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Abstract

The extension of the ERA5 reanalysis back to 1950 supplements the previously
published segment covering 1979 to the present. It features the assimilation of
additional conventional observations, as well as improved use of early satellite
data. The number of observations assimilated increases from 53,000 per day in
early 1950 to 570,000 per day by the end of 1978. Accordingly, the quality of the
reanalysis improves throughout the period, generally joining seamlessly with
the segment covering 1979 to the present. The fidelity of the extension is illus-
trated by the accurate depiction of the North Sea storm of 1953, and the events
leading to the first discovery of sudden stratospheric warmings in 1952. Time
series of ERA5 global surface temperature anomalies show temperatures to be
relatively stable from 1950 until the late 1970s, in agreement with the other
contemporary full-input reanalysis covering this period and with independent
data sets, although there are significant differences in the accuracy of repre-
senting specific regions, Europe being well represented in the early period but
Australia less so. The variability of ERA5 precipitation from month to month
agrees well with observations for all continents, with correlations above 90% for
most of Europe and generally in excess of 70% for North America, Asia and Aus-
tralia. The evolution of upper air temperatures, humidities and winds shows
smoothly varying behaviour, including tropospheric warming and stratospheric
cooling, modulated by volcanic eruptions. The Quasi-Biennial Oscillation is
well represented throughout. Aspects to be improved upon in future reanalyses
include the assimilation of tropical cyclone data, the spin-up of soil moisture
and stratospheric humidity, and the representation of surface temperatures over
Australia.
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1 | INTRODUCTION

ERAS is the fifth generation of atmospheric reanalysis to
be produced at the European Centre for Medium-Range
Weather Forecasts (ECMWF) and currently covers the
period from 1950 to the present. The reanalysis is pro-
duced in operational mode, is publicly available 5 days
behind real time, and is expected to continue for the next
5-10years. ERAS is one component of a suite of climate
data products developed and maintained by the European
Union’s Copernicus Climate Change Service (C3S), hosted
at ECMWEF (Thépaut et al., 2018).

ERAS5 provides hourly estimates of the global atmo-
sphere, land surface and ocean waves at a horizontal
resolution of 31 km for the high-resolution (HRES) prod-
uct, a significant advance with respect to its predecessor
ERA-Interim (78 km). An uncertainty estimate is provided
by an underlying ten-member ensemble of data assim-
ilations (the EDA product) at half the resolution with
3-hourly output. The main characteristics of ERA5 and
comparisons with contemporary reanalyses, focusing on
the period 1979-2019 (ERA57~ hereafter), are described
in Hersbach et al. (2020). This article describes the char-
acteristics of the recently completed segment of ERA5
covering January 1950 to December 1978 (ERA5~"). The
article also serves to supplement, and update, Hersbach
et al. (2020) by placing the trends and diagnostics for the
earlier period into the longer-term context provided by the
complete ERA5 record.

Reanalyses support a broad range of applications span-
ning inter-governmental assessments of global climate
change (Stocker et al.,, 2013) at one extreme, to specific
and unique use cases requiring accurate representations of
local weather at the other. Accordingly, reanalyses aim to
provide homogeneity and accuracy in the representation
of global and regional climate variables over multi-decadal
timescales, as well as accuracy in the representation of
synoptic-scale events at sub-daily temporal resolution. For
the former class of applications, key aspects of the reanaly-
ses are the representation of the evolution of the mean state
of the atmosphere (specifically thermodynamic, dynami-
cal and radiative variables) as well as extremes.

These aspects motivate the extension of reanalyses to
cover ever longer periods in order to provide more robust
statistics on extremes as well as to provide a longer baseline
for the assessment of trends in the mean state. The limits of
such extensions are set by the availability of observational
data, which determine the fidelity of the reanalysis. One
strategy employed in centennial reanalyses (Compo et al.
(2011), Poli et al. (2016), Laloyaux et al. (2018)) has been to
assimilate surface observations only, available to the mid-
dle of the 19th century, in order to ensure homogeneity in
the reanalyses, albeit at the expense of accuracy, especially

in the modern satellite era. As a full-input reanalysis,
ERAS has been extended back to 1950, prior to which the
number of upper air data currently available drops signifi-
cantly (Hersbach et al. (2017)). The availability of upper air
observations prior to 1950 continues to improve though,
through ongoing coordinated data rescue programmes
(Brénnimann et al., 2018b).

An indication of the performance of ERA5 during the
period 1950-2020 is provided in Figure 1, which shows
the skill of ERAS re-forecasts, as a proxy for the accuracy
of the reanalysis. Results are shown for the forecasts over
four regions for which the availability of radiosonde data
for all or most of the period gives confidence in the use of
the ERAS5 analyses to verify the forecasts. The regions are
those chosen by Uppala et al. (2005) for presenting the skill
of pre-1979 ERA-40 forecasts. Analysis quality over the
Northern Hemisphere improves steadily as the observing
system evolves from the earliest period in the reanaly-
sis. Forecasts for Europe, East Asia and North America
are from the outset at least as good as achieved opera-
tionally by ECMWF in 1981. The quality of the analysis for
the Southern Hemisphere improves dramatically follow-
ing the first assimilation of data from the TOVS satellite
series at the end of 1978, as shown by the forecast skill over
Australia and New Zealand. More modest improvements
occur here in the 1960s and earlier in the 1970s.

This article has three main aims: firstly to describe
features of the production (Section 2), observing system
and data assimilation configuration (Section 3) during the
early period not covered previously in Hersbach et al.
(2020), including the assimilation of early satellite data
and the exploitation of newly reprocessed conventional
observations; secondly to give an indication of the qual-
ity of the synoptic fields in this early period (Section 4),
through the examples of the North Sea storm of February
1953 and the sudden stratospheric warming of February
1952; and thirdly, to update the time series of analysed vari-
ables and diagnostics presented in Hersbach et al. (2020) to
cover 1950-2020 (Section 5). The purpose here is twofold:
to provide an initial assessment of the quality and homo-
geneity of the reanalysis in the early period, and to identify
new features of geophysical significance from the longer
time series.

All results shown in this article for 2000-2006 are based
on ERA5.1 (Simmons et al., 2020). ERA5.1 has gener-
ally smaller temperature biases than ERAS5 in the lower
stratosphere and upper troposphere for this period. It also
provides some improvements to the analysis of ozone and
the Quasi-Biennial Oscillation (QBO) of tropical strato-
spheric winds. ERA5.1 is very close to ERA5 in the lower
and middle troposphere.

In Section 6, we describe the known issues in
ERAS5 during 1950-1979 uncovered so far, including the
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representation of tropical cyclones and the representa-
tion of surface temperatures in the Southern Hemisphere.
Concluding remarks and directions for future work form
Section 7.

2 | PRODUCTION AND
AVAILABILITY OF THE BACK
EXTENSION

ERA5~7° was produced on the ECMWF high-performance
computing facility. To accelerate production, the 29-year
period was divided into four parallel streams, each with
a l-year overlap to ensure smooth transitions between
streams in the troposphere. Each suite ran, on average, at
8 days per day, enabling a production period of 15 months
overall. After completion of the initially foreseen 7-8-year
production runs, each of the four streams was opportunis-
tically extended to allow for a longer overlap with sub-
sequent streams such that the consolidated final product
exhibited smoother transitions for stratospheric humidity.
This resulted in two longer streams (from 1950 and 1965)
and two shorter streams (from 1959 and 1974), each with
different spin-up periods. For example, the seam in early

1965 required less overlap (i.e., extension of the earlier
stream) than those which were initially due to be consol-
idated from January 1958 and January 1972 (and were,
in fact, consolidated from July 1959 and January 1974)
as the discontinuities in stratospheric humidities were
less pronounced in early 1965. In addition, the stream
which covered most of the 1970s was extended to the
end of 1980. This provided a 2-year overlap (denoted
by ERA57°780 hereafter) with ERA57°~ and permitted an
analysis of the effect of the additional observations that
were used in ERA577°, as well as of a longer spin-up
period and a difference in the climatological background
error covariances used (see Section 3.6) in ERA5~7° . Sev-
eral examples of this are described later in this manuscript.
Details of the production streams are provided in Table 1
and illustrated in Figure 2, which also shows the climato-
logical background error covariances used as well as major
data events (see Section 3).

The consolidated data set is available via the
C3S Climate Data Store (CDS, Raoult et al. (2017)).
The ERAS5 online data documentation (available via
https://confluence.ecmwf.int/display/CKB) provides a
detailed description of the various products and a list of
all available geophysical parameters.
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Details of the four production streams, comprising both high-resolution (HRES) and ensemble of

data assimilations (EDA), that were merged into the consolidated public product from 1950 to 1978

Stream  Usedfrom  Used until = Used for Started from  Effective spin-up period
1 1950-01 1959-06 9 years 6 months 1949-01 1 year

2 1959-07 1965-02 5 years 8 months 1957-01 2 years 6 months

3 1965-03 1973-12 8 years 10 months 1964-01 1 year 2 months

4 1974-01 1978-12 5 years 1971-01 3 years

Note: The length of each stream varies such that smoother transitions between streams are obtained for stratospheric humidity.

3 | OBSERVATIONS AND DATA
ASSIMILATION ASPECTS

3.1 | Overview of the observing system
1950-1979

As detailed in Hersbach et al. (2020) (see their figure
2), the ERA5 assimilation system comprises three main
components, each ingesting its own set of observations:
4D-Var, assimilating observations sensitive to surface and
upper-air atmospheric quantities; Optimal Interpolation
(OI) of ocean wave height; and the Land Data Assimila-
tion System (LDAS) for screen variables, soil moisture and
SNOW.

The observing system evolved substantially during
the 29 years of ERA5~" . In January 1950 in 4D-Var, on
average, approximately 53,000 observations were actively
assimilated per day, originating from conventional sources
only (surface and upper air). In December 1978, 570,000
observations were assimilated per day, including 243,000
conventional, 208,000 satellite radiances and 119,000
ozone observations. Ozone and ocean-wave observations,

which in ERAS5 originate from satellite instruments, were
not available before April 1970 and August 1991, respec-
tively. Therefore, prior to April 1970, the ozone analysis
in ERA5~7?is only indirectly influenced by observations
that provide information on upper-air temperature, wind
and humidity, while for the entire period of ERA5™",
ocean-wave products are determined by the near-surface
atmospheric forcing. Note, however, that the ocean waves
have a two-way coupling back into the atmosphere; that is,
the ERA5~"° wave products are more than just a hindcast.

Time lines per type of observation (or report) and per
assimilated geophysical quantity are provided in Figures 3
and 4, respectively. The following subsections describe
each of these components in more detail.

3.2 | Conventional observations

ERA57~ uses conventional observations prepared ini-
tially for ERA-40, spanning September 1957 to Decem-
ber 2001 (ERA-40 BUFR hereafter) and from the oper-
ational ECMWF data archive, received through the

Stream 1
L spin-up consolidated - |
product
Stream 2 KEY
L Stream 3 i
FIGURE 2 Illustration showing
L Stream 4 . - the four streams used to produce the
final consolidated product (pink) from
L i January 1950-December 1978,
Bai e B 1978 complete with the spin-up periods
| Major NCEP land surface | (green) and the extension to the end of
data ICOADS 1980 for stream 4 (blue). Also shown
events spp, NCAR, ERA-10 BUFR BUV are the periods spanned by the two
- CHUAN, ERA-CLIM VTPR — ) )
TOVS forms of the climatological component
: : : : : : : of the background error covariances
1950 1955 1960 1965 1970 1975 1980

(B.ji). Major data events are also shown
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FIGURE 3 Timelines of observations assimilated in the 4D-Var component of ERA5~7° and ERA57°~% during the period 1950-1980.
Grey bars indicate the observations used in both ERA57°78 and ERA57°~ ; green bars indicate observations that were used in ERA5~7° or
only in ERA57°~%  Bars are extended beyond January 1, 1979 only for those observations already in ERA5~7% ; that is, the bars past January
1, 1979 are not fully representative of ERA57°~ . 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; that is, it is
assimilated without applying a bias correction

TABLE 2  Overview of the sources of conventional reports as presented to ERA5~7° (plus ERA57°~%) and observables that
were actively used in the 4D-Var and LDAS components

Data set 4D-Var surface 4D-Var upper air LDAS Ref.

ERA-40 BUFR Ps, U10/V10, Rh2m T,U/V,Q T2m, Rh2m, Sd Uppala et al. (2005)
NCEP land surface T2m Simmons et al. (2021)
ISPDv3.2.6 Ps Cram et al. (2015)
ICOADS2.5.1 Ps, U10/V10 Woodruff et al. (2011)
NCAR UADB-2 T,U/V NCAR (2014)

CHUAN v1.7 T, U/V Stickler et al. (2010)
ERA-CLIM v2.1 T, U/V Bronnimann et al. (2018a)

Note: From this list, ERA57~ only used observations from ERA-40 BUFR. Here Ps represents surface pressure, U10/V10 10-m wind components,
T2m 2 m temperature. Rh2m 2 m relative humidity, Sd snow depth and T, U/V, Q upper-air temperature, wind components and specific humidity,
respectively.

GTS, afterwards. For ERA5~7?, additional observations  prior to September 1957; they also add extra observations
from other sources were included. Not only did these post-1957 that are not present in the ERA-40 BUFR data
provide measurements for the otherwise data-void period  stream.
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eight observables for which observations are assimilated in 4D-Var in the period from 1950 to 1985. Vertical lines indicate (in chronological
order) the start of ERA-40 input data (September 1, 1957), the start of the ERA5”°~ period (January 1, 1979) and the end date of

ERA57°~% (December 31, 1980). Each 0.3 tick on the vertical axis corresponds to a factor of 2, and minor ticks (0.1) to a difference of 26%
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The additional sources include surface pressure obser-
vations from the International Surface Pressure Data-
bank (ISPD, version 3.2.6) and the International Com-
prehensive Ocean-Atmosphere Data Set (ICOADS, ver-
sion 2.5.1), as well as marine wind reports from ICOADS.
These observations were also assimilated in ERA-20C (Poli
et al., 2016) and CERA-20C (Laloyaux et al., 2018). In
addition, ERA5~"" ingests observations from the NCAR
Upper Air Data Base (UADB-2, version 2.0, and addi-
tions from versions 2.1 and 2.4), the Comprehensive
Historical Upper-Air Network (CHUAN v1.7, Stickler
et al. (2010)), as well as upper-air observations digi-
tized within the ERA-CLIM and ERA-CLIM2 projects
(ERA-CLIM Version 2.1, Brénnimann et al. (2018a); Stick-
ler et al. (2014)). With the exception of a newer version
for the ERA-CLIM archive, this is very similar to the
data presented to the experimental ERA-PreSAT reanaly-
sis (Hersbach et al., 2017). The difference here is that, for
the first time, ERA5~7° assimilates observations from all
sources while previous ECMWF reanalyses reaching back
to at least 1950 did not ingest any ERA-40 BUFR observa-
tions. In addition, surface screen level observations from
an NCEP archive going back to 1930 were used in the
LDAS, as discussed further in Section 3.3.

