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Figure 2.8: Observations assimilated by JRA-55 at 00UTC 22 September 1983 (3 hour

NOAA

OAA
@®ssU:

N(

'NOARA
®NMSU:

S

):‘ (a) land surfavce‘ data, (b) surfa

41

2999

£

)3

(

35

ce
meteorological data reported by ships and buoys, (c) radiosonde profiles, (d) pilot balloons, (e) aircraft, PAOBS, and tropical
cyclone wind retrievals, and (f) atmospheric motion vectors from METEOSAT, GMS, and GOES satellites, (g) Microwave tem-
perature sounder radiances from NOAA satellites, (h) stratospheric temperature sounder radiances from NOAA satellites, and
(i) infrared sounder radiances (sensitive to temperature and moisture) from NOAA satellites.
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Figure 2.9: Observations assimilated by JRA-55 at 00UTC 23 June 2010 (£3 hours): (a) land surface data, (b) surface
meteorological data reported by ships and buoys, (c) radiosonde profiles, (d) pilot balloons and wind profilers, (e) air-
craft, PAOBS, and tropical cyclone wind retrievals, and (f) atmospheric motion vectors from the METEOSAT, MTSAT,
GOES, Aqua, and Terra satellites (g) microwave temperature sounder radiances from the NOAA, MetOp, and Aqua sat-
ellites, (h) microwave humidity sounder radiances from NOAA and MetOp satellites, (i) microwave imager radiances
(sensitive to moisture) from the DMSP, TRMM, and Aqua satellites, (j) clear-sky radiances from METEOSAT, MTSAT, and
GOES satellites, (k) GNSS-RO refractive index data (sensitive to temperature and moisture) from the COSMIC, GRACE,
MetOp, and TerraSAR-X satellites, and (I) ocean surface winds from MetOp (ASCAT scatterometer).

43



44 SPARC Reanalysis Intercomparison Project (S-RIP) Final Report

ERA-Interim

SYNOP, SHIP & BUOY [
MERRA-2
CFSR/CFSv2

ERA-Interim
JRA-55
MERRA
MERRA-2
CFSR/CFSV2

ERA-Interim
JRA-55
MERRA
MERRA-2
CFSR/CFSv2

Radiosondes & PIBAL [

) | ERA-Interim
- JRA-55
D0 DS 0 N0 8 [ S S S S S S | MERRA
MERRA-2
S S SR/ CF 52

e N ERA-Interim
. JRA-55
Aircraft [ meRRA
CFSR/CFSv2

ERA-Interim
N . 55
Wind profilers L e

CFSR/CFSV2

ERA-Interim
. . JRA-55
Tropical cyclone winds MERRA
MERRA-2
CFSR/CFSv2

1980 1985 1990 1995 2000 2005 2010 2015
Year

Figure 2.10: Availability of conventional observations assimilated by ERA-Interim (blue), JRA-55 (purple), MERRA (dark red), MER-
RA-2 (light red), and CFSR (green) reanalysis systems as a function of time. See Table 2.20 and Appendix B for acronym definitions.
Reproduced from Fujiwara et al. (2017).
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Figure 2.11: Asin Figure 2.10, but for satellite radiances assimilated by the reanalysis systems. Reproduced from Fujiwara et al. (2017).
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Figure 2.12: Asin Figure 2.10, but for AMVs and ocean surface wind products derived from satellites and assimilated by the

reanalysis systems. Reproduced from Fujiwara et al. (2017).

types of observations assimilated in five of the most recent
reanalysis systems as a function of time. Figure 2.14 pro-
vides a more detailed look at how the availability of radianc-
es observed by certain instruments changes as satellites are
launched and retired. Common codes and terminology for
assimilated observations are listed in Table 2.20.

Several key details are apparent in Figures 2.8 through
2.14. First, conventional in-situ data (such as surface, ra-
diosonde, and aircraft data) are unevenly distributed in
space. Second, satellite data (microwave and infrared
sounder data, air motion vector data from geostationary
and polar satellites, efc.) are often more evenly distributed
but still inhomogeneous in space. Third, none of these da-
tasets are continuous and homogeneous in time. For exam-
ple, microwave and infrared sounders (i.e., the TOVS suite)

were introduced in 1979, while advanced sounders (i.e., the
ATOVS suite) were introduced in 1998. Such changes in
the availability of observational data for assimilation have
strong impacts on the quality of the reanalysis datasets that
assimilate them, so that discontinuities in reanalysis data
should be carefully evaluated and checked for coincidence
with changes in the input observations. The quality of a giv-
en type of measurement is also not necessarily uniform in
time; for example, virtually all radiosonde sites have adopt-
ed different instrument packages over time (see Section
2.4.2.1), while TOVS and ATOVS data were collected using
several different sounders on several different satellites with
availability that changed over time (see Figure 2.14 and
Section 2.4.2.2). Finally, Figures 2.10 through 2.13 show
that, although modern reanalysis systems assimilate obser-
vations from many common sources, different reanalysis
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Figure 2.13: As in Figure 2.10, but for other types of satellite observations assimilated by the reanalysis systems. Timelines of
satellite retrievals of total column ozone and ozone profiles assimilated by the reanalysis systems are provided in Chapter 4 of
this report (Figures 4.1 and 4.2). Timelines of GNSS-RO observations assimilated from different sets of sensors are provided in

Figure 2.17. Reproduced from Fujiwara et al. (2017).
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systems assimilate different subsets of the available obser-
vations. Such discrepancies are particularly pronounced for
certain categories of satellite observations and, like differ-
ences in the underlying forecast models, are an important
potential source of inter-reanalysis differences.

Timelines of conventional data assimilated by reanalyses
are quite consistent among modern full input reanalyses
(Figure 2.10), as well as the conventional input JRA-55C
(not shown). All of the reanalysis systems discussed in
this chapter assimilate records of surface pressure from
manned and automated weather stations, ships, and
buoys, while all but 20CR assimilate at least some re-
cords of surface winds over oceans. All but ERA-Interim,
ERA5, ERA-20C, 20CR, and JRA-55C assimilated syn-
thetic surface pressure data for the Southern Hemisphere
(PAOBS) through at least 2009. PAOBS are subjective
analyses of surface pressure produced by the Australi-
an BOM based on available observations and temporal
continuity, which are used to compensate for the scarcity
of direct observations in the Southern Hemisphere. The
influence of these data in reanalysis systems has waned
in recent years, as the availability of direct observations
covering the Southern Hemisphere has expanded. All

of the full input reanalyses and JRA-55C assimilate up-
per-air observations made by radiosondes, dropsondes,
and wind profilers. JRA-25, JRA-55, and JRA-55C assim-
ilate wind speed profiles in tropical cyclones, while 20CR
assimilates records of tropical cyclone central pressures.
CFSR uses the NCEP tropical storm relocation package
(Liu et al., 1999) to relocate tropical storm vortices to ob-
served locations. ERA5 assimilates PAOBS before 1979
to improve its representation of tropical cyclones during
the pre-satellite era. ERA-40, ERA-Interim, MERRA,
MERRA-2, NCEP-NCAR R1 and NCEP-DOE R2 have
no special treatment for tropical cyclones.

Timelines of satellite data assimilated by current reanal-
ysis systems are more varied (Figures 2.11 through 2.13;
see also Figure 2.17 and Figures 4.1 and 4.2), but still
include many commonalities. The core satellite data as-
similated by most reanalyses are microwave and infra-
red radiances from a variety of instruments. All of the
full input reanalyses (including NCEP-NCAR RI and
NCEP-DOE R2) also assimilate atmospheric motion vec-
tor (AMV) data derived from geostationary and polar-or-
biting satellite imagery. Many of the more recent systems
assimilate GNSS-RO data, while MERRA-2 assimilates
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Table 2.21: Special features regarding observational data assimilated in each reanalysis system (see also Figures 2.10
through 2.13 for five recent full input reanalyses).

