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ERA-20C Data Assimilation System and Initial Evaluation EECMWF

Abstract

Within the ERA-CLIM project, ECMWEF is producing a pilot redysis of the 20th-century assimilating
surface observations only (ERA-20C). This pilot reanalysipart of a suite of experiments and comple-
ments a model-only integration (ERA-20CM) and a land-sgfeeanalysis (ERA-20CL). The intention of
ERA-20C is not to produce a final ‘best-product’ state-a-#rt climate dataset. The prime target is the
study of the feasibility of reanalysing the century using/mata assimilation methods to tackle the problem
of observing system changes, assimilating here only seidaservations. The data assimilation system in
ERA-20C is an Ensemble of Data Assimilations (EDA) of 10 memnsb The 10 members are forced by
HadlSST2.1.0.0 ensemble of sea-surface temperature arideseonditions. Each ERA-20C member em-
ploys a 24-hour four-dimensional variational (4D-Var) lys& scheme. The input observations are provided
by ISPD 3.2.6 and ICOADS 2.5.1. The surface pressure ohsamgaare bias-corrected using a variational
bias correction within the assimilation. The wind obsenra above surface oceans are assimilated as we
verified that their assimilation improves the quality of #tenospheric circulation representation, especially
in the Tropics.

The global background error covariances employed by th&dare updated automatically every 10 days,
using a 90-day sample drawn from the ensemble. The localgbackd errors in vorticity are modulated
daily, from the ensemble spread, to represent the erroeafdly. Over time, the background error horizontal
correlations become more narrow and the background err@nes become smaller. This is in line with
expectations that a loose observing network can only helpenterge-scale adjustments to an analysis,
while a more dense observing network can help capture snsaiéde errors. Between 1900 and 2000, the
ensemble surface pressure spread drops from about 1 hPa-mbserved areas (e.g. Europe) and 15 hPain
unobserved areas (e.g. Southern Oceans) to 0.5-5 hPa.drtegsver, the update in the vertical structures
of background errors brings the unintended consequentththenean temperature analysis increments vary
in strength over time with height. This introduces unwargedrious trends in upper-air temperatures. Also,
the assimilation diagnostics suggest that the represemtatt atmospheric tides is affected by a suboptimal
model time-step, which could not be reduced owing to contfmurtal costs.

The time variation of the Root Mean Square (RMS) of obseovathinus background statistics fits rea-
sonably well that of expected departures, which can be ctedduom the ensemble spread and assumed
observation errors. This agreement could be further imgudw revising the observation error estimates
used in the assimilation. We propose here, for future rgaea| time-varying observation error estimates
for surface pressure and wind, separated by platform type.

In two case studies of extreme events, the European Greah $f01987 and the U.S. Great Blizzard of
1899, the meteorological analyses of ERA-20C match thosehefr sources. The ERA-20C consecutive
production streams are found to match in the Northern Hemeispand Tropics withir=0.3 hPa in mean
sea level pressure (and 1 K in lower tropospheric tempexpinrl 980 and 2000, and withiil hPa (and

2.5 K in lower tropospheric temperature) in 1920 and 1940.upper levels 100-200 hPa the consecutive
streams are separated by 2.5-5 K or more, indicating as &dpétat surface-only observations do not
provide sufficient constraints for a realistic product attshigh levels and above (stratosphere), and those
products should thus be used with caution.

From the elements presented in this report, the long-teimmagd trends in ERA-20C are incorrect in most
places except probably near the surface in the Northern $f#rare extratropics. However, there are several
indications that the representation of meteorologicah&s/en a daily basis, including extremes, may be of
reasonable quality.

The report concludes with a list of major issues to be addce@s an upcoming rerun of the ERA-20C
control experiment.
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1 Introduction

The European reanalysis of global climate observations collaboratbjecpfERA-CLIM) aims to build a
global reanalysis system capable of assimilating observations of all kiw@dsicg the 20th century up to
present times. A prime difference with the ERA-Interim reanalysis systezeéDal., 2011a) is the target time
period, which comprises more than the well-observed years since 18@89,iwsitu and satellite observations
are plentiful compared to earlier times. With more than 14,000 users of ERAfmregistered at ECMWF
as of July 2013, ERA-Interim serves applications in many fields. A certumy dataset with recent years of
quality similar to that of ERA-Interim would probably meet even more needssea new applications being
developed in other areas. However, the difficulty in creating such aatdtathat the observation coverage
improves by orders of magnitude during the 20th century, while the modedssidhilation methodology used
in ERA-Interim are inapplicable to earlier years and a poorly obsen&éesywithout significant developments.

In order to devise a reanalysis system capable of reanalysing the wardley; the ERA-CLIM project plan
lays out a series of pilot atmospheric reanalyses. They assimilate atmioggisarvations of increasing diver-
sity, from the lowest rank to the highest: 1) from no observations, 2)rfaceronly observations, 3) followed
by surface and upper-air observations, and 4) finally surfacesregip and satellite observations. The low-
est rank reanalysis is essentially a model-only integration, constrainedwméycing. It involves upgrading
the ECMWF model to accept forcing as specified for example by the Colybele| Intercomparison Project
Phase 5, CMIP5 (World Climate Research Programme, 2011). The semuokdeanalysis is called ‘Pilot re-
analysis of the 20th-century assimilating surface observations only (EIRA- It serves as a stepping stone,
and requires developments in the data assimilation methodology. The difficul§Aa2BC is to capture the
changing observing system quality over time, and make optimal use of alises/as they become available
in greater numbers.

Given the ERA-CLIM context, the scientific intentions for the ERA-20C dettase modest. For example, the
low horizontal resolution and the deliberate limitation of the observation inpuiface only reminds that
further, more complete, reanalyses are to come. The intention of ERA-20@ t® create a long-standing
product to serve the research community as a ‘best product’ wouldlt®ERA-20C dataset, a byproduct of
the ERA-20C reanalysis system, shall help assess the performancevehalgta assimilation approach for
creating a century-long reanalysis of climate and weather, given thevalisa changes over time.

Another intended application of ERA-20C lies in the serial concept ofalgaas in ERA-CLIM. A reanalysis

of low rank can be independently compared with observations that ameatiprassimilated in a reanalysis of
higher rank, and validated against them. For example, the upper-auqtsoof the surface-only reanalysis can
be compared with upper-air observations. In this concept, a reanabtsisedl can also serve as a reference
for homogenisation work on withheld observations, applying conceptsasimtroduced by.g.,Haimberger
(2007). The result of said homogenisation can then help improve ermoacierisation of observations, such as
break detection in observation timeseries. The lessons learnt can trefit eamalyses of higher rank, which
assimilate such observations.

On several accounts, the ERA-20C resembles the first four-dimeiigi@oanplete multi-variate historical
reconstruction of the global weather of the 20th century produced InypGet al. (2011): the 20th Century
Reanalysis (20CR). One similarity is that the ERA-20C dataset shall esgrése evolution of the global
climate over the 20th century, along with estimates of uncertainty. Howevemutitipper-air or satellite
observations, the expected accuracy for recent times shall fallaghareanalysis that assimilates surface and
upper-air observations, as well as satellite observations. Cetrgdd2006) and Whitakeet al. (2009) already
evaluated the usefulness and feasibility of a surface-pressure dalgsimilation system.

It is still useful to remind the expected accuracy of a Numerical Weathenti@®@ron (NWP) system in such

2 ERA Report Series No. 14



ERA-20C Data Assimilation System and Initial Evaluation EECMWF

(a) N.hem 1000 hPa (b) N.hem 500 hPa
7

'DEC_ ' MAR
2005

(c) N.hem 100 hPa (d) Tropics 1000 hPa

"JUNTTTT T sepT T T TTT'DEC. T T MAR JUN ‘DEC
2004 2005 2004 2005
—<— All obs T255 +6 days -==== Ps only T159 +6 days
--e=-- All obs T255 +3 days -=-==- Ps only T159 +3 days

Figure 1: Timeseries of root mean square error of temperaforecasts (in K), as a function of time, for an experiment
'All obs’ assimilating surface, upper-air, and satellitdgervations as in ERA-Interim, and an experiment 'Ps only’
assimilating only surface pressure observations. Alldasts are verified against the operational analyses
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Figure 2: Differences between 500 hPa geopotential heigigiciist anomaly correlation (in percents) between an éxper
ment that assimilates surface wind observations from shiptaioys and an experiment that does not. Positive (negative
differences indicate a positive (negative) impact of thedndssimilation. The error bars indicate the confidenceriraks

at 95% statistical significance. Time period is 2 June 20@4Afril 2005 (313 forecasts).

conditions. The baseline experiment for this discussion resembles EReAninin that it assimilates all avail-
able observations, including conventional surface and upper-aiglaas satellite observations, at a horizontal
truncation T255 or approximately 80 km horizontal resolution. Over thaHdon Hemisphere extratropics
(latitudes 20N-9C°N), Figurel(a) shows that this baseline can issue temperature forecasts whoseeiaot
square error (RMSE) at day 6 is greater than at day 3, illustrating thelgssdictability over time. A second
experiment, initialised from the same conditions as the baseline, assimilatesyeradsolution (horizontal
truncation T159), surface pressure observations only. Comparee toaeline, it shows degraded forecast
scores at day 3. However, its 3-day forecasts are still better than &g Grkcasts. This indicates that a data
assimilation system with only surface pressure observations retains sedietipe skill in the Northern Hemi-
sphere extratropics near the surface at day 3, at about the samacgdevel as a fully observed system would
do for day 6. A similar qualitative conclusion is found over the Southern Hamei® extratropics (not shown).
At 500 hPa, Figurd(b) indicates that the surface pressure-only experiment retains {ivedikills. However,

at 100 hPai.e., above the tropopause, Figuté) shows no predictive skills for the surface pressure-only ex-
periment as 3-day and 6-day forecasts show the same level of efrionp@rtance, the figure also shows that
the surface pressure-only experiment fails to properly capture thdesustratospheric warming in February
2005. In the Tropics, Figurg(d) confirms the expectation that the absence of geostrophic balanecetiead
surface pressure-only experiment to have little predictive skill in this regtoom this simple demonstration,
a surface pressure-only reanalysis (a) may reproduce correctialiiiyeevolution of tropospheric meteorology
in the mid- and high-latitudes, but (b) may be limited in representing realisticallyalie @volutions in the
tropical troposphere and the stratosphere without additional obserabtionstraints.

The observational constraints in the Tropics can be improved by coimgdiso atmospheric wind observa-
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Figure 3: Maps of surface pressure observation count (caimgilSPD 3.2.6 and ICOADS 2.5.1), for selected years, in
1° latitude x 1° longitude bins

tions near the surface above oceans. To demonstrate this, the sudasarp observations-only experiment
shown in Figurel is repeated with the addition of surface wind observations over oce&eswinhd observa-
tions over land and not assimilated because of representativenessssue practice as ECMWF operations).
The number of additional observations is very small: about 1,300 (40020)ddaily wind reports in the North-
ern Hemisphere extratropics (respectively: the Tropics and the Saudleenisphere extratropics), compared to
42,000 (5,000 and 5,000) daily surface pressure observations in ttleeNoHemisphere extratropics (respec-
tively: the Tropics and the Southern Hemisphere extratropics). Compidwgniyvo experiments, Figura)
suggests a positive impact of the surface wind observations on the B0f§elipotential height in the Tropics.
This impact is significant at 95% throughout most of the forecast rahbis. indicates the benefits of the as-
similation of atmospheric winds above oceans on the representation of theatrapculation. Furthermore,
a positive impact is also found in the first few days of forecasts in the BMortand Southern Hemispheres
extratropics (Figureg(b),(c)). Note, in the Southern Hemisphere extratropics, results araificamt due to
the small number of additional observations (on average 120 wind rggartday). As a consequence it was
decided that ERA-20C should assimilate also near-surface atmosphete fnom oceanic surface reports.

The ERA-20C reanalysis uses observations provided by the InterabSomface Pressure Databank (ISPD)
version 3.2.6 (Yiret al,, 2008) and the International Comprehensive Ocean Atmosphere DaiCSADS)
version 2.5.1 (Woodrufét al, 2011). Note that ISPD incorporates tropical cyclone best track daia the
International Best Track Archive for Climate Stewardship, IBTrAC®&ldpet al,, 2010). As expected from
the observing system changes, Corepal.(2011) demonstrated that the reanalysis quality improves over time
with greater number of observations in ISPD. In ERA-20C, Figusbows, for selected years, the coverage in
surface pressure observations for several years. In the eatlgfghe century, the pressure observations, es-
pecially over land, are mostly located in the Northern Hemisphere. The Bramdairly well observed thanks
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Figure 4. Maps of surface wind vector observation countr(ftdtCOADS 2.5.1), for selected years, ihlatitude x 1°
longitude bins

to shipping routes, although the absence of geostrophic balance atubtoEmeans that the pressure obser-
vations have limited impact in that region on reanalysis quality, as shown eaitieiPacific and the Southern
Oceans remain for the most part unobserved for years. Even intitaoes, several remote continental areas
remain still unobserved(g.,Sahara, Amazon region) by in situ pressure sensors.

In terms of wind observations, we remind that we only use observationsogean. This is convenient as
there is yet no equivalent database to ISPD or ICOADS which would inakidé observations over land.
Figure4 shows that the ocean coverage varies with human activities throughoceniey. Ship traffic to
the polar regions in early years point to whaling campaigns, while the huttee@uez and Panama canals
indicate prominent shipping routes. Figurdlustrates somehow shifts in global balance of power throughout
the 20th century. In the year 1900, Europe appears as the main huBluipgliing routes. Around World War 11,
America emerges as the hub of most shipping routes. At the beginning ofl sheentury, South-East Asia
appears as an important hub, well covered by observations ovansoclaw, Arctic, shipping routes appear
around the years 1980s. In parallel, the Antarctic, yet an unexplanetihent in the year 1900, is routinely
approached by ships in the year 2000, suggesting a growing appetitdnénman activity in this region of the
world. This view of prime interest for the Historian, may be considered &dedrgterest to the Meteorologist.
Itis yet a prime concern to the Climatologist. In a nutshell, our knowledge gfakeimproves over time, and
covers primarily affluent regions.