An overview of all ingested sources is provided in
Table 2, which includes information on the variables
actively assimilated in each component of the ERAS5 sys-
tem. Although ISPD provides exclusively pressure obser-
vations (at the surface and mean sea level), ERA-40
BUFR and ICOADS provide many more observed vari-
ables than are actively assimilated. For ICOADS, a list is
provided in Woodruff et al. (2011) and Hersbach et al.
(2015b). The additional upper-air sources also provide
information on humidity (specific, relative humidity or
dewpoint depression). These were not used in ERA5~7?,
partly because of suspected systematic biases (Grant
et al., 2009) and partly for technical reasons. Upper-air
humidity observations from ERA-40 BUFR are not used
above 300 hPa until December 1978, and some of them
are used up to 100hPa afterwards, depending on the
sonde type.

The mixing of observations from various historical
archives unavoidably leads to the presence of dupli-
cates. Duplicates are also known to exist within partic-
ular archives. Often these are very difficult to separate
as some observations are very close to the original paper
records, whereas others have been post-processed. This
can involve, for example: conversion and interpolation
from native vertical coordinates to standard pressure lev-
els; the application of undocumented bias corrections:
reporting only part of the observation (e.g., wind only
rather than wind, temperature and humidity); rounding
of latitude and longitude, and inconsistencies in time

Royal Meteorological Society

stamps, station names and classification (e.g., PILOT ver-
sus TEMP).

Although the Integrated Forecasting System (IFS) pro-
vides rules for duplicate removal in 4D-Var, for ERA5™a
special effort was made. Duplicate removal was performed
on any reports that were observed within a certain differ-
ence in latitude and longitude (0.3° for upper air, 0.03° for
surface observations) and observing time (90 and 15 min
for upper air and surface observations, respectively). For
upper-air soundings, priority is given to the reports that
contain information on the most variables, with humid-
ity at highest priority, followed by temperature and, lastly,
wind. In principle this follows the preference of TEMP
over PILOT (wind only). However, due to the heteroge-
neous character of the historical archives, some reports
classified as PILOT also contain temperature while some
TEMP do not contain temperature. If this is not sufficient,
a ranking is made on source. As explained in Hersbach
et al. (2017), the CHUAN v1.7 data set consists of a raw
(r’) and corrected (’c’) sub-set, the latter being usually a
post-processed and bias-corrected version of the former.
Since in ERA5~7° prescribed bias corrections are explic-
itly applied (discussed below), preference is given to 'r’
when the duplicate is ’c’. If this is not the case, a further
ranking is made on source. Preference is given to the most
recently digitized reports from ERA-CLIM, followed by
ERA-40 BUFR, and lastly NCAR UADB-2 version 2.0. In
cases where, for any reason, a decision cannot be made
on the basis of the rules described above, the report with
the highest number of observations is selected; when this
is equal, the first is selected. For surface observations, the
selection tree is much simpler: ERA-40 BUFR data are
preferred since they typically contain the most complete
reports in terms of geophysical variables. When both obser-
vations are ERA-40 BUFR, the first is selected, and when
neither are ERA-40 BUFR, the second.

In the screen analyses of the LDAS (see section 2.3 of
Hersbach et al. (2020) for details), duplicates are removed
as well. For all observations with identical locations, the
observation closest to the central time of their 6-hourly
assimilation window is selected. In addition, the OI analy-
ses have a limit of 50 observations (scanned within a radius
of 1,000 km for 2m temperature and 2 m relative humid-
ity and 250 km for snow depth) which can influence the
analysis at each model grid point. Details are provided in
section 9 of part IT of ECMWF (2016Db).

Blacklist rules exclude the usage of observations that
are known to be of either poor quality or currently unsuit-
able for usage in the assimilation system. These typically
act on station names and domains (e.g., no 10m wind
over land, only 2 m relative humidity over land and dur-
ing daytime in 4D-Var, no humidity above 300 or 100
hPa depending on the sonde type). In addition, there is
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a first-guess check that disregards observations for which
the magnitude of the first-guess departure (model first
guess equivalent relative to the observed value) exceeds a
predefined multiple () of the quadrature addition of the
background and observation errors. In 4D-Var, this limit
is quite relaxed for conventional observations (a = 18),
which is enabled by the robust Hiiber norm-based vari-
ational quality control (Tavolato and Isaksen, 2015) that
assigns efficiently low weights to large outliers. As dis-
cussed below, IBTrACS observations are an exception. In
the LDAS, which does not use Hiiber, « = 3 for 2m tem-
perature and humidity and « = 5 for snow depth. Since
here both observation and first-guess errors are fixed, this
leads to 7.5K for 2m temperature, 33.5% for 2 m relative
humidity and 0.25 m for snow depth.

In ERA57°, observation errors are constant. In
ERA5~7?, the evolution of these over time could, in prin-
ciple, have been taken into account to reflect improve-
ments in instrumentation. For this, the method of
Desroziers et al. (2005) could have been followed based on
low-resolution test runs (scouts) conducted in an iterative
fashion to allow for the method to converge. This is quite
an elaborate task, especially to account for the evolution
of observation errors over the 29-year period. Due to time
constraints, it was decided not to deviate from ERA57° .
The specification of observation errors is given in Table 3.
More details on observation errors in the 4D-Var compo-
nent can be found in section 2.6 of part I of the IFS online
documentation (ECMWF, 2016b) and in chapter 9 of part
II for the LDAS component.

Like ERA57~ | surface pressure observations benefit
from variational bias correction (VarBC). The bias model
involves a one-parameter (mean bias) adjustment, which
is evolved over time for each station identifier, source
(ERA-40 BUFR, ISPDv3.2.6, etc.), type of report and sta-
tion height, independently. A distinction is also made
between surface and mean sea level pressure. The weight
of the background term for bias parameters is 120 times
that of the weight of all observations combined in the cor-
responding bias group in a 12-hourly assimilation window,
which means that VarBC responds with an e-folding time
of about 60days to abrupt changes in observation bias.
Although the station identifier is an effective way of strat-
ifying land stations, it has its limitations over sea. Some
identifiers such as ’SHIP’ are very common, holding obser-
vations that can have quite diverse bias characteristics and
yet are grouped together. Unfortunately, initially a mis-
take was made for the bias correction for non-ERA-40
BUFR data. In cases where a station also appeared in the
ERA-40 BUFR data set, it was grouped in the correspond-
ing ERA-40 BUFR bias group, whilst otherwise, inadver-
tently, no bias correction was applied. This was rectified
halfway through the production runs. Consequently, from

January 1, 1950 to April 28, 1955, no bias correction was
applied to any surface pressure observations (no ERA-40
BUFR data were available), while for July 1, 1959 to May
13, 1961, March 1, 1965 to March 18, 1968 and January
1, 1974 to June 19, 1974, only a small fraction (typically
around 2%) of non-ERA-40 BUFR data had not been bias
corrected. After completion of ERA5~", some affected
periods were rerun for short periods in which this bug had
been resolved. From that, it emerged that it did have a
noticeable systematic negative effect on departure statis-
tics and quality of re-forecasts.

For radiosonde temperature, the off-line method of
prescribed bias corrections, as described in Hersbach et al.
(2020), is used in ERA5”7°. In ERA5”°~, estimates are
based on a comparison between neighbouring stations
where possible (RICH; Haimberger et al. (2012)), whilst
an additional solar-elevation-dependent correction is also
applied (RISE). In ERA5™7?, there are some slight dif-
ferences: it makes use of an updated set of bias cor-
rections (RICHv1.72) and no solar-elevation-dependent
adjustments were applied, since they were deemed too
uncertain without constraints from satellite data. Besides
reaching back further in time (1905) than the version
used in ERA57°~ (v1.51), more radiosonde observations
could be adjusted in v1.72, particularly in the lower strato-
sphere of the Southern Hemisphere and tropics, leading to
a stronger mean downward adjustment in those regions.
As a result, there is a small though systematic difference
in the temperature adjustments between both segments of
ERAS.

The evolution of the number of observations assimi-
lated in the 4D-Var component of ERA5~7 is presented
in Figure 4a-h, including satellite radiance observations
(Figure 4g) and ozone observations from BUV (Figure 4h).
Here, a distinction is made between observations from all
sources (blue), ERA-40 BUFR (grey for ERA5™7, red for
ERA57°7) and observations from other sources (ochre). A
similar plot for all available observations (used plus not
used) is provided in Supplementary Figure S1.

For surface pressure (panel a), the combined ISPD
and ICOADS holdings contain about twice as many obser-
vations as ERA-40 BUFR. Most of the ERA-40 BUFR
observations are assimilated, while about half of the non
ERA-40 BUFR observations are rejected. As a result,
ERA577 8% uses about twice as many surface pressure
observations around 1979 as ERA57°~ does. These orig-
inate partly from areas that were already well (Eastern
United States, Western Europe, and Japan) or reason-
ably (Argentina) observed in ERA5°~ and partly from
regions that were poorly observed in ERA57~ (Western
United States over the Rocky Mountains, parts of China,
Southern Africa). This is illustrated in Supplementary
Figure S2, which provides coverage plots of actively used
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TABLE 3 (Top) Prescribed observation errors for upper-air temperature, wind and humidity as used in
ERA5™"
Upper-air TEMP/PILOT Aircraft
pressure Temperature Wind Humidity Temperature Wind
hPa K m/s % K m/s
10 1.66 2.70
20 1.34 2.07
30 1.28 1.89
70 1.28 1.89
100 1.09 1.98 (18) 0.98 2.29
150 0.80 2.16 (18) 0.90 2.40
200 0.77 2.25 (18) 0.81 2.44
250 0.73 2.25 (18) 0.72 2.40
300 0.64 2.34 18 0.72 2.36
400 0.57 2.25 17 0.73 2.32
500 0.61 1.89 15 0.75 2.23
700 0.70 1.71 13 0.77 2.11
1,000 0.89 1.62 11 1.05 2.04
Land surface 4D-Var, LDAS
Type of report Observation error
any Ps 0.52 hPa, increasing with height, 4D-Var only
any Rh2m LDAS: 10%; 4D-Var: 10% average, daytime only
any T2m 2.0K, LDAS only
any Sd 0.04 m, LDAS only
Marine surface 4D-Var only
Type of report Observation error
DRIBU Ps 0.47 hPa
IBTrACS Ps 0.78 hPa
other Ps 0.73hPa
DRIBU U10/V10 1.33 m/s
other U10/V10 1.50 m/s

Note: For heights other than listed, the observation error is a linear interpolation between the values at the listed pressures,
while it is constant from 10 hPa upwards. Upper-air humidity is assimilated as a non-linearly transformed variable Holm
et al. (2002), and effective mean observation errors are listed for relative humidity. No upper-air humidity is assimilated
before August 1957, up to 300 hPa before December 1978 and up to 100 hPa afterwards for some sonde types.
(Middle/Bottom) Prescribed observation errors for surface pressure (Ps), 2 m relative humidity (Rh2m), 2 m temperature
(T2m), snow depth (Sd) and 10 m wind components (U10/V10) as used in ERAS5. For 2 m relative humidity as used in
4D-Var, the mean observation error is listed, as it is a function of temperature.

observations of ERA57°7% and ERA57°~ for January 1979
and January 1980. Both the number of mean sea level
pressure and pressure observations at station height are
larger in ERA57°78%. The amount of the latter type has
increased dramatically. For January 1979, ERA5"~ used
about 10,000 of such observations, versus 505,000 for

ERA57°78 In January 1980, the difference is smaller
(565,000 versus 989,000). In addition, in ERA57°~% | obser-
vations are available more frequently. The sudden increase
of observations for ERA5” in January 1980 typically
originates from areas that were already covered by ISPD
and ICOADS but not in the ERA-40 BUFR collections.
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Nevertheless, data volume in these regions is larger still for
ERA57°7%% Around January 1980, no significant increase
is observed for the number of pressure observations from
ISPD and ICOADS. From these reflections, it is clear
that such observations provide an important addition to
the available observing system of the time. The depar-
ture statistics for surface pressure is much improved for
ERA57°780 | For January 1979/1980, this is 1.53/1.68 hPa
versus 1.84/1.90 hPa for ERA5"°~ . There are several rea-
sons for this: the additional observations may be of higher
quality and their ingestion improves the analysis and
improves the comparison with observations just prior to
their assimilation. Three factors contribute to the step
change in assimilated surface pressure (a) and upper-air
wind observations (c) in early 1973: The increase in the
number of surface pressure observations available from
the non-ERA-40 BUFR data sets (Supplementary Figure
S1); the change in B; in November 1972, and the introduc-
tion of VTPR.

For upper-air temperature and wind (panels b and
¢), the transition around 1979 is much smoother regard-
ing data usage. In 1973, there is a sharp transition in
available data counts from the various data sources (Sup-
plementary Figure S1b, c). For several years prior to that
transition, data counts for the new upper-air data sets
are about 60% higher than for the ERA-40 BUFR hold-
ings. Afterwards, the latter have higher counts and in
effect there is no noticeable transition for the sum of the
data sets. This illustrates the value of the new upper-air
data sets. Most emphasis had been given to earlier peri-
ods for which larger data gaps were known to exist. In
1978, the numbers of these data set sharply decline for
upper-air temperature and disappear for upper-air wind,
leading to a drop in the total number of available obser-
vations. That drop does not appear in the used obser-
vations (Figure 4), which indicates a large amount of
duplicates just prior to that drop. The assimilation sys-
tem typically gives preference to ERA-40 BUFR data, most
likely because they are more complete. The added value
of the new data holdings becomes increasingly impor-
tant, though, further back in time. For humidity (pan-
els d and f), there is, by design, a smooth transition in
1979 since, as for ERA57~, these observations all orig-
inate from ERA-40 BUFR. There is no obvious jump in
data counts around September 1957 for any of the vari-
ables when the ERA-40 BUFR data holdings start. This is
a healthy sign. Prior to this date most of the new hold-
ings are used, while afterwards the duplicate removal
results in the usage of either these or the ERA-40 BUFR
holdings such that active data counts do not increase
instantly.

For 10 m marine surface wind (e), data counts are
slightly higher (by about 10-20%) in ERA57°7%° . These do

not originate from particular areas that were not available
from the ERA-40 BUFR holdings (not shown).

