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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 balloon), 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 chapter 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 reanalyses themselves, but comparisons against independent observations, such as HIRDLS, MLS, COSMIC, ozonesonde, and rocketsonde 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 seasonally and latitudinally among the more recent reanalyses (CFSR/CFSv2,
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 during the TOVS period (1979 – 1998) and less variance afterward in the ATOVS
period (1999 – 2014). There is a distinct change in the temperature structure in the middle and upper stratosphere during this
transition from TOVS to ATOVS systems. Consult Chapter 2 Section 2.4.3.2 (Observational Data/Satellite Data) for more information about the TOVS and ATOVS suite of instruments and usage by the various reanalyses. Zonal winds for the entire
period have lower variance among the reanalyses than the temperatures and this lower variance extends to lower pressures
than the temperatures. The temperatures and winds throughout the stratosphere in the older reanayses (NCEP-NCAR R1,
NCEP-DOE R2, ERA-40, and JRA-25) show significant differences from a Reanalysis Ensemble Mean for the same time
periods than in the more recent reanalyses, both during the TOVS and ATOVS periods. The transition of temperatures from
the TOVS to ATOVS periods continues to be an issue even for the more recent reanalyses. All reanalyses to date have issues
analysing the quasi-biennial oscillation (QBO) winds. Comparisons with Singapore QBO winds show disagreement in the
amplitude of the westerly and easterly anomalies. The disagreement with Singapore winds improves with the transition from
TOVS to ATOVS observations. Aura HIRDLS and Aura MLS temperatures have similar bias characteristics when compared
with a reanalysis ensemble mean (MERRA, ERA-Interim, and JRA-55). 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
when using reanalysis temperatures for trend detection and anomalies from a long climatology period as the quality and
character of reanalyses have changed over time.

Long et al. (2017) have published a shortened version of this chapter.
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Chapter 3: Overview of Temperature and Winds

3.1

Introduction

Reanalyses are used in many ways, including as initial conditions for historical model runs, developing climatologies,
comparison with experimental models, and the examination of atmospheric features or conditions over long periods
of time. This chapter mainly evaluates eight reanalysis data
sets: NCEP-NCAR Reanalysis 1 (Kistler et al., 2001; referred
to hereafter as “R1”; Kalnay et al., 1996), 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 Chapter 2 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
assimilated. In this chapter, we present an intercomparison
of these 10 reanalyses focusing mainly upon their temperature and zonal wind fields. The five more recent reanalyses
(CFSR/CFSv2, MERRA, ERA-I, JRA-55, and MERRA-2)
are the primary focus and we concentrate on how these reanalyses intercompare in the upper troposphere and entire
stratosphere.
Intercomparisons of middle atmosphere winds and temperatures using reanalyses have been performed since the very
first reanalyses were generated in the late 1990s. Pawson 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) intercompared 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 reanalyses along with
other analyses to evaluate their ability to capture the unique
2002 Antarctic winter, while Charlton and Polvani (2007)
intercompared the two for detecting Northern Hemispheric
sudden stratospheric warmings (SSWs). Martineau 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 intensification 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 observations, most notably in the upper stratosphere and lower mesosphere. Lawrence et al. (2015)
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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 results of polar processing studies. Miyazaki et
al. (2016) intercompared six reanalyses (R1, ERA-40, JRA-25,
CFSR/CFSv2, 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. Fujiwara et al. (2015) used nine reanalyses (JRA-55,
MERRA, ERA-I, CFSR/CFSv2, JRA-25, ERA-40, R1, R2, and
20CR) to examine their stratospheric temperature response
to the eruptions of Mount Agung (1963), El Chichón (1982),
and Mount Pinatubo (1991). Mitchell et al. (2015) performed
a multiple linear regression analysis on the same nine reanalyses to test the robustness of their variability. Martineau et
al. (2016) intercompare eight reanalyses (ERA-40, ERA-I, R1,
R2, CFSR/CFSv2, JRA-25, JRA-55, and MERRA) for dynamical consistency of wintertime stratospheric polar vortex variability. 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/CFSv2,
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 Randel
et al. (2004) were in response to the need to compare and evaluate the then-existing middle atmosphere climatologies that
were housed and made readily available to the research community at the SPARC Data Centre. Both reports provide an
intercomparison of eight middle atmosphere climatologies:
UK Met Office data assimilation, NOAA Climate 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 ERA40 reanalyses were available at that time. Notable differences
were found among analyses for temperatures near the tropical tropopause and polar lower stratosphere and zonal winds
throughout the tropics. Comparisons of historical reference
atmosphere and rocketsonde temperature observations with
the more recent global analyses showed the influence of
decadal-scale cooling of the stratosphere. Detailed comparisons of the tropical semi-annual oscillation (SAO) and QBO
showed large differences in amplitude among analyses; the
more recent data assimilation schemes showed better agreement with equatorial radiosonde, rocket, and satellite data
(e.g. Baldwin and Gray, 2005).
This chapter is an extended version of the paper by Long et
al. (2017). In this chapter we show the results from the eight
“full-input” (Chapter 2) reanalyses, which are systems that
assimilate surface and upper-air conventional and satellite
data (i.e. MERRA-2, MERRA, ERA-I, JRA-55, CFSR/CFSv2,
JRA-25, ERA-40, R1), though we will show one figure for
20CR, which is one of the “surface-input” reanalyses. We will
concentrate only on the satellite era period of 1979 to 2014.
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Table 3.1: Information about NCEP, JMA, ECMWF, and GMAO earlier and later reanalyses pertinent to the stratosphere.
Information includes the model version, horizontal resolution, number of model levels, model top pressure, and radiative transfer model (RTM) used for assimilating satellite radiances. See Chapter 2 for more details.
Model Version
R1/R2

Horizontal Resolution

Model Levels

Model Top Level

RTM

NCEP MRF

(1995/98)

T62: 1.875 °

28 (σ)

3 hPa

Temperature retrievals

CFSR
CFSv2

NCEP CFS

(2007)
(2011)

T382: 0.3125 °
T574: 0.2045 °

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

IFSCycle 31r2

(2007)

TL255: ~ 79 km

60 (hybrid σ-p)

0.1 hPa

RTTOVS-7

ERA5

IFSCycle 41r2

(2016)

TL639: ~ 31 km

137 (hybrid σ-p)

0.01 hPa

RTTOVS-11

JRA-25

JMA GSM

(2004)

T106: 1.125 °

40 (hybrid σ-p)

0.4 hPa

RTTOVS-6 TOVS period
RTTOVS-7 ATOVS period

JRA-55

JMA GSM

(2008)

TL 319: ~ 55 km

60 (hybrid σ-p)

0.1 hPa

RTTOVS-9

MERRA

GEOS 5.0.2

(2009)