Reanalysis System

Special features of assimilated observational data

ERA-40

SSM/I total column water vapor and surface wind retrievals were assimilated. Neither GNSS-RO data nor
AIRS radiances were assimilated (ERA-40 effectively predates these data types). No special treatment for
tropical cyclones was included.

ERA-Interim

GNSS-RO bending angles and AIRS radiances are assimilated. Unlike ERA-40, SSM/I radiances are assimilated
directly (in place of TCWV and surface wind retrievals). No special treatment for tropical cyclones was included.

ERA-20C

ERA-20C assimilated surface pressure observations from ISPD (Cram et al,, 2015) and surface pressure and sur-
face wind observations from ICOADS (Woodruff et al., 2011). Reports that appear in both the IPSD and ICOADS
databases were taken from ICOADS, with the IPSD report discarded. Tropical cyclone best track data were
assimilated, but with relatively large rejection rates during quality control (Poli et al., 2016).

ERAS5

GNSS-RO bending angles are assimilated. AIRS radiances are assimilated, as are hyperspectral radiances ob-
served by IASI and CrlS, microwave soundings from ATMS, and infrared and microwave radiances from several
sounding instruments on the Chinese FY-3 series of meteorological satellites. Radiances from several microwave
imagers are assimilated directly, including SSM/I and SSMIS, TMI, and GMI, as well as visible and infrared radi-
ances from AHI. Variational bias corrections have been added for ozone, aircraft measurements, and surface
pressure. PAOBS are assimilated to improve the representation of tropical cyclones in the pre-satellite era.

JRA-25/JCDAS

Total column water vapor retrievals from SSM/I and AMSR-E were assimilated, as were wind profile retriev-
als in tropical cyclones. SSM/I surface winds, GNSS-RO data, and AIRS radiances were not assimilated.

JRA-55

GNSS-RO refractivity data are assimilated, as are wind profile retrievals in tropical cyclones. Clear-sky
radiances from selected channels of microwave imagers such as SSM/I, TMI, and AMSR-E are assimilated
over ocean (Kobayashi et al., 2015). Neither SSM/I surface winds nor hyperspectral radiances were assimi-
lated. Variational bias corrections have been added for non-blacklisted satellite radiances.

MERRA

AIRS radiances were assimilated, as were rain rates from SSM/I and TMI. SSM/I radiances were assimilated
through late 2009, and surface winds were assimilated throughout. GNSS-RO data were not assimilated
and no special treatment for tropical cyclones was included.

MERRA-2

GNSS-RO bending angles are assimilated up to 30km. AIRS radiances are assimilated, as are hyperspec-
tral radiances observed by IASI, CrlS and ATMS. MLS temperature retrievals are assimilated above 5hPa
(version 3.3 through 31 May 2015; version 4.2 from 1 June 2015). A new adaptive bias correction scheme
is applied to aircraft observations (see also Section 2.4.2.3). Assimilated aerosol optical depths are also
bias-corrected. Rain rates from SSM/I and TMI and satellite observations of AOD are assimilated, as are
SSM/I surface wind retrievals. SSM/I radiances were assimilated through late 2009. No special treatment
for tropical cyclones was included.

NCEP-NCARR1

Temperature retrievals from microwave and infrared sounders are assimilated, rather than radiances. The
horizontal and vertical resolutions of temperature retrievals are downgraded to reduce the weight given
to satellite data in recent analyses. Satellite moisture retrievals and SSM/I surface winds are not assimilated.

NCEP-DOE R2 Same as NCEP-NCAR R1.
GNSS-RO bending angles and radiances from AIRS and IASI are assimilated. SSM/I radiances are not as-
CFSR/CFSv2 similated, but surface wind retrievals are. The NCEP tropical storm relocation package is applied to relo-

cate tropical storm vortices to observed locations.

NOAA-CIRES 20CRv2

Only observations of surface pressure, sea level pressure, and tropical cyclone central pressure were as-
similated. No upper-air or satellite data were assimilated.

temperature retrievals from Aura MLS at pressures 5 hPa
and less. Timelines of satellite ozone retrievals assimilat-
ed by reanalyses are discussed in Chapter 4 of this report
(Figures 4.1 and 4.2).

Table 2.21 lists special features of each reanalysis sys-
tem regarding observational data assimilated. Note that
NCEP-NCAR R1 and NCEP-DOE R2 assimilated tem-
perature retrievals from microwave and infrared sound-
ers (e.g., Reale, 2001), while the other reanalysis systems
(except for surface-input reanalyses) assimilated radiance
observations directly. Some systems use bias correction
procedures. These are described in Section 2.4.3.

2.4.2 Quality control procedures

The observations assimilated by reanalyses are subjected to
rigorous quality control procedures that are intended to pre-
vent the introduction of errors into the analysis. Key steps in
the quality control algorithm for each reanalysis are listed in
Table 2.22. Common quality control procedures are briefly
described in the following paragraphs (see also Kalnay, 2003).

A typicalfirststep in quality controlisa preliminary screening.
This step eliminates observations with incomplete or duplicate
data records, as well as observations that have previously been
‘blacklisted’ by either the data provider or the reanalysis center.
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Many data assimilation systems include automated proce-
dures that try to correct incomplete data records to reduce the
number of observations that are eliminated at this stage. The
preliminary screening is typically followed by tests to iden-
tify and exclude data with physically unreasonable values.
The latter may take several different forms. The sim-
plest, the ‘gross check’, involves comparison against

climatological values. Observations are excluded from
the analysis if the gross check indicates that they differ
from the expected value by more than a specified thresh-
old amount. This type of test may be supplemented (or
superseded) by comparison to other reasonable expect-
ed values, such as the average of other nearby observa-
tions (i.e., a ‘buddy check’) or the forecast background

Table 2.22: Standard quality control procedures applied in the reanalysis systems.

Reanalysis System

Quality control procedure

« Preliminary screening and exclusion of incomplete, duplicate, and blacklisted data
« Thinning of selected observation types

ERA-40 « Check that the departure from the first-guess is below a threshold that depends on expected error statistics

- Variational quality control applied during the analysis step
ERA-Interim Similar to ERA-40, but with updated thresholds.

« Preliminary screening and exclusion of incomplete, duplicate, and blacklisted data
«In the case of duplicates, precedence is given to ICOADS over ISPD
+ Wind observations over land and near coasts are excluded

ERA-20C « Data are excluded if more than three constant values are reported within a five-day window
« Background check eliminates data with departures large (more than seven times expected) relative to

the combined error variance from the pilot ensemble
- Variational quality control applied during the analysis step
ERA5 Similar to ERA-Interim, but with updated thresholds and additional information from the reduced-reso-

lution ensemble of data assimilations.

JRA-25/JCDAS

« Preliminary screening and exclusion of incomplete, duplicate, and blacklisted data

« Gross check against climatology for most observation types, with thresholds determined using the
“dynamic” method proposed by Onogi (1998)

« Track checks against expected locations for ships, buoys, and aircraft

« Complex quality control for radiosondes

- Data thinning is applied to AMVs and some TOVS radiances to make the data distribution more uniform

JRA-55 Similar to JRA-25, but thresholds have been reviewed and updated (Sakamoto, 2009)
« Preliminary screening and exclusion of incomplete, duplicate, and blacklisted data
MERRA « Check that the departure from the first-guess background state is below a threshold that depends on
observation type
- Data thinning is applied to all radiance data
MERRA-2 Similar to MERRA, but with revised thresholds for departures from the first-guess background state.

NCEP-NCARR1

« Complex quality control, including a hydrostatic check and correction

- Data exclusion for unrealistic values, duplicate records, ship measurements over land, and blacklisted data

« Thinning of selected observation types

« Aircraft rejected during certain phases of flight

« Background and buddy checks to eliminate observations with large departures

+ Quality control based on observations within £24 hours rather than only the assimilation window

« Horizontal and vertical thinning of satellite temperature retrievals to reduce the impact of resolution im-
provements over time

NCEP-DOE R2 Similar to NCEP-NCAR R1.

