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The role of reanalysis in the production and quality assessment of
CDRs

1. Purpose and scope of the Technical note

By combining past observations with a state-ofdhtemodel, reanalysis provides the most
complete, coherent, and comprehensive set of Hataould be exploited in the production and
guality assessment of Climate Data Records (CDRss document discusses the value of
reanalysis as a resource for the generation aredssent of data with sufficient quality to be
used in climate studies. After briefly introducitige possible linkages between observations
and reanalyses (section 2), the remaining of thegmt paper is structured into two parts. Part 1
(section 3) presents detailed discussions on hawaaalysis is produced, what reanalysis
streams are available to date and the consoliqdéas for the future, what the key issues and
challenges are and how its quality can be monitaredi assessed. Part 2 (section 4) discusses
how reanalyses can be used in the quality assessmealependent observations with a focus
onlow-frequency (multi-year) variability.

2. Links between observations and reanalyses

Reanalysis data could be used either as prior iliayxinformation in the retrieval algorithms
used to obtain observational CDRs, or as an indbgendataset which observations can be
compared to. These two cases are schematicalbtrdlied in figure 1 in the case the CDRs,
e.g. the Essential Climate Variables (ECVs) defilgdthe GCOS (see Appendix B for
acronyms not defined in the text).

A) Climate Data Record production:

Level 1b
(L1b) data

Observational
(L2) CDRs

Retrieval
schemt

Reanalysis
(L2) data

B) Climate Data Record validation:

Reanalysis Observational

(L2/L3) CDRs

Comparing
tool

(L2/L3) data

Fig 1: Schematic illustration of how a reanalysis can contribute to the production and quality assessment of
CDRs.
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The possible ways the CDR validation can be peréarare discussed in detail in Part 2 of the
present document.

Whether reanalysis data is used directly as auyili@ormation in the retrieval schemes (case
A in figure 1) or indirectly as data which the CD&=s1 be compared to (caBen figure 1), a
key requirement is that the reanalysis itself Hesate quality and its data products are CDRs.
Only recent advances in the model physics andearctiaracterisation and use of observations
have enormously improved the quality of modern absmes with consequent growing
awareness that one of their possible applicatiamddcbe the production of CDRs. It is
important to recognize that there are a numbeegfis&sues and challenges in the production of
a reanalysis, so that a climate quality may onlybleieved for a subset of variables or during
specific periods of time. The key issues and chgks in reanalysis are discussed in detail in
section 3.2. As discussed in Part 1 of this documeme condition to ensure a reanalysis
product can achieve climate quality is that theeokations assimilated during its production
possess climate quality, i.e.:

Reanalysis
system

Observational Reanalysed

(L1b/L2) CDRs (L2/L3) CDRs

3. Partl

3.1. Comprehensive reanalysis of the instrumental record

A retrospective analysis, or reanalysis, is a sifiermethod for producing a comprehensive
and consistent long-term data record of how weadhdrclimate have been changing over the
period under consideration, typically of severatatkes. This is achieved by integrating
observations available from a variety of data sesinogether within a fixed, state-of-the art
model that describe one or more components oflimaite system, e.g. the atmosphere.

The use of a fixed model represents a major difiegebetween reanalysis and daily prediction.
The daily analyses that aim at enabling the besttg$arm weather forecasts are conducted
with models that are frequently updated, sometisg®ral times per year. These updates can
generate false changes in the analysis recordsetgaint of limiting their value for climate
applications. In contrast, reanalysis can be optuhito achieve other objectives such as
providing a consistent description of the climatstem over an extended time period.

An overview of the past, current and future reasialyproduction encompassing the various
components of the climate system (including thasedupled reanalyses) is provided below.

Box A: Atmospheric, Land and Ocean Reanalyses
A number of different reanalyses have been real®est the last thirty years, and a new
generation (the forth) is currently in productidiiost of these reanalyses focussed on the
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atmospheric domain, thanks to the vast amount sémiations available and the advances in
atmospheric models driven by weather forecastirapld 1 lists the established atmospheric
reanalyses currently available. References hava pemvided for each data stream, and the
reader is advised to refer to the literature forena-depth description of the characteristics of
each reanalysis production. Further details camlasfound at http://www.reanalysis.org

The situation is somewhat different for the oceafisre routine observations at the same
location have been limited to ships or mooringselite data, although important, usually give
only information about the ocean surface. Despigedata volume has largely increased over
the last ten-fifteen years, it is still small comgxh to the data volume available for the
atmosphere. It is worth mentioning that ocean rgara strongly depend on atmospheric
reanalyses, and so their quality. A large numbevaafan reanalyses have been produced over
the last few years. A detailed list of consolidatedean reanalyses is available at
http://icdc.zmaw.de/easy_init_ocean.html?&L=1#c228d links therein.

In addition to the reanalyses for atmosphere arghmcthere are a few examples of off-line
land-surface simulations associated to given athmsp reanalysis productions. These
simulations are forced by the reanalysis meteorcéddields (temperature, surface pressure,
humidity and wind). They are useful for land-modvelopment while also offering an
affordable way to improve the land-surface compomérine original reanalysis. At least two
examples have been produced to date. One, calle&lB&Rrim/Land, is the land off-line
simulation associated to the ECMWF ERA-Interim adptweric reanalysis (Balsamo et al.
2012). The other, MERRA-Land, is the correspondi#gSA simulation for MERRA (Reichle
et al. 2011).

At the time of writing, a fourth generation of redyses is under preparation. ECMWF leads a
consortium that aims at producing a reanalysis AERIM - that will span the whole 20
century (details can be found at www.era-clin).edl similar collaborative reanalysis - The
Twentieth Century Reanalysis Project - has beenbledNOAA and CIRES in the USA to
produce an accurate representation of the larde-sagpospheric circulation by using only
surface pressure data (Combo et al, 2011). The rddfarence between these climate
reanalyses and their predecessors is in the useledted observations of proven quality and
specifically produced for climate studies.