0.5 ° lat x 0.667 ° lon

72 (hybrid σ-p)

0.01 hPa

GLATOVS for SSU; CRTM for others

MERRA-2

GEOS 5.12.4

(2015)

C180: ~ 50 km

72 (hybrid σ-p)

0.01 hPa

CRTM

ERA5 results are shown only in Figure 3.1. Several of the reanalyses do not cover the entire span of the later period (e.g.
ERA-40 ends in August 2002, 20CR ends in December 2012
(for its version 2), and JRA-25 ends in January 2014). The R2
is an updated version of the R1. Almost all of the changes
and enhancements incorporated into the R2 were surface
or boundary layer oriented. 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/CFSv2 used the same forecast model
and assimilation scheme throughout their time span. In 2010
the CFSR/CFSv2 had an undocumented update to its GSI
assimilation scheme. Another change to the CFSR/CFSv2
occurred in 2011 with the implementation of the version 2
Climate Forecast System (CFSv2; Saha et al., 2014), in which
the resolution, forecast model, and assimilation scheme were
all upgraded. Chapter 2 and Fujiwara et al. (2017) distinguish
this latter analysis as CFSv2 or CDAS-T574.
The rest of this chapter will be organized as follows: Section 3.2
presents a summary of changes and improvements from each
reanalysis centre’s earlier to later versions. Section 3.3 presents
and discusses temperature variability with time of the reanalyses. Section 3.4 presents the methodology used to compare
the various reanalyses, the creation of a reanalysis ensemble
mean (REM), and the ensemble mean attributes and variability with time. Section 3.5 presents the differences in the temperatures and winds in individual reanalyses from the REM.
Section 3.6 examines the seasonal temperature amplitude
of the reanalyses in the polar latitudes. Section 3.7 discusses the results of comparisons with satellite observations that
are not assimilated in the reanalyses by showing specific data
analyses. Section 3.8 shows comparisons against other types
of non-satellite observations. Section 3.9 discusses the effects
of volcanic eruptions on reanalysis temperatures and winds.
Section 3.10 provides summaries and main conclusions.

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

3.2 Improvements from older reanalyses to newer versions
Chapter 2 of this report and Fujiwara et al. (2017) provide
many details of each reanalysis, such as model characteristics, physical parameterizations used, observations assimilated, execution stream characteristics, and assimilation
strategies. The most recent reanalyses are later generations
of earlier versions (MERRA and MERRA-2, ERA40 and
ERA-Interim, JRA-55 and JRA-25, CFSR/CFSv2, and R1
and R2). Using information contained in Chapter 2, we
will highlight what we consider the major improvements
and changes from the earlier version to the more recent
version. Pertinent to the stratosphere, we present in Table
3.1 a summary of the earlier and later reanalysis models
used, model resolution, top pressure level, and radiative
transfer model (RTM) used for assimilating satellite radiances. Several reanalyses improved their model horizontal
and vertical resolution between 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 Chapter 2.

3.3 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 Chapter
2 for details). During this period, there are multiple transitions, additions, and removals of satellites and instruments
observing the atmosphere. The calibration and quality control of the observations from these satellite instruments in
many instances have improved over time from the earlier
reanalysis systems to the more current reanalysis systems.

Chapter 3: Overview of Temperature and Winds
The radiative transfer models used in the forecast models
have also improved over time. Reanalysis centres devote
major efforts to minimizing the transition from one satellite or observing system to the next (e.g. TOVS to ATOVS in
1998; see Chapter 2). However, the forecast models used by
the reanalysis centres have their own biases throughout the
atmosphere. If and how well the bias correction is performed
will also dictate how the reanalysis uses these observations.
Additionally, most reanalyses are not run as one stream, but
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rather it is more efficient timewise and computationally for
the reanalysis to be broken up into multiple streams with
overlap periods of at least 1 or more years (see Section 2.5
of Chapter 2). 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 reanalyses.

Figure 3.1: Pressure versus time plots of the global mean temperature anomalies (K) of reanalyses. The anomalies are from
the monthly climatology of each reanalysis. The reanalyses shown are (a) MERRA-2, (b) MERRA, (c) JRA-55, (d) JRA-25, (e) ERAInterim, (f) ERA-40, (g) CFSR/CFSv2, (h) R1, (i) 20CR, and (j) ERA5. Note that R1 and 20CR do not provide analyses above 10 hPa;
“v” and “e” denote the occurrence of volcanos and El Niños. Updated from Long et al. (2017).
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To illustrate how well the various reanalyses were able to transition between satellites and other data sources, Figure 3.1
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, several 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 stratosphere. The
ERA-40, which was the first reanalysis to assimilate SSU
radiances, shows discontinuities during several changes in the NOAA polar satellites with the SSU instrument
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 discontinuities 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 different. Consult Chapter 2 Section 2.4.2
(Quality Control Procedures) to learn more about the various reanalyses’ bias correction practices. The combination
of both resulted in large discontinuity in the stratosphere
(Onogi et al., 2007). Of the five more recent reanalyses, the
CFSR/CFSv2 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/CFSv2
only used the AMSU-A radiances (it did not assimilate 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 corrected. 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 version 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 assimilate 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 discontinuity 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 discontinuity 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 stratosphere 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 historical changes in carbon dioxide to produce inter-annual variations in the stratosphere (see Chapter 2 and
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 each
other over time. Difficulties associated with assimilating
the SSU observations due to their CO2 pressure-modulated
cells slowly leaking, and the changing of atmospheric 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 observations (MERRA
did not assimilate GPSRO data.)
The latest reanalysis (ERA5) exhibits several notable discontinuities, primarily in the middle and upper stratosphere. Similar to the ERA-I, ERA5 has a temperature discontinuity in
1985 from the transition from NOAA-7 SSU to NOAA-9 SSU
and in August 1998 resulting from the transition from TOVS
to ATOVS. Simmons et al. (2020) discusses these discontinuities and the apparent cold bias in the lower stratosphere beginning in 2000. ECMWF decided to rerun the period between
2000 and 2006 making several corrections. This corrected
sub-reanalysis is called ERA5.1, which is now available.
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.

3.4 Reanalysis ensemble mean (REM)
3.4.1 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/CFSv2 is
excluded from the REM primarily because of the streamchange impacts 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 chapter and does not include 1979.

Chapter 3: Overview of Temperature and Winds
The data sets used to perform the intercomparisons are
monthly mean zonal means at a 2.5 º resolution. Standard
post-processed pressure levels 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 period of this intercomparison is
1979 through 2014. The current 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 poleward of 60ºS 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.

