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Abstract. Two of the most basic parameters generated from
a reanalysis are temperature and winds. Temperatures in the
reanalyses are derived from conventional (surface and bal-
loon), aircraft, and satellite observations. Winds are observed
by conventional systems, cloud tracked, and derived from
height fields, which are in turn derived from the vertical
temperature structure. In this paper we evaluate as part of
the SPARC Reanalysis Intercomparison Project (S-RIP) the
temperature and wind structure of all the recent and past
reanalyses. This evaluation is mainly among the reanaly-
ses themselves, but comparisons against independent obser-
vations, such as HIRDLS and COSMIC temperatures, are
also presented. This evaluation uses monthly mean and 2.5◦

zonal mean data sets and spans the satellite era from 1979–
2014. There is very good agreement in temperature sea-
sonally and latitudinally among the more recent reanalyses
(CFSR, MERRA, ERA-Interim, JRA-55, and MERRA-2)
between the surface and 10 hPa. At lower pressures there
is increased variance among these reanalyses that changes
with season and latitude. This variance also changes during
the time span of these reanalyses with greater variance dur-
ing the TOVS period (1979–1998) and less variance after-
ward in the ATOVS period (1999–2014). There is a distinct
change in the temperature structure in the middle and up-
per stratosphere during this transition from TOVS to ATOVS
systems. Zonal winds are in greater agreement than tempera-

tures and this agreement extends to lower pressures than the
temperatures. Older reanalyses (NCEP/NCAR, NCEP/DOE,
ERA-40, JRA-25) have larger temperature and zonal wind
disagreement from the more recent reanalyses. All reanaly-
ses to date have issues analysing the quasi-biennial oscilla-
tion (QBO) winds. Comparisons with Singapore QBO winds
show disagreement in the amplitude of the westerly and east-
erly anomalies. The disagreement with Singapore winds im-
proves with the transition from TOVS to ATOVS observa-
tions. Temperature bias characteristics determined via com-
parisons with a reanalysis ensemble mean (MERRA, ERA-
Interim, JRA-55) are similarly observed when compared
with Aura HIRDLS and Aura MLS observations. There is
good agreement among the NOAA TLS, SSU1, and SSU2
Climate Data Records and layer mean temperatures from
the more recent reanalyses. Caution is advised for using re-
analysis temperatures for trend detection and anomalies from
a long climatology period as the quality and character of re-
analyses may have changed over time.

Published by Copernicus Publications on behalf of the European Geosciences Union.



14594 C. S. Long et al.: Climatology and interannual variability of dynamic variables in multiple reanalyses

1 Introduction

Reanalyses are used in many ways, including as initial con-
ditions for historical model runs, developing climatologies,
comparison with experimental models, and the examination
of atmospheric features or conditions over long periods of
time. This paper mainly evaluates eight reanalysis data sets:
NCEP/NCAR Reanalysis 1 (Kalnay et al., 1996; Kistler
et al., 2001; referred to hereafter as “R1”; see Appendix
A for abbreviations), ERA-40 (Uppala et al., 2005), JRA-25
(Onogi et al., 2007), NCEP/CFSR (Saha et al., 2010), ERA-
Interim (Dee et al., 2011; referred to hereafter as ERA-I),
MERRA (Rienecker et al., 2011), JRA-55 (Kobayashi et al.,
2015), and MERRA-2 (Gelaro et al., 2017; GMAO, 2015),
with some notes on NCEP/DOE Reanalysis 2 (Kanamitsu
et al., 2002) (referred to hereafter as R2) and 20CR (Compo
et al., 2011). See Fujiwara et al. (2017) for more information
about these reanalyses. The ERA-15 (Gibson et al., 1997) is
not included in this intercomparison due to its short period
and subsequent replacement by ERA-40. When a reanalysis
product is chosen for use in a study or comparison, the choice
is made based upon several factors such as newness of the
reanalysis systems, span of time evaluated, horizontal and
vertical resolution, top layer, and observational data assimi-
lated. In this paper, we present an intercomparison of these
10 reanalyses focusing mainly upon their temperature and
zonal wind fields. The five more recent reanalyses (CFSR,
MERRA, ERA-I, JRA-55, and MERRA-2) are the primary
focus and we concentrate on how these reanalyses intercom-
pare in the upper troposphere and entire stratosphere.

Intercomparisons of middle atmosphere winds and tem-
peratures using reanalyses have been performed since the
very first reanalyses were generated in the late 1990s. Paw-
son and Fiorino (1998a, b, 1999) were the first to evaluate
reanalyses winds and temperatures by comparing R1 and
ERA-15 analysis of the tropics before and after satellite data
were used in the reanalyses. Randel et al. (2004) intercom-
pared wind and temperature climatologies from R1, ERA-15,
and ERA-40 along with meteorological centre analyses. R1
and the ERA-40 have been used by thousands of researchers
for tropospheric studies. Notable middle atmosphere studies
evaluating R1 and ERA-40 winds and temperatures include
the following. Manney et al. (2005) used these two reanaly-
ses along with other analyses to evaluate their ability to cap-
ture the unique 2002 Antarctic winter, while Charlton and
Polvani (2007) intercompared the two for detecting Northern
Hemispheric sudden stratospheric warmings (SSWs). Mar-
tineau and Son (2010) used temperature and wind fields
from R1, R2, JRA-25, ERA-I, and MERRA to compare their
depiction of stratospheric vortex weakening and intensifi-
cation events against GPSRO temperature data. Simmons
et al. (2014) intercompared the ERA-I, MERRA, and JRA-
55 stratospheric temperature analyses over the 1979–2012
period showing where and when they agreed and disagreed
and the reasons why they did so. They also pointed out the

difficulties of the transition from the TOVS to ATOVS ob-
servations, most notably in the upper stratosphere and lower
mesosphere. Lawrence et al. (2015) used polar processing
diagnostics to compare the ERA-I and MERRA. They noted
good agreement in the diagnostics after 2002, but cautioned
that the choice of one over the other could influence the re-
sults of polar processing studies. Miyazaki et al. (2016) in-
tercompared six reanalyses (R1, ERA-40, JRA-25, CFSR,
ERA-I, JRA-55) to study the mean meridional circulation
in the stratosphere and eddy mixing and their implications
upon the strength of the Brewer–Dobson circulation. Fuji-
wara et al. (2015) used nine reanalyses (JRA-55, MERRA,
ERA-I, CFSR, JRA-25, ERA-40, R1, R2, and 20CR) to ex-
amine their stratospheric temperature response to the erup-
tions of Mount Agung (1963), El Chichón (1982), and Mount
Pinatubo (1991). Mitchell et al. (2015) performed a mul-
tiple linear regression analysis on the same nine reanal-
yses to test the robustness of their variability. Martineau
et al. (2016) intercompare eight reanalyses (ERA-40, ERA-I,
R1, R2, CFSR, JRA-25, JRA-55, and MERRA) for dynami-
cal consistency of wintertime stratospheric polar vortex vari-
ability. Kawatani et al. (2016) compare the representation of
the monthly mean zonal wind in the equatorial stratosphere
with a focus on the quasi-biennial oscillation (QBO; Baldwin
et al., 2001) among nine reanalyses (R1, R2, CFSR, ERA-40,
ERA-I, JRA-25, JRA-55, MERRA, and MERRA-2).

The report by the SPARC Reference Climatology Group
(SPARC, 2002) and the subsequent journal article by Ran-
del et al. (2004) were in response to the need to compare
and evaluate the then-existing middle atmosphere climatolo-
gies that were housed and made readily available to the re-
search community at the SPARC Data Center. Both reports
provide an intercomparison of eight middle atmosphere cli-
matologies: UK Met Office data assimilation, NOAA Cli-
mate Prediction Center objective analysis, UK Met Office
objective analysis using TOVS data, the Free University of
Berlin Northern Hemisphere subjective analysis, CIRA86
(COSPAR International Reference Atmosphere, 1986), R1,
ERA-15, and ERA-40. This intercomparison was mostly
based upon analyses rather than reanalyses, as only the R1,
ERA-15, and ERA-40 reanalyses were available at that time.
Notable differences were found among analyses for temper-
atures near the tropical tropopause and polar lower strato-
sphere and zonal winds throughout the tropics. Compar-
isons of historical reference atmosphere and rocketsonde
temperature observations with the more recent global anal-
yses showed the influence of decadal-scale cooling of the
stratosphere. Detailed comparisons of the tropical semian-
nual oscillation (SAO) and QBO showed large differences
in amplitude among analyses; the more recent data assimi-
lation schemes showed better agreement with equatorial ra-
diosonde, rocket, and satellite data (e.g. Baldwin and Gray,
2005).

About 10 years after the SPARC climatology report
(SPARC, 2002), SPARC started a new project, the SPARC
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Table 1. Information about NCEP, JMA, ECMWF, and GMAO earlier and latter reanalyses pertinent to the stratosphere. Information includes
the model version, horizontal and vertical resolution, model top pressure, and radiative transfer model (RTM) used.

Model version Horizontal resolution Vertical resolution Model top level RTM

R1/R2 NCEP MRF (1995/98) T62: 1.875◦ 28 (σ ) 3 hPa Temperature
retrievals

CFSR NCEP CFS (2007) T382: 0.3125◦ 64 (hybrid σ–p) ∼ 0.266 hPa CRTM
ERA-40 IFS Cycle 23r4 (2001) TL159: ∼ 125 km 60 (hybrid σ–p) 0.1 hPa RTTOVS-5
ERA-I IFS Cycle 31r1 (2007) TL255: ∼ 79 km 60 (hybrid σ–p) 0.1 hPa RTTOVS-7
JRA-25 JMA GSM (2004) T106: 1.125◦ 40 (hybrid σ–p) 0.4 hPa RTTOVS-6:

TOVS
RTTOVS-7:
ATOVS

JRA-55 JMA GSM (2009) TL319: ∼ 55 km 60 (hybrid σ–p) 0.1 hPa RTTOVS-9
MERRA GEOS 5.0.2 (2008) 0.5◦ lat × 0.667◦ lon 72 (hybrid σ–p) 0.01 hPa CRTM
MERRA-2 GEOS 5.12.4 (2015) 0.5◦ lat × 0.625◦ lon 72 (hybrid σ–p) 0.01 hPa CRTM

Reanalysis Intercomparison Project (S-RIP; Fujiwara et al.,
2017). The goals of this project are (1) to better understand
the differences among current reanalysis products and their
underlying causes, (2) to provide guidance to reanalysis data
users by documenting the results of this reanalysis inter-
comparison, and (3) to create a communication platform be-
tween the SPARC community and the reanalysis centres that
helps to facilitate future reanalysis improvements. This pa-
per will present the key findings from the S-RIP Chapter 3
team on “Climatology and Interannual Variability of Dynam-
ical Variables.” In this paper we show the results from the
eight “full-input” (Fujiwara et al., 2017) reanalyses, which
are systems that assimilate surface and upper-air conven-
tional and satellite data (i.e. MERRA-2, MERRA, ERA-I,
JRA-55, CFSR, JRA-25, ERA-40, R1), though we will show
one figure for 20CR, which is one of the “surface-input” re-
analyses. We will concentrate only on the satellite era pe-
riod of 1979 to 2014. Several of the reanalyses do not cover
the entire span of the later period (e.g. ERA-40 ends in Au-
gust 2002, 20CR ends in December 2012 (for its version 2),
and JRA-25 ends in January 2014). The R2 is an updated ver-
sion of the R1. Almost all of the changes and enhancements
incorporated into the R2 were surface or boundary layer ori-
ented. The only possible change to the stratosphere would
be due to a change to a newer ozone climatology (Fujiwara
et al., 2017). As a result, preliminary comparisons of R1 and
R2 show very minor differences in temperatures and winds
above the boundary layer. Therefore, we will not show R2
comparisons, but one can expect all R2 qualities to be nearly
exactly the same as R1. All of the reanalyses except for the
CFSR used the same forecast model and assimilation scheme
throughout their time span. In 2010 the CFSR had an un-
documented update to its GSI assimilation scheme. Another
change to the CFSR occurred in 2011 with the implementa-
tion of the version 2 Climate Forecast System (CFSv2; Saha
et al., 2014), in which the resolution, forecast model, and as-

similation scheme were all upgraded. Fujiwara et al. (2017)
distinguish this latter analysis as the CDAS-T574.