It is also important to recognize that there israwgng worldwide effort in producing fully
coupled reanalyses. Having fully coupled system®figparamount importance to produce
realistic fluxes at the interface between the aphesc and oceanic components of the climate
system as they can help understanding the foramyiateractions in itFully coupled data
assimilation systems are not yet available, bst xamples of reanalysis production could be
realised within the next 3 to 5 years from now. B@HN for example, is currently leading the
development of the CERA system that will genertgdiist extended climate reanalyses using
a fully coupled data assimilation system for atni@sp and ocean. The project (Dee et al 2012)
will cover the whole 28 century and it is expected to be the follow-onjerbof ERA-CLIM
(subject to funding).
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Table 1: List of consolidated atmospheric reanalyses."Meteo refers to both surface and 3D fields unless otherwise
means at the four main synoptic times (00, 06, 12, and 18 2).

specified. “The analysis resolution represents the highest (temporal or spatial) resolution available. *6-hourly
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The result of the data-model integration is a cahpnsive, complete, temporally continuous,
physically consistent and homogeneous dataset mdbles for use in climate research and
applications. It is comprehensive because it inetud large set of variables that together
provide an adequate description of the componewt(ghe climate system it models. It is
complete in the sense that they do not simply predetrospective analyses of meteorological
fields. They also provide useful additional infotioa, e.g. on the observation quality control,
on the fit of these observations to their modelieant (background and analysis), and an
estimate of the observation biases. It is tempp@htinuous as its output fields are provided
with no spatial or temporal gaps (typically every612 hours). It is physically consistent
because the model constrains the analyses to b&stamt with the fundamental laws of
physics. One important implication is that the eliéint state variables depend strongly on one
other. This dependence is an important aspectderstand e.g. forcing or physical processes
that governs the evolution of the climate systdmravides temporal homogeneous datasets as
a reanalysis makes use of fixed data assimilayetes and physical model.

In recent years, with the improvements on bothrioelel physics and in the exploitation of

observations, the awareness that reanalysis cowlckssfully be used for climate studies has
largely increased (subject to the caveats discusssdction 3.2) to the point that the fourth

generation of reanalyses is already referred tmikste reanalyses

What is a climate reanalysis, then? What are the differences with a standard reanalysis? and
what role does reanalysis play within a comprehensive climate observing system?

A climate reanalysis is a reanalysis that produt&msets with the same characteristics of
CDRs. The latter are defined by the National Re$eaCouncil astime series of
measurements of_sufficient length consistency and continuity to enable study and
assessment of long-term climate change, with ‘longrm’ meaning year-to-year and
decade-to-decade changes.

A climate reanalysis uses a fixed numerical préoiictodel and data assimilation method that
assimilates quality-controlled observations overeatended period of time, typically several
decades, to create a long period climate recoré@rellare two main differences between a
climate reanalysis and any of the reanalyses pextlgo far. The first aspect poses the accent
on the “quality-controlled observational data”,.i@nly observations of proved quality are
assimilated and used. This might not have beenyallae case so far, when a weather-
forecasting type of approach (of discarding obs@wma only when they were proved to be of
poor quality) could have been used. The secondcaspkates to the temporal coverage of
climate reanalysis productions. These are expdotsttetch over about a century long period.
Any reanalysis produced over a shorter periodroétcannot adequately be used to understand
changes in the climate systetdentifying the cause(s) of these changes givesientific
underpinning for predicting future climate.

It is not possible to have accurate projection ofhte future climate without being able to
accurately reproduce the past climate.
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Climate reanalysis plays a central role in assgdsow and how much the climate system has
changed. Observations are at the core of a reasmalybey can affect its quality and
limit/increase its ability in reproducing the evtitun of the climate system. However, they
cannot on their own answer the fundamental questdrhow, how much and eventually why
the climate system has changed over the past geotwso. This can only be achieved when
these observations are used together with a mbdeldescribes at best our understanding of
the key physical processes and how these aredealatanother.

Understanding the strengths and limitations ofentrreanalysis data, including representations
of climate changes and trends, increases our camd&lin these products, but that inevitably
depends on the careful use and exploitation ofagsmilated observations. Comparisons of
datasets from different reanalyses and observdtsmaces are a valuable mean to provide a
measure of the uncertainty in these products amdvirell they represent past climate.

3.2 Key issues and challenges related to climate quality reanalysis

It was said above that reanalysis uses advancadtisal methods to assimilate observations
from multiple sources into a state-of-the-art fasicmodel. The result is a physically and
dynamically coherent global dataset thainprises several ECV estimates over several decade
and is consistent with both the observations aadaws of physics.

However, in reality, reanalyses combine an inadeund incomplete Global Observing

System (GOS) with _imperfect modelslts quality is impacted by a number of practical
decisions and compromises on the analysis methggotin the data quality control, on the

choice of observations and the description of teaior characteristics, on how they are used,
and of course on the model. CMUG (2013, sectioh&) already presented an overview of
some of the challenges and key issues that cantdffe quality of a reanalysis production.

Those aspects are now reviewed and discussed itea @ontext.

The first difficulty one needs to understand istttiee GOS used in reanalysis was never
designed for climate studies and for long-term atinvariability assessments. It was instead
designed for weather forecasting. Observations remenally obtained from a variety of
different sources (surface, upper air, satellittadget they do not provide complete spatial
coverage of all relevant components of the clinsgstem. This means that the available GOS
often does not provide long-term, comprehensive @ntkistent observations of the climate
system, including observations of the land and wmc8hese are critical to understand and
predict atmospheric variability over seasonal ambér time periods. In order to adequately
detect the climate long-term variability, well cheterised observations would need to be
continuously available for many decades, obsereewhole globe, include all key climate
parameters, and be consistent with our best pHysigderstanding. This has also been
recognised by GCOS that defined a number of keyireapents for a climate observing system
that should - to mention some:

* Give high priority for additional observations tatd-poor regions, poorly observed
parameters, regions sensitive to change, and kegsumements with inadequate
temporal resolution.
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* Have suitable period of overlap between new and salellite systems adequate to
determine inter-satellite biases and maintain tdgeneity and consistency of time-
series observations.