« Complex quality control, including a hydrostatic check and correction

- Data exclusion for unrealistic values, duplicate records, ship measurements over land, and blacklisted data
CFSR / CESv2 « Thinning of selected observation types

« Aircraft rejected during certain phases of flight
- Variational quality control penalizes observations based on magnitude of departure from the preliminary
analysis

NOAA-CIRES 20CRv2

« Pressure observations reduced to sea level and subjected to a gross check against the plausible range 880
to 1060 hPa

« Background check eliminates data with departures large (more than three times expected) relative to the
combined error variance

« Buddy check against nearby observations; can override the results of the background check

- Data thinning eliminates observations with weak impacts on the analysis; has the added effect of capping
assimilated observations at near mid-20th century levels

- Correction of systematic biases (recalibrated every 60 days)
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state itself. These comparisons may also be combined,
for instance by performing a simple OI analysis using
nearby observations (except for the observation be-
ing evaluated) and then checking for consistency be-
tween the observation and the result of the OI analysis.
One benefit of this kind of approach is that it can applied
iteratively, rescuing data that might have been excluded by
comparison to the initial background state or eliminating
data that passed the initial checks but is too far from the OI
analysis. In addition to expected values, observations may be
checked for consistency with expected balance criteria. For
example, height measurements might be compared against
heights calculated from virtual temperature measurements
via the hypsometric equation. Complex quality control
refers to the common practice of applying these checks in
combination, and then using an algorithm to decide wheth-
er each observation should be included or excluded.

The quality control procedures described above are used
to pre-select observational data for use in the analysis.
Many 3D-Var and 4D-Var data assimilation systems use
variational quality control (Anderson and Jdrvinen, 1999),
in which observations that are far from the expected value
are penalized in the analysis rather than eliminated entire-
ly. This means that observations that fail to meet the de-
sired criteria have less impact on the analysis, but may still
be influential, especially in regions where observations are
sparse. Data pre-selection and variational quality control
are not mutually exclusive. For example, ERA-Interim
conducts a preliminary screening for incomplete, dupli-
cate, and blacklisted data records before starting the in-
cremental 4D-Var assimilation. The initial iterations of the
assimilation (see Section 2.3) are then conducted without
variational quality control, so that all observations that
meet the pre-selection criteria are weighted equally. Var-
iational quality control is then turned on for the later it-
erations of the assimilation to limit the impacts of outlier
observations on the final analysis state.

In addition to consistency checks, data may be thinned to
reduce redundancy in regions where many observations
are available. This procedure can have several benefits,
including identifying previously undetected duplicates
and reserving an independent set of observations for val-
idating the analysis (Compo et al., 2011). Quality control
criteria are also intimately connected to bias correction
procedures. Bias corrections may be applied to certain
observations either before or during the analysis step to
keep otherwise good observations with known biases from
being excluded from the analysis. Some typical bias cor-
rection procedures for radiosonde, satellite, and aircraft
measurements are described in the following section.

243  Summary of key upper air observations and known issues

This section discusses a selection of upper air observation-
al data that are assimilated in one or more of the reanaly-
sis systems and are key for SPARC sciences. Radiosondes

provide high vertical resolution profiles of temperature,
horizontal wind, and humidity worldwide; however, most
radiosonde stations are located in the Northern Hem-
isphere at middle and high latitudes over land (Figure
2.15). The typical vertical coverage of radiosonde data
extends from the surface up to ~30hPa for temperature
and wind and from the surface up to 300~200hPa for
humidity. Operational satellite radiance measurements
provide constraints for temperature and moisture with
more homogeneous spatial coverage, but at the cost of
coarse vertical resolution (e.g., Figure 2.16). Moreover, the
majority of these measurements were not available before
1978, and no radiance data have been assimilated prior to
late 1972 in these reanalyses. Both observing systems have
known biases, as well as jumps and drifts in the time se-
ries that may cause the quality of reanalysis products to
change over time. Bias corrections prior to and/or within
the assimilation step are therefore essential for creating
more reliable reanalysis products (see below for examples).
In addition to radiosonde and satellite data, atmospher-
ic motion vector (AMV) data created from geostationary
and polar-orbiter satellite images and wind and tempera-
ture observations collected by aircraft are influential in the
upper troposphere and lower stratosphere.

2.4.31 Radiosonde data

The main source of systematic errors in radiosonde tem-
perature measurements is the effect of solar radiative
heating and (to a lesser extent) infrared cooling on the
temperature sensor (Nash et al., 2011). This issue, which is
sometimes called the ‘radiation error’, can cause particu-
larly pronounced warm biases in raw daytime stratospheric
measurements. These biases may be corrected onsite in the
ground data receiving system before reporting, and further
corrections may be applied at each reanalysis centre before
assimilation. The major issue with radiosonde humidity
measurements is that the sensor response is too slow at cold
temperatures (Nash et al., 2011). Recent advances in radio-
sonde instrumentation are beginning to improve this issue,
particularly in the upper troposphere; however, radiosonde
observations of humidity at pressures less than 300hPa are
typically not assimilated by reanalysis systems. Other issues
include frequent (and often undocumented) changes in ra-
diosonde instrumentation and observing methods at radi-
osonde stations, which may cause jumps in the time series
of temperature and relative humidity. Several ‘homogeniza-
tion’ activities for radiosonde temperature data exist to sup-
port climate monitoring and trend analyses (see, e.g, Seidel
et al., 2009). Although some of these activities have been
effectively independent of reanalysis activities, cooperation
between the two groups has increased substantially in recent
years. Particularly notable is the production of RAOBCORE
(Haimberger et al., 2008, 2012), which was conducted with
reanalysis applications in mind. One or more versions of
RAOBCORE are used in ERA-Interim (v1.3), MERRA and
MERRA-2 (v1.4 through 2005), and JRA-55 (v1.4 through
2005; v1.5 thereafter). ERA5 uses the RICH dataset (v1.5.1)
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rather than RAOBCORE. Further efforts on data rescue, re-
processing, homogenization, and uncertainty evaluation by
the broader research community are likely to be an essential
part of the next generation of reanalyses (e.g, ACRE (Allan et
al., 2011), and GRUAN (Bodeker et al., 2016)).

The following example describes a ‘homogenization’ (or
bias correction) of radiosonde temperature measurements
for assimilation in a reanalysis system:

i. Radiosonde temperatures are corrected for esti-
mated biases from 1980 onwards;

ii. Stations are separated into groups representing dif-
ferent countries or regions (because stations within
the same country often use the same type of radio-
sonde from the same manufacturer);

iii. Mean differences between background forecasts
and observations are accumulated for each group
of stations;

iv. The mean error for all groups is subtracted from

(a) 1958

(b) 1979

(c) 2001

Figure 2.15: Frequency of radiosonde reports assimilated
by ERA-40 during (a) 1958, (b) 1979, and (c) 2001. Solid circles
denote stations reporting three times every 2 days on aver-
age, open circles denote stations reporting at least once ev-
ery 2 days, and small dots denote stations reporting at least
once per week (from Uppala et al., 2005). ©Royal Meteoro-
logical Society. Used with permission.

the bias computed for each group to provide a cor-
rection for radiation effects;

This approach corrected for many daily and seasonal var-
iations of the biases but did not account for variations in
annual mean biases. Radiosonde temperature measure-
ments homogenized using this approach were assimilat-
ed in both ERA-40 and JRA-25 (Onogi et al., 2007; Uppa-
la et al., 2005; Andrae et al., 2004). The homogenizations
applied to produce the RAOBCORE temperatures assim-
ilated by many later reanalyses (including ERA-Interim,
JRA-55, MERRA, and MERRA-2, as discussed above)
have been conducted using updated versions of this pro-
cedure. Although radiosonde humidity measurements
are also known to suffer from biases, current reanalysis
systems do not include schemes to correct for biases in
radiosonde humidities.

Major quality control criteria for radiosonde profiles
(and other conventional data) include checks for com-
pleteness, physical and climatological consistency, and
duplicate reports (Section 2.4.2). Data may also be filtered
using locally compiled blacklists or blacklists acquired
from other data providers and reanalysis centres. Further
information on the quality control criteria applied by dif-
ferent reanalysis is available in the text and supporting
material of the publications listed in Table 2.1.

