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ERA-20C Deterministic ECMWF

Abstract

The ERA-20C deterministic reanalysis resolves severaksédentified in the earlier ERA-20C ensemble
reanalysis. Foremost, it produces more realistic climagads, thanks to background error correlations
from the ECMWEF operational system, instead of ones genetstéioe ERA-20C ensemble. However, this
setup brings also an unwanted consequence, slightly degrétte weather analyses, owing to the use of
background error structure functions that were not tunedigipally to the surface-only observing system.
The observation quality controls are also generally impdoas compared to ERA-20C ensemble, except
for the tropical cyclone bogus observations, which aredigreejected in both ERA-20C reanalyses.

The present report shows that the inter-annual variatofitptal column water vapor over tropical ocean is
better represented by ERA-20C than by ERA-Interim and by-H#RAusing HOAPS and RSS observational
products as references. The time evolution of the totalmolezone over northern high latitudes is also
found to be realistic, as compared to the Multi-Sensor Rgaisa(MSR-2) observational product for the
years 1979-2008, and of better quality there than the motigiiation ERA-20CM. Assimilating enough
surface pressure observations may be sufficient to profmréte the polar vortex and represent correctly
the distribution of stratospheric ozon& the model dynamics and radiation. The report also proposes a
simple but robust way of quantifying our ability to assesmate change within the reanalysis context, by
considering the analysis increments in the space of atneogpiotal energy change.

Regarding the general circulation, based on several rmeERA-20C deterministic appears adequate in the
Northern hemisphere mostly after World War 11. In the SouatHeemisphere, the quality of the circulation is
much more doubtful until the late 1980s (which coincideswaitwider deployment of drifting buoys). This
is supported by several metrics, as well as the inter-anraralbility of total column ozone.

As the ERA-20C deterministic reanalysis only provides glemealisation, the use of the spread between
the various members of the earlier ERA-20C ensemble praxuist explored as a proxy for estimating un-
certainties. For two-metre temperature, the ensembladpnay be used to assess uncertainties in synoptic
weather charts, but not uncertainties related to climate-scales (the spread between monthly means is
probably too small to be realistic). This is not surprisirgause, except for the SST forcing, all sources of
uncertainties were prescribed with a short memory and ne-tiotrelation. During the course of the cen-
tury, the ensemble spread in two-metre temperature dexseaghe corresponding intra-monthly variability
increases. Comparing with similar metrics from the modtddgration ERA-20CM, this result is explained
by the assimilation of synoptic weather observations.

For a future repeat of a 20th century reanalysis at ECMWF,rakleads for improvement are proposed
in the report. Most are related to the observation data lragndOtherwise, for further improvements, the
report indicates that in most cases the barriers to impgowiimr knowledge of the 20th century weather lie
with the availability of observations.
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1 Introduction and rationale for this deterministic production

In 2011, the European Union funded a project calledopean Reanalysis of Global Climate Observations
(ERA-CLIM), lead by D. Dee. This project enabled the first productioi&urope of a reanalysis of the 20th
century weather. Conceptually similar to that of Congtal. (2011), this reanalysis used an ensemble and
only assimilated surface observations, as documented in ERA Repors $4r{Poliet al., 2013). This effort
was part of a comprehensive strategy to develop European capabilitynitomall components of the climate,
going back as far as possible in time as allowed by the instrumental recdrtiriaging together observations
of the various spheres of the Earth system, including the atmosphere gitue, tioe terrestrial component, the
cryosphere, and the biosphere (B=al, 2014).

This initial production is hereafter referred to as the ERA-20C ensembeERA Report Series 14 (Pat

al., 2013) for a comprehensive report). The aim was to produce a glizttaset covering the 20th century
with the following features: (1) representing with fidelity the global weat{®rreproducing the evolution of
the global climate, and (3) providing a measure of uncertainty in the formtef-anember ensemble. The
aforementioned report, referenced as RS14 in the remainder of thenpreport, indicates that the goals (1)
and (3) were reasonably met in the troposphere. However, goala@jnissed in most of the troposphere and
stratosphere. The results proved that the analysis produced incresmeyt§rom the surface, destroying the
otherwise reasonable low-frequency variability of the forecast malliekf by realistic forcings, see Hersbach
et al, 2015a, for a climate model integration without data assimilation).

In retrospect, the challenge to represent properly the climate time-scatesatefrom insufficient attention
during system development to diagnose in advance the quality of the Igweiney information. The focus
on the quality of the weather maps and the ensemble spreads during systtapaent paid off, but similar
efforts should have been devoted to the problem of representing the cozdéss.

Much was learnt from this initial effort regarding the feasibility of gaugingdvance how well a reanalysis
may reproduce the climate time-scales. For example, one can use a segssmiation experiments, spread
years apart, or reduce the observing system to represent fairlyygaeh. This can help inform about the
level of confidence that one may place upon the low-frequency informafiiis can be achieved without
completing a full and continuous multi-decadal reanalysis record.

From these lessons, and also to address more minor issues identified inaR84dalysis system was assem-
bled in Autumn 2013 for a partial rerun of the initial ERA-20C productiomsidering only a single member,
hence qualified as ‘deterministic’ in the present report. This deterministituption started in December 2013
and was completed in February 2014 (under two months).

It would have been preferable to re-produce a full ensemble set, ibutluld have been too costly, while at
the same time not essential in order to address the main issue of unrealistispstesito climate trends in the
ERA-20C ensemble. Unfortunately, the uncertainty estimates could notfr®deaced again with a single-
member run. However, such estimates may still be formed from the ten-mendmmnigle spread produced
earlier. This possibility is discussed in the present report.

The document outline is the following. Section 2 explains the differenceseetihe ensemble and determin-
istic productions. Section 3 lists the ERA-20C products available to usecdiosd is an initial evaluation
of the assimilation performance. Section 5 answers partially the question ‘afithate quality’ of the prod-
ucts, discussing low-frequency variability of a few parameters. Secttisdbisses how uncertainties may be
presented to users, and what these uncertainties represent. Sectesedte known issues in the ERA-20C
deterministic product. Section 8 discusses unknowns, or major questionsrttean open. Finally, conclusions
are presented in Section 9.
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Figure 1: Mean error in semi-diurnal tide (S2) representattiof surface pressure in the background, using the analysis
as a verification, for 1 January-31 May 1901. Left: (a) 60-oimtime-step (ERA-20C ensemble member 0). Right: (b)
30-minute time-step (configuration used in ERA-20C detastit).

2 Methodology

The reanalysis presented in this report builds on the ERA-20C ensermablaysis system described in RS14.
The present report only lists differences.

Tablel lists the issues found in the ERA-20C ensemble, as documented in the last sé&®14, and provides

a summary of the solutions adopted. Differences between the two ERAyZBENEs can be grouped into the
following categories: model configuration, data handling (data selectia@iityj control, and bias correction),

data assimilation configuration, and multi-stream production.

2.1 Model configuration

The model time-step is reduced from 60 minutes to 30 minutes. RS14 indicatéwethatour time-step caused
a misrepresentation of the atmospheric tides in the ensemble. Assimilation exgsrameducted to test this
impact demonstrate that these tidal errors are reduced significantly withrtersimodel time-step. Figurk
shows that the local maxima of 1.2 hPa in the semi-diurnal tide error is redoded hPa with the reduced
time-step. Reducing this time-step also has the consequence of reduciignttare of these mis-represented
tides in the surface pressure analysis incremets (

2.2 Observation data selection and quality control

Thea priori quality control is updated to reject observations of surface pressargained in CTD, XCTD,
MBT, and XBT reports. This decision is supported by findings preseant&$14 showing that these observa-
tions present larger-than-normal observation errors. It is alsodusiipported by the unclear origin of these
measurements; such sondes do not measure atmospheric press@ssscepmeasurements reported in such
reports probably come from neighboring and possibly less well docuchsetesors.

Another modification of the quality control is the rejection of observationsopgtential (these were assimi-
lated in the ensemble). These observations of geopotential are compmurtedlfservations of surface pressure,
and typically assimilated in their place for stations located over high terrain iF®@¢ECMWF, 2013). The
reason for their rejection in ERA-20C deterministic is that these observatidfes sometimes from large
biases, and the assimilation system does not currently have a bias corsstt@me for geopotential observa-
tions. In addition, such observations, if biased, have a greater potendiakupt the large-scale flow, owing to

2 ERA Report Series No. 20
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CECMWF

Ensemble production Deterministic
Table adapted from RS14 production
Issue Nature Diagnostic Possible Solution See
no. solution adopted section
1 Analysis Vertical mean Ideally: Background 2.3
increments analysis increments Remove model error
spread vertically show slow, but large bias correlations
introducing time variations More practical: time-invariant
spurious trends Modify from ECMWF
background errors Operations
2 Background Instances of large Revise bg. check Reduced 2.2
check too obs minus background settings and bg. check
loose (18 times departures assimilated  edit blacklist to allowance
expected error) remove gross errors and introduced
and some bad by inspecting new QC to
data not rejected ERA-20C feedback remove constant
timeseries
3 Variational bias Global RMS of bias Check VarBC on first- 2.4
correction of correction converges procedure guess departures
surface pressure after 2—4 years and correct a
slower than bug in procedure
expected
4 Model bias in Geographical patterns Reduce model | Model time-step| 2.1
representation of in analysis increments time-step reduced from 60
atmospheric tides of surface pressure to 30 minutes
5 Suboptimal Desroziers diagnostics Use estimates | Found thatusing 4.5
observation and comparison between as documented | new obs. errors
errors observed and expected in this estimate requires
RMS of innovations report new ensemble
to derive new
backgd. errors
6 Large error About 2 times Understand Blacklist 2.2
estimates for that of other the cause, pressure obs
pressures from observations or blacklist from (X)CTD,
CTD/XCTD/MBT/XBT MBT, and XBT
observations
7 Background error Maximum of error in Use past and N/A
lags seasonally observed RMS future states see point 1.
innovation lags behind| from ERA-20C above
the predicted values ensemble in
future estimation

Table 1. Summary of the issues found in the ERA-20C ensenoliegtion as documented in RS14, and solutions adopted
in the ERA-20C deterministic production.
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Figure 2. Longitude (vertical axis) versus date (horizdraxis) average surface pressure analysis increment at the
beginning of the analysis window, for the latitude ban@<-010N in (a) ERA-20C ensemble member 0 and (b) ERA-20C
deterministic.

their position high in altitude.