87

3.4.2 Climatology of the REM
3.4.2.1 Temperature
The seasonal variation in the REM temperature monthly
means and their inter-annual variability as standard deviation (SD) in three different zonal regions (60º - 90ºN,
10ºS - 10ºN, and 90º - 60ºS) are shown in Figure 3.2. It is of
note that at polar latitudes the lowest temperatures occur
in the upper stratosphere in November (for the Northern
Hemisphere, NH) and May (for the Southern 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.

Figure 3.2: Annual variation in the REM temperature monthly means (ºC) and their Standard Deviation (K) in three different
zonal regions: 60º – 90º N (a, b), 10º S–10º N (c, d), and 90º – 60º S (e, f). Note in c and f contours cease at 700 mb due to Antarctic
surface. Reproduced from Long et al. (2017).
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Figure 3.3: Annual variation in the REM zonal wind monthly means (m s-1) and their SD (m s-1) in three different zonal regions: 40 º – 80 º N (a, b), 10 º S – 10 º N (c, d), and 80 º – 40 º S (e, f). Reproduced from Long et al. (2017).
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
lowest 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
interannual 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 greatest variability occurs in October and November,
associated with the winter to spring transition from low to
high temperatures when wave activity becomes significant
in that hemisphere. This variability is associated with how
quickly that transition occurs. In some years the circulation
over Antarctica 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 extra-tropics 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.

3.4.2.2 Zonal wind
The seasonal variation in the REM zonal wind monthly
means and their inter-annual variability in three different
zonal regions (40 º – 80 º N, 10 º S – 10 º N, and 80 º – 40 º S)
are shown in Figure 3.3. In the NH polar jet region
(40 º - 80 º N) the maximum winds occur in the upper
stratosphere in November and December, and the greatest variability occurs from December through March.
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In the SH polar jet region (80 º – 40 ºS) 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 August 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; Smith et al., 2017,
2020) with maximum westerlies of up to 20 ms-1 at equinox
and intervening easterlies during the solstice periods. There
is a marked asymmetry in the amplitude of the easterly SAO
phase, with amplitudes of –40 ms-1 to −50 ms-1 in the easterlies in December to February but only −20 ms-1 to −30 ms-1 in
July–September.
The easterly SAO phase is believed to result from the advection 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 activity 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 ms-1
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to −10 ms-1. Because of the quasi-biennial nature of the winds,
the inter-annual variability is very large, peaking between 10
and 20 hPa. The SAO wind transition in the upper stratosphere also shows a high amount of inter-annual variability.
Please consult Chapter 11: Upper Stratosphere Lower Mesosphere for a detailed analysis of the SAO.

3.4.2.3 Meridional and vertical winds
The zonal-mean meridional and vertical winds will be discussed into two layers of the atmosphere: the troposphere
and the stratosphere. In the troposphere, the zonal mean
vertical and meridional winds combine to form the Hadley,
Ferrel, and Polar circulation cells. In the stratosphere, the
vertical winds are much smaller compared to those in the
troposphere due to the stable nature of the stratosphere. In
Figure 3.4 we present the Eulerian mean meridional and
vertical winds for January and July 30-year climatological
conditions in the stratosphere and troposphere. Seasonally,
the dominant Hadley circulation exists in the winter hemisphere, although the centre of upwelling is in the summer
hemisphere. Figure 3.4b shows that in January the greatest upwelling occurring at 10 º S and greatest downwelling
at 20 º N. Completing this circulation are strong northerly meridional winds at 10 º N and 200 hPa and southerly winds at 10º N between the surface and 850 hPa. A
weaker SH Hadley circulation extends from 10 º S to 40 º S.

Figure 3.4: 30 year climatology of REM vertical (mPa s-1) [colours] and meridional (m s-1) [isolines] winds for January-stratosphere (a), July-stratosphere (b), January-troposphere(c), and July troposphere (d). REM tropopause (solid red line) is shown in
(b) and (d). Subtropical jet central location is denoted with a ‘J’. Note: diagnostics presented are Eulerian means.
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Figure 3.5: 30 year climatology of the mean REM vertical winds (mPa/sec) between 700-200 hPa for January (a) and July (b).
Ferrel circulations extend from 20 º N to 60 º N and 40 º S to
60 º S. Polar circulations extend from 60 º N to 80 º N and
60 º S to 80 º S. There is slight upwelling over both poles.
The ensemble mean tropopause is overlaid upon these wind
fields and shows that in January it descends rapidly between
20 º N and 30 º N where the convergence of the NH Ferrel
and Hadley circulations occur. The NH subtropical jet is
located at this point of convergence and steep tropopause
gradient. The tropopause descent in the SH is more gradual
and the SH subtropical jet is not as strong. In July the circulation patterns are nearly opposite that of January: the SH
Hadley circulation is dominant with the centre of upwelling
moving northward to 10º N and the descending branch centred at 20 º S. The NH Hadley circulation is much weaker;
the locations of the Ferrel and Polar circulations are about
in the same locations. The tropopause descends most rapidly in July between 20 º S and 40 º S, the SH subtropical jet is
intensified, while the NH subtropical jet is weaker.
In the stratosphere, the vertical winds are much lighter with
Eulerian ascending winds occurring poleward of the polar jet axis and descending winds occurring equator-ward
of the polar jet axis. Very slight upward motion occurs in
the summer hemisphere tropics. Eulerian meridional winds
increase with altitude in the winter hemisphere with equator-ward winds between the regions of ascending and descending vertical winds and poleward winds occurring
on the winter hemisphere side of the SAO easterlies. The
convergence near the stratopause and associated descending winds and ascending polar winds are stronger in the
NH winter than in the SH winter. A more in-depth analysis
of these winds which includes the Transformed Eulerian
Mean residual circulation (Andrews et al., 1987) is presented
in Chapter 11 (Upper Stratosphere and Lower Mesosphere).
Chapter 5 (Brewer-Dobson Circulation) provides greater
detail about the stratospheric mean meridional circulation.
A global analysis of the ensemble mean tropospheric vertical velocities for January and July between 700 hPa and
200 hPa are shown in Figure 3.5. The analyses illustrate that