The time variations in observation quantity are repeatedly portrayed aarherdally limiting reanalyses from
drawing reliable long-term trends.g., Thorne and Vose, 2010). However, the FiguBesd4 suggest that any
initiative to analyse past observations is faced with the same problem, leggaad the methode(g.,simple

climatological report averaging, or more complex approach). By goicy tmathe individual, original obser-
vations, reanalysis exposes itself more to the problem of time-varyingwabeer quantity and quality, and
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heterogeneity in space. At the same time, reanalysis also gives a framfewtdating the problem properly
(Deeet al, 2011b), by accounting explicitely for uncertainties. To this end, datiandagon theory offers
several algorithmic solutions. Compb al. (2006) first studied the feasibility of reanalysing the weather of
the 20th century using only surface pressure observations anddrgwseh-surface conditions. Whitalatral.
(2009) compared for this application the performance of a four-dimeaki@miational (4D-Var) assimilation
scheme and an ensemble-based assimilation scheme. They concludedupeti@ity of both schemes over
a three-dimensional variational (3D-Var) assimilation scheme. Howewee ik a major difference between
the ensemble-based and 4D-Var-based approaches in the treatmeatiofekvarying quality, called back-
ground error by data assimilators. In the ensemble-based data assimilaiemsyhe time-varying quality
is accounted for by the ensemble spread, which evolves with the obsarcatierage. However, as noted as
one of the key points in the comparison conducted by Whitakexd (2009), a 4D-Var analysis system does
not produce on its own an estimate of analysis uncertainty. This means thatdheainty in the background
(starting point to the next assimilation) cannot be updated by the analysise@aently, a 4D-Var system such
as routinely employed at ECMWF for NWP operations requires a prioesgmtation of background error co-
variances. While variances can be adjusted on a daily basis using antdesd 4D-Var solutions (Raynaud
et al, 2009), the full covariance estimation is only occasionally updated, usidigated, off-line, procedures.
Consequently, developments had to be made for ERA-20C to achieveupdaling time-varying evolution of
the background error covariances. Also of interest for future NWRargments at ECMWF, ERA-20C offers
a testbed, in a poorly observed data assimilation system, for this improveepta@iself-updating background
errors.

This paper describes the data assimilation components in ERA-20C, alongiititia view on their impact
on the ERA-20C production started on 18 December 2012 (Dee, 208i3)eanmmendations for fixing the
problems found.

The outline of this document is as followsSection 2summarises the major components of the ERA-20C
reanalysis system and productid®ection 3presents the observation quality control steps, observation errors
assumed in ERA-20C, and suggested refinements in such estimates to lrefused reanalysesSection 4
details how the background errors are derived and evolved in ERA-&0d what diagnostics are available in
the output datasets as proxy for the reanalysis uncertainty estil@attion 5is a preliminary evaluation of

the assimilation performance, including forecast scores, observatioa fita special cases of meteorological
interest, the quality of stream boundaries, comparison with ERA-Interimnérad assessment of trend quality.
Section 6presents conclusions and issues to be fixed in an upcoming rerun of &2 &Rcontrol experiment.

2 Brief description of the ERA-20C reanalysis system components and pro-
duction

2.1 Input datasets

The time-varying input consists of observations and sea-surfacedapuoonditions. The observations are
provided by two datasets. The ISPD 3.2.6 dataset provides atmosphdaicespressure observations. The
ICOADS 2.5.1 dataset also provides atmospheric surface pressemwatizns, though only above oceans, but
includes in addition other geophysical parameters above oceans ssafth@spheric and oceanic temperatures,
and atmospheric near-surface winds. After acquisition from originaices, these observations are archived
in the ECMWF Observation Feedback Archive, OFA (Kuchta, 2009)thtnERA-20C production, the ob-
servations are extracted from the OFA and converted to the formattexieg the assimilation, the so-called
Observation Data Base, ODB (Saarinen, 2004).

ERA Report Series No. 14 7
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To help with future validation work, conventional observations in BUFRiatr from the ERA-40 and oper-
ational archives are also used in input. Note, these observations akéidial to prevent using them in the
assimilation.

The sea-surface boundary conditions are provided by the Hadl$8IT®2 dataset (Raynet al., in prepara-
tion). It is an ensemble of 10 reconstructions of sea-surface temperatiieeaconditions between the years
1899 and 2010.

2.2 Output datasets: products

The time-varying output includes two types of products. The first prodoesists of fields that describe the
four-dimensional structure of the atmosphere, the land surface, inglligiited information about sub-surface
upper layers, and the ocean waves, for various geophysical p@@smeén ERA-20C, the output fields are
archived every 3 hours, at the full horizontal and vertical resolstidimis represents about 200 thousand fields
for every day of reanalysis.

The second product is the so-called observation feedback, stotbd @FA. It contains the observations used
as input, as well as quantitative information added by the assimilation, suchatity gcontrol flags (usage
indication), departures before and after assimilation, and bias corregtien relevant, for each individual
observation.

2.3 Model components

The atmosphere, ocean wave, and land surface model configuratioas ased by ECMWF operations as of
December 2012, described in the documentation of IFS version cycle @RIWF, 2013), with differences
described hereafter. Modifications were made to the interfaces to allowoaddl forcing input intended to
help realistically integrate the model throughout the century (Hersbaah, in preparation. The vertical
resolution is identical to ECMWF Operations as of 2012, with 91 vertical megels between the surface and
0.01 hPa or about 80 km altitude. The horizontal resolution is reduced te thalproduction computationally
affordable, from spectral triangular truncation T1279 or approximdi@km in ECMWF operations to T159 or
approximately 125 km in ERA-20C. The model and radiation time-steps arelldaitir. The hourly radiation
calls are found to improve the representation of atmospheric tides. Eadyiexmtation also suggested that
the 1 hour time-step poses problems to properly represent atmospherichtdeser, the proper solution of
doubling the model time-step, would effectively result in doubling the cosh@®fERA-20C production, an
impossible option given the project constraints. The radiation is called aathe korizontal resolution as the
atmospheric model, whereas in the operational configuration the radiatisatra lower horizontal resolution
than the atmospheric model.

2.4 Data assimilation

The data assimilation system is an Ensemble of Data Assimilations (EDA) (Isaks&n2010). The ERA-
20C configuration uses 10 members in total: 9 perturbed members and tubedmember or control. The
land surface and ocean wave states are not analysed in the senseyhatetimot updated with the help of
observations. For the atmosphere, the horizontal spectral trianguteation in the assimilation is T95, or
approximately 210 km. Each member employs a 4D-Var analysis scheme, with twuisaitions. The 4D-
Var analysis window is 24-hour-long, instead of 12 hours in ERA-Intdiree et al,, 2011a) and ECMWF
Operations. These window configurations are shown in Fiuréhe ERA-20C analysis window starts at
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(c) 24 hour 4D-Var in ERA-20C
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Figure 5: Configuration of the 4D-Var assimilation analysi;idows used by (a) ECMWF Operations, (b) ERA-Interim,
and (c) ERA-20C

9:00:01 UTC on any given day, and extends until 9:00:00 UTC the followayg bh this window, observations
are considered in 25 time-slots of 1 hour each (except for the first ahdras, 30-minute long). Each 4D-Var
produces analysis estimates valid at 9 UTC, 12 U&C.,..until 6 UTC the following day.

In the strong-constraint 4D-Var framework, the increment in contratsps determined at the beginning of
the window by computation of the initial state which gives the best fit givenasistraints. The background
state used as prior estimate is hence defined at the beginning of the windmwabd at 9 UTC. It is formed
as a 3-hour forecast issued from the latest prior analysed state (6obTiGat same day). Consequently, the
background error covariances used in the analysis scheme shalttare the errors in these forecast states.

Another consequence of the extended analysis window is the necessitivadeathe digital filtering of incre-
ments in temperature and vorticity. These effectively act to prevent anahgsements that would normally
resultin large unrealistic growing oscillations within the 24-hour window (&adi Tan, 2012). If uncontrolled,
such unrealistic growing oscillations are usually not a problem with a shatysis window, up to 12 hours,
but lead more often to model explosion when integrated for 24 hours. fisdaligital filtering of increments
in temperature and vorticity is found in ERA-20C to improve forecast sddvik).

2.5 Bias correction

A variational bias correction (VarBC) scheme (Derber and Wu, 19%#, 2004) is employed within the IFS
4D-Var to correct for biases in surface pressure observationis. stheme was originally developed specifi-
cally for ERA-20C (Poli, 2011). However, the basic tenets are still refefa potential NWP applications.
In this scheme, the bias assigned to each individual station is updatedtiewergn observation from said
station is assimilated in the 4D-Var. In ERA-20C, the observation biasesC#entember-dependent. Initial
experimentation with the scheme focused on finding optimal global settingb$enation bias background
error. The specification of this error, in terms of observation counivabpnt, determines how many observa-
tions are needed for the bias estimate to completely absorb the mean diffeeemc@ the observation minus
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Stream| Experiment|  Start date End date

number| identifier
1 1726 1 January 1899 31 December 1920
2 1727 1 January 1919 31 December 1940
3 1728 1 January 1939 31 December 1960
4 1729 1 January 1959 31 December 1980
5 1730 1 January 1979 31 December 2000
6 1731 1 January 1999 31 December 2010

Table 1: Production streams employed for ERA-20C. Experindentifier refers to the Meteorological Archive and
Retrieval System (MARS)

background departures. In short, this quantity determines the reacted spthe variational bias correction
to a sharp change in the observation bias.

However, it was quickly realised that no global settings could satisfactuaitylle the two very different prob-
lems found in reanalysis: 1) stations with timeseries breaks and 2) stationstabth biases. The former
problem requires a fast update, while in the latter problem it is more desi@blgopt a fixed, or very slow
evolution, in order to avoid absorbing as observation bias the backgjeyors that occur on seasonal or syn-
optic time-scales. The solution adopted was to apply the concepts first pedddy Haimberger (2007) to
the problem of surface pressure bias detection (Hersliagheparatior). The starting point was to generate
observation feedback from 20CR, by comparing the observations tR 2Z@(s, or to use directly the 20CR
observation feedback when available (namely for data in ISPDv3.2.6 #vatalready present in ISPDv2.2).
Using then observation minus 20CR background-equivalent depsriargtandard normal homogeneity test
(SNHT) is applied to each observation timeseries. The results, time-varglngsvof likelihood of observa-
tion timeseries breaks, are archived alongside the observation as estiinbias volatility. Finally, during
ERA-20C production, the VarBC adjusts its reaction speed for each statiardaily basis, depending on the
probability of break determinealpriori as so-called bias volatility. A high probability indicates that the VarBC
is to react fast, in order to rapidly estimate a new observation bias. A lovapilitly indicates that the VarBC
is to react very slow and essentially maintain its prior estimate. In the latter aageations in the observation
minus ERA-20C background are then mapped directly onto analysis inctemen

2.6 Production

The ERA-20C production, initiated on 18 December 2013, employs six parafis, or streams, shown in
Tablel. The streams are separated by 20 years, and usually cover 22 exezapt(for the last one). In each
stream, the first year allows to spin-up the system, and the last year (ésc#dpe last stream) is to enable to
compare the quality of the overlap with the following stream, so as to estimate theétngzgof any possible
boundary discontinuity. The layout of this production schedule is showsigiare6.

Each stream is initialised as follows. The initial conditions for each streamakea from an ERA-Interim state
valid on 1 January 1989. The bias correction is kept very small (rexai}-for the first six months. Without
such precaution we find that the bias correction absorbs the largs grttie initial conditions. This is in line
with the approach in 20CR (Gil Comppers. commn). The background errors are initially kept constant for the
first 3.5 months, before allowing for an automatic update (see settion

Overall each production stream advances at an average rate test vaiween 20 and 40 days of reanalysis
per elapsed day of production. These numbers are valid when eavhrdhalysis is run on 2 nodes.,each
production stream employs then 20 nodes (out of 1400 nodes installe@MiME high-performance comput-
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Figure 6: Schematic layout of the ERA-20C production stieam
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Figure 7: Monthly occurrences of final trajectory failuresiERA-20C, triggering automatic re-run with reduced tinteps

ing as of early 2013). When the number of employed nodes is occasionalbati, the rate of production can
peak to 80 days of reanalysis per elapsed day of production. ThéNigyian production speed is only partially
related to high-performance computing system availability. The productieedsis mostly affected, at irreg-
ular intervals, by disruptions caused by the inevitable upgrades that oo high-performance computing
system mostly used for operational NWP targeted at continuous perfoenraprovement.

During production, little manual intervention is required in the main analysistipanks to an automatic pro-
cedure devised specifically to detect model explosions. These ex@asionr nearly only in the last model
non-linear integration (trajectory) after addition of the analysis incrementsighout the analysis window.
When such explosions are detected in any member of a production streatietra is automatically stopped
and the date of the stream is set back to the previous day, with instructiose nreduced model time-step
(30 minutes instead of 60 minutes) for two daiys.(the day before the problem is encountered, and the day of
the problem). This simple but robust automatic procedure is found to wagfesdorily, without the need to
further halve the time-step to 15 minutes. As these problems are recordezydmtipen, it is possible after-
wards to analyse the occurrences of such problems. We find that ttmgeapproximately randomly from year
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to year. However, Figuré shows that most failures occur during the winter months of either hemisphaee.

is consistent with findings by Poli and Tan (2012) who reported that laogé analysis increments (generated
by an analysis with a poorly observed system, 24-hour 4D-Var andif time-step) were sometimes found in
areas of sharp sea-land transitions with ice cover: in Alaska or Sibetialdp next to the Ross Sea.

Problems requiring manual interventions can be related to file-systems bwingilable due to maintenance,
or instabilities in the main tape archive (ECFS) which sometimes returns erhens files cannot be archived

as expected. Other aspects requiring intervention are in the post-gpirggaad conversion of observation data
to the format expected for the OFA: for some BUFR observations (whiematrassimilated, but simply used

for comparison), at some dates, the conversion program fails and matemaention is needed to remove the
problematic data from the conversion.