Another problem found in the ERA-20C ensemble was the assimilation of adlyibad observations. This
was unfortunately possible because of the very loose rejection critdriiitones the expected error standard
deviation. After some testing, this limit is reduced for ERA-20C deterministic to 7 timeexpected error.
This effectively reduces the maximum acceptable observation departureriimitabout 310 hPa to about
120 hPa for pressure observations.

Last, the assimilation of bad observations in the ERA-20C ensemble was inaeazlcases to constant time-
series in the reported pressures. In the early days of automated sttisospuld be caused by a stuck pressure
sensor and insufficient monitoring and/or maintenance. However, in therdganes of human observations,
this is more likely an error in data transcription, keying, or reporting. Taeskdthis issue, a novel quality
control procedure is included in ERA-20C deterministic: pressure easens from a given station, at a given
date and time, are rejected from the assimilation if all the observations repatted a 5-day time-window
centred on the date and time of interest are constant, provided therdeast& observations within that 5-day
window. Table2 lists the ten land station with the largest numbers of data detected by this testschache
captures a problem of constant pressures reported continuouskacity 1000.10 hPa, 8847 times in 1992—
1994, by the station ‘766910’ near the Gulf of Mexico. Implementing similatityueontrols could help to
improve databases of situ observations.

Finally, a few stations are also blacklisted upon advice from Cormpprs( comm.2013): 8 stations for which
the records of surface pressure and mean-sea-level pressuméeachanged, and 1 ship for which the position
is known to be incorrect. We now know of other incorrect ship locatioBsay Analyses”, published online
http://iwww.ecmwf.int/en/research/projects/era-clim/d-day-analyses, lasssaat 2 June 2015).

2.3 Data assimilation configuration

The origin of the poor representation of climate trends away from obsengan the ERA-20C ensemble was
traced to the background error covariances computed on-the-flgeTdowariances allowed increments caused
by surface observations to propagate to unobserved areas in thetrgguesphere and even higher. After
the ERA-20C ensemble, several experiments were conducted to intreeldioal localisation of the analysis
increments; the goal was to force the background errors to decreaszaly to near-zero at some level. After

4 ERA Report Series No. 20
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CECMWF

Station ID | No. of obs.| Pressure (Pa) Start date| End date
837210 45791 94620 19510120| 19560829
836120 39061 92410 19510101| 19560718
835830 34355 100020 19510801| 19550801
821930 28464 100710 19510112| 19551210
837480 17809 100790 19550103| 19570617
765773 13951 100010 19920609| 19940630
766753 13924 100010 19920416| 19940630
309110 13048 101420 19640102| 19681229
765255 11828 100010 19920609| 19940630
362310 11696 104210 19640102| 19681229

Table 2: Top 10 of the land stations reporting constant press for some time periods.

several trials, including using the same localisation settings as Cetrgdq2011), the temperature increments
in the upper troposphere were indeed suppressed. However, fitneeeaperiments produced fully satisfactory
results; new, larger increments, appeared in the middle tropospherthesmdproved to reduce dramatically
the quality of the synoptic analyses.

The solution employed in ERA-20C deterministic is to revert to the time-invariackgvaund error covari-
ances of ECMWF operations as of 2013, and to rescale the global eesi#imerein to match the time-varying
background errors computed by the ERA-20C ensemble. The time-vamgsegling factor is shown in Fig-
ure 3. It corroborates features observed in ERA-20C ensemble, su@anasally decreasing background errors
over the course of the century, punctuated by larger errors aroentivthWorld Wars, and a faster rate of
improvement after WWII. The intra-year fluctuations summarised in Figimdicate that the global means of
background errors are the lowest in March-April, and greatest irrDeer and September. However, the vari-
ations between the years are greatest in February-March, and iowest to November. Such conclusions are
difficult to interpret as they represent the combined effect of variability gredictability over land and ocean,
as well as variations in the observing system and the method employed in th ERAnsemble to derive
background errors (which were found to be lagging seasonally, see simber 7 in Tablg)

Using this combination of background error correlations with global vadamescaled by a time-varying fac-
tor removes the unwanted temperature analysis increments in the stratosplserehe much-needed time-
variation of background variances are preserved (so the assimilatighta/¢he observations accordingly as
the background quality improves).

One notes that now the background error correlations are not defiom a poorly observed system, but
from ECMWEF Operations, and hence may not be adapted to the analymsnsgs hand. In fact, a quick
inspection of synoptic maps produced with this setup confirms a slight degmaadf the synoptic analyses
produced, as compared to the ensemble reanalysis. For example, &-ghows the analysis for the European
Great Storm of 1987, from various systems, including ECMWF operatibtie time, as well as analyses and
forecasts from the following reanalyses: ERA-15, ERA-40, ERAfInteERA-20C ensemble (ensemble mean
analysis, and member 0 forecasts), ERA-20C deterministic, and NOAA 28@¥®mble mean analysis). The
24-hour forecast from ERA-20C deterministic is quite degraded as aamhpathat from ERA-20C ensemble.
Looking at other historical weather cases indicates usually similar resoltstiown). The background errors
in ERA-20C deterministic use correlations from ECMWF operations; thesesmond to a well-observed
analysis system that routinely ingests upper-air in situ and satellite obses/atidie ERA-20C ensemble
used correlations that were fully consistent with the observations assimilR®tl4 indicates that the latter
present wider horizontal correlations lengths. Overall, this degradegsuit confirms the importance of using
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Figure 3: Timeseries of the inflation factor applied to theckground error covariances from ECMWF operations as of
2013 to match the level of background errors estimated by-E®RAensemble.
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Figure 5: Analyses and forecasts for 16 October 1987, 00 UT@or shading shown for ensemble systems (analyses
from ERA-20C ensemble and from NOAA 20CR ensembile) is tamblesspread.

background errors structure functions fit for the observing systapiayed by the assimilation.

2.4 Observation bias correction

In both ERA-20C productions, corrections for surface pressutlenagan sea level pressure are based on the
method of variational bias correction, VarBC (Dee, 2004). In this formmlabservation bias is estimated from

a (linear) bias model based on a small set of bias parameters. Data tifiedtrdo groups where observations
share the same set of bias parameters. There is one group per statimpariohg practice (sea-level, or
station-level). The bias parameters are updated variationally in the 4DsSanitation, as additional degrees
of freedom, part of the analysis control vector. The level of confidean the bias correction estimated earlier
is controlled by a term in the 4D-Var cost function that penalises for dewstimom the background bias
parameters. This also avoids potential over-fitting of the bias model.

Changes, slow and/or abrupt, result frerg.,degrading instruments, a change in instrumentation, or a change
in the station’s environment or its location. For this reason, in ERA-20C phghical station or platform
forms its own bias group in which the bias estimate can evolve independently.aBalysis cycle, only a few
observations may be found in each bias group (from zero to typically aig dr many more for Coastal-
Marine Automated Network (C-MAN) stations). The number of bias growgysapalysis window runs in the
tens of thousands, and collected over the entire century more than two millferedif stations and platforms
are identified. This is quite a different situation from operational NWP,revitypically thousands of satellite
observations all share the same group, and the number of bias groupshisawer.

The bias model in ERA-20C is the station-dependent bias estimate in préssifren this very simple local

one-dimensional bias model it is very important that the background termtitoa large, since otherwise
a large part of the signal would be taken out of the observations. Onthiee band, the background term
should also not be too stringent, since in such case the response ts brdais characteristics would be
too slow. To compromise between these two competing requirements, a breakpalysis was performed
prior to the integration of ERA-20C. It is based on 12-month moving averaf@eparture statistics from
the 20CR reanalysis. Result of this analysis is a quantity, called bias volatilitging from 0 (no likely

break) to 1 (certainly a break). It is related to the standard normal hamdge¢est (SNHT, Haimberger 2007,

ERA Report Series No. 20 7



cECMWF ERA-20C Deterministic

ERA-20C Ensemble

ERA-20C Deterministic

450-
ESSO*
éZSO(,‘NMmM/NW

* 150- — i {

1899 1904 1909 1914 1919 1924 1929 1934 1939 1944 1949 1954 1959 1964 1969 1974 1979 1984 1989 1994 1999 2004 2009
ERA-20C Ensemble ERA-20C Deterministic

60 '\?
30+
0-
.30
-60-
-90-
-120

1899 1904 1909 1914 1919 1924 1929 1934 1939 1944 1949 1954 1959 1964 1969 1974 1979 1984 1989 1994 1999 2004 2009

Mean (Pa)

Figure 6: Timeseries of RMS (top) and mean (bottom) biasembion for observations of surface pressure assimilated in
the ERA-20C ensemble member 0 and ERA-20C deterministic.

Alexandersson 1986). Details on the calculation of the bias volatility are giyélersbaclet al. (2015b), who
also address the problem of station identification when limited information on ptatfame is available (such
as ‘SHIP’ for many early maritime observations).