* Provide continuity of satellite measurements @lnination of gaps in the long-term
record) through appropriate launch and orbitatsgias.

» Sustain operational production of priority climat@ducts.

» Have rigorous pre-launch instrument characterinagiod calibration.

* Have on-board calibration adequate for climateesysbbservations and monitoring of
the associated instrument characteristics.

Despite these directives, the current reanalysidymtions are still very much affected by the
overall inadequacy of the existing GOS, and a nunabechallenges and issues need to be
addressed when preparing a new reanalysis. Onéheofkeéy limitations of current and
foreseeable observing systems - that reflects ist wicthe challenges outlined in the box below
- is that they do not provide complete coveragene, space and of all relevant components of
the climate system. Many of these limitations detee some of the key challenges in a
reanalysis production (see Box B).

Box B: Challengesin Reanalysis

Challenge 1: Data rescue

A reanalysis to be used for climate change assegsmest extend over several decades so that
climate signals can be appreciated. To this endreat effort is needed to collect all the
observations required. This task is not trivial. eDvthe timeframe spanned by a climate
reanalysis, the GOS has undergone great changese(f2). Until the mid-twentieth century,
the observing system mainly consisted of surfacethabservations, typically limited to land
areas and ship reports. An upper-air radiosondeanktof observations over land (particularly
in the Northern Hemisphere) only became availablié late 1940s. While a global observing
system only became available in the 1970s withatheent of satellites.

In many cases, the early surface observationsareven available in a digitised form but only
archived in local reports. In these cases, the detsl to be imaged, digitised and undergo a
preliminary screening before being considered $sirailation.

(suonenlesqo Jo Jequinu)Boj

1890 1973 1979
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Figure 2: A schematic representation of the changes in observation type and data volume from 1890 to the present
days.

Challenge 2: Detection of calibration errors

Observations are affected by a number of diffeissties (such as calibration problems and
more generally systematic errors) that can linefrtheliability if not properly accounted for.
Figure 3 shows the NOAA-14 MSU channel 2 recordadnwtarget temperature change due to
the satellite orbital drift (bottom panel) as repdr by Grodyet al. 2004, and the bias
correction that was applied during the assimilatoiERA-Interim. The resemblance between
the w-shaped feature detected by the ERA-Interams borrection (Aulignét al, 2007) and that

in the warm temperature target due to the sateliivéal drift visible from mid-2001 to 2003 is
remarkable. If the observations had not been ctmdetor it, the ERA-Interim temperature
reanalyses would have presented a similar (adljiéeature.
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Figure 3: Bottom panel: recorded variations of the warm-target calibration temperature on board NOAA-14 from
Grody et al. (2004). Top panel: global mean bias estimates from ERA-Interim for NOAA-14 MSU channel 2.

Challenge 3: Homogenisation of observations with different temporal coverage

A data assimilation system uses a statistical nektba@nsure that, in the absence of bias with
respect to the true state of the climate system,dibservations and model first guess are
combined in an optimal way to minimize their errgusder the hypothesis that these errors
follow a normal distribution). Therefore, ideallydata assimilation system would be presented
with observations corrected for any systematicreithis is not yet a standard practice, so that
any systematic error in the data records has temeved at the time of the assimilation using
bias correction schemes (Dee, 2005). Advancesanddvelopment of these bias correction
schemes have been such that a number of incamdestein the GOS can nowadays be
successfully detected and corrected for, redudiegptcurrence of artificial features and jumps
in the final reanalysis products.

One of the biggest challenges is represented byhdineogenisation of the large number of
different instruments available during the timefeagpanned by a climate reanalysis.

For example, surface observations have been alaitantinuously over the 1900s, but the

manufacture of the instruments utilised to makesehmeasurements evolved over time and
even at one given time they could have been diftérem one station to another. Information
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about these changes and how the measuring systaivea over time is crucial to determine
the potential bias affecting the corresponding messents, but not always (well) documented.

In the case of satellite observations, difficulitgse when merging together observations with
the same nominal characteristics but obtained fudferent sources. If these observations are
not harmonised prior or during the assimilationteirinstrumental biases may affect the
resulting analyses. Figure 4 (adapted from figufe af CMUG, 2013) shows the bias
corrections in brightness temperature (middle patieht were applied to the channel 2
observations measured by various MSU sensors oN@¥®A platforms (each indicated by a
different colour), so that the resulting observatiminus temperature background departures
(top panel) were mostly unbiased. Comparisons letwadiosonde temperature observations
and the same temperature background (bottom pahely a good agreement in the mid
troposphere, reassuring that the applied corrextigare appropriate.

0 Global mean background departures for MSU channel 2 radiance observations

1982 1986 1990 1994 1998 2002 2006 2010

Global mean bias correction for MSU channel 2 radiance observations

1982 1986 1990 1994 1998 2002 2006 2010

Global mean background departures from radiosonde temperature observations (275-775hPa)

1982 1986 1990 1994 1998 2002 2006 2010

Figure 4: The top panel shows the bias-corrected observation minus background departures from MSU channel 2
on successive NOAA satellites (colours indicate different satellites). The applied global mean bias corrections for
the MSU are shown in the middle panel. The comparison between the ERA-Interim temperature and radiosonde
observationsis plotted in the bottom panel.

A more complex situation occurs when an instruntgpe is dismissed and replaced with one
presenting slightly different characteristics. hese situations, the bias correction scheme may
be less successful in detecting the most apprepdaitrections to apply so that the resulting
reanalyses could present artificial changes. CMB@EL.B) discussed one case (see their figure
11) of a discontinuity in the ERA-Interim stratogpic temperature reanalyses that occurred in
summer 1998 when the assimilation of AMSU-A repthtteat of SSU.