The rest of this paper will be organized as follows: Sect. 2
presents a summary of changes and improvements from each
reanalysis centre’s earlier to later versions. Section 3 presents
and discusses temperature variability with time of the reanal-
yses. Section 4 presents the methodology used to compare
the various reanalyses, the creation of a reanalysis ensemble
mean (REM), and the ensemble mean attributes and variabil-
ity with time. Section 5 presents the differences in the tem-
peratures and winds in individual reanalyses from the REM.
Section 6 examines the seasonal temperature amplitude of
the reanalyses in the polar latitudes. Section 7 discusses the
results of comparisons with observations that are not assim-
ilated in the reanalyses by showing specific data analyses.
Section 8 provides summaries and main conclusions.

We characterize the stratosphere into altitude ranges using
the following generalizations: “upper” for 1 to 5 hPa, “mid-
dle” for 7 to 30 hPa, and “lower” for 50 to 100 hPa.

2 Improvements from older reanalyses to newer
versions

Fujiwara et al. (2017) provide many details of each reanal-
ysis, such as model characteristics, physical parameteriza-
tions used, observations assimilated, execution stream char-
acteristics, and assimilation strategies. The most recent re-
analyses are later generations of earlier versions (MERRA
and MERRA-2, ERA40 and ERA-Interim, JRA-55 and JRA-
25, CFSR, and R1 and R2). Using information contained in
Fujiwara et al. (2017), we will highlight what we consider
the major improvements and changes from the earlier ver-
sion to the more recent version. Pertinent to the stratosphere,
we present in Table 1 a summary of the earlier and latter
reanalysis model used, model resolution, top pressure level,
and radiative transfer model (RTM) used. Several reanalyses
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improved their model horizontal and vertical resolution be-
tween versions. All of the later versions used a more recent
version of the RTM. Explanations for the various labelling of
horizontal resolution can be found in Fujiwara et al. (2017).

3 Reanalysis global mean temperature anomaly
variability

The 1979–2014 period includes the assimilation of satellite
observations in addition to the assimilation of conventional
(surface, aircraft, and balloon) observations (see Fujiwara
et al., 2017, for details). During this period, there are multiple
transitions, additions, and removals of satellites and instru-
ments observing the atmosphere. The calibration and quality
control of the observations from these satellite instruments
in many instances have improved over time from the ear-
lier reanalysis systems to the more current reanalysis sys-
tems. The radiative transfer models used in the forecast mod-
els have also improved over time. Reanalysis centres devote
major efforts to minimizing the transition from one satel-
lite or observing system to the next (e.g. TOVS to ATOVS
in 1998; see Fujiwara et al., 2017). However, the forecast
models used by the reanalysis centres have their own biases
throughout the atmosphere. If and how well the bias correc-
tion is performed will also dictate how the reanalysis uses
these observations. Additionally, most reanalyses are not run
as one stream, but rather it is more efficient timewise and
computationally for the reanalysis to be broken up into mul-
tiple streams with overlap periods of at least 1 or more years.
These overlap periods are intended to allow the new stream to
spin up sufficiently to ensure minimal discontinuity when the
older stream ends. Because of these factors, it will be shown
that the more recent reanalyses have fewer discontinuities at
different times throughout this data record than older reanal-
yses.

To illustrate how well the various reanalyses were able to
transition between satellites and other data sources, Fig. 1
presents time series for each reanalysis of the global mean
temperature anomalies from their own long-term (1979–
2014) monthly means. In all of the time series plots, sev-
eral climatic features are evident: the tropospheric warming
during the 1998 and 2010 El Niño events (located on the
time axis with an “e”) and the lower and middle stratospheric
warming associated with the El Chichón (1982) and Mount
Pinatubo (1991) volcanic eruptions (located on the time axis
with a “v”). However, the older reanalyses (ERA-40 and
JRA-25) show several distinct discontinuities in the strato-
sphere. The ERA-40, which was the first reanalysis to as-
similate SSU radiances, shows discontinuities during several
changes in the NOAA polar satellites with the SSU instru-
ment in the early 1980s. The ERA-40 assimilated both SSU
and AMSU-A radiances from the end of 1998 through 2002
(Uppala et al., 2005). The JRA-25 shows smaller discontinu-
ities in the 1980s but has an abrupt change in 1998 coincident

with the immediate transition from TOVS (SSU, MSU) to
the ATOVS (AMSU) observing systems. The bias correction
schemes for the TOVS and ATOVS radiances were also dif-
ferent. The combination of both resulted in large discontinu-
ity in the stratosphere (Onagi et al., 2007). Of the five more
recent reanalyses, the CFSR shows multiple discontinuities
in the upper and middle stratosphere. This is because the
CFSR is made up of six streams (end years 1986, 1989, 1994,
1999, 2005, 2009) and also because it corrects the biases in
the SSU channel 3 observations with a forecast model that
has a noted warm bias in the upper stratosphere. After 1998
the CFSR only used the AMSU-A radiances (it did not assim-
ilate channel 14) and just monitored the SSU channels (Saha
et al., 2010). The ERA-I shows two distinct discontinuities:
in 1985 from the transition from NOAA-7 SSU to NOAA-9
SSU and in August 1998 when ATOVS observing systems
began to be assimilated. ERA-I assimilated both SSU and
AMSU-A radiances until 2005. Channel 3 of the SSU prior
to August 1998 and AMSU-A channel 14 were not bias cor-
rected. After August 1998 the SSU channel 3 radiances were
bias corrected (Simmons et al., 2014). MERRA merged the
SSU and AMSU observations over a period of time. The ver-
sion of the CRTM (Han et al., 2006) that MERRA used for
other satellite radiances was not able to work with the SSU
radiances, and as an alternative the GLATOVS (Susskind
et al., 1983) was used. The latter was not updated with the
necessary adjustments to the channels due to pressure cell
leaks and changes in the stratospheric CO2 concentration
(Gelaro et al., 2017). MERRA immediately stopped using
the SSU channel 3 in October 1998 but continued to assim-
ilate channels 1 and 2 through 2005. JRA-55 also merged
the SSU and AMSU observations, but for a shorter overlap
period of 1 year, and bias corrected all the SSU and AMSU-
A channels (Kobayashi et al., 2015). MERRA-2 shows a dis-
continuity in 1995 from the transition from NOAA-11 to
NOAA-14 SSU channel 3 radiances. A second discontinuity
occurs when MERRA-2 immediately transitions from SSU
and MSU to the AMSU in October 1998. A third disconti-
nuity occurs when it begins using Aura MLS observations
in August 2004. Just as with MERRA, MERRA-2 did not
bias correct SSU channel 3 and AMSU-A channel 14. MLS
temperatures were used to remove a bias in the upper strato-
sphere and to sharpen the stratopause (Gelaro et al., 2017).
R1, R2, and the 20CR reanalyses only extend up to 10 hPa
due to their fewer model layers, so the upper stratosphere is
not analysed. R1 and R2 use NESDIS-derived temperature
retrievals, which minimized satellite transitions. The 20CR
is shown as an example that assimilated only surface-based
observations. Therefore, it shows no discontinuities, but its
forecast model included the volcanic aerosols and the histor-
ical changes in carbon dioxide to produce interannual varia-
tions in the stratosphere (see Fujiwara et al., 2017, for more
details).

The timing and degree of these discontinuities will play
a role in how well the various reanalyses compare with

Atmos. Chem. Phys., 17, 14593–14629, 2017 www.atmos-chem-phys.net/17/14593/2017/



C. S. Long et al.: Climatology and interannual variability of dynamic variables in multiple reanalyses 14597

Figure 1. Pressure vs. time plots of the global mean temperature anomalies (K) of reanalyses. The anomalies are from the monthly clima-
tology of each reanalysis. The reanalyses shown are (a) MERRA-2, (b) MERRA, (c) JRA-55, (d) JRA-25, (e) ERA-Interim, (f) ERA-40,
(g) CFSR, (h) R1, and (i) 20CR. Note that R1 and 20CR do not provide analyses above 10 hPa; “v” and “e” denote the occurrence of volcanos
and El Niños.
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each other over time. Difficulties associated with assim-
ilating the SSU observations due to their CO2 pressure-
modulated cells slowly leaking, and the changing of atmo-
spheric CO2 impaired the earlier reanalyses (ERA-40, JRA-
25, MERRA). The more recent reanalyses should agree more
closely with each other after 1998 because there are fewer
issues assimilating the ATOVS, AIRS, and GPSRO observa-
tions (MERRA did not assimilate GPSRO data.)

Because of these discontinuities and transitions discussed
above, reanalyses should be viewed very carefully for use in
trend analysis and trend detection, especially in the middle
and upper stratosphere.

4 Reanalysis ensemble mean (REM)

4.1 Methodology

No one reanalysis is the de facto standard for all variables and
processes. Consequently a reanalysis ensemble mean (REM)
of three of the more recent reanalyses (MERRA, ERA-I, and
JRA-55) will be used as the reference from which differences
and anomalies will be determined. The CFSR is excluded
from the REM primarily because of the stream-change im-
pacts upon the temperature structure in the middle and upper
stratosphere. MERRA-2 is not included in the REM because
it had just become available at the time of the preparation of
this paper and does not include 1979. The data sets used to
perform the intercomparisons are monthly mean zonal means
at a 2.5◦ resolution. Standard post-processed pressure lev-
els are used (1000, 850, 700, 500, 400, 300, 250, 200, 150,
100, 70, 50, 30, 20, 10, 7, 5, 3, 2, 1 hPa). The focus time pe-
riod of this intercomparison is 1979 through 2014. The cur-
rent WMO 30-year climatology period (1981–2010) will be
the base period of the climatology used. It should be noted
that most reanalyses, with the exception of MERRA and
MERRA-2, provide data below the surface for some regions
(e.g. at 1000 hPa under Antarctica and the Tibetan Plateau).
These data are calculated via vertical extrapolation. When the
REM is created, re-gridded zonal means are first calculated
for each reanalysis, and then the three data sets are averaged
where valid data exist. Since most of the latitude zones pole-
ward of 60◦ S are part of the Antarctic land mass with surface
elevations reaching 3 km, pressures higher than 700 hPa have
invalid data and hence are not analysed.