In the ERA-20C ensemble, the initial weight of the bias background termcivasen to be 60 days worth
of observations, corresponding to a similar response time. As long as thedaility remained below a
threshold value (0.15), each day, one day was added to this responge @rpFess an increasing confidence
in the bias estimate. However, whenever the bias volatility exceeded thisdhtgahbreak was suspected,
and the response time was reset to the initial value of 60 days. After thefthe production of ERA-20C
ensemble it soon became apparent that this bias adaptivity was much slawanticipated. After a detailed
analysis it was found that this emerged once the ensemble used its owndaaak@grror correlations. The
reason for this is unclear, but it is suspected that the longer correlatigthiehad an adverse effect on the
pre-conditioning of VarBC, leading to an incomplete optimisation of the costtiom with respect to the bias
parameters. This problem was addressed by pragmatically reducing $healoleground weight by a factor of
ten, after which the adaptivity was found to be largely improved. Later itfaasd that, for certain classes of
stations, a software bug affected the mechanism intended to respondito kies breaks. As a result for such
data the bias became less and less adaptive, and the correction schdaaieéngasore than a year to converge.

In ERA-20C deterministic these issues disappear: the software bug éctaatrand the adaptation of the bias
parameters is performed before 4D-Var on background departatesy than inside the assimilation. In this
manner any interaction with the model background is avoided, and thensstioe is controlled exactly as

desired. The response times themselves are also modified, now starting vdtreéatting to) 30 days, and

capping the response time to 90 days to avoid a too slow adaptivity. An exaonpled station is presented in

Figure 1 of Hersbachbt al. (2015b).

The final bias corrections are larger as a result (Figren spite of the 22 5-year streams, the agreements
between most mean bias corrections (especially in the recent yeargsstiggt the deterministic production
finds more appropriate mean corrections.
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Stream | Experiment Start date End date
number | identifier
1 1852 1 January 1899 31 December 1904
2 1853 1 January 1904 31 December 1909
3 1854 1 January 1909 31 December 1914
4 1855 1 January 1914 31 December 1919
5 1856 1 January 1919 31 December 1924
6 1857 1 January 1924 31 December 1929
7 1858 1 January 1929 31 December 1934
8 1859 1 January 1934 31 December 1939
9 1860 1 January 1939 31 December 1944
10 1861 1 January 1944 31 December 1949
11 1862 1 January 1949 31 December 1954
12 1863 1 January 1954 31 December 1959
13 1864 1 January 1959 31 December 1964
14 1865 1 January 1964 31 December 1969
15 1866 1 January 1969 31 December 1974
16 1867 1 January 1974 31 December 1979
17 1868 1 January 1979 31 December 1984
18 1869 1 January 1984 31 December 1989
19 1870 1 January 1989 31 December 1994
20 1871 1 January 1994 31 December 1999
21 1872 1 January 1999 31 December 2004
22 1873 1 January 2004 31 December 2010

Table 3: Streams employed for ERA-20C deterministic pridinc Experiment identifier refers to the Meteorological

Archive and Retrieval System (MARS).
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2.5 Multi-stream production

In order to achieve a fast rerun, the deterministic production employsralgdastreams, which is more than
the 6 streams of the ensemble production. The streams, shown in3ade separated by 5 years, usually
covering 6 years (except for the last one). The first year of eelrs is for spin-up. RS14 demonstrated
that a two-year overlap was not bringing much improved consistency in tefmmeteorology between the
streams; for that reason, each stream in this second production isdtagpgeon as a one-year overlap has
been completed with the following stream’s spin-up year. The ERA-20Crdatistic production started on
17 December 2003. After about two weeks of tuning to improve turnaramadsubmission of jobs on the
supercomputer, the production progressed at about 50 days/degdiorstream, and was completed in about
six weeks (February 2014), making this production the fastest of all rm&juospheric reanalyses produced so
far at ECMWEF.

Contrary to the problems encountered in the ensemble production and ddedriresection 2.6 of RS14, this
production only encountered 1 minimisation failure that required halving theshtimae-step ice., from 30 to
15 minutes): for the analysis of 21 April 2004, stream number 21, expstilmentifier 1872. This more stable
behavior is very likely due to the smaller model time-step (30 minutes, insteadnoinif@es previously for the
ensemble production).

3 Products

The ERA-20C products are available from the Meteorological Archivet Retrieval System (MARS) under
class=e2, expver=0004and from the ECMWF Public Datasets web interface

3.1 Fields

The ERA-20C fields are available at horizontal truncation T159, orcqimately 125 km resolution. There
are eight sets of products:

e invariant (constant over time),

e so-called daily (in fact available 3-hourly for most of them),

e monthly means of daily means (available monthly),

¢ synoptic monthly means (available monthly, with separate means for eachr$-synoptic hour),
e ocean wave invariant (constant over time),

e ocean wave daily (available 3-hourly),

e ocean wave monthly means of daily means (available monthly), and

e ocean wave synoptic monthly means (available monthly, with separate mea&afoB-hourly synoptic
hour).

Two types of products are available:

1Direct access to ERA-20C data is available frdrttp://apps.ecmwf.int/datasets/data/era20c-daily/
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e analysis (MARS keywordype=ar), and

o forecast type=fq.

The ocean wave products only characterize the ocean surface foeg2&ncies and 12 directions), whereas
the other products are available on various level types:

e surface (MARS keywordevtype=sfg,

e 37 pressure leveldgvtype=pl 1000, 975, 950, 925, 900, 875, 850, 825, 800, 775, 750, 78, &0,
550, 500, 450, 400, 350, 300, 250, 225, 200, 175, 150, 125,70®0, 30, 20, 10, 7, 5, 3, 2, 1 hPa),

¢ 91 model levelg (levtype=m),

e 16 potential temperature levelgytype=pt 850, 700, 600, 530, 475, 430, 395, 370, 350, 330, 320, 315,
300, 285, 275, 265 K), and

e the 2 Potential Vorticity Unit (PVU) levellévtype=py.

The parameters available for each combination of product set, type,\aiéie listed in the ECMWF Public
Datasets web interface. The daily or ocean wave daily products aretdeakoourly, except for analyses of
the following surface parameters, only available 6-hourly: sea sutéperature and ice cover, volumetric
soil water layers 1 to 4, soil temperature levels 1 to 3, 2-metre temperatunefrd-dewpoint temperature,
snow density and depth, and temperature of snow layer.

3.2 Observation feedback

The ERA-20C observation feedback (MARS keywtygde=ofh) contains all the observations input to ERA-
20C from ISPD v3.2.6(Yiret al,, 2008) and ICOADS v2.5.1(Woodrudt al., 2011). The observation feedback
attributes available are listed in Table More details about each of these attributes, and their traceability to
the input datasets, can be found in the report by Hersbaah(2015b). The native format of the archive is as
described by Kuchta (2009), but data can also be retrieved in text forma

4 Data assimilation performance

4.1 Forecast scores

Both ERA-20C productions include the daily integration of the model for dpfdrecasts. The initial con-
ditions are analyses at 00 UTC. The accuracy of those forecastseceoniputed by comparing to verifying
analyses, assuming these analyses are representative of the trutievdfowhen few observations are as-
similated,e.qg.,in remote areas at the beginning of the century, the analysis is essentidignged from the
previous background; in such case the forecasts can appear toylgoeel, because there are no observations
to pull the analyses away from the model trajectory. Figushows the forecast scores at day 3 between Jan-
uary 1900 and December 2010. The scores in the Northern Hemispbezasa in two phases, around 1945
and around 1975. By the argument given earlier, the scores in theeBoutlemisphere extratropics are not

2Model level definitions can be found at the following URbttp://www.ecmwf.int/en/where-can-i-find-ecmwf-model-level-
definitions
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MARS attributes

expver (always0001’), class (alway22), stream (alway4025, type (alway63),
andate, antime (alway®, reportype, groupid (alwayk?)

Observation type attributes

obstype@hdr, codetype@hdr, statitype@conv

Observation time and location attributes

date@hdr, time@hdr, lat@hdr, lon@hdr

Observation vertical location attributes

stalt@hdr, vertcaype @body, vertcoeferencel @body, ppcode @convody
Observation values attributes

varno@body, obsvalue @body

Observation identification attributes

source@hdr, collectiaidentifier@conv, uniquédentifier@conv,
timeseriesndex@conv, statid@hdr, seqgno@hdr

Observation environment attributes (background estimates)

Ism@modsurf, orography@modsurf, sotdevation@conv, seaice@modsurf,
t2m@modsurf, windspeed10m@modsurf, ul0m@modsurf, vIOm@modsurf
Observation quality control attributes

datumgqcflag@conbody, datumeventl@body, daturatatus@body

Data assimilation feedback attributes

biascorr@body, varhix@body, biasvolatility@body, qcpge@body, edapread@errstat,
andepar@body, fglepar@body, asensobs@body, oherror@errstat, fgerror@errstat

Table 4: List of observation feedback attributes availdioben ERA-20C. See Hersbach et al. (2015b) for more details.

meaningful until the 1960s. They are nevertheless interesting to shoaygethey appear to be relevant after
the 1960s. This means that before this date the quality of the reanalysis istbokedypoor for most of the
synoptic weather in the Southern Hemisphere extratropics. In spite of {haseay relevance, it is unclear why
the scores would continue to decrease from 1960 to 2000; either thevatises are not used properly, or the
analysis quality keeps improving, thereby giving a more accurate referdduring the 2000s we observe a
sharp increase in the scores, which is very likely due to the increase inithigem of observations from buoys.