3 Observations handling

3.1 Observation quality control

The observation quality control in ERA-20C is a four-step process.deigerally described in the IFS docu-
mentation for version cycle 38R1 (ECMWF, 2013). We highlight here thmeies relevant to the observations
assimilated in ERA-20C. First, a so-called blacklist process rejects atigars according to predefined rules.
In ERA-20C, the rules are as follows. All observations other than ISRI5r ICOADS 2.5.1 are rejected
(This rejects BUFR observations from the ERA-40 and operationalredisen archives). Observations of
geophysical variables other than surface pressure, surfacetgetipl, or wind, are rejected. This step also
removes observations reported exactly at location exatiigtilude and 0longitude, except for buoy observa-
tions because there is one buoy from the Pirata network at that locatierbldtklist also rejects observations
of wind above the land surface or near the coastlines. Because ofdhgedworizontal resolution of the as-
similation, such observations could be interpreted as over land and assigrniecorrect surface roughness.
Observations of wind reported from latitudes°BIB-90’N at a station altitude that is distant by more than
50 meters height from the model surface are also rejected, becauselisesvations are then located in closed
seas in mountainous regions, posing a representativeness problentituéie 90S—-30N, where there are
typically much fewer observations and closed seas, the criterion is lessrgative and the maximum allowed
height difference is 200 meters. Observations of surface presspoeted at heights more than 800 meters
below the model surface are rejected. Likewise, observations otsugiopotential reported at pressure levels
100 hPa greater than the model surface pressure are rejected.

A second step assigns preferences so as to remove redundant massiioin within a multi-variate report.
The rules, as employed for operational NWP, are as follows: a supf@ssure observation is preferred to a
surface geopotential observation and a pressure observatioeapbthe station level is preferred to a pres-
sure observation reported at sea-level. The first reason for thistishéhaeporting at station level is closer
to the original measurement. The second reason is that there are segtialls in use for the reduction of
atmospheric pressure at sea level. This cause for disparity betweenrereasts was discussed by WMO
experts as early as the 1950s (WMO, 1954; 1964; 1968). Howevef ariting, the World Meteorological
Organisation only recommends a single practice for stations below 750 m alfiil® Commission for
Instruments and Methods of Observation Expert Team on Standardis2@id?). For stations located at alti-
tudes higher than 750 m, the reduction methods are still a matter of regionetsh®he resulting differences
in mean-sea-level-pressure reduction can reach a few hectoPasdailgh-altitude stations. This absence of
standard practice means that the single observation operator used tae@tmpospheric pressure at sea-level
in the data assimilation system is sub-optimal in many cases, and introducesredditior. Consequently,
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whenever possible, the surface pressure is preferred to the presduced at sea-level.

A third step is the so-called background or first-guess check. It caaghe observation to the first-guess
computed from the short forecast initialised from the previous analysisrdegrated between 3 hours and
27 hours, to cover the entire 4D-Var window (see FidyreObservations with departures larger than a threshold
are rejected. With the introduction of the Huber norm in the variational quadityrol (Tavolato and Isaksen,
2010), the threshold is now extremely large, about eighteen times the stateléation of the expected error.
The expected error is the square root of the sum of the squares kifrbaad error and observation error.
Since the background error varies over time and space, the expeiedlso varies over time and space, and
the rejection threshold also varies. For surface pressure obsesydtienrejection thresholds decrease from
regional maxima (minima) of 310 hPa (20 hPa) in 1901 down to regional maxitasaiPa (17 hPa) in 2008.
For wind observations, the rejection thresholds are also similarly extremethigséve, but an added criterion
removes observations reporting or in regions of wind speed greateBtharis. Overall, less than 1% of the
observations are rejected by the first-guess check.

Finally, a variational quality control (Andersson an@ndnen, 1999) using the Huber norm (Tavolato and
Isaksen, 2010) rejects observations that cannot be fitted within raaleolimits by the first minimisation.
About 2% (14%) of the surface pressure (near-surface wingentively) observations are typically rejected
by this step in the early years of ERA-20C. We find that this rejection rateaseis as the observation time
is located towards the end of the analysis window. Any observation-regad would be constant over the
window. Consequently, this behaviour points to yet further possible ingpnewnts in the data assimilation;
in particular here, we use a strong-constraint 4D-Var without reptaien of model error (a weak-constraint
formulation would allow for gradually increasing model errors within the wimdoHowever, in the early
2000s, when the system quality improves with more observations, fewenalisns are rejected at this step,
with less than 1% surface pressure observations, for example.

In ERA-20C it turns out that the first-guess check limits are too genenmudisea sometimes obviously wrong
observations enter the analysis. The worst occurrence is found witiceypressure observations from the
island Tristan da Cunha located at an altitude of 51 m above sea-level, intlige® Atlantic Ocean, latitude
37.05'S longitude 12.32N. In ISPD 3.2.6 this station comes from collection number 3013 (‘South Africa
Weather Service Stations (South Africa) 1850-2003’). Surfacespre®bservations from this station are found
for the first time in January 1954, in the range between 719 hPa and 82WitR an average of 819 hPa. In
the following weeks, these observations always fail the first-guesskdierause the background departures,
around -190 hPa, exceed the 18-sigma limit which fluctuates between 5ndP&0 hPa. However, around
mid-April 1954, the local background error at this location increas#isadhe 18-sigma first-guess check limit
exceeds 200 hPa. The day this happens, the observations from Tas@unha pass the first-guess check and
are accepted in the first minimisation. The first few days that this happensetphboring observations from
ships cause the first minimisation to fail to fit the abnormally low pressure wditg@ms from Tristan da Cunha,
after which point the observations are rejected by the VarQC. Yet, thisti@jehappens too late because the
bad observations that were assimilated in the first minimisation pull the analytsisstamuch lower surface
pressure, which does not get filled in completely by the forecast modédlars. Worse, after a few analysis
cycles, the bad surface pressure observations manage to pull theisusédye closer to around 800 hPa at the
island location: the bad data are then completely assimilated, and all the némghbloservations from ships
are rejected. After that point, the subsequent months see an unrealisttemdkgd on Tristan da Cunha, at
around 800 hPa. As this problem was spotted during production of ERRAsBeam number 3, the observations
from this station were manually blacklisted and the corresponding prodigttiesim re-set to 1954. However,
this was only done because the problem was so serious that it affectémmmgnstatistics for large areas. It
is now clear that many similar problems must be present throughout the wealhait of smaller amplitude.
After the fact, it now appears that the 18-sigma limit was determined from maideerperiod with a modern
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(a) Surface pressure observations reported at station level
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Figure 8: Monthly count of observations of the geophysiteseyvations used in ERA-20C, showing impact of the various
observation quality control steps described in the text

observing system and when the background errors are smaller thaa I'h® problem is that this limit was
determined from statistics of observation minus background departuresimed by sigma defined as the
observation error, rather than defined as used by the assimilagorsuare root of the sum of the squares
of background and observation errors). In the light of this, it noweapp that the first-guess rejection limit
should have been 10 sigmas, rather than 18 sigmas as used by ECMWF paA#Bians. Another problem
understoodh posterioriis that the expected error does not vary over time during the assimilation wyiasa
may need to be dynamic for long 4D-Var windows.

Figure8(a) shows timeseries of the monthly observation counts for surfaceupeesisservations reported at
station level. Out of the total available, from ISPD 3.2.6 and ICOADS 2.5.1, wfote observations are
used. For observations reported at sea-level (Fi§(b}, most of the data rejections relate to the redundancy
check, because these may be duplicated with surface pressureatioserveported at station level, which are
preferred. Because of the generous limits as explained above, thigomgedue to first-guess and variational
quality controls are too small to appear different from the zero line. Figiaeshows the observation counts of
wind vectors. About half of the winds are rejected by the blacklist stept likes/ because a large fraction of
maritime traffic remains fairly close to coast. Otherwise, as for surfaceymesmost of the wind observations
that pass the blacklist quality control stage are assimilated.

Figure 9(a) shows timeseries of assimilated surface pressure observation geanis, by report type. The
predominance of observations from land statidres,(SPD 3.2.6) is visible in the recent years. The figure
indicates clearly the importance of ship observatioms,(COADS 2.5.1) in the earlier years. The number of
tropical cyclone best-track archive data (IBTrACS) increases tiwer during the first half of the century, and
appears nearly stable only the second part of the century. This remianpastant for future potential inter-
pretation of the trends in tropical cyclone activity in ERA-20C. Meteorolaigiessel observations are found
during the post-World War Il era, until these types of dedicated ships vetired owing to the deployment of
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Figure 9: Yearly count of observations of the geophysicaenbations assimilated in ERA-20C, by report type
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satellite observing systems offering global observations. Fig{lmeshows that, for the most part, assimilated
wind observations come from ship. Only in the last stream, buoy obsersdfimm drifters) exceed the data
provision from ship.

3.2 Observation errors assigned a priori

The standard deviation of the observation error, hereafter simply cddkehation error, is specified as follows.
For surface pressures, the observation-type-dependent saiaifiis expressed in terms of air mass and hence
varies also with the actual observed pressure. It amounts approximatebott 1.1 hPa for observations
reported above land, 0.9 hPa for buoy observations, 1.5 hPa for Bhgnations, and 1.6 hPa for tropical
cyclone bogus from IBTrACS. Observations of wind, which is assimilateding to its zonal and meridional
components, are assigned component errors of 1.5 m/s for ship and 1.8rraleoys (we remind that wind
observations over land are not assimilated). Note that these estimates iestunates in observation timing
error and observation location error. Such location errors are vesly lteeater for ship observations in the
early part of the century. The same comment may apply to buoys until the ralas1ttil the widespread use
of Global Positioning System (GPS) for the determination of geographicltwies.

The observation error estimate is adjusted within the assimilation by the Hubar(fiavolato and Isaksen,
2010). Potentially ‘bad’ data are not given the same weight as obviogsbd® data. This formulation allows
an impact from sets of observations with consistent large depareugesseveral clustered observations of a
deep low not found in the background). In ERA-20C, this minimises the ingfdbd’ data, located too far
away from the first-guess estimate.

3.3 Observation errors assessed a posteriori

After assimilation, it is possible to estimate the observation error, using the mettbpdsed by Desrozieet
al. (2005). This method assumes that the background and the observatichpresent different correlation
structures. Figurd0(a) shows observation error estimates using this method for surfaceupged-or land
station observations, the plot suggests that surface pressure ailiseryuality improves over the century,
from 1.6 hPa in 1900 to about 0.8 hPa in the years 2000s (compare this witbrisant assumed estimate
of 1.1 hPa). The surface pressure land observation quality improvamespecially visible in the first two
streams, pre-World War II. A mixture of factors may explain this improvemardh s generally improved
instrumentation and site installations, more regular calibration practices dlitiefgcand also probably more
accurate reporting of the observation time. Surface pressure obsasvlom buoys appear to be of similar
quality as from land stations in the recent times, but of worse quality in the yeahg of introduction (in the
1970s); the location error may play a large role in this total error estimate.

The surface pressure observations from ship also appear to imprqueality, from 2 hPa down to 1.2 hPa in
recent years (compare this with the constant assumed estimate of 1.5 h@a&)rdr estimates of surface pres-
sure observations in ICOADS 2.5.1 from Ocean bottle and Conductivity &matyre Depth (CTD), eXpand-
able CTD (XCTD), Mechanical or digital or micro Bathythermograph (MBEypandable Bathythermograph
(XBT) are based on small yearly samples most of the time (see Feyuamd many of those estimates are not
shown because they are based on fewer than 100 observations @ng/gar. Nevertheless, the error estimates
for CTD/XCTD/MBT/XBT shown here are substantially larger than for otfegrort types and would need to
be understood in future repeats of similar reanalysis. Tropical cyclogasiobservations appear with about
near-constant errors throughout the century, around 4-5 hPayiglitthis estimate may be affected by the poor
horizontal resolution of ERA-20C. The quality of ship observations apgp® be degraded during World War
I, either probably of less frequent recalibrations and/or limited ability tadoohobservations at the expected
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Figure 10: Estimate of observation error for the geophykaaservations assimilated in ERA-20C, by report type, com-
puted on a yearly basis (estimates based on 100 observairdass in any given year are omitted; see FigQréor the
corresponding yearly observation counts)

time. In the 1980s, the quality of surface pressure observations fronoraktgical vessels approaches that of
land station measurements. This could be explained by a better known positienship, and/or more regu-
lar observing times closer to the schedule time, and/or more regularly retaditinatrumentation and trained
onboard personnel.

Regarding wind observations, Figut@(b) indicates also the better quality of dedicated meteorological vessels
as compared to regular ship observations in the 1980s. However, ohaateithe great disparity between the
quality of observations labelled as coming from ships, as some of them ats® fcom trained and regularly
serviced facilities €.9.,national navy). The wind observation errors from ship appear to aserslightly in

the recent years, in excess of 2.2 m/s, compared to usually less than 2.0emfteeoeentury. One possible
explanation is the larger size of vessels that roam the seas today. kbhigemlre more likely to influence the
immediately surrounding wind circulation than smaller ones. Since the 1980sed#nesurface atmospheric
wind observations with the best quality appear to be provided by buoyswivithcomponent errors estimated

at about 1.4 m/s.

Overall, these preliminary results suggest that the constant observatiorsgecifications ought to be time-
varying in future reanalyses, and refined in more detail to separate leigorl vessels from other ships.
These initial findings should be confirmed by cross-checking with indgrerevaluations.g.,triple colloca-
tion.

4 Background errors

Compoet al. (2011) demonstrated that the spread of their reanalysis ensemble flactigatiécantly with the
observation availability throughout the century. Seen today, improvememwtsservation coverage over the
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century result from expansions in observing networks at the time, bufras current data recovery efforts
which put into digital form entire sets of observations from original pageamicrofilm records. As seen in

Figure3, the evolutions in observation availability tend to affect wide areas; thesegrenal in nature and not

spatially random. They consequently need to be accommodated by the assinsyatem. In 20CR, this is

achieved by the ensemble-based assimilation system. The ensemble spaadtifig with the observation

coverage, is directly used as an approximation of the backgroundtetiitier the observations in the analysis
step. However, in a variational system such as that employed in ERAs}#Cific developments had to be
made to achieve such time-varying evolution of the background erroriaocas. We first indicate below
how the background errors are specified in ERA-20C, and how thiergliffom ECMWF Operations as of
December 2012 (Fisher 2003, Fisher 2004). We then illustrate how theiEfDAnation is used to estimate
the background errors. We also present initial results from the fiessyef ERA-20C production.