Radiosonde and other upper-air in situ data are also often
shared among different reanalysis centres. For example,
Rienecker et al. (2011) listed the sources for historical radio-
sonde, dropsonde, and PIBAL data used by MERRA as:

i. NCEP-NCAR: Office Note 20, Office Note 29,
NMC/NCEP/GTS ingest;

ii. ECMWE: ECMWEF/FGGE, ECMWEF/MARS/GTS
ingest;

iii.JMA: Japan Meteorological Agency GTS ingest;

iv. NCAR: International archives from Argenti-
na, Australia, Brazil, Canada, China, Dominica,
France, India, Japan, NCDC, New Zealand, Rus-
sia, Singapore, South Africa, United Kingdom Re-
search sets: PermShips, RemoteSites, Ptarmigan,
Scherhaug, LIE, GATE and BAS;

v. NCDC: U.S. military and academic sources, includ-
ing TD52, TD53, TD54, TD90, USCNTRL, USAF,
U.S. Navy, CCARDS and MIT.

These data sources overlap substantially with those used
in ERA-40 and ERA-Interim (Tavolato and Isaksen, 2011;
Uppala et al., 2005, their Appendix B), JRA-25 and JRA-55
(Kobayashi et al., 2015, their Table A1; Onogi et al., 2007,
their section 2.1a), MERRA-2 (McCarty et al., 2016),
NCEP-NCAR R1 (Kalnay et al., 1996, their Section 3a),
and CFSR (Saha et al., 2010, their section “Convention-
al observing systems in the CFSR”); however, individual
reanalyses may supplement standard data sets with data
from unique sources. A detailed intercomparison of the
conventional data used in each reanalysis is beyond the
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scope of this chapter; however, we note that at least four
of the reanalyses (ERA-40, ERA-Interim, JRA-25, and
JRA-55) use the ERA-40 ingest as a starting point, and
that the ERA-40 ingest has much in common with the
conventional data archives used by NCEP (RI, R2, and
CFSR) and the NASA GMAO (MERRA and MERRA-2).
More recent updates in data holdings at ECMWF, JMA,
GMAO, and NCEP rely heavily on near-real-time data
gathered from the WMO GTS, which also contributes to
the use of a largely (but not completely) common set of
conventional data among reanalysis systems.

2.4.3.2 Satellite data

Reanalysis systems assimilate data from several different
types of satellite instruments, most notably the microwave
and infrared sounders in the TOVS suite (1979-2006 on
several satellites) and the ATOVS suite (1998-present on
several satellites). The TOVS suite included the Stratospheric
Sounding Unit (SSU), the Microwave Sounding Unit (MSU),
and the High-resolution Infrared Sounder-2 (HIRS/2). The
ATOVS suite includes the Advanced MSU-A (AMSU-A)
and HIRS/3 (updated to HIRS/4 starting with NOAA-18).
NCEP-NCAR R1 and NCEP-DOE R2 assimilate tempera-
ture retrievals from these instruments (see, e.g., Reale, 2001).
All of the other full input reanalyses described in this chap-
ter assimilate microwave and infrared radiances from the
TOVS and ATOVS suites. ERA-Interim, ERA5, MERRA,
MERRA-2, and CFSR also assimilate radiances from AIRS,
the first hyperspectral infrared sounder with data assimi-
lated in reanalyses (2002 - present). ERA5, MERRA-2, and
CFSR assimilate hyperspectral infrared radiances from IASI
(2008 - present), while ERA5 and MERRA-2 also assimilate
radiances from the hyperspectral infrared sounder CrIS and
the most recent generation of microwave sounder ATMS (late
2011 - present). ERA-Interim, ERA5, JRA-55, MERRA-2, and
CFSR assimilate data from GNSS-RO instruments (CHAMP:
2001-2008;  FORMOSAT-3/COSMIC:  2006- present;
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MetOp-A: 2008 - present; and several other recent missions),
in the form of bending angles or refractivity at the tangent
point rather than temperature or water vapour retrievals.

Satellite sounding instruments often have several channels
with different vertical weighting functions (see, e.g, Figure
2.16). Even when using the same satellite instrument, differ-
ent reanalysis systems may assimilate data from different sets
of channels. Bias corrections and quality control criteria for
satellite radiances may also vary by channel. Table 2.23 lists
details of satellite data usage for five of the full input reanaly-
sis systems considered in this chapter.

Radiances observed by the SSU instruments, which
covered the period 1979-2005, represent an impor-
tant archive of stratospheric temperatures (e.g, Nash
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Figure 2.17: Assimilation of GNSS-RO observations from different campaigns by five recent reanalyses.
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Table 2.23: Overview of satellite data usage in five of the most recent full input reanalysis systems. Adapted and updated
from http://reanalyses.org/observations/satellite-1. Refer to the website for source information and the latest version of
this table (including information for JRA-25/JCDAS). See Appendix for acronym definitions.