the zonal mean Hadley circulation depiction is dominated by the convection and upward vertical winds over the
Western Pacific and Indian Ocean. The longitudinal band
of upward vertical velocities in the tropics represents the Intertropical Convergence Zone (ITCZ). The analysis for the
January climatology shows that over Africa, South America,
the Indian Ocean and Western Pacific Ocean the maximum
upward velocities are south of the Equator. The Atlantic and
Eastern Pacific ITCZ bands are north of the Equator. In
July, the centres of convection and resulting upward vertical
velocities over the Indian Ocean and Western Pacific have
moved north of the equator, while the Atlantic and Eastern Pacific bands have moved slightly further to the north.
These differences in latitudinal location of upward velocities will impact the longitudinal make-up of the Hadley
Circulation and the height and location of the tropopause.
Greater details about the tropical circulation patterns, cross
tropopause flow, the tropical cold point are provided in
Chapter 8 (Tropical Tropopause Layer).
The longitudinal location of greatest convection and upward
velocities that make up the Walker circulations varies with
the state of the El Niño Southern Oscillation (ENSO). Under
neutral conditions upward velocities are located over Africa,
Western Pacific and Western Atlantic. Descending centres
are located in the Arabian Sea, and over the Eastern Pacific. Under La Niña conditions, the convection and upward
velocities over the Western Pacific and Western Atlantic are
enhanced, while the descending motion over the Eastern
Pacific is enhanced. The weaker ascending and descending
circulations over Africa and the Arabian Sea, respectively, are
replaced by a single strong descending circulation. Under El
Niño conditions, the convection over the Pacific moves toward the middle Pacific. Enhanced convection and ascending
motion occur over Africa. Descending motion occurs over
the Western Pacific and Western Atlantic. Figure 3.6a shows
a time sequence of the 10º N-10º S average ensemble mean
vertical velocities at all longitudes between 700 - 250 hPa.
The characteristic longitudinal locations of ascending and descending velocities agree with the above
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statements. Figure 3.6b shows the deseasonalised anomalies, which more clearly shows the major El Niño occurrences of 1984, 1988, 1993, 1998, 2003, 2010, and 2016.
La Niña events are harder to pick out since they are close
in characterization to neutral conditions. The La Niña
event following the 1998 El Niño does show the descending winds over Africa and enhanced ascending velocities
over the Western Pacific. There are some time dependent changes from the TOVS to ATOVS periods that show
up in the anomalies. Between 10º E and 30º E there is a
change from negative anomalies during the 1980’s and
1990’s to positive anomalies after 2000.

3.4.3 Agreement among the REM members
3.4.3.1

Temperature
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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 hPa and 10 hPa. Interrupting this period during
the 1990s, the NH polar activity was unusually quiet and
cold (Charlton and Polvani, 2007; Pawson and Naujokat,
1999). Then from 2001 to 2014 the pressure at which the
0.5 K contour occurs moves upward to between 7 hPa and
5 hPa. The increased agreement between 20 hPa 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–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 separate layers: between 150 hPa and 70 hPa during the
TOVS period (1979 – 1998) and above 20 hPa throughout
the entire 1979 – 2014 period. The former disagreement
is at the vertical location of the cold point temperature.
Apparently, there is greater disagreement among the
three reanalyses in determining this temperature during

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.
Latitude zones (e.g. 60 º - 90 º ) are the
cosine-weighted summations of the
2.5 º zonal SDs. We must note that
agreement of the three reanalyses
does not imply correctness because
the three reanalyses could possibly
have similar erroneous analyses. For
some months in the upper stratosphere, the temperature disagreement can be greater than 5 K. Figure
3.7 presents pressure versus time series plots of the temperature SD (K) of
the three members of the ensemble.
Figure 3.7 shows how the monthly
temperature disagreement varies in
three latitude zones (60 º N - 90 º N,
10 º S - 10 º N and 90 º S - 60 º S) in
a time versus pressure plot. The
mid-latitude plots are not shown but
evaluations 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. See Chapter 2, Figure
Figure 3.6: Hovmöller diagram of (a) the 10º N - 10º S average REM vertical
2.16 to see the vertical extent of satvelocities (mPa/sec) at all longitudes from 1979 (top) through 2017 (bottom) beellite channels. The 60 º N - 90 º N plot
tween 700 - 250 hPa. (b) Hovmöller diagram of the deseasonalized 10 º N - 10 º S
shows that at pressures greater than
average REM vertical velocity anomalies (mPa sec-1).
the 20 hPa level, all three reanalyses
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the TOVS period than during 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 information 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 greatest differences (3 - 4 K) occur is 2 hPa and has a seasonally varying pattern.
In the 90 º S - 60 º S zone, the disagreement among the
three reanalyses extends lower into the stratosphere
than the NH polar 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: between 7 hPa and
5 hPa and above 3 hPa. The disagreement between 7 hPa
and 5 hPa terminates after 2001, which may be due to the
assimilation of AIRS radiances.
The northern mid-latitude (30º N - 60º N) disagreement
(not shown) does not change significantly throughout the
entire 1979 - 2014 period. 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 º S - 30 º S ) disagreement
(not shown) is similar to the SH polar disagreement in
that the disagreement during the TOVS period extends to

Figure 3.7: Pressure versus time plots of the temperature SD (K) for each month of the three reanalyses making up the REM
for three zonal regions: 60 º N - 90 º N (a), 10 º S - 10 º N (b), and 90 º S - 60 º S (c). Reproduced from Long et al. (2017).
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higher pressures (between 20 hPa and 30 hPa) than during
the ATOVS period (between 7 hPa and 10 hPa). Also similar to the SH polar region, there are two layers of greatest
disagreement in the TOVS period between 7 hPa and 5 hPa
and above 3 hPa. The 7 hPa to 5 hPa layer disagreements
also terminate after 2001, just as in the SH polar region.

of the zonal winds among the three reanalyses in the NH
and SH polar jet regions with SDs smaller than 0.5 m s-1.
In the NH polar jet region, significant disagreement
(> 0.5 m s-1) among the three reanalyses is consistently
confined to pressures lower than 5 hPa. Disagreements
greater than 0.5 ms-1 are nearly eliminated after the transition to ATOVS observations occurs at the end of 1998.

3.4.3.2

The altitude range of disagreement greater than 0.5 m s-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.

Zonal winds

Figure 3.8 presents pressure versus time series plots of
the zonal wind SD (m s-1) of the three members of the ensemble mean. Figure 3.8 shows the disagreement of the
monthly ensemble members’ zonal wind in the polar jet
regions (40 º N – 80 º N and 80 º S – 40 º S) and in the tropics
(10 º S – 10 º N). As with the temperatures, the zonal wind
disagreement in the mid-latitudes are not shown but are
described in the text below. There is very good agreement

The tropical zonal wind disagreement shows much larger
values of the order of 10 m s-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

Figure 3.8: Pressure versus time plots of the zonal wind SD (m s-1) for each month of the three reanalyses making up the REM
for three zonal regions: 40 º N - 80 º N (a), 10 º S - 10 º N (b), and 80 º S - 40 º S (c). Reproduced from Long et al. (2017).
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improvement with time in the agreement of the QBO winds
and 850 hPa 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 versus 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
resulting thermal wind. However, in the tropics the thermal
wind relation breaks down and the wind fields are not well
constrained by the assimilated satellite radiances. Alternatively, geostrophic winds using the geopotential can be used
to derive the equatorial wind. (Smith et al., 2017). 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 included 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 versus those in MERRA. It
should also be noted that the SAO and polar night jets extend
well into the mesosphere (Smith et al., 2020) and reanalyses
with higher model tops may produce better results in the upper stratosphere than the lower top reanalysis models.
The characteristics of the NH and SH mid-latitude regions
(20 º N – 40 º N and 40 º S – 20 º S, respectively; not shown) are
very similar to their respective polar jet regions. The NH
mid-latitude disagreements during the TOVS period occur at
pressures lower than 7 hPa and do not exceed 1.5 m s-1. During the ATOVS period the disagreements are more sporadic
and occur at pressures lower than 3 hPa.
The SH mid-latitude disagreement (not shown) occurs at
pressures lower than 20 hPa during the TOVS period with
values not exceeding 4 m s-1. During the ATOVS period the
disagreements become more sporadic, smaller in value, and
occur at pressures lower than 7 hPa.