4.2 Climatology of the REM

4.2.1 Temperature

The seasonal variation in the REM temperature monthly
means and their interannual variability in three different
zonal regions (60–90◦ N, 10◦ S–10◦ N, and 90–60◦ S) are
shown in Fig. 2. It is of note that at polar latitudes the low-
est temperatures occur in the upper stratosphere in November
(for the Northern Hemisphere, NH) and May (for the South-

ern Hemisphere, SH) and descend with time such that the
lowest temperatures in the lower stratosphere do not occur
until January in the NH and September in the SH. Thus, when
lower stratospheric temperatures are reaching a minimum,
upper stratospheric temperatures are already increasing. The
upper stratosphere polar circulation is well defined prior to
solstice shutting down any meridional advection of heat into
the polar region. Consequently, radiative cooling drives the
temperatures to their lowest values prior to solstice. The low-
est temperatures occur at about 30 hPa in both polar regions.
However, the lowest SH polar temperatures are more than
15 K colder than the lowest NH polar temperature. The inter-
annual variability graphs show that the greatest variability in
the NH temperatures is in the upper stratosphere in February
when wave activity is most pronounced. In the SH the great-
est variability occurs in October and November, associated
with the winter to spring transition from low to high temper-
atures when wave activity becomes significant in that hemi-
sphere. This variability is associated with how quickly that
transition occurs. In some years the circulation over Antarc-
tica is very zonal and stable, which prolongs the period of low
temperatures in the polar latitudes. In other years there may
be greater wave activity transporting heat from the extratrop-
ics into the polar latitudes, thus shortening the period of low
temperatures. In the tropics, the variability is much smaller
than in the polar regions but is associated with the phase of
the SAO and the QBO in the upper and middle stratosphere,
respectively.

4.2.2 Zonal wind

The seasonal variation in the REM zonal wind monthly
means and their interannual variability in three different
zonal regions (40–80◦ N, 10◦ S–10◦ N, and 80–40◦ S) are
shown in Fig. 3. In the NH polar jet region (40–80◦ N) the
maximum winds occur in the upper stratosphere in Novem-
ber and December, and the greatest variability occurs from
December through March. In the SH polar jet region (80–
40◦ S) wintertime westerlies are about 30 ms−1 stronger than
the wintertime NH westerlies. These stronger westerlies are
due to the much weaker disruption of the polar vortex by the
vertically propagating planetary-scale waves and the stronger
temperature gradients. Similar to the temperature variability,
the variability in the SH polar night jet between May and Au-
gust is not as great as in the NH polar jet. The SH zonal wind
variability increases during the final warming and transition
from westerlies to easterlies as wave activity increases from
August through November.

In the tropical upper stratosphere, there is a strong semi-
annual oscillation (SAO; Ray et al., 1998) with maximum
westerlies of up to 20 ms−1 at equinox and intervening east-
erlies during the solstice periods. There is a marked asym-
metry in the amplitude of the easterly SAO phase, with am-
plitudes of −40 to −50 ms−1 in the easterlies in December
to February but only −20 to −30 ms−1 in July–September.
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Figure 2. Annual variation in the REM temperature monthly means (◦C) and their SD (K) in three different zonal regions: 60–90◦ N (a, b),
10◦ S–10◦ N (c, d), and 90–60◦ S (e, f).

The easterly SAO phase is believed to result from the ad-
vection of easterlies from the summer hemisphere by the
Brewer–Dobson circulation (Gray and Pyle, 1987), and this
asymmetry is consistent with the much stronger circulation
in December to February associated with greater wave ac-
tivity in the NH winter. In the equatorial mid-stratosphere
where the QBO dominates, the climatological winds in the
tropical middle stratosphere have mean easterlies of −5
to −10 ms−1. Because of the quasi-biennial nature of the

winds, the interannual variability is very large, peaking be-
tween 10 and 20 hPa. The SAO wind transition in the upper
stratosphere also shows a high amount of interannual vari-
ability.
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Figure 3. Annual variation in the REM zonal wind monthly means (ms−1) and their SD (ms−1) in three different zonal regions: 40–
80◦ N (a, b), 10◦ S–10◦ N (c, d), and 80–40◦ S (e, f).

4.3 Agreement among the REM members

4.3.1 Temperature

The previous section dealt with the mean of three of the more
recent reanalyses (MERRA, ERA-I, and JRA-55). Now we
examine their variability or “degree of disagreement” over
time. We define the degree of disagreement as the SD of
the three reanalyses for each month, for each latitude zone,
and for each pressure level for the 1979–2014 period. Lati-

tude zones (e.g. 60–90◦ N) are the cosine-weighted summa-
tions of the 2.5◦ zonal SDs. We must note that agreement of
the three reanalyses does not imply correctness because the
three reanalyses could possibly have similar erroneous anal-
yses. For some months in the upper stratosphere, the temper-
ature disagreement can be greater than 5 K. Figure 4 presents
pressure vs. time series plots of the temperature SD (K) of
the three members of the ensemble. Figure 4 shows how the
monthly temperature disagreement varies in three latitude
zones (60–90◦ N, 10◦ S–10◦ N, and 90–60◦ S) in a time vs.
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Figure 4. Pressure vs. time plots of the temperature SD (K) for each month of the three reanalyses making up the REM for three zonal
regions: 60–90◦ N (a), 10◦ S–10◦ N (b), and 90–60◦ S (c).

pressure plot. The mid-latitude plots are not shown but eval-
uations will be presented below. In all three latitude bands
the disagreements are greatest at pressures lower than 10 hPa
at which there are fewer conventional observations available
for assimilation and the satellite observations generally have
very broad weighting functions in the vertical. The 60–90◦ N
plot shows that at pressures greater than the 20 hPa level, all
three reanalyses agree with each other very well, with an SD
smaller than 0.5 K. Generally, from 1979 to 2001 the pressure

at which the 0.5 K difference contour occurs stays constant
between 20 and 10 hPa. Interrupting this period during the
1990s, the NH polar activity was unusually quiet and cold
(Pawson and Naujokat, 1999; Charlton and Polvani, 2007).
Then from 2001 to 2014 the pressure at which the 0.5 K con-
tour occurs moves upward to between 7 and 5 hPa. The in-
creased agreement between 20 and 7 hPa is most likely due
to the assimilation of AMSU and AIRS observations. The
disagreement among the three reanalyses is greater in June–
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August than in other months due to the ERA-I having warmer
temperatures at this level than MERRA and JRA-55.

In the tropics, the disagreement maximizes in two sepa-
rate layers: between 150 and 70 hPa during the TOVS pe-
riod (1979–1998) and above 20 hPa throughout the entire
1979–2014 period. The former disagreement is at the verti-
cal location of the cold point temperature. Apparently, there
is greater disagreement among the three reanalyses in deter-
mining this temperature during the TOVS period than dur-
ing the ATOVS period. During the TOVS period there are
only four MSU channels sounding the troposphere and lower
stratosphere. The AMSU-A instrument has five channels (5
through 9; 1 through 4 are water vapour channels) sounding
the same layer. These additional channels provide informa-
tion about the temperature structure near the tropopause, thus
allowing the reanalyses to better analyse and agree upon the
temperature structure there. The pressure at which the great-
est differences (3–4 K) occur is 2 hPa and has a seasonally
varying pattern.

In the 90–60◦ S zone, the disagreement among the three re-
analyses extends lower into the stratosphere than the NH po-
lar zone. This region encompasses all of Antarctica and the
ocean surrounding it. There are very few observation sites
in this latitude zone. Manney et al. (2005) and Lawrence
et al. (2015) have shown that reanalyses of temperatures
in the polar stratosphere can differ significantly depending
on what observations are available. Differences greater than
0.5 K during the TOVS period extend to 70 hPa. There are
two layers of greatest disagreement in the TOVS period: be-
tween 7 and 5 hPa and above 3 hPa. The disagreement be-
tween 7 and 5 hPa terminates after 2001, which may be due
to the assimilation of AIRS radiances.

The northern mid-latitude (30–60◦ N) disagreement does
not change significantly throughout the entire 1979–2014 pe-
riod. Values larger than 0.5 K begin at pressures lower than
7 hPa and have summertime peaks of 2 K at pressures lower
than 3 hPa.

The southern mid-latitude (60–30◦ S) disagreement is sim-
ilar to the SH polar disagreement in that the disagreement
during the TOVS period extends to higher pressures (be-
tween 20 and 30 hPa) than during the ATOVS period (be-
tween 7 and 10 hPa). Also similar to the SH polar region,
there are two layers of greatest disagreement in the TOVS
period between 7 and 5 hPa and above 3 hPa. The 7 to 5 layer
disagreements also terminate after 2001, just as in the SH
polar region.

4.3.2 Zonal winds

Figure 5 presents pressure vs. time series plots of the zonal
wind SD (ms−1) of the three members of the ensemble mean.
Figure 5 shows the disagreement of the monthly ensemble
members’ zonal wind in the polar jet regions (40–80◦ N and
80–40◦ S) and in the tropics (10◦ S–10◦ N). As with the tem-
peratures, the zonal wind disagreement in the mid-latitudes

are not shown but are described in the text below. There is
very good agreement of the zonal winds among the three re-
analyses in the NH and SH polar jet regions with SDs smaller
than 0.5 ms−1. In the NH polar jet region, significant dis-
agreement (> 0.5 ms−1) among the three reanalyses is con-
sistently confined to pressures lower than 5 hPa. Disagree-
ments greater than 0.5 ms−1 are nearly eliminated after the
transition to ATOVS observations occurs at the end of 1998.

The altitude range of disagreement greater than 0.5 ms−1

in the SH polar jet region extends from the upper stratosphere
down into the middle stratosphere (10–20 hPa) during the
TOVS time period, but improves considerably in the ATOVS
time period.

The tropical zonal wind disagreement shows much larger
values of the order of 10 ms−1 in the upper stratosphere than
the polar jet values, resulting from disagreement in SAO and
QBO winds and winds near the surface at 850 hPa. There is
improvement with time in the agreement of the QBO winds
and 850 winds, but this improvement does not extend to the
SAO height region. The greater improvement in the NH and
SH polar jet winds after 1998 vs. minor improvement in
the equatorial winds illustrates the differences between the
mechanisms controlling these winds. The polar jet winds are
largely dictated by the latitudinal thermal gradient and result-
ing thermal wind. However, in the tropics the thermal wind
relation breaks down and the wind fields are not well con-
strained by the assimilated satellite radiances. In addition,
the tropical winds are primarily determined by the transfer
of momentum from upward-propagating waves with spatial
scales that are too small to be adequately resolved by the
forecast models used in these reanalyses (Baldwin et al.,
2001). The tropical winds are therefore highly dependent
upon radiosonde observations for speed and direction (and
these only extend to ∼ 10 hPa). In general the amplitude of
the reanalysis tropical winds are smaller than observations.
Following the change to ATOVS data, the differences among
the reanalyses decrease slightly. No single forecast model in-
cluded in the REM is capable of generating a QBO on its
own. To date, only the forecast model used in MERRA-2 is
capable of doing so, and Coy et al. (2016) show that after
2000 the MERRA-2 QBO winds are greatly improved vs.
those in MERRA.

The characteristics of the NH and SH mid-latitude regions
(20–40◦ N and 40–20◦ S, respectively) are very similar to
their respective polar jet regions. The NH mid-latitude dis-
agreements during the TOVS period occur at pressures lower
than 7 hPa and do not exceed 1.5 ms−1. During the ATOVS
period the disagreements are more sporadic and occur at
pressures lower than 3 hPa.

The SH mid-latitude disagreement occurs at pressures
lower than 20 hPa during the TOVS period with values not
exceeding 4 ms−1. During the ATOVS period the disagree-
ments become more sporadic, smaller in value, and occur at
pressures lower than 7 hPa.
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Figure 5. Pressure vs. time plots of the zonal wind SD (ms−1) for each month of the three reanalyses making up the REM for three zonal
regions: 40–80◦ N (a), 10◦ S–10◦ N (b), and 80–40◦ S (c).

