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Abstract. The climate research community uses atmospheric
reanalysis data sets to understand a wide range of processes
and variability in the atmosphere, yet different reanalyses
may give very different results for the same diagnostics. The
Stratosphere—troposphere Processes And their Role in Cli-
mate (SPARC) Reanalysis Intercomparison Project (S-RIP)
is a coordinated activity to compare reanalysis data sets us-
ing a variety of key diagnostics. The objectives of this project
are to identify differences among reanalyses and understand
their underlying causes, to provide guidance on appropri-
ate usage of various reanalysis products in scientific stud-
ies, particularly those of relevance to SPARC, and to con-
tribute to future improvements in the reanalysis products by
establishing collaborative links between reanalysis centres
and data users. The project focuses predominantly on differ-
ences among reanalyses, although studies that include oper-
ational analyses and studies comparing reanalyses with ob-
servations are also included when appropriate. The empha-
sis is on diagnostics of the upper troposphere, stratosphere,
and lower mesosphere. This paper summarizes the motiva-
tion and goals of the S-RIP activity and extensively reviews
key technical aspects of the reanalysis data sets that are the
focus of this activity. The special issue “The SPARC Reanal-
ysis Intercomparison Project (S-RIP)” in this journal serves
to collect research with relevance to the S-RIP in prepara-
tion for the publication of the planned two (interim and full)
S-RIP reports.

1 Introduction

An atmospheric reanalysis system consists of a global fore-
cast model, input observations, and an assimilation scheme,
which are used in combination to produce best estimates
(analyses) of past atmospheric states (including temperature,
wind, geopotential height, and humidity fields). The fore-
cast model propagates information forward in time and space
from previous analyses of the atmospheric state. The assim-
ilation scheme then blends the resulting short-range forecast
outputs with input observations to produce subsequent anal-
yses of the atmospheric state, which are in turn used to ini-
tialize further forecasts. Whereas operational analysis sys-
tems are continuously updated with the intention of improv-
ing numerical weather predictions, reanalysis systems are
fixed throughout their lifetime. Using a fixed assimilation—
forecast model system to produce analyses of observational
data previously analysed in the context of operational fore-

[Iee]