Challenge 4: Homogenisation of data with different spatial coverage

Even if the observations were accurate, the sagufrthe instruments across space changes
over time and even at one given time, particularlthe satellite era, there is an overwhelming
variety of observation types. Considerable resaurbave been invested in obtaining
observations of the different components of themate system using both satellite and ground-
based networks, with plans to further improve axphed these observations in coming years.
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Figure 5 shows an example of how different the daigerage offered by different instruments

can be within a typical 12-hour window in modermés. A climate analysis then plays an

essential role by combining these diverse obsamatiogether to enable improved descriptions
o - - atevariations ar |
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Figure 5: Examples of data coverage from a variety of in-situ (panels a) to d)) and remotely sensed data (panels €)
to 1)) that are available within a typical 12-hour assimilation window during the satellite era.

What is evident from figure 5 is the presence dhddense areas, where observations from
multiple sources can potentially be in conflict, @posed to areas with sparse observations,
where the model is required to fill the gap anddfar information from better constrained
regions. Not all variables are equally observegl, a all times and places. Some of them (e.g.
temperature) are normally better constrained byagions than others. In the latter case, the
quality of the reanalyses may depend on how wellpifiysical processes affecting these poorly
observed variables are represented or parametaximbtiow efficiently the model can transfer
information in space and time.

Challenge 5: Differencesin the observational method

An additional difficulty associated with the diver&OS - particularly during the satellite era -
is that different sources of information while ugidifferent observational methods can provide
observations affecting the same model variablendBeg together the information from these
different sources is not always straightforward. &xample is discussed by Dragani and
McNally (2013) who describedhe steps that were taken to successfully mergeottume
information provided by ozone-sensitive infrarediaaces from three infrared sounders (AIRS,
IASI, and HIRS) with that provided by ozone producdtrieved from a number of UV sensors.

Challenge 6: I nteraction between different variables

An important aspect of complex systems, such asaaalysis, is that not only are different
variables related through the equations that dasctiparameterise the physical processes
represented in the forecast model, they are alatetethrough the data assimilation system. It
is not unusual then that the assimilation of obstons that are meant to constrain one variable
could also generate increments in another one.ifbisased complexity in the system requires
a proportional increase in assumptions and chaecbs made resulting in additional degrees of
freedom in the modelling system. Problems can anken (and at locations where) these
additional degrees of freedom in the model arepmoperly constrained by the observations.
An example was discussed by CMUG (2013) in theatise 3. That example referred to
(unrealistically) large increments in the uppereletemperature generated in an early version
of ERA-Interim by the data assimilation system twa@nmodate observed local changes in
0zone concentration caused by the assimilatioomies(inaccurate) ozone products.

Challenge 7: Generation of not well observed variables

It is worth mentioning that the use of a model @sables estimates of quantities and physical
processes that are difficult to observe directlyghsas vertical motions, surface heat fluxes,
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latent heating, and many of the other physical @sses that determine how the climate system
evolves over time. In general, the estimated qtiastiare model dependent and careful
interpretation is required. Any incorrect represgiph of physical processes (called
parameterizations) will be reflected in the reas&lyo some extent. Only recently models have
improved enough to be used with some confidenaadividual physical processes. Previously,
most studies using assimilated data have indireadtimated physical processes by computing
them as a residual of a budget that involves oalyables that are well observed. Thus, it is
important to understand which quantities are styomgnstrained by the observations, and
which are indirectly constrained and depend on rhpaemeterizations.

The key issues and challenges discussed abovenbabeaddressed by periodically updating
the reanalysis production and the data reprocesshge are several reasons for these updates:
(1) to include important or additional observatiomsssed in previous productions; (2) to
correct observational data errors identified throsgibsequent quality-control efforts; (3) to
assimilate observations reprocessed with statbeshtt algorithms; and (4) to take advantage
of scientific advances in models and data assimiatechniques, including bias correction
schemes (Dee, 2005).

3.3 Tools for monitoring reanalysis production and data quality

As the quality of the reanalysis products has imedowith time, their popularity has also
grown. This is confirmed by the increasing numbémusers and applications where these
datasets are routinely used and testified by thmelmu of citations to the numerous papers that
have been produced. For example the Uppala et2@D5] paper describing the ERA-40
reanalysis became in 2008 the most cited papeeasaences. It is fair to say, however, that
the quality of reanalysis products within a giveoduction varies with location, altitude, time
period, and variable of interest. It is paramotngintto monitor and assess the quality of every
component of a reanalysis production. There areraétools that can be used to that end.

It is important to recognise that the products afeanalysis are not merely the reanalyses
themselves. The data product archive normally ohesucomprehensive information about how
the reanalysis was produced, e.g. it includes ladleovations that were assimilated, together
with any additional information about their qualifpr example bias corrections, quality flags,
and observation uncertainties. It also containsit@aa@l variable computed during the
assimilation such as the observation minus backgloand observation minus analysis
departures, and the analysis increments. Thesa &rtds can also provide insight on the
guality of the reanalyses themselves. It is novogadsed that in order to have fully traceable
products - important to reassure users about ttee (dhmate) quality - one should be able to
access this information at any time. For examplghiv the ERA-CLIM reanalysis project,
ECMWE is developing a fully supportégdbservation Feedback Archive(OFA) specifically
designed to give users quick and open access tolt data that were assimilated in the
reanalysis.
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All the products available in the database areimelyt monitored to ensure that any problem
can timely be detected. A number of tools have l#®mreloped over the years to that end.
These tools manipulate large data volume and ckedtatistics that can be plotted for easy
assessment. As part of the OFA, various new taolpriocessing vast numbers of observations
from various instruments and sources will also laglenavailable to users.