4.1 Separation between local error standard deviations angdlobal error covariances

We use hereatfter the following terminologpackground errors’ designate background error standard devia-
tions, andbackground error covariances’ refer to the product of average global background error varg@ance
with background error correlations.

The ability to specify daily space-varying background errors was inted in ECMWF Operations in 2009.
The spread between forecast members in the EDA is used to modulate the begkgfound errors of vor-
ticity. Note that this only affects regional patterns of background ewbx®rticity, and not the global aver-
age of vorticity background errors, which are specified in the backgt@rror covariances as defined above.
The background errors of all other variables, including the logarithsudice pressure, are affected by the
flow-dependent contribution from vorticity through the nonlinear balammeomega equation plus hydrostatic
relationships. However, while the ECMWF Operations adjusts the map ofgbmakd errors used by the
high-resolution deterministic system, the ECMWF Operational EDA usesgtelally constant background
errors to perform its own analysis. The ERA-20C EDA is different, in thases its own vorticity spread to
consistently update the vorticity background errors that are used a¢xhamalysis cycle.

The background error covariances are only updated by the ECMWdraipns when there are significant
model changese(g.,resolution upgrade) or significant changes in the data input and/or assimilatie RA-
20C, in order to achieve time-variations of the background errors,goagkd error covariances are updated
every 10 days of reanalysis.

4.2 Derivation of background errors from the EDA

We retrace now the computation of background errors in ERA-20C. Teetidswe first remind the setup of
the EDA. The control and perturbed members are each cycled in time. Tiueteel members use a model and
assimilation system with theoretically doubled errors (Bonastia., 2010). The intention is that the spread of
the difference between the perturbed members and the control givesiraate of the total error in the control
state (Isaksest al, 2010). To achieve this, the individual error sources are repredes follows. The model
error is represented by stochastic physics (Pakhal., 2009). Observation errors are represented by adding
perturbations to the observations. As for the forcing errors, in the EEMOerational EDA, perturbations
are added to the sea-surface temperature field. However, ERA-28@Gn€nsemble of sea-surface conditions
provided by the Met Office (HadISST.2.1.0.0 by N. Rayner and collabyadataset yet to be published),
without additional perturbations.

We now consider the year 1900, which is the second production yeag 6fshERA-20C stream. FigutEl(a)
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Average ensemble spread [s**-1]

Figure 11: Left: (a) Average background ensemble spreacbdiocity at model level 89 (i.e., near the surface) for the
year 1900. Right: (b) Average background scaled ensembdéadf vorticity at model level 89 for the year 1900

shows the average background ensemble spread of the EDA in vortiaityheesurface, at model level number
89, for that year. As explained above, the backgrounds are dedimddrecasts initialised at 6 UTC, from
+3 hours to +27 hours. On any given day of the year 19@0[1, N] with N =365, the spread in vorticity
between the members, or vorticity ensemble spread, is rmted he average vorticity ensemble spread over

the year, note®,, is computed as follows:
13,
S/ = N I; O-Vi (1)

The map is computed using a grid of latitude x 5° longitude. This gridding is used throughout sectéoior
consistency. The map shows lower standard deviation over the Tropiexjjacted because of lower natural
variability to begin with). Comparing with Figui®&a) which shows the observation coverage in 1900, we also
note that the vorticity spread is lower where observations are consistessigm (North America, Europe). The
Southern Oceans and the Arctic, mostly unobserved back in those Haysttee largest standard deviations.
The storm track eastern of the U.S. East Coast shows standard devthabare locally larger than compared
to the western Atlantic Ocean.

The average background ensemble spread shown above coulddigeced a true estimate of the background
error for the parameter considered (vorticity at model level 89) if all thersources in the EDA were properly
represented. However, because one cannot reasonably eXpiheise errors to be exactly represented, a
calibration and smoothing over a number of days are applied to form aled-saaled ensemble spread. For
further details about scaled ensemble spread see the works of Boetalt#2011), Bonaviteet al. (2012),
and Bonavita (2011). In the ECMWEF Operational EDA, the calibration isrdeted every day using the high-
resolution deterministic analysis as a reference. However, in ERA-28use of the absence of verifying
analyses of sufficient quality for the whole century, the calibration issasskonce for a recent time period
(June-August 2004), and applied throughout the century.

The average background scaled ensemble spread of vorticity at medeB® notedS;, is shown in Fig-
ure 11(b). This map is computed using a formula similar 19, (except that each input field is the scaled
ensemble spreadf;. This map very much looks like Figutel.

As explained in sectiod.1, the maps of vorticity scaled ensemble spread are used to modulate locally the
global-mean profiles of vorticity background error standard deviatiead from the global covariances. To
illustrate the lack of horizontal variability in these covariances, Fig@rghows a map of the background error
standard deviations found in the global covariances, for a selectefldabruary 1900). This map is generated
with the help of an off-line diagnostics tool applied outside the assimilation sy#sra.first approximation,
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Stdev. specified in global covariances [s**-1]
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Figure 12: Background errors of vorticity at model level §&esified by the global covariances, before modulation by the
EDA spread, for the year 1900

the information contained in this map can be summarised by a global scalab&kground errors would have
been those employed by a variational analysis scheme in the absencenskarbée. The lack of hemispheric
differences justifies the importance of modulating these global covaridnces ensemble-driven map of
spread to represent differences in background quality that resaoiftstfre differential observational coverage
as shown in Figur8. For vorticity at model level 89, we note these scalar valuesg aBollowing the procedure
described in IFS documentation (ECMWF, 2013) we simulate how the fieldokjoaund errors? is formed:

2

N g
S=R |y |2 @
N (03)?

where the overbar is an operator that computes the global averageelaf. a fi

The resulting fields2, shown in Figurel3, is an estimate of the actual background error standard deviation
used by the assimilation for vorticity at model level 89. It retains the main g@bgral features of the scaled
ensemble spread field shown in FigdtEb), except the overall level has been adjusted.

Note, all these calculations are conducted off-line, outside the actuabdsitailation system. They do not
necessarily represent what is used by the assimilation. However, estiohdt@skground error standard de-
viations are generated inside the assimilation by a randomisation method (Fish€partier, 1995), for the
control variables. In our configuration, such on-line estimates are ceaatithe end of the analysis window
(24-hour-long here). They hence do not describe exactly the bawid errors used to characterize the back-
ground at the beginning of the analysis window, but they are the closdsiediagnostics available. They are
shown in Figurel4, for vorticity at model level 89. A formula similar tdl) is used to compute the average
over N fields of daily on-line diagnostics of background error fields. Compdafiggre 13 and Figurel4, we
can see very similar features, the latter appearing as a smoother versienfofmer. These differences can
be expected as the randomisation will never render all the details as a limite&@nahvectors are employed.
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Average off-line diagnostics of background error [s**-1]
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Figure 13: Off-line estimate of the average background eafovorticity at model level 89 used by the assimilation, for
the year 1900
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Figure 14: On-line diagnostics of the average backgrounareof vorticity at model level 89 used by the assimilation,
valid at the end of the 24-hour analysis window, for the ye20Q
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(a) On-line bkg. error [hPa] 1900 (b) On-line bkg. error [hPa] 1920 (c) On-line bkg. error [hPa] 1940
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Figure 15: On-line diagnostics of the average backgroundreof surface pressure used by the assimilation for various
years, valid at the end of the 24-hour analysis window

This is especially true with the ERA-20C settings, where the number of randotors (Fisher and Courtier,
1995) is reduced to 18 as compared to the operational default of 58,tecsave computing power. Also, as
expected, the errors shown in Figuk® are a bit smaller than those shown in Figd# because the former
apply to the background at the beginning of the analysis window, while the &ifgy to the background at
the end of the analysis window (24 hours later).

4.3 Maps of background errors throughout the 20th century

Following from the investigations above, we now show maps of on-line estiroati®e background errors
employed by ERA-20C for geophysical variables with correspondisigiated observations: surface pressure
and 10-meter wind.

Figurel5(a) shows the average background errors used for surfacsipeefor the same time period as earlier.
Also shown is the second year in each of the five other streams in ERAyZTs(1920, 1940, 1960, 1980,
and 2000). The evolution over time is the product of the improvement in ti@acguobserving network and
reduced spread in the sea-surface conditions, which is also related tavénpent in observation coverage.

As mentioned earlier, the ensemble spread in all control variables is useddmpute global covariances
of background errors of all control variables every 10 days. @lae computed from a large number of
forecast states, drawn from the EDA members over the past 90 daysa daily basis, the EDA adjusts
the background errors using the ensemble spread, but only fromiyorfithe ensemble spread of the other
variables €.g.,surface pressure, temperature) are not used for this daily modulatierbackground errors of
these geophysical variables still get adjusted by vorticity, but only thirdadance relationships. This implies
that the background errors used for surface pressure are cegsaily consistent with the ensemble spread of
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Figure 16: Average background surface pressure ensembdadpat the onset of the analysis window

(a) Avg. ens. spread at +27h [hPa] 1900 (b) Avg. ens. spread at +27h [hPa] 1920 (c) Avg. ens. spread at +27h [hPa] 1940
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Figure 17: Same as Figurg6 but at the end of the analysis window
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Figure 18: On-line diagnostics of the average backgroundreof near-surface zonal wind, valid at the end of the 24+hou
analysis window

surface pressure. Figufé shows the average ensemble spread of surface pressure at steys 3dmset of
the analysis window). At the beginning of the century, the ensemble sptestep 3 hours ranges from around
1 hPa in the Tropics and Europe to 15 hPa in the Southern Oceans andtigataAt the end of the century,
this spread collapses to under 1 hPa for most of the globe, except the8o0ceans, where it remains above
3 hPa (the largest spread is observed in the Southern Pacific). AstespEigurel7 shows that the spread is
larger at the end of the analysis window (at step 27 hours), owing to g@math (model errors, and errors in
initial conditions). The disagreement between the surface presswemblesspread and the surface pressure
background errors is explained by the incomplete cycling of spreadwafiion in the EDA, whereby only the
vorticity spread is cycled as explained above. Nevertheless, we eltbatsurface pressure background errors
(Figure 15) show similar geographical variations as maps of surface presswadsfffigurel7). The overall
disagreement is really about the absolute level of error: the backgrewars appear too large as compared
to the ensemble spread. For example, the background error used ®@&outhern Oceans in the early years
in between 15 and 20 hPa, whereas the ensemble spread is between1Bhdtad However, we remind that
the ensemble spread is not exactly equal to background error, and thatabsence of sufficient amounts of
observations to regularly carry out a spread-skill calibration, theslkegbaund errors represent a first estimate
which should be revisited in future reanalyses in the light of the overdllatian of the ERA-20C final product.

For completeness, Figuld@shows the average background errors used for zonal wind at hevded1 (lowest
model level). In 1900, they range from 2—4 m/s in observed areas toriifslid the Atlantic storm track and the
Southern latitudes. In 2000, they reduce to under 2 m/s globally, with theegtemcertainties in the Southern
Pacific, around 5-7 m/s.
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Figure 19: Vertical profiles of background errors for (a) Vigity, (b) unbalanced divergence background errors, (c)
unbalanced ozone, (d) unbalanced temperature backgrormdseand (e) normalised relative humidity. On each plot,
the left-hand-side vertical axis indicates model level hamThe right-hand-side vertical axis indicates the cepending
pressure level for a surface pressure of 1013.25 hPa. CY38fRds to the default settings for a current-day experiment
when all available observations, including radiosondes aatellites observations, are assimilated in an experinaén
horizontal resolution T95
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4.4 Profiles of background errors throughout the century

Figure19a) ((b), (c), (d), and (e)) shows the global-mean profile of bamkigd errors for vorticity (respec-
tively: unbalanced divergence, unbalanced ozone, unbalanceéraine, and normalised relative humidity).
Several selected months in ERA-20C are shown. The plot also displagiefindt specifications for IFS cycle
38R1, for comparison. These apply to the IFS numerical weather predgytiem with the current observing
system {.e., including radiosondes and satellites). Note that the results shown in theésalploot describe
the background errors used by ECMWF Operations where analyse®aducted at a higher resolution than
considered here (spectral triangular truncation T95). When all eéisens are available, CY38R1 shows that
background errors of unbalanced temperature are globally arourdl B.Bhroughout the vertical. In ERA-
20C, these values increase to 2—4 K in the stratosphere. In the tropesioiaeer errors are found in the more
recent times, down to 1-2 K in year 2000. The improvement over the yefmssiwisible on this plot. We also
note seasonal effects, with larger errors in the summer months of the NoHeelisphere as compared to the
winter months. As expected, the background errors only change oveatimedel levels in the troposphere
(pressure levels greater than 100 hPa, or model level numbers greatetO). The stratospheric model levels
(model level number lower than 40) feature constant errors throtghewentury. This finding is in line with
Figure 1, namely that a surface-pressure only reanalysis has essentially exvatimnal information in the
stratosphere.

Figures19(a,d) suggests three clusters in terms of background errors: the@¥s1920, and 1940 appear
of similar quality; the years 1980 and 2000 feature lower errors; the @80 is an intermediate step. This
clustering also matches with maps in Figdi& which can be grouped as follows: (a,b,c), (d), (e,f). The year
boundaries for the changes of quality shall be confirmed when the conigR&e20C record is available.

4.5 Horizontal background error correlations throughout the century

Figure20(a) ((b), (c), (d), and (e)) shows background error horizoowatelations for vorticity at model level
89 (respectively: unbalanced divergence at model level 89, umtedeozone at model level 7, unbalanced tem-
perature at model level 89, and normalised relative humidity at model 18yeT&e structure functions appear
to be more localised in the operational configuration (CY38R1) where a#trohtions are assimilated. The
seasonal dependence appears to be small. However, over time, ooleseave that the correlation distances
for background error are getting shorter. Consequently, the dditsamg in the year 2000 must have a shorter
radius of influence on the analysis than in the year 1900. This is consigtbra background that has longer
wavelengths that are better known at the end of the century, therebyrajléov more small-scale adjustments
to fit the observations. In other terms, the variational assimilation reacts tbseevation coverage as follows.
In the beginning of the century, a poor observation coverage meanfé¢halbservations are used to constrain
the large-scales features, with little emphasis on small-scale increments. Atdlaf the century, a dense
observation coverage allows to extract small-scale features from teevakisns.