The figure also shows scores from the ERA-20C ensemble. Thesarappee superior, but the difference
between the two is small. One may question the quality of using own analysisificatien of each reanaly-
sis. Using then ERA-Interim analyses as a reference, differenéseoe shown for a 3-month time period in
Figure8. They confirm that ERA-20C ensemble represents better the synoptihevéhan ERA-20C deter-
ministic. This may be due to the use of background error correlations in gerdre that were tuned to the
observing system coverage, whereas the deterministic production emhjblagiground error correlations that
were relevant for a 2013-type of observing system.

4.2 background and analysis departures, and bias correctio

Figure9 shows that ERA-20C deterministic has overall a slightly smaller RMS of backgrdepartures after
bias correction than ERA-20C ensemble. This comes partly from smaller nepantdres. The origin of this
improvement can be found by comparing Figut@ésand11: the bias corrections are larger in the deterministic
run. In the ensemble (Figul), the bias correction is much smaller, and leaves a residual non-zéwrband
departure, which is slowly varying and much larger than in ERA-20C detéstitinIn ERA-20C ensemble,
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Figure 7: One-year running mean of anomaly correlations 3sday forecasts of geopotential at 500 hPa issued at
00 UTC every day from 3 different reanalysis productions:AHRterim, ERA-20C ensemble member 0, and ERA-20C
deterministic. Forecasts are verified against own analyses
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Figure 8: Anomaly correlation up to 10 days for forecasts ebpotential at 500 hPa issued at 00 UTC every day from
3 different reanalysis productions (ERA-Interim, ERA-28Gemble member 0, and ERA-20C deterministic). Forecast is
verified against ERA-Interim analysis.
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Figure 9: Observation minus background (O-B) and obseorathinus analysis (O-A) RMS (top) and mean (bottom) for
observations of mean-sea-level pressure assimilated A& #HFC ensemble member 0 (ENDA) and ERA-20C deterministic
(OPER). All statistics are after bias correction.

smaller correctionsia the observation bias mean that the assimilation has to fit the observations wih larg
mean analysis increments. The larger bias corrections seen in Bijteélect the choices made in the design
of the deterministic production.

4.3 Analysis increments

Figure 12 shows mean global increments for temperature as a function of model femml the surface at
the bottom to 0.01 hPa at the top), for (a) ERA-20C ensemble and (c) ERAdBterministic. The problems
of increments ‘leaking’ in the stratosphere in the ensemble are not found mhetierministic production. The
mean increments in the deterministic production are mostly negative near thess{affound -0.2 K on average)
for model levels 91-81 (surface to about 925 hPa) and slightly poshivehelow 0.1 K) in the rest of the
troposphere (model levels 81-51 or pressure levels 925-225 hiRa)RWS presented in (b) and (d) show
that the deterministic production confines more the increments in the vertidai¢tieg them mostly to the
lower half of the troposphere (the increments are usually below 0.4 K RM&+vels 91-61 or surface to
420 hPa). The information found in the ERA-20C fields above that leveksanostly from the forecast model
and the forcings, with little direct influence from the data assimilation, exdapihe modified model trajectory
through updated atmospheric dynamics and radiation that reflect the carditialysed at the surface. The
level of maximum impact of the assimilation on temperatures seems to be aroursDth®8 pressure level
(Figure12d).

After the year 1979, the mean analysis increments can be compared withofh6B&-Interim. Figurel3
shows that, except near the surface, the mean increments of ERA-gi@hotestic are generally much smaller
than ERA-Interim. One may interpret this result as ERA-20C containingrfpweps and spurious trends than
ERA-Interim. However, one must remember that this plot first reflects therede of the assimilation of upper-
air observations in ERA-20C. The figure also shows a strong seasdndligynegative temperature increments
near the surface (this is more difficult to see on the century-long time axigofe2).
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Figure 11: Same as Figurg0, but for ERA-20C deterministic.
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(a) Mean temperature increment ERA-20C Ensemble
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Figure 12: Mean (a,c) and RMS (b,d) analysis increments athlibginning of the analysis window for temperature,
throughout the vertical and averaged monthly, for ERA-26€eenble member 0 and ERA-20C deterministic.
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(a) Mean temperature increments ERA-Interim
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Figure 13: For the years 1979-2010, mean temperature afaiperements at the beginning of the analysis window,
throughout the vertical and averaged monthly, for (a) ERfetim and (b,c) the two ERA-20C productions. (d,e,f) show
RMS.
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Figure 14: Number of observations assimilated per year ilAERC ensemble member 0 (chain lines) and ERA-20C
deterministic (solid lines), for (a) surface and mean-#&ael pressure observations and (b) wind components.

4.4 Observations assimilated

Figure 14 shows the number of observations assimilated in the ensemble and determinidtictipns. The
numbers are nearly identical except for the following: surface predsom (X)CTD, MBT, and XBT reports
are no longer assimilated in ERA-20C deterministic (result of an explicit decisikplained in sectio.2),
and the number of tropical cyclone bogus data assimilated in ERA-20C deistimia severely reduced as
compared to ERA-20C ensemble before 1950.

The effect of the larger rate of rejections of tropical cyclone (TCeolmtions of pressure in ERA-20C deter-
ministic as compared to ERA-20C ensemble is illustrated in FigjErd he fit to observations after the analysis
is degraded in ERA-20C deterministic as compared to ERA-20C ensembleofgarison, the figure also
includes results from NOAA/CIRES 20CR. Note that the observation input§@ from IBTrACS (Knappet

al., 2010) differ between 20CR (which used ISPD v2.2) and ERA-20Gdwhsed ISPD v3.2.6). Searching
for the causes of these rejections is required before conducting agamilar reanalysis. In the first half of
the reanalysis, for years 1900-1949 (respectively, years 1880)2ERA-20C deterministic assimilates 29%
(53%) of these observations, rejects 24% (33%) because of bagidydepartures above the maximum admis-
sible threshold, rejects 12% (11%) by variational quality control, rejec¥s @Po) because the observations
belong to a constant timeseries, and rejects underidér for other reasons. The seemingly useful test of
checking for constant observations from sensors detailed in s&@dmas the unforeseen effect of discard-
ing the bogus data derived from TC tracks. The reason for the pestitonarity of these data is found in
the greater uncertainty associated with early cyclones reported in IBSyra@d for which the lowest pressure
is only very often reported to the nearest hecto-Pascal (such mkgueeision makes it more likely to find
constant timeseries). Another likely explanation is that the lowest prefsuearly cyclones may have been
estimated only at a few days’ interval, and left unchanged whereas thiearayclone position was updated at
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several hours’ intervals. By allowing for larger observation minus gemknd departures and not including any
check for constant timeseries, ERA-20C ensemble assimilates more tropitae data. The lesson learnt
from this for a similar future reanalysis is to not apply the constant timesdraxkto bogus observations, and
also possibly to inflate the assumed observation error estimate for the seaioses.

4.5 Observation errors

Tablel indicates that one of the lessons learnt from ERA-20C is that obsenextiors varied over time, with
various observing systems seemingly improving (see also presentation b®i8). Initial intentions for
ERA-20C deterministic were to use observation errors adapted over timanigérom the statistics gathered
in the ERA-20C ensembldrial experiments were hence set-up to adapt the observation errors as follows:

Surface pressures from land stations(IFS obstype 1, codetype 11) modified from about 1.08 hPa previously
to decrease linearly with time from 1.6 hPa in 1900 to 0.8 hPa in 2009

Surface pressures from ship(IFS obstype 1, codetype 21) modified from about 1.46 hPa previouslg-to
crease linearly with time from 2.0 hPa in 1900 to 1.2 hPa in 2009

Surface pressures from tropical cyclone bogugIFS obstype 1, codetype 23) modified from 1.56 hPa previ-
ously to decrease linearly with time from 4.5 hPa in 1900 to 4.0 hPa in 2009

Surface pressures from buoys(IFS obstype 4) modified from 0.94 hPa previously to decrease linearly with
time from 1.0 hPa in 1973 to 0.8 hPa in 2009

Ten-metre wind component from ship (IFS obstype 1) modified from.% ms! previously to 22 ms™
throughout the whole century

Ten-metre wind component from buoys (IFS obstype 4) modified from about3B ms* previously to de-
crease linearly with time from.I mst in 1973 to 14 ms™! in 2009

As expected, this experimental setup, using generally larger obsereatas, leads to a looser fit to observa-
tions. Subsequently, the distance of the background to observations is@isased in the following assim-
ilation window. This would require the background errors to be re-assesFigurel6 illustrates the effect

of using inflated observation errors without modifying the backgrourar®rfor a short timeseries of surface
pressure observations and assimilation feedback from Montre@he&guanalysed with two ensemble systems.
The first system or control is the ERA-20C ensemble, and the secondifters only by the assumed obser-
vation errors and the model time-step (30 minutes instead of 60 minutes, thouglagHitle bearing on the
results shown here). Both systems use the same background errdngliodiaces and correlations. The figure
indicates that, in the presence of larger observation errors, the dpreaeen the analysis members increases,
and so does the spread between the subsequent short-term fooedsstkgrounds. In such case, one should
re-compute the background errors to capture this increased ensemdad.sguch approach would allow to
keep a proper balance in the assimilation error budget between obsematies and background errors. Not
recomputing the background errors when increasing the assumedathseerrors leads to under-weighting
of the observations, and suboptimal use in the assimilation. ConsequentRAH2E8C deterministic, without
re-running an ensemble that would allow to estimate updated backgroumdatiances, the solution adopted
is to keep the observation errors identical to those of ERA-20C ensemble.