Panel g refers to all satellite radiances: VIPR during
the period from November 1972 to February 1979, and
a fourfold increase in radiance data volumes assimilated
following the introduction of the TOVS instruments from
January 1979 onwards. Panel h refers to BUV ozone obser-
vations.

3.3 | Land surface observations prior
to September 1957

Although the ERA-20C and CERA-20C centennial reanal-
yses benefited from several sources, none of these provided
observations of surface air temperature and humidity over
land for use in the LDAS component, and these reanaly-
ses did not contain a LDAS component. ERA5~" did have
access to such observations from ERA-40 holdings, but
these began only at the end of August 1957. It was not pos-
sible to remedy this for humidity, but synoptic temperature
data held by NCEP were provided in a form that could be
readily adapted for ingest by ERA5~7°. The original data
sources are specified by Simmons et al. (2021). These data
were analysed in the first production stream, which was
used for products issued for the period from 1950 to the
middle of 1959.

Observational coverage in the ERA5 LDAS compo-
nent has been discussed by Simmons et al. (2021), and an
example for February 1956 is presented later, in Figure 20.
Coverage varies considerably by region. Data counts for
North America are broadly similar from 1950 to 1966, after
which there is a jump in data numbers that can be seen
in the global numbers for surface pressure, 10 m wind and
2m relative humidity presented in Figure 4. The same is
true for Europe, following a rise in data numbers at the
beginning of 1952. Observation coverage over much of
Asia is also relatively good, but there are few observations
for China prior to August 1956, and there is a gap inher-
ited from ERA-40 in holdings from China, India as well as
Brazil, Canada and a number of smaller countries for 1965
and 1966. The additional NCEP data set provides relatively
few observations for South America and Africa. Coverage
over Australia is very poor for spells prior to 1977, another
inheritance from ERA-40, but the NCEP data have a rea-
sonable number of observations between July 1951 and
December 1957.

3.4 | The usage of IBTrACS observations

ERA5~7° had access to 6-hourly tropical cyclone best track
pressure reports from the International Best Track Archive
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for Climate Stewardship (IBTrACS, Knapp et al. (2010)),
which contains a rich data set of tropical cyclone (bogus)
observations. For technical reasons, these had not been
assimilated in ERA57°~ . These reports, which are con-
tained in ISPD v3.2.6, were also assimilated in two pre-
vious centennial reanalyses produced by ECMWE, viz.
ERA-20C and CERA-20C, in which only surface observa-
tions were assimilated. However, strict quality control led
to the rejection of many of these observations, with the
result that many tropical cyclones were not well repre-
sented. In addition, in CERA-20C (Laloyaux et al. (2018),
Kosaka (2018)), it was found that bypassing the first-guess
check and retuning observation errors for Best Track
observations did not give satisfactory results as it degraded
the fit to other observations. In the latest 20CRv3 reanal-
ysis Slivinski et al. (2019), by-passing of quality control
was successful, and the usage of an observations error
of 2.5hPa gave satisfactory results. Despite the previous
results from CERA-20C, a similar setup was tested in
ERAS. Both the first-guess check and the Hiiber norm
were switched off, which means that the same weight was
given to these observations, regardless of the first-guess
departures. Initial tests in ERA5~7°scout runs looked
promising, after which it was decided to enforce the usage
of these observations.

Later, during production, it was discovered that occa-
sionally the resulting analysis produced cyclones which
were too deep, rather than too shallow, as found previ-
ously in CERA-20C. The reason for this discrepancy was
twofold: (a) inadvertently, too much weight was given to
these observations in the ERA5~7° data assimilation sys-
tem: observation errors of 0.78 hPa were assigned, rather
than a more optimal choice of 2.0 or 2.5hPa, and (b)
the data assimilation system was not provided with the
information that these observations represent a minimum
in the pressure field. As a result, the analysis fit at an
observation location is usually good, but often the assimi-
lation system places the minimum pressure away from the
observations and this minimum is then typically deeper.
Therefore, the compromised quality of the tropical cyclone
analyses in ERA5~7%is not related to the quality of the
pressure estimates from the IBTrACS, but a result of the
sub-optimal method used to assimilate them. It contin-
ues to prove challenging to extract detailed information
from sparse and rudimentary surface pressure observa-
tions alone.

An example of a well-behaved case is presented in the
top panels of Figure 5 for Hurricane Charlie. Both the
ERAS5 analysis at the observation location and the mini-
mum pressure are close to the IBTTACS observations. An
example where the ERAS5 analysis is far too deep is given in
the lower panels for Typhoon Doris. Here, on May 11, 1950,
the ERAS analysis at the observation location (blue curve)

Royal Meteorological Society

underestimates the IBTrACKS observation (black curve).
However, the assimilation system has displaced the min-
imum, which results in a tropical cyclone that is actually
far too deep (by about 60 hPa, red curve) rather than too
shallow.

For the 41,763 IBTrACS observations that were assim-
ilated in ERA5”7°, the average standard deviation of
the analysis departure is 5.4 hPa, while it is 9.0 hPa for
the minimum pressure closest to the observation. In
ERA57°~ , where IBTrACS were not assimilated, for the
81,760 observations from 1979 to the end of 2010, this
is 15.6 and 13.2hPa, respectively. Therefore, based on
these numbers alone, the way in which the IBTrACS were
assimilated looks promising. Full density plots between
all IBTrACS observations and minimum ERAS5 pres-
sure, provided in Figure 6, give a different picture. The
encouraging statistics arise mainly from the density-rich
less-extreme cases. For deeper tropical cyclones, the min-
imum ERA5™7 pressure often undershoots, sometimes
severely. The worst case is a minimum of 840hPa. It
emerges (not shown) that the undershoot is more frequent
in the early period of ERA5™7°.

For ERA57°~ , which did not assimilate IBTrACS, trop-
ical cyclones are clearly too shallow. From this, it follows
that the sub-optimal assimilation of these observations
not only leads to an overestimation of the intensity of
tropical cyclones in ERA5~7 but also results in a discon-
tinuous behaviour in comparison with the ERA5 segment
from 1979 onward. For example, although for ERA57 the
cumulative distribution function match (thin grey line)
is closer to the diagonal (though slightly overshooting)
than it is for ERA57°~ (which shows a clear underestima-
tion of minimum ERAS5 pressure), the behaviour between
these two segments is quite different. For these rea-
sons, ERA57? should not be used for studies on tropical
cyclones.

The erroneously strong tropical cyclones also have a
distinct impact on the extreme statistics of ocean waves,
which will be discussed in Section 6.

3.5 | Satellite observations
3.51 | Vertical Temperature Profiling
Radiometer (VTPR)

VTPR, a predecessor of the High-Resolution Infrared Radi-
ation Sounder (HIRS) instrument, is a passive infrared
sounder carried on four satellites (NOAA-2 through -5)
and provided data from November 1972 until February
1979. The instrument is a filter radiometer (McMillin
et al. (1973)) and includes six temperature sounding chan-
nels in the 15 ym CO, band, with weighting functions
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Hurricane Charlie, August 1951
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FIGURE 5 Time evolution of the estimated central mean sea level pressure from IBTrACS (black line) and the ERAS analysis (red

line) for (a) Hurricane Charlie and (c) Typhoon Doris. The analysed mslp values at the observation locations are plotted in blue. (b, d) Mean
sea level pressure maps showing the position of these cases. The red line shows the path of the hurricane, reconstructed from the 6-hourly

IBTrACS observations. Isobars are every 10 hPa

spanning the surface to the upper stratosphere, as well
as a water vapour sounding channel centred at 535cm™!
and a window channel centred at 833 cm~'. ERA5~7° uses
a reprocessed VTPR data set (Li et al, 2005) which
was assimilated in both ERA-40 (Uppala et al., 2005)
and JRA-55 (Kobayashi et al., 2015). Each satellite in
the series carries two nominally identical VTPR instru-
ments (VTPR-1 and -2). During 1973, operations switched
between the two instruments regularly, although after
1975 the instruments were operated continuously for
extended periods.

As for all other radiance data sets assimilated in ERAS5,
VTPR uses RTTOV-11 (Lupu and Geer, 2015) as the
observation operator, and employs time-varying CO, con-
centrations in the radiative transfer calculations. Black-
listing, to remove data during periods where the data
quality is significantly lower, is based on that developed

for JRA-55 (Kobayashi et al., 2015) supplemented by addi-
tional blacklisting periods identified by low-resolution
pre-production runs of the ERA5 configuration. The
resulting data coverage over the lifetime of the sen-
sor is indicated in Figure 7 for channel 4 of VTPR,
and the remaining channels in Supplementary Figures
S3-S8. Channels determined to be cloud free are assim-
ilated, using a cloud detection scheme adapted from
Krzeminski et al. (2009). Observation errors, shown in
Table 4, are modified from those estimated in ERA-40
because a posteriori methods for the estimation of observa-
tion errors (Desroziers et al. (2005)) indicated that smaller
observation errors could be used.

Measured spectral pass-bands for the channels of the
VTPR instruments are documented (McMillin et al., 1973)
and exhibit some variability between nominally identical
channels, but the mapping from measured pass-bands to
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specific instruments is undocumented and hence ambigu-
ous. RTTOV radiative transfer coefficients for all measured
pass-bands are available, and an optimization (mapping
coefficients to the eight individual VTPR instruments)
was carried out using departure statistics derived from
short (14-day) assimilation experiments carried out with
each of the 32 possible permutations of coefficient sets
with instruments. The mapping was based on minimum

1974

1975 1976 1977 1978 1979

first-guess departure variances, together with estimates
of the mean biases produced by each coefficient set. The
mappings are indicated in Supplementary Table ST1.

In pre-production testing using low-resolution (T319)
versions of ERAS5, the assimilation of VTPR signifi-
cantly improved analysis and forecast accuracy in the
data-sparse Southern Hemisphere. The standard deviation
of short-range forecast fits to surface pressure/2 m relative
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TABLE 4  Prescribed observation errors for VTPR in both ERA-40 and ERA5

Channel Channel Observation errors (K) Land

number centre /cm™! CY41r2/ ERA-40 ERA5 h < 2,000 m h > 2,000m Ocean
1 668.5 2.00 1.00 . ° °

2 677.5 1.00 0.80 ° ° °

3 695.0 0.80 0.50 . . °

4 708.0 0.70 0.50 .

5 725.0 0.60 0.60 °

6 747.0 0.60 0.60 .

7 535.0 2.00 2.00 . °

8 833.0 1.00 1.00 o o o

Note: Also shown are the channel selections over land (including high land, with surface elevation higher than 2,000 m) and ocean. Black dots (e)
indicate a channel is actively assimilated; open circles (o) indicate a channel is monitored. All channels are blacklisted at the edge of the swath (field of

view numbers 1 and 23) as well as over the Caspian Sea, defined by the latitude range 36-48° N and longitude range 46-55° E.

humidity/10 m zonal wind component observations in the
Southern Hemisphere was improved by 30%/18%/10%,
respectively (Figure 8). For radiosonde temperatures (Sup-
plementary Figure S9), fits were improved by 8-20% from
the surface up to the mid-stratosphere in the Southern
Hemisphere. Impacts were smaller in the Northern Hemi-
sphere. Comparison with the improvements made dur-
ing the ERA5 production runs is inexact, as there is no
control experiment with no VTPR data, but a rough indi-
cation of the improvements realised in the production
runs during the VTPR mission can be estimated by tak-
ing average standard deviations for first-guess departures
over the 6years following the introduction of VTPR with
the same statistics for the preceding 6years. Standard
deviations for surface pressure/2 m relative humidity/10 m
zonal wind components were reduced by 33%/7%/6%,
respectively. Figure 9 shows the change in first-guess
departure statistics for the Southern Hemisphere (south
of 20° S) land-based surface pressure observations during
the period 1950-2020. Statistics for the period January
1950-December 1978 are from ERA5~7° , while those from
January 1979-December 2019 are from ERA57~ . A step
change (i.e., an improvement) in the departure statistics is
evident at the time when VTPR is introduced. Although
the number of surface pressure observations is increas-
ing steadily during the period from mid-1967 to late 1978
(by a factor of approximately two), the step change in
departure statistics upon the introduction of VIPR and
the simultaneous change in the climatological component
of the background error covariance in November 1972
(see Section 3.6) is more pronounced than the increase in
surface pressure observation numbers at this point, and
indicates the improvement in surface pressure background
fields is most likely a consequence of introducing VTPR.
The fraction of surface pressure observations assimilated

also increases at this time, consistent with the effects of
introducing VTPR in pre-production testing.

3.5.2 | Backscatter ultra-violet spectrometer
(BUV)

BUV is a nadir-scanning optical spectrometer on board the
Nimbus-4 satellite launched in a sun-synchronous polar
orbit on April 8,1970. The instrument was designed to pro-
vide the total atmospheric content of ozone and vertical
ozone structure in the atmosphere by measuring, during
daylight, the intensity of the Earth’s backscattered radi-
ance and incoming solar irradiance. Although the BUV
instrument was operational from April 10, 1970 until May
6,1977, it provided complete coverage only until July 1972,
after which time the spatial distribution of data became
increasingly sparse owing to the partial failure of the solar
power array on Nimbus-4 (Johnson et al. (2012)).

The reprocessed SBUV ozone data set version 8.6
(McPeters et al. (2013)), provided by NASA, contains BUV
ozone vertical profiles which have been assimilated in
ERAS5. However, these data are not assimilated in the
Ensemble of Data Assimilations (EDA, see Section 3.6).

3.6 | Data assimilation aspects

ERA57° uses the same hybrid incremental 4D-Var sys-
tem as used in the ECMWF operational NWP model
(TIFS cycle 41r2) from March to November 2016 and in
ERA57~ as well as a separate Land Data Assimilation
System (LDAS), as used in ERA57°~ and described in
Hersbach et al. (2020). Summarising the key features: a
ten-member Ensemble of Data Assimilations (EDA, at
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pre-production testing of VTPR data SYNOP-U10m/NV10m
showing the change in (a) analysis
and (b) first-guess departure
standard deviations for SYNOP data
in the Southern Hemisphere,
normalised relative to a control

experiment which assimilated no
SYNOP-RH2m

T

VTPR data. Experiments use the
following static part of the B matrix
(details in Section 3.6): (black) B4.%;
(orange) B7); and (green) B7 as
used in production. These
experiments covered the period
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FIGURE 9
first-guess departures for land-based SYNOP observations of surface
pressure from both BUFR and ISPD sources, in the Southern
Hemisphere south of 20° S, showing values per cycle (00Z and 12Z,
grey, faint) and 30-day running means (black) as well as 30-day
running means of total observation counts (red) and the number of
observations assimilated (green). Also shown (bounded by blue
vertical lines) is the period during which VTPR data were
assimilated

The evolution of the standard deviation of

63 km resolution) is used to estimate flow-dependent back-
ground error covariances (Bonavita et al., 2016) for the
high-resolution component (HRES, at 31km). In each
of the ten members, other than the control member,
observations, model tendencies, sea surface temperature
(SST) and sea ice concentration (SIC) are perturbed to
produce an ensemble of analyses and associated short
forecasts. To compensate for sampling errors resulting
from the relatively small ensemble size, the dynami-
cally evolving EDA-based component is combined with a
static component (Bgj;). As the observing system evolves,
so the background errors evolve, reducing in magni-
tude (of the variances) and characteristic length scales as
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the observing system constrains the analysis ever more
accurately.