4.6 Diagnostics in the observation feedback

The sections above described diagnostics of the background evittrshe on-line diagnostics fields intended
to be published and accessible to users. These diagnostics are in thef@anodel control variables. Future
users of the ECMWEF Observation Feedback Archive (OFA) will alsolile to access similar information
in observation space. For that purpose, the ERA-20C observatidbdek stores estimates of the scaled
ensemble spread at the beginning of the analysis window, in observateoe.spor example, the average
surface pressure background errors from the OFA shown in FRfi{eg are essentially the same quantities as
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Figure 20: Background error horizontal correlations for)(gorticity at model level 89, (b) unbalanced divergence at
model level 89, (c) unbalanced ozone at model level 7 (ad®bf3a), (d) unbalanced temperature at model level 89, and
(e) normalised relative humidity at model level 89.
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Figure 21: Average background errors of surface pressusdpand in the observation feedback
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(a) Avg. bkg. error from OFA [m/s] 1900 (b) Avg. bkg. error from OFA [m/s] 1920 (c) Avg. bkg. error from OFA [m/s] 1940

(d) Avg. bkg. error from OFA [m/s] 1960 (e) Avg. bkg. error from OFA [m/s] 1980 (f) Avg. bkg. error from OFA [m/s] 2000

Figure 22: Average background errors of 10-meter zonal waslfound in the observation feedback

shown in Figurel6, but rescaled by the EDA calibration and sampled at the observation éeyeréstricted
horizontal coverage, and averaging from non-uniform temporatreme). There are two important caveats
when using these quantities. First, these quantities contain the scaled enspraatg which is not the exact
background error used by the assimilation, but can be consideredasapgroximation as discussed in detail
earlier. Second, these quantities are valid at the beginning of the analpsiewy They do not describe the
background errors for observations located towards the end of tltowin

Figure22 shows the average background errors stored in the OFA, for the fidd-mmmnal wind. Again, these
really describe the scaled ensemble spread at the beginning of the anagiig.. Overall, the errors decrease
as the observation coverage improves. In the years 1900, 1920940d dne notes a good correspondence
between unobserved areas in terms of surface pressure and winte@3@,b,c), Figured(a,b,c); the Pacific
Ocean and the Southern Oceans), areas of higher ensemble spgeaelsEl(a,b,c), Figure2(a,b,c)), and ar-
eas of higher surface pressure and wind background errorgéRig{a,b,c), Figurel8(a,b,c)). Likewise, in the
year 2000, the small area void of wind and pressure observationsdifoei Southern Pacific (Figurs§), Fig-
ures4(f)) is a region of locally higher surface pressure and wind ensembdadgFigure21(f), Figures22(f))

and background errors (Figui&(f), Figure 18(f)).

5 Initial evaluation of the assimilation performance

5.1 Forecast scores

The ERA-20C production includes the generation of 10-day forecsstged daily from the EDA control
member analysis state at 00 UTC. The forecast scores can help quisklysabe instant accuracy level of
a reanalysis product, as compared to its siblings. The forecast Root Blpsare Error (RMSE) of ERA-
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Figure 23: Root Mean Square Error (RMSE) of 500 hPa geoptkmeight forecasts between 1 July 2004 and 31 August
2004
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Figure 24: Anomaly correlation of 500 hPa geopotential leifprecasts between 1 July 2004 and 31 August 2004

20C is compared with ERA-Interim in Figu&8(a), in the Northern Hemisphere extratropics, for geopotential
height at 500 hPa in July and August 2004. The ERA-Interim fore@astserified against their own analyses,
whereas the ERA-20C forecasts are verified against ECMWF opesaiaine time. The 6-day forecasts of
ERA-Interim are of similar accuracy to the 3- to 4-day forecasts of ERB;2vhich confirms the expectations
mentioned in the introduction by restricting the assimilated observing systemfacesuamly. In the Southern
Hemisphere extratropics, Figu28(b) shows that ERA-20C presents much greater errors, around KNSk

at day 3 instead of 45 m in the Southern Hemisphere extratropics. In tipgc3r@wing to lower natural
variability, Figure23(c) shows smaller forecasts errors than in the extratropics. The ERA&dhalysis shows
some forecast skill up to about day 6. Beyond that range, the fdrexass saturate to the model and natural
variability.

In terms of anomaly correlation, Figugg(a) confirms that the 6-day forecasts of ERA-Interim are of similar
accuracy to the 3- to 4-day forecasts of ERA-20C. Note, all the anoralglations shown here are computed
using the ERA-Interim climatology. For information, FiguPd(a) also shows the impact of the automatic
adjustment of background errors, by comparing to an experiment wisies thhe default background errors
as used by ECMWEF operations (normally for a fully observed system).imipact of the adjustment of the
background errors is a gain of 1 day in terms of forecast skill. In the SoutHemisphere extratropics,
Figure24(b) shows that ERA-20C has generally lower skill. However, becatidemature of the verification
metrics, the forecasts there do not appear twice as degraded as cortpdne Northern Hemisphere, as
they do in terms of RMSE. The 60% anomaly correlation level, usually coregides the limit of usefulness
of a forecast, is reached at day 3, instead of day 4 in the Northern Heenespcompared to day 7 in both
hemispheres for ERA-Interim). One likely explanation is that the ERA-20C ttilogy differs significantly
from the ERA-Interim climatology in the Southern Hemisphere, so that largartees from the climatology
give credence to ERA-20C forecasts and analyses. In the TropgeseR24(c) shows that ERA-20C forecasts
are usually below 60% anomaly correlation as early as day 1. Howeversiregion, the importance of using
adapted background errors seems to be particularly significant.
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Figure 25: Yearly count of assimilated observations

5.2 Fit to assimilated observations

The number of assimilated observations in the EDA control member, alreadyngbr the globe in Figurg,

is now discussed for the mid-latitude regions, defined here betweean2070 latitude in either hemisphere.
Figure25(a) shows that the number of assimilated surface pressure observaticesigs nearly exponentially
during the 20th century, in both hemispheres, by a factor of 50 betwedregfiening and the end of the whole
time period. The number of assimilated wind observations, however, seegactoa maximum in the 1970s,
before decreasing during the years 2000s.

Figure26(a) shows the fit to assimilated surface pressure observations, foathground and the analysis.
The statistics relate to the control member of the EDA. The RMS of backgrbejartures decrease over time,
with the Southern hemisphere featuring systematically larger errors tharotitieelh hemisphere. Although
the overall evolution may appear as a continuous improvement procesatéresting to note a possible ‘step’
effect between World War Il and the 1960s when the RMS become sigrtificemaller, both in terms of
surface pressure and wind (Fig@&b)). This concept of ‘step’ improvement may indicate that some key error
structures get resolved much better, past a certain minimum of globalatises. Around the 1960s the RMS
of the background departures in the Southern Hemisphere reachegehefIBRMS observed in the Northern
Hemisphere in 1900, both for surface pressure and wind (4 hPa and despsctively). After that, the RMS
of the background departures continues to drop in the Southern Hemagpfté the recent years. At the same
time, in the Northern Hemisphere, the RMS of the background departiesy B hPa and 3 m/s since 1980,
improves at a much reduced pace and nearly levels off, as if some lévedtsan had been reached. This
conclusion, valid in the ERA-20C system, does not mean at all that furbisereations would not improve our
understanding further, but probably rather that model and data assimilatpyovements are needed before
we can continue to retrieve further meaningful information from additiobhagovations.

The RMS of the analysis departures are generally more stable, aroudd®t8”a for surface pressure (2 m/s

30 ERA Report Series No. 14



ERA-20C Data Assimilation System and Initial Evaluation EECMWF

(a) Surface Pressure

O-B
5IMSNA VNV A e O-A
= 20S-70S
e 44 20N-70N
2
g 3
2,
- TN e —— \, ~~~’-/, \-‘____\ ----- o~
1 Smemmsemmemmeeel o~
T T T T T T T T T T T T T T T T T T T T T
1900 1905 1910 1915 1920 1925 1930 1935 1940 1945 1950Y1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
ear
(b) Wind zonal and meridional components
5 0-B
--------- O-A
20S-70S
@ 4 20N-70N
E
2
£ 37
. L Lo mem e L me T Tam T TS P “77
B e S ~\~ e D ’\’/ R e ~
T ~’T T

T T T T T T T T T T T T T T T T T T
1900 1905 1910 1915 1920 1925 1930 1935 1940 1945 1950Y1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
ear

Figure 26: Monthly Root Mean Square (RMS) of observatiorusiimackground (O-B) and observation minus analysis
(O-A) departures, for assimilated observations, per yéldiick line shows Southern Hemisphere mid-latitudes $20
70°S), and thin line shows Northern Hemisphere mid-latitu@&sN—70N); the region between the two curves is shaded

to show the quantitative gap in quality between the two hehneises
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for wind), in the two regions considered here. As expected for a systaoh improves over time, the analysis
departures also decrease over time for surface pressure. Hod@vernd, we note that for a good part
of the century the analyses fit better the winds observations in the Soudleenisphere than they do in the
Northern Hemisphere. This result is contrary to background fits worsleeirsouthern Hemisphere than in
Northern Hemisphere. This suggests that we over-fit the wind obsearsatiche Southern Hemisphere, and
probably also in the Northern Hemisphere. As pointed out before, theatiservation errors should probably
have been larger than assumed. This suboptimality may then contribute to titereotuitive behaviour of
analysis departures slightly increasing over time for wind, while they deer@aexpected for pressure.

The assimilation statistics discussed so far describe the whole set of atimesvassimilated in the ERA-
20C production experiments, regardless of the observation time of theHdawever, with a 24-hour analysis
window, the observations assimilated at the beginning of the window are cethftaa background that is a
short forecast integration, whereas the observations assimilated aittloé #ne window are compared with a
background that is a longer forecast integration (see Figurén fact, Figure26 hides a great variability in
terms of actual background departures at the observation level. Dsexpis complexity, it is instructive to
study the background (and analysis) departures as a function of theldpseeé since the beginning of this
window. This elapsed time ranges from 0 to 23 hours, where 0 referssengadiions collected between 9 and
10 UTC. Figure27 shows such statistics, binned in elapsed hours, by latitudinal bands irofimrms (a—e),
for selected years of production. Rows (1,2,3) describe statistics ffacsupressure observations, and rows
(4,5,6) describe statistics for wind component observations. The spikdsséarvation counts come from the
observation reporting times, which are usually at UTC hours multiples of i3. pimel may also be of interest
for users interested in data quality changes over the years. For exdmeailjstering mentioned earlier in terms
of product quality with respect to the quality of the tropospheric circulatppears in Figure27(b2,c2,d2,e2):
years 1900, 1920, and 1940 are of similar quality, and years 19800&da2e of much better quality, whereas
the year 1960 appears of intermediate quality. In the Southern Hemispbkiatitudes, we note (as expected)
the absence of observations in 1900 and 1920. From the OFA, we findlibarvations during 1940 over that
area belong to ISPD 3.2.6 collection ‘Antarctic Expeditions’ (for about P&#d ICOADS 2.5.1 collections
‘Antarctic Expeditions: Print./Published (held at Met. Office)’ and ‘US btent Marine’ (for the remaining
2%). As expected, Figuiz7(al) shows that the year 2000 is the best observed quantitatively in tésongare
pressure. One can determine from the OFA that many of these obsesviat@®00 come from the ISPD 3.2.6
collection ‘Federal Climate Complex Integrated Surface Database’.

In the Southern high latitudes, the spike in wind observations in year 1989unel27(a4) comes mostly from
the contribution of ICOADS 2.5.1 collection ‘International Marine (US- orefgn-keyed ship data)’. From
Figure 27(a5) we find that this year features one of the smallest backgroundtdegsafor wind over that
region, around 4 m/s. This is in line with the map shown in Figi#evhere smaller background errors can be
spotted in the Southern Pacific Ocean. This illustrates the importance of theedavary of observations to
improve regionally the quality of the reanalysis product.

The analysis fit to assimilated observations (or residuals), shown in R2guosvs (3,6), also exhibit a growing
trend over the course of 24-hour analysis window. However, thig grawth is much reduced, as compared
to the growth observed for background departures. If those rdsidua compared to the innovations, the
reanalysis quality appears nearly constant during the analysis window.

Figure 28(al) shows a map of the mean surface pressure background depastfier bias correction, but
before assimilation, for all observations in 1900 reported at hours baet®4JTC and 15 UTCi.e., around
12 UTC. Over the years (from row 1 to 6), the geographical covarageoves, and the magnitude of the mean
departures decreases. The columns (a—d) show the statistics binnlesieoyation time. Columns (b—d) show
respectively statistics for observation that belong to the 2nd, 3rd, an@l Holur-intervals of the assimilation
window (around 18 UTC, 00 UTC, and 06 UTC). A close inspection shbatsthe columns (a,c) feature mean,
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Figure 27: Data count (in thousands) in row (1), Root Mean &gquRMS) of observation minus background (O-B)
in row (2), and observation minus analysis (O-A) departuresw (3), for assimilated surface pressure observations,
as a function of observation time elapsed with respect tobiginning of the analysis window (from 0 to 23 hours),
for selected years. Columns (a,b,c,d,e) show differeitutiihal bands. Rows (4,5,6) as rows (1,2,3) except for wind
component observations.
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Figure 28: Mean surface pressure observation minus backgtalepartures, for selected years (rows 1 to 6), and as a
function of time of day (columns (a) to (d), ordered by insiag observation time with respect to the beginning of the
assimilation window at 9 UTC)
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Figure 29: Monthly timeseries of Root Mean Square (RMS) eépkation minus background (O-B) departures and pre-
dicted departures (from the square root of the sum of asswhservation error squared and background error squared),
for assimilated observations of (a) surface pressure reggbat mean sea level, (b) surface pressure reported abstati
(c) zonal wind, (d) meridional wind. Only observations ie first 90 minutes of each assimilation window are consid-
ered (because the diagnostic for background error avadahbl observation space is only valid at the beginning of the
assimilation window). Rows (1,2,3) show different latitiadl bands

consistent, patterns of positive departures over Central Americausuted by patterns of negative departures
located over the tropical Pacific and the tropical Atlantic. In columns (b,d}eipatterns are less obvious, but
appear to be shifted by 90 degrees in longitude, with negative depadvee£entral America, and usually
positive departures over the tropical Pacific. These systematic degmapaimt to a model bias, namely an
under-representation of atmospheric tides, discussed in more details later.