After ERA-20C deterministic production, the diagnostics from Desrozeesd(2005) are computed from the
observation feedback. The results are shown in Figdr& hey are very similar to the results of the ERA-20C
ensemble, confirming that updated observation error estimates shoulddia fisture ensemble reanalyses of
the 20th century.
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Figure 15: Density plot of observations (horizontal axisysus analysis (vertical axis) for tropical cyclone bogua,b)
NOAA/CIRES 20CR, (c,d) ERA-20C ensemble member 0, andEH20C deterministic, for years 1900-1949 (left
column) and 1950-2010 (right column).
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(a) ERA-20C Ensemble (expver=1726)
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Figure 16: Timeseries of observations, backgrounds, aralyses of surface pressure at Magdt, Quebec, for (a) the
10 members of the ERA-20C ensemble and (b) an ensemblenegpewhich uses the same background errors but larger
observation errors.

ERA Report Series No. 20 21



cECMWF ERA-20C Deterministic

Yearly Timeseries Global observations ERA-20C deterministic

— Ship — Buoy
—— Coastal or island station —— Land station
450+
€ 350
w
o
%250—
1507\———.—_/‘\-\"‘\\\ \‘,v!_\mfr,_/—\__f S _J\

50 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 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
— Ship — Buoy
—— Coastal or island station

KW\\Q\' __/\/,\/*—/~-_-_._\ LY. e e~

\\/ ‘\A \
el ’%‘(}l\d\/w

1 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 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Est.SigO wind speed (m/s)
e

Figure 17: Observation error standard deviations estingatising Desroziers’ diagnostics applied to ERA-20C determi
istic innovation and residual statistics.

5 Climate value

The following section assesses low-frequency variability for seveaedmeters in ERA-20C deterministic,
which is hereafter simply referred to as ERA-20C (the present secties wat show results from ERA-20C
ensemble, unless explicitly indicated).

5.1 Two-metre temperature

The low-frequency variability of two-metre temperature is assessed lgecerbparison with a model inte-
gration. Hersbaclet al. (2013) describe such product, which was later repeated with update&8&ace
Temperature (SST) forcing (Hersbaetal., 2015a), identical to that used in ERA-20C. As expected, because
ERA-20C and ERA-20CM both use the same SST forcing, they featuyesirailar climate trends over oceans
(Figure 18, showing two-metre temperature anomalies with respect to years 1961-199@r land (Fig-

ure 18c), the differences are most pronounced before the 1940s. Tresdsa significant differences for the
recent, well-observed times. For example, FiglBe shows that over South America over land ERA-20C finds
larger maxima than ERA-20CM for the strong Elffgievents of 1982/3, 1997/8.

5.2 Total column water vapor

Regarding the water cycle, Figut@a shows timeseries of total column water vapor over tropical oceans (de-
fined here as latitudes within 20f the Equator). Over the whole century, increasing water vapor amatmts
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Figure 18: Monthly anomalies for two-metre temperaturerfr&eRA-20C analyses (blue) and ERA-20CM (red) for (a)
the Globe, and (b—0) various regional averages. Refereraesyfor the climatologies are 1961-1990. 12-month moving

average is applied.
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Figure 19: (a) Monthly total column water vapor over oceangatitude band 20S—20N according to various reanalysis
and observational products, between January 1900 and J0hé;3b) 12-month moving average of monthly anomalies,
obtained by removing each product's monthly climatologgrahe time period common to all products (years 1988—
2008).

visible in ERA-20C and ERA-20CM (Hersbaehal,, 2015a), though trends appear larger for ERA-20C. Over
recent years, ERA-20CM and ERA-20C converge, so the differemwer the early part of the century comes
from ERA-20C being noticeably drier than ERA-20CM then. Since theimersf the IFS model employed in
ERA-20C(M) features a dry bias — ERA-20CM being about 2 Kggmaller than observational datasets such
as HOAPS and RSS - and since the trends in two-metre temperature ovemtharga are about similar in
ERA-20C and ERA-20CM (Figur&8m), there may be a component of the assimilation in the early years that is
affecting the water cycle. An obvious one to investigate would be the assimitatioear-surface wind obser-
vations, which could affect the trade winds representation and heneeédtieof the intertropical convergence
zone. This could impact the evaporation, the extent of the region of fagle-vertical ascent, and the convec-
tive rainfall. However, Figurd9b suggests that ERA-20C agrees better with JRA-55 than with ERA-20CM in
terms of anomalies between 1960 and 1975. For that time period, in the alifegnt independent observa-
tional product to compare with, it is unclear which one of the three prodoetareen ERA-20C, ERA-20CM,
and JRA-55, is the most accurate in terms of inter-annual variability. FosW#988—-2008, Figurdb suggests
that ERA-20C and ERA-20CM are closer than ERA-Interim and JRA-3Bdmbservational products HOAPS
and RSS.

5.3 Precipitation

Related to the water cycle representation, Fi@irshows a comparison of ERA-20C with processed rain gauge
measurements from the Global Precipitation Climatology Centre (Beatkar, 2013). Most regions present
insufficient amounts of rain gauge data for validation over the whole perfi&RA-20C, so time-series are
shown only for Europe and North America. Over Europe, ERA-20@nsde present a fair ability to represent
the inter-annual fluctuations for the whole century, with a noticeable impreméfrom 1945 onwards. Over
North America, a similar improvement comes in later, around 1960; in the eatyg yentil about 1925) ERA-
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Figure 20: (top) Map of rain gauges used for comparison wiRA=20C, and (middle and bottom) time-series over
Europe and North America for the rain gauges in these regions

20C presents in fact little or no realism in terms of precipitation anomalies in thiatre

5.4 Ozone

In ERA-20C, ozone is a time-varying three-dimensional prognostic Vatidthe ozone mass mixing ratio is
determined by a prognostic equation where sources and sinks are p#&athas relaxing towards a photo-
chemical equilibrium depending on the time-varying equivalent chlorineecoiof the stratosphere (ECMWF,
2013). For radiative transfer calculations, a time-varying ozone monliniatology reconstruction is used as
forcing input, as done in the ERA-20CM model integration (Herskstchl,, 2015a). The resulting radiation
budget affects the thermal vertical structure of the atmosphere, whiclhnratiects ozone concentratiata
the model dynamics and the ozone parametrisation. Also, the model dynafeitts akzone content through
advection. Using as reference the Multi-Sensor Reanalysis-2 (vaA éerl., 2015), Figure21 shows the
evolution of total column ozone in January over the Northern HemispheR#&-Interim, ERA-20CM, and
ERA-20C between 1979 and 2008. MSR-2 and ERA-Interim featurg siemilar spatial patterns, which is
to be expected because (1) both used similar satellite instrument obsenagiomit, and (2) MSR-2 uses
transport from ERA-Interim dynamical fields.

We note nonetheless that ERA-Interim features suspicious low ozonenggniawanuary 1995 and 2003 as
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compared to MSR-2. Inspecting closely the January maps for MSR-2; BERAMM, and ERA-20C, especially
for the areas and years of anomalous ozone concentrations in MSRA22&C appears usually to be a better
fit than ERA-20CM to MSR-2€.9.,1982, 2006), with the exception of a handful of odd yeag.(1991,
1997). Time-series of equal-area monthly averages for the regionsgrdief 60 latitude are shown in Fig-
ure 22, for January 1979 until December 2010. Spikes are visible for ERédm in end 1995 and end 2002,
coinciding with (respectively) the beginning and the end of Global Ozooeitdring Experiment (GOME)
ozone profile assimilation in ERA-Interim. ERA-20C reproduces better tik-EOCM the inter-annual vari-
ability of MSR-2 in the northern high latitudes for the whole period. A similar statgémgplies in the southern
high latitudes but only after the 2000s in the Southern Hemisphere. Assun®fy2/as a trusted reference,
this indicates that when a reanalysis like ERA-20C produces realistic weatps, it also produces realistic
stratospheric ozone, or at least more realistically than a model integratioh ddes not necessarily have the
right timing of the weather patterns. When the quality of the synoptic weathes (aad hence location of the
polar vortex) is not so good, as shown earlier with time-series of scefesdithe 1990s, the ozone represen-
tation also suffers. These results would hence tend to also suggestdtemes of a tight connection between
total ozone concentration and synoptic weather, as observed fromrfaeesby pressure observations. This
result is not inconsistent with recent findings fromdBnimann and Compo (2012) who looked at dynamical
links between total ozone, the flow near the tropopause, and tropaspineulation.

5.5 Large-scale and regional circulations

In order to assess the large-scale circulation, Figgkshows where the 30-year average of the zonal wind
is close to zero for the months of January to March. Showing only thess &ad differing by the sign)
is equivalent to highlighting where the surface winds change directiahhance to delineate the edges of
persistent zonal circulation cells. The shaded areas of near-zeed wind on this map are related to the
two outer edges of the Hadley cells in both hemispheres, but also highlighiattme pool in the Indo-Pacific
region. Regional circulations related to upwelling along the coasts of Caéfamd Chile are also visible.
Other regional circulations such as the Tehuano wind near Panama pésar.aphe rationale for this map is to
be able to use the same diagnostics in observation space, to find out whethmrations of zonal circulation
cells in the reanalysis agrees with observations. The match between theean@glor contours) and the
observations (dots) suggest that for the season shown here thleeodtlgezonal circulation cells agree generally
well for the three 30-year periods shown here. However, we alsotffiadfor the first 30-year period, the
Northern edge of the Hadley cell in the Pacific is probably located too fathSouERA-20C as compared
to the observations. For the years 1940-1969, the Eastern side of ttteeoedge of the Hadley cell in the
Atlantic is also probably misplaced North of the area suggested by obse&vatitlose inspection of these
edges in observation space (not shown) suggests that these eelgpstarstable but undergo multi-decadal
oscillations, which are somewhat weaker in ERA-20C than in the surfadaerasservations. Whether this is
related to structural functions in the forcing fields of SST (Kenneidgl,, 2015) that may be mostly governed
by current-day satellite observations remains to be investigated. Lookamgtiter season (July to September),
Figure24 seems to confirm the conclusion regarding the Hadley cell mis-location in thetidflai940-1969.

