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ABSTRACT

The ECMWF twentieth century reanalysis (ERA-20C; 1900-2010) assimilates surface pressure and marine wind
observations. The reanalysis is single-member, and the background errors are spatiotemporally varying, derived
from an ensemble. The atmospheric general circulation model uses the same configuration as the control member
of the ERA-20CM ensemble, forced by observationally based analyses of sea surface temperature, sea ice cover,
atmospheric composition changes, and solar forcing. The resulting climate trend estimations resemble ERA-20CM
for temperature and the water cycle. The ERA-20C water cycle features stable precipitation minus evaporation
global averages and no spurious jumps or trends. The assimilation of observations adds realism on synoptic time
scales as compared to ERA-20CM in regions that are sufficiently well observed. Comparing to nighttime ship
observations, ERA-20C air temperatures are 1 K colder. Generally, the synoptic quality of the product and the
agreement in terms of climate indices with other products improve with the availability of observations. The MJO
mean amplitude in ERA-20C is larger than in 20CR version 2c throughout the century, and in agreement with other
reanalyses such as JRA-55. A novelty in ERA-20C is the availability of observation feedback information. As
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shown, this information can help assess the product’s quality on selected time scales and regions.

1. Introduction

Reanalysis of past observations with a model-based
data assimilation system as used for weather forecasting
has enabled many thousands of users to develop weather-
and climate-sensitive applications in a wide range of fields
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(Gregow et al. 2015). Recent global atmospheric reanalysis
products include NASA’s Modern-Era Retrospective
Analysis for Research and Applications (MERRA;
Rienecker et al. 2011), NCEP’s Climate Forecast System
Reanalysis (CFSR; Saha et al. 2010), ERA-Interim from
ECMWF (Dee et al. 2011), and Japanese 55-year Re-
analysis (JRA-55) from JMA Kobayashi et al. 2015). Each
provides time series, typically starting in 1979 (but 1958 for
JRA-55) and extending to the present, of a comprehensive
set of atmospheric variables. These datasets estimate the
evolution of the state of the atmosphere during the mod-
ern observing period, based on available surface and upper-
air observations from a variety of satellite instruments
and in situ observing systems.

Many climate studies would benefit from even longer
datasets that extend back to the early instrumental


mailto:paul.poli@shom.fr

4084

record. However, consistent estimation of climate
variables from early observations brings special chal-
lenges beyond those usually encountered in reanalysis.
Prior to the 1940s, nearly all weather observations were
made from Earth’s surface and only in well-populated
land areas or along shipping routes at sea. Information
about the nature and quality of early instrumentation is
often incomplete (Kennedy 2014). Furthermore, lo-
cating and gaining access to early weather observations
requires dedicated efforts in data rescue and digiti-
zation, especially in parts of the world that are most
affected by climate change and variability (Allan
et al. 2011).

In spite of such challenges, Compo et al. (2006)
demonstrated the feasibility of producing a useful
global atmospheric reanalysis spanning a century or
more with modern data assimilation methods. The
Twentieth Century Reanalysis (20CR) dataset ex-
tending back to 1871 was produced (Compo et al.
2011), together with model-generated information
about flow-dependent uncertainties in the estimates.
Data assimilation for 20CR was achieved with an en-
semble Kalman filter based on an atmospheric model
constrained by precomputed global estimates of sea
surface temperature and sea ice concentration. Only
surface pressure observations were assimilated; all
other variables are estimated implicitly from the model
equations. Compo et al. (2011) were able to show,
among other things, that 20CR estimates of tropo-
spheric temperatures compare reasonably well with
(independent) radiosonde observations.

The success of the 20CR project has inspired an am-
bitious long-term research effort at ECMWF, aimed
at developing the capability to produce century-long
climate reanalyses that take maximum advantage of
the available instrumental record (Dee et al. 2014).
Two consecutive research collaborations, European
Reanalysis of Global Climate Observations Project
(ERA-CLIM) and follow-on ERA-CLIM2 project,
have been funded by the European Commission to
support this goal. Both projects are making important
contributions to data rescue and digitization, particu-
larly for historic upper-air observations (Stickler et al.
2014) as well as for early satellite data records (Poli et al.
2015b). These and many other data sources are to be
assimilated in a series of progressively accurate re-
analyses of the climate system, including atmosphere,
land surface, ocean, and sea ice components.

This article describes ECMWF twentieth century
reanalysis (ERA-20C), the first reanalysis product of
the ERA-CLIM project, which provides global atmo-
spheric data for the period 1900-2010. ERA-20C relies
on a recent version of ECMWF’s Integrated Forecast
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System (IFS). The IFS, in its standard configuration used
for medium-range forecasting applications, includes an
atmospheric general circulation model (AGCM) and a
variational analysis scheme. Both components have been
suitably modified for the purpose at hand.