The observation feedback contains diagnostics of background domoall observations assimilated in ERA-
20C. These estimates, as discussed earlier, are strictly valid at the bggifittie window. Combined with the
assumed observation error (also stored in the observation feedbaelgan form statistics of the expected (or
predicted) departures at the beginning of the assimilation window. Thethearbe compared with observed
Root Mean Square of background departures at the beginning ofitidmwe Figure29 shows both sets of
guantities, for the first 90 minutes of the assimilation window. For surfacgspre observations reported at
station level (hence from land stations) in the Northern Hemisphere extiegrd-igure29b1) shows that
we under-estimate the departures at the beginning of the century. Eitheydberation and/or the background
errors are too small there. Based on the section above about obsesratics, our surface pressure observation
errors should be larger than assumed at the beginning of the centuantbstations, at 1.6 hPa instead of
1.1 hPa. At the end of the century, the departures are over-estimatedmauhip actual departures. Here again,
this is consistent with earlier findings that the observation errors shoutsllfeen lower than assumed at the
end of the century, at 0.8 hPa instead of 1.1 hPa. Similar conclusions daaviaein the Tropics and to a lesser
extent in the Southern Hemisphere extratropics (Fi@9b2,b3)).

For surface pressure observations reported at sea level (RI§@g—a3), the situation is slightly more com-
plex, because it mixes land and ship observations. The land obsenaiimedrom stations that only exchange
surface pressure at sea level, and not surface pressure attibe Eeel. This situation is more prevalent at
the beginning of the century. At that time, the land stations are nearly allséxely located in the North-

ern Hemisphere (see map of data coverage in 1900 shown in Rake Over the years, the land stations
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gradually report also observations at station level. Consequently, indiitbeédn Hemisphere extratropics, we
find a combination of two elements: the improper representation of land stat@ms &r pressure (too low at
the beginning, too high at the end), and the evolution of observatiorsdonfmostly) ship observations. In
the section above about observation errors, we find that the presisseevations from ships are also under-
estimated at the beginning of the century (probably around 2.0 hPa indtdadl loPa), and over-estimated
at the end of the century (probably around 1.2 hPa instead of 1.5 hRa)remaining discrepancies in Fig-
ure29%a2,a3) may be explained by suggesting that our background ereoumder-estimated in the Tropics in
the early years, and over-estimated in the Southern Hemisphere in the etgd.aN this discussion assumes
that the background errors reported in the observation feedbaekacty as used by the assimilation, which
is not completely correct as discussed in section

For the wind zonal and meridional components in Fig2®cl1-d3)(d1-d3), we find an overall tendency to
under-estimate the departures in all areas and at all times. From earlirg§ingind observation (mostly from
ships) errors are probably around 2.0 m/s, instead of 1.5 m/s. Yet, thiEEsewlifes, even if in the right direction,
are of insufficient magnitude the gap between expected and obsempadutes. One element to remember is
that the background errors are computed at the resolution of the anditgsisforecasts differences all at
the same horizontal resolution of 210 km. Nature and actual observatoreirc small-scale features which
are not represented at such scales. At a local site, this source @tainty is a representativeness error and
should formally be assigned to the observation part in the assimilation scheomeevét, on a global scale,
these errors probably have similar signatures between sites. The atime®rror computation used earlier
(Desrozierset al,, 2005) separates between error sources assuming they have distiotttres. The method
may then probably assign this wind representativeness error to a backigerror. Also we note that such
discrepancy is not visible in surface pressure, which by naturesepte synoptic scales, probably fairly well
captured at the resolution used in ERA-20C. So it could thus appear thab#ervation errors (notably the
representativeness part) are probably severely under-estimatee feinds at the resolution of ERA-20C. We
note that more work would be required to substantiate this hypothesis.

A general finding from Figur@9 is that the observation error assignment in ERA-20C is not perfect, but th
background errors seem to behave qualitatively satisfactorily acemgshgsical variables, areas, and over the
years. We also note that the background error estimation scheme répresme of the seasonal variability
found in the actual departures. However, it fails to capture the magnitutésonvinter-to-summer cycle. It
may be that the 90-day time span for computing the background errors isnp@ihal also causes a lag. The
90-day sample may need shortening to capture the extremes of each season

5.3 Analysis increments

The analysis increment is defined as the state difference analysis mirkggdaatd, both being valid at the
same time. In the strong-constraint 4D-Var, the increment is determined lag¢girening of the window. One
can computea posteriorj the effective increment at any time of the analysis window. For the prdssussion
we consider first the increment at the beginning of the analysis winddsmémely the difference between the
9 UTC analysis and the 3-hour forecast issued from the 6 UTC anabtaswined by the previous assimilation
cycle (see Figuré).

Figure30(a) shows the global equal-area mean increment for surface peefisargenerally withint0.02 hPa,
and usually slightly negative after 1960, between 0 and 0.01 hPa. ThedRM& increments, in Figurgd(b),
slightly decreases over time, presumably because the analysis startsbemkgaound which is already close
to the observations. In the years 2000s, we see more variability in the RM8 wicrements. This point is yet
unexplained.
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Figure 30: Mean (a) and RMS (b) of the surface pressure amalgsrement at the beginning of the analysis window
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Figure 31: Longitude (y-axis) versus date (x-axis) averagdace pressure analysis increment at the beginning of the
analysis window, for the latitude band 1®-10N
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Figure 32: Mean surface pressure analysis increment at gggriming of the analysis window, for selected years

The global statistics hide local effects. Looking at the increments takereatdime time of the day, but
averaged over a given latitudinal band, one can visualise the systemat@mognof the analysis, regionally,
by plotting as a function of longitude. FiguBd shows such statistics (longitude on the vertical axis, versus
time on the horizontal axis), for the region located around the Equator adeditlOS—10N. Overall, one
can note a wave-2 pattern, reminiscent of FigR8 As noted earlier, it was known when experimenting
with ERA-20C that the 1 hour-time-step employed for the model was insuffitdeproperly represent the
atmospheric tides, and this effect would thus be systematically correctece assiimilation, with the help
of the observations. However, as a growing number of observatiorssisiitated, the analysis contains a
state with less remnants of this insufficient representation of tides, and tkgrband that is issued from
this analysis is less biased; consequently, the mean increment gets ondiegly smaller over time. The
magnitude of this under-representation of the atmospheric tides is prolablyda-1 hPa at the beginning of
the century, and probably aroug.7 hPa at the end.

To confirm this conjecture, we evaluate the magnitude of the semi-diurnaB&jen(the forecast. It is the sum
of the surface pressure forecast fields valid at 0 UTC and 12 UTC,sttireusum of the fields at 6 UTC and
18 UTC, divided by 4. We repeat the same computation for the analysis. fidelshen define the S2 error as
the difference between the S2 forecast and the S2 analysis. Thisstiwam in Figure33, is indeed confirmed
to be around 1 hPa at the beginning of the century, and to decreasnoeer

For completeness, the maps of increments at all times within the analysis windalawn in Figur&4. The
wave-2 pattern of the mean increments moves with areas that are sun-lghbrduahe day. This is in line with
the hypothesis of insufficient representation of atmospheric tides in the @atteras model.

Timeseries of the mean vertical temperature increments at the beginning ofallgsis.window are shown in
Figure35. The increments are usually within0.08 K, or otherwise positive in the mid-troposphere. This
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Figure 33: Mean error in semi-diurnal tide (S2) represeiaatof surface pressure in the background, using the analysi
as a verification, for selected years
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Figure 34: Mean surface pressure analysis increment, ftected years (rows 1 to 6), and as a function of time within
the assimilation window (columns (a) to (h), ordered by &asing background integration time, in parentheses)
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Figure 35: Model level number (y-axis) versus date (x-agtpyal-area global average of the temperature analysis in-
crement at the beginning of the analysis window. Right-ksidd y-axis indicates lower boundary of the corresponding
pressure layer, assuming for a surface pressure of 1013225 h

means that the analysis warms slightly the mid-troposphere as compared tekgeobad. This is line with
the earlier indication that, globally, the mean pressure in the analysis is slightliesthan the background
surface pressure at 9 UTC. Towards the end of the century, the mesmients become larger, but their
location is overall higher in the troposphere, which means their impact in teérsuwsface pressure is reduced.
The displacement of the mean increments is related to changes in the strucitiierfs of the background
errors discussed earlier. As the background errors in temperatcreade over time in the lower troposphere
(Figure19(d), model levels 50-91), the data assimilation system, which aims to prodgagveeincrements
in surface pressure to fit the observations, cannot warm as much teettmpospheric temperatures, because
of increased background constraints there. Its solution is then to waratrttesphere higher up, where the
background constraints are unchanged (model levels 50 and alboveyjth a greater intensity, in order to
produce the same net effect in terms of surface pressure incrementhug/ebserve global mean analysis
increments which can be as high as 0.5 K in the stratosphere, particulargyextdrof the century.

As the analysis increments in temperature displace over time, they affectrids tcea point that may render
the final product unfit for the purpose of trend assessment. This algptiopagation of increments over time
was not foreseen when the ERA-20C system was developed. It wagsigkly noted as production started, but
no immediate solution was available to remediate. In an ensemble-Kalman-filterftygrnalysis (Compet
al., 2011), the vertical localisation of increments limits this effect by preventiygui@date to the model levels
located far away from the surface observations. In a variationalmysteere the analysis solution is found
globally, it is more difficult to enforce a vertical separation. This difficultpgld be a prime focus of efforts in
future developments.

5.4 Bias correction

The surface pressure observations are bias-corrected (S2&jomhe bias corrections are kept near-zero in the
first six months of each production stream. After that, the bias correctimhgeein each ensemble member, so
as to effectively absorb, with some lag, the mean difference betweervatisa and background. FiguBs(a)
shows that the global average of all corrections is withth1 hPa. This number is much smaller than the RMS
of observation minus background departures, which are in the rargbRPa-according to Figurgg(a). The
figure also shows that the global estimates of mean bias are nearly comstimiuibe stream boundary of 1920,
but there are visible discontinuities in 1940, and less so in 1980 and 2000.

One additional diagnostic is to consider the global RMS of the bias correcfidre larger the RMS, the more
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Figure 36: Timeseries of monthly mean observation biasemtion of surface pressure
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Figure 37: Mean observation bias correction of surface pras, for selected years. For a fair representation, in each
map, the sizes of the symbols reflect the number of obseamgadioa given point (locations marked with dots indicate
fewer observations than at the locations marked with lasgprares)

work is done by the bias correction scheme, globally. Fi@&e) shows that the global monthly RMS of the
bias corrections is around 1.5 hPa in the first production stream (0.9 hPR& limmst production stream). These
numbers are much smaller than the global RMS of the analysis incrementestngdhat the surface pressure
information extracted by ERA-20C from observations is mapped for the paosinto updates of the analysis
state, whereas a smaller portion is mapped into updates of the bias corr@ftioportance, the convergence
of the bias correction estimates seems to only happen between 2 and 4fierattseadbeginning of each run.
Note, the production plan, laid out earlier, envisaged a 2-year oveelayekn the streams, with only 1 year of
spin-up. The preliminary results discussed here suggest that it woadvigable to reduce the response time
of the surface pressure variational bias correction in a repeat of HRA

Because it appears that the bias corrections are not yet stable in thEdotaction years of each stream, we
now consider a series of years more into the production. F@jt(e shows a map of the mean surface pressure
bias corrections for the year 1906. Because the amount of obsesvatonvary considerably from one grid-
point to the next, some points could appear unfairly represented. Intordeoid this, we use different symbol
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Figure 38: Mean surface air temperature observation minnalgsis departures over open ocean, for selected years
(rows 1 to 6), and as a function of time of day (columns (a) Jodrtered by increasing observation time with respect to
the beginning of the assimilation window at 9 UTC). Note thate observations are not assimilated

sizes so that, in each map, the dot sizes depend on the relative obseavationt. In 1906, we note large areas
in the Southern Oceans with negative corrections; this is probably betaeisame, few, ships reported from
these tracks. As the number of reporting platforms increases over theygghe maps appear less structured,
with a mix of positive and negative values, of smaller intensity. This is consigtiéim Figure 36(b) which
shows that the bias corrections in the later streams present smaller RMSdbarirtlthe earlier streams.

5.5 Fitto withheld or independent observations

The ICOADS 2.5.1 observational input dataset contains more geophyaicbles than just surface pressure
and wind. It also contains, in particular, air surface temperature. Asahgervations are submitted for assim-
ilation, they are compared with the background, before being rejectecetylabklist. After the assimilation
is complete, these observations are also compared with the analysis statesdiirg background and analy-
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Figure 39: Mean surface air temperature observation min&AHnterim analysis departures over open ocean, for the
first day of each month in the year 1980 as a function of timegf(dolumns (a) to (d), ordered by increasing observation
time with respect to the beginning of the assimilation wim@b9 UTC). Note that these observations were not assindilate

sis departures to observation are saved in the observation feedbhtleaConsequently, the ERA-20C OFA
contains an air surface temperature verification dataset, using indepebdervations that are not assimilated.
Figure 38 shows average differences between ICOADS 2.5.1 air surface tetmpeasmd ERA-20C analyses,
for selected years, as a function of time of day, considering only locatibese the model land-sea mask in-
dicates open ocean (land fraction less than 1%). This restriction is applpedvent considering observations
that may have been reported at incorrect locations over land, and asoitbconsidering locations that are
actually over ocean but appear over land at the ERA-20C coarsehtaizesolution. The mean differences
are mostly within+=1 K (green areas). We also note a large pattern of yellow to red deparinostly visible

in the tropical belt. This pattern is centred aroufiddhgitude at 12 UTC. It travels westward during the day.
This indicates that at the local noon air surface observations oven aceavarmer than ERA-20C. This could
either reflect an observation bias, as the measuring platforms are hgdtezldun, and the thermometers are
more influenced by the platform’s temperature than solely by the air. It césbdbe a model bias, with an
insufficient representation of the diurnal cycle, underestimating the daynmuian temperature.