5.6 Energy budget

Figure 25 shows one-year running means for anomalies in globally averagedydmaiigets relative to years
1900-1909 for ERA-20CM ensemble (top), ERA-20C ensemble (middhe) ERA-20C deterministic (bot-
tom). As discussed by Hersbaehal. (2015a) for the century-long model integration, the thermal (plus heat)
fluxes and short wave-energy fluxes are rather stable up to abo@ti8th at the top of the atmosphere (TOA)
and at the surface. After this period, the net downward flux at both @ @nd surface increases by about
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Figure 21: Maps of total column ozone over the Northern Heimése for the month of January, years 1979 to 2008.
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Figure 22: Time-series of total column ozone monthly avesalgetween January 1979 and December 2010, over (a)
latitudes 60N—90N and (b) latitudes 60S—-90S.

1 Wm2, which reflects the warming global climate. Fluctuations in the net fluxes aremftd by El Nio-
Southern Oscillations and volcanic eruptions, as enforced by the iredSST and radiative CMIP5 forcings.

In contrast to ERA-20CM, the ERA-20C reanalyses are not plain motkgriations, since they involve data
assimilation. The daily increments as shown in Figl2eare not unbiased and, therefore, will systematically
change the energy content of the atmosphere. In order for the systmrstable over time a surplus/deficit of
energy has to leave/enter the boundaries of the atmosphere accordipagityftom a small net average influx
of about 0.01 Wm? to account for global warming). This is what is probably observed in thelimidnd
lower panels of Figur@5. In ERA-20C ensemble, the increasingly positive temperature incremegtsioe
seem to add energy to the atmosphere which, compared to ERA-20CM aseélat both the surface and the
TOA. ERA-20C deterministic is more stable in time, though the larger negative tatape increments over
the lower troposphere between the 1950s and 1980s seem to be comagdiysa relative increase of the net
influx of energy into the atmosphere during the model integrations betweeathatlyeanalyses (note that in
absolute terms the net surface and TOA fluxes still indicate a loss of eftergythe atmosphere, not shown).
Unfortunately, the magnitude of the effect of the biased increments is nditcomgpared to the climate signal.
Nevertheless, the energy budget appears much improved in ERA-28@nd@stic as compared to ERA-20C
ensemble.

The (vertically integrated) total energy of the atmosphere is available f8r HFC deterministic analyses from
the publicly available products. The formula used for computation is giveBebgisfordet al. (2011a) and the
total energy is the sum of the potential, kinetic, internal and latent enefjgse26a shows that in ERA-20C
deterministic the energy in the atmosphere (integrated globally, weighted &yinceeases over the course
of the century, and most particularly in the recent decades. This simpictefin uptake of energy by the
atmosphere with climate change. This increase is more visible by considerihg-thenth moving average of
total energy anomaly (relative to years 1900-1909) in Fig@éoe Figure26d shows that the 12-month moving
average anomaly of the time derivative of total energy fluctuates aroemug laut on average becomes very
slightly positive in recent decades, consistent with the accelerated waotdogring at this time.
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Figure 23: 30-year averages of zonal wind in ERA-20C for daguo March, with a choice of contours that only show
zonal wind around ms 1. Dark-colored dots show the same estimates but from the @bsdrvations in ICOADS, with
a variable dot size that indicates relatively greater amigust observations within a given map.
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Figure 24: Same as Figurg3 but for July to September.
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Figure 25: Evolution of the 12-month moving average of an@saf energy budgets for (1) ERA-20CM ensemble, (2)
ERA-20C ensemble and (3) ERA-20C deterministic, relatiwgeirs 1900-1909. Column (a) shows TOA net radiation
fluxes for solar and thermal, column (b) shows net surfacedlfior solar radiation, and thermal radiation plus latentcan
sensible heat, and column (c) shows TOA net total radiation (R in gold) and surface net total flu¥§ in blue). In

(1) and (2), both ensemble products, dark (light) colorgespnt the ensemble mean (individual members, respagtivel
Note the vertical scale for ERA-20C ensemble is twice a®lagfor the other two products. The vertical black dash lines
indicate major volcanic eruptions (in chronological ordeSanta Maria, Novarupta, Mount Agung, Fernandina Island,
El Chichbn, and Pinatubo.

The time derivative in global total energyfs/dt, in (re)analyses has two sources:

dE

EZFE"FAE 1)

whereFe is the influence of the model in total energy space, which representséloésasf various processes
and forcings (e.g. SST, sea-ice, aerosols, ozone, and greerdeses) anfg is the analysis increment in total
energy space. Furthermore,

Fe =Rr—Fs+Cg )

whereRy andFs are the net downward fluxes at the TOA and surface respecti®glgepresents model errors
due to lack of global total energy conservation.

The analysis incremer¥e gives an absolute measure in total atmospheric energy space (in units of)\&im
the overall discrepancy between observations on the one hand angbhériosnodel and forcings on the other.
It thus yields a simple metric to trace progress in climate research and reanbly®rtunately, at the time of
writing, the analysis increments in total energy space are not availablefi@BRA-20C deterministic prod-
ucts. These increments require the additional computation of the total énemgyhe ERA-20C deterministic
forecasts.
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Figure 26: Evolution of the total energy in the atmospher&RA-20C deterministic in (a), and of the time derivative in
(b). Anomalies in (c,d) are with respect to years 1900-1%@@tical dash lines are major volcanic eruptions as desetib

in Figure 25.
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6 Uncertainties

6.1 Three-hourly ensemble spreads

Providing users with uncertainties was one of the underlying motivationsrf@nsemble approach in ERA-
20C. In practice such approach was also required in order to estimatediyiagrbackground errors for the
data assimilation, owing to time variations in the observing system. The ERA-2@@deistic reanalysis
makes use of the ensemble produced earlier in order to estimate such(semoeectior2.3). However, this
reanalysis no longer provides an ensemble to users. This section is a paejiraikploration of the various
types of ensemble spreads that may be computed from the ERA-20C ensemhipieovided to users.

The time evolution of the temperature spread between the different membtrs BRA-20C ensemble at
forecast step 3 is shown for the troposphere, for five latitude bandsigure 27. Over the course of the
century, the sharpest drop occurs in the mid-latitudes. In the Northerdatitigdes, the ensemble spread
reduces mostly after 1950, whereas in the Southern mid-latitudes this redomigily occurs after the 1980s.
In both cases these reductions coincide with major observing system impeote (respectively: more ships
and land stations, and advent of drifting buoy observations). Judgitigetensemble spread, the quality of the
Southern high latitudes analyses is of similar quality throughout the centtifyhanlate 1990s. The Northern
high latitudes feature a decreasing ensemble spread from the 1930%lpasvthe Soviets set up an observing
network covering the largest land mass in the Northern Hemisphere, langethserved on a regular basis until
then. Except for the Southern high latitudes, the spread between thaldasaembers is below 0.8 K in the
lower troposphere at the end of the 20th century.

6.2 On the limits of these estimates as measures of uncertéigs

These ensemble spreads are incomplete estimates of uncertainties. Teegmethe combined effect of the
uncertainties that were explicitely specified: in the SST (HadISST 2.1.0.@heimbservations (Isaksezt

al., 2010), and in the atmospheric mod&h stochastic physics (Palmet al., 2009). All other inputs to the
reanalysis systems are assumed perfect. The impact of this approximatiostiatiédd on maps of the various
estimates of ensemble spreads, in FigzBgfor two-metre temperature in January 1900. The analysed state of
two-metre temperature is notef, where indes denotes the time (1 for 00 UTC on the first day of the month,

2 for 06 UTC on the first day of the month, until 18 UTC on the last day of thetmao up taN=124 for
31-day-long months) and indgxs the ensemble member number (from 0 to 9). The following quantities are
estimated:
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Figure 27: Mean ensemble spread for background (3-hougdasts in the ERA-20C Ensemble, for (a—e) five different
latitude bands and vertical model levels 91-38 (surfacedimud 100 hPa). Plots show monthly averages.
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where Eq3 evaluates the ensemble and monthly meb(shown in Figure28a), Eq.4 evaluates the ensemble
meany; at timei, Eq.5 evaluates the variability within the month of the ensemble means (noteghown

in Figure 28b), Eq.6 evaluates the monthly mead of ensemble membey, Eq. 7 evaluates the ensemble
mean of the monthly variability (noted,, shown in Figure28c), Eq.8 evaluates the monthly mean of the
ensemble spreads (shown in Fig@&l), Eq.9 evaluates the ensemble spread of the monthly means (shown
in Figure 28e), and Eq.10 evaluates the total spread across the month and ensemble members (shown in
Figure28f).

Some of the quantities presented here make little sense for a statistician intéresteaning up total uncer-
tainties (in which case only RMS should be considered), but bear sons&cphgense to separate the sources
of variability by time-scale. Comparing Figurg8b and 28c shows that the intra-month variability is generally
smaller in the ensemble mean than when averaged between individual mepatcs)arly over the oceans,
for the month shown. In other terms, the ensemble mean is smoother than iatividmbers over oceans
in January 1900; this is likely because the SST perturbations trigger addiiotivity in the simulation of
synoptic systems over oceans (and this activity averages out in the msaebhensemble members). The
same result is found over land in poorly observed areas, such asAuwoetiica or Northern Siberia. However,
in well-observed regions such as North America and Europe, Fi@&eand 28c are similar: in these regions
the individual ensemble members are constrained by observations tegepabout the same weather.