casting (the “re” in “reanalysis”) helps to prevent the intro-
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duction of artificial changes in the analysed fields (Trenberth
and Olson, 1988; Bengtsson and Shukla, 1988), although ar-
tificial changes still arise from other sources (especially from
changes in the quality and/or quantity of the input observa-
tional data). The first three major reanalysis efforts started in
the late 1980s, conducted by NASA, ECMWE, and a joint
effort between the NMC (now NCEP) and NCAR (e.g. Ed-
wards, 2010). More than 10 global atmospheric reanalysis
data sets are currently available worldwide. A key for all ab-
breviations used in this paper is provided in Appendix A.
Abbreviations representing the names of institutes, models,
satellites, and other entities are in most cases only provided
in the appendix; all other abbreviations are both introduced
in the text and included in the appendix.
Stratosphere—troposphere Processes And their Role in Cli-
mate (SPARC) is one of four core projects of the WCRP and
is sponsored by the WMO, ICSU, and IOC of UNESCO.
Research themes within the SPARC mandate include atmo-
spheric dynamics and predictability, chemistry and climate,
and long-term records for understanding climate. Reanaly-
sis data sets feature prominently among the tools used by
the SPARC community to understand atmospheric processes
and variability, to validate chemistry—climate models, and to
investigate and identify climate change (e.g. SPARC, 2002,
2010; Randel et al., 2004; and references therein). However,
there are known challenges for middle-atmosphere analysis
and reanalysis, including (but not limited to) smaller volumes
of observational data available for assimilation, increases in
noise and/or biases in the available observations with height,
and unique aspects of middle-atmospheric dynamics that in-
fluence the behaviour of background error covariances and
other facets of the data assimilation system (e.g. Swinbank
and O’Neill, 1994; Swinbank and Ortland, 2003; Polavarapu
etal., 2005; Rood, 2005; Polavarapu and Pulido, 2017). It has
been more than 10 years since the last comprehensive inter-
comparison of reanalyses and related data sets in the middle
atmosphere, the SPARC Intercomparison of Middle Atmo-
sphere Climatologies (SPARC, 2002; Randel et al., 2004),
and several new reanalyses have been released in the inter-
vening years. That intercomparison and multiple subsequent
studies have shown that different results may be obtained
for the same diagnostic due to different technical details of
the reanalysis systems, even amongst more recent reanaly-
ses (a list of examples has been provided by Fujiwara et al.,
2012; see also the contents of this special issue). The perva-
sive nature of these discrepancies creates a need for a new
coordinated intercomparison of reanalysis data sets with re-
spect to key diagnostics that can help to clarify the causes
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of these differences. The results of this intercomparison are
intended to provide guidance on the appropriate usage of re-
analysis products in scientific studies, particularly those of
relevance to SPARC. The reanalysis community also ben-
efits from coordinated user feedback, which helps to drive
improvements in the next generation of reanalysis products.
The SPARC Reanalysis Intercomparison Project (S-RIP) was
initiated in 2011 to conduct a coordinated intercomparison
of all major global atmospheric reanalyses (Fujiwara et al.,
2012; Fujiwara and Jackson, 2013; Errera et al., 2015; see
also http://s-rip.ees.hokudai.ac.jp/). The goals of the S-RIP
are (1) to better understand the differences among current re-
analysis products and their underlying causes; (2) to provide
guidance to reanalysis data users by documenting the results
of this reanalysis intercomparison; and (3) to create a com-
munication platform between the SPARC community and the
reanalysis centres that helps to facilitate future reanalysis im-
provements. Documentation will include both peer-reviewed
papers and two S-RIP reports published as part of the SPARC
report series: a full report scheduled for publication in 2018
and an electronic-only interim report to be published before-
hand.

Figure 1 shows a schematic illustration of the atmosphere
highlighting the processes and themes covered by the S-
RIP. The planned S-RIP reports consist of two parts. Chap-
ters 1-4 introduce the project, describe the reanalysis sys-
tems, and provide intercomparisons of basic variables (tem-
perature, winds, ozone, and water vapour). These chapters
will constitute the entirety of the interim report and will also
be updated and included in the subsequent full report. Chap-
ters 5—12 will only be included in the full report. The chap-
ters to be included only in the full report will be arranged
according to, and focus on, different regions or processes
within the atmosphere, including the Brewer—Dobson circu-
lation, stratosphere—troposphere dynamical coupling, upper-
tropospheric—lower-stratospheric processes in the extratrop-
ics and tropics, the quasi-biennial oscillation (QBO) and
tropical variability, lower-stratospheric polar chemical pro-
cessing and ozone loss, and dynamics and transport in the
upper stratosphere and lower mesosphere (Fig. 1). Some im-
portant topics, such as gravity waves and transport processes,
are sufficiently pervasive for related aspects to be distributed
in several chapters.

The S-RIP focuses predominantly on reanalyses, although
some chapters of the planned reports will include diagnostics
from operational analyses when appropriate. In addition to
intercomparison of the diagnostics calculated directly from
reanalysis products, some chapters will include discussion of
chemical transport model (CTM) and trajectory model sim-
ulations driven by different reanalysis data sets. Table 1 lists
reanalysis data sets that are currently available and will be
included in one or more chapters of the planned S-RIP full
report. Many of the chapters focus primarily on newer reanal-
ysis systems that assimilate upper-air measurements and pro-
duce data at a relatively high resolution (e.g. ERA-Interim,

www.atmos-chem-phys.net/17/1417/2017/
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Figure 1. Schematic illustration of the atmosphere showing the pro-
cesses and regions that will be covered by chapters in the planned
full S-RIP report. Domains approximate the main focus areas of
each chapter and should not be interpreted as strict boundaries.
Chapters 3 and 4 cover the entire domain.