In the initial production runs of ERA5”~, two dis-
tinct versions of B.; were employed, covering the period
from January 1979 to December 1999 (1979-By;) and
from January 2000 onwards (41r2-Bj;). Subsequently, an
updated version of ERA5 (ERA5.1, Simmons et al. (2020))
was released in which the use of 1979-B.; was contin-
ued through the period from January 2000 to December
2006 in order to reduce temperature biases in the lower
stratosphere. In ERA5~"?, a further two versions of Bg;
were used, covering the period prior to the assimilation
of satellite sounding data (January 1950 to November
1972, 1958-By;;) and the period covering the VTPR mission
(November 1972 to December 1978, 1978-B;;). The exten-
sion of ERA5~" to the end of 1980 also used 1978-By.
These were estimated from dedicated runs of the EDA
spanning 4 months in each of two seasons in 1958 and
1978, respectively, in order to represent the seasonality
in background errors. The resulting B.; used for ERA5
are illustrated in Figure 10, which shows the vertical pro-
files of global average standard deviations and horizontal
length scales for temperature and relative humidity for
the highest-resolution minimisations (T255, 79km). As
expected, the background error standard deviations for
temperature and humidity show a monotonic decrease in
magnitude with time, typically reducing by a factor of
2-3 from 1958-Bj; to 41r2-B;. For the horizontal length
scales, the reduction is generally around a factor of two for
temperature and less for humidity. Background errors for
vorticity and divergence (Supplementary Figure S10) show
qualitatively similar behaviour.

Figure 11 shows the evolution of the first-guess
departure standard deviations for upper-air and surface
observations in both ERA5~7° and ERA57~ during the
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FIGURE 10
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temperature and (d) relative
humidity
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period 1950-1985. As expected, the standard deviations
generally reduce in magnitude throughout ERA57?,
modulated by significant inter-annual variability. The
curves for ERA577° merge well with those for ERA57~,
while for surface pressure and 10 m wind these are signifi-
cantly lower than those for ERA57~ in the overlap period
(as also highlighted in Section 3.2), as a result of the addi-
tional observations assimilated in ERA5~"% . Also encour-
aging are the downward step changes for upper-air tem-
perature statistics (at 400 and 850 hPa) associated with the
initial assimilation of satellite data from VTPR (1973) and
the TOVS instruments (1979). There are several anomalies
though, the most significant of which are the 10% increase
in the standard deviations for surface pressure from 1965
to 1967, associated with a temporary lack of coverage in
some areas (most notably China) as well as a longer-term
anomaly from 1965 to 1974. This anomaly is not a partic-
ular feature of the specific stream (stream 3) as the same
anomaly is observed in the spin-up period for stream 4
(not shown). The gradual increase in the standard devi-
ations for upper-air temperatures in the layer centred at
50hPa from the late 1960s until the late 1970s remains
unexplained.

The EDA spread (Figure 12) and the mean analysis
increments (Figure 13) also provide useful diagnostics to
check the consistency of ERA5~7°in the context of the
entire ERAS5 record. Figure 12 shows the reduction in
the EDA spread for temperature, zonal winds, humidity
and ozone during 1950-2020. The spread in temperature
in the troposphere reduces from typical values of around

1K in 1950, to 0.5K in 1979, to 0.2-0.3K in 2020. The
steady reductions during the period are punctuated by
step changes, most notably for temperature and zonal
wind, in 1957, 1972, 1979 and 2006. These changes are
associated with significant improvements in the observ-
ing system: the introduction of ERA-40 BUFR upper-air
temperatures, humidities and winds from September 1957
and the general improvement of the radiosonde network in
the Southern Hemisphere in advance of the International
Geophysical Year in 1958; the introduction of VTPR obser-
vations from November 1972; the introduction of sounding
data (HIRS, MSU and SSU) from the TOVS satellites in
late 1978, and; the introduction of large numbers of radio
occultation observations from 2006. For specific humid-
ity, in addition to the steady reduction in spread, periods
of accelerated improvements follow the introduction of
VTPR, TOVS and ATOVS satellite data in 1972, 1978 and
1998, respectively.

Figure 13 shows that, in the troposphere, mean analy-
sis increments for temperature show good consistency dur-
ing 1950-2020, with magnitudes typically below 0.1 K. For
the mid-troposphere (300-700 hPa), they are considerably
smaller, at less than ~ 0.03 K. Similarly for the mid-lower
stratosphere, the mean increments are below 0.1 K and
consistent throughout the record.

In the range 3-10hPa, ERA5~7° analysis increments
for temperature are notably smaller for the period from
1973 to 1978 than for the periods before or after. The
magnitude of the increments above 10hPa is markedly
larger in ERA57~, especially during 1979-1984, and
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FIGURE 11 Thirty-day mean (weak colours) of the standard deviation of first-guess departures and 360-day mean (strong colours), for

used data in ERAS5 (red) and ERAS back extension from all data sources (blue) and BUFR data only (grey) for (a) upper-air temperature from

radiosondes (from top to bottom in the panel) within + 25 hPa 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; (e) 10 m

zonal wind over sea from various in situ sources; and (f) 2 m relative humidity from SYNOP. The statistics for (a, b) 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

exhibits a dipole structure, with negative increments up to
about 5hPa and positive increments above this level. It is
likely that the form of the mean increments at these lev-
els post-2006, when GNSS-RO observations are providing
high-accuracy observational constraints on the analysis,
represent more optimal corrections at each analysis cycle,
and reflect model bias at these levels.

For 1973-1978, the most significant constraint at these
levels is provided by channel 1 of VIPR, which has a
broad weighting function peaking in the range 2-20 hPa
(Li et al., 2005). VTPR channel 1 is bias corrected using
variational bias correction, which corrects the observa-
tions to the analysis. This is consistent with the near-zero
mean increments at the levels spanned by VTPR chan-
nel 1 for 1973-1978. After 1979, SSU channel 3, peak-
ing between 1 and 10hPa, is assimilated without varia-
tional bias correction in order to anchor the stratospheric
temperature analysis. The resulting analysis increments,

from early 1979 onwards, are more aligned with those
evident post-2006, although not perfectly. As there was
less confidence in the radiometric performance and radia-
tive transfer modelling for VTPR (compared with SSU), it
was decided to apply variational bias corrections to VTPR
channel 1 in ERA5~"?. The features evident above 3 hPa
for the period 1973-1978 are primarily influenced by the
form of the background error covariances at this level
and reflect the transitions in November 1972 (1958-Bj; to
1978-Bj;) and in January 1979 (1978-Bj; to 1979-Bj;). As a
note, the analysis increments for temperature above 10 hPa
in ERA57°7% (not shown) are very similar to those seen
in ERA5~7° during 1973-1978, highlighting the important
role of the change in B; in January 1979 in producing the
large increments in ERA5”°~ mentioned above.

For temperature, the dominant feature in the tropo-
sphere is the positive increment throughout the ERAS5
record of magnitude ~0.06 K in the range 100-300 hPa,
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less than 0.1m/s, the picture is less coherent during
ERA5~7° compared with ERA5”°~ . The introduction of
VTPR observations appears to bring the profile of wind
increments during 1972-1978 into better agreement with
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those for ERA5°~ . This is also the case for humidity
increments at levels between 200 and 300 hPa and below
700 hPa, where the transition from ERA5~7° to ERA57° is
relatively smooth. In the mid-troposphere, from 300 to
700 hPa, the picture is more complex, with a seemingly
anomalous period of drying increments from 1974-1978 at
levels between 300 and 700 hPa.

For ozone, significant increments are evident from
April 1970 to July 1972 at levels between 3 and 300 hPa,
corresponding to the period when BUV observations were
assimilated in large numbers (see Figure 4 and the discus-
sion in Section 3.5.2). The form of the increments during
this brief period is similar to those obtained in the last
decade, when ozone was well observed. After July 1972,
when the numbers of assimilated BUV observations drops
by a factor of four, analysis increments at levels 3-30 hPa
are smaller. Only when ozone-sensitive observations from
SBUV and HIRS are introduced, from early 1979 onwards,
do the stratospheric ozone increments return to the form
of those observed in recent years.

3.7 | Forcings and boundary conditions
The ERAS5 radiation forcing terms are largely based on
the World Climate Research Programme (WCRP) initia-
tive CMIP5 as described in (Hersbach et al., 2015a) and,
for example, take account of the contribution of volcanic
eruptions to stratospheric sulphate aerosol.

The data sets and methods used to prescribe sea sur-
face temperature (SST) and sea ice concentration (SIC) in
the full ERAS5 are described in detail in Hersbach et al.
(2020) and Hirahara et al. (2016) and will only be briefly
summarised here. For ERA5~7?, SIC and SST are based
on two different releases of the Hadley Centre Sea Ice and
Sea Surface Temperature data set version 2 (HadISST2):
HadISST2.0 is used for SIC, whereas HadISST2.1 (Titch-
ner and Rayner, 2014) is used for SST. In HadISST2.0, the
SIC component is similar to that used in the earlier ver-
sion of the data set, HadISST1.1 (Rayner et al., 2003), and
thus similar to that used in ERA-40. The original prod-
ucts are provided on a 0.25° x 0.25° latitude-longitude grid
as monthly means for the 1950-1960 period and as 5-day
means (pentads) from January 1961 onwards.

Comparisons of time series of spatial averages of SST
from ERAS5 with those from various other data sets have
been reported by Simmons et al. (2021). There is general
agreement among data sets as to the rate of warming since
the mid-1970s, but uncertainty as to the amount of warm-
ing over the preceding 10 years or so. The HadISST2.1 data
set used in ERA5 during these 10 years behaves similarly
to the COBE SST used in the JRA-55 reanalysis (Kobayashi
et al., 2015), and both are much closer to the HadSST3
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data set than to the newer HadSST4 data set (Kennedy
et al., 2019), which has a larger temperature increase from
the 1960s to the 1970s. Otherwise, there is relatively little
difference in low-frequency variability between these and
other data sets covering the period from 1950 onwards.

Time series of total sea ice area (SIA) for the Arctic and
Antarctic regions are shown in Figure 14 and compared
with those from other data sets, including 20CRv3 (Slivin-
ski et al., 2019) and three versions of the HadISST data set
(v1.1, v2.1 and v2.2). In the Arctic, the five data sets bear
great similarity in their depiction of the long-term trend
and interannual variability of SIA. This is particularly true
in March (Figure 14a), despite SIA being consistently and
markedly higher in HadISST2.1 and HadISST2.2. The dif-
ferences between data sets are much more prominent in
the Antarctic, especially prior to the mid-1970s, reveal-
ing different approaches to the estimation of SIC values
in the absence of direct satellite observations. HadISST2.1,
HadISST2.2 and 20CRv3 exhibit unrealistically large SIA
values in the 1950s and 1960s relative to the post-1979
period (~100% larger in February, and ~30% larger in
September, in the 1950s than in the 1980s). In a reanalysis,
such sea ice changes can lead to artificial trends in some
atmospheric fields such as precipitation and surface tem-
perature. In contrast, ERA5 and HadISST1.1 exhibit values
that are much more in line with those observed during the
satellite era. The resemblance of 20CRv3 with HadISST2.1
and HadISST2.2 in the evolution of Antarctic SIA since
1950 can be explained by the use of HadISST2.3 in the
former (Slivinski et al., 2019).

4 | REPRESENTATION OF
SYNOPTICS
4.1 | North Sea storm of February 1953

OnJanuary 31 and February 1, 1953, a combination of high
spring tides and an intense storm in the North Sea caused
a storm tide which swept south-eastwards along the east
coast of the UK, reaching the coastline of the Nether-
lands in the early hours of February 1, causing widespread
breaches of sea defences (Prichard (2013)). The associated
flooding resulted in over 2,500 deaths, 1,800 of which were
recorded in the Netherlands. Subsequently, in the follow-
ing decades, sea defences were significantly fortified on
the North Sea coastlines of the UK and the Netherlands,
including the construction of the Thames Barrier east of
London, and the Delta Works system of dams and barriers
in the Netherlands.

The ERAS analyses (Figure 15) show a region, on the
western flank of the depression, of significant wave heights
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Time series of monthly mean total sea ice area for the Northern Hemisphere (NH; left panels) and Southern Hemisphere

(SH; right panels) during 1950-2020 from ERAS5 (thick blue line) and four other data sets: HadISST v1.1 (orange), HadISST v2.1 (green),
HadISST v2.2 (red) and 20CRv3 (purple). The time series are shown for the month of year corresponding to the annual maximum and
minimum total sea ice area in each hemisphere (March and September in NH, September and February in SH)

in excess of 10 m which travels around the northern coast-
line of the UK and south-eastwards in the North Sea
towards the coastline of the Netherlands. ERA5 as well
as CERA-20C (not shown) capture the large-scale evolu-
tion of the storm well. Indeed, the manual surface pres-
sure analysis of the time from the Met Office (shown in
Figure 15) also depicts the location, extent and minimum
pressure of the storm well, as a result of the well-observed
surface pressure and wind fields in this part of Europe in
1953. The advantage of the higher temporal and spatial
resolutions in ERAS5 becomes more evident when inspect-
ing the evolution of wind gust analysed by ERAS5 and
CERA-20C (Figure 16), which shows that ERA5 generally
reproduces the timing and intensity of wind gust, relative
to observations (MetOffice (1954)), better than CERA-20C
throughout January 31.

The bottom panel of Figure 16 shows the evolution
of 10m wind speed at Vlissingen (wind gust data are not
available for stations on the coastline of the Netherlands
during this period) in both reanalyses as well as hourly
observations obtained from an automated weather sta-
tion. ERAS5 appears to underestimate the 10 m wind speeds
throughout January 31, more so than CERA-20C. After

the peak winds (21Z on January 31 to 06Z on February
1), ERAS5 represents the evolution of observed 10 m winds
well for the subsequent 36 hours. This example illustrates
that ERAS is able to provide more realistic synoptic detail
compared with that achieved in previous ECMWF reanal-
yses in this early pre-satellite period, at least for events in
the well-observed European sector.