Instrument CFSR/CFSv2 MERRA MERRA-2 JRA-55 ERA-Interim
(observable)
Channels 1,2,3,4
Channels 1,2,3,4 Notes: 'C\‘f;at::.els 234
Notes: NESDIS SNO . .
NESDIS SNO corrected calibration coeffi- corrected calibra- E‘f:flzisi:':\‘t?aconl}ic;ed calibration Channels 2,3,4 SZSIIL r;?‘l‘,snzs,.BA
MSU cients applied (NOAA-10 to -14) tion coefficients . PP Exclusions: N
. . ) Exclusions: X « Land orrain for
(radiances) | Exclusions: applied . . - Land or rain for ch. 2
L . . . - Restrictive QC over snow, ice and ch.2
+ More restrictive QC in tropics and over Exclusions: R - Landforch.3
X . . . mixed surfaces « Land forch.3
high terrain + Snow, ice, mixed ) .
h « Observation errors inflated over
+ Window test ch. 2 surfaces for ch.
1-2 non-water surfaces
Channels 1-13,15
Exclusions: Channels 1-15 Chanels 5-14
. - N Channels 4-14 N
« Estimated cloud liquid water large for Exclusions: N Exclusions:
. Channels 4-14 Exclusions: R N
ch.1-5,15 - Snow, ice, Exclusions: Sea ice or land for ch - High terrain for
AMSU-A « Scattering index large for ch. 1-6, 15 mixed surfaces L ’ ch.5-6
. « Restrictive QC 4-5 )
(radiances) |+ Ch.4 gross checklarge forch.1-5,15 forch.1-6,15 . . . . « Rainforch.5-7
; « Observation errors inflated for - High terrain for .
+ Ch. 6 gross check large for ch. 1-6, 15 + No offset bias + No offset bias
. . ch. 4-6 over non-water surfaces ch.6-7
« High terrain for ch.1-5,15 correct for Rain for ch. 48 correct for
- Fit to emissivity or surface temp large ch.14 ’ ch.14
forch.1-5,15
Channels 1-5 Channels 1-5 Channels 3-5
Exclusions: Channels 1-5 Exclusions: Exclusions:
AMSU-B/ - Exclusions: e Channels 3-5 : N
« Scattering index too large ; « Restrictive gross check N - Seaice, rain,
MHS + Snow, ice, . ) Exclusions: : X
N + Channel 1 fittoo large R « Observation errors inflated for . . high terrain for
(radiances) . mixed surfaces « Land, sea-ice, rain
+ Any channel failing gross check all channels over non-water ch.3-4
. B forch.1,2,5
+ High terrain surfaces « Land forch.5
Channels 1-7 Channels 1-7 Channels 1,3,4,6 Channels 1-7
SSM/I N N N .
(radiances) Exclusions: Exclusions: Exclusions: Exclusions:
- Land - All non-water surfaces « Land, rain - Land, rain
Channels 2-15
Exclusions: Channels 2—12 Ch.2-711,12,1415 Ch.2-711,12,1415
+ Overwater wavenumbers >2400duringday | Channels 2-15 Exclusions: Exclusions: Exclusions:
HIRS + Highterrain Exclusions: . Surface—sénsitive channels « Landforch.4-7,11,14,15 |« Clouds, land for
(radiances) |« Above modeltop « Land for . Observation errors inflated over « High terrain for ch. 12 ch.4-711,14,15
+ Channels without signal over clouds ch.5-8 « Clouds forch.3and - High terrain for
: ; ) non-water surfaces
« Surface sensing channels with large differ- above ch.12
ence.
Channels 1-3 Channels 1-3 Channels 1-3
ssu Channels 1-3 Notes: Notes: Notes:
(radiances) Notes: + No offset bias + Only ch. 1-2 after onset of NOAA- | Channels 1-3 « No offset bias
« All channels bias-corrected. correction for 15 AMSU-A (1 Nov 1998) correction for
ch.3 « No offset bias correction for ch. 3 ch.3
GOES sounder GOES, GOES
GEO Notes: GOES, METEOSAT, .
(radiances) |+ 5°x5°1993-2007 GOES sounder Meteosat (after early 2012) GMS, mgi?ls:: ers
+ 1°x1°2007-present MTSAT imagers 9
. « Total column
+ Surface wind .
ssm/i . « Surface wind speed over oceans water vapor
L - Surface wind speed over oceans speed ov.oceans . « Snow cover R
(retrievals) ) « Rain rate (rainy areas over
« Rainrate
oceans)
Imager GOES, METEO- GOES, METEO-
(upper-air | GOES, METEOSAT, GMS, MTSAT, MODIS SAT, GMS, MTSAT, !\G/I%EDSI,SM ETEOSAT, GMS, MTSAT, f/l?gz%Ml\i(-gEOISSAT, GMS, SAT, GMS, MTSAT,
winds) MODIS ! MODIS
Scatterometer
(windsover | ERS, Quikscat, ASCAT ERS, Quikscat ERS, Quikscat, ASCAT ERS, Quikscat, ASCAT ERS, Quikscat
ocean surface)
Ozone SBUV V8 retrievals, OMI, MLS (v2.2 TOMS, SBUV,
. SBUV V8 re- through 31 May 2015, switching . GOME, MIPAS,
(r:::;::;sls) SBUVV8 retrievals trievals tov4.2 from 1June 2015; 261hpa | 1OM> OMI(udging) | 6o piachy,
switched off from 1 May 2016) MLS, OMI
:;l:/rlzlsram rate « Reprocessed winds from
IASI GMS, GOES-9, MTSAT
(revised) and METEOSAT
* AIRS -Cris « Reprocessed radiances
* IASI . TMirainrate | ONS>RO from GMS, GOES-9,MTSAT | * GNSS-RO
« GNSS-RO +NOAA-15 AMSUB « AIRS
Other nota- + AIRS < TMI (NASA)
« AMSR-E « ATMS « SSM/I-S
ble elements - NOAA-15 « AMSR-E (JAXA)
+ Reprocessed ERS AMSU-B «SEVIRI . GNSS-RO - AMSR-E
+ Reprocessed GMS + MLS temperature retrievals (v3.3 . SSM/I-S « HIRS NOAA-18
+ AMSU-B (NOAA-15 only) through 31 May 2015, switching to
-VTPR
v4.2 from 1 June 2015) above 5hPa + Exclude HIRS from NOAA-
+ AOD from MISR, MODIS, AVHRR 15.and later
and AERONET
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and Saunders, 2015; Zou et al., 2014; Wang et al., 2012)
and serve as a useful illustration of the types of issues
that may be encountered in assimilating satellite data.
The SSU was a pressure-modulated radiometer with an on-
board CO; cell for spectral filtering at 15 pm. The calibration
of SSU radiances is affected by the following known issues:

i. Space-view anomalies due to electrical interference;

ii. CO2 gasleakage and cell pressure changes;

iii. Changes in atmospheric CO2 concentrations;

iv. Satellite orbital drift and diurnal sampling biases;

v. Short overlap periods between successive instruments.

Raw radiance data from SSU include drifts and jumps in the
time series due to these issues (e.g., Figure 2.18), which must
be accounted for in the data assimilation system. Drifts and
jumps of this type are not unique to SSU, and other long-term
satellite radiance archives are also affected by issues specific
to individual instruments. For example, Simmons et al. (2014;
their Figure 13) have shown that estimated biases for certain
MSU, HIRS, and AMSU-A channels can be of similar orders
of magnitude to those for SSU, while trends in atmospheric
CO, concentrations also cause long-term drifts in estimated
biases for HIRS, AIRS, and IASI radiances unless accounted
for in the observation operator. Biases in radiances observed
by MSU and AMSU-A can be attributed mainly to inaccurate
calibration offsets and non-linearity (Zou et al., 2006).

Post-launch inter-satellite calibration (or “homogenization”)
efforts by the satellite remote sensing community, such as
the WMO GSICS (Goldberg et al., 2011) have substantially
reduced inter-satellite differences in some cases, including
MSU (Zou et al., 2006), AMSU-A (Zou and Wang, 2011), and
SSU (Zou et al., 2014). In practice, this type of inter-satellite
calibration is usually performed by reanalysis systems inter-
nally via bias correction terms applied during the data assim-
ilation step. It is therefore not strictly necessary for satellite
data to be homogenized prior to its assimilation in a reanal-
ysis system, although it is beneficial to assimilate data with
biases as small as possible.

The use of externally homogenized data has been found to
improve some aspects of recent reanalyses. For example, ho-
mogenized MSU data (NESDIS SNO corrected calibration
coeflicients; Zou et al., 2006) assimilated by CFSR, MERRA
and MERRA-2 (Table 2.23) have been found to improve
temporal consistency in bias correction patterns (Rienecker
et al., 2011), and may have helped MERRA to produce a more
realistic stratospheric temperature response following the
eruption of Mount Pinatubo (Simmons et al., 2014). In situa-
tions where conventional data are unavailable or insufficient
to provide a reference for satellite bias correction, such as SSU
in the middle and upper stratosphere, homogenized radiance
data may be even more effective in eliminating artificial drifts
and jumps in the analysis state. Homogenized satellite radi-
ance time series only represent a relatively small fraction of
the satellite data ingested by current reanalysis systems (sev-
eral of which do not assimilate homogenized data at all); how-
ever, the availability of homogenized satellite radiance time

series is increasing and these data are likely to become more
influential in future reanalysis efforts.

Bias corrections for assimilated satellite data often vary by sat-
ellite platform and/or reanalysis system. Although bias cor-
rections are intended to limit the impacts of changing satellite
biases within the reanalysis, these impacts may still manifest
as spurious trends or discontinuities in the time series of tem-
perature and other reanalysis variables. In older reanalyses
that assimilated satellite radiances, such as ERA-40 and JRA-
25, bias corrections were often (but not always) based on a
fixed regression that spanned the lifetime of the instrument
(Sakamoto and Christy, 2009; Onogi et al., 2007; Uppala et
al., 2005). This approach, which occasionally required the
reanalysis to be interrupted for manual retuning of bias cor-
rection terms, has been replaced by adaptive (or variational)
bias correction schemes in recent reanalysis systems. Adap-
tive bias corrections for satellite radiances are based on dif-
ferences between observed radiances and expected radiances
calculated from model-generated background states. Some
early implementations of adaptive bias corrections, such as
that applied to TOVS data in JRA-25, left the reanalysis vul-
nerable to jumps and drifts inherited from the assimilated
radiances (Sakamoto and Christy, 2009). These problems are
addressed in most recent reanalysis systems by defining ob-
servational “anchors” that are regarded as unbiased and are
therefore allowed to contribute directly to the background
state (Dee, 2005). A key example is the use of homogenized
radiosonde data to anchor bias corrections for satellite ra-
diances (e.g, Auligné et al., 2007). Versions of this approach
have been implemented in ERA-Interim, ERAS5, JRA-55,
MERRA, and MERRA-2. GNSS-RO observations are also
useful for anchoring bias corrections (e.g., Poli et al., 2010),
and are used in this capacity in ERA-Interim, ERAS5, JRA-
55, and MERRA-2; however, GNSS-RO data are only avail-
able after May 2001, and in useful numbers only from 2006.
The approach to bias correction taken by CFSR and CFSv2
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(Saha et al., 2010; Derber and Wu, 1998) differs from that
taken by other systems in that anchor observations are not
used. Instead, initial bias corrections are determined for each
new satellite instrument via a three-month spin-up assimi-
lation and then allowed to evolve slowly. The effects of satel-
lite-specific drifts and jumps are kept small by assigning very
low weights to the most recent biases between the observed
and expected radiances, and by accounting for known his-
torical variations in satellite performance as catalogued by
multiple research centres. One byproduct of this procedure
is an oscillating warm bias in CFSR in the upper stratosphere
(see Chapter 3 of this report). This bias, which is intrinsic to
the forecast model, largely disappears when a new execution
stream is introduced, only to slowly return as the model bias
is imprinted on the observational bias correction terms.