The AGCM configuration, including specifications
of boundary conditions and atmospheric composition
and solar radiation, has been described in a separate
article (Hersbach et al. 2015a). Prior to data assimila-
tion, the model’s ability to simulate observed changes
in the twentieth-century climate was assessed by com-
puting an ensemble of 10 model simulations for the
period 1900-2010. Results of the assessment are dis-
cussed in detail by Hersbach et al. (2015a), who con-
clude that the IFS AGCM, when suitably constrained
with boundary conditions and radiative forcing data, is
well able to represent low-frequency variability of
known large-scale features of the twentieth-century
climate. Part of the model output (monthly averages
for all variables and 3-hourly values for a few selected
parameters) has been archived and is accessible via
ECMWF’s public data server at http://apps.ecmwf.int.
This dataset is named ERA-20CM, where the letter M
stands for “model only.”

Drawing on lessons learned from the ERA-40 project
(Simmons et al. 2004), this preparatory step of first
running the model for the entire reanalysis period, but
without data assimilation, fulfilled the intended goal of
helping to understand the role of the model and forcings
in ERA-20C. In particular it allows a precise assessment
of the impact of the assimilated observations, including
the effects of changes in data coverage and instrumen-
tation. The main purpose of assimilating observations
in a reanalysis is to add realistic information about
weather events; a key question is whether it is possible to
do so without deteriorating the model representation of
low-frequency variability and change.

The outline of this paper is as follows. Section 2 in-
troduces the ERA-20C reanalysis system. Section 3
presents the production. Section 4 shows assimilation
statistics and other performance indicators. Section 5
presents some examples of low-frequency variability
assessment. Whenever possible the ERA-20C results
are compared with the model simulation (ERA-20CM)
but also with independent observational products and
other reanalyses. Conclusions follow in section 6.

2. Data assimilation system

The modeling and data assimilation system used to
create ERA-20C is based on the IFS cy38r1 (ECMWF
2013). The system steps forward in time in 24-h cycles. In
each cycle the analysis (i.e., best estimate) is produced by
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combining observations with a background (i.e., prior es-
timate) obtained from a short model forecast initialized
from the previous analysis.

a. Model and forcings

The model configuration is identical to ERA-20CM
(Hersbach et al. 2015a), except that the model time step
was reduced from 1h to 30min to improve the repre-
sentation of atmospheric tides. Briefly, as discussed by
Hersbach et al. (2015a), the following prescribed forcing
data vary over the course of the century: sea ice con-
centration, sea surface temperature (SST), solar radia-
tion, tropospheric and stratospheric aerosols, ozone, and
greenhouse gases. We used the Hadley Centre Sea Ice
and Sea Surface Temperature dataset (HadISST) ver-
sion 2.1.0.0 (Titchner and Rayner 2014; J. Kennedy et al.
2015, unpublished manuscript) for sea ice and SST, and
all other data sources as specified for CMIP5 (Taylor
etal.2012). The model has 91 levels between the surface
and 0.01hPa or about 80-km altitude. The horizontal
resolution is spectral triangular truncation T159 or
approximately 125 km.

b. Observation handling and quality controls

The observation input comprises atmospheric surface
pressure observations from the International Surface
Pressure Databank (ISPD; Cram et al. 2015) version
3.2.6 and the International Comprehensive Ocean—
Atmosphere Data Set (ICOADS; Woodruff et al.
2011) version 2.5.1, as well as marine wind reports from
ICOADS. In case of duplicate surface pressure reports
preference is given to ICOADS, and reports of surface
pressure at station level are preferred over reports of
mean-sea level pressure. Observations reported at lo-
cation exactly 0° latitude and 0° longitude, which are
likely erroneous, are also rejected, except for one
PIRATA network buoy moored at that location. Ob-
servations of wind above a model land point, near the
coastlines, or in mountainous closed seas are also re-
jected because at coarse horizontal resolution the
model would not be representative. Observations of sur-
face pressures contained in ocean-profiling instrument
reports in ICOADS are also rejected due to suspect
quality. Station and ship pressure observations are also
rejected if all other observations reported within a 5-day
window are constant, provided there are at least three
observations. For example, this constant time series
check identifies a station reporting pressures of exactly
1000.10 hPa during the entire period 1992-94.