3.5 Intercomparisons of the reanalyses
In this section we extend our evaluation to the individual reanalyses and examine how each of eight reanalyses (CFSR/CFSv2, 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 expect all R2 qualities to be nearly the same
as those of R1. We also do not show comparisons with the
20CR as that reanalysis 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 K – 4 K warmer at 100 hPa in the tropics,
which may be due to its coarse model vertical resolution.

3.5.1 Temperature
Figures 3.9 – 3.11 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 average
monthly mean differences, while the right columns show
the monthly differences over time. Both are useful to illustrate where in the vertical and when in the annual cycle
the differences occur and whether these improve over time.
Differences in the right column typically do not extend
throughout the entire 1979 – 2014 period. Rather, much like
the other differences discussed earlier, 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 upper 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 recent reanalyses
(MERRA-2, MERRA, ERA-I, JRA-55, and CFSR/CFSv2).
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 description
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.

3.5.1.1 SH polar latitudes
MERRA-2 has a year-round cold bias of -1 K to -2 K compared to the REM from 1 hPa to 2 hPa, a year-round the
warm bias from 3 hPa to 5 hPa, and a cold bias at 10 hPa from
March through June. The time series shows that these biases are largest during 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 K to 2 K in the time-mean
plot compared to the REM between 2 hPa and 3 hPa from
July through February. Below this, between 5 hPa and
20 hPa, there is a cold bias of -1 K 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 persists 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 hPa and 3 hPa. An
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Figure 3.9: Pressure versus month plots (a - h) and pressure versus time plots (i - p) of the temperature difference (K) in individual reanalyses from the REM for the zonal region 90 º S - 60 º S. The reanalyses are (a, i) MERRA-2, (b, j) MERRA, (c, k) ERA-I, (d, l) JRA-55, (e, m)
CFSR/CFSv2, (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. Reproduced from Long et al. (2017).
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opposite set of biases exist slightly below, between 5 hPa
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 hPa and
5 hPa persists throughout the entire TOVS period.

(1 K to 2 K) exists between 100 hPa and 400 hPa. The time
series plot shows that the middle stratospheric warm bias
is most pronounced in the TOVS period.

The JRA-55 shows a cold bias (-2 K to -4 K) compared
to the REM between 1 hPa and 5 hPa from July through
March, which then descends to 7 hPa as a warm bias forms
between 1 hPa 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 K to -6 K becoming the dominant feature during this
later period.

Many features in the upper stratosphere are common for
their respective seasons between the NH and SH polar latitudes (Figure 3.10). However, differences with the REM in
the middle and lower stratosphere in the SH are reduced or
eliminated in the NH. The cold bias that occurred between
10 hPa 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 hPa 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/CFSv2 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
occur in the middle and lower stratosphere in the SH do
not exist in the NH. The JRA-25, ERA-40, and R1 all show
similar seasonal biases from the REM in the upper stratosphere. Their time series show reduced differences in the
middle and lower stratosphere.

The CFSR/CFSv2 temperatures are 6 K – 8 K warmer
than the REM in the upper stratosphere, peaking during
the period of minimum 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 K and -2 K. The time series plot shows that
the CFSR/CFSv2 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 K to 10 K) compared to the REM from 1 hPa
to 3 hPa and a very cold bias ( -4 K to -6 K) during the SH
winter period between 5 hPa and 10 hPa. In the middle
stratosphere there are periods of persistent cool bias with
a maximum (-2 K to -4 K) occurring in the August–November months. The time series plot shows that the upper
stratosphere warm bias (8 K to 12 K) persists throughout
the entire time period, with greater values (> 12 K) in the
TOVS period. The cold bias (ranging between -2 K and
-10 K) just below the warm bias occurs mostly during the
ATOVS time period. The middle stratosphere cold bias
(-2 K to -6 K) occurs during the TOVS period (see Section
5.2 of Fujiwara et al., 2017, for the reason).
The ERA-40 time mean plot shows a strong cold bias
(-2 K to -6 K) compared to the REM persisting year-long
between 2 hPa and 10 hPa. Just below this is a warm bias
(2 K - 4 K) between 10 hPa 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 troposphere, 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 K to 2 K) compared
to the REM between 10 hPa and 50 hPa peaking between
June and September. Another shallow layer of warm bias

3.5.1.2 NH polar latitudes

3.5.1.3 Equatorial latitudes
Differences in reanalysis temperatures from the REM in the
equatorial regions (10º S – 10º N) vary more on a semi-annual basis. Figure 3.11 shows that such is the case for the
CFSR/CFSv2 upper stratosphere warm bias of 2 K 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 exhibit a slight warm bias at pressures lower than
5 hPa. The time series plots for the CFSR/CFSv2 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 temperature 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 K to 2 K. The JRA-55 reanalyses show
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Figure 3.10: Same as Figure 3.9 but for the 60 º N – 90 º N latitude zone. Reproduced from Long et al. (2017).
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Figure 3.11: Same as Figure 3.9 but for the 10 º S – 10 º N latitude zone. Reproduced from Long et al. (2017).
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that the cold biases are nearly constant throughout the entire time series. The JRA-25 has a consistent warm bias of
4 K 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 K
to -8 K that is largest during the ATOVS period. Between
30 hPa and 50 hPa, there is another layer of cold bias of -2 K
to -6 K that is present only during the TOVS period. ERA-40
has a persistent cold bias of -2 K to -6 K in the upper stratosphere between 2 hPa and 7 hPa and two layers of warm bias
of 0.5 K 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 K to 4 K in the
upper troposphere to tropopause layer between 70 hPa and
200 hPa. This warm bias persists from the TOVS period to
the ATOVS period when its magnitude decreases to a warm
bias of 1 K 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 Section 3.4.3 the three members of the ensemble mean have their greatest disagreement in the upper
stratosphere. 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 hPa and 7 hPa in the SH polar latitudes is counterbalanced
somewhat equally by the MERRA and JRA-55 reanalyses.