A further example of the type of temporal discontinuities
that can result from changes in satellite instrumentation is
the cold bias (~2K) in middle stratospheric temperature in
JRA-25 between 1979 and 1998 (Onogi et al., 2007). This fea-
ture resulted from a known cold bias in the radiative trans-
fer model used by JRA-25. The SSU had only three channels
sensitive to stratospheric temperature (too few to correct
the model bias). The AMSU-A instruments, first launched
in 1998, have more channels (i.e., higher vertical resolution)
in the stratosphere (see also Figure 2.16). Assimilation of
the higher-resolution AMSU-A radiances effectively cor-
rected the model bias. The JRA-55 system uses an improved
radiative transfer model, and produces more realistic strat-
ospheric temperatures during 1979 - 1998 (Kobayashi et al.,
2015; Ebita et al., 2011).

A final illustrative example concerns temperatures in the
upper stratosphere. MERRA shows artificial annual cycles
in the upper stratosphere (Rienecker et al., 2011; their Fig-
ure 16), which probably arise because the forward radiative
transfer model used to assimilate SSU radiances did not
consider variations in atmospheric CO,. These issues have
been corrected in MERRA-2, which uses version 2.1.3 of
the CRTM to assimilate SSU radiances (Table 2.19). Sever-
al reanalyses also show jumps in upper stratospheric tem-
perature in or around 1998 (the sign varies by vertical level
and reanalysis) due to the introduction of AMSU-A, which
includes channels that peak higher in the stratosphere. See
Chapter 3 of this report for further details and additional
examples.

2.4.3.3 Aircraft data

Measurements made by aircraft, such as the AMDAR data
collection, are influential inputs in many atmospheric anal-
yses and reanalyses (Petersen, 2016). Horizontal wind data
from aircraft are assimilated in all of the reanalysis systems
but ERA-20C and 20CR, while temperature data from air-
craft are assimilated in all of the reanalysis systems except
for ERA-20C, JRA-55, JRA-25, and 20CR. In principle, air-
craft data were assimilated from the outset by ERA- 40 (Sep-
tember 1957; Uppala et al., 2005), JRA-55 (January 1958;

Kobayashi et al., 2015), and NCEP-NCAR R1 (January 1958;
Kalnay et al., 1996; see also Moninger et al., 2003), although
many of the data from these early years do not meet the
necessary standards for assimilation. The volume of aircraft
data suitable for assimilation increased substantially after
January 1973 (Uppala et al., 2005; Kobayashi et al., 2015).

Aircraft temperature data have been reported to have a
warm bias with respect to radiosonde observations (Ballish
and Kumar, 2008). This type of discrepancy among ingest-
ed data sources can have important impacts on the analy-
sis. For example, Rienecker et al. (2011) and Simmons et al.
(2014) have shown that an increase in the magnitude of the
temperature bias at 300 hPa in MERRA with respect to radi-
osondes in the middle to late 1990s coincides with a large in-
crease in the number of aircraft observations assimilated by
the system. Moreover, they conclude that differences in tem-
perature trends at 200hPa between MERRA and ERA-In-
terim reflect the different impacts of aircraft temperatures
in these two reanalysis systems. MERRA-2 applies adaptive
bias corrections to AMDAR observations that may help to
reduce the uncertainties associated with assimilating these
data (McCarty et al., 2016): after each analysis step the up-
dated bias is estimated as a weighted running mean of the
aircraft observation increments from preceding analysis
times. These adaptive bias corrections are calculated and
applied for each aircraft tail number in the database sepa-
rately.

2.4.4 Water vapour

The assimilation of radiosonde and satellite observations of
humidity fields is problematic in the upper troposphere and
above, where water vapour mixing ratios are very low and
measurement uncertainties are relatively large. The impact
of saturation means that humidity probability density func-
tions are often highly non-Gaussian (Ingleby et al., 2013).
These issues are particularly pronounced near the tropo-
pause, where sharp temperature gradients complicate the
calculation and application of bias corrections for humidity
variables during the assimilation step. Reanalysis systems
therefore often do not assimilate observations of water va-
pour provided by radiosondes and/or microwave and infra-
red sounders (mostly in the form of radiances; see Section
2.4.2.2) above a specified upper bound, which is typically
between ~300hPa and ~100hPa. In regions of the atmos-
phere that lie above this upper bound (i.e., the uppermost
troposphere and stratosphere), the water vapour field is typ-
ically determined by the forecast model alone. In this case,
water vapour in the stratosphere is determined mainly by
transport from below, turbulent mixing, and dehydration in
the vicinity of the tropical cold point tropopause (e.g., Get-
telman et al., 2010). Table 2.24 provides brief descriptions of
special treatments and caveats affecting reanalysis estimates
of water vapour in the upper troposphere and stratosphere.
A more detailed discussion and assessment of reanalysis
estimates of water vapour is provided in Chapter 4 of this
report.
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2.5 Execution streams

2.5.1 Whatis an ‘execution stream”?

The production of reanalyses often must be completed
under strict deadlines determined by external factors. To
meet these deadlines, most reanalyses have been execut-
ed in two or more distinct ‘streams’, which are then com-
bined. Discontinuities in the time series of some analyzed
variables may occur when streams are joined. These po-
tential discontinuities should be considered (along with
the changes in assimilated observations described in
Section 2.4) when reanalysis variables are used for assess-
ments of climate variability and/or trends.

2.5.2 Summary of stream execution

Table 2.25 and Figure 2.19 briefly summarize the streams
used for generating each set of reanalysis products. Refer to
the reference papers listed in Table 2.1 for the procedures
used to transition between streams in creating the final data
product, as different reanalysis systems may use different
approaches. Certain periods have been reprocessed to cor-
rect errors in the input data. The reprocessed periods and
associated potential discontinuities listed in Table 2.25 and
shown in Figure 2.19 may be incomplete, and are also likely
to change subsequent to the publication of this report. Users
are therefore recommended to contact the reanalysis centres
directly if they encounter unexplained shifts or jumps in re-
analysis products.

Table 2.24: Notes on treatment of water vapour in the upper troposphere and stratosphere. Additional information is
provided in Chapter 2E.

Reanalysis System

Special treatments and caveats affecting reanalysis estimates of water vapour

ERA-40

No adjustments due to data assimilation are applied in the stratosphere (above the diagnosed tropopause.
Methane oxidation is included via a simple parameterization in the stratosphere.

ERA-Interim

The ERA-Interim system contains a parameterization that allows supersaturation with respect to ice in the
cloud-free portions of grid cells with temperatures less than 250K. As in ERA-40, no adjustments due to data
assimilation are applied in the stratosphere, and methane oxidation is included via a simple parameterization.

ERA-20C

ERA-20C does not assimilate any water vapour observations. Supersaturation with respect to ice is
permitted in cloud-free portions of grid cells with temperatures less than 250K, and methane oxidation
isincluded via a simple parameterization in the stratosphere.