The background check rejects any observation whose
departure from the background value is more than 7
times larger than expected, based on estimated back-
ground and observation error standard deviations. The
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maximum allowed observed pressure departure is cap-
ped at 120 hPa to account for the fact that background
errors vary over time and space, and their estimates are
not considered reliable in early years and in unobserved
regions of the globe. Finally, a variational quality con-
trol check involving neighboring observations is applied
as described by Tavolato and Isaksen (2015).

c¢. Variational analysis

The assimilation system employs an incremental four-
dimensional variational (4D-Var) analysis (Rabier et al.
2000) every 24 h. The 4D-Var generates an adjustment
to the model state at 0900 UTC such that the subsequent
24-h model trajectory provides the best fit to observa-
tions. Extensive experimentation was conducted with
the IFS to demonstrate that the use of a 24-h (rather
than 12h) interval gives slightly superior results when
assimilating only surface observations, especially where
data coverage is sparse. To control the growth of gravity
waves during the longer window, a digital filter is applied
on temperature and vorticity increments.

The variational analysis, especially when used for an
extended climate reanalysis, must be supplied with
information about spatially and temporally varying
background errors. This information should reflect the
dependence of errors on atmospheric dynamics and also
account for the substantial changes in data coverage that
have taken place during the twentieth century. To this
end, the output of a previously produced 10-member
ensemble of preliminary reanalysis experiments (Poli
et al. 2013) was used to derive estimates of background
error standard deviations. These error estimates were
then used as input to the ERA-20C reanalysis (see Poli
et al. 2015a). Note that this approach is suboptimal be-
cause the background errors of the prior ensemble
spread necessarily differ from the background errors of
the single-member production, since several factors
were changed between the two (so as to resolve issues
noted in the ensemble production).

Poli et al. (2013) provide a detailed description of
the ensemble experiments used for error estimation,
which employed a variant of ECMWEF’s ensemble of
data assimilation (EDA) technique (Isaksen et al.
2010). The ensemble was designed to represent key
sources of uncertainty in a century-long climate re-
analysis. Each member used a different plausible evo-
lution of SST and sea ice (as given by the HadISST
product), included simulated model errors (using a
stochastic physics scheme), and accounted for uncer-
tainties in the assimilated observations (by adding
pseudorandom errors).

The variational analysis scheme used in ERA-20C
produces slowly varying bias adjustments for all surface
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2,000 e e g e
1,000 PP,
288 /...m//u — Odd stream numbers
700 s — Even stream numbers
50 P /"
[hPa] Note: mean corrected /nnovatlons are shifted by 1.0 hPa
(1)2 Tﬁww&wﬁﬁw@ﬁfw,wq,w»ﬁmm AN A A B
0.0 ki N AV
-05 N e
-1.0
-1.5
5.0
4.0
3.0
fg MW‘%MWWMWW%W,
1900 1910 1920 1930 1940 1950y, 1960 1970 1980 1990 2000 2010

Legend for (b) and (c)
Odd stream numbers
Even stream numbers

Bias correction

Uncorrected innovation Innovation

FIG. 1. Surface pressure assimilated in ERA-20C. (a) Time series of the numbers per month,
separating between consecutive production streams. (b),(c) Mean and RMS (respectively) of
innovations, including uncorrected ones, and bias corrections. The gray portions indicate
spinup segments, whose data are not available in the ERA-20C public archive.

pressure observations (see Poli et al. 2015a, their section
2.4). Briefly, the bias estimates are generated separately
for each station, each ship, and each reporting practice
(station level, mean-sea level).

3. Production

To complete production within a reasonable amount
of time, the reanalysis was divided into overlapping 6-yr
segments, all computed simultaneously. The first seg-
ment starts on 1 January 1899 and subsequent segments
start in years ending in 4 or 9, with the final segment
starting in 2004 and extending to 2010. The output was
then consolidated after discarding the first year of each
segment. The final product consists of 3-hourly fields
and monthly averages of all variables for the period
1900-2010.

The observations inputs chosen for ERA-20C follow a
novel data policy for ECMWF reanalyses, namely to
consider only observations that can be redistributed
publicly. This is to ensure traceability of the observa-
tions and their impact on the final product, and allow
third-party benefit and feedback. To facilitate this,
ERA-20C included the production of an observation
feedback archive (OFA) designed from the outset for
user investigations. A description of the ERA-20C OFA
is given by Hersbach et al. (2015b). This archive is or-
ganized by observation report type and source. It con-
tains the observations assimilated (surface pressure and
10-m wind) and other observations found in the source
that can be handled by the IFS data assimilation. It also
contains observation data that were not assimilated, as
long as they were input to the data assimilation system.