4.2 | Sudden stratospheric warming,
February 1952

Two major stratospheric phenomena, sudden warmings
and the QBO, were discovered from radiosonde observa-
tions made in the 1950s. ERA5’s representation of the QBO
from that decade onwards is discussed later, in Section 5.5.

The discovery of the stratospheric sudden warming
phenomenon, for which ERAS5 provides hemispheric
context, was made by Scherhag (1952) by studying
radiosonde ascents from Tempelhof Airport, Berlin,
many of which were assimilated by ERAS5. Hourly
analyses of temperature at 30 hPa over Tempelhof and the
corresponding observations are shown in the left-hand
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FIGURE 15

ERAS5 analysis of mean sea level pressure (contours, in steps of 5hPa) and significant wave height (colours, m) for the

1953 North Sea flood on January 31, 1953 at (a) 1000 UTC and (b) 1800 UTC and (c) on 1 February at 0000 UTC. Red pluses indicate the
ERAS5 native grid. (d) The February 1, 00Z Met Office mean sea level pressure analysis of the time, from the Met Office Daily Weather Report

panel of Figure 17 for January to March 1952. It was
the rapid rises in temperature observed in late January
and more especially late February that led Scherhag to
refer to “explosive” stratospheric warming and to dub
such behaviour the “Berlin Phenomenon”. Accounts
refer to larger warming still at 10hPa, but the ERAS
observational database has few observations at this level,

indicating a potential benefit from further data recovery.
The temperature of —32°C measured at 30 hPa at 0900
UTC on February 28 is the highest temperature of any
of the 5,510 values assimilated for this level in ERAS5
in the period from January to March 1952. The coldest
such temperature was —78 °C recorded by the U.S. Air
Base at Thule in north-western Greenland at 1500 UTC
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(blue, 3-hourly) analyses of 10 m wind gust (in m/s) at (a) Stornoway,
(b) Lerwick and (c) South Shields from 00Z on January 29, 1953 until
00Z on February 3, 1953. Also shown (black dots) are the maximum
observed wind gusts at these locations during the period, recorded
in the Met Office Monthly Weather Report of the time (MetOffice
(1954)). (d) Analysed 10 m wind speeds (in m/s) at Vlissingen
(source: Rijkswaterstaat, the Netherlands), together with 10 m wind
speed observations (black dots) from an automated weather station

on January 26, in the core of the polar vortex. Observa-
tions over Thule are sparser than those over Berlin, but
matched well by the ERAS analysis. A substantial increase
in temperature over Thule in early February is associ-
ated with the movement of the polar vortex illustrated
below. The Berlin temperatures tend to be underesti-
mated, particularly in February and March. Both the cold
lower stratospheric bias of the ERA5 model and underad-
justed bias in the radiosonde measurements are possible
factors.

What was observed over Berlin and Thule is put in con-
text by Figure 18, which shows maps of 30 hPa temperature
and geopotential height. The top two rows show ERAS5
analyses at 5-day intervals from February 3 to 28, 1952. The
bottom row shows corresponding 5-day forecasts verifying
on February 18, 23 and 28. During the first half of Febru-
ary, the core of the cold vortex moves from Greenland
to northern Russia and the vortex elongates and weak-
ens. High pressure and relatively high temperatures are

established over Canada and Greenland. The vortex splits
in the final week of February. The weaker of the two
sub-vortices moves over Southern Europe, and a relatively
small patch of anomalously warm air moves over Berlin.
The 5-day ERAS forecasts evidently represent reasonably
well the major 5-day changes in circulation and temper-
ature depicted by the analyses. This is notwithstanding
errors in detail such as the southward displacement of the
warm air that in reality crossed Berlin on February 28, on
a track that was sampled by the radiosonde ascents from
Tempelhof Airport.

Of the 1,851 30 hPa temperature observations assim-
ilated for February 1952, 1,628 (almost 88%) were from
radiosondes launched north of 20°N. The standard
deviations of the background and analysis fits to the
bias-adjusted temperatures from these radiosondes are
2.3 and 1.5K, respectively. The background temperature
is 0.4K lower on average than the bias-adjusted observed
temperature; the corresponding value for the analysis is
0.2K.

The ERAS5 analyses for the 1950s provide a resource
for examining other warmings that occurred early in the
observational record. There is scope to extend by a few
years catalogues of events from 1958 onwards such as
provided by Charlton and Polvani (2007) and Butler et al.
(2017), and to extend other studies such as carried out
under the auspices of the SPARC Reanalysis Intercom-
parison Project, Ayarzagiiena et al. (2019) for example.
Perhaps most notable is the warming of late January
and early February 1957 analysed by Teweles (1958),
who with the data and methods at his disposal was able
to present and discuss Northern-Hemispheric charts at
100 hPa, and charts and cross-sections over North Amer-
ica up to as high as 15hPa. In this case, ERAS5 depicts
a split of an elongated polar vortex into two, beginning
in late January. By February 10, separate vortices were
located over Canada and south-western Russia and high
pressure extended from Iceland over the North Pole to
north-eastern Siberia. This development was captured in
the 10-day forecast from January 31, albeit with a delay of
about 2 days in the split of the vortex. Other candidates for
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FIGURE 17 ERAS analyses and radiosonde observations of 30 hPa temperatures (°C) for (a) Berlin Tempelhof and (b) Thule
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height (contour interval 20 dam) over the
Northern Hemisphere at 30 hPa and 1200
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further study are a similar split of the vortex in February
1951 and a pronounced southward migration of the vortex
over Russia in January 1955.

5 | ERA5SURFACE AND
UPPER-AIR FIELDS

5.1 | Surface air temperatures

An extensive investigation has been made into ERA5’s
representation of surface air temperature and humid-
ity, temperature and humidity at a nominal height
of 2m above the ground. The principal aim was
to assess the reliance that can be placed on ERAS5
for routine monitoring of climate variability and
change, in particular the use of ERAS5 in the cli-
mate monitoring bulletins published by the C3S

(https://climate.copernicus.eu/monthly-climate-bulletins).

Results have been documented in full by Simmons et al.
(2021); some discussion for temperature is given here.
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Figure 19a shows time series of global-mean surface air
temperature for ERA5 from 1950 to 2020 and JRA-55 from
1958. It also shows corresponding global-mean surface
temperatures from the GISTEMP (Lenssen et al. (2019))
and HadCRUTS5 (Morice et al. (2020)) analyses of monthly
climatological data, and indicates the spread of the values
given by these data sets and additional monthly analyses
from Berkeley Earth (Rohde and Hausfather (2020)) and
NOAAGIlobalTemp (Zhang et al. (2019)). Data sets were
processed as described by Simmons et al. (2017). Compar-
ison with ERA-Interim has been shown by Hersbach et al.
(2020).

All data sets portray little trend in global-mean
temperature from the 1950s to the second half of the
1970s, sustained warming thereafter and superimposed
inter-annual variability. The values shown are in partic-
ularly good agreement from the early 1970s to the mid
2010s, although this comes in part simply from present-
ing the data as anomalies relative to 1981-2010. Differ-
ences among the monthly data sets in the 1950s and 1960s
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12 month running mean surface temperature anomaly (K) relative to 1981-2010
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stem largely from differences in SST analyses and dif-
ferences over the Antarctic. There are also differences
because the monthly data sets provide a mix of air temper-
atures over land and SST, whereas the reanalyses provide
air temperatures everywhere; implications of this have
been discussed by Cowtan et al. (2015) for climate mod-
elling and Simmons et al. (2017) for reanalysis, among
others. Using SST rather than marine air temperature
raises ERAS5’s global-mean surface temperature by 0.05K
on average for 1950-1969. ERAS5 temperatures are nev-
ertheless expected to be on the low side in the global
mean, by a few hundredths of a Kelvin from 1958 to 1966,
and by closer to 0.1 K prior to 1958, because lower num-
bers of analysed observations over land result in a less
effective correction of the cold bias of ERA5’s background
forecasts.

There is also some increase in spread among data
sets after 2015. ERAS has by a small margin the highest

2010 2020

temperatures relative to 1981-2010 for the latest years,
partly due again to its provision of marine air temperature
not SST. It does not, however, have the largest least-squares
linear trend for 1979-2018. These trends, in K/decade,
round to 0.19 for HadCRUTS5, 0.18 for ERAS5, Berkeley
Earth, GISTEMP and JRA-55, and 0.17 for NOAAGlobal-
Temp. ERAS5 does have the largest trend over the shorter
1991-2020 standard climatological reference period. Val-
ues in K/decade are 0.24 for ERAS5, 0.23 for GISTEMP
and HadCRUTS5, and 0.21 for Berkeley Earth, JRA-55 and
NOAAGIobalTemp in this case.

Figure 19b, c shows time series for Europe, defined
as land from 20° W to 40° E and from 35° to 80° N, and
Australia, land from 110° to 160° E and from 50° to 10° S.
These are the two continental areas with respectively the
best and worst long-term agreement among data sets, and
for each there is a regional data set based directly on
observations in addition to the global data sets: E-OBS
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for Europe (Cornes et al. (2018), here version 21 at 0.25°
resolution) and ACORN-SAT for Australia (Trewin (2013),
here country-average version-2 values).

Surface air temperature has increased much more
rapidly over Europe than globally over the past 35years,
following a slow decrease from the early 1950s to the mid
1980s. Conditions over Europe are observed and modelled
well enough for all data sets to be in good agreement.
ERAS is also in good absolute agreement with E-OBS for
these area-averaged temperatures; this is demonstrated in
Figure 19b by using the ERAS5 climate for 1981-2010 as
the reference for defining both the ERA5 and the E-OBS
anomalies. There is a little sensitivity to missing data val-
ues in E-OBS, as sampling ERAS5 to match E-OBS data
coverage, as done here, slightly increases recent values
and slightly degrades agreement with the values derived
without sampling from the other global data sets.

Conversely, results for Australia show pronounced dif-
ferences between the reanalyses and the data sets based
directly on monthly climatic data records. This is most
marked prior to 1970, when ERAS5 and JRA-55 have signif-
icantly higher temperatures relative to 1981-2010 than the
other data sets. This appears not to be due simply to the
sparse observations of surface air temperature analysed by
ERAS5 and JRA-55, nor to the way the surface analysis is
carried out, as the background forecasts (not shown) from
the two reanalyses are in even worse agreement with the
other data sets prior to 1970: such surface air observations
as are analysed bring the reanalyses somewhat closer to the
other data sets, though by no means close enough. Further
discussion is given in Section 6.

Although agreement over Australia is generally very
much closer after 1970, there are periods in 2000/2001 and
2011/2012 when the reanalyses are distinctly colder than
the other data sets, relative to climatology. This holds for
ERA-Interim also. It also occurs, though for shorter peri-
ods of time, in 1973/1974 and 2016/2017. It will be seen
in the following section that this happens when rainfall
is above average, commonly linked with La Nifia events.
One factor is that the values from the reanalyses are aver-
ages over synoptic times, whereas the other data sets are
based primarily on monthly records of the average of daily
maximum and minimum temperatures. The relationship
between the two types of average shifts when the under-
lying surface is moistened by heavy rainfall. Biases in the
background forecasts of the reanalyses may also change in
such circumstances.

ERAS is prone to other regional blemishes, in particu-
lar where observations are few in number in the early years
and analysis increments otherwise are generally large.
This is the case, for example, over most of China, where the
ERAS analysis scheme normally reduces a relatively large
cold bias of the background forecast. This does not happen
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prior to August 1956, however, when ERAS5 has access to
few observations from the region, and again throughout
1965 and 1966 when no surface air temperature observa-
tions at all for the region (and indeed some other regions)
are found in ERAS5’s input database. This is the case also
for other types of observation for these years, as can be seen
for surface pressure and 2 m relative humidity in Figure 4.

Monthly climatic extremes have temperature anoma-
lies that are typically measured in several degrees, or even
ten or more degrees at high latitudes. The representation
of such extremes in reanalyses is little affected by the much
smaller biases that may mar estimates of trends, but can
nevertheless still be sensitive to observational coverage.
Figure 20 presents just one example. It shows in panels a to
d maps of anomalies in surface temperature for February
1956, chosen as it is from the early part of the reanalysis
period and is the month with record cold average condi-
tions over Europe, relative to the climatological normal for
the month. Maps are for GISTEMP, HadCRUTS5 and the
ERAS background and analysis. Panels e and f show the
background and analysis departures for ERAS.

The maps of anomalies are in good agreement where
each analysis has access to observations. All show the
cold conditions over Europe, peaking over south-western
Russia. Although not illustrated here, ERA5 shows that
this was associated with anomalous easterly flow, with
anticyclonic anomalies centred near Iceland and Novaya
Zemlya, and relatively low pressure centred near Italy.
Conditions were also colder than normal over much of
Siberia, and it was also relatively cold over western North
America. Consistent with the anomalous flow pattern,
temperatures were not as low as usual for February over
the far north of Siberia and over the seas to the north and
west. Positive anomalies also occurred over eastern North
America, Greenland, north-eastern Africa and the Mid-
dle East. Australia was relatively warm in the south and
west, and cool in the north and east. The analyses differ
in the magnitude of the warm conditions over the North
Pacific and North Atlantic, and more substantially over the
oceans of the Southern Hemisphere and the data-sparse
Antarctic.

There are also differences between ERAS5 and the
other data sets with regard to the weak anomalies over
Argentina and south-western Africa. Figure 20e, f shows
that few or no observations in these regions were sup-
plied to ERA5, and the ERAS5 analysis carries over positive
anomalies from its background forecasts that are indi-
cated by neither GISTEMP nor HadCRUTS5. GISTEMP and
HadCRUTS5 have access to monthly climatological data
for some regions where ERA5 does not have access to
historical synoptic observations, over South America in
particular for this month. ERAS5 also lacks observations
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Average surface temperature anomalies (K) relative to 1981-2010 for February 1956: (a) GISTEMP, (b) HadCRUTS5, (c)

ERAS background and (d) ERAS5 analysis. Corresponding average (e) background-observation and (f) analysis—observation differences are

shown for ERAS5, based on values averaged over 2° X 2° grid boxes that contain at least ten observations during the month. Values for GISTEMP

and HadCRUTS are plotted only for grid squares for which no more than two months are missing in the calculation of the 1981-2010 reference

over China at this time, as noted above, but anoma-
lies there are relatively weak. The spatial extrapolation
used by GISTEMP and HadCRUTS5 produces a tempera-
ture anomaly in the vicinity of the North Pole that agrees
poorly with the anomaly from ERAS5. ERAS5 is also alone in
producing relatively low temperatures along the ice edge
between Greenland and Svalbard.