JRA-55, MERRA, MERRA-2, and CFSR/CFSv2). We also
intend to include forthcoming reanalyses (e.g.ERAS) when
they become available, and long-term reanalyses that assim-
ilate only surface meteorological observations (e.g. NOAA-
CIRES 20CR and ERA-20C) where appropriate. Some chap-
ters of the planned reports will include comparisons with
older reanalyses (NCEP-NCAR R1, NCEP-DOE R2, ERA-
40, and JRA-25/JCDAS) because these products have been
heavily used in the past and are still being used for some
studies and because such comparisons can provide insight
into the potential shortcomings of past research results. Other
chapters will only include a subset of these reanalysis data
sets, since some reanalyses have already been shown to per-
form poorly for certain diagnostics (e.g. Pawson and Fiorino,
1998; Randel et al., 2000; Manney et al., 2003, 2005; Birner
et al., 2006; Monge-Sanz et al., 2007; Sakazaki et al., 2012;
Lu et al., 2015; Martineau et al., 2016) or do not extend high
enough in the atmosphere. The intercomparison period com-
mon to all chapters of the planned S-RIP reports is 1980-
2010. This period starts with the availability of MERRA-2
shortly after the advent of high-frequency remotely sensed
data in late 1978 (the “satellite era”) and ends with the tran-
sition between CFSR and CFSv2 (see below). Some chapters
will also consider the pre-satellite era before 1979 and/or in-
clude results for more recent years. Given the wide use of
ERA-40 (which only extends to August 2002), separate inter-
comparisons for 1980-2002 are also considered for selected
diagnostics.

The special issue “The SPARC Reanalysis Intercompari-
son Project (S-RIP)” in this journal serves to collect research
with relevance to the S-RIP in preparation for the publication
of the planned two (i.e. interim and full) S-RIP reports. The

Atmos. Chem. Phys., 17, 1417-1452, 2017


http://s-rip.ees.hokudai.ac.jp/

1420

M. Fujiwara et al.: Introduction to the S-RIP and overview of the reanalysis systems

Table 1. List of global atmospheric reanalysis systems discussed in this work.

Reanalysis system Reference

Description

ERA-40 Uppala et al. (2005)

Centre: ECMWF
Coverage: September 1957 to August 2002

ERA-Interim Dee et al. (2011)

Centre: ECMWF
Coverage: January 1979 to present

ERA-20C? Poli et al. (2016)

Centre: ECMWF
Coverage: January 1900 to December 2010

JRA-25/JCDAS Onogi et al. (2007)

Centre: JMA and CRIEPI

(JRA-25) Coverage: January 1979 to January 2014
JRA-55 Kobayashi et al. (2015)  Centre: IMA

Coverage: January 1958 to present
MERRA Rienecker et al. (2011)  Centre: NASA GMAO

Coverage: January 1979 to February 2016
MERRA-2¢ Bosilovich et al. (2015)  Centre: NASA GMAO

Coverage: January 1980 to present

NCEP-NCAR R1 Kalnay et al. (1996);

Centre: NOAA/NCEP and NCAR

RD Kistler et al. (2001) Coverage: January 1948 to present

NCEP-DOE R2 Kanamitsu et al. (2002)  Centre: NOAA/NCEP and the DOE AMIP-II project
(R2) Coverage: January 1979 to present

CFSR Saha et al. (2010) Centre: NOAA/NCEP

(CDAS-T382)

Coverage: January 1979 to December 2010

CFSv2
(CDAS-T574)

Saha et al. (2014)

Centre: NOAA/NCEP
Coverage: January 2011 to present

NOAA-CIRES 20CR v24
(20CR)

Compo et al. (2011)

Centre: NOAA and the University of Colorado CIRES
Coverage: November 1869 to December 2012