5 Intercomparisons of the reanalyses

In this section we extend our evaluation to the individual re-
analyses and examine how each of eight reanalyses (CFSR,
MERRA, ERA-I, JRA-55, MERRA-2, JRA-25, ERA-40,
and R1) differs from the REM for both temperatures and
winds. We do not show comparisons of R2, but one can ex-
pect all R2 qualities to be nearly the same as those of R1.
We also do not show comparisons with the 20CR as that re-
analysis assimilated no upper-air observations. As a result the

20CR does not show any QBO features in the tropical winds
or temperatures, does not observe the occurrences of sudden
stratospheric warmings making NH winters 5 K colder and
polar zonal winds stronger than they should, and is 3–4 K
warmer at 100 hPa in the tropics, which may be due to its
coarse model vertical resolution.
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5.1 Temperature

Figures 6–8 present the time-mean zonal mean temperature
difference from the REM (reanalysis – REM) for each month
(left columns). The right columns show the time series of the
zonal-mean monthly mean differences from 1979 through
2014. The left columns show the gross monthly mean differ-
ences, while the right columns show the monthly differences
over time. Both are useful to illustrate where in the verti-
cal and when in the annual cycle the differences occur and
whether these improve over time. Differences in the right col-
umn typically do not extend throughout the entire 1979–2014
period. Rather, much like the other differences discussed ear-
lier, large improvements are seen going from the TOVS to
ATOVS time periods, with the TOVS time period having
the larger differences extending down further from the up-
per stratosphere into the middle stratosphere. Except where
specifically mentioned, temperature differences between the
individual reanalyses and the REM are within ±0.5 K. In
general the earlier reanalyses (JRA-25, ERA-40, and R1)
show greater differences from the REM than the more re-
cent reanalyses (MERRA-2, MERRA, ERA-I, JRA-55, and
CFSR). Also, the NH and SH polar latitudes generally show
similar difference patterns, with much greater differences in
the SH. Thus, in the following, we start with the descrip-
tion on the SH polar latitudes, then mention the NH polar
latitudes relatively briefly, and finally describe the equatorial
latitudes where the patterns are quite different from those at
higher latitudes.

5.1.1 SH polar latitudes

MERRA-2 has a year-round cold bias of −1 to −2 K com-
pared to the REM from 1 to 2 hPa, a year-round warm bias
from 3 to 5 hPa, and a cold bias at 10 hPa from March through
June. The time series shows that these biases are largest dur-
ing the TOVS period, with much smaller differences during
the ATOVS period, and that any bias is greatly reduced after
August 2004 when Aura MLS temperatures at pressures less
than 5 hPa are assimilated.

MERRA shows a warm bias of 1 to 2 K in the time-mean
plot compared to the REM between 2 and 3 hPa from July
through February. Below this, between 5 and 20 hPa, there is
a cold bias of −1 to −2 K from April through August. The
time series plot shows that this cold bias only exists during
the TOVS period, while the warm bias at higher altitudes per-
sists throughout the entire period.

The ERA-I has a mixture of cold (−1 K, March through
August) and warm (2 K, November through February) biases
compared to the REM between 1 and 3 hPa. An opposite set
of biases exist slightly below, between 5 and 10 hPa, during
roughly the same time periods. The time series plot shows
that the upper stratosphere cold bias exists during the 1990s.
The upper stratosphere warm bias occurs after 1998, while

the warm bias between 10 and 5 hPa persists throughout the
entire TOVS period.

The JRA-55 shows a cold bias (−2 to −4 K) compared
to the REM between 1 and 5 hPa from July through March,
which then descends to 7 hPa as a warm bias forms be-
tween 1 and 2 hPa from March through June. The time series
plot shows that temperature differences transitioned from the
TOVS to ATOVS period with the cold bias of −4 to −6 K
becoming the dominant feature during this later period.

The CFSR temperatures are 6–8 K warmer than the REM
in the upper stratosphere, peaking during the period of min-
imum temperatures in that region between March and July.
Just below this warm region, there is a small altitude region
with colder temperatures than the REM of −1 and −2 K.
The time series plot shows that the CFSR upper stratospheric
warm bias occurs throughout the entire 1979–2014 time span
with similar seasonal variability.

The JRA-25 time-mean plot shows greater differences
from the REM than the above five reanalyses, with a year-
long warm bias (8 to 10 K) compared to the REM from 1 to
3 hPa and a very cold bias (−4 to −6 K) during the SH win-
ter period between 5 and 10 hPa. In the middle stratosphere
there are periods of persistent cool bias with a maximum (−2
to −4 K) occurring in the August–November months. The
time series plot shows that the upper stratosphere warm bias
(8 to 12 K) persists throughout the entire time period, with
greater values (> 12 K) in the TOVS period. The cold bias
(ranging between −2 and −10 K) just below the warm bias
occurs mostly during the ATOVS time period. The middle
stratosphere cold bias (−2 to −6 K) occurs during the TOVS
period (see Sect. 5.2 of Fujiwara et al., 2017, for the reason).

The ERA-40 time-mean plot shows a strong cold bias (−2
to −6 K) compared to the REM persisting year-long between
2 and 10 hPa. Just below this is a warm bias (2 to 4 K) be-
tween 10 and 30 hPa. The annual cycle of both the cold bias
and warm bias show a slight rising in summer and a lowering
in winter months. In the lower stratosphere and upper tropo-
sphere, there are layers and monthly periods of slight cold
(>−2 K) and slight warm (< 2 K) bias. The time series plot
shows that these biases occur throughout most of the ERA-40
time period, which ends in 2002.

R1 does not analyse at pressures lower than 10 hPa, so
there is no evaluation in the upper stratosphere. However,
there is a nearly year-round warm bias (1 to 2 K) compared to
the REM between 10 and 50 hPa peaking between June and
September. Another shallow layer of warm bias (1 to 2 K)
exists between 100 and 400 hPa. The time series plot shows
that the middle stratospheric warm bias is most pronounced
in the TOVS period.

5.1.2 NH polar latitudes

Many features in the upper stratosphere are seasonally com-
mon between the NH and SH polar latitudes (Fig. 7). How-
ever, differences with the REM in the middle and lower
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Figure 6. Pressure vs. month plots (a–h) and pressure vs. time plots (i–p) of the temperature difference (K) in individual reanalyses from
the REM for the zonal region 90–60◦ S. The reanalyses are (a, i) MERRA-2, (b, j) MERRA, (c, k) ERA-I, (d, l) JRA-55, (e, m) CFSR, (f,
n) JRA-25, (g, o) ERA-40, and (h, p) R1. The left column plots are the monthly mean differences for the entire 1979–2014 period. The right
column plots are each month’s difference from the REM for that same month.
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Figure 7. Same as Fig. 6 but for the 60–90◦ N latitude zone.
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Figure 8. Same as Fig. 6 but for the 10◦ S–10◦ N latitude zone.
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stratosphere in the SH are reduced or eliminated in the NH.
The cold bias that occurred between 10 and 5 hPa in the
MERRA-2 differences during the SH winter season is not
present in the NH winter differences. MERRA differences
from the REM in the NH are much smaller in the monthly
means, with just a thin warm bias layer between 3 and 5 hPa.
The time series shows only slight differences in the middle
and lower stratosphere during the TOVS period compared to
the same altitude region in the SH. The ERA-I and JRA-55
have very similar seasonal biases as those that occurred in
the SH. Similar to MERRA, the time series of differences for
the ERA-I during the TOVS period in the middle and lower
stratosphere are nearly eliminated. The JRA-55 time series
does not have noticeable differences from what was observed
in the SH. The CFSR wintertime warm bias that occurs at
pressures lower than 7 hPa extends from October through
March. There is no evidence of a cold bias underneath this
warm bias in the monthly means as occurs in the SH. The
time series of differences shows that the differences that oc-
cur in the middle and lower stratosphere in the SH do not
exist in the NH. The JRA-25, ERA-40, and R1 all show sim-
ilar seasonal biases from the REM in the upper stratosphere.
Their time series show reduced differences in the middle and
lower stratosphere.

5.1.3 Equatorial latitudes

Differences in reanalysis temperatures from the REM in the
equatorial regions (10◦ S–10◦ N) vary more on a semi-annual
basis. Figure 8 shows that such is the case for the CFSR
upper stratosphere warm bias of 2 to 4 K and for the JRA-
55 upper stratosphere cold bias of −2 to −4 K. MERRA-
2 shows relatively small differences (< 1 K) at all altitudes
compared to the REM and the near elimination of any bias
after August 2004 when MLS temperatures at pressures less
than 5 hPa were assimilated. The MERRA and ERA-I ex-
hibit a slight warm bias at pressures lower than 5 hPa. The
time series plots for the CFSR show the jumps associated
with the different streams and the gradually increasing warm
bias in the upper stratosphere during each of these streams.
A warm bias centred at 100 hPa and a cold bias below persist
though the TOVS period. The MERRA and ERA-I have tem-
perature biases that are greater during the TOVS period than
the ATOVS period. In the ATOVS period the bias in both
reanalyses is confined to the upper stratosphere at pressures
less than 3 hPa with a warm bias of 0.5 to 2 K. The JRA-
55 reanalyses show that the cold biases are nearly constant
throughout the entire time series. The JRA-25 has a con-
sistent warm bias of 4 to 6 K in the upper stratosphere at
pressures less than 3 hPa. Immediately below this at 5 hPa
is a cold bias of −2 to −8 K that is largest during the ATOVS
period. Between 30 and 50 hPa, there is another layer of cold
bias of −2 to −6 K that is present only during the TOVS
period. ERA-40 has a persistent cold bias of −2 to −6 K in
the upper stratosphere between 2 and 7 hPa and two layers

of warm bias of 0.5 to 1 K in the middle stratosphere and
tropopause regions. R1 in the middle stratosphere has slight
warm and cold biases associated with the QBO (seen in the
time series plot). There is also a persistent warm bias of 2
to 4 K in the upper troposphere to tropopause layer between
70 and 200 hPa. This warm bias persists from the TOVS pe-
riod to the ATOVS period when its magnitude decreases to
a warm bias of 1 to 2 K. Randel et al. (2004) pointed this out
in their comparison of analyses and attributed the inability to
capture lower tropopause temperatures to the coarse vertical
resolution and the assimilation of retrieved temperatures (as
opposed to radiances).

As discussed in Sect. 4.3 the three members of the ensem-
ble mean have their greatest disagreement in the upper strato-
sphere. From the above differences compared to the REM
temperatures, the upper stratospheric warm bias of MERRA
and ERA-I at all latitudes is nearly counterbalanced by the
cold bias of the JRA-55. The ERA-I warm bias between 5
and 7 hPa in the SH polar latitudes is counterbalanced some-
what equally by the MERRA and JRA-55 reanalyses.

5.1.4 NH and SH mid-latitudes

The NH and SH mid-latitude zone (30–60◦ N and 60–30◦ S,
respectively) monthly mean temperature differences and time
series temperature differences are nearly exactly the same in
character, altitude, and value as the respective polar region
differences.