Although the maps for the ERA5 background fore-
casts and analyses look similar at first sight, the analysis
scheme for surface air temperature works as intended
where observations are plentiful, significantly reducing
biases in the background forecasts that reach up to 2K or
higher at some locations. This can be seen by comparing
panels e and f over the western United States, northern
India, and Japan, for example. The background bias is rel-
atively small over Europe, however. Maps of this type for
more recent times are discussed by Simmons et al. (2021).

5.2 | Precipitation

No direct measurement of precipitation is assimilated over
the period of extension of ERAS5 back to 1950, so the
analysis of rain-gauge data provided by the Global Precip-
itation Climatology Centre (GPCC; Becker et al. (2013))
provides important independent data against which ERAS5
may be judged. Comprehensive discussion of precipitation
products is beyond the scope of this article, but by way of
example, Figure 21 shows continental-average time series
of running 12-month-mean precipitation rate, from ERAS5,
JRA-55, GPCC and (from 1979 onwards) version 2.3 of
GPCP (Adler et al. (2003)). The figure extends and amends
one (Supplementary Figure S6) presented by Hersbach
etal. (2020). It extends back to 1950, and amends the earlier
figure by replacing values from ERA-Interim by the precip-
itation rates taken from ERAS in the forecast range from
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Twelve-month running means of monthly precipitation rates (mm/day) from 1950 to 2020 over land areas for (a) Europe

(20° W to 40° E; 35-80° N), (b) North America (170° W to 50°W; 15-85° N), (c) Africa (25° W to 55° E; 40° S to 35° N), (d) South America
(90° W to 25° W; 65° S to 15° N), (e) Asia (60° E to 180° E; 0° to 85° N) and (f) Australia (110° E to 160° E; 50° S to 10° S), for ERAS5, JRA-55,
GPCC and GPCP. ERAS5 results are shown for both 0-12 hr and 24-36 hr forecasts

24 to 36 hrs ahead. It also uses newer, version 2020 GPCC
products, the Full Data Monthly product for 1950-2019
and the Monitoring product for 2020, each at 1° x 1° reso-
lution. The standard ERAS5 precipitation product is based
on the precipitation from the first 12 hr of the forecast. The
consistency between the 0-12 hr and 24-36 hr precipita-
tion is an indication of the realism of the initial analysed
structures, which depends on the amount and type of data
assimilated, and of the realism of the assimilating model’s
representation of precipitation.

As noted by Hersbach et al. (2020), and earlier by
Simmons et al. (2010) when assessing ERA-Interim, inter-
pretation of mean differences between reanalyses and
independent estimates of precipitation is complicated by
differences between the independent estimates. This is
particularly the case regarding long-term averages of pre-
cipitation, which in Figure 21 differ between GPCC and
GPCP by amounts that can be as large in some regions
as the differences between the reanalyses or between a
particular reanalysis and either GPCC or GPCP. This is at
least partly due in this case to the adjustments for gauge
undercatch made in GPCP but not in GPCC. Aside from
this, however, there is much that can be said about the
variability over time of the differences between the various
data sets.

In general, ERA5 provides overall precipitation
amounts and inter-annual variability over land for the
1970s that are similar in quality to what it provides for the
1980s and 1990s. Behaviour further back in time varies
from region to region:

1. Precipitation over North America from ERAS5 varies
quite similarly to that from GPCC back to 1950, both
data sets exhibiting relatively low values from 1950 to
1957. Overall magnitudes differ, but there are differ-
ences of similar magnitude between GPCC and GPCP
from 1979 onwards. ERAS has slightly higher peak val-
ues. The largest discrepancy between ERA5 and the
other data sets is in fact for the most recent years, when
ERAS5 shows an increase that is not seen in any of the
other data sets. ERAS5 also has relatively high values in
the 1980s. There is little difference between the 0-12 hr
and 24-36 hr ERAS5 values over North America.

2. ERAS5 performs more poorly over Europe. Its precipita-

tion increases relative to GPCC’s from 1950 to the late
1960s, remains quite substantially above GPCC’s but
below GPCP’s until the 1990s, and then becomes closer
to GPCC’s. Inter-annual variability is higher for ERAS
than GPCC in the 1970s. Differences between ERA5’s
0-12hr and 24-36 hr rates are quite pronounced for
Europe from the late 1960s onwards.
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3. ERAS5 produces quite uniform values over the large
Asian region, and its inter-annual variability there is
quite consistent with that of GPCC from the 1950s to the
1990s. It does not, however, show the increase in pre-
cipitation over the last 20 years or so indicated by GPCC
and GPCP. In particular, it underestimates the high val-
ues for 2020 seen in GPCC and GPCP. The decrease in
ERAS precipitation from the 0-12 hr to 24-36 hr fore-
cast range from the 1970s onwards is smaller than for
Europe.

4. Precipitation over South America is more uniform over
time for ERAS5 than for JRA-55. ERAS tracks GPCC
quite closely for much of the period, but has relatively
low values in the late 1950s and early 1960s, with espe-
cially low values in August and September 1961. Its
0-12 hr and 24-36 hr values are quite similar for parts
of the period, but the 24-36 hr values are lower in the
late 1960s and 1970s, and for around 20 years from the
mid 1990s.

5. Hersbach et al. (2020) noted that precipitation over
Africa from ERAS5 declines around the turn of the cen-
tury, becoming much closer to that from GPCC. This
is seen here to be more so for the 0-12hr than the
24-36 hr forecasts, indicating that a model bias for too
strong rainfall is controlled by assimilating extra or
different data that become available around the time
the precipitation rate drops. The long-term level of
African precipitation from ERAS is quite steady prior
to 1990, in contrast to that from JRA-55. It matches
that from GPCC rather better in the 1950s and early
1960s, when values from GPCC but not ERA5 are
higher than in later decades. ERA5 precipitation is par-
ticularly low from May to July in 1965 and 1966, and
also low in 1951. Further discussion of this is given in
Section 6.

6. The representation of precipitation is least problem-
atic for Australia, in contrast to what has been seen for
surface air temperature. Here, precipitation rates from
GPCC and GPCP are closer than for the other regions
considered, and ERAS rates are quite close to GPCC
rates from the 1960s onwards, though rather lower for
the 1950s. ERAS rates are insensitive to whether they
come from the 0-12hr or the 24-36 hr range. JRA-55
rates appear to be on the high side, more so from the late
1970s onwards. All data sets capture the heavy rainfall
periods mentioned earlier and dry spells such as that
experienced over the past 3 years.

Precipitation averaged over all sea (not shown)
changes little from 1950 to the early 1990s, varying in
the range from 3.0 to 3.2 mm/day, with hardly any net
trend. The 0-12 hr precipitation subsequently increases,
as illustrated by Hersbach et al. (2020), and reaches close

to 3.3 mm/day. The increase is distinctly smaller, to about
3.2mm/day, in the 24-36hr forecasts. This difference
stems entirely from the tropics. Tropical 24-36 hr values
are also lower than 0-12 hr values prior to the late 1970s.
Precipitation over the extratropical oceans increases with
increasing forecast range during this period, particu-
larly in the Southern Hemisphere. Precipitation rises
here by a few per cent between the 1950s and 1960s, and
again after 1978. It is unclear how much of this is due to
observing-system changes and how much is due to natural
variability.

Hersbach et al. (2020) also showed that the imbal-
ance between global-average precipitation and evapora-
tion was about 0.11 mm/day for ERAS5 in the early and
mid 1980s, decreasing to reach much smaller values
from the mid 1990s to the mid 2010s. Imbalance is also
smaller in the 1950s and 1960s, when it is around 0.06 to
0.07 mm/day.

Maps indicating how well inter-monthly variability is
represented are shown in Figure 22. The figure compares
measures of the agreement between ERA5 and GPCC, and
between JRA-55 and GPCC, for two periods: 1958-1978
and 1979-2020. Correlations are shown for both periods
and standard deviations for 1979-2020. They were eval-
uated using the version 2020 GPCC products with 2.5°
resolution in this case, to enable the 1.25° JRA-55 fields
to be averaged onto the GPCC grid. Comparisons of ERAS5
with the 1° GPCC product show similar geographical vari-
ations but somewhat poorer overall agreement. Although
the GPCC values are viewed as generally more reliable
than the values from reanalyses, this may not be the case
at high northern latitudes where observations are sparse
and frozen precipitation is difficult to measure. The GPCC
products do not include values for Antarctica.

Geographical variations are similar for each of the peri-
ods, reanalyses and statistics shown in Figure 22. Agree-
ment with GPCC is generally best over Europe, close over
much of the United States and Australia and more moder-
ate over mid-latitude Asia, northern and southern parts of
Africa, central Chile and the east of South America south-
wards from the Nordeste Region of Brazil. It is poorest over
much of tropical South America and Central Africa. The
dry north-east of Africa has low standard deviations, as
expected, but also low correlations.

Agreement with GPCC is poorer for the less
well-observed 1958-1978 period than for 1979-2020,
though not substantially so. It is better for the newer ERAS
reanalysis than for JRA-55, whose performance is more
akin to that of ERA-Interim (not shown), though better in
places. In broad terms, ERA5 is about as close to GPCC
for 1958-1978 as JRA-55 is to GPCC for 1979-2020. Maps
of standard deviations for 1958-1978 (not shown) confirm
the conclusions drawn from the maps of correlations.
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Spatial variation of correlations (%) and standard deviations (mm/day) between monthly-mean reanalysis and GPCC

precipitation rates at 2.5° resolution. Correlations are shown for (a) ERA5 1958-1978, (b) JRA-55 1958-1978, (c) ERA5 1979-2020 and (d)
JRA-551979-2020. Standard deviations are for () ERA5 1979-2020 and (f) JRA-55 1979-2020. The mean annual cycle for the period in
question is removed from each data set prior to calculating the correlations

53 | Mass

Statistics on global mass provide clear-cut evidence of
improvement over time in the quality of surface pressure
and humidity analyses. The global mass of dry air is
estimated from the global-mean surface pressure by sub-
tracting the contribution from the water content of the
atmosphere. It should be almost constant, varying only
because of numerically small (though radiatively impor-
tant) changes in atmospheric composition. Trenberth
and Smith (2005) estimated a change of surface pres-
sure of less than 1Pa from the increase in carbon diox-
ide and related changes in oxygen content over the
industrial period. Hersbach et al. (2020) showed in con-
trast changes over time and inter-reanalysis differences
of a few tenths of an hPa in estimates of dry mass

from ERA5 and ERA-Interim for the period from 1979
onwards.

Trenberth and Smith (2005) had earlier examined how
well ERA-40 conserved dry mass. ERA-40 was shown
to have performed much more poorly prior to the early
1970s than it did subsequently. Month-to-month changes
were at times higher than 1hPa. There was also a net
decadal-mean drop of 0.35 hPa from the 1960s to the 1980s,
which 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 using VTPR data.

Figure 23 presents the monthly dry-mass estimates
from ERA-40 along with estimates from the newer JRA-55
and ERAS5 reanalyses, for the period from the 1950s to
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the present day. ERAS5 clearly improves on the other
two reanalyses prior to the 1980s, with generally smaller
month-to-month variations and less of a long-term shift.
The decadal-mean mass falls from the 1960s to the 1980s
by 0.33 hPa for JRA-55 and 0.11 hPa for ERAS. The stan-
dard deviations of the monthly values for the 1960s are
0.31 hPa for ERA-40, 0.28 hPa for JRA-55 and 0.25 hPa for
ERAS.

Changes in dry mass have also been examined for
the hourly ERAS5 analyses. These analyses are in fact
the hourly outputs of 12-hr forecasts run twice per day
from the initial states for 0900 and 2100 UTC, which are
the times for which the 4D-Var analysis provides incre-
ments that are estimated to make the forecasts optimally
fit the observations over the next 12 hr. Non-conservation
of dry mass arises mainly from the changes that occur
between hour twelve of one forecast and hour one of
the subsequent forecast, that is, for 0900-1000 UTC and
2100-2200 UTC each day. Dry mass is also not formally
conserved by the forecast model, but the change due to
this is generally smaller. The mean absolute change due to
non-conservation by the model for 1950-2020 is 0.005 hPa
for the 1000-2100 UTC and 2200-0900 UTC differences.
The mean absolute change for the 0900-1000 UTC and
2100-2200 UTC differences evaluated for each of the seven
decades of ERAS5 decreases monotonically over time, from
0.114hPa for the 1950s and 0.084 hPa for the 1960s to
0.018 hPa for the 2000s and 2010s. The analysis scheme
is thus seen to disturb dry-mass conservation least for the
recent years for which plentiful observations are assim-
ilated and background forecast errors are relatively low.
The smaller numbers and larger errors of observations
for the early decades cause greater disturbance, as they
lead to large changes to relatively inaccurate background
values.

Particular attention has been paid to the mass changes
around the middle of 1959, in view of a suggestion that the
sharp rise in mass for ERA5 at that time stems from the
change in production stream at the beginning of July. This
change is not seen to be the primary cause, however, as
the period from late May to early July is characterized by
several relatively large increments in mass. The monthly
average ERA5 dry mass increases by 0.28 hPa between May

and June, and by 0.22hPa between June and July. The
monthly average ERA-40 dry mass increases by almost
0.93 hPa between May and June, and falls by 1.15 hPa from
June to July.

5.4 | Upper air

Figure 24 shows the evolution of monthly and globally
averaged anomalies in temperature, ozone partial pressure
and specific humidity during the entire period covered by
ERAS5. Anomalies are calculated relative to the monthly
climate of ERAS5 during the period 1981-2010. Figure 24
allows us to compare the trends and anomalies evident in
ERAS5~7 with those observed in ERA57°~ .