2 A companion ensemble of AMIP simulations is also available: ERA-20CM; see Sect. 2 for details. > Two ancillary products are also available:
JRA-55C and JRA-55AMIP; see Sect. 2 for details. © A companion AMIP simulation for MERRA-2 is in progress but has not yet been completed
as of this writing. d A new version of 20CR covering 1851-2011 (20CR v2c) was completed and made available in 2015.

remainder of this paper contains overview material intended
to reduce duplication in subsequent papers in this special is-
sue and is organized as follows. Section 2 is a brief introduc-
tion to the 11 global atmospheric reanalyses listed in Table 1.
Section 3 is an overview of key differences among reanaly-
sis forecast models, with a particular focus on major physical
parametrizations and boundary conditions. Section 4 is a ba-
sic description of data assimilation as implemented in current
reanalysis systems. Section 5 is a summary comparison of
frequently assimilated input observations, focusing on five of
the most recent reanalysis systems. Section 6 includes a brief
discussion of reanalysis ozone and water vapour products in
the upper troposphere and stratosphere. Section 7 concludes
the paper with a summary of key issues and an outline of the
intended future evolution of the S-RIP activity.

Atmos. Chem. Phys., 17, 1417-1452, 2017

2 Current reanalysis systems

In this paper, we divide reanalysis systems into three classes
according to their observational inputs. “Full-input” reanal-
yses are systems that assimilate surface and upper-air con-
ventional and satellite data. “Conventional-input” reanaly-
ses are systems that assimilate surface and upper-air con-
ventional data but do not assimilate satellite data. “Surface-
input” reanalyses are systems that assimilate surface data
only, with upper-air observations excluded. Some of the re-
analysis centres also provide companion “AMIP-type” sim-
ulations, which do not assimilate any observational data and
are constrained by applying a sea surface temperature analy-
sis as a lower boundary condition on the atmospheric model.
The following discussion also includes the term “satellite
era”, which refers to the period following 1979 (the first full
year of TOVS availability), for which satellite data are rela-
tively abundant, and the companion term “extended reanaly-

www.atmos-chem-phys.net/17/1417/2017/
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sis”, which refers to any reanalysis that provides data for the
period before January 1979.

We note that the production of reanalyses must often be
completed under strict deadlines. To meet these deadlines,
most reanalyses have been executed in two or more distinct
“streams”’, which are then combined (Fig. 2). Detailed infor-
mation on stream execution is provided in the Supplement
to this paper. Discontinuities in the time series of some anal-
ysed variables may occur when streams are joined. The po-
tential impacts of these discontinuities should be considered
(along with changes in assimilated observations described in
Sects. 5 and 6) when reanalysis variables are used for assess-
ments of climate variability and/or trends.

2.1 ECMWEF reanalyses

ERA-40 (Uppala et al., 2005) is an extended full-input re-
analysis covering 45 years from September 1957 through
August 2002. ERA-40 was released by ECMWF in 2003
and represents an important improvement relative to the
first generation of modern reanalysis systems, including
FGGE (Bengtsson et al., 1982) and ERA-15 (Gibson et al.,
1997). ERA-40 did not assimilate satellite data prior to Jan-
uvary 1973. The ERA-40 reanalysis from September 1957
through December 1972 is therefore a conventional-input re-
analysis. ERA-40 products continue to be used in many stud-
ies that require long-term atmospheric data.

ERA-Interim (Dee et al., 2011), initially released by
ECMWEF in 2008, is a full-input reanalysis of the satellite
era that includes several corrections and modifications to the
system used for ERA-40. In particular, ERA-Interim uses a
4D-Var data assimilation system, which makes more com-
plete use of observations collected between analysis times
than the 3D-FGAT (first guess at appropriate time) approach
used in ERA-40 (see Sect. 4). Major focus areas during the
production of ERA-Interim included achieving more realistic
representations of the hydrologic cycle and the stratospheric
circulation relative to ERA-40, as well as improving the con-
sistency of the reanalysis products in time.