5.2 Zonal wind

5.2.1 SH polar latitudes

The time-mean SH polar jet differences (see the Supplement)
of the individual reanalyses from the REM are relatively
small, ranging from −2 to 1 ms−1, with most differences
smaller in magnitude than that. As presented in Sect. 4.3.2,
the REM members agree quite well in the polar jet region
in both hemispheres. Some notable features are as follows.
For all reanalyses except R1, the upper stratosphere is the re-
gion where the greatest differences from the REM are seen,
but shows much improvement from the TOVS to ATOVS
periods. MERRA-2 shows further improvements after 2004
when the MLS temperatures started to be assimilated at pres-
sures less than 5 hPa. JRA-25 and ERA-40 show greater dif-
ferences compared to more recent reanalyses. Finally, R1
shows an easterly bias to the westerlies during the transition
months from westerlies to easterlies in the middle and lower
stratosphere for most of the entire time series.

5.2.2 NH polar latitudes

Just as with the NH temperature differences in Sect. 4.1.2, the
NH polar jet wind differences from the REM (see the Sup-
plement) are smaller in magnitude than the SH differences
and are restricted mainly to the upper stratosphere.
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5.2.3 Equatorial latitudes

In Fig. 9, differences in the stratosphere at pressures less
than 7 hPa show how the reanalyses differ from each other
in the strength of the westerly and the easterly phases in
the SAO region. CFSR and JRA-55 have weaker wester-
lies and thus have negative biases of greater than −5 ms−1

during the March–April and September–November westerly
periods. They also have positive biases greater than 3 ms−1

during the December–February easterly period. MERRA and
ERA-I have stronger westerlies and show positive biases of
greater than 3 ms−1 during the March–April and September–
November westerly periods. They also have stronger easter-
lies during the December–February period but differ slightly
during the July–August easterly period. This results in the
MERRA and ERA-I having negative biases of less than
−3 ms−1 during the former period. The SAO westerlies in
MERRA-2 are more than 10 ms−1 stronger than those in the
REM. The time series shows that the stronger westerlies oc-
cur primarily during the TOVS period. Kawatani et al. (2016)
and Molod et al. (2015) note that the downward-propagating
westerly phase of the SAO is enhanced during the 1980s and
could be caused by strong gravity wave forcing.

MERRA-2 also transitions from QBO westerlies to east-
erlies more rapidly than the REM during the TOVS period.
The time series plots also show where each reanalysis has
a slight easterly or westerly bias associated with the phase
of the descending QBO winds. The JRA-25 and R1 show
greater differences from the REM than the other reanalyses.
R1 shows a westerly bias of> 4 ms−1 during the easterly
phase of the QBO from 10 hPa down to 100 hPa. This was
also discussed by Pawson and Fiorino (1998b). The JRA-25
has an easterly bias of > 4 ms−1 during the easterly phase
of the QBO from 10 hPa down to 30 hPa. It should be noted
that the CFSR used ERA-40 zonal winds as substitute obser-
vations between 30◦ S and 30◦ N and from 1 to 30 hPa from
1 July 1981 to 31 December 1998 (Saha et al., 2010); hence
their differences from the REM during that time period and
in that pressure range are very similar.

Interestingly, in Fig. 9 there are also sizable differences
in the troposphere. The CFSR zonal winds in the tropical up-
per troposphere during the TOVS years have an easterly bias.
This may be associated with the CFSR having a cold bias of
about 1 K in the upper troposphere during this time period.
The JRA-55 zonal winds have a westerly bias during this
time period. The MERRA and ERA-I zonal wind differences
in the upper troposphere are no larger than 0.5 ms−1. Hence,
the differences from the REM show that the CFSR has a con-
sistent layer of negative biases of −1 to −2.5 ms−1 from 50
to 300 hPa. The JRA-55 shows the other extreme of a consis-
tent positive bias of 1 to 2 ms−1 from 30 to 200 hPa. The time
series plots confirm that these upper troposphere zonal wind
biases are persistent during the TOVS time period and are re-
duced in the ATOVS period. MERRA-2 shows large positive
differences of> 6 ms−1 from the REM in the upper strato-

sphere (SAO region). The time series show that these large
differences occur mostly during the 1980s and periodically
extend to 20 hPa. These large differences continue through-
out the time series but are confined to the upper stratosphere
after the 1990s.

5.2.4 NH and SH mid-latitudes

Characteristically, the zonal winds in the NH and SH mid-
latitudes (20–40◦ N and 40–20◦ S, respectively) are different
in depending upon the altitude. In the troposphere there is the
tropical jet with maximum winds near 200 hPa. In the lower
stratosphere there is a lull between the equatorial winds and
the polar jet. The upper stratosphere is seasonally transition-
ing from the SAO to the winter polar jet. The differences
from the REM show that all the reanalyses are in very good
agreement with the tropospheric tropical jet. In the lower
stratosphere R1 has a westerly bias of 0.5 to 1 ms−1, which
is greatest in the early 1980s and diminishes to nil by the
2000s. The CFSR, interestingly, has an easterly bias of −0.5
to −1 ms−1 during the TOVS period and is eliminated in the
ATOVS period. All the other reanalyses are in good agree-
ment (differences within ±0.5 ms−1) with the REM in the
lower stratosphere. In the middle stratosphere the JRA-25
has differences between −0.5 and −1 ms−1 from the REM in
both the NH and SH mid-latitudes. In the upper stratosphere
the more recent reanalyses have differences between −1 and
1 ms−1 from the REM, which diminish further during the
ATOVS period. The JRA-25 and ERA-40 have slightly larger
differences, which also diminish appreciably in the ATOVS
period.

5.2.5 Comparisons with Singapore QBO winds

Kawatani et al. (2016) provides a thorough evaluation of the
RMS differences in QBO (70–10 hPa) zonal winds among
the more recent reanalyses and observations from all the
radiosonde sites in the equatorial-latitude zone. Kawatani
et al. (2016) also show that of the nearly 220 radiosonde sta-
tions in the 20◦ S–20◦ N zone, Singapore (1◦ N, 104◦ E) is
the only station that reports 10 hPa observations 80–100%
of the time between 1979 and 2001. For this reason, we
will focus just upon comparisons between the reanalyses and
zonal winds at Singapore. This is not to imply that Singapore
is representative of the entire tropical zone, which it is not
because there is longitudinal variability in the zonal-mean
zonal winds (Kawatani et al., 2016). Correlations among the
monthly mean MERRA-2, MERRA, ERA-I, JRA-55, and
CFSR QBO zonal winds (interpolated to Singapore) and the
monthly mean radiosonde wind observations at Singapore
(obtained from the Free University of Berlin) are mostly
above 0.9. More information about how the reanalyses dif-
fer from the Singapore winds can be obtained by evaluat-
ing the linear regression line between the observed and anal-
ysed QBO winds and their scatter. Figure 10a–c shows the
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Figure 9. Pressure vs. month plots (a–h) and pressure vs. time plots (i–p) of the zonal wind difference (ms−1) in individual reanalyses from
the REM for the zonal region 10◦ S–10◦ N. The reanalyses are (a, i) MERRA-2, (b, j) MERRA, (c, k) ERA-I, (d, l) JRA-55, (e, m) CFSR,
(f, n) JRA-25, (g, o) ERA-40, and (h, p) R1.
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Figure 10. RMS differences (ms−1) (a–c) and linear slopes (d–f) of the matched QBO zonal wind anomalies at 70, 50, 30, 20, and 10 hPa
for the CFSR, MERRA, ERA-I, JRA-55, and MERRA-2 reanalyses interpolated to Singapore (1◦ N, 104◦ E) vs. the observed Singapore
monthly mean zonal winds from the FUB. RMS differences and slopes are computed for the 1980–2014 time period (a, d), the 1980–1998
period (b, e), and the 1999–2014 period (c, f). Slopes less than 1.0 indicate that the reanalysis zonal winds are weaker than the Singapore
zonal winds.

RMS differences in the reanalyses QBO winds and those
at Singapore. Comparisons are shown for the entire 1980–
2014 period and then divided into the TOVS (1980–1998)
and ATOVS (1999–2014) periods. All of the reanalyses RMS
differences are smaller during the ATOVS period. All of the
RMS differences increase from 70 to 10 hPa as does the am-
plitude of the winds at these levels. The RMS differences de-
crease by one-half to one-third from the TOVS to the ATOVS
period. Of these five reanalyses, the CFSR performs the poor-
est with higher RMS differences at nearly all pressure levels
during all periods. MERRA-2 has the largest RMS differ-
ences at 10 hPa during the TOVS period, but improves during
the ATOVS period. As seen in Fig. 9, MERRA-2 has large ir-
regularities in the 1980s and in 1993. As mentioned earlier,
these irregularities are a result of overly strong SAO west-
erlies that propagate down to the middle stratosphere. Coy
et al. (2016) explain that during the 1980s and early 1990s

MERRA-2 overemphasized the annual signal. Figure 10d–f
show the slope of the regression line between the individual
reanalysis QBO winds and the Singapore QBO winds. The
maximum underestimation (slope smaller than 1) at 50 hPa
is present in all of the reanalyses. The reanalysis winds and
Singapore winds become more similar in strength at lower
pressure levels and are closer in strength during the ATOVS
period than the TOVS period. The CFSR has consistently
weaker winds at all pressure levels during both the TOVS
and ATOVS periods. No one reanalysis is better than the oth-
ers at all QBO levels in either the TOVS or ATOVS period.

6 Amplitude of polar annual temperature cycle

Another way to examine the differences among the re-
analyses is to compare their annual temperature amplitude
(warmest summer month minus coldest winter month) in the
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polar latitudes. If a reanalysis has a wintertime warm bias or
a summertime cold bias, then its annual temperature ampli-
tude will be smaller compared to the other reanalyses. Gen-
erally, as Fig. 2 shows, the summertime temperatures do not
vary much from year to year, while the wintertime temper-
atures have greater interannual variability. The mean polar
temperatures in Fig. 2 indicate which months would likely be
used as the warmest and coldest at the various pressure lev-
els. For these differences we use the coldest (warmest) month
from November through March and the warmest (coldest)
month from May through September for the Northern Hemi-
sphere (Southern Hemisphere). The lower variability in the
SH temperatures ensures that the same months are used for
the 1979 to 2014 period. However, in the NH the coldest
month at a particular pressure level depends upon whether an
SSW occurs. In the upper stratosphere, after an SSW the low
temperatures following the warming are usually the lowest
of the year. Without a warming the lowest temperatures may
well have occurred in November or December. In the mid-
dle stratosphere the lowest temperatures will usually occur in
December. In the lower stratosphere the lowest temperatures
will usually occur in December or January. In Fig. 11 a time
series of the SH and NH polar zone annual temperature am-
plitudes is presented. In general the SH annual amplitudes in
the middle and upper stratosphere are up to 25 K larger than
at the same level in the NH, largely because of the persistent
and colder SH winters. At pressures greater than 300 hPa,
temperature amplitudes in the SH are smaller than those in
the NH. SH temperature amplitudes increase from 5–15 K in
the troposphere to 45–60 K in the middle stratosphere. Max-
imum amplitudes (60–70 K) in the SH occur above 10 hPa.
In the NH polar latitudes, the minimal amplitude of 5–15 K
occurs at the polar tropopause. Between the surface and the
tropopause, the temperature amplitude is larger at 15–25 K.
Above the tropopause the temperature amplitude increases
up to about 2–3 hPa where the temperature amplitude lies in
the 55–60 K range, although the depth of this layer is not
nearly as extensive as in the SH polar regions. There is good
agreement among these five more recent reanalyses on the
years of peak amplitude in the NH polar region upper strato-
sphere. The peak SH amplitudes of the five reanalyses are in
lesser agreement in year and pressure range.