Comparing Figure28d with 28e shows that an ensemble spread is only present at the synoptic time-scales
(every 6 hours), but not on the monthly time-scale (the ensemble sprieednethe 10 monthly means is very
small everywhere). Such determinism over monthly time-scales is clearl\sivalle, for it would suggest

that monthly means are near-perfect, although they are clearly not. Hemabof spread on such time-
scales stems from the design the ensemble system, where two sourcesidifgiens are of short memory:
observations are perturbed independently of one another, and thé staxteastic physics acts at each model
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Figure 28: Two-metre temperature for January 1900 (a) miyreihd ensemble mean, (b—f) various estimates of varigbilit
and spread between ensemble members and analysis timebeveonth. Maps (b—f) use the same color scale.

time-step, without long time correlations. The third source of perturbationg81 forcing) includes longer
time correlations. However, this is an incomplete attempt to represent untiegain the climate time-scales:
a more complete approach would expand the ensemble to capture unceriniatiesources of information,
including the atmospheric model forcings (aerosols, ozone, solar ragigiieenhouse gases, land-use), as
well as time-correlated choices in model parameterisatiemns,{ertical diffusion, radiation). The second part
is quite difficult to put into practice with a given model, and may be more easilyeddyy considering an
ensemble of atmospheric models. This may be too impractical, because fareaaalysis data assimilation
system is usually built around a given atmospheric model.

As a consequence, the total monthly and ensemble spread (Rigliie very close to the monthly variability
(Figure28c), because the ensemble spreads only contribute marginally to the spribednoonthly time-scale.
This suggests that in spite of all the efforts to represent uncertainties im@imgéul manner, an estimator for
uncertainties on the monthly time-scales may simply be to consider the intra-month tiad@lig (a.k.a. poor
man’s ensemble).

The conclusions drawn from Figu@8 apply for January 1900. Timeseries of area averages for each of the
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Figure 29: Timeseries of various measures of ensemble dprea two-metre temperature shown in Fig@& (al—c2)
show estimates from ERA-20C ensemble, (a3,b3,c3) shanatssi from ERA-20CM ensemble of model integrations.

guantities shown in these maps (except for the ensemble and monthly mesmyanarized in Figurg9. The
maximum in Figure9%al—c?2) is the total monthly and ensemble spread, as expected. It is mosdyumat
the ensemble mean of monthly variability. The latter is very close to monthly variabilihe@nsemble mean
for years and areas well constrained by observations. As the afbgaystem improves, these two metrics
converge, indicating that the synoptic systems are similarly representedhinreamber. The monthly mean
of the ensemble spread reduces over time, as seen earlier with uppemnpéraéures, with a more drastic
reduction in the extra-tropics than in the tropics, probably because assigitatin surface observations is
insufficient to constrain the tropical analyses. The ensemble spreadnifilmeneans is always the smallest
guantity, typically below 1 K, as small as 0.1 K in the tropical oceans in the 2000s

The timeseries suggest a few break-points. In the Northern hemispttexgapics over ocean (in the Southern
hemisphere extratropics over land), the change point appears to baftegghWWil; thereafter, the monthly
mean of ensemble spread is about stable (starts to decrease, repettitiee tropics, over ocean (land), there
are large episodes of suspiciously larger spread (larger variabipectively) around both World Wars (1940—
1960, respectively), which could be related to issues with the obsergatuer tropical oceans, improvements
become significant from 1950 onwards. For this region, as well as indbéh&n hemisphere extratropics
over ocean, one can nearly spot the first International Geophy&ealof 1957; from that point onwards the
meteorological observations were much more regularly exchanged & lavailable today in numerical
form, ready for assimilation). Extending the numerical observation rebaotward in time, by rescuing
or digitising observations currently only on paper records, would allonshgo earlier years this limit of
uncertainty. Inthe ERA-20C ensemble, this year is at the crossing pdhm tfe-series of monthly variability
of ensemble means and monthly mean of ensemble spreads. In fact, clpsetiors suggests that both time-
series mirror each other; when one increases, the other typically desréhis is also visible in the Southern
hemisphere extratropics over land).

Looking for a possible explanation of this compensating effect in the Siglirés29(a3,b3,c3) show simi-
lar quantities but computed from the ERA-20CM model integration. Such métdésate the reduction in
monthly mean of ensemble spreads, but does not feature significamfeshanthe monthly variability of en-
semble means. This indicates that the increase of monthly variability and theadeanf ensemble spread
clearly come from the assimilation of observations. Why the variations of thajwear to compensate each
other remains somewhat of a mystery. Even if this result appears intuitiaty; it is still possible that the
assimilation method may have a role in this compensation effect.
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7 Issues

The following issues are found in the ERA-20C deterministic production.

7.1 Rejection of tropical cyclone bogus observations

Many tropical cyclone bogus observations are rejected as documergection4.4.

7.2 Dubious wind observations from some buoys

Inspection of the assimilation statistics by report type, further split by plattgpe, shows that the ten-metre
wind from drifting buoys is of lower quality than from moored buoys. Figg®shows density plots of observed
zonal and meridional wind (for decades when buoy observationssailalale) versus background equivalents
at the observation times and locations. In the 1970s, wind data from bueysby available from moored
platforms. From the 1980s onwards, wind is also available from platfornmdifigel as drifting buoys. The
quality of the correspondence between observations and backgsoggests that only moored buoy winds
should probably be assimilated. Note that in the current operational impletnergdobservation processing
prior to assimilation by IFS, there is no high-level distinction between moorddigfting buoys (although a
blacklist is generated on a monthly basis by station identifier, thereby allowpartgudgment to be applied).

In addition, for both buoy types, besides the main diagonal axis, onecissp secondary axis, perpendicular
to the main one. This axis suggests that some observations report wintiodiseeversed by 180or some
time. Both aspects would require further investigations before repeatinglargeanalysis.

7.3 Missing tropical waves

Comparing brightness temperatures measured by SSM/I sensors witslgjaadiative transfer calculations
for scenes believed to be free of rain contamination, &adil. (2015) show that ERA-20C is able to reproduce
90% of the (21 KJ variance within the observations for channel 3 (22 GHz), sensitive terwapor. The
remaining 10% of the variance, about (72k3annot be solely explained by the observation measurement error.
Looking for a possible source of missing water vapor variability, the astebow that anomalies over the
tropical Eastern Pacific in the 30-50 day component of brightness tetapdor SSM/I channel 2 (mostly
sensitive to SST) feature waves propagating westward, possible sigmatutropical waves. However, the
calculations from ERA-20C miss these features completely. The SST in ElRAS2a monthly dataset. The
representation of tropical waves may be improved in a future reanalysisheitise of a SST that contains this
signal {.e., pentad or daily SST product). This conjecture could be tested first with alrimadgration.

8 Unknowns: open questions

After conducting two ERA-20C productions (initial ensemble, and deterministim), several questions re-
main unanswered.
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Figure 30: Density plot of observation versus ERA-20C bamlgd zonal and meridional wind (u- and v-wind, respec-
tively) for latitudes 60S—60N, for several decades and Iyjogs (moored buoys in columns 1,2; drifting buoys in colimn
3,4). All plots use the same axes, betwe@dms ! and30ms?.
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8.1 Impact of observation coverage change on climate trends

First, having conducted in sequence a model integration only (ERA-20€M)then a reanalysis with data
assimilation (ERA-20C), one still has to quantify the impact of the changinge@sing) number of observa-
tions on the representation of climate trends. One way to assess this coulthtodmeluct a data withholding

experiment, by sub-sampling the year with most observations to the netwedladr years. However, this

will not provide complete answers because natural variability and fasahgnge over time. Also, the forcing
sea-surface conditions are based on observations; they may thusifésdrem artificial changes related to
the changing number of observations over time.

8.2 Providing meaningful estimates of uncertainties releant for the climate time-scales

Second, it is unclear how to present users with uncertainty estimates #ractdrize more than the short-
term background errors (see secti®®), but characterize also the climate time-scales. Spread between the
members of the ERA-20C ensemble seem to mostly correspond to weather dilee-aad not to climatic,
systematic differences between the members, which would be requireceintorderive reliable climate trend
uncertainties.

8.3 Suspicious trends in the Southern Hemisphere in the earipart of the 20th century

Last, D. Bromwich and J. Nicolas reported a suspicious feature in ERA&@ NOAA 20CR at the first
General Assembly of the ERA-CLIM2 project in November 2014: the gdrarculation in the Southern
Hemisphere in both these 20th century reanalyses changes significagrtlthevcourse of the 20th century,
whereas it does not in ERA-20CM. This problem is summarised in FiglireThe timeseries of mean-sea-
level pressure (MSLP) decrease significantly between the 1920s ea2@@0s over a wide area. This change
seems unrealistic but is featured in all seasons by both reanalysept éxc20CR in DJF. However, the
model integration (ERA-20CM) does not feature such decrease iaypeesAlso noticeable is the very similar
high-frequency behavior between both reanalyses, which stems fefadhthat they both used nearly the
same observation input, and that this input modifies the mass field at eackismglyie, when the analysis
increments are applied. In ERA-20CM, the mass field is only modified by thelrimddgration, although this
includes a mechanism to keep the total dry mass of the air constant globally.