ERA-20C (Poli et al., 2015, 2016) is a surface-input re-
analysis produced by ECMWF and released in 2014. ERA-
20C uses a 4D-Var data assimilation system but takes its
spatially and temporally varying background errors from a
prior ensemble data assimilation (Isaksen et al., 2010; Poli et
al., 2013). Because ERA-20C directly assimilates only sur-
face pressure and surface wind observations, it can gener-
ate reanalyses of the climate state that extend further back
in time (in this case to the beginning of the 20th century).
Assimilation of surface data indirectly constrains the upper-
atmospheric state, but these constraints are relatively weak
on longer-than-synoptic timescales. While data from ERA-
20C extend up to 0.01 hPa, these data should be used with
caution in the upper troposphere and above. The ERA-20C
model also uses sea surface temperature and sea ice concen-
tration analyses as well as radiative forcings prescribed for

www.atmos-chem-phys.net/17/1417/2017/

CMIPS. The companion product ERA-20CM (Hersbach et
al., 2015) provides an ensemble of AMIP-style simulations
using similar forcings and lower boundary conditions. En-
semble members are spun-up from the same initial state and
differ only in the prescribed evolution of sea surface temper-
ature (SST) and sea ice, which are drawn from the HadISST2
ensemble (Titchner and Rayner, 2014; Hersbach et al., 2015).

2.2 JMA reanalyses

JRA-25 (Onogi et al., 2007), released in 2006, is a full-input
reanalysis of the satellite era and the first reanalysis pro-
duced by JMA (in cooperation with CRIEPI). This reanal-
ysis originally covered 25 years from 1979 through 2004,
and was extended by an additional 10 years (through the end
of January 2014) as JCDAS using an identical fixed model-
assimilation system.

JRA-55 (Kobayashi et al., 2015), released in 2013, is an
extended full-input reanalysis produced by JMA. JRA-55
is the most recent reanalysis that both assimilates upper-
air observations and includes coverage of the pre-TOVS era
(i.e. before November 1978), starting from the International
Geophysical Year (IGY) in January 1958. To date, JRA-55
is the only reanalysis system to apply a 4D-Var data assim-
ilation scheme to upper-air data during the pre-satellite era
(ERA-20C has also applied 4D-Var but only to surface obser-
vations). Two companion products are also available: JRA-
55C (Kobayashi et al., 2014), a conventional-input reanaly-
sis, and JRA-55AMIP, an AMIP-style forecast model sim-
ulation without data assimilation. Both JRA-55C and JRA-
55AMIP were released to the public in 2015. JRA-55C is
available starting from November 1972, 2 months before
JRA-55 began assimilating satellite observations (before this
date, JRA-55 only assimilated conventional observations so
that JRA-55 and JRA-55C are identical) and extends through
December 2012. JRA-55AMIP extends from January 1958
through December 2012. Extensions beyond December 2012
are planned for both JRA-55C and JRA-55AMIP, but details
have not been determined as of this writing.

2.3 NASA GMAO reanalyses

MERRA (Rienecker et al., 2011), released in 2009, is
a full-input reanalysis of the satellite era developed by
NASA’s GMAO using the GEOS-5 data assimilation system.
MERRA was conceived with the intention of leveraging the
large amounts of data produced by NASA’s Earth Observing
System (EOS) satellite constellation and improving the rep-
resentations of the water and energy cycles relative to ear-
lier reanalyses. The top level used in MERRA (0.01 hPa, ap-
proximately 80 km) is higher than the top levels used in most
other reanalyses, which facilitates studies extending into the
mesosphere. An earlier NASA reanalysis (Schubert et al.,
1993, 1995) covering 1980-1995 was produced by NASA’s
DAO (now GMAO) using the GEOS-1 data assimilation sys-

Atmos. Chem. Phys., 17, 1417-1452, 2017
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Figure 2. Summary of the execution streams of the reanalysis systems from January 1979 through December 2015. The narrowest cross-
hatched sections indicate known spin-up periods, while the wider cross-hatched sections indicate overlap periods.

tem; this reanalysis is no longer publicly available and is not
included in the S-RIP intercomparison.