One of the most useful tools is ti@bservation Monitoring Facility (OMF). This OMF
routinely provides statistics of the observationsl aof their residuals from their model
equivalent (the so-called background and analysipadures), but also the observation
uncertainties, the bias corrections applied andl&ta amountAn example, which shows some
of these statistics for the SCIAMACHY total colunozone assimilated in ERA-Interim, is
plotted in figure 6. The use of an OMF allows oaemmediately identify issues with a given
data set.Time series of the background and analysis depstuepresent a robust tool to
identify systematic differences between observatiand their modelled equivalent, useful to
assess the impact of changes in the GOS and mdmi&oeanalysis quality over time.
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Figure 6: Satistics for the assimilated SCIAMACHY total column ozone in the ERA-Interim reanalysis. Data are
in kg/n?.

Monitoring the Analysis Increments (i.e. analysis minus short range forecasts) pernat
identify the impact of the observations assimilaladng the assimilation window (typically 12
hours) they refer to. Time-pressure cross-sectmnthese differences are valuable tools to
assess the changes produced by the observing syBtgare 7 shows as an example the
timeseries of the stratospheric temperature arsalgsrements over the North Pacific obtained
from an early experiment of ERA-Interim. Large tesrgdure increments of several degrees
were produced in a deep layer around the stratep@usund model level 4) from 4 July 1995
onwards. An investigation of the possible causesswth large changes in the upper-air

16 of 31



Document Ref.: D3.4: Technical note on the role of Reanalysis
in the production and quality assessment of CDRs

CMUG Deliverable

Number: D3.4

Due date: March 2013
Submission date: 15 May 2013
Version: 0.3

temperature showed that they were caused by theikdgsn of ozone profiles from ERS-2
GOME that was turned on exactly on 4 July 1995 (GB/2013, section 3).
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Figure 7: Mean stratospheric temperature analysis increments for an early ERA-Interim experiment averaged
over the North Pacific region. Level 20 corresponds to about 40hPa; the top level isat 0.1hPa.

In addition to the daily monitoringylonthly Mean Products are also routinely monitored.
These include standard surface and pressure leadysed fields (temperature, winds, total
column water vapour, etc...) averaged over a seleddedain (global or regional), but also a
number of derived variables (e.g. monthly mean tisegies of various global budgets,
circulation indices, and single-level accumulatedetast parameters). Figure 8 shows a few
examples (see captions for details) of the longhteariation of some of these additional
variables from ERA-Interim (red), and ERA-40 fidlolack). The panels c) and d) also show
the comparison with the Japanese reanalyses JRAy25) and the NCEP reanalysis NRA-2
(violet).
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Figure 8: Comparisons of derived parameters from ERA-Interim (red) and ERA-40 (black). When available, the
NCEP NRA-2(violet) and the Japanese JRA-2 (cyan) reanalyses are also shown. Panel a): The +00h global mean
middle tropospheric temperature analyses from ERA-40 (black) and ERA-Interim (red). Panel b): Global mean
Wind angular momentum (10% kg n/s). Panel c): Global mean North Atlantic Oscillation Index. Panel d):
Global mean top-of-atmosphere thermal radiation in W/n%. Other examples can be found on-line at
http: //mww.ecmwf.int/products/forecasts/d/inspect/catal og/r esear ch/eraclim/timon/.
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Additionally, all fields that are required to fultonservation laws(e.g. global mass, energy,
and imbalances) are also continuously monitoreshgure that they do not drift over time. It is
important to recognize that the conservation lavesret normally verified within the analysis
cycle (e.g. Berrisford et al. 2011). This is beeawsile the conservation laws are enforced by
the model, the model variables are modified dutimganalysis to be closer to the assimilated
observations. Yet, these estimates are importatduse they are indirectly constrained by the
observations used to initialise the model (see,ef@mple, the diagnostics the global energy
budget and the hydrological cycle discussed by fegh et al. 2011) and represent a valuable
tool to assess the quality of the reanalysis awee,tand to check the consistency among inter-
related fields.

Low-frequency variability and long-term trends are also evaluated as additional quality
control for some of the main fields. It is fair $ay that the ability of reanalyses to accurately
detect long-term trends is still controversial (esge Thorne and Vose 2010, and comments by
Dee et al 2011a). The factors constraining theityuaf the reanalyses for trend detection are
several, as discussed in the previous section ¢danges in observing systems over time;
deficiencies in observational data quality and igpatoverage; model limitations in
representing interactions across interfaces, etddoever, considerable progress has been
achieved in this area in recent years, mainly duadivances in data assimilation related to the
treatment of biases in satellite observations (B Uppala 2009). It has been demonstrated
that near-surface temperature and humidity anomagimated from reanalysis data closely
match those obtained independently from statioemagions (Simmons et al. 2004, 2010), and
reanalysis data have begun to be routinely usesssess global climate change, e.g. in the
annual State of the Climate special issues of thketh of the American Meteorological
Society (SOC 2010; 2011; 2012).

4. Part 2

4.1 Reanalysis as a framework for CDR quality assessment

Part 1 of this document presented a detailed oseraf 1) the available reanalyses and the

consolidated plans in this field for the near fetu?) the key issues and challenges related to
climate quality reanalyses and 3) the tools that roautinely be used to monitor a reanalysis

production and its quality.

The quality assurance represents a constant pneatton in the generation of any data record.
This is particularly important if these productg aised for climate studies - as any inaccuracy
could lead to the detection of wrong trends and ltamm variability - or when they become a
reference to assess the value of other data reagighe CCI ECVs.

There are different ways in which an observatiotiaia record can be compared with its
reanalysis equivalent. These have been summanse€dhble 2. Comparisons can be performed
using any level of data from level 1b (radianceslevel 3 (monthly mean data sets) and it can
be performed within the data assimilation systeabdlled as “on-line” in table 2) oa

posteriori (i.e. “off-line”). For completeness, the casesvimch the observations (either as L1b
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or L2) are assimilated (i.e. their status is defitfective”) have also been included (cases B and
D in red). In these two cases, however, the comepasi cannot provide an independent
validation of the observations.