For temperature, ERA5~7° shows a warming/cooling
trend in the troposphere/mid-lower stratosphere, quali-
tatively consistent with that exhibited in ERA5"°~ . The
stratospheric cooling is punctuated by transient periods
of warming associated with the eruptions of Agung in
1963, El Chichon in 1982 and Pinatubo in 1991. The tran-
sition from cold tropospheric anomalies to warm strato-
spheric anomalies occurs at lower levels in ERA5™7 (at
around 150hPa) than in ERA57°~ (warm tropospheric
anomalies to cold stratospheric anomalies after 2000,
around 100 hPa). Above 10 hPa, large anomalies are evi-
dent in ERA5~7?, although the form and magnitude of
the anomalies during the period 1973-1978, when channel
1 of VTPR provides information on stratospheric temper-
atures in the layer from 2 to 20 hPa, are broadly similar
to those prior to 1973. After January 1979, the observing
system changes significantly following the introduction
of observations from the first TOVS satellite, including
observations from the Stratospheric Sounding Unit (SSU).
Associated with this, the climatological component of the
background error covariance also changes in January 1979
(see Section 3.6). Consequently, the form of the tempera-
ture anomalies changes at this time. The most prominent
anomaly in temperature above 10 hPa around this time
is the warm anomaly evident from 1979 to 1984, most
probably associated with the assimilation of SSU channel
3 observations which are assimilated without bias cor-
rection to anchor the analysis and are known to suffer
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ERAS5 monthly and globally averaged upper-air anomalies with respect to the 1981-2010 monthly climatology for (a)

temperature, (b) ozone partial pressure and (c) specific humidity during the period 1950-2020. The period from January 2000 to December
2006 is based on ERAS5.1. Anomalies for specific humidity are shown in per cent of the 1981-2010 monthly climatology. For temperature,

note the different colour scales used above and below 100 hPa

from complex biases related to cell pressure leaks (see
Hersbach et al. (2020)). Although improvements were
made to the treatment of the cell pressure leak effects,
through improved radiative transfer modelling, it is prob-
able that residual biases remain which cause the anoma-
lies observed. It is noteworthy that, in ERA57~% | the
vertical structure and magnitude of the anomalies above
10 hPa remain very similar to those of ERA5~7° during
1973-1978 (not shown). This further highlights the promi-
nent impact of the change in By; in January 1979 on tem-
perature anomalies and analysis increments at these levels
in ERA57~.

For specific humidity, the anomalies in ERA5™" show
a gradual moistening of the troposphere and drying of
the stratosphere, related to the observed cooling. Due
to the long spin-up timescales for stratospheric water
vapour, often several years, seams were evident between
the original production streams. Examples of this can

—79

be seen between ERA5”7? and ERA5°~ in 1979 and in
ERA57 in 1987. To reduce the magnitude of the asso-
ciated steps in ERA5~7° time series, the final consoli-
dated product was obtained by allowing some streams
to run for longer than originally planned, to maximise
spin-up times. The resulting selection of the produc-
tion streams is described in Section 2. As a note, due
to the longer spin-up of stratospheric water vapour in
ERA57°780 compared with ERA5”°~, ERA5"7~% exhibits
a seamless transition with ERA5”7?in January 1979
(not shown).

Prior to 1979, observations of ozone were limited to
those from BUV. The impact of the assimilation of BUV
observations (Section 3.5.2), available in large numbers
from January 1970 to July 1972, is evident, as is the effect
of the reduced coverage of BUV data after 1972, where
the anomalies relax to the form of those for the period
1950-1970.
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Time series from 1950 to 2020 of monthly-mean quantities related to global-mean temperature (K) at 500 hPa (left) and

50 hPa (right): (a, b) anomalies of ERAS, JRA-55 and ERA-Interim relative to the ERAS5 climate for 1981-2010, and anomalies of the
ERA-20CM ensemble members relative to the ERA-20CM ensemble-mean climate for 1981-2010; (c, d) analysis increments, for ERAS and
ERA-Interim; (e,f) standard deviations and means over all assimilated radiosonde observations of the ERAS5 background and analysis

departures from these data

Further detail for global-mean temperature at the 500
and 50hPa levels is given in Figure 25. Panels a and b
show anomalies of monthly values relative to the climate
of the month for 1981-2010. Results for three reanaly-
ses, viz. ERA5, JRA-55 and ERA-Interim, are shown rel-
ative to the ERAS5 climatology in order to indicate the
absolute differences in temperature between these reanal-
yses. These differences are generally small, at most a
degree or so for the differences at 50 hPa between ERAS5
and JRA-55 for the late 1950s and early 1960s. Panels
a and b also show plots of the anomalies of the ten
ensemble members of the ERA-20CM model simulations
(Hersbach et al. (2015a)) carried out using similar (but
not identical) versions of the ECMWF model and pre-
scribed HadISST2 sea surface temperatures and sea ice
concentrations. In this case, the climatological references
are the monthly 1981-2010 averages of the ERA-20CM
ensemble mean, as differences in climatological temper-
atures between the simulations and reanalyses are rela-
tively large, at between 0.9 and 1.2 K depending on month
for 500 hPa.

The other panels of Figure 25 show the monthly
mean analysis increments (the analysis-background dif-
ferences) for ERAS5 and ERA-Interim and the means and
standard deviations of the ERAS5 background and anal-
ysis departures computed for all assimilated radiosonde
observations at the 500 and 50 hPa levels.

ERAS5 and JRA-55 temperatures are quite close for
much of the period at 500hPa, but JRA-55 has a
least-squares-fit warming trend from 1981 to 2020 that is
about 9% larger than that of ERAS, in contrast to its 5%
smaller trend in surface air temperature (see Figure 19).
This is equivalent to a 500 hPa temperature increase that
is 0.06 K larger for JRA-55 than for ERAS5 over the 40-year
period. Trends at 500 hPa are in both cases smaller than
trends in surface air temperature, by 97% for JRA-55 and
85% for ERA5. The two reanalyses give similar sharp peaks
associated with El Nifio events. Differences in 500 hPa
temperature are larger in the more poorly observed 1950s
and 1960s, typically ranging from 0.1 to 0.3 K from month
to month, with ERA5 warmer than JRA-55. ERA5 gen-
erally lies within the range of the ERA-20CM ensem-
ble. Together with the small mean analysis increments
and close mean fit of the ERAS5 analyses to the 500 hPa
radiosonde data seen in panels ¢ and e, this gives some
confidence in the global-mean temperatures provided by
the extension of ERAS back to 1950. This is notwithstand-
ing the larger standard deviations of the background and
analysis departures, which point to some degradation of
general analysis quality due to the poorer data coverage
and quality of earlier years.

ERAS and JRA-55 differ more from ERA-Interim than
they do from each other at 500 hPa, in spells from 1979 to
the late 1980s and in the 2000s. ERA-Interim is relatively
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warm during both spells. This is consistent with a conclu-
sion of Simmons et al. (2014) that ERA-Interim somewhat
underestimates warming in the lower and middle tropo-
sphere.

Differences between ERAS5 and JRA-55 are larger at
50 hPa. Here, temperatures decrease over time until the
late 1990s, and are steady or slightly declining there-
after. The warm peaks associated with the 1962, 1982 and
1991 volcanic eruptions are prominent. The reanalyses are
in close agreement from 2006 onwards, when plentiful
radio occultation data from the COSMIC (and later other)
receivers were assimilated, as has been discussed for a
wider range of analyses and levels (Simmons et al. (2014);
Ho et al. (2019)). JRA-55 is colder than ERAS5 earlier in
the 2000s, and more so back in time, especially in the late
1950s and early 1960s. The higher cooling rate from the
1950s to the 1990s in ERAS5 is broadly consistent with the
cooling rate in the ERA-20CM model runs, but tempera-
ture anomalies in the 1970s are lower for both ERA5 and
JRA-55 than for ERA-20CM. This is especially so in late
1972 and much of 1973.

The 50 hPa ERAS5 analysis increments are reasonably
uniform over time at around 0.04 K, as the data assimila-
tion adjusts for a cold lower-stratospheric bias of the assim-
ilating model. They are larger at the times of the major
volcanic eruptions, including Agung in the pre-satellite
era, compensating for the model’s underestimation of the
effect of volcanic aerosol. They drop, however, to low val-
ues in late 1972 and early 1973, when the analysed temper-
ature is lower than in neighbouring years. Radiosonde data
are fitted well in the mean, with a small shift once radi-
ance data begin to be assimilated at the end of 1972. The
mean departures do not appear to be especially problemat-
icalin 1972 and 1973, but it has to be kept in mind that vast
oceanic areas, particularly in the Southern Hemisphere,
are not sampled by radiosondes. There thus remains a
question mark over the performance of ERA5 for this
period, as there is also for the early 1950s, when data
numbers are low and mean departures are relatively large.

The standard deviations of the departures from
radiosonde data decrease over time until 2010, with a dis-
tinct fall when VTPR begin to be assimilated at the end of
1972 and a larger fall due to the major observing-system
changes between 1978 and 1979. The overlap analysis
ERA57% is very similar to ERA5”~ in this regard. After
2010, the fits of the ERAS5 background forecasts and anal-
yses to radiosonde data increase slightly, more so for the
analysis than for the background. The standard deviations
of the analysis departures for this period are similar to the
prescribed observation errors for radiosonde temperatures
used in the ERA5 data analysis, which are 0.61 K at 500 hPa
and 1.28 K at 50 hPa. Although these values imply a limit
to what may be inferred from such departure statistics,
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the departures nevertheless still distinguish between the
background forecasts and the analyses.

The behaviour shown may thus indicate that the infor-
mation from radiosonde observations is not getting quite
the weight in data assimilation that it merits in the pres-
ence of increasing amounts of satellite data. An alternative
explanation is that the increase in the departure variances
results from a change in correlations between background
errors and observation errors. Further investigation is
required to resolve this question.

55 | QBO

The establishment of routine radiosonde observations of
wind in the tropical stratosphere in the 1950s led to the dis-
covery by Ebdon (1960) and Reed et al. (1961) of the QBO,
in which successive phases of easterly and westerly zonal
winds propagate downwards in a cycle that has an average
period of a little over 2 years. These observations have now
been assimilated in ERA5~7°.

Figure 26 presents information related to the perfor-
mance of ERAS5 in representing the QBO at 30 hPa, based
on monthly values averaged over the equatorial belt from
10° S to 10° N, back to 1950. Similar results are found for
neighbouring standard pressure levels. Panel a shows the
increase over time in the number of 30 hPa wind observa-
tions in the equatorial belt that were assimilated by ERAS.
No such observations at all were assimilated for six of the
months of 1950. Observations were used in every month
from December 1950 onwards, and statistics related to
them are included in Figure 26, even though there are
fewer than ten observations for two months in 1951 and
one in 1952. Observation numbers increase during the
1950s and 1960s, are relatively steady for most of the next
three decades and increase again between 2000 and 2015.
Spikes in numbers in 1974 and 1979 are consequences
of special efforts made during the tropical-Atlantic and
global observing experiments of the Global Atmospheric
Research Programme.

Figure 26b shows the QBO as described by a simple
averaging of all zonal-wind observations made in each
month. The averages of corresponding co-located anal-
ysed winds from ERAS5 are also shown. The amplitude
of the wind oscillation at this level is about 40 m/s from
peak westerly to peak easterly, whereas monthly-mean dif-
ferences between observations and analyses, the analysis
departures, vary from —2 to 2m/s. The latter is shown
explicitly in panel c, which also shows the differences
between the observations and the ERAS5 background fore-
casts, the background departures. The latter are distinctly
larger, showing that the reanalysis is drawing well towards
the observations.
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Monthly-mean zonal wind (ms™1) at 30hPa from 10°S to 10°N

(a) Average number of observations per day

FIGURE 26  Averages over
the tropical belt from 10° S to 10° N
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Both the background and the analysis departures are
relatively large in the data-sparse early-to-mid 1950s,
but relatively small from the late 1950s to the early
1970s, when only radiosonde data are assimilated in the
stratosphere, aside from BUV ozone data from 1970.
Departures then become larger, presumably because of the
influence on winds of the multi-variate analysis of radi-
ance data from the VIPR and TOVS satellites. Departures
decrease in amplitude towards the end of the period, when
they benefit from assimilation of temperature-sensitive
data from GNSS radio occultation (Healy et al. (2020)), and
perhaps also from improved radiance measurements and
the increase in radiosonde numbers.

Panel c also shows monthly mean differences between
the JRA-55 and ERAS analyses of zonal wind, averaged
over the equatorial belt. For much of the period, these dif-
ferences are substantially larger than the average ERAS
departures. This is unlikely to be due simply to differences
in sampling of the equatorial belt in forming averages,
as differences between the ERAS averages taken over the
whole equatorial belt and only at observation locations
(discussed in the next paragraph) are generally smaller
than the differences shown between JRA-55 and ERAS.
Consistent with what was found by Kawatani et al. (2016)
in comparing JRA-55 with other reanalyses, the differ-
ences between JRA-55 and ERAS5 decrease around the
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year 2000, which is likely associated with the gradual
introduction of data from the ATOVS suite of sounding
instruments. Differences decrease further in later years,
presumably due to the same changes in observing systems
that lead to smaller background and analysis departures in
ERAS.

Panel d is similar to panel b, but instead of showing
averages of only those ERA5 winds that are co-located with
observations, it shows average ERAS5 winds for the whole
equatorial belt. It is not surprising that agreement between
analysis and observation is better when only co-located
analysis values are used, but there is nevertheless reason-
able agreement between the observational average for each
month and the corresponding ERAS5 average for the whole
equatorial belt. ERAS fits the observations quite closely,
but maintains a high degree of zonal uniformity close to
the Equator.

Discussion of Figure 26 would be incomplete without
noting that panels b and d show that the QBO, for the
second cycle in succession, has experienced disruption of
its downward propagation, as discussed by Newman et al.
(2016) for the 2015/16 event and Anstey et al. (2020) for
the latest event. Nothing as extreme occurs in any of the
other cycles analysed by ERA5. At 30 hPa, the disruption
is characterised by unusually long spells of either westerly
or atypically weak easterly flow. Figure 26 shows that 29
spells with monthly-mean observed zonal winds greater
than —15 m/s have occurred since 1951. The latest of these
spells had lasted 27 months by the end of 2020, as illus-
trated in the figure, and 32 months at the time of writing.
The preceding one lasted 25 months. The other 27 spells
varied in duration from 12 to 22 months; 18 of them lasted
15-17 months.

6 | SUB-OPTIMAL ASPECTS

As shown in Section 3.4, the configuration used for the
assimilation of IBTrACS tropical cyclone bogus observa-
tions resulted in analyses of these events which were fre-
quently sub-optimal. Specifically, the bypassing of quality
control checks, based on first-guess departures, as well as
a choice of observation error (0.78 hPa) which gave too
much weight to these observations resulted in analysed
tropical cyclones which were often too deep. Associated
with this, wind speeds in the vicinity of such cyclones are
erroneously large. Evidently, this has a knock-on effect on
the statistics of ocean wave heights. Ocean waves essen-
tially integrate the effect of wind on the ocean surface, and
propagate over large distances, thus providing a good mea-
sure of how the impact of the anomalously intense tropical
cyclones spreads over larger regions. The effect on ocean
waves can be seen by inspecting the statistical distribution
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of significant wave height (SWH, Supplementary Figures
S11 and S12), particularly the upper tail of the frequency
distribution. Higher 99th percentile values are evident in
ERA5™7?, relative to ERA57 , in the ocean basins where
tropical cyclones occur most frequently, namely the west-
ern North Atlantic, the western South Indian Ocean and
the western North Pacific. Differences in the 90th and 95th
percentile (not shown) values are much smaller. This sug-
gests that the impact of the IBTrACS observations on ocean
waves becomes apparent only for the very upper tail of the
distribution of SWH (99th percentile and above).