3.5.1.4 NH and SH mid-latitudes
The NH and SH mid-latitude zone (30 º N – 60 º N and
60 º S – 30 º S, respectively) monthly mean temperature
differences and time series temperature differences (not
shown) are nearly exactly the same in character, altitude,
and value as the respective polar region differences.

3.5.2

Zonal wind

3.5.2.1 SH polar latitudes
The time-mean SH polar jet differences (see the supplement of Long et al. (2017); not shown) of the individual reanalyses from the REM are relatively small, ranging from
-2 m s-1 to 1 m s-1, with most differences smaller in magnitude than that. As presented in Section 3.4.3.2, 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 region
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
pressures less than 5 hPa. JRA-25 and ERA-40 show greater
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differences 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.

3.5.2.2 NH polar latitudes
Just as with the NH temperature differences in Section 3.4.1.2, the NH polar jet wind differences from the
REM (see the supplement of Long et al. (2017); not shown)
are smaller in magnitude than the SH differences and are
restricted mainly to the upper stratosphere.

3.5.2.3

Equatorial latitudes

In Figure 3.12, 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/CFSv2 and JRA-55 have weaker westerlies and thus have negative biases of greater than
-5 m s-1 during the March – April and September – November westerly periods. They also have positive biases greater
than 3 m s-1 during the December – February easterly period.
MERRA and ERA-I have stronger westerlies and show positive biases of greater than 3 m s-1 during the March – April
and September – November westerly periods. They also have
stronger easterlies 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 m s-1 during the former period. The
SAO westerlies in MERRA-2 are more than 10 m s-1 stronger than those in the REM. The time series shows that the
stronger westerlies occur 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 easterlies 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 m s-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 m s-1 during the easterly phase of
the QBO from 10 hPa down to 30 hPa. It should be noted
that the CFSR/CFSv2 used ERA-40 zonal winds as substitute observations between 30 º S and 30 º N and from 1 hPa
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 Figure 3.12 there are also sizable differences in the troposphere. The CFSR zonal winds in the tropical
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Figure 3.12: Pressure versus month plots (a - h) and pressure versus time plots (i - p) of the zonal wind difference (m s−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/CFSv2, (f, n) JRA-25, (g, o) ERA-40, and (h, p) R1. Reproduced from Long et al. (2017).

Chapter 3: Overview of Temperature and Winds
upper 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 m s-1.
Hence, the differences from the REM show that the CFSR
has a consistent layer of negative biases of -1 m s-1 to -2.5 m s-1
from 50 hPa to 300 hPa. The JRA-55 shows the other extreme of a consistent positive bias of 1 m s-1 to 2 m s-1 from
30 hPa to 200 hPa. The time series plots confirm that these
upper troposphere zonal wind biases are persistent during
the TOVS time period and are reduced in the ATOVS period. MERRA-2 shows large positive differences of > 6 m s-1
from the REM in the upper stratosphere (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 throughout the time series but are
confined to the upper stratosphere after the 1990s.

3.5.2.4 NH and SH mid-latitudes
Characteristically, the zonal winds
in the NH and SH mid-latitudes
(20º N - 40º N and 40º S -20º S, respectively; not shown) are different
depending upon the altitude. In the
troposphere there is the subtropical 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 transitioning 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 subtropical jet. In the lower
stratosphere R1 has a westerly bias of
0.5 m s-1 to 1 m s-1, which is greatest
in the early 1980s and diminishes to
nil by the 2000s. The CFSR/CFSv2,
interestingly, has an easterly bias
of -0.5 m s-1 to -1 m s-1 during the
TOVS period and is eliminated in the
ATOVS period. All the other reanalyses are in good agreement (differences within ±0.5 m s-1) with the REM in
the lower stratosphere. In the middle
stratosphere the JRA-25 has differences between -0.5 m s-1 and -1 m s-1
from the REM in both the NH and
SH mid-latitudes. In the upper stratosphere the more recent reanalyses
have differences between -1 m s-1 and
1 m s-1 from the REM, which diminish further during the ATOVS period.
The JRA-25 and ERA-40 have slightly
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larger differences, which also diminish appreciably in the
ATOVS period.

3.5.2.5

Comparisons with Singapore QBO winds

Kawatani et al. (2016) provides a thorough evaluation of
the RMS differences in QBO (70 hPa – 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 stations in the 20 º S - 20 ºN zone, Singapore (1 ºN, 104 ºE)
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. There is longitudinal
variability in the zonal-mean zonal winds (Kawatani et al.,
2016). Figure 2 of Kawatani et al.,2016 shows that the RMS
differences between the various reanalyses and the Singapore
wind observations declines over the 1979 – 2011 time period.
Correlations among the monthly mean MERRA-2,

Figure 3.13: RMS differences (m s-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/CFSv2, MERRA, ERA-I,
JRA-55, and MERRA-2 reanalyses interpolated to Singapore (1 º N, 104 º E) versus 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. Reproduced from Long et al. (2017).
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MERRA, ERA-I, JRA-55, and CFSR/CFSv2 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 differ from the Singapore winds can be obtained by evaluating the linear regression line between the observed and analysed QBO winds
and their scatter. Figure 3.13a–c shows the 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 hPa to 10 hPa as does the amplitude
of the winds at these levels. The RMS differences decrease
by one-half to one-third from the TOVS to the ATOVS period. Of these five reanalyses, the CFSR/CFSv2 performs the

poorest with higher RMS differences at nearly all pressure
levels during all periods. MERRA-2 has the largest RMS
differences at 10 hPa during the TOVS period, but improves
during the ATOVS period. As seen in Figure 3.12, MERRA-2 has large irregularities in the 1980s and in 1993. As
mentioned earlier, these irregularities are a result of overly
strong SAO westerlies 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. Figures 3.13d–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/CFSv2 has consistently weaker winds at all

Figure 3.14: Yearly annual temperature amplitude (K) for 90 ºS - 60 º S (a - e) and 60 ºN - 90 ºN (f - j) from the (a, f) MERRA-2, (b, g) MERRA,
(c, h) ERA-I, (d, i) JRA55, and (e, j) CFSR/CFSv2 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. Reproduced from Long et al. (2017).
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pressure levels during both the TOVS and ATOVS periods.
No one reanalysis is better than the others at all QBO levels
in either the TOVS or ATOVS period. Greater detail about
the QBO is provided in Chapter 9 (Quasi-Biennial Oscillation).