Cases A and C refer to situations where the obsensaflow through the data assimilation
system but without being assimilated and thus withmaking any impact on the final
reanalysis products, which are therefore a comlgldatelependent dataset. Although the
observations do not make an impact on the rearglysis type of comparison is particularly
useful as the data assimilation system computestames in the reanalysis database a number
of additional fields based on the original datg@.(short range forecast and analysis departures
from the observations, information on the qualitythe data, including the bias correction the
observations would have been given if they wer@raksged, etc...). These additional fields
can be used a posteriori to calculate statistias¢hn provide an in-depth understanding of the
guality of the original dataset in different aredshe globe and at different levels.

Case Observation Reanalysis Mode  Status Type of

level level comparison
A L1lb L1 On-line Passive Independent
B L1b L1 On-line Active Dependent
C L2 L2 On-line Passive Independent
D L2 L2 On-line Active Dependent
E L2 L2 Off-line N/A Independent
F L3 L3 Off-line N/A Independent

Table 2: Summary of the possible ways observations and reanalyses can be compared. The cases with shaded
background refer to a posteriori comparisons. Cases A to D refer to comparisons performed within the data
assimilation system.

Cases E and F refer to situations where the coswaris performed outside the data
assimilation system (i.e. off-line). This could pap, for example, if the observations were not
yet available at the time the reanalysis producti@s run. In the off-line cases, comparisons
can be performed for the Level 2 data (i.e. retigwalong the satellite orbits), or for Level 3
(i.e. monthly mean area averaged fields). The &fghese two cases (case E) is most useful
when assessing the high frequency variability @idachanges in a given field. The second
case (case F) is indicated and suitable for theacherization of the long-term variability, for
which the low frequency signal is more importang, €or climate assessments.

In the framework of a long term assessment of ttd ECVs, ECMWF has developed the
prototype of an interactive interface to perforrmparisons of CDRs with several reanalysis
products. The design of this tool, named the Clamdbnitoring Facility or simply CMF, was
described in detail by CMUG (2013a). Section 4.Bvjtes an overview of the kind of
assessment that the CMF permits to perform.

4.2 lllustration of ECV product assessments

Funded through the ESA CCI, ECMWF has developegthtotype of an interactive interface
for assessing low-frequency (multi-year) variapiliof statistical averages (typically
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monthly/regional means). Thus, the focus of thd {€MF) is to perform time-series analysis
in order to evaluate long-term homogeneity and isteriscy of CDRs.

As explained in CMUG (2013a), the CMF tool is mage of three main components as
follows:

» Dataset Pre-processing & Ingestion Interfacesised to create the Climate Database
starting from monthly mean fields (observations aratiel outputs, such as reanalyses).

» Climate Monitoring Database that holds a wide range of data (in the form adaar
averaged monthly mean fields)

» Post-processing & Extraction Interfacesused to extract, manipulate and plot the data
time series.

The Database currently includes a substantial g¢atame that counts several reanalysis
streams (e.g. ERA-40, ERA-Interim, NRA-2, JRA-2}ptal of about eighty different variables
(e.g. Temperature, Ozone, total column water vap88iT, etc...) averaged over thirty eight
different regions (e.g. global, tropics, midlatiasg Africa, Antarctica, etc...). For three
dimensional fields, a set of seventeen differeespure levels spanning the atmosphere from
surface up to 1 hPa are available. Besides disglagrea averaged monthly mean fields, a
number of additional statistics (e.g. anomaly, déad deviation, RMS, etc...) can also be
selected and displayed. Appendix A provides a nurobé¢ables of all the currently available
options for each of these selection criteria amdéhbeing processed at the time of writing.

The CMF is an efficient tool for immediate visualion and data quality assessment. As an
illustration, a number of examples are shown bealsug reanalysis products.

1. Atool to assess the long term consistency amongtasets

The CMF permits the assessment of the long ternlitguand consistency of a CDR by
comparing it with validating datasets availablethe Climate Monitoring Database. Figure 9
shows for example the SST anomaly time series mdxdairom three reanalysis streams (ERA-
40, ERA-Interim, and JRA-25). It is evident that fxample the Japanese JRA-25 SST was
rather different from the two ERA products betweE®85 and 1990, while the level of
agreement, especially with ERA-Interim, is muchhieigin other periods, particularly after
1990.
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Fighré 9 Ti rﬁéeriec of '.[h'e SST énohwaly ffdi’h three‘r.e'analysis- .;si-reams -EéA—40 (Qféen), ERA-Interi rh'(-bink), and
JRA-25 (purple).

Investigating the reasons of sudden changes irtitie series is crucial to correctly detect
trends and long term variability. In particularjgstcrucial to understand if a sudden change is
related to a problem with a particular dataset ather it represents a real change in the
environment. Figure 10 shows the global mean tierees of the temperature anomaly at 100
hPa from different streams (ERA-Interim and fousemble members of the forthcoming
ERA-20C reanalysis). All the time series show suddbanges, e.g. the three most recent
occurred around 1963, then 1982, and 1993. Theeammet among the datasets gives
confidence that these changes were not artefatckei€DRS, but more likely real events. It is
possible that they represent temperature changesred near the tropopause after some major
volcanic eruptions, namely the eruptions of MougtuAg (1963), of Mount EI Chichon (1982),
and of Mount Pinatubo (1993).
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of ten ensemble members of the new ERA-20C reanalysis (see key).

2. Atool to assess the long term consistency amongiadbles

An important feature of the CMF is the ability afreparing physically correlated variables.

This helps assessing the reliability of changeghim time series of a given variable and
identifying the possible causes. Using the exarmpfgyure 10 above, over-plotting e.g. aerosol
timeseries (provided their availability over suaind period of time) to the temperature

anomaly could confirm that the largest changes rvsein the temperature anomaly near the
tropopause are actually the response to volcanjtiens.

