are interpolated to the observation
locations from which several standard statistical mea-
sures can be produced. Here we have chosen to display
standard deviation and bias to represent the random
and the systematic errors of the model as compared to
observations.

Each year in the reanalysis period has been divided
into four seasons; winter (December to February), spring
(March to May), summer (June to August) and autumn
(September to November). The verification statistics are
computed for each season separately, thus each data point
represents verification of a three-month period.

Many parameters could be presented but in this Section
we restrict them to the surface parameters temperature,
wind speed and relative humidity as examples. These vari-
ables are included in the model control vector, together
with surface pressure, and can therefore be representative
for the model’s performance. Temperature and wind speed
at 500 hPa are also shown as examples of verification at
higher levels.

The forecast length presented is the three-hour fore-
casts. The reason is that this is the first guess for the next
analysis and needs to represent the true state well. The
analysis can be made to look very good if much weight
is given to the observations but the system will be unbal-
anced and behave strange when the forecast runs. A good
three-hour forecast is therefore also an indication that the
system is well balanced.
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Bias Correlation
CERRA ERA5 CERRA ERA5
Stockholm 0.1 -0.32 0.98 0.98
Paris 0.09 —-0.39 1.0 0.98
Minsk -0.15 -0.54 0.98 0.98
Ajaccio 0.11 —0.66 1.0 1.0

Note: The statistics include the average bias, the correlation and the RMSE.

RMSE TABLE 4  Statistics based
on monthly temperature means

CERRA  ERAS for CERRA and ERAS in
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FIGURE 9  Verification of surface temperature (T2m) for the entire domain. [Colour figure can be viewed at wileyonlinelibrary.com]

4.2.1 | Surface temperature

The surface temperature (T2m) is measured two meters
above the surface. Since CERRA has higher horizontal res-
olution and assimilates more surface observations than
ERAS it is expected that CERRA add values over ERAS
especially when it comes to small-scale features. This can
also be seen in Figures 9 and 10 which show verification
of three-hour forecasts over the entire domain (Figure 9),
with around 1600 stations, and a smaller area over the
Alps (Figure 10) with about 90 stations between the lat-
itudes 42.8° 48.0° N and longitudes 5.35° to 16.0°E. In
both cases CERRA shows a smaller standard deviation
for the entire reanalysis period while the biases are about
the same for the two. The bias for CERRA however, has
much less seasonal dependence compared to ERA5 that

has a wider spread. For the area over the Alps (Figure 10)
the added value from CERRA is larger, which is expected.
Here, ERAS5 shows a trend of getting closer to the observa-
tions toward the end of the period while CERRA is more
or less constant in time.

Twelve-hour forecasts (not shown) indicate the same
behavior with the exception that there is a slightly larger
seasonal variation in CERRA bias, which is thus more
similar to the ERAS bias.

4.2.2 | Surface wind speed

The same figures as for temperature are shown for wind
speed at a height of 10 m, with verification of the whole
domain in Figure 11 and of the smaller area over the Alps
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in Figure 12. The standard deviation is better for CERRA
in both cases but not as pronounced as for T2m. The bias
is similar between CERRA and ERA5 when looking at the
entire domain (Figure 11) while there is a much larger bias
for ERAS5 when looking at the Alps (Figure 12).

There is a rather strange feature in the bias verification
around 1993-1996. This is probably a verification problem
since it is the same for both CERRA and ERA5. This will
be further investigated but it will not change any results
and conclusions in this paper.

4.2.3 | Surface relative humidity

For relative humidity (RH) the results are not so good
for CERRA when looking at three-hour forecasts over the
whole domain as presented in Figure 13. Both standard
deviation and bias indicate a slightly lower quality of
CERRA compared to ERAS.

However, RH is a small-scale and rather fast-changing
parameter and the large-scale verification may be a bit
misleading. Verifying over a smaller area with complex
terrain, again over the Alps (Figure 14), shows somewhat
better results. In this area the standard deviation is similar
for CERRA and ERAS5 while the bias is slightly better for

CERRA even though the annual variability is rather large.
For 12-hour forecasts (not shown) the standard deviation
is actually better for CERRA compared to ERA5 even if the
difference is rather small.

424 | The free atmosphere

Verification against radiosondes gives an indication for
how the models behave in the upper levels of the atmo-
sphere. Figure 15 shows the verification of temperature
at 500 hPa for both CERRA and ERAS5. The left panel
shows the analysis, while the right panel shows the
12-hour forecasts. For the higher levels, verification of
three-hour forecasts is not available since verification was
only done two times per day to match the availability
of the radiosondes. They are only available at midnight
and midday and CERRA only produces long forecasts at
midnight and midday.

At the analysis time, short-range temperature forecasts
of CERRA are better than of ERAS5 but after 12-hours
the quality of the two is about the same. It is generally
very hard for a regional model to beat a global model at
the upper levels especially if the global model is used as
boundary conditions.
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The same thing can be noted for wind speed at 500 hPa
presented in Figure 16. For the analysis and very short fore-
casts CERRA performs better than ERAS5 but at 12-hour
forecasts they are very similar.