MERRA-2 (Bosilovich et al., 2015), released in 2015, is a
full-input reanalysis of the satellite era from NASA’s GMAO.
As the follow-on to MERRA, the production of MERRA-2
was motivated by the inability of the MERRA system to in-
gest some recent data types. MERRA-2 includes substantial
upgrades to the model (Molod et al., 2015) and changes to
the data assimilation system and input data. New constraints
are applied to ensure conservation of global dry-air mass and
to close the balance between surface water fluxes (precipi-
tation minus evaporation) and changes in total atmospheric
water (Takacs et al., 2016). Other new features in MERRA-2
relative to MERRA include a modified gravity wave scheme
that substantially improves the model representation of the
QBO (Molod et al., 2015; Coy et al., 2016); the assimilation
of MLS temperature retrievals at high altitudes (pressures
less than or equal to 5hPa) to better constrain the reanal-
ysis at upper levels; the assimilation of MLS stratospheric
ozone profiles and OMI column ozone since the beginning
of the Aura mission in late 2004 to improve representation
of fine-scale ozone features, especially in the region around
the tropopause; and the assimilation of aerosol optical depth
(AOD; Randles et al., 2016), with analysed aerosols fed back
to the forecast model radiation scheme.

2.4 NOAA/NCEP and related reanalyses
NCEP-NCAR R1 (Kalnay et al., 1996; Kistler et al., 2001),

which was first released in 1995, is the first modern reanaly-
sis system with extended temporal coverage (1948—present)

Atmos. Chem. Phys., 17, 1417-1452, 2017

and is produced using a modified 1995 version of the NCEP
forecast model. NCEP-DOE R2 (Kanamitsu et al., 2002), re-
leased in 2000, covers the satellite era (1979—present) using a
1998 version of the same model and includes corrections for
some important errors and limitations identified in R1. Both
R1 and R2 remain in widespread use; however, these systems
have relatively low top levels (3hPa) and relatively coarse
vertical resolutions (28 levels), and they assimilate retrieved
temperatures rather than radiances from the operational nadir
sounders, rendering them unsuitable for most studies of the
middle atmosphere.

CFSR (Saha et al., 2010), released in 2009, is a full-input
reanalysis of the satellite era that uses a 2007 version of the
NCEP CFS. CFSR contains a number of improvements rel-
ative to R1 and R2 in both the forecast model and data as-
similation system, including higher horizontal and vertical
resolutions, a higher model top, more sophisticated model
physics, and the ability to assimilate satellite radiances di-
rectly. CFSR is also the first global reanalysis of the coupled
atmosphere—ocean—sea-ice system. Official data coverage by
CFSR only extends through December 2009, but output from
the same analysis system was continued through Decem-
ber 2010 before being migrated to the operational CFSv2
analysis system (Saha et al., 2014) from January 2011. This
transition from CFSR to CFSv2 should not be confused
with the transfer of CFSv2 production from NCEP EMC to
NCEP operations, which occurred at the start of April 2011.
CFSv2 has a different horizontal resolution and includes mi-
nor changes to physical parametrizations (some of which
are described below) but is intended to serve as a continu-
ation of CFSR and can be treated as such for most purposes.
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To distinguish CFSR and its CFSv2 continuation from other
(mainly forecast) applications of the NCEP CFS that do not
use the full data assimilation system, CFSR may also be re-
ferred to as CDAS-T382 and its continuation as CDAS-T574.
NOAA-CIRES 20CR v2 (Compo et al., 2011), released
in 2009, is the first reanalysis to span more than 100 years.
Like ERA-20C, 20CR is a surface-input reanalysis. Unlike
ERA-20C, which uses a 4D-Var approach to assimilate both
surface pressure and surface winds, 20CR uses an ensemble
Kalman filter (EnKF) approach (see Sect. 4) and assimilates
only surface pressure. The forecast model used in 20CR is
similar in many ways to that used in CFSR, but with much
coarser vertical and horizontal resolutions. 20CR provides
reanalysis fields back to the mid-19th century. With only sur-
face observations assimilated and a modest vertical resolu-
tion, 20CR is likely to be of limited utility for most studies
above the tropopause and many in the upper troposphere.