Such observations can assist in later exploitation of the
observation feedback (e.g., by providing contextual in-
formation about the observation scene) or in in-
vestigations of the reanalysis quality. This includes
ICOADS visual observations (present and past weather,
visibility, cloud-base height, amounts, and types) and
observations that can be exploited quantitatively (sur-
face pressure tendency, air temperature and humidity,
and seawater temperature). The observation feedback
includes in particular the innovation (observation minus
background) and the residual (observation minus anal-
ysis) for each assimilated observation. For some of the
nonassimilated variables, such as air temperature, esti-
mates of the reanalysis background and analysis are also
available in observation space.

4. Assimilation performance

Between 1900 and 2010, the number of surface
pressure observations assimilated per month in ERA-
20C increases from about 30000 to 3.6 million. These
numbers correspond to observations that passed all
quality control steps. Several of these steps are based
on the background state (see section 2b above).
Figure 1a shows a near-continuity in this growth, re-
gardless of the seams between the production streams.
Note that a separate color indicates the spinup portion
of each stream. This enables it to be concluded, for
example, that the drop in the number of observations
in 1965 is not an artificial discontinuity between two
production streams, but is in the continuity of the
spinup, so the cause should be in the observation data
source.
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FIG. 2. Innovations for observations assimilated in ERA-20C: RMS of (a)—(c) surface pressure and (d)—(f) 10-m wind component, for
(top) 1900, (middle) 1955, and (bottom) 2010. The grid employed for estimation and plotting is regular in latitude and longitude with

1° spacing.

The mean innovations in Fig. 1b all oscillate around
zero, as expected and thanks to the bias correction.
This bias correction is produced by the variational
analysis, using prior bias estimates from the last time
similar observations were assimilated. This can po-
tentially result in discontinuities in the multistream
production if the constraints are insufficient for the
analysis to determine a unique solution, or if the iter-
ative scheme retains a memory of initial conditions
after the year of spinup (all bias estimates start at zero).
The effectiveness of the 1-yr spinup can be gauged on
this figure: the duration is sufficiently long to enhance
the interstream continuity in terms of mean observa-
tion bias correction. Figure 1b shows that the mean bias
correction is a smoothed estimator for the uncorrected
innovation, as intended when designing the bias cor-
rection scheme. A few jumps, however, are visible

between streams, such as in 1920 where a longer spinup
would have allowed for a smoother continuity. The
RMS of uncorrected innovations (the highest curve in
Fig. 1c) feature seasonal variations, resulting from
seasonal variability and corresponding background
error variations. As expected these are not removed by
the bias correction.

However, the fairly smooth decrease over time of the
global RMS hides regional variations that are much
greater. The map in Fig. 2a shows that the 1900 in-
novations are largest at the margin of the observed
areas, namely in the Southern Oceans and the tip of
South America, exceeding sometimes 10hPa. In the
North Atlantic storm track, the innovations decrease
from an excess of 5hPa RMS in 1900 to 2-4 hPa RMS in
1955 (Fig. 2b) and 1-2hPa RMS in 2010 (Fig. 2c).
Likewise, the RMS of wind component innovations also
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FIG. 3. Air temperature observations from ships (ICOADS) in ERA-20C OFA for (left) 1900 and (right) 2010. Colors indicate the
percentage of variance (at a given location and within a year) in the observations explained by (a),(d) ERA-20CM, (b),(e) ERA-20C, and
(c),(f) 20CRv2c. The variance explained is defined as 100 times the square of the correlation coefficient between observations and
corresponding reanalysis estimates. The grid employed for plotting and estimating averages and covariances is regular in latitude

and longitude with 5° spacing.

varies substantially regionally, from upward of 5ms ™' in
the North Atlantic and Pacific in 1900 to under 3ms !
in 2010.

Synoptic evaluation with respect to independent
observations

The decrease in RMS of innovations over time results
from a great change in the observing system (Fig. 1a). As
more observations of pressure and wind are assimilated,
the quality of the analyses and subsequent backgrounds
improves. However, innovation statistics are of little
help to users looking for a quantified metric of reanalysis
uncertainty for their application. To this end, we illus-
trate how the OFA can assist, quantifying as an example
the reliability of the ERA-20C temperature record, us-
ing the independent air temperatures from ships and

corresponding ERA-20C estimates in the OFA. By
collocation, estimates from the control member of
ERA-20CM and version 2¢ of 20CR (20CRv2c) can also
be made for each observation. Figure 3a shows the pro-
portion of variance (at each location and within the year
1900) in the observations explained by ERA-20CM. This
variance explained (expressed as percentage) is mostly
below 50%. A small improvement is visible in 2010 over
the northern Pacific and Atlantic (Fig. 3d), indicating that
the improved SST forcing is sufficient to explain some
of the synoptic variability there.