3.6 Amplitude of polar annual temperature cycle
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45 K – 60 K in the middle stratosphere. Maximum amplitudes (60 K – 70 K) in the SH occur above 10 hPa. In the
NH polar latitudes, the minimal amplitude of 5 K – 15 K
occurs at the polar tropopause. Between the surface and
the tropopause, the temperature amplitude is larger at
15 K – 25 K. Above the tropopause the temperature amplitude increases up to about 2 hPa – 3 hPa where the temperature amplitude lies in the 55 K – 60 K range, although the
depth of this layer is not nearly as extensive as in the SH
polar regions. The depth of this variability below 10 hPa
ends prior to 2002. The assimilation of GPSRO data beginning in 2002 could be the cause for this decrease in SH
high latitude variability. There is good agreement among
these five more recent reanalyses on the years of peak amplitude in the NH polar region upper stratosphere.The
peak SH amplitudes of the five reanalyses are in lesser
agreement in year and pressure range.

Another way to examine the differences among the reanalyses is to compare their annual temperature amplitude
(warmest summer month minus coldest winter month) in
the polar latitudes. If a reanalysis has a wintertime warm
bias or a summertime cold bias, then its annual temperature amplitude will be smaller compared to the other
reanalyses. Generally, as Figure 3.2 shows, the summertime temperatures do not vary much from year to year,
while the wintertime temperatures
have greater inter-annual variability. The mean polar temperatures in
Figure 3.2 indicate which months
would likely be used as the warmest
and coldest at the various pressure
levels. 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
Hemisphere (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 middle stratosphere
the lowest temperatures will usually occur in December. In the lower
stratosphere the lowest temperatures
will usually occur in December or
January. In Figure 3.14 a time series
of the SH and NH polar zone annual
temperature amplitudes 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,
Figure 3.15: Pressure versus time plots of differences in reanalyses minus HIRDLS
temperature amplitudes in the SH
temperatures (K) from January 2005 through January 2008 for the Southern Hemiare smaller than those in the NH.
sphere high-latitude zone (60 º S). The reanalyses are (a) MERRA-2, (b) MERRA, (c)
SH temperature amplitudes increase
ERA-I, (d) JRA-55, and (e) CFSR/CFSv2. Reproduced from Long et al. (2017).
from 5 K – 15 K in the troposphere to
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Individually, the five more recent reanalyses agree well
with each other from the surface through the lower stratosphere in both hemispheres. However, the ERA-I shows an
annual temperature amplitude in the middle stratosphere
that is 5 K – 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 seasonally low temperature bias in the upper stratosphere, whereas the CFSR/CFSv2 tends to have consistently
large maximum amplitudes which are associated with its
seasonally warm bias. However, the CFSR/CFSv2 temperature amplitudes peak at greater pressures in the upper stratosphere and then decrease rapidly between 3 hPa and 1 hPa
in both hemispheres, particularly in the ATOVS period.
This is most likely due to the fact that the CFSR/CFSv2 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 amplitudes 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 circulation
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.

3.7 Comparisons with satellite
temperature observations
3.7.1

Figure 3.16: Same as Figure 3.15 except for the Northern Hemisphere highlatitude zone (60 º N - 80 º N). Reproduced from Long et al. (2017).

HIRDLS and MLS temperatures

The NASA Earth Observing System
(EOS) Aura spacecraft was launched
in July 2004 and has several on-board
instruments that measure multiple
atmospheric constituents. The High
Resolution Dynamics Limb Sounder
(HIRDLS; Gille et al., 2008) instrument on the Aura spacecraft made
measurements from the upper troposphere through the mesosphere until it prematurely ceased functioning
in mid-2008. Quality temperature
measurements extend from January 2005 through March 2008. The
HIRDLS measurements were not assimilated by any of the reanalyses and
thus are independent measurements.
Monthly mean temperature differences in reanalyses from the HIRDLS
(reanalysis – HIRDLS) temperatures
at NH high latitudes (60 º N - 80 º N),
the tropics (10 º S - 10 º N), and SH
high latitudes (60 º S) were generated for the 2005 through 2008 period. Figures 3.15–3.17 present the
differences in MERRA-2, MERRA, ERA-I, JRA-55, and CFSR/
CFSv2 from the HIRDLS monthly
means for these latitude zones, respectively. The time, location, and
amplitude of the SH differences are
generally similar to those of the reanalyses from the REM (Figure 3.6).
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MERRA-2 has a warm bias all year long at 1 hPa and a
1 - 2 K cold bias from November through March. MERRA has a cold bias of 2 - 4 K from August through April
at 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 - 6 K cold bias from July through
April between 2 hPa and 3 hPa that becomes thinner in
altitude from April to July as a warm bias occurs from
1 hPa to 2 hPa. The CFSR/CFSv2 has a very warm bias of
over 14 K in the April to July period at pressures lower
than 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 period.
In the NH, the cold bias of MERRA-2 in the summer period is smaller in the NH, while the year-long warm bias
exists 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 K warmer in the NH. Similarly, the ERA-I 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/CFSv2 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.

105

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/CFSv2 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 documentation notes that there are known
oscillations of this magnitude in comparison with other
satellite temperature sensors, so these latter differences
are not considered significant. Overall differences from
the MLS observations are in agreement with the characteristics already described for each of these reanalyses.

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 hPa and
3 hPa during January and February
and moves lower to 5 hPa to 10 hPa
during the other months of the year.
ERA-I seems to have a year-long
0.5 K to 1 K warm bias at pressures
lower than 10 hPa. JRA-55 has a
year-long 1 - 2 K cold bias between
5 hPa and 2 hPa. The CFSR has a
warm bias, similar to that at high
latitudes, 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

Figure 3.17: Same as Figure 3.15 except for the equatorial-latitude zone
(10 º S - 10 º N). Reproduced from Long et al. (2017).
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Comparisons with COSMIC temperature observations

COSMIC GPSRO monthly zonal mean dry temperatures from January 2007 through December 2014 (level
3, version 1.3) were obtained from the JPL GENESIS data
portal. Leroy et al. (2012) explain the technique through
which the RO observations were turned into temperatures and transposed from altitude to pressure surfaces. We use these data to compare against the MERRA-2,
MERRA, ERA-I, JRA-55, and CFSR/CFSv2 monthly zonal mean temperature for the same period. The COSMIC
data set provides temperature from 400 hPa 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 3.18 shows the 8-year time series of

differences (reanalysis – COSMIC) between the reanalysis temperatures and the COSMIC temperature in the SH
polar latitudes (90 ºS – 60 º S). Most obvious is a recurring
1 K difference 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 K
to 1 K difference also extending from 10 hPa to 100 hPa.
The source of these two biases could be in how the COSMIC zonal mean temperatures are generated as there is
a 3 – 5-day time averaging in which temporal transitions
may be smoothed out. Also, Steiner et al. (2020) indicates
that all GPSRO processing centres show greater uncertainties in their temperature product above 25 km especially
in the high latitudes. 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 3.19 shows the reanalysis
minus COSMIC differences for the
NH polar region (60 º N - 90 º 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 hPa 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 hPa 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 versus the number of observations peaking between 50 º N and
60 º N in both hemispheres.