3 Forecast model specifications

The forecast model is a fundamental component of any at-
mospheric reanalysis system. Major differences in forecast
model specifications among current reanalysis systems in-
clude the horizontal grid type and spacing, the number of
vertical levels, the height of the top level, the formulation of
physical parametrizations, and the choice of various bound-
ary conditions.

Table 2 provides the basic specifications for each of the
reanalysis forecast models. Most of the models use spectral
dynamical cores (e.g. Machenhauer, 1979), with the excep-
tion of MERRA and MERRA-2, which use finite-volume dy-
namics (Lin, 2004). The horizontal resolutions of the fore-
cast models range from approximately 1.875° (R1, R2, and
20CR) to approximately 0.2° (CFSv2). A variety of notations
have been used to describe Gaussian grids used in models
based on spectral dynamical cores. Here, we use Fn to re-
fer to the regular Gaussian grid with 2n latitude bands and
(typically) 4n longitude bands. The longitude grid spacing
in the standard Fn regular Gaussian grid is 90°/n, so that
the geographical distance between neighbouring grid cells
in the east—west direction shrinks toward the poles. R1, R2,
and 20CR use the same regular Gaussian grid (F47), which
differs from the standard in that it has 4(n + 1) longitude
bands and a longitude spacing of 90°/(n + 1). JRA-25 (F80),
CFSR (F288), and CFSv2 (F440) also use regular Gaussian
grids. ERA-Interim, ERA-40, ERA-20C, and the JRA-55
family use linear reduced Gaussian grids (Hortal and Sim-
mons, 1991; Courtier and Naughton, 1994), which are de-
noted by Nn. The number of latitude bands in the Nn re-
duced Gaussian grid is also 2n, but the number of longi-
tudes per latitude circle decreases from the equator (where
it is 4n) toward the poles. Longitude grid spacing in reduced
Gaussian grids is therefore quasi-regular in distance rather
than degrees. The effective horizontal grid spacing is ap-
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proximately 79 km for ERA-Interim (N128), approximately
125 km for ERA-40 and ERA-20C (N80), and approximately
55km for JRA-55 (N160). Latitude bands in both regular
and reduced Gaussian grids are irregularly spaced and sym-
metric around the equator, with locations defined by the ze-
ros of the Legendre polynomial of order 2n. The horizon-
tal resolution of a Gaussian grid may also be described via
the wavenumber truncation. Wavenumber truncations for re-
analysis forecast models using regular or reduced Gaussian
grids are listed in Table 2. MERRA (1/2° latitude x 2/3°
longitude) and MERRA-2 (1/2° latitude x 5/8° longitude)
use regular latitude—longitude grids.

All of the reanalysis systems listed in Table 1 use hybrid
o — p vertical coordinates (Simmons and Burridge, 1981),
with the exception of R1 and R2, which use o vertical co-
ordinates. The number of vertical levels ranges from 28 (R1,
R2, and 20CR) to 91 (ERA-20C), and top levels range from
3hPa (R1 and R2) to 0.01 hPa (MERRA, MERRA-2, and
ERA-20C). Figure 3 shows approximate vertical resolutions
for the reanalysis systems in log-pressure altitude, assuming
a scale height of 7km and a surface pressure of 1000 hPa. A
number of key differences are evident, including large dis-
crepancies in the height of the top level (Fig. 3a) and vari-
ations in vertical resolution through the upper troposphere
and lower stratosphere (Fig. 3b). These model grids differ
from the isobaric levels on which many reanalysis products
are provided. Vertical spacing associated with an example set
of these isobaric levels (corresponding to ERA-40 and ERA-
Interim) is included in Fig. 3 for context.