ERA5

Similar to ERA-Interim, but the parameterization of supersaturation with respect to ice in cloud-free por-
tions of grid cells has been extended to all temperatures less than 273K (as opposed to only temperatures
less than 250K as in ERA-Interim) and a more consistent treatment of potentially negative values in the
stratosphere has been added.

JRA-25/JCDAS

Observations of humidity are not assimilated and analyses of moisture variables are not provided at pres-
sures less than 100 hPa. Vertical correlations of humidity background errors are set to zero at pressures less
than 50 hPa to prevent spurious analysis increments above this level. No moisture source due to methane
oxidation is applied to water vapour in the stratosphere. The radiation scheme assumes a constant vol-
ume mixing ratio of 2.5 ppmv in the stratosphere.

JRA-55

Analyses of moisture variables are not provided at pressures less than 100 hPa in the pressure-level anal-
ysis (@nl_p), although analyses of moisture variables are provided for all model levels in the model-level
analysis (@anl_mdl). Observations of humidity are not assimilated at pressures less than 100hPa, and
vertical correlations of humidity background errors are set to zero at pressures less than 5 hPa to prevent
spurious analysis increments above this level. No moisture source due to methane oxidation is applied to
water vapour in the stratosphere. The radiation scheme uses climatological annual mean mixing ratios
observed by HALOE and UARS MLS during 1991 - 1997 (without seasonal variations) in the stratosphere.

MERRA

The MERRA system tightly constrains stratospheric water vapour to a specified profile, which is based
on zonal mean climatologies from HALOE and Aura MLS (Rienecker et al., 2011; Jiang et al., 2010). Water
vapour does not undergo physically meaningful variations at pressures less than ~50 hPa.

MERRA-2

Essentially the same as MERRA.

NCEP-NCARR1

Analyses of moisture variables are not provided at pressures less than 300 hPa. Satellite humidity
retrievals are not assimilated.

NCEP-DOE R2 Satellite humidity retrievals are not assimilated.
Although there is no upper limit to assimilated GNSS-RO data, radiosonde humidities are only assimilated at
CFSR / CFSv2 pressures 250 hPa and greater. Moisture variables are provided in the stratosphere, but dehydration process-

es in the tropopause layer may yield negative values, which are replaced by very small positive values for the
radiation calculations, but are not replaced in the analysis. Methane oxidation is not included.

NOAA-CIRES 20CRv2

Moisture variables are provided in the stratosphere, but dehydration processes in the tropopause layer may
yield negative values, which are artificially replaced by very small positive values for the radiation calcula-
tions, but are not replaced in the output fields. Methane oxidation is not included.
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Table 2.25: Information on the execution streams for each reanalysis system.

Reanalysis System

Execution sreams

ERA-40

ERA-40 was planned for execution in three streams covering 1989-2002, 1957 -1972, and 1972-1988. In practice, a small
number of parallel-running sub-streams bridging gaps between the main streams had to be run in order to meet the
production deadline.

ERA-Interim

ERA-Interim was carried out in two main streams, the first from 1989 to present and the second from 1979 to 1988. The
period of the first stream covering January 1989 to August 1993 was rerun to include from the outset all changes made on
the fly in the original production for this period; these changes were also included in the second main production stream.
The second stream was extended to the end of 1989 to check consistency during the overlap period (see also discussion
by Simmons et al., 2014).

ERA-20C

The reanalysis consists of 22 streams, all but the last of which are six years in length. The first stream starts on 1 January 1899
and extends through 31 December 1904. Each subsequent stream starts on 1 January in years ending in 4 or 9 and ends on
31 December of the next year ending in 4 or 9. The final stream starts on 1 January 2004 and extends seven years through the
end of the reanalysis. The first year of each stream is discarded from the final product.

ERAS

ERA5 comprises one high-resolution (31-km) analysis (HRES) and a 10-member reduced-resolution (62-km) ensemble of data
assimilations (EDA). Seven production streams were run between 1979 and the present for the EDA, and additional shorter
streams were run for the HRES to resolve, where practicable, issues encountered in the original production streams. Details
are given in Table 3 of Hersbach et al. (2020). A further four streams have been run to provide analyses from 1950 to 1978. In
addition to these streams for ERA5 core production, a rerun covering the period 2000-2006 has been conducted and is now
publicly available under the name ERAS5.1. This rerun offers improved representations of temperature and humidity in the
stratosphere but differs little from ERA5 in the lower and middle troposphere.

JRA-25/JCDAS

JRA-25 was conducted in two main streams: the first covers January 1979-December 1990, and the second covers January
1991-January 2014. Note also the transition from JRA-25 (conducted jointly by JMA and CRIEPI) to JCDAS (conducted by JMA
only) in January 2005. The execution of JCDAS was conducted entirely in real time. Two periods (January 1994-December
1999 and January 2000-January 2002) were recalculated and replaced to fix problems with data quality; these two periods
may be considered as separate sub-streams in addition to the two main streams.

JRA-55

JRA-55 has been executed in two streams. Stream A covers January 1958 through August 1980, while stream B covers
September 1980 through the present. Three periods have also been reprocessed after errors were identified: January to
June 1958, December 1974 to August 1980 and June 1987 to September 1992 (see also Kobayashi et al., 2015; their Figure 7).
JRA-55C has been executed in three streams: Stream A covers 1 November 1972 through 31 August 1980, Stream B covers 1
September 1980 through 31 August 2005, and Stream C covers 1 September 2005 through 31 December 2012. JRA-55AMIP
has been executed in one continuous stream.

MERRA

MERRA was executed in three streams. Stream 1 covers January 1979-December 1992, stream 2 covers January 1993 -De-
cember 2000, and stream 3 covers January 2001 —present. Each stream was spun up in two stages: a 2-year analysis at 20x2.5°
followed by a 1-year analysis on the native MERRA grid (see Table 2.2). The production version of stream 2 (after spin-up)
overlaps with the final four years of stream 1 (January 1989-December 1992), while the production version of stream 3 over-
laps with the final three years of stream 2 (January 1998 - December 2000).

MERRA-2

MERRA-2 was executed in four streams covering January 1980-December 1991, January 1992-December 2000, January
2001 -December 2010, and January 2011 -present. Each stream was spun up for one year on the full MERRA-2 system.

NCEP-NCARR1

NCEP-NCAR R1 was run in three streams. The first stream, which produced data covering 1982-present, was started in Decem-
ber 1978. The second stream, covering 19581981 (post-IGY), was started second. For the third and final stream, which covers
1948-1957 (pre-IGY), the analyses were conducted at 03Z,09Z, 15Z and 21Z (rather than 00Z, 06Z, 12Z and 18Z). There may be
additional discontinuities involving updates. For example, the original analyses may have been affected by a problem with the
sea ice boundary condition. A second simulation with an improved sea ice boundary condition may be run for a few months,
and then replace the original analyses. Transitions between the original product and these “patches” may cause discontinuities.

NCEP-DOE R2

NCEP-DOE R2 was executed in one continuous stream; however, like NCEP-NCAR R1, there may be discontinuities
involving updates.

CFSR/CFSv2

CFSR was produced by running six simultaneous streams covering the following periods:

« Stream 1: 1 December 1978 to 31 December 1986

« Stream 2: 1 November 1985 to 31 December 1989

« Stream 5: 1 January 1989 to 31 December 1994

« Stream 6: 1 January 1994 to 31 March 1999

 Stream 3: 1 April 1998 to 31 March 2005

 Stream 4: 1 April 2004 to 31 December 2009

Afull 1-year overlap between the streams was used to address spinup issues concerning the deep ocean, the upper strato-
sphere and the deep soil. The entire CFSR thus covers 31 years (1979-2009) plus five overlap years. Each earlier stream is used
toits end, so that the switch to the next stream occurs at the end of the overlap period. A separate one-year stream was run
for 2010, after which the analysis system was updated to CFSv2 (with an increase in horizontal resolution from T382 to T574).
For most applications, CFSR can be extended through the present using output from CFSv2.