The maps in Figur82 show the September 1920 monthly mean MSLP analyses in the top row (SBrésse
sure, SP, is shown in the bottom row). Overlaid on each map are dots ghtheimonthly mean of observa-
tions minus analyses, for the observations found in the ERA-20C fekdbelgive and that were assimilated in
ERA-20C. The left two columns both show ERA-20C analyses; the onlgreifice between them is how the
observation minus analysis difference was estimated: Left-hand-sidedslgiirom the ERA-20C observation
assimilation feedback, so-called online, whereas right-hand-side is asioijpcation tool to the observation
location, and time within 6 hours, so-called offline. The second column is twolyrs here to demonstrate that
the collocation procedure works correctly. The third column shows EBRBA2, the model integration, which
did not assimilate any observations of surface pressure or wind. Tloeation tool is employed to calculate
differences with the observations assimilated in ERA-20C. The fourth colsM®AA 20CR, where the ob-
servations shown are also those assimilated by ERA-20C, though mossefitiag have been also assimilated
by NOAA 20CR since it used ISPD v2.2 (ERA-20C used ISPD v3.2.6).ddpartures from NOAA 20CR are
also from the collocation tool.

As inferred from the timeseries shown in Figud&, these maps confirm that ERA-20C and 20CR appear
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more similar between one another, than they are with ERA-20CM. The dipefepleple/deep green is much
stronger in ERA-20CM than in both reanalyses, suggesting that the vordgxhave been strong in ERA-
20CM early on, whereas both reanalyses built it up over time (see timdsedils®, the two reanalyses are
most different from ERA-20CM where there are no observations,ishaver the Antarctic plateau and the
nearby seas. It is counter-intuitive that, without observations, thelesas would be most different from the
model integration, for one would expect instead that the ERA-20C resinaljthout observation would look
like the ERA-20CM model integration. The differences between obsenstiod ERA-20CM (in the third
column) are generally consistent with what ERA-20C and NOAA 20CR did thighobservations. This can
be checked by adding the value indicated by the dots (large swathes, ofieads positive departures, large
swathes of blue means negative departures) to the ERA-20CM conémar$inding more or less the values
analysed by ERA-20C and 20CR where there are observations. ldowieis does not explain why the maps
differ where there are no observations.

The overall effect of assimilated observations is to generate analysedigpthced latitudinal pressure struc-
tures. A reduced gradient results, which may be consistent with thegedwctex intensity and the higher
pressure seen over the South Pole. The very centre of what may éewehe polar vortex is also quite differ-
ent between the model integration and both reanalyses, until observstiotio be available (especially after
the 1950s). Over time (not shown), with more observations over Antarttiedatitudinal pressure gradients in
both reanalyses become more similar with the model integration. There lieslarpadiz trend in accelerating

circulation, because this accrued gradient accelerates the zonal viivel46—60S latitude band.

The inspection of the average observation departures from ERA-2@Cabservation collection and by year,
for MSLP and SP separately, does not reveal any collection that wewt\iously biased by as much as about
10 hPa as compared to ERA-20CM southwards 6f4%ne exception is maybe the World Ocean Database
collection (collection number 780 in ICOADS v2.5.1), which features biagegrds of 20 hPa for some
months. However, this collection contains only few data in the region and efioee the 1910s or the map
shown in Figure32.

One may conclude then that the pressure observations are not thepgohlaim. Also, ERA-20C and NOAA
20CR used different data assimilation systems and models, seemingly alstirgclata assimilation or mod-
els as the problem. However, both reanalyses used one forcing compbaewas fairly similar, the sea-ice
(Titchner and Rayner, 2014). One possibility is that this sea-ice forcimgcnsistent with the reality at
the time. In the presence of a systematic error or bias in the backgrowahjlagon of observations would
have only corrected this problem where and when they are presentjtbithe constraint of dynamics being
still constrained by sea-ice. Such possibility could have resulted in dam#ugrigrge-scale features such as
latitudinal pressure gradients.

The recent reanalysis 20CRv2c produces results similar to the earlgowve20OCR (Compopers. comn).
However, 20CRv2c reanalysis uses a different sea-ice proddictasg, thereby suggesting that sea-ice may
not be the actual issue. Consequently, the problem remains hencelvedest the time of writing.

9 Conclusions and outlook

The ERA-20C deterministic reanalysis solves several issues in the ERAe@28emble, and produces more
realistic climate trends. The present report indicates that the inter-avemiggbility of total column water va-
por in ERA-20C deterministic for years 1988-2008 is closer than ERA#ntand JRA-55 to observational
products such as HOAPS and RSS. The time evolution of the total column ogzeneorthern high latitudes
in ERA-20C deterministic is also found to be realistic as compared to MSR-2dorethrs 1979-2008, and of
better quality than the model integration ERA-20CM. This indicates that assimikaiif@ce pressure observa-
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Figure 31: Timeseries of mean-sea-level pressure (MSLEYaged over the latitudes 90S-60S in one model integration
(ERA-20CM) and various reanalyses (ERA-20C, NOAA 20CR;IBERAM).
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Figure 32: Maps of MSLP (top row) and SP (bottom row) analyfses two reanalyses (ERA-20C and NOAA 20CR)
and a model integration (ERA-20CM), for September 192@redl using the palette on the left (from purple to green).
Dots show monthly mean of observations minus analyses tegsy considering only the MSLP or SP observations
assimilated in ERA-20C (color scale on the top right, fromeatio red, yellow suggesting agreement between the analyses
and the pressure observations). All maps use the same pel@ographic projection. The sizes of the dots are relative
to the number of observations within the map. See text faildet
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tions may help locate the polar vortex in a way that benefits the representbdiponevia the model dynamics
and radiation. Based on several metrics, the quality of the general tiotuia ERA-20C deterministic in the
Northern hemisphere seems adequate mostly after the 1950s, and matkedimases of clear improvements
after each World War. In the Southern hemisphere, the quality of the diauiia much more doubtful, and
several metrics suggest that it may only be realistic after the deploymentryf dnidting buoys in the 1980s.
Various indicators point to the reanalysis quality being limited by the availabilitymitiobservations.

In terms of energy budgets, ERA-20C deterministic features a much impowezdll balance as compared to
ERA-20C ensemble. However, the budget is still quite far from the nedegt balance obtained with ERA-
20CM, where there are no observations to contradict the model’s intatipreof the forcings. The present
report proposes to compute analysis increments in the space of total atmogpieegy change as a way of
estimating this discrepancy. This would give an absolute measure, iR, Wftnow much global disagreement
exists as a function of time between the model and its forcings on the one dahthe observations on the
other hand. Figure 10d by Berrisfoed al. (2011b) shows a time series of budget residual as a proxy for the
analysis increment in terms of total energy for ERA-Interim, but that estintsdecantains some of the model
error. The approach proposed in the present report could resaltbenchmark metric comparable across
reanalyses, enabling to track progress in understanding of climate eshamd quantifying the value of data
rescue to help improve our historical record.

The weather maps produced by ERA-20C deterministic are of slightly lonaitgthan ERA-20C ensem-
ble. This is caused by background error structure functions that tieeflect the poor observing system, and
locate the increments too close to the observation locations. As intended, thitcatmh has the benefit of
preventing analysis increments in the stratosphere and preservingdqueficy trends created by the model
and its forcings. However, since ERA-20C productions, developmetitilFS system have been carried out
(Bonavita, 2015), whereby flow-dependent correlations are etierough a linear combination of climato-
logical structure functions and the ensemble information (The ERA-20€ndnls only relied on the ensemble
information to derive flow-dependent structure functions, resulting itica correlations reaching from the
surface to the stratosphere). Fig@&b) shows that in the new IFS ensemble system (version CY41r2) it is
possible to compute background errors structure functions that prahatysis increments that remain local-
ized. For completeness, FiguB&(a) shows the situation for IFS ensemble version CY41rl, which precede
these latest developments, and where the results resemble the ERA-20@ENECY38rl). One may thus ex-
pect that a future repeat of ERA-20C ensemble with IFS version CYwWatr2d produce climate trends similar
to ERA-20C deterministic, while still using background error structuretfans that correspond to the poor
observing system.

The present report explores the use of the spread from the earlfePBR ensemble production as a proxy for
estimating uncertainties. Results suggest that these metrics can be usedéitainties in synoptic weather
charts, but not to assess uncertainties related to climate time-scales. Edothesepresented, one option that
would require developments is to use an ensemble of model forcings, arymdtte use an ensemble of models
in the assimilation. Why the increase in intra-monthly variability compensates qtigetitdhe decrease in
ensemble spread of two-metre temperatures remains unexplained, evemwibold qualitatively expect such
result from the assimilation of synoptic weather observations.

In addition, several leads for improvement are proposed for a fugyreat of a similar reanalysis: (1) detect
buoys reporting bad wind observations, or observations with & détion in the wind direction, (2) exclude
from the assimilation wind observations associated with XBT, (X)CTD, and M#&ports, (3) do not subject
bogus observations (such as tropical cyclone tracks) to the constarseiies observation quality control,
(4) augment the observation errors assumed for such observatimhee\ase more generally the observation
error estimates for all reports, according to figures given in the presport (and use these in an ensemble
framework, so the subsequent background errors are appropiigigated), and (5) assess the impact of a
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Figure 33: Mean analysis increments at the beginning of thalysis window for temperature, for a data assimilation
system similar to ERA-20C but in more recent versions offie |

sub-monthly SST forcing on the representation tropical waves.

Points requiring further research concern how to present users wéhingdul estimates of uncertainty for the
monthly time-scale, and how to quantify for users the impact of the obsena@ti@mage change on the climate
trends.

The next 20th century reanalysis at ECMWF will include coupling with ogeatoyauxet al, 2014). In doing
so, it will bring about new challenges. Yet, it will be valuable to integrate irsitreany as possible of the
findings of the ERA-20C ensemble and deterministic reanalyses. Othdogments include the addition of
upper-air observations, of which a trial was conducted in parallel witA-2BC deterministic production, and
will be reported on separately. Adding such observations is expectatitcealism, but does not change the
fundamental problem that the main barriers to improving our knowledge qfaberequires data rescue, so as
to bring to digital form observations currently held on paper or other form.
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