3. Atool to assess the correctness of long-term tread

One of the most critical aspects in climate assesssns the detection and validation of long
term variability and trends in CDRs. Any error imetproduction of a CDR can result in
artificial changes that in turn can provide wrorgnt estimates. In the case of reanalyses it was
discussed in Part 1 that changes in the globalreingesystem represents the first cause for
erroneous trends. Figure 11 shows once again dimlginean temperature anomaly at 100hPa
as presented in figure 10 but extended to accaunvther reanalysis streams. It is clear from
figure 11 that the NRA-2 temperature anomaly (ied)lis substantially different from all the
other datasets. At a first, naive look of the NRARZe series, it could appear that the suggested
trend is a still-in-act, strong global mean temp@e reduction around the tropopause during
the last thirty years (as suggested by the fitllaeas A)). At a closer look, it is more likely
that changes in the observing system may have dausaift of the global mean temperature
after 1993 to a new regime value (during the lastade), as suggested by pattern labelled as
B). Paltridge et al. (2009), for example, castedkdan the general consensus that the global
water vapour feedback was strongly positive basedNGEP/NCAR NRA-2 trend analysis.
Dessler and Davis (2010) analysed several reasabjaiasets and found that the NRA-2
reanalysis was the only one affected by such ativegaend, ascribing that negative trend to
changes in the NRA-2 observing system.
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This type of issues is not just common of reanalgsoducts. Observational datasets can also
be affected by a number of problems that could eadrong conclusions about their trends
and variability. It was shown in Part 1, that ewshen observations are measured with
instruments using the same manufacture and thesegged with the same algorithms, inter-
instrumental biases can exist and be severe. Thases should be accurately removed before
generating a data record long enough to permititeeralysis. Furthermore, even when limiting
the attention to a single instrument, changes enitistrument measuring mode - that could
affect its calibration - or errors related to tlegmal “wear and tear” of the instrument - that can
only be modelled once identified - can all leacgktmneous conclusions. A tool, like the CMF,
able to ingest many data streams and visualizeststatof all of them at once represents a very
efficient way to provide a first assessment ofltrey term variability of CDRs while detecting
potential issues and inconsistencies.

4. A tool to assess the observation uncertainties

CMF can also be used to assess the quality arabilél of the observation uncertainty. The
anomaly (i.e. the variability around its mean) ke imodel equivalent of an observation can be
used as a proxy of the natural variability of trergmeter under assessment and so of the
observation uncertainty. Another method consist€amparing the observation uncertainty
with the spread of an ensemble of reanalysis edadiss, each produced with slightly different,
but equally plausible conditions, as currently dtorehe ERA-20C reanalysis.

5. Summary

A reanalysis is a statistical method for constngthigh-quality climate records that represent
our best estimate of how the climate system hadvedoover time. This is achieved by
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combining a diverse set of past observations t@getithin a model. The output provides
comprehensive, consistent, and reliable long-tests sf numerous variables (e.g. temperature,
precipitation, winds, etc...) able to characterize shate of the climate system. Thanks to these
gualities, reanalysis products can be used to refih@duce or assess the quality of Climate
Data Records (CDRs).

Reanalysis can contribute to the production of CbRwo different ways:
1. In the production of climate quality Level 2 obs&iens: reanalysis products can be
used as auxiliary informatiore/priori to constrain the retrieval algorithms.
2. As CDRs themselves.

When a reanalysis stream and a set of observatiensdependent (i.e. neither the reanalysis
were used in the observation retrieval algorithmsthe observations were assimilated in the
reanalysis), their comparisons can infer usefudrimiation about the quality of the observations
using their reanalysis equivalent as a refererssjraing that the reanalysis is accurate enough.

Whether reanalysis products are used to producesGidRo assess their quality, the first and
foremost requirement is that the reanalysis prodncis done in such a way to guarantee
climate quality of its products. Here, a climataliy dataset is regarded as a record of data of
sufficient length, consistency, and continuity termit climate variability and change
assessments, and with accurate information ab®uhttertainty.

Part 1 of the present document has then focussemh averviewing the past, and present
reanalysis productions, as well as the near fuplaes in the field, b) on detailing the issues
that can limit the reanalysis quality - these dterorelated to changes in time of the observing
system -, and c) on discussing how the reanalyssitg is normally monitored and what tools
are available and can be used to that end.

Part 2 of the present document focussed insteath@wvalue of reanalysis in assessing the
quality of observations. It was stressed that thizdel-observation confrontation can be
performed either within the data assimilation sysi@ossible for Level 1b and Level 2 data
records) or outside it (this, instead, applies ¢wvél 2 and Level 3, i.e. monthly mean gridded,
data records).

The model-observation confrontation up to Levek 2niost useful for detecting fast changing
situations over very short period of time. The niamservation confrontation based on
monthly mean gridded fields is, instead, most Ugefuetect climate signals and to assess the
long-term variability and trends. In the context this long-term variability and quality
assessment and in support of the ESA CCI acti@zG§MWF has developed the prototype of a
Climate Monitoring Facility interface that faciltes the inter-comparisons of long time series
of data from numerous sources. The aim is to use fdcility to assess the long-term
consistency and homogeneity of the ESA CCI prodote available.
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6. Appendix A: The Climate Monitoring Database content

The Database content evolves and increase with filme tables below refer to what available
at the time of the writing.