NOAA-CIRES 20CRv2

20CR v2 was executed in 28 streams. With some exceptions, each stream typically produced five years of data with 14 months
of spinup. The following text gives the data coverage provided by each stream (the streams are numbered sequentially), with
the spin-up start year provided in parentheses: 1871-1875 (1869), 18761880 (1874), 18811885 (1879), 1886- 1890 (1884),
1891-1895 (1889), 1896-1900 (1894), 1901 -1905 (1899), 1906-1910 (1904), 1911-1915 (1909), 19161920 (1914), 1921-1925
(1919), 1926-1930 (1924), 1931 - 1935 (1929), 1936 - 1940 (1934), 1941 -1945 (1939), 19461951 (1944), 1952-1955 (1949),
1956-1960 (1954), 19611965 (1959), 19661970 (1964), 1971-1975 (1969), 19761980 (1974), 1981-1985 (1979), 1986-1990
(1984), 1991 -1995 (1989), 19962000 (1994), and 2001 -2012 (1999). The spin-up start date for each stream was 00 UTC 1
November, the production start date was 00 UTC 1 January, and the production end date was 21 UTC 31 December.
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Figure 2.19: Summary of the execution streams of the reanalyses for the period 1979-2016. Hatching indicates known re-
processed ‘patches’ or ‘repair runs’. The narrowest cross-hatched segments indicate known spin-up periods, while the medi-
um-narrow cross-hatched segments indicate overlap periods. See also Table 2.25. Reproduced from Fujiwara et al. (2017).

2.6 Archived data

The original data at model resolution and model levels
(Table 2.2) are converted by each reanalysis centre to
data on regular horizontal grids (sometimes at multiple
resolutions) and on pressure levels (see Appendix A) for
public release. The converted data (and sometimes the
original data) can typically be obtained via the reanalysis
centre websites (see the S-RIP website for links). Some
other institutes or projects, such as the NCAR Research
Data Archive (RDA), have also constructed public ar-
chives of one or more of the reanalysis datasets. Such in-
stitutes may have used independent conversions for the
data grid, levels, and/or units. Pre-processed data sets
have also been produced for the S-RIP activity, including
zonal-mean data sets containing dynamical (Martineau,
2017) and diabatic (Wright, 2017) diagnostics on pressure
levels. These pre-processed data are stored in the S-RIP
archive at CEDA (http://data.ceda.ac.uk/badc/srip/),
together with detailed documentation (see also Marti-
neau et al., 2018). Additional data produced for S-RIP
include supplementary data files for this chapter (many
also provided as a supplement to Fujiwara et al., 2017)
and common grid files containing basic variables (Davis,
2020). CFSR/CFSv2 products on model levels have also
been converted to netCDF format for S-RIP using the

High-Resolution Initial Conditions binary files and fore-
cast files archived by NOAA NCEI (https://www.ncdc.
noaa.gov/data-access/model-data/model-datasets/cli-
mate-forecast-system-version2-cfsv2). Data users of
these or any other public release of reanalysis or reanal-
ysis-based products should always read the documenta-
tion for that release carefully.

It is particularly important to check unit information,
as different reanalysis centres or public archives may use
different units for the same variable. For example, tem-
perature may be provided in units of °C or K. Some cen-
tres provide geopotential height in meters (or “gpm”),
while others provide geopotential in m2s-2. For water
vapour, specific humidity (not volume mixing ratio)
is provided in most cases, in units of either kgkg-1 or
gkg-1. Some reanalyses do not provide vertical pressure
velocity (w, in Pas-1) and/or specific humidity data in
the stratosphere. Ozone is provided as mass mixing ra-
tio (not volume mixing ratio) in most cases, in units of
either kgkg-1 or mgkg-! (i.e., ppmm). Care is also rec-
ommended when using precipitation or other “flux’ data,
because the integration time period may not be explicitly
documented in the data file. Precipitation data may also
be divided into multiple categories (such as anvil, con-
vective, and large-scale), the exact definitions of which
vary by reanalysis.


http://data.ceda.ac.uk/badc/srip/
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/climate-forecast-system-version2-cfsv2
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/climate-forecast-system-version2-cfsv2
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/climate-forecast-system-version2-cfsv2

58 SPARC Reanalysis Intercomparison Project (S-RIP) Final Report

Monthly mean products may also differ across different
reanalyses, and even for different variables from the same
reanalysis, owing to differences in the sampling times or
intervals (hourly, 3-hourly, or 6-hourly; instantaneous or
time-average). Such differences can be especially impact-
ful for variables with distinct diurnal or sub-diurnal sig-
nals (e.g., land-sea breezes in the boundary layer and at-
mospheric tides in the upper stratosphere and above). In
the following, we describe the exact definitions of monthly
means for major variable groups in recent reanalyses.

e ERA-Interim and ERAS5 divide variables into “instan-
taneous”, “forecast”, and “accumulated” products. For
ERA-Interim, monthly means of instantaneous prod-
ucts are calculated from 6-hourly data valid at 00, 06,
12, and 18 UTC throughout the month. For ERA5,
monthly means of instantaneous products are calculat-
ed from hourly fields valid from 00 through 23 UTC
throughout the month. Monthly means of accumulated
products account for all forecast time steps, although in
some cases (e.g., temperature and moisture tendencies)
these products are not provided and must be calculat-
ed by the user. In cases where ECMWTF does provide a
monthly mean, partial time steps have been accounted
for so that only time steps within the specified month
have been included in the average.

e For JRA-55, monthly means of upper-air winds, tem-
perature, geopotential height, and other core analysis
fields are calculated from instantaneous analyses at 00,
06, 12, and 18 UTC. Distinctions between instantane-
ous and time-averaged forecast diagnostics also apply
for JRA-55. Instantaneous forecast products are output
either every three hours (for two-dimensional fields) or
every six hours (for three-dimensional fields), and the
monthly means reflect this sampling. Time-averaged
fields are designated by the fcst_phy collections, with
monthly means representing all time steps.

* For MERRA and MERRA-2, monthly means for each
product are calculated by averaging the correspond-
ing instantaneous or time-averaged data. For example,

inst3_3d_asm_Np (3-hourly instantaneous data) gets
averaged over a month to produce instM_3d_asm_Np
and inst6_3d_asm_Np (6-hourly instantaneous data)
gets averaged over a month to produce instM_3d_asm_
Np. By contrast, the tavg files contain fields averaged
from all the (15-min) model time steps within a given
time window. Like inst3_3d_asm, these fields are fore-
cast model outputs from the IAU “corrector” step as de-
scribed in section 2.3 above.

* For CFSR/CFSv2, monthly mean analysis fields are
calculated from instantaneous values at 00, 06, 12, and
18 UTC. Monthly means of most forecast variables are
also calculated from instantaneous outputs. Only radi-
ation, precipitation, and other ‘flux’-type variables are
aggregated from averages over the forecast step. These
distinctions are directly embedded in the metadata
of original GRIB?2 files for CFSR/CFSv2 (e.g., ‘anl’ for
analysis variables, ‘6 hour fcst’ for instantaneous fore-
cast variables, and ‘0-6 hour ave fcst’ for time-average
forecast variables).

The file formats for archived data may include GRIB,
GRIB2, NetCDF, and HDF. Grid boundaries and orien-
tations, such as the starting point for longitude (0°E or
180°W), the order of latitudes (from the North Pole or
from the South Pole), and the vertical orientation (from
the surface or from the TOA) may also vary by reanalysis
and/or data source.

After interpolation to pressure levels, most reanalyses (with
the exception of MERRA and MERRA-2) provide data be-
low the surface (e.g, at 1000hPa over the continents). These
data are calculated via vertical extrapolation, and are pro-
vided for two reasons. First, they enable the use of a com-
plete field when plotting or taking derivatives, and second,
they allow data users to visualize variability over the whole
globe (including features over mountains) using data from
a single pressure surface. The extrapolation procedure may
differ by variable and/or reanalysis system. Users of data in
the lower part of the troposphere should be aware of this
feature, particularly in regions of complex topography.
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