For comparison, Figur89 shows similar quantities for the year 1980, but from the ERA-Interim ofbsien
feedback where air surface temperatures above oceans weresimoilated. Note, because the ERA-Interim
observation feedback is much more difficult to access than that of EFRCA:&6 had to restrict the map to only
consider data from the first day of each month in the year 1980. Coastygithe comparison between Fig-
ures38and39is with respect to a different pool of observations, even though a feagéon of ICOADS 2.5.1
observations may already have been among the observations availaBRAeanterim. In any case, we also
find, based on Figurg9, that there is a warm temperature bias, when compared to ERA-Interimsanafpr
observations over ocean at the local noon. Because the model visrgjoite different between ERA-Interim
and ERA-20C, this result points to a problem of warm bias in temperatuen@imns reported around mid-
day from ships.

Figure40 shows that the RMS of differences between ICOADS 2.5.1 air surfaceetatopes and ERA-20C
is usually less than 2 K, except for a large set of differences in 198i3.cbrresponds somewhat with another
feature shown in Figura8, row (5), with a pool of cold biases in the year 1980.

Separating the observational data that form ICOADS 2.5.1 by collectiomlispéay in Table2 observational
statistics from each collection for the tropical latitude band. We expect i®region a fairly low variability

in terms of temperature, as compared to global statistics. One collection, ‘N@TCICWorld Ocean Database
(WOD, and formerly World Ocean Atlas, WOA)’, stands out from the athas presenting the lowest average
temperature and the largest variability. Other collections, such as ‘US NatiteS for Environmental Pred.
(NCEP) Ship Data’ and ‘US Air Force Global Weather Central (GWQ)ntain data with larger variability
than in the other collections. Removing these three collections from the compavith ERA-20C, we show
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ICOADS 2.5.1 collection Observation statistics
Number Name Count | Mean | Std. dev.
145 PMEL (Daily) Equatorial Moorings and Island Stations 306 298.3K| 24K
223 UK Met. Office Main Marine Data Bank Selected Ships 41 299.8K| 2.2K
229 UK Met. Office Main Marine Data Bank British Navy Ships 79 3009K| 14K
254 UK Met. Office Main Marine Data Bank Int. Maritime Met. (IMM) 5,640 | 299.8 K| 2.3K
data (foreign or unknown origin)
732 Russian Marine Met. Data Set (MORMET) received at NCAR 20,298 | 300.1 K| 3.6K
735 Russian Research Vessel digitization 11,239 | 3004 K| 1.8K
761 Japanese Whaling Ship Data (CDMP/MIT digitization) 11 300.6 K| 2.6K
780 NODC/OCL World Ocean Database (WOD) 6,675 | 277.2K| 109K
(and formerly World Ocean Atlas, WOA)
849 First GARP Global Experiment (FGGE) 87 2995K| 43K
850 German FGGE 40 300.0K| 2.2K
888 US Air Force Global Weather Central (GWC) 12,173 | 299.4K| 5.7K
889 Autodin (US Dept. of Defense Automated Digital Network) | 5,345 | 300.4 K| 4.3K
892 US Natl. Centers for Environmental Pred. (NCEP) Ship Datg 62,301 | 299.7K| 5.6K
900 Australian 27 300.2K| 1.8K
926 International Maritime Meteorological (IMM) Data 128,127| 299.9K| 24K
927 International Marine (US- or foreign-keyed ship data) 40,008 | 300.1 K| 2.6K

Table 2: Summary of ICOADS 2.5.1 air surface temperatura daailable for year 1980 in the region 26-2GN

in Figure40the RMS of differences between ICOADS 2.5.1 air surface temperatnceERA-20C. We find
that now the RMS is less than 2 K in 1980. This short discussion illustrates thartampe of keeping the
traceability to the original record sources within the observation feedbEuk will assist its exploitation by
users, and enable future improvements to the input dataset so that eitbausies of errors are found, or the
data are flagged appropriately.

5.6 Case studies: Great Storm of 1987, Europe and Great Blizzdrof 1899, U.S.A.

Two case studies are investigated in this report: an extreme low pressteensand an extreme high pressure
system. On 16 October 1987, a storm hit Southern England and Frauseng great damage, and with little
forecast notice regarding the storm location (Morris and Gadd, 19883%. meteorological case is sometimes
seen as a tracker for improvement in representation of extreme weatveebggenerations of reanalyses (Dee
et al, 2011). Figure42 shows the short-term ECMWF operational forecasts for 16 Octobef, TBBUTC.
Note, 48-hour and 24-hour forecasts are missing, because at the tie€EWM®/F operations only ran daily
at 12 UTC. During the hours preceding the storm, the operational feisecantain information about a great
storm in preparation, possibly over Scotland, but the location is not ¢densisetween the forecasts. Even
12 hours before the event, the storm location is a few hundred kilometesfeam its analysed position. The
ERA-15 reanalysis (same horizontal resolution as operations in 198t 280 km) and the ERA-40 reanalysis
(horizontal resolution 125 km) show improved forecasts at 24 houtsybyet far from the analyses. The ERA-
Interim reanalysis (horizontal resolution 80 km) and the ERA-20C reaisa{irorizontal resolution 125 km)
24-hour forecasts appear as the best of the lot shown here. The BRAR0C 24-hour forecast is actually
the closest to the analysis, both in location and intensity, 1 hPa deeper thamERmM. The 48-hour forecast
from ERA-20C also appears more accurate than the other products stese, even though the low is not
deep enough and located too much South. We remind that all the produ@stfath ERA-20C) assimilated
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Figure 40: RMS of surface air temperature observation miaoalysis departures over open ocean, for selected years
(rows 1 to 6). Note that these observations are not assiedlat

(a) RMS O-A [K] 1900 (b) RMS O-A [K] 1920 (c) RMS O-A [K] 1940
120°W 60°W 0°E EIO"E 120°E 120°W 60°W. 0°E 60°E 120°E 120°W 60°W. 0°E 60°E 120°E
60°N G <460°N 60°N H60°N 60°N [oagmme s
30°N E g“ ...... 30°N 30°N % _@m 3= JEEEE 30°N 30°N = ~ \. 30°N
A" e «ﬁm o o R %‘ﬁ&ﬁé@ o TR ik .
sl D . %%‘lﬁ&‘ﬁﬁ%w@ e %ﬁ‘l’%&" -
60°" :E ------ °S 60°S °S 60°S o -==-== 60°S

(d) RMS O-A [K] 1960 () RMS O-A [K] 1980 (f) RMS O-A [K] 2000

120°W

Figure 41: Same as Figurd0 but excluding three collections on the basis of observaliatatistics, to illustrate the
importance of tracing to original sources. See text.
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(a) ERA-20C analysis (b) NOAA 20CR analysis

1056
/ NS
S «32/\ )Oya ]
1 %//s‘\/ X V?
10

2e01

/—_/VZE
/015
//100
N ‘
\QV

1057 %& 1040

8

—

ol

—=
o
=
©

A 7
D

18 g _—
1012
1019 N N4
1017 O\ = 3 1015

Figure 43: Maps of mean sea level pressure for 11 Februan®182 UTC.

[ 1024

upper-air and satellite observations.

The ERA-20C ensemble mean analysis is not as deep as ERA-Interim, aPa6astead of 960 hPa, while the
estimate from hand-drawn analyses at the time was around 953 hPa. ¢tptlue\ensemble spread in ERA-20C
(shown with a colour shading in Figud®) indicates locally larger uncertainties in the vicinity of the storm,
whereas the ERA-Interim product comes without any metrics of uncertdimtyindsight, the performance of
ERA-20C for this case echoes Detal (2011) who concluded from their evaluation of ERA-Interim for this
same meteorological case thegsults could perhaps be further improved by using a better repretentaf
flow-dependent background errors’

In the first half of February 1899, the East Coast of the U.S.A. waifl by extremely low temperatures,
as far South as Florida (Kociet al,, 1988). This time period is at the very beginning of ERA-20C, before
all the components of the ERA-20C system were fully spun-up. Yet thigigee an interesting case of an
extreme high pressure system. FigdBshows the situation as analysed by ERA-20C and NOAA 20CR for 11
February 1899 at 12 UTC. The two reanalyses shown here useokaipptely the same input surface pressure
observations from ISPD, although NOAA 20CR used version 2.2 wheE®A-20C uses version 3.2.6. In
addition, ERA-20C assimilates wind observations, but over ocean onljhance not over the Continental
U.S.A. However, as discussed earlier, the two reanalyses used fergdifapproaches in the analysis schemes.
In spite of this, both reanalysis products suggest a high pressurensgét®056—1057 hPa located around
coordinates 49\ 105°W. The 1 hPa difference in local maximum intensity between the two reanasysesill,

but in ERA-20C the maximum is located approximately 200 km North of the maximunOAAN20CR. A
close inspection of Figure 2 in the work of Koaéh al (1988) for the map valid at 13 UTC (hence with a one-
hour offset) indicates that the two reanalyses are both very close to tidednawn analysis, even though the
hand-drawn analysis suggests a somehow higher maximum at 1060 hifeat e reminded that for ERA-20C
these maps are the product of only 6 weeks of reanalysis integratiordstante inaccurate initial conditions
for 1 January 1899 €., ERA-Interim analysis valid for 1 January 1989) and without a yet fullyngcsurface
pressure bias correction.

In their work, Kocinet al(1988) proceed from observations reports from the US WeatheraBuaad from
marine observations from NCDC. Since the only regular reporting netamr&rs the land domain, the anal-
ysis of observations by Kociat al(1988) is limited to the Continental U.S.A. The fields produced by global
reanalyses can be used to construct a picture of the Northern henaisptoedation during these two weeks.
Figure44 and45 show that during that time period, according to NOAA 20CR and ERA-2@@alkyses, the
Northern Hemisphere saw a nearly stationary wave-2 pattern, with highshe/U.S.A. and Siberia, and lows
over the North Atlantic and North Pacific. The highs and lows that develoirstationary wave are intense.
In particular, the Atlantic Ocean sees a low pressure system remain nididyary for two weeks; this co-
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Figure 44: Maps of mean sea level pressure from NOAA 20CRhdrisemean, all valid at 00 UTC
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Figure 45: Same as Figuré4, but from ERA-20C ensemble mean
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Figure 46: Mean zonal differences between consecutive BRAproduction streams, as a function of time within the
overlap time periods. Row (1) shows mean differences batamayses of mean sea level pressure, row (2) shows mean
differences between analyses of temperature for the medelsl 78—91 or approximately 850-1015 hPa, and row (3)
shows mean differences for the model levels 38—49 or appaigly 100-200 hPa

incides with an article published on 16 February 1899, reporting serifficutiies from ships arriving in the
New-York harbour (New York Times, 1899). This meteorological casanoextreme high pressure system,
although briefly discussed here, illustrates the value of placing histoxitahee events in the context of global
circulation to help understand them.

5.7 Match between consecutive production streams and compaon with ERA-Interim

At the time of writing, ERA-20C production streams 1, 2, 3, and 5 are comphtteam 6 is stopped in mid-

September 2009, waiting for an extension of HadISST2.1.0.0 for datesaftesr Stream 4 is completing the
year 1960. As can be inferred from the production layout shown inrEigjtthis means that 4 of the 5 intended
2-year overlaps are complete, namely for the years 1919-1920, 1988-1979-1980, and 1999-2000.

The first evaluation of these overlap time periods concerns the bousdarianuary 1st. Row (1) in Figu4é
shows the mean zonal differences between mean sea level presalysearfrom two consecutive streams,
computed in 10 latitude bins as a function of time (showing 7-day averages), for the 4apvéme periods
completed so far. The differences on January 1st 1920 (1940, 2080, respectively) are a measure of the
discontinuities between two streams. In the first two overlaps we see thagfolatitudes (above 60n either
hemisphere) the differences typically exceed 2.5 hPa. In these regitesating patterns of negative and
positive differences suggest that consecutive streams may placdea¢wiftimes the low and high pressure
systems in these regions. This is consistent with the weak observatiorstiaints in the early part of the
20th century for those regions and points to regions where recoveagdifional observations would be of
high value to improve the quality of the reanalysis product. For regions lbeatatitudes 305—60N, smaller
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Figure 47: Same as Figuré6, but showing RMS instead of mean differences

mean differences are found, sometimes withid.3 hPa but always withit-1 hPa. In the last two overlaps
we find mean differences that are always withi@.3 hPa in the whole Northern Hemisphere and Tropics, and
usually within+1 hPa in the Southern Hemisphere high latitudes.

Row (2) shows comparisons between consecutive streams for antdyseeratures at the model levels closest
to the surface (model level numbers 78-91, or approximately 850-1@4p Mhe discontinuities are much
smaller in recent years, withit0.3 K mean differences in the year 2000 in large parts of the Northern Hemi-
sphere. In the first part of the century the discontinuities can be lavgeasionally as much as2.5 K, but
otherwise withint1 K.

Row (3) shows that for the levels near the tropopause (model level marBBe49, or approximately 100—
200 hPa) the streams do not agree well in the mean, with differences tygcallpd+2.5-5 K.

In an attempt to consider not only the instantaneous discontinuities (meaifés) but also discontinuities
in the representation of weather patterns, row (1) in Figitehows the RMS of differences between mean
sea level pressure analyses from two consecutive streams, in the ashienfas Figurd6. In the first two
overlaps, we see that small differences (within 2 hPa) are only foundeifitbpics. Elsewhere, the RMS
differences exceed 3 hPa, up to 20—30 hPa in the Southern high latitndles.last two overlaps we find RMS
differences within 2 hPa in the whole Northern Hemisphere and Tropicsuanally within 7.5 hPa in the
Southern Hemisphere.