Individually, the five more recent reanalyses agree well
with each other from the surface through the lower strato-
sphere in both hemispheres. However, the ERA-I shows an
annual temperature amplitude in the middle stratosphere that
is 5–15 K smaller than the other four reanalyses in the SH and
about 5 K smaller in the NH polar regions from 1979–2002.
The JRA-55 has smaller maximum amplitudes in the SH than
the other four reanalyses, which is associated with its season-
ally low temperature bias in the upper stratosphere, whereas
the CFSR tends to have consistently large maximum ampli-
tudes which are associated with its seasonally warm bias.
However, the CFSR temperature amplitudes peak at greater
pressures in the upper stratosphere and then decrease rapidly

between 3 and 1 hPa in both hemispheres, particularly in the
ATOVS period. This is most likely due to the fact that the
CFSR did not bias correct the SSU channel 3 observations
and did not assimilate the top AMSU-A channel 14.

As a group the NH plots show that the greatest ampli-
tudes occur at 2 hPa. The years with this large amplitude
are years in which an SSW occurred. This is a result of
the very cold air that immediately follows the warming in
the upper stratosphere. The years in which an SSW did not
occur (e.g. the 1990s) have smaller temperature amplitudes
in the upper stratosphere. The SH years in which there was
a great amount of wave activity during the winter months had
warmer winters and consequently smaller annual amplitudes.
This is particularly noticeably in 2002 and 2010. These two
years exhibited a very early transition from winter circula-
tion to summer circulation, similar to a final warming in the
NH. Final warmings are not followed by very cold air in the
upper stratosphere. The ERA-I stands out as having smaller
annual amplitudes in the SH middle stratosphere compared
to the other four reanalyses during the TOVS period.

7 Comparisons with satellite temperature observations

7.1 HIRDLS and MLS temperatures

The NASA Earth Observing System (EOS) Aura spacecraft
was launched in July 2004 and has several onboard instru-
ments that measure multiple atmospheric constituents. The
High Resolution Dynamics Limb Sounder (HIRDLS; Gille
et al., 2008) instrument on the Aura spacecraft made mea-
surements from the upper troposphere through the meso-
sphere until it prematurely ceased functioning in mid-
2008. Quality temperature measurements extend from Jan-
uary 2005 through March 2008. The HIRDLS measure-
ments were not assimilated by any of the reanalyses and
thus are independent measurements. Monthly mean temper-
ature differences in reanalyses from the HIRDLS (reanalysis
– HIRDLS) temperatures at NH high latitudes (60–80◦ N),
the tropics (10◦ S–10◦ N), and SH high latitudes (60◦ S) were
generated for the 2005 through 2008 period. Figures 12–14
present the differences in MERRA-2, MERRA, ERA-I, JRA-
55, and CFSR from the HIRDLS monthly means for these
latitude zones, respectively. The time, location, and ampli-
tude of the SH differences are generally similar to those of
the reanalyses from the REM (Fig. 6). MERRA-2 has a warm
bias all year long at 1 hPa and a −1 to −2 K cold bias from
November through March. MERRA has a cold bias of 2–4 K
from August through April from 1–3 hPa and a 2 K warm
bias from May through July. ERA-I has a −2 K cold bias at
2 hPa from February through May. JRA-55 has a −4 to −6 K
cold bias from July through April between 2 and 3 hPa that
becomes thinner in altitude from April to July as a warm bias
occurs from 1 to 2 hPa. The CFSR has a very warm bias of
over 14 K in the April to July period at pressures lower than
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Figure 11. Yearly annual temperature amplitude (K) for 90–60◦ S (a–e) and 60–90◦ N (f–j) from the (a, f) MERRA-2, (b, g) MERRA,
(c, h) ERA-I, (d, i) JRA55, and (e, j) CFSR reanalyses. Note that the SH annual amplitude is much larger than the NH amplitude. No
analysis is performed between 1000 and 700 hPa for the SH plots as this is below the Antarctic surface.

5 hPa with a cold bias at 7 hPa during this same time period.
All of the reanalyses show a slight (< 1 K) warm bias in the
middle stratosphere during the November through March pe-
riod.

In the NH, the cold bias of MERRA-2 in the summer pe-
riod is smaller in the NH, while the year-long warm bias ex-
ists at 1 hPa. The cold bias that MERRA has in the SH does
not exist in the NH. The midwinter warm bias that was in
the SH is about 1 ◦C warmer in the NH. Similarly, the ERA-I
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Figure 12. Pressure vs. time plots of differences in reanalyses minus HIRDLS temperatures (K) from January 2005 through January 2008 for
the Southern Hemisphere high-latitude zone (60◦ S). The reanalyses are (a) MERRA-2, (b) MERRA, (c) ERA-I, (d) JRA-55, and (e) CFSR.
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Figure 13. Same as Fig. 12 except for the Northern Hemisphere high-latitude zone (60–80◦ N).
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Figure 14. Same as Fig. 12 except for the equatorial-latitude zone (10◦ S–10◦ N).

Atmos. Chem. Phys., 17, 14593–14629, 2017 www.atmos-chem-phys.net/17/14593/2017/



C. S. Long et al.: Climatology and interannual variability of dynamic variables in multiple reanalyses 14617

does not have a cold bias in the late winter–spring period, but
there is a warm bias in midsummer in the upper stratosphere.
The CFSR and JRA-55 differences with HIRDLS occur in
the same seasons as in the SH with little change in amplitude.
Of interest is that all the reanalyses show a similar warm bias
as in the SH during the November through March period.

In the tropics, MERRA-2 continues to have a year-long
warm bias at 1 hPa and a slight warm bias near 10 hPa. In
2006–2007 MERRA has a warm bias between 2 and 3 hPa
during January and February and moves lower to 5 to 10 hPa
during the other months of the year. ERA-I seems to have
a year-long 0.5 to 1 K warm bias at pressures lower than
10 hPa. JRA-55 has a year-long −1 to −2 K cold bias be-
tween 5 and 2 hPa. The CFSR has a similar warm bias on
a semi-annual basis in the upper stratosphere.

The Microwave Limb Sounder (MLS) is also on the EOS
Aura spacecraft. Monthly zonal means of temperatures from
the version 4 retrievals were provided by the MLS team
for comparisons with reanalyses for the 2005–2014 period.
The characteristics of the MLS temperatures are described
by Schwartz et al. (2008) and Livesey et al. (2015). Note
again that among the reanalyses, MERRA-2 is the only one
that assimilated MLS temperatures but only at pressures less
than 5 hPa. HIRDLS temperatures have been noted to be
colder than the Aura MLS temperatures (Gille et al., 2008) in
the upper stratosphere. Evidently, differences in MERRA-2,
MERRA, ERA-I, JRA-55, and CFSR temperatures from the
MLS temperatures (not shown) are very similar to those with
the HIRDLS but less positive. Differences greater than ±2 K
only occur above 10 hPa. Bands of differences of the order of
1 K are present below 10 hPa; however, the MLS documenta-
tion notes that there are known oscillations of this magnitude
in comparison with other satellite temperature sensors, so
these latter differences are not considered significant. Over-
all differences from the MLS observations are in agreement
with the characteristics already described for each of these
reanalyses.

7.2 Comparisons with COSMIC temperature
observations

COSMIC GPSRO monthly zonal mean dry temperatures
from January 2007 through December 2014 (level 3, ver-
sion 1.3) were obtained from the JPL GENESIS data por-
tal. Leroy et al. (2012) explain the technique through which
the RO observations were turned into temperatures and trans-
posed from altitude to pressure surfaces. We use these data
to compare against the MERRA-2, MERRA, ERA-I, JRA-
55, and CFSR monthly zonal mean temperature for the same
period. The COSMIC data set provides temperature from 400
to 10 hPa. We will not perform comparisons with data at
pressures higher than 200 hPa as atmospheric water vapour
causes deviations in the actual temperatures from the dry
temperatures. Figure 15 shows the 8-year time series of dif-
ferences (reanalysis – COSMIC) between the reanalysis tem-

peratures and the COSMIC temperature in the SH polar lat-
itudes (90–60◦ S). Most obvious is a recurring −1 K dif-
ference between the reanalyses and COSMIC from January
through July from 10 hPa down to 100 hPa. This is during the
transition from SH summer to winter. During the transition
from SH winter to summer, there is a 0.5 to 1 K difference
also extending from 10 to 100 hPa. The source of these two
biases could be in how the COSMIC zonal mean tempera-
tures are generated as there is a 3–5-day time averaging in
which temporal transitions may be smoothed out. All of the
reanalyses differed (except MERRA) in assimilating either
the GPSRO bending angle or refractivity (Curcurull et al.,
2007; Poli et al., 2010).

Figure 16 shows the reanalysis minus COSMIC differ-
ences for the NH polar region (60–90◦ N). Similar negative
differences occur during the transition from NH summer to
winter. The depth and time length of the −1 K differences are
smaller than the SH differences. There are also short-term
negative differences that extend from 10 to 100 hPa during
the years in which an SSW occurred (2009, 2010, and 2013).
In 2009 this is preceded by a short-term (1-month) positive
difference also extending from 10 to 100 hPa. The positive
differences occur during the months when the SSW produced
very warm temperatures in the NH polar region. The negative
spikes occurred in the month(s) following the warming when
very cold temperatures followed the warming in the upper
and middle stratosphere. These differences imply that the dry
temperature data set does not capture the maximum warming
during the SSW or the cooling which follows. This may be
due to the fewer COSMIC observations in the polar region
vs. the number of observations peaking between 50 and 60◦

in both hemispheres.
Differences between the reanalyses and COSMIC dry tem-

peratures in the tropics (10◦ S–10◦ N) (Fig. 17) show much
smaller negative differences. MERRA-2, JRA-55, and es-
pecially ERA-I show very few occurrences of differences
larger than −0.5 K. The few differences with the JRA-55
have a seasonal occurrence from December through Febru-
ary. MERRA, which did not assimilate the GPSRO data, has
negative differences fairly consistent between 10 and 30 hPa.
CFSR, which did assimilate GPSRO observations, has more
occurrences of negative differences than MERRA-2, JRA-
55, and ERA-I.

The NH and SH mid-latitudes (not shown) have seasonal
differences similar to their respective polar regions but to
a smaller time extent and shallower from 10 hPa down into
the middle atmosphere. We conclude that between 60◦ S and
60◦ N, the lower stratosphere temperatures in the more re-
cent reanalyses and the COSMIC dry temperatures are within
±0.5 K of each other consistently throughout the year.

7.3 Atmospheric layer temperature anomalies

Long-term satellite observations from NOAA polar orbit-
ing satellites of temperatures in the lower stratosphere
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Figure 15. Pressure vs. time plots of differences in reanalyses minus COSMIC dry temperatures (K) from January 2007 through Decem-
ber 2014 for the Southern Hemisphere high-latitude zone (90–60◦ S). The reanalyses are (a) MERRA-2, (b) MERRA, (c) ERA-I, (d) JRA-55,
and (e) CFSR.
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Figure 16. Same as Fig. 15 except for the Northern Hemisphere high-latitude zone (60–90◦ N).
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Figure 17. Same as Fig. 15 except for the equatorial-latitude zone (10◦ S–10◦ N).