Initial experiments in which quality control checks
are reinstated, and the observation error for the IBTrACS
observations is adjusted (to 2.0 hPa, from 0.78 hPa), results
in a representation of tropical cyclones in much better
agreement with that in ERA57°~ . This new configuration
is used to re-run the entire ERA5~7° period. This updated
product is currently being produced.

Several instances of relatively high temperatures and
low precipitation that are not seen in independent data
sets have been found in ERA5 analyses for the 1950s and
1960s. One occurs for the whole of the period in the aver-
ages over Australia shown for temperature in Figure 19(c)
and precipitation in Figure 21(f). The other main instances
are smaller scale and more intense: over and to the south
of the Congo Basin in the early 1950s, over the Amazon
Basin in 1961 and over a zone from Nigeria to Ethiopia in
1965 and 1966. Illustrations for these regions can be found
in Simmons et al. (2021). Minima in continental-average
precipitation for these cases have been noted in the earlier
discussion of Figure 21d, e. Temperature anomalies dur-
ing these periods average 2-4 °C over substantial parts of
the regions concerned. Observational coverage is lacking
in the 1965/66 case and over Brazil in 1961. Background
temperatures are biased high compared with observations
over the Congo Basin in the early 1950s, where relatively
high analysed temperatures occur despite cooling analysis
increments.

As discussed by Simmons et al. (2021), the
ERA5™7° analyses of surface air temperature and humidity
over Australia suffer because there was little enhancement
of the small number of screen-level observations prior to
1977 processed for ERA-40. Moreover, when observations
are more abundant, the ERA5 LDAS performs less well
over Australia than elsewhere due to the preponderance
of Australian observations made at non-standard synop-
tic hours. Although there are some quite straightforward
steps that can be taken to address these issues in the
future, their impact on long-term variations is relatively
small after 1970 due to the quality of the background
forecasts over the region.

Before 1970, the analysed surface air temperatures
over Australia have a substantial warm bias, as judged
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FIGURE 27 Monthly-mean volumetric soil moisture anomalies (%) relative to 1981-2020 for the four layers of the ERA5 land-surface

model, averaged over the continental areas defined in the caption of Figure 21, from 1950 to 2020. The depths of the layers are shown in the

legend

by comparison with conventional climatological data sets.
The corresponding background temperatures are simi-
larly biased, and may well have damaged the quality
of the analyses even if a more comprehensive set of
screen-level observations had been analysed. The reason
for this behaviour remains to be fully understood, but
several factors have been identified. The ERA5~7° 4D-Var
data assimilation tend to cool and moisten the lower tro-
posphere over Australia, but less so in the 1950s and 1960s
than later. No radiosonde humidity data were assimilated
before late August 1957, and the data assimilated for the
next 10years or so did not substantially reduce the dry
bias of the background forecast. Cloud cover is also found
to be lower in the 1950s and 1960s than in the following
decades.

A further issue that relates to the periods and
locations of excessive warmth and dryness seen in
ERA5”7° concerns the initialization of soil moisture,
particularly for the lower layers of the ERAS5 land-surface
model. Figure 27 presents the volumetric water con-
tent anomalies of each of the four modelled soil lay-
ers, averaged over continental regions. It shows that the
ERA5™7° production streams were generally started with
water contents that were much lower than those typical of
ERA57°~ . The response is a moistening (or spin-up) that is
generally slower for the deeper layers, on a timescale that

varies from continent to continent. Sharp changes occur
when the production streams change, something that also
happened in ERA5°~ production at the beginning of 2015.
The problem is least marked for Europe, which appears
affected mainly in the early to mid 1950s. It is most marked
for the deepest soil layer for Australia, and the deepest two
layers for Africa. The uppermost layer shows little problem
in general, but its soil moisture is relatively low for Africa
in 1965 and 1966, when the start of a new production
stream coincides with deficient observational cover. The
near-surface soil moisture is also lower than the 1981-2010
average in the 1950s and 1960s over Australia and from
1950 to 1952 over Africa.

Although the too-warm periods over Africa and Aus-
tralia might be due to or exacerbated by the dryness of the
deep soil, the situation is different for South America. Here
there are pronounced minima in the moisture of the deep-
est soil layer associated with the changes in production
stream in 1959 and 1965, but they are short-lived, and the
minimum in 1961 is larger for the topmost layer than the
deep layer, suggesting that the behaviour of soil moisture
is more a response than a cause in this case.

Soil moisture was initialised at the start of the
ERA57’ production streams using scaled values
derived from earlier comprehensive reanalyses. The
spin-up of soil moisture will be reduced in the rerun of
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ERA5~" by setting back the initial dates of the production
streams so that the new streams can start from original
ERA5~7° values that have been partly spun up. Use may
also be made of a prototype (scout) ERAS5 analysis for
the 1940s to initialise the production stream for the early
1950s.

These issues, as well as any others which emerge fol-
lowing the release of ERA5™7?, are documented online in
the Copernicus Knowledge Base (ECMWF, 2016a).

7 | CONCLUDING REMARKS AND
DIRECTIONS FOR FUTURE WORK

The extension to 1950 makes ERAS5 the longest full-input
reanalysis produced to date at ECMWF. The exten-
sion offers several advantages over previous ECMWF
reanalyses covering this period, principally higher reso-
lution, hourly output, an uncertainty estimate based on
a ten-member EDA as well as a forecast model and data
assimilation system based on a 2016 version (41r2) of
the ECMWEF Integrated Forecasting System. The 70-year
record offers a coherent and high-quality estimate of the
atmospheric state to support the growing ERAS5 user base.
Nevertheless, as a result of the sub-optimal assimilation
of tropical cyclone bogus observations which affects the
representation of these events and has knock-on effects
on the statistics of ocean wave heights, current plans
foresee a re-run of the entire period from 1950 to 1978,
to be undertaken during 2021-22. Following this, a fur-
ther extension of ERA5 to 1940 is planned. Prior to
1940, the scarcity of upper-air observations means that a
full-input reanalysis becomes similar in quality to that of
previous centennial reanalyses which assimilate surface
observations only.

The order of magnitude increase in the number of
observations assimilated per day throughout the period
1950-1978 results in a steady improvement in analysis
quality, as illustrated by the steadily reducing analysis
ensemble spread, the reduction in first-guess departure
variances, the coherence of analysis increments (at lev-
els below 10hPa) and the accuracy of re-forecasts ini-
tialised by ERA5. The most significant anomalies in this
regard are the increases in first-guess departure variances
for surface pressure and upper-air winds during 1965-66,
associated with the absence of observations from China
and several other countries during this period. Addressing
this deficiency, if possible, will be a priority for the next
ECMWEF global reanalysis, ERA6, which is due to start
in 2024. The additional sources of upper-air and sur-
face observations that were ingested in ERA5~"° but not
in ERA57°~ have a positive impact on the quality of the
product. In particular, the significantly higher amounts of
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surface pressure and (to a lesser extent) 10 m marine wind
observations in the overlap period ERA57°~% is notewor-
thy, and future reanalyses should ingest observations from
these additional sources throughout.

A close inspection of the analysis increments for
upper-air temperature, humidity and winds shows that,
although the magnitudes are small, the vertical profile of
increments is different for ERA5~7° and ERA57°™ , reflect-
ing a shifting balance between model biases and observa-
tional constraints as the observing system evolves during
the extension. For ozone, increments in ERA5~7° are gen-
erally small, other than for the period 1970-72 when BUV
observations are assimilated in large numbers. During
this period, the vertical profile of increments is similar to
those during the period 1979 onwards, when ozone obser-
vations are assimilated in large numbers. Above 10 hPa,
the behaviour of analysis increments for temperature,
winds and ozone in ERA5~7° and ERA57°~ are quite dif-
ferent at times, reflecting the lack of observational infor-
mation at these levels, compounded by several changes
to Bg;. This is also evident in the anomaly time series
and is another area where improvements are required,
for example, through implementing a more smoothly
evolving Bg;. The 2-year, non-public, overlap data set
ERA5778% which benefits from a longer spin-up and
uses the 1978-Bj;, has proved valuable to disentangle the
origins of observed changes in behaviour in the upper
stratosphere.

The depiction of the North Sea storm of 1953 and the
events leading to the discovery of the phenomenon of sud-
den stratospheric warmings in 1952 serve to illustrate, by
example, the quality and utility of ERA5~7°. Doubtless,
the fidelity of ERAS5 will be assessed for other events in the
early period by other authors.

Global trends in surface temperature anomalies are
in good agreement between ERAS5, JRA-55 and conven-
tional climatological data sets, however this article has
highlighted significant regional differences, with trends
over Europe in good agreement throughout the period but
trends over Australia showing larger discrepancies, espe-
cially during the earliest periods covered. It is possible,
as outlined in Section 6, that these differences are due
to deficiencies in the initialisation of deep soil moisture.
Addressing this issue will be a priority for ERA6. Regard-
ing anomalies in upper-air temperatures, the evolution is
coherent and consistent in ERA5, JRA-55 and observa-
tions. A detailed analysis of the evolution of the probability
density functions (pdfs) of anomalies is beyond the scope
of this article, but this type of analysis shows promise
both for monitoring production quality as well as provid-
ing a new and useful diagnostic with which to test climate
model predictions.
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Priorities for future work are discussed in some detail
in section 10.4 of Hersbach et al. (2020), but two key areas
are listed here for their particular relevance to reanaly-
sis of the pre-satellite era: the evaluation of the poten-
tial of weak constraint 4D-Var to reduce stratospheric
temperature biases in this period, and the development
of a scheme to allow the climatological component of
B (B.i) to evolve smoothly. In addition, there are sev-
eral developments expected to be sufficiently mature to
be incorporated into ERA6, including the assimilation of
several early satellite data sets from the period prior to
1979, and allowing a dynamic evolution of the observa-
tion error covariances, to reflect the steadily improving
quality of conventional observations in the period before
1979. Spin-up discontinuities in stratospheric humidity
were partially mitigated by extending production streams,
but this problem remains challenging and is an area where
further development work is required.
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Glossary

Abbreviation Description

ACARS Aircraft Communications Addressing and
Reporting System

ACORN-SAT Australian Climate Observations Reference
Network - Surface Air Temperature

AIREP Air Report

AMDAR Aircraft Meteorological Data Relay

ATOVS Advanced TIROS Operational Vertical
Sounder

BATHY BATHYthermal

BUFR Binary Universal Form for the Representa-
tion of meteorological data

BUV Backscatter Ultra-violet Spectrometer

CDS The C3S Climate Data Store

(C)ERA-20C (Coupled) ECMWF Reanalysis of the 20th
Century

CHUAN Comprehensive Historical Upper-Air Net-
work

CKB Copernicus Knowledge Base

CMIP5 Coupled Model Intercomparison Project,
Phase 5

C3S Copernicus Climate Change Service

DRIBU report from Drifting and moored Buoy

ECMWF European Centre for Medium-Range
Weather Forecasts

EDA Ensemble of Data Assimilations

E-OBS European daily high-resolution gridded
data set

ERA ECMWF reanalysis

ERA5 A 70-year ERA starting from January 1950
onwards with timely updates

ERA5™7 Segment of ERAS5 from 1950 to 1978

ERA579-% Non-public extension of ERA5~7° for 1979
and 1980

ERA57~ Segment of ERAS5 from 1979 onwards



BELL ET AL.

Quarterly Journal of the 39

Glossary (continued)

Abbreviation

ERA-40

ERA-40 BUFR

ERA-Interim

ERA-CLIM

ERA-CLIM2

ERA-PreSAT

GISS
GISTEMP
GNSS-RO
GPCC
GPCP
HadCRUTS5

HadISSTx

HRES
HIRS

IBTrACKS

ICOADS

IFS
ISPD

JRA-55
LDAS
MSU
NCAR

NCEP

NOAA

NOAAGlobalTemp

NWP

Description

A 45-year ERA from September 1957 to
August 2002

Observational data stream as ingested in
the ERA-40 reanalysis

A 40-year ERA from January 1979 to
August 2019

European Reanalysis of Global Climate
Observations

European Reanalysis of Global Climate
Observations 2

Non-public  experimental ECMWF

reanalysis from 1939 to 1967

Goddard Institute for Space Studies
GISS surface temperature analysis
Global Navigation Satellite System
Global Precipitation Climatology Centre
Global Precipitation Climatology Project

Hadley Centre/Climatic Research Unit
Temperature version 5

Hadley Centre Sea Ice and Sea Surface
Temperature data set version x

High-resolution component (of ERAS5)

High-Resolution Infrared Radiation

Sounder

International Best Track Archive for Cli-
mate Stewardship

International Comprehensive Ocean
and Atmosphere Data Set

ECMWEF Integrated Forecasting System

The International Surface Pressure
Databank

Japanese 55-Year Reanalysis Project
Land Data Assimilation System
Microwave Sounding Unit

National Center for

Research

Atmospheric

National Centers for Environmental Pre-
diction (USA)

National Oceanic and Atmospheric
Administration

NOAA Merged Land Ocean Global Sur-
face Temperature Analysis

Numerical Weather Prediction
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Glossary (continued)

Abbreviation
(0]

PILOT

Ps

QBO
Rh2m
RICH

RISE

Sd

SIC
SST
SSU
STDEV
SWH
SYNOP

TEMP
TIROS
TOVS
T2m

URDB-2
U.S.
U10

\
VarBC
VTPR

V10

20CRv3
4D-Var

ORCID
Bill Bell

Description

Optimal interpolation

Wind report from pilot balloon
Surface pressure

Upper-air specific humidity
Quasi-Biennial Oscillation

2 m relative humidity

Radiosonde Innovation

Homogenization

Composite

Radiosonde adjustments with solar ele-
vation dependence

Snow depth

Sea ice concentration

Sea surface temperature

Stratospheric Sounding Unit

Standard deviation

Significant wave height

Surface synoptic report

Upper-air temperature

Report from radiosounding

Television Infrared Observation Satellite
TIROS Operational Vertical Sounder

2 m temperature

Upper-air zonal wind component
NCAR Upper-Air Database version 2
United States

Zonal wind component at 10 m height
Upper-air meridional wind component
Variational bias correction

Vertical
Radiometer

Temperature Profiling

Meridional wind component at 10 m
height

Twentieth Century Reanalysis version 3

4-Dimensional Variational data assimi-
lation
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