Row (2) shows RMS differences between analysed temperatures aeartace (model levels number 78-91,
or approximately 850-1015 hPa). There again the quality of the overlapdls greater in recent years (within
1 K RMS in the year 2000 in most of the Northern Hemisphere) than in the &rstop the century (usually
around 2-3 K RMS at mid-latitudes, and 3-5 K RMS at high latitudes). Althdhgke differences are no
direct measures of accuracy, such qualitative conclusions are in lineexpérctations; as more observations
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Figure 48: Monthly statistics for observations assimithie ERA-20C production streams, focusing on the common

years analysed by consecutive streams. Shading showsgaédatween two consecutive streams (the smaller the area,
the better the quality of the overlap). Row (1) shows the mfasien count, row (2) shows the RMS of observation minus

background departures, and row (3) shows the RMS of observatinus analysis departures

are assimilated, the analyses are more constrained in the timing of synoptis, @rehhave fewer chances of
adopting different solutions (note, similar analysis solutions in two streanssraémply that these solutions
are necessarily correct, as they could both be similarly wrong and in gartisiased). In areas which are
notoriously unobserved, such as the Southern high latitudes pre-Warlt \Mhe differences between analyses
in consecutive streams are the largest, which is consistent with greatatainties there.

Last, row (3) shows that for the levels near the tropopause the qualite @vigrlaps is poor at all times with
RMS differences generally above 5 K, except in the Tropics owing torloatural variability. The differences
are particularly large in the high latitudes polar winters, probably becaegsosition of the polar vortex then
is not known well and different streams give different solutions. Ths well with the initial discussion in
introduction where we give initial indications that a reanalysis assimilating amfgce observations may not
generate realistic products in the stratosphere in the absence of additisealational or model constraints.

Assessing the agreement between consecutive streams can alsadzbagrin observation space. Figuté

shows monthly statistics for assimilated observations in each production ste@anated in large geographical
regions (Southern and Northern extratropics) and by geophysidabl@ (pressure and wind). In each plot,
the thick line shows statistics for the stream started 20 years before thestiates. The shading shows the
area between similar statistics for consecutive streams. Columns (a) to (@)figute show the overlap time
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periods completed so far.

Row (1) in Figure48 shows that consecutive streams use nearly exactly the same numbenuliaésd ob-
servations. Row (2) shows that the RMS of observation minus backdmeartures for surface pressure are
larger for the new streams in the first year of production and conveithéwve year to statistics found for the
preceding streams. For wind, the situation is somehow different with aim&gantaneous convergence, except
maybe for the first overlap year in 1919. This suggests that the prodwgitams have a longer memory for
pressure than wind, probably because of the variational bias comeqtiied to surface pressure observations,
which has a slow update time as indicated earlier. Generally, consecutaestare nearly indistinguishable
in the second years of the overlaps in terms of observation minus backgstatistics.

Row (3) in Figure48 shows that the RMS of observation minus analysis departures is very sirailaedn
two consecutive streams for wind, but isn’t as close for pressurdaciy we observe, in all overlaps, that
preceding streams have smaller pressure residuals in the beginning geah¢hnew streams (because the
initial conditions of the new stream are not as good, this is expected). \ovadter about 9 months, the new
streams present systematically smaller pressure residuals than the pyestestims. This indicates that the
new streams are able to fit the surface pressure observations bettietpaeceding streams after a given point.
This is consistent with the design of the variational bias correction fosprebservations: the adjustments
become gradually stiffer over time.

Figure49 shows temperature anomalies in ERA-20C and in ERA-Interim betweenryal®i#9 and August
2009, computed from 6-hourly analyses and averaged to 14-daljtiesdfor plotting. The anomalies are
computed by subtracting from each product its own monthly climatology, cédcltaver the whole time period
considered here. The row (1) shows that global anomalies are moeeediffat 850 hPa than they are at
1000 hPa. In both cases however, the temperature trends in ERA-28€CHdim those of ERA-Interim (ERA-
20C showing a greater global warming then ERA-Interim). From the zdo& phown in rows (2)—(6), one
notes that the temperature anomalies are most similar over the Northern @ktsgtboit differ significantly in
areas where the observational constraint in ERA-20C is weak, sutle dsopics and the Southern latitudes.
This figure suggests that trends that can be derived from ERA-20Qowiliably be close to ERA-Interim
(i.e.,realistic) only in areas which are consistently observed: near the swafatin the Northern extratropics
latitudes only. Everywhere else, one should not expect to find caeeygierature trends in ERA-20C unless
further investigation demonstrates otherwise.

6 Conclusions and issues

The ECMWEF pilot reanalysis of the 20th-century assimilating surface easens only (ERA-20C) attempts
to reconstruct the weather history between years 1900 and 2010,au$0ygnember ensemble of 24-hour 4D-
Var analyses. The horizontal resolution is approximately 125 km (sam&As4B, with analysis increments
at horizontal resolution 210 km). A variational bias correction of s@rfa@ssure observations is applied. A
novel method updates the background error covariances, so asésarpchanges in background quality that
result from an increase in observation coverage over time.

During the century, the numbers of surface pressure and wind @beers from ISPD 3.2.6 and ICOADS 2.5.1
increase approximately by a factor 50 in both hemispheres. Over time, thistiesa reduced ensemble spread,
an improved fit of the background to observations, and reduced @algsements. The magnitudes of the
bias corrections decrease over time, which could result from improwezhedition quality (reduced observation
biases). Between 1900 and 2010, the ensemble spread for 3-hecasts decreases from around 1 hPa in the
Tropics and Europe and 15 hPa in the Southern oceans and high-latidudeger 1 hPa for most of the globe,
except the Southern Oceans, where it remains above 3 hPa (evesenidimes, the largest spread is observed
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Figure 49: Global (row (1)) and zonal (rows (2)—(6)) anoneaiin temperature at 1000 hPa (column (a)) and 850 hPa
(column (b))
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in the Southern Pacific). In parallel, the RMS of observation minus baokgrdepartures for surface pressure
drops from 4-5 hPa to around 2 hPa. The global RMS of analysis mirakgimaind increments decreases
from 3 to 2 hPa. The global RMS of bias corrections drops from 1.5 toPa8 Rrom several metrics, it seems
that the improvement in product quality in not as smooth as the increase irvatise numbers, but sees a
step around the 1950s. The quality of the Southern hemisphere reabiostin the 1960s matches that of the
Northern hemisphere in 1900. Because of an unequal geographg=hational coverage for surface pressure
and wind, the Southern hemisphere quality lags behind the Northern hem@gpladity at all times. However,
in the recent years, even though the observation numbers continuegasedn both hemispheres, the quality
of the Southern (Northern) hemisphere reconstruction keeps (stopsvimg. This levelling-off effect in
the Northern hemisphere probably suggests that the ERA-20C analggssis unable to extract additional
information from additional surface pressure and wind observatiosisgoaertain point, in the current data
assimilation configuration.

The 10 different realisations produced by ERA-20C represent thteatitempt in ECMWF reanalyses to pro-
vide users with a useful estimate of uncertainty. The true level of uncgrznnot be assumed as equal to the
ensemble spread, but relative variations between ensemble sprgadver time, or in space) appear qualita-
tively meaningful as illustrated in this report. Even though the ensemble siatherismall at this point, it is
expected that user feedback and research on downstream app$idasad on ERA-20C will help improve the
value of probabilistic reanalysis products. It should be recogniseudever, that the underlying observational
uncertainties of the early 20th century are fundamentally unknown anthe accurately estimated by any
data assimilation methodology.

The production speed of ERA-20C, averaging between 20 and 48lysad days per elapsed day of production
stream, was found to be mostly affected by non-related upgrades niepdeel operational NWP computing
environment. Should such production be repeated in a sustained mode/dt bemefit to run in a somehow
separate non-changing computing environment.

In terms of meteorology, the quality of the ERA-20C 3- to 4-day forecastgeopotential height at 500 hPa
are comparable to that of ERA-Interim at day 7 in 2004. Preliminary invegiigmindicate that the ERA-20C
dataset represents with some fidelity a well-known case of an extreme lggaupeesystem. This case is the
great storm of October 1987, regularly assess@dsterioriin new reanalysis projects. The 24-hour forecast
of ERA-20C for that storm is much improved compared to ERA-40 and tipesaat the time, and comparable
if not better than ERA-Interim, although ERA-20C uses only surfacerghtens. Another extreme case, for
an unusually large high pressure system associated with the U.S. EastBlpzard of February 1899 is also
briefly studied. Although formally before the beginning of the target time pesfceRA-20C, in the first 4 to

6 weeks of the production for the year 1899, the ERA-20C reconstruatjcees fairly well with NOAA 20CR
reanalysis and hand-drawn analysis of Koeiral(1988). Furthermore, this case shows that there is possibly a
connection between this extreme high pressure system and the unusdaidider over the Atlantic in the
first 2 weeks of February. A planetary wave-2 patter is nearly statidoa2 weeks. This second case study
suggests some ability of ERA-20C to also represent high extremes in eldssmeas.

Although a similar concept is part of the design of the NOAA 20CR ensematebgsis (Compet al,, 2011),
the ERA-20C reanalysis uses for the first time in ECMWF reanalyses diké @CMWF NWP operations (as
of 2012) a set of self-updating background error covariances. ifiportance of adjusting these covariances
is found to be significant on forecast scores (this result is from alu&ian conducted for the year 2004).
Over time, the background errors estimated by ERA-20C become smaller intatigand in their horizontal
extent. In other terms, the ERA-20C system employs observations in theyearly of the century to correct
large-scale errors in the background, while at the end it employs manyabseevations which allow to correct
for smaller-scale errors, in many more locations.

54 ERA Report Series No. 14



ERA-20C Data Assimilation System and Initial Evaluation EECMWF

In a planned rerun of ERA-20C, the following points need to be addiesske first-guess check limits of
ERA-20C, at 18 times the expected error, would need to be reducedhalgyolO times the expected error.
This would reduce occurrences of assimilation of surface pressger\@tions affected by gross errors. The
variational bias correction is found to evolve very slowly in the first yeamd to stabilise only between years 2
and 4 of each stream. The surface pressure observation erroifsespfor land stations (ships) would need to
evolve in time, as suggested by several statistical metrics in this report, féoniPa (2.0 hPa) at the beginning
of the century to 0.8 hPa (1.2 hPa) in the years 2000s, instead of therdcastamed error of 1.1 hPa (1.5 hPa)
that was employed at all times. The CTD/XCTD/MBT/XBT reports seem to cotaager errors in terms of
surface pressure than other report types and this would need exglagfiore repeating assimilation of these
data in a future reanalysis. Regarding near-surface wind, the shipvaltion errors are larger than assumed
(1.5 m/s), at least around 2.0 m/s, or probably even more as the reptesemss error seems to be significant
at the low horizontal resolution considered for the increments. The bawaid error estimation currently uses
a past sample of 90 days. This causes the background error c@eaéstimates to lag behind seasonally and
also to probably miss the seasonal extrema. Using a larger ensemble sidaidau to reduce the sample size
for background estimation and track better the errors in the reanalysigroand over time. This, combined
with modified specifications of observation errors as suggested held weny likely reduce the differences
between predicted and observed RMS of observation departures.

Because of the long experimental setup and the computing costs of the @RpAr8ductions, choices had to
be made regarding model settings, sacrificing sometimes quality to cost. Thetmustep was set at 1 hour,
although it would have been more accurate to use 30 minutes. This halving fdtiuction cost in real terms
has the bad consequence of introducing a lag in the atmospheric tides, watlee?vpattern of=1 hPa error,
visible on maps of analysis increments and fits to surface pressure atises\before assimilation.

The model biases alias into the ERA-20C upper-air temperature produbes\eriational analysis spreads the
analysis increments vertically. Combined with a changing observation @mdieese temperature increments
are displaced vertically over time, with an increasing amplitude so as to prailmdar net corrections in
terms of surface pressure model bias. Consequently, the ERA-20€-ajpproducts are affected by spurious
trends. Overall, the ERA-20C trends in the stratosphere are likely of lne vahile those in the troposphere
are only probably realistic in well-constrained regions, namely near thacguin the Northern Hemisphere
extratropics. Everywhere else, the trends from ERA-20C should eabhsidered as realistic unless shown
otherwise, and any slow evolution noted in the products should be intestprétedue caution before drawing
firm conclusions.

Overall, we find indications that the online update of background errar@nces is qualitatively working as
intended. The lessons learnt from the automatic update of backgrororccevariances give confidence that
the scheme employed for this estimation is stable. This is expected to benefit EQWWP operations in
the short term. For a climate reanalysis application, one aspect that waddiedicated attention is how to
restrict the propagation of increments in unobserved areas. For exahwleertical localisation employed in
ensemble Kalman filter systems is not readily available in a variational systet sbutlar concept could be
explored.

In terms of observations, the ERA-20C reanalysis uses for the first timelkbervation feedback archive
(OFA) developed for ERA-CLIM. This report illustrates the value of maiitey a traceability to original
observations in the OFA, showing an example of air temperatures in the 98ar Also, the importance of
data recovery is illustrated by pointing out to data collections that bring in tsteoliservations of the high-
latitude Southern Oceans. After the point when these observationssarelaied, the quality of the Southern
hemisphere reconstructions are much improved, according to the fit beb&ekground and observations.

As of writing, the ERA-20C production is about complete, except for gkupentary year of production in
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1960, intended to evaluate overlap quality between two streams. The foregert shows that the overlaps
achieved by completed consecutive streams are as expected in thetiomo@lan by allowing for a one-year
spin-up time. We find indistinguishable statistics for the observation minus lmaaokdjdepartures in the second
year of each seam. We also observe a greater memory of the systemffotdiseirface pressure observations,
owing to the design of the variational bias correction.

The agreement between consecutive streams is better overall in thel gerof the century. In 1980 and
2000, the differences in the Northern Hemisphere between analyshscpobby consecutive streams for mean
sea level pressure are withirD.3 hPa in the mean and 2 hPa RMS (for lower tropospheric temperatures: 1 K
mean and 2 K RMS). By contrast, these numbers in 1920 and 1940 aresabdiPa in the mean and 7.5 hPa
RMS (for lower tropospheric temperatures: 2.5 K mean and 5 K RMS). IrSthehern Hemisphere, the
corresponding numbers are higher but there also we observe reduotier time as the observation coverage
improves. In the upper tropospheric/lower stratospheric levels (1@0kR8Q), the large differences between
consecutive streams confirm that these levels are not constraineddgesobservations. The analyses at such
levels represent thus more the model variability and should be used withreautio

For future reference, TabRlists the issues to be addressed in a rerun of the ERA-20C control.
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