The ERA-20C reanalysis, by assimilating surface
pressure and wind observations, is expected to feature
higher synoptic realism than ERA-20CM. Figure 3b
shows that variance explained by ERA-20C exceeds
variance explained by ERA-20CM in 1900 in most areas,
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(a) Number of night-time air temperature observations from ship (per month) in the OFA
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FIG. 4. Nighttime air temperature observations from ships (ICOADS) in ERA-20C OFA for
selected latitude bands. Nighttime is defined conservatively as solar elevation less than minus
10° to avoid also dawn and dusk. (a) Number of observations per month. (b) Mean differences
between these observations and ERA-20C, ERA-20CM, and 20CRv2c, at the observation

times and locations.

especially in the Atlantic and Pacific midlatitudes. In the
Southern Hemisphere, except for the much-traveled
southern Atlantic and western Indian Oceans, variance
explained by ERA-20C remains below 50%. In 2010, it
reaches over 80% in most of the Northern Hemisphere
extratropics and upward of 70% in some of the southern
midlatitudes. The variance explained by collocated
20CRv2c (Figs. 3c,f) is comparable, although higher
(lower) than ERA-20C in the Southern (Northern)
Hemisphere in 1900 (2010). Slight differences can be
noted between 20CR and ERA-20C in their abilities to
reproduce the evolution of air temperatures from ships.
We believe that these small differences are not for-
tuitous; in poorly observed regions, they reflect the
superiority of an ensemble analysis system over a de-
terministic variational analysis system to produce
adapted and optimal background errors. However, the
next twentieth-century reanalysis of ECMWF will use

an ensemble method, as initially tried in the preliminary
ensemble production (Poli et al. 2013). It allows for self-
adaptive background error correlations as the observing
system improves, but will use an evolved method for the
training dataset used in the correlation assessment, as
developed by Bonavita et al. (2014).

In the tropics, possibly because of a lack of geo-
strophic balance, variances explained by 20CR and
ERA-20C are as low as ERA-20CM, indicating that
20CR and ERA-20C add little intra-annual realism to a
model simulation in this region for the years shown,
according to the ship observations. This poor perfor-
mance is explained by the atmospheric evolution in the
tropics known to be in tight interaction with tropical
ocean temperatures, and some of the products using SST
forcing determined at monthly time scales. In future
reanalyses, improvements are expected with daily SST
forcing and atmosphere—-ocean coupling.
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5. Climate relevance
a. Air temperatures at the surface

Over land, Hersbach et al. (2015a) found by compari-
son with CRU Temperature Data, version 4 (CRUTEM4),
that ERA-20C improves over ERA-20CM on a month-
ly time scale, but not on time scales of a year or longer.
We present here a comparison over oceans, to air tem-
peratures observed by ships, using the OFA. In spite
of wide temporal variations in observation density
(Fig. 4a), accentuated seasonally by the limitation to
nighttime only (to avoid the known daytime bias of ship
observations), ERA-20C/M values are steadily biased
cold by about 1K with respect to such observations
(Fig. 4b). This bias is more stable over time than
20CRv2c, which also features large seasonal variations.
Additionally, the smaller oscillations in ERA-20C de-
partures as compared to ERA-20CM ones are indica-
tive of synoptic variability in ERA-20CM that does
not match observations (these oscillations are not
artifacts of the method: ERA-20C collocation yields
results that match the OFA contents).

All panels in Fig. 4b indicate a warm anomaly in the
air temperature measurements from ships around World
War II. This feature also affects the comparison with
the model simulation, clearing the surface data assimi-
lation of responsibility, but pointing to a discrepancy
between seawater and air temperatures. Kennedy (2014)
mentions that most SST observations at the time are
assumed to be engine-room intake measurements. In
parallel, Kent et al. (2013) suggest corrections to the air
measurements from ships, reducing somewhat this
anomaly (see their Fig. 9). However, their comparison
to CRUTEM4 (see their Fig. 16) displays a remaining,
unexplained, warm anomaly in ship air temperatures,
whereas Hersbach et al. (2015a) do not find any
comparable disagreement between ERA-20C/M and
CRUTEM4 in 1940-45. The complexity of this un-
resolved problem is a reminder of the need for integrating
findings from the observation community into compre-
hensive databases such as the ICOADS value-added da-
tabase (Smith et al. 2011), to enable progress in improving
our understanding of the climate record through com-
parisons with climate models or reanalyses via the OFA or
other mechanisms such as Observations for Model In-
tercomparisons Project (Obs4MIPs) (Teixeira et al. 2014).