In addition to differences in the location of the model top,
the treatment of upper levels varies substantially across re-
analysis systems. Most of the forecast models used in reanal-
yses implement a so-called “sponge layer”, which serves to
absorb wave energy in the upper layers of the model. Sponge
layers are a concession to the fact that the model atmosphere
is finite, whereas the real atmosphere is unbounded at the top.
The application of enhanced diffusion in a sponge layer helps
to prevent unphysical reflection of wave energy at the model
top that would in turn introduce unrealistic resonance in the
model atmosphere (Lindzen et al., 1968). It is worth noting,
however, that diabatic heating and momentum transfer asso-
ciated with the absorption of wave energy by sponge layers
and other simplified representations of momentum damping
(such as Rayleigh friction) may still introduce spurious be-
haviour in model representations of middle-atmospheric dy-
namics (Shepherd et al., 1996; Shepherd and Shaw, 2004).
Sponge layers in ERA-40 and ERA-Interim are implemented
by including an additional function in the horizontal diffu-
sion terms at pressures less than 10 hPa. This function, which
varies with wavenumber and model level, acts as an effective
absorber of vertically propagating gravity waves. The sponge
layer in ERA-20C also uses this approach, along with an
additional first-order diffusive mesospheric sponge layer at
pressures less than 1 hPa. All three ECMWF reanalyses also
apply Rayleigh friction at pressures less than 10 hPa, but the
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Table 2. Basic specifications of the reanalysis forecast models. Approximate longitude grid spacing is reported in degrees for models with
regular Gaussian grids (Fn) and in kilometres for models with reduced Gaussian grids (Nn). Wavenumber truncations for models with

Gaussian grids are reported in parentheses.

Reanalysis system Model* Horizontal grid spacing Vertical levels Top level
ERA-40 IFS Cycle 23r4 (2001) N80 (TL159): ~ 125km 60 (hybrid o — p)  0.1hPa
ERA-Interim IFS Cycle 3112 (2007)  N128 (TL255): ~79km 60 (hybrid o0 — p)  0.1hPa
ERA-20C IFS Cycle 38r1 (2012) N80 (T, 159): ~ 125km 91 (hybrid o — p)  0.01 hPa
JRA-25 JMA GSM (2004) F80 (T106): 1.125° 40 (hybrid 0 — p)  0.4hPa
JRA-55 JMA GSM (2009) N160 (T1.319): ~55km 60 (hybrid 0 — p)  0.1hPa
MERRA GEOS 5.0.2 (2008) 1/2° latitude x 2/3° longitude 72 (hybrid 0 — p)  0.01hPa
MERRA-2 GEOS 5.12.4 (2015) 0.5° latitude x 0.625° longitude 72 (hybrido — p)  0.01 hPa

R1 NCEP MRF (1995) F47 (T62): 1.875° 28 (0) 3hPa

R2 Modified MRF (1998)  F47 (T62): 1.875° 28 (o) 3hPa
CFSR (CDAS-T382)  NCEP CFS (2007) F288 (T382): 0.3125° 64 (hybrid 0 — p)  ~0.266 hPa
CFSv2 (CDAS-T574) NCEP CFS (2011) F440 (T574): 0.2045° 64 (hybrid 0 — p)  ~0.266 hPa
20CR NCEP GFS (2008) F47 (T62): 1.875° 28 (hybrid o0 — p) ~2.511hPa

* Year in parentheses indicates the year for the version of the operational analysis system that was used for the reanalysis.
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Figure 3. Approximate vertical resolutions of the reanalysis forecast models for (a) the full vertical range of the reanalyses and (b) the
surface to 33km (~ 10hPa). Altitude and vertical grid spacing are estimated using log-pressure altitudes (z* = H In[pg/p]), where the
surface pressure py is set to 1000 hPa and the scale height H is set to 7 km. The grid spacing indicating the separation of two levels is plotted
at the alti