Interesting to note in both Figures 15 and 16 is that the
standard deviation shows a decreasing trend during the
reanalysis time, which indicates an increase of quality. The
reason for this is that more and more satellite observations,
including GNSS-RO, become available with time that give
information on upper levels of the atmosphere.

4.3 | Casestudy

Asan example of a case study one of the most severe storms
ever registered for southern Sweden was chosen. The
storm, given the name Gudrun, occurred in January 2005.
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Verification of temperature at 500 hPa. Analysis in the left panel and 12-hour forecasts in the right panel. [Colour figure
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Verification of wind speed at 500 hPa. Analysis in the left panel and 12-hour forecasts in the right panel. [Colour figure

The 10-m wind speed at the culmination of the storm is
shown in Figure 17. A comparison between CERRA (lower
panel) and ERA5 (upper panel) shows that ERAS5 has in
general lower wind speeds. Due to the higher spatial res-
olution, CERRA also captures small-scale features such
as the higher wind speeds over the big lakes and reduced
wind speed over islands.

Compared to observations CERRA wind speed is
generally closer to the observed values as shown in
Figure 18. Figure 18 shows time series (analysis plus
one- and two-hour forecasts) for stations Hanté and
Maéseskir (indicated as locations A and B in Figure 17)
for CERRA, ERAS5 as well as the observed wind
speed. For Hano CERRA wind speed is closer to the
observations for the whole period compared to ERAS5. For
Maéseskdr the two reanalyses are rather similar except for
the peak wind speed where ERAS5 is too low but CERRA

ASUDIT suoWWo)) dA1aI1) d[qeorjdde ay) Aq pouIdA0S aie sa[oIIR YO oSN JO so[nI 10j A1eIqi duljuQ A3[IA UO (SUOIIPUOI-PUE-SLULIA)/W0d" AA[IM AIeIqi[our[uo//:sdNy) SUoIIpuoy) pue UL |, a3 23S “[$707/90/+0] uo Kreiqi autuQ Aaqip ‘Sutupaag suaels Aq $9/ 4 (b/z001°01/10p/wod Ao[im K1eiqourjuo sjauLy//:sdiy wolj papeojumo( ‘0 “X0L8LLY 1



RIDAL ET AL.

Quarterly Journal of the ESRMets 21

2005-01-08 18UTC

10 meter wind
speed (m-s™)

B 26 - 27
B 25- 26
B 24- 25
B 23-24
B 22- 23
B 21-22
[ 20-21
[ ]19-20
[ ]18-19
[ ]17-18
[ 116-17
[]15-16
[ 14-15
B 13- 14
Bl i2-13
B -2
B 10- 11
B o- 0
Bl s-o

FIGURE 17 10-m wind at 1800 UTC on January 8, 2005 for
both ERAS5 and CERRA. Time series of locations A and B are shown
in Figure 18. [Colour figure can be viewed at wileyonlinelibrary.com]

is close to the observed value. Included for comparison is
also wind speed from UERRA-HARMONIE (analysis plus
1-5-hour forecasts). The reason UERRA-HARMONIE is
“spikey” is because there was an error in the turbulent
kinetic energy initialization. Due to this problem, users are
recommended not to use the shortest forecast (1-3 hours)
of UERRA-HARMONIE winds.

4.4 | Seasonal variability

The seasonal variability of CERRA, ERA5 and
UERRA-HARMONIE was investigated over Sweden for
the time period 1989-2018. The verification was made
for the six-hour forecasts against all available Swedish
meteorological observations. For the 2-m temperature
and 10-m wind speed we find that CERRA adds clear
value to UERRA-HARMONIE and ERAS, the latter as

Royal Meteorological Society

also shown in Section 4.2, with improved statistical
scores, demonstrating the benefits of the sophisticated
and higher resolution in the regional reanalysis. For
the RH on the other hand CERRA is clearly better than
UERRA-HARMONIE but not better than ERA5 as also
shown above.

In Figure 19 the RMSE is shown for the three param-
eters and model runs and it is clear that the variability
is larger during winter for temperature and wind speed.
RH on the other hand shows the largest variability during
spring.

4.5 | Precipitation

During a period over 10years (1990-2000), precipita-
tion from a network of daily independent rain gauge
stations in France was compared to the reanalyes ERAS5,
CERRA, CERRA-Land and UERRA-Land (also known as
UERRA MESCAN/SURFEX). The number of observation
was around 2000 stations/day. From this dataset different
verification scores were calculated such as the Heidke Skill
Score (HSS) and the false alarm rate (FAR). The HSS gives
information on analysis accuracy with a perfect score of 1
while the FAR gives the probability that an expected event
did not occur. FAR is between 0 and 1 where 0 is a perfect
forecast.