b. Water cycle

The atmospheric model in ERA-20C simulates sev-
eral variables related to the water cycle. We consider
first the rainfall, because it can be compared to the
monthly analysis of rain gauge measurements from
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FIG. 5. Map of locations of the 1° grid squares for which mea-
surements from at least one rain gauge are used every month from
January 1901 onward in the GPCC Full Data Reanalysis version 7,
and time series showing 12-month running-mean anomalies (mm)
relative to 1961-90 from the GPCC dataset and ERA-20C, for the
four regions shown in the map featuring the highest density of
analyzed rain gauge measurements.

the Global Precipitation Climatology Centre (GPCC;
Becker et al. 2013). The map in Fig. 5 shows that only
few regions present sufficient amounts of rain gauge
data throughout the years 1900-2010. The 12-month
running mean time series over Europe and Japan
show a fair ability of ERA-20C to represent the in-
terannual fluctuations of precipitation throughout the
whole time period, with a noticeable improvement
after 1945-50. However, over North America, a similar
improvement comes later, around 1960. Before 1925,
ERA-20C presents little or no realism in terms of
precipitation anomalies in that region as well as Japan
and Australia.

Another component of the water cycle for which
validating observations are available for long time pe-
riods is the total column water vapor. Figure 6a shows
that ERA-20C/M and 20CRv2c feature dry biases with
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FIG. 6. Water cycle in ERA-20C and other products. (a) Time series (12-month moving
averages) of monthly total column water vapor over oceans and latitude 20°S-20°N.
(b) Anomalies relative to years 1988-2008. (c) Time series of monthly anomalies of global
averages of precipitation minus evaporation relative to the mean annual cycle (1981-2010) but
with the inclusion of the mean annual climate.
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respect to observational products from Remote Sensing
Systems (RSS; Wentz 2013) and Hamburg Ocean—
Atmosphere Parameters and Fluxes from Satellite
Data (HOAPS; Fennig et al. 2012). However, the
anomalies relative to 1988-2008 in the latter products
are better reproduced by ERA-20C/M and 20CRv2c
than by JRA-55 or ERA-Interim (Fig. 6b). In addition,
Fig. 6c indicates that ERA-20CM and ERA-20C
present global averages in precipitation minus evapo-
ration that are more stable than JRA-55, ERA-
Interim, and 20CRv2c, although the latter is close to
Zero on average.

c¢. Climate indices

To gain a basic insight into the climate fidelity of
ERA-20C we investigate a selection of common climate
indices. First, we consider four indices calculated from
monthly mean data. The Nifio-3.4 index measures the
equatorial Pacific SST anomalies (5°N-5°S, 190°-240°E)
and, with regard to the El Nifio—Southern Oscillation
(ENSO) phenomena, provides an indication of the
likely influence of the ocean on the atmosphere. This
knowledge is useful when interpreting the Southern
Oscillation index. The anomalies in this region are as-
sociated with El Nifio and La Nifa. Figure 7a shows that

the Nino-3.4 indices from reanalyses (ERA-20C,
20CRv2c, JRA-55, and ERA-Interim) and the model
simulation (control member of ERA-20CM) all have
similar variations. All the products considered here use
prescribed SST, but the SST inputs differ, although ERA-
20CM control member and ERA-20C used identical SST
inputs. Sometimes the magnitudes of the extrema are dif-
ferent, particularly earlier in the twentieth century. Clearly
visible are the strong El Nifios of 1982/83 and 1997/98
and the strong La Niflas of 191618, 1973-76 and 1988/89.

The Southern Oscillation index (SOI) shown in
Fig. 7b is a measure of the local atmospheric component
of ENSO. It is calculated from the normalized anom-
aly of surface pressure difference between Tahiti and
Darwin (where the values are represented by the nearest
grid point values), with positive (negative) values gen-
erally indicating La Nifia (El Nifo). The various re-
analyses are in reasonable agreement on the state of the
SOI, particularly from the early 1980s onward. This
agreement occurs because of the relatively high degree
of anticorrelation with the Nino-3.4 SST index, the
specification of which does not differ a great deal be-
tween the various reanalyses. ERA-20C and 20CRv2c
overemphasize minima in 1972 and 1979/80 respec-
tively, by more than half a standard deviation. ERA-20C
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FI1G. 7. Time series of climate indices from 1900 to 2010, calculated from monthly mean data:
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month running means whereas the curves in (c) are averages for the extended boreal winter
(December—-March).
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does not properly capture the modest maximum in 1967/
68, retaining negative values. Prior to 1940, ERA-20C
and 20CRv2c differ more than after 1940, with ERA-
20C tending to have higher values. This difference is
most marked in the first decade of the twentieth century,
when the SOI was mostly negative. Although there are
no observational constraints on surface pressure in the
model simulation, the SOI of the latter is not too dis-
similar to those of the reanalyses, implying that the SOI
is influenced by the specified SST.