» Data product streams:

Name Short name Period
ECMWF ERA-Interim ERA-Int Jan 1979 - onwards
ECMWF ERA-40 ERA-40 Jan 1957 - Aug 2002
JMA JRA-25 JRA-25 Jan 1979 - Dec 2011
NCEP NRA-2 NRA2 Jan 1979 - Dec 2011
ECMWEF ERA-20C (10 members) 1613 0-1613 9 Jan 1898c-2011
ECMWF CERA (prototype, 2 membets) 1644 0-1644 1, Jan 1899 - Dec 2009
1667_0-1667_1
Hadley Centre SST HadISST2 Jan 1899 - Dec 2007
Test of the coupled atmosphere-ocean reanalysis. “Preliminary version of the Hadley Centre SST dataset.
* Region
20N-60N Antarctica Europe Oceans
20S-20N Arctic Global Southern Hemisphere
30S-90S Asia India South America
60S-20S Australia Indonesia Southern Europe
30N-90N Britain Land Scandinavia
60N-90N Central Europe Northern Hemisphere Siberia
90S-60S China North America Southern Oceans
Africa Congo North Atlantic Tropical Oceans
Amazon Euro-Russia North Pacific U.S.A.
* Levels

Available levels

1 hPa 20 hPa 150 hPa 925 hPa

3 hPa 30 hPa 250 hPa 1000 hPa
5 hPa 50 hPa 300 hPa Undefined
7 hPa 70 hPa 500 hPa

10 hPa 100 hPa 850 hPa

"Thisisvalid for surface or integrated fields.
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» Geophysical parameter:

2D

2T
AM
ASRU

BLD
Cl

CP

E
EWSS
GWD

HCC
LCC
LNSP
LSP
MAGSS

MAM
MASS
MASSC
MASSD
MASSDC
MASSP
MCC
NAO
NI34
NetS
(OK]

OLR

P-E
PNA

Q
QBO
RO
)
SF
SKT
SLCF

SLHF
SOl
SRC

Description

2m dewpoint temperature

2m temperature
Angular momentum

Solar radiation reflected by the
atmosphere

Boundary Layer Dissipation
Sea-Ice cover

Convective precipitation
Evaporation

East-West surface turbulent stre
Gravity wave dissipation

High cloud cover

Low cloud cover

Logarithm of surface pressure
Large-scale precipitation
Magnitude of surface turbulent
stress
Mass angular momentum
Mass

Mass convergence

Dry mass

Dry mass convergence

Mass production

Medium cloud cover
North-Atlantic Oscillation

Nino 3-4 SST Index

Net surface energy exchange
Ozone

Top-of-atmosphere thermal
radiation (net)

Precipitation minus Evaporation
Pacific-North America Oscillatiof
Index

Specific humidity
Quasi-Biennial Oscillations
Runoff

Snow Depth

Snow Fall

Skin Temperature

Surface thermal radiative cloud
forcing

Surface Latent Heat Flux
Southern Oscillation Index

Description

SSCF Surface solartragieloud forcing
SSHF Surface Sensible Heat Flux
SSR Surface Net Solar Radiation
SSRC Surface Net Solar Radiation, Clear sky
SSRD Surface Soladi&tion Downwards
SSRU Surface Solar Radiation Upwards
SST Sea Surface Temperature
STR Surface Thermal Radiation
ss STRC SuNat Thermal Radiation, clear
STRD Surface Thermatidtion
Downwards
STRU Surface Thermal Radiation dpig
T Temperature
B BL stresguer
TCC Total Cloud Cover
TCDA Total column Dry Air
TCO3 Total column ozone
TCW Total column water
TCWV Total column water vapo
TCWVC  TCWV Convergence
TE Total Energy
TEC Total Energy Convergence
TEI Total Energy Input
TG GW stress torque
TH Thermal energy
THC Thermal erengyergence
TLCF Top-of-atmosphere thermal radiative
cloud forcing
TNCF Top-of-atmosphere radiative net cloud
forcing
TP Total preeatpn
nTSCF Top-of-atmosphere solar radiative
cloud forcing
TSR Total Net Solar Radiation
TSRC Total Net $dtadiation, Clear sky
TSRD Total Net Solar Radiation Downwards
TSRU Total Net Solar Radiation Upward
TTRC Top net thermal radiation cldgr s
U Zonal wind
Vv Meridional wind
WAM Wind angular maoroen
Z Geopotential heigh

Skin reservoir content
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The highlighted variables are those currently available that will also be available as CCI ECV products.

e Quantity

Available statistics

Mean datum

Mean anomaly datum
Mean ensemble spread datym Stand. dev. ens. spaead

Standard deviation datum RMS datum
Standard dev. anomaly dgtum BRhM&aly datum
RMS ensemble spread datum

* Geophysical parameters and data streams being progged at the time of writing:

NEIE]
STL1-4
SWVL1-4
TCO3

TCCO2
TCCHA4
AOD469
AOD550
AODG670
AOD865
AFM
ACM

ERA-40, ERA-Interim
ERA-40, ERA-Interim
MACC Reanalysis
03 MACC Reanalysis
MACC Reanalysis
MACC Reanalysis
MACC Reanalysis
MACC Reanalysis
MACC Reanalysis
MACC Reanalysis
MACC Reanalysis
MACC Reanalysis

Data stream Description
Soil Temperature Levebld

Soil Water Vapour Level 1 to 4

Total Column Ozone

Ozone mass mixing ratio

Total column carbon dioxide

Total column methane

Total AOD at 469nm

Total AOD at 550nm

Total AOD at 670nm

Total AOD at 865nm

Aerosol Fine Mode

Aerosol Coarse Mode

The highlighted variables are those that will also be available as CCI ECV products.

7. Appendix B: List of acronyms

AIRS
CERA
CIRES
HIRS
IASI
JMA
GCOS
MERRA
MSU
NCEP
NCEP CFSR
NOAA

Advanced Infrared Sounder

Coupled ERA

Cooperative Institute for Resé in Environmental Sciences
High-resolution Infrared Raiilbn Sounder

Infrared Atmospheric Sounglimterferometer

Japan Meteorological Agency

Global Climate Observing System

Modern Era Retrospective-analysisResearch and Applications
Microwave Sounding Unit

National Center for EnvironrarPrediction

NCEP Climate Forecast System Resinaly

National Oceanic and Atmosphexdministration
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