(TLS) are available from the MSU-4 and AMSU-A9 mi-
crowave channels, while the Stratospheric Sounding Unit
channel 1 (SSU1) and channel 2 (SSU2) provide temper-

ature observations of the middle and upper stratosphere,
respectively. Zou and Qian (2016) explain the process of
merging and extending the infrared-based SSU observations
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with the microwave-based AMSU-A and ATMS observa-
tions. The satellite weighting functions for these three chan-
nels can be found in Fujiwara et al. (2017, their Fig. 7)
and Seidel et al. (2016, their Fig. 1) and on the NOAA
STAR SSU website (http://www.star.nesdis.noaa.gov/smcd/
emb/mscat/index.php). These satellite-observation climate
data records have been used to compare with climate model
runs to determine whether the model accurately captures
the atmospheric vertical temperature changes since 1979
(Zhao et al., 2016). Other studies use these temperature data
records to monitor changes in the Brewer–Dobson circula-
tion (Young et al., 2011, 2012). Randel et al. (2016) com-
pared global and latitudinal trends from SSU with Aura MLS
and SABER temperatures. Simmons et al. (2014) discuss the
impacts of the MSU, SSU, AMSU-A, HIRS, and AIRS chan-
nels assimilated in the ERA-I. Seidel et al. (2016) intercom-
pared the TLS trends from three satellite centres for the en-
tire (1979–2015) period and separate trends for pre-1997 and
post-1997. Mitchell et al. (2015) generated TLS and SSU
channel-weighted temperatures from reanalyses to see how
well they compare with the satellite observations. We per-
form a similar exercise by applying the TLS, SSU1, and
SSU2 weights to the reanalyses temperatures at their stan-
dard pressure-level temperatures. Table 2 provides weight-
ing function information about each of the SSU and MSU-4
channels. SSU3 layer temperatures were not generated be-
cause there were insufficient pressure levels from the major-
ity of the reanalyses to adequately represent this layer in the
lower mesosphere. Global mean TLS, SSU1, and SSU2 tem-
peratures are generated for each month from 1979 through
2014. Anomalies from the 30-year period (1981–2010) for
the TLS, SSU1, and SSU2 are generated. These anomalies
are compared against the NOAA STAR SSU v2.0 data set
(Zou et al., 2014) and MSU/AMSU mean layer atmospheric
temperature v3.0 (Zou and Wang, 2012). The left column of
Fig. 18 shows the monthly TLS, SSU1, and SSU2 tempera-
ture anomalies from the CFSR, ERA-I, JRA-55, MERRA,
and MERRA-2 from 1979 through 2014 with the NOAA
STAR anomalies overplotted in black. In general, the anoma-
lies show that the layer temperatures were higher in the 1980s
than at present. The El Chichón and Mt. Pinatubo volcanic
eruptions increased the layer mean temperature by over 1 K
from 1982–1984 and 1991–1993, respectively. Smaller im-
pacts occurred in the SSU1 and SSU2 layer temperatures, as
the volcanic influence was mostly in the lower stratosphere.
The TLS temperature anomalies show a flat trend between
the two volcanos and after Mt. Pinatubo. The SSU1 and
SSU2 temperature anomalies have a persistent cooling trend
from 1979 to 2010 and have become flatter since then.

To better assess how each reanalysis differs from the
NOAA STAR anomalies, the right column shows the differ-
ences in the anomalies of each reanalysis from the NOAA
STAR anomalies. The reanalyses TLS anomalies differ from
the NOAA STAR anomalies by less than ±0.5 K for most
of the time series. Most noticeable is that the ERA-I has

Table 2. Pressure (hPa) of SSU channels 1, 2, and 3 and MSU chan-
nel 4 weighting function peaks, 50 % of peak weight above, 50 % of
peak weight below, 10 % of peak weight above, and 10 % of peak
weight below the peak.

Peak 50 % 50 % 10 % 10 %
above below above below

SSU Ch 3 1.5 0.5 5 0.15 45
SSU Ch 2 3.5 1.5 20 0.30 100
SSU Ch 1 15.0 4.5 60 1.10 150
MSU Ch 4 85.0 35.0 150 15.0 175

smaller anomalies than NOAA STAR in the early 1980s and
then has larger anomalies after 2006. Aside from the ERA-I,
the other reanalyses seem to agree with the NOAA STAR
anomalies during the El Chichón volcanic period (1982–
1984), with the exception of MERRA and MERRA-2, which
have smaller anomalies during the Mt. Pinatubo volcanic pe-
riod (1991–1993). There is a noticeable decrease in the re-
analyses anomalies with respect to the NOAA STAR anoma-
lies in 1999 followed by a gradual increase in time until 2006,
after which the reanalyses begin to disagree more with each
other. GPSRO observations from the COSMIC constellation
became available for assimilation in 2006.

The SSU1 temperature anomalies from the CFSR show
large temperature jumps associated with the six streams, pre-
venting any useful evaluation. The other four reanalyses dif-
fer from the NOAA STAR by less than ±0.5 K for most of
the time series. The ERA-I, MERRA, MERRA-2, and JRA-
55 all show smaller anomalies than the NOAA STAR in the
early 1980s. There is minor disagreement among the four re-
analyses with the NOAA STAR between the late 1980s and
the early 2000s. MERRA exhibits two spikes in the SSU1
and SSU2 differences from NOAA STAR. The first spike is
a result of missing SSU data from 8 April–21 May 1996.
The second is from a lack of AMSU-A channel 14 data on
NOAA-15 from 30 October–31 December 2000 (W. Mc-
Carthy, personal communication, 2017). When there are no
observations to constrain the model in the upper stratosphere,
analyses migrate to the model climatology, which is warmer
than the observations. MERRA-2 found the missing SSU ob-
servations in 1996 and began using NOAA-16 AMSU-A ob-
servations earlier than in MERRA to shrink the gap to just
several days. Beginning in 2006, just as with the TLS anoma-
lies, the disagreement among the four reanalyses increases.

Just as with the SSU1 anomalies, the large temperature
jumps associated with the CFSR stream transitions prevent
a proper evaluation of its SSU2 time series. Aside from the
CFSR, the other four reanalyses are within ±0.5 K of the
NOAA STAR anomalies. The JRA-55 matches the NOAA
STAR SSU2 observations very well throughout the entire
time series with the exception of a period in the late 1990s
and early 2000s when its anomalies are smaller than the
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Figure 18. Time series plots of the global layer mean temperature anomalies (K) from the 1981–2010 climatology (a–c) and reanalyses
anomaly differences from the NOAA STAR anomalies (d–f) for (a, d) the lower stratosphere (TLS) equivalent to the MSU 4 observations,
(b, e) the middle stratosphere (SSU1) equivalent to the SSU channel 1 observations, and (c, f) the upper stratosphere (SSU2) equivalent
to the SSU channel 2 observations. TLS, SSU1, and SSU2 weights are applied to the MERRA-2, MERRA, ERA-I, JRA-55, and CFSR
pressure-level data to produce layer mean temperatures and anomalies. NOAA STAR TLS, SSU1, and SSU2 anomalies are plotted along
with the reanalyses in the left column.

NOAA STAR anomalies. The ERA-I matches the NOAA
STAR SSU2 observations very well except after 2006 when
it exhibits a positive trend. Simmons et al. (2014) state that
the use of radiosonde data that are not bias adjusted is the
likely cause of this trend. MERRA initially begins with lower
SSU2 anomalies than NOAA STAR, whereas MERRA-2
anomalies are much closer to the NOAA STAR anomalies.
MERRA-2 separates from MERRA after 2005 with more
negative anomalies. This is most likely due to the assimila-
tion of MLS temperatures at pressures less than 5 hPa, which
have been shown to produce lower temperatures than before
2005.

The CFSR, JRA-55, ERA-I, and MERRA-2 all use GP-
SRO observations after 2006, yet the later years in Fig. 18
show that their anomalies increasingly disagree with each
other after 2006. Figure 19a presents the actual TLS temper-
atures for these four reanalyses over time from 1980–2014.
There is a large spread in the TLS temperatures of 0.8 K be-

tween the coldest TLS temperature (ERA-I) and the warmest
TLS temperature (CFSR). Over time this large spread de-
creases until the difference is less than 0.1 K. This illustrates
how the various reanalyses actually approach agreement of
the TLS values as more observations are assimilated. Fig-
ure 19b presents the SD of the four reanalyses TLS tempera-
tures over time. There is a large decrease from 1986 to 1987,
which is attributed to the CFSR TLS values cooling during
the transition from its initial stream to its second. Another
drop in 1999 follows the availability of ATOVS in Fig. 18;
the quality and character of the temperature values between
1981 and 2010 changed. This makes generating long-term
climatology and anomalies misleading.

Similar comparisons of the SSU1 and SSU2 temperatures
are not presented as the temperature biases of each reanalysis
above 10 hPa prevents agreement in the layer mean tempera-
ture. This shows the value of the GPSRO data to anchor the
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Figure 19. Time series plot of the (a) global annual average of the lower stratospheric temperature layer (TLS) temperatures (◦C) for
MERRA-2, ERA-Interim, JRA-55, CFSR, and the NOAA STAR TLS CDR. (b) The TLS temperature SD (K) of the four reanalyses for each
year. The climatological period spanned from 1981–2010. COSMIC GPSRO observations began to be assimilated in 2006.

temperatures in the middle and lower stratosphere, which is
where most of the TLS weighting function occurs.

8 Summary and conclusions

In this paper a comparison of monthly zonal mean tempera-
tures and zonal winds from the five more recent reanalyses
and several older reanalyses were evaluated and intercom-
pared. Our initial evaluation was to look for temperature dis-
continuities in the time series of each of the reanalyses. This
showed that the earlier reanalyses (ERA-40 and JRA-25) had
multiple temporal discontinuities in the 1980s in the strato-
sphere associated with changes in the biases of the data from
the NOAA TOVS and SSU instruments. The R1 and R2 did
not show such discontinuities because they used NESDIS-
generated temperature profiles, not the original radiance data.
NESDIS most likely strived to minimize such discontinuities
in the profile temperatures. Almost all the reanalyses have
a temporal discontinuity in 1998 when the ATOVS obser-
vations became available and the reanalyses either switched
immediately or transitioned from the TOVS to the ATOVS
over several years. The CFSR has temporal discontinuities
at the time of switching from one stream to the next. The
CFSR bias corrected the top SSU channel 3. The model used
by the CFSR had a warm bias in the upper stratosphere and
slowly warmed about 5 K during the course of each stream.
Because of the presence of the discontinuities and transitions

discussed above, great caution should be exercised in using
reanalyses for trend analysis and/or trend detection, espe-
cially in the middle and upper stratosphere.

So as not to favour any one particular reanalysis, a reanal-
ysis ensemble mean (REM) of three of the more recent re-
analyses (MERRA, ERA-I, and JRA-55) was generated. We
presented the climatological mean (1981–2010) of the tem-
perature and zonal wind REM and showed the altitudes and
seasons with the largest variance in the REM. The tempera-
ture and zonal winds have the greatest interannual variability
in the NH polar region from January through March because
of the large variability in wave activity, including the frequent
occurrence of strong stratospheric warming events. This vari-
ability is greatest in the upper stratosphere as planetary-scale
wave amplitudes and the associated temperature and zonal
wind changes during strong stratospheric warming events
are largest in the upper stratosphere. In the SH polar region
the interannual variability is not as large in magnitude and
is prevalent throughout the stratosphere. Because midwinter
wave activity is much smaller in the SH, most of the inter-
annual variability in the SH polar region is associated with
the springtime transition to summer circulation patterns and
polar vortex breakdown when wave activity shows larger in-
terannual variability in timing and magnitude.