Figure 7c shows the North Atlantic Oscillation
(NAO) index. This index measures the relative variation
in atmospheric mass in the North Atlantic between the
subtropical and high latitudes. It is calculated from the
difference between the normalized surface pressure
anomalies at the nearest grid point values to 37.5°N,
25.8°W and 65.1°N, 22.7°W. Here, average values are
shown for the extended boreal winter (December—
March). Consistency between the reanalyses is good in
the second half of the century. All the reanalyses in-
vestigated show winter 2009/10 having the largest mag-
nitude minimum in the period 1900-2010, with values
more than three standard deviations below average. In
the period before the 1950s, there are larger discrep-
ancies between ERA-20C and 20CRv2c, which are most
obvious at times of maxima, when the surface pressure is
relatively low at high latitudes, and vary up to about
half a standard deviation, with ERA-20C tending to
have lower values. The NAO index of the model simu-
lation has periods when the variability is similar to that
of the reanalyses, in the mid to late 1980s for example.
However, often the variability is different, implying that
the observational constraints (which arise from the
specification of the various forcings such as SST, carbon
dioxide, aerosols, etc. in the model) are not usually
strong enough to yield a realistic NAO index, which is
influenced by many factors.

The Pacific-North American (PNA) index shown in
Fig. 7d measures one of the major modes of low-
frequency variability in the Northern Hemisphere and
is influenced by various factors including ENSO. It is
calculated from a linear combination of normalized ge-
opotential height anomalies at 500 hPa at four different
locations (Wallace and Gutzler 1981). The PNA index is
positive when geopotential heights are relatively high
over Hawaii, low over the North Pacific, high over Al-
berta, and low over the southeastern United States.
From the 1980s onward the PNA indices from the re-
analyses are mostly consistent, apart from occasional
differences at extrema. During the 1960s and 1970s both
ERA-20C and 20CRv2c tend to have higher values than
JRA-55, with smaller-magnitude minima in particu-
lar. Between about 1908 and 1938 the variations are
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similar but in general ERA-20C has higher values than
20CRv2c. The PNA index of the model simulation has
periods when the variability is similar to that of the re-
analyses. However, often the variability is different, im-
plying that the observational constraints are not usually
strong enough to yield a realistic PNA index.

Using daily data, the Madden—Julian oscillation
(MJO) is diagnosed using the Wheeler and Hendon
(WH) index (Wheeler and Hendon 2004). It consists of
projecting the analysis fields into precomputed com-
bined empirical orthogonal functions of zonal wind at
200 and 850hPa and outgoing longwave radiation. Be-
cause the ERA-20CM archive does not include the daily
fields required, this diagnostic could not be computed
from that model simulation. Showing only decades fully
covered by each reanalysis, Fig. 8a suggests that ERA-
20C, JRA-55, and ERA-Interim display similar MJO
amplitudes over the last three decades. However, the
mean amplitude of the MJO in 20CRv2c is consistently
lower than that of other reanalyses throughout the
century. The correlation between the interdecadal var-
iability of MJO amplitude in ERA-20C (red curve in
Fig. 8a) and 20CRv2c (black dotted curve in Fig. 8a) is
about 0.85. At this point it is unclear whether the greater
MIJO amplitude in ERA-20C results from the assimila-
tion of surface wind observations, or whether it is an
inherent quality of the ECMWF AGCM. To help ad-
dress that question, the ability to diagnose the MJO
from daily fields will be considered when configuring the
archive in future model simulations.

The resulting amplitudes of the first two principal
components (PC1 and PC2) of the MJO are also com-
pared between ERA-20C and the other reanalyses
20CRv2c, JRA-55, and ERA-Interim. Figure 8b (Fig. 8c)
shows that the linear correlation between the MJO PC1
(PC2) time series of ERA-20C and 20CRV2c increases
during the century, from around 0.6 in the 1900s to about
0.9 in recent decades.

In conclusion, the four monthly climate indices con-
sidered, as well as the MJO WH index, show excellent
agreement for ERA-20C with other products for the
most recent times (especially after 1980) but more dis-
crepancies at times and regions (e.g., Pacific, before
1940) for which observation coverage is more scarce.