In Figure 20 the scores are presented and they show
CERRA is better than ERAS5 for all precipitation inten-
sities. It also shows that precipitation analysis from the
two surface analyses CERRA-Land and UERRA-Land has
clearly better scores, with CERRA-Land giving the best
scores. It improves the representation of precipitation
over France. Furthermore, the daily surface precipitation
of CERRA has a smaller RMSE than that from ERA5
(4.09 mm vs 4.32 mm). This added value has contributed
to improve the precipitation analysis in CERRA-Land,
which is a combination of CERRA and precipitation
observations, and therefore also in the calculation of
snow depth.

5 | TECHNICAL
IMPLEMENTATION

The production of a reanalysis needs extensive compu-
tational resources. For CERRA-EDA and CERRA, the
High Performance Computing Facility (HPCF) of ECMWF
in Reading was used. Even if this is a powerful sys-
tem it would take too much time to produce the entire
series in one go. The production was therefore split into
several streams. In total, CERRA-EDA was produced
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10m wind speed at station A (Han®) during storm 7-9 Jan 2005
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10m wind speed at station B (Maseskar) during storm 7-9 Jan 2005
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FIGURE 18 Time series of 10-m wind speed during the storm Gudrun. The locations of the two stations are indicated in Figure 17.
[Colour figure can be viewed at wileyonlinelibrary.com]

with 11 streams and CERRA with 13 streams. In addi- With the production split up into so many streams
tion, each stream started with a spin-up of one year it took more than 1.5years (March 2020 to September
to get the model state into balance. This is illustrated  2021) to complete the reanalysis. The average production
in Figure 21. speed (referred to as throughput) was heavily dependent
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on the general load of the HPCF as well as on the
number of assimilated observations. With less observa-
tions in the early period, the throughput of the early
streams was generally somewhat higher than for the later
periods.

In the HARMONIE-ALADIN system, the time critical
parts are the creation of the analysis and the running of
the forecasts. The preparation of input data as well as the
post-processing was able to run much faster. Whereas the
workload of the input data preparation was simply much
smaller, the advantage of the post-processing was that all
cycles are independent and can therefore run in parallel.
That is only partly the case for the analyses and forecasts,
where each cycle is depending on input from the previous
cycle.

6 | CONCLUSIONS

A 37-year-long regional reanalysis has been produced
using a newly developed model system. The new sys-
tem combines different versions and physics packages
of the HARMONIE system used operationally in several
European countries. However, there is no operational
HARMONIE system running for the CERRA domain.
Operational systems are global or covering a much smaller
area for regional setups.

In CERRA a new way of constructing the B matrix has
been used with good results. The ensemble was used in
the calculation of the B matrix which is updated every two
days. This has not been used by the HARMONIE users pre-
viously and investigations are ongoing to see if the same
method can be used in operational runs.

Boundaries as well as observations data have been
taken from the global reanalysis ERA5. However, some
observation types not used globally, like GBGNSS, were
used in CERRA and in some cases different datasets, for
example, reprocessed datasets, have been used. This leads
to better signal-to-noise ratio and thereby more observa-
tions included. A large effort has also been made to collect
local observations not stored in the global databases. This
was done in collaboration with the parallel Arctic regional
reanalysis CARRA.

Results presented here show added value for most
parameters in most cases. It should be noted that when
areas or time scales are aggregated, it is not expected that
CERRA outperforms the global ERA5 reanalysis for all
parameters and levels. The advantage of CERRA comes
with the higher resolution and therefore added value is
expected for small regions and on shorter time scales. As
shown in Section 4.2, the added value of CERRA is more
clear when selecting a smaller area with complex terrain,
such as the Alps. The results shown are seasonal averages

so an even higher degree of added value can be expected
for monthly or hourly verification. As also shown, in the
upper air fields, the advantage of CERRA is diluted in the
longer forecasts at higher levels.

CERRA data are available for users through the Coper-
nicus CDS (Schimanke et al., 2021). From the CDS a com-
prehensive user guide can also be accessed.The user guide
includes also a section on known issues.

For most surface parameters, for example, precip-
itation, it is recommended to use the output from
CERRA-Land. In fact some parameters, like soil moisture
and temperature, are not available from CERRA in the
CDS. The two-dimensional CERRA-Land analysis is run
with more advanced surface parameterizations as well as
additional observations, especially of precipitation.

For the next generation of CERRA there are a few
lessons learned that should be considered. One example
is that development always takes longer than expected.
In the case of CERRA, stepping away from operational
settings made the development a bit slower than antici-
pated due to extra tuning of some parameters. Another
important lesson is that running 37 years in 13 parallel
hi-resolution streams and 12 EDA streams, each running
with 10 members, puts a lot of pressure on the computer
resources and disk usage. A lot of time was spent by the
CERRA team together with systems people at ECMWF on
optimizing the system after the production was started.
Much of this could have been done in advance to be better
prepared.

Plans are to re-start the production of CERRA and
CERRA-EDA to catch up with the current date and
continue with timely updates for a few more years. In
addition, a back extension is planned in order to cover
the same time period as UERRA-HARMONIE, that is,
starting from 1961.
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