Time series of the temperature variance in the three REM
members showed that the greatest disagreement occurs dur-
ing the TOVS time period (1979–1998) in all latitude zones,
and agreement improves during the ATOVS time period
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(1999 to present). The disagreement in the SH polar lati-
tudes extended lower into the stratosphere than in the NH
polar latitudes. The zonal wind variance was smaller than the
temperature variance in the polar latitudes, but had a similar
temporal difference between the TOVS and ATOVS time pe-
riods. In the tropics, the zonal wind variance was much larger
than in the polar regions as the disagreement of the SAO and
QBO zonal winds was quite large. Thus, improving equato-
rial winds in future reanalyses is an important goal.

The characteristics of each reanalysis were identified as
differences from the temperature and zonal wind REM. The
CFSR had a seasonal warm bias compared to the REM in
the upper stratosphere that persisted during both the TOVS
and ATOVS time periods. The JRA-55, on the other hand,
had a seasonal cold bias that persisted during both the TOVS
and ATOVS time periods. ERA-I and MERRA had smaller
differences from the temperature REM except that the ERA-
I had a warm bias in the SH polar latitudes between 7 and
5 hPa that occurred only during the austral winter and only
during the TOVS time period. MERRA-2 had very small dif-
ferences from the REM except in the upper stratosphere in
the polar regions where it had a year-long cool bias at 1 hPa
and a warm bias between 2 and 3 hPa. These biases greatly
diminished during the ATOVS period. Temperature differ-
ences from the REM in the earlier reanalyses (JRA-25, ERA-
40, and R1) extended throughout the stratosphere and the up-
per troposphere. These differences occurred through both the
TOVS and ATOVS time periods. This illustrates the progress
made by the reanalysis centres to improve the analyses from
the earlier versions to the later versions. This results in better
agreement among the more recent reanalyses.

In the tropics, the individual reanalyses exhibited smaller
temperature differences than in the polar latitudes. However,
the characteristic biases in the upper stratosphere observed in
the polar latitudes were maintained in the tropics. The zonal
wind differences from the REM of the individual reanalyses
are very large in the SAO region. In the QBO region the dif-
ferences frequently show dissimilarities in the timing of the
descending westerlies and easterlies as well as the amplitude
of these winds. Zonal wind differences from the REM were
not confined to the stratosphere as several reanalyses also had
sizable differences in the troposphere.

Specifically comparing the more recent reanalyses QBO
zonal winds (70–10 hPa) against the zonal winds observed
at Singapore using the FUB data set showed that the CFSR
had the largest RMS differences from the Singapore winds
than the other reanalyses at most levels and during both
the TOVS and ATOVS periods However, MERRA-2 10 hPa
zonal winds were nearly twice as large as the other reanalyses
during the TOVS period, mostly due to an overly aggressive
gravity wave parameterization. The RMS differences from
the Singapore zonal winds were smaller during the ATOVS
period for all the reanalyses. The CFSR had the largest ampli-
tude biases from the Singapore winds as shown by the linear
slope of their matched monthly values. The linear slopes of

all the reanalyses were furthest from unity at 50 and 30 hPa
during the TOVS period.

There are several reasons why the ATOVS period is an
improvement over the TOVS period. The primary reason is
that the AMSU-A instrument has five narrower channels in
the stratosphere instead of the broader three SSU channels.
(The MSU channel 4 and AMSU-A channel 9 weighting
functions are almost identical.) Another reason is that the
SSU was the only instrument monitoring the thermal struc-
ture of the stratosphere from 1978 through 1998. From 1999
onward there are additional satellite instruments monitoring
the stratosphere: AIRS, IASI, MLS, and GPSRO. Hence the
quantity and quality of data monitoring in the stratosphere
increases from 1999 to the present.

The amplitude of the annual temperature cycle (warmest
summer month minus the coldest winter month) in the SH
polar latitudes is larger than the NH polar latitude tempera-
ture amplitude by 5–15 K. The region of large amplitude ex-
tends throughout the middle and upper stratosphere in the SH
polar latitudes. In the NH polar latitudes the vertical region of
large temperature amplitudes is confined to the upper strato-
sphere and occurs during the years with an SSW. The ERA-I
has a noticeably smaller annual temperature amplitude in the
SH polar latitudes than the other ensemble members from 3
to 30 hPa. This is due to its warm bias during the SH winter
months in this latitude region. The CFSR temperature ampli-
tude decreases rapidly above 3 hPa due to its warm bias in
the upper stratosphere in both SH and NH polar latitudes.

Comparisons against HIRDLS (January 2005–
March 2008) and Aura MLS (2005–2014) temperatures
concur with the previous characteristics of the various
reanalyses in the upper stratosphere. The CFSR has a def-
inite warm bias compared to HIRDLS temperatures, while
the JRA-55 has a definite cold bias. Both MERRA and
ERA-I have a slight warm bias during the summer months
between 3 and 7 hPa. MERRA has a slight cold bias above
this between 1 and 2 hPa nearly all year long. MERRA-2
assimilates Aura MLS temperatures at pressures less than
5 hPa and consequently differences are very small.

The NOAA STAR TLS, SSU1, and SSU2 data sets (Zou
et al., 2014; Zou and Qian, 2016) are a much improved
CDR than the version used in Thompson et al. (2012), which
pointed out the dissimilarities between the NOAA and Met
Office SSU data records. The comparison between the ver-
sion used in this paper and the appropriately weighted re-
analyses is much better than previous papers using the older
version and the Met Office CDR. All of the more recent
reanalyses capture the characteristics of the NOAA STAR
TLS anomalies. Excluding the CFSR, the other reanalyses
(MERRA-2, MERRA, ERA-I, and JRA-55) capture the ba-
sic features of the SSU1 and SSU anomalies. We learn from
this intercomparison that the GPSRO observations provide
an anchor that drives the reanalyses to closer agreement in
the middle and lower stratosphere. We also learn that using
a long period climatology may not be the best practice to gen-
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erate anomalies in parts of the atmosphere which are more
sensitive to the changes in data sources, which impacts their
quality and accuracy over time.

In this paper we have examined the thermal and dynamical
characteristics of the older and the more recent reanalyses.
We find that the more recent reanalyses have fewer disconti-
nuities in their temperature and wind time series due to better
data assimilation techniques and transition among different
sets of observations. We also find that the larger temperature
and wind differences among the older reanalyses have be-
come smaller among the more recent reanalyses. However,
the transition from the TOVS to ATOVS satellite periods con-
tinues to be problematic. The reanalysis QBO winds during
the ATOVS period also agree much better with the Singa-
pore radiosonde observations than during the TOVS period.
We expect that future reanalyses will have better QBO winds
as their forecast models improve to produce a spontaneous
QBO in the tropics. We have shown that the more recent re-
analyses agree quite well with each other in the lower and
middle stratosphere, but greater differences exist in the upper
stratosphere and lower mesosphere. This latter disagreement
is a result of differences in model top and vertical resolution
and what data is assimilated. Due to these disagreements we
caution data users from using any one reanalysis for com-
parisons and even more so for the detection of trends and/or
changes in climate.

Improving the TOVS time period would be highly bene-
ficial to future reanalyses. However, the TOVS time period
may never be as good as the ATOVS period due to the spar-
sity of data. Model improvements, improvements to the vari-
ational bias corrections to handle the broad SSU weighting
functions, and non-orographic gravity wave parameterization
improvements (so the forecast models can generate a QBO
on their own) are some of the ways this period can be im-
proved upon.

Additional literature will be generated from other aspects
of the S-RIP initiative. An evaluation of ozone and water
vapour in the reanalyses has recently been published (Davis
et al., 2017). Future work will evaluate the following: the
Brewer–Dobson circulation; stratosphere–troposphere dy-
namical coupling; upper tropospheric–lower stratospheric
processes,; stratospheric–tropospheric exchange in the extra-
tropics and tropics; the QBO, SAO, and tropical variability;
stratospheric polar dynamic and chemical processes that lead
to ozone depletion; and dynamics and transport in the upper
stratosphere–lower mesosphere.

Data availability. Reanalysis data were obtained from these
public sites: MERRA-2: https://disc.sci.gsfc.nasa.gov/uui/
datasets?keywords=%22MERRA-2%22, MERRA: https:
//disc.sci.gsfc.nasa.gov/uui/datasets?keywords=%22MERRA%22,
ERA-I: http://apps.ecmwf.int/datasets/, ERA-40: http:
//apps.ecmwf.int/datasets/, JRA-25: through NCAR RDA at
https://rda.ucar.edu/datasets/ds625.1, JRA-25: through NCAR
RDA at https://rda.ucar.edu/datasets/ds628.1, CFSR, pressure-level
data: through NCAR RDA at https://rda.ucar.edu/datasets/ds094.2,
R1, pressure-level data: through NCAR RDA at https:
//rda.ucar.edu/datasets/ds090.0, R2, pressure-level data:
through NCAR RDA at https://rda.ucar.edu/datasets/ds091.0
and 20CR, pressure-level data: through NCAR RDA at
https://rda.ucar.edu/datasets/ds131.1.
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Appendix A: Major abbreviations and terms

20CR 20th Century Reanalysis of NOAA and CIRES
ATOVS Advanced TIROS Operational Vertical Sounder
AMSU Advanced Microwave Sounding Unit (AMSU-A for Unit A)
Aura A satellite in the EOS A-Train satellite constellation
CIRA86 COSPAR International Reference Atmosphere, 1986
CIRES Cooperative Institute for Research in Environmental Sciences (NOAA and the University of

Colorado Boulder)
CFSR Climate Forecast System Reanalysis of NCEP
COSMIC Constellation Observing System for Meteorology, Ionosphere, and Climate
COSPAR Committee on Space Research
CRTM Community Radiative Transfer Model
DOE Department of Energy
ECMWF European Centre for Medium-Range Weather Forecasts
EOS NASA Earth Observing System
ERA-15 ECMWF 15-year reanalysis
ERA-40 ECMWF 40-year reanalysis
ERA-I or ERA-Interim ECMWF interim reanalysis
GLATOVS Goddard Laboratory for Atmospheres TOVS forward model
GPSRO Global Positioning System radio occultation
GENESIS Global Environmental and Earth Science Information System
HIRDLS High Resolution Dynamics Limb Sounder
JRA-25 Japanese 25-year reanalysis
JRA-55 Japanese 55-year reanalysis
MERRA Modern Era Retrospective-Analysis for Research (MERRA-2 for its version 2)
MLS Microwave Limb Sounder
MSU Microwave Sounding Unit
NASA National Aeronautics and Space Administration
NCAR National Center for Atmospheric Research
NCEP National Centers for Environmental Prediction of NOAA
NESDIS National Environmental Satellite, Data, and Information Service of NOAA
NH Northern Hemisphere
NOAA National Oceanic and Atmospheric Administration
NOAA-∗ NOAA polar-orbiting operational meteorological satellite (∗ indicates the satellite number)
QBO Quasi-biennial oscillation
R1 NCEP-NCAR Reanalysis 1
R2 NCEP-DOE Reanalysis 2
REM Reanalysis ensemble mean
RMS Root mean square
S-RIP SPARC Reanalysis Intercomparison Project
SAO Semi-annual oscillation
SH Southern Hemisphere
SPARC Stratosphere–troposphere Processes and their Role in Climate
SSU Stratospheric Sounding Unit (SSU1 and SSU2 for SSU channel 1 and 2, respectively)
SSW Sudden stratospheric warming
STAR Center for Satellite Applications and Research of NESDIS
TIROS Television Infrared Observation Satellite
TLS Temperature of the lower stratosphere (MSU channel 4 and AMSU channel 9)
TOVS TIROS Operational Vertical Sounder
WMO World Meteorological Organization
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