6. Conclusions

ERA-20C is ECMWF’s first atmospheric reanalysis
specifically designed for climate applications. The re-
analysis covers the period 1900-2010, and, unlike previous
ERA projects, assimilates observations that, for the most
part, have not previously been used for numerical weather
prediction. ERA-20C uses a recent version of ECMWEF’s
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FI1G. 8. Assessment of the MJO representation using the WH index, for decades fully covered
by several reanalyses. (a) Time series of the mean amplitude of the MJO computed over each
year of a decade. (b) Time series of the mean linear correlation of the first principal component
(PC1) of the WH index computed over each year of a decadal period with ERA-20C. (c) As in
(b), but for the second principal component (PC2). Vertical lines show the 95% level of con-
fidence using a Wilcoxon-Mann—-Whitney (WMW) test (see, e.g., Wonacott and Wonacott
1977). Time series are shifted slightly in the time domain to allow for a better comparison of the

error bars.

operational forecasting system, but substantial modifica-
tions were made to the specification of model boundary
conditions and forcing data. Various adjustments to the
data assimilation methodology were introduced in order
to address the special challenges associated with quality
control, bias correction, and statistical analysis of sparsely
distributed near-surface observations.

Several steps were taken to ensure that users as well as
producers of reanalysis products have access to the in-
formation needed to be able to assess information con-
tent and uncertainties in the reanalysis. A dedicated set
of model simulations, ERA-20CM, was separately pro-
duced to help separate the role of the model and the
impact of observations in ERA-20C. Monthly means
from the model simulations, as well as 3-hourly fields
for a few selected variables, have been archived and are
available to users. In addition, an observation feedback
archive (OFA) has been created that contains all
(roughly 2 X 10°) observations assimilated in ERA-20C,
each supplemented with information about source, in-
strumentation, geolocation, quality control, bias ad-
justment, and departure from background estimates and
reanalyzed equivalent. Tools for accessing the data from
ERA-20C, the OFA, and ERA-20CM, are available at
ECMWEF’s WebAPI at http://apps.ecmwf.int.

In this article we have shown a few selected exam-
ples of the use of ERA-20C for climate and weather

applications, as well as several promising results (e.g., in
the representation of the MJO, and 2-m temperature
observation variance explained by ERA-20C larger than
variance explained by ERA-20CM in most extratropical
areas). Some shortcomings have surfaced, such as the
slight negative impact of the data assimilation on trends
and low-frequency variability. The quality control of
observations has led to inadvertent exclusion of many
best-track reports of tropical cyclones. More details on
this and other issues are described in a technical report
(Poli et al. 2015a, their section 7). In addition, we attract
the attention of users to the fact that even analyzed fields
such as surface pressure may suffer from spurious low-
frequency signals when the observational coverage
changes significantly. For example, over latitudes be-
tween 60° and 90°S, the mean-sea level pressure de-
creases by more than ShPa during the course of the
twentieth century, but this unexplained trend is not
found in ERA-20CM (Poli et al. 2015a, their section
8.3). We expect that users of the data will report many
other strengths and weaknesses of the dataset.

When attempting to answer the frequently asked
question “‘is ERA-20C suitable for my application?”
several points need to be considered, similarly to other
reanalyses (e.g., Dee et al. 2016). Determinant in such
decision are the geophysical variable and the temporal
domain of interest (i.e., climatic features or case
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FIG. 9. Path diagram to assist users determine a priori, and how to check, whether ERA-20C may be suitable for
their application.

studies). Given these two elements, two further ques-
tions are relevant: the extent of the observational con-
straints and the realism of the AGCM and its forcings.
Figure 9 proposes a path diagram indicating these re-
lationships in ERA-20C for a selection of essential cli-
mate variables (ECVs). The diagram is to be read from
left to right. For each ECV presented, the corresponding
observational constraints are listed. From there, an as-
sessment is proposed for the likely realism of ERA-20C
for case study and climate trend analysis. Last, the dia-
gram suggests practical methods to check this realism.
Overall, the figure indicates how the observation feed-
back archive and the model simulation (ERA-20CM)
can assist the users in their exploitation of ERA-20C.

The ERA-20C reanalysis is a stepping stone toward
the longer-term objective of improving extended cli-
mate reanalyses by taking maximum advantage of the
available instrumental record (Dee et al. 2014). This
requires collaborative work on data rescue and data
reprocessing, new research in coupled data assimilation
(e.g., Laloyaux et al. 2016), and improved access to ob-
servations for use in climate science and applications.
Current ECMWEF efforts in this area, framed by the
ERA-CLIM2 project, are focused on using newly
available twentieth-century upper-air observations in
atmospheric reanalysis, and on development of a first
fully coupled atmosphere-ocean reanalysis of the
twentieth century.
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