Figure 3.18: Pressure versus time plots of differences in reanalyses minus COSMIC
GPSRO dry temperatures (K) from 2007 to 2014 for the Southern Hemisphere highlatitude zone (90 º S - 60 º S). The reanalyses are (a) MERRA-2, (b) MERRA, (c) ERA-I, (d)
JRA-55, and (e) CFSR/CFSv2. Reproduced from Long et al. (2017).

Differences between the reanalyses
and COSMIC dry temperatures in the
tropics (10 º S - 10 º N) (Figure 3.17)
show much smaller negative differences. MERRA-2, JRA-55, and especially ERA-I show very few occurrences of differences exceeding -0.5 K.
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The few differences with the JRA-55 have a seasonal occurrence from December through February. MERRA,
which did not assimilate the GPSRO data, has negative
differences fairly consistent between 10 hPa and 30 hPa.
CFSR/CFSv2, 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 60º S and 60º N, the lower stratosphere temperatures in the more recent reanalyses and the COSMIC dry
temperatures are within ±0.5 K of each other consistently
throughout the year.

3.7.3

Atmospheric layer temperature anomalies

Long-term satellite observations from
NOAA polar orbiting satellites of temperatures in the lower stratosphere
(TLS) are available from the MSU-4
and AMSU-A9 microwave channels,
while the Stratospheric Sounding
Unit channel 1 (SSU1) and channel 2
(SSU2) provide temperature observations of the middle and upper stratosphere, respectively. Zou and Qian
(2016) explain the process of merging and extending the infrared-based
SSU observations with the microwave-based AMSU-A and ATMS
observations. The satellite weighting
functions for these three channels can
be found in Chapter 2 (Figure 2.16)
and Seidel et al. (2016, their Figure 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 circulation
(Young et al., 2011, 2012). Randel et al.
(2016) compared 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
channels assimilated in the ERA-I.
Seidel et al. (2016) intercompared the
TLS trends from three satellite centres

107

for the entire (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 perform a similar exercise by applying the TLS, SSU1,
and SSU2 weights to the reanalyses temperatures at their
standard pressure-level temperatures. Table 3.2 provides
weighting function information about each of the SSU and
MSU-4 channels. Chapter 2 (Figure 2.16) shows the vertical extent of the satellite channels. SSU3 layer temperatures
were not generated because there were insufficient pressure
levels from the majority of the reanalyses to adequately represent this layer in the lower mesosphere. Global mean TLS,
SSU1, and SSU2 temperatures 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).

Figure 3.19: Same as Figure 3.18 except for the Northern Hemisphere highlatitude zone (60 º N - 90 º N). Reproduced from Long et al. (2017).
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The left column of Figure 3.21 shows the monthly TLS, SSU1,
and SSU2 temperature anomalies from the CFSR/CFSv2,
ERA-I, JRA-55, MERRA, and MERRA-2 from 1979 through
2014 with the NOAA STAR anomalies overplotted in black.
In general, the anomalies 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 impacts 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 volcanoes 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 differences
in the anomalies of each reanalysis from the NOAA STAR
anomalies. The reanalyses TLS anomalies differ from the

Table 3.2: Pressure (hPa) of SSU channels 1, 2, and 3 and
MSU channel 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 %
above

50 %
below

10 %
above

10 %
below

1.5

0.5

5

0.15

45

SSU Ch 3
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

NOAA STAR anomalies by less than ± 0.5 K for most of the
time series. Most noticeable is that the ERA-I has 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 period (1991 - 1993).
There is a noticeable decrease in the
reanalyses anomalies with respect to
the NOAA STAR anomalies 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.

Figure 3.20: Same as Figure 3.18 except for the equatorial-latitude zone
(10 º S - 10 º N). Reproduced from Long et al. (2017).

The SSU1 temperature anomalies from
the CFSR/CFSv2 show large temperature
jumps associated with the six streams,
preventing any useful evaluation. The
other four reanalyses differ 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 reanalyses
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. McCarthy, 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 observations in 1996 and began using
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Figure 3.21: 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/CFSv2 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. Reproduced from Long et al. (2017).

Figure 3.22: 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/CFSv2, 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. Reproduced from Long et al. (2017).
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NOAA-16 AMSU-A observations earlier than in MERRA
to shrink the gap to just several days. Beginning in 2006,
just as with the TLS anomalies, 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
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 assimilation of MLS temperatures at pressures less
than 5 hPa, which have been shown to produce lower temperatures than before 2005.
The CFSR/CFSv2, JRA-55, ERA-I, and MERRA-2 all use
GPSRO observations after 2006, yet the later years in Figure 3.21 show that their anomalies increasingly disagree
with each other after 2006. This apparent larger disagreement is because in Figure 3.21, the anomalies are calculated from the climatology of each reanalysis and because
the climatology differs for different reanalyses quantitatively; thus, Figure 3.21 may give us wrong impression
in terms of the actual differences among the reanalyses.
Figure 3.22a presents the actual TLS temperatures for these
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Figure 3.23: Mean vertical profile temperature differences (solid) and their variability (dashed) of four reanalyses from South
Pole ozonesonde temperatures for the months of January (left) and July (right) separated into pre-1998 (top) and post-1999
(bottom) periods. The reanalyses are CFSR/CFSv2, MERRA-2, ERA-I, and JRA55. Note that in July during the pre-1998 period
that ERA-I and MERRA-2 have opposite sign differences from the ozonesonde temperatures (see the plus and minus symbols
for [ERA-I minus MERRA-2]on the panel). Note also that in the post-1999 period all of the reanalysis mean differences and their
variability are much smaller than during the pre-1998 period.
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four reanalyses over time from 1980 – 2014. There is a large
spread in the TLS temperatures of 0.8 K between the coldest
TLS temperature (ERA-I) and the warmest TLS temperature (CFSR/CFSv2). Over time this large spread decreases
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. Figure 3.22b
presents the SD of the four reanalyses TLS temperatures
over time. There is a large decrease from 1986 to 1987, which
is attributed to the CFSR/CFSv2 TLS values cooling during
the transition from its initial stream to its second. Another drop in 1999 follows the availability of ATOVS in Figure 3.21; 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 temperature. This shows the value of the GPSRO data to anchor
the temperatures in the middle and lower stratosphere,
which is where most of the TLS weighting function occurs.

3.7.4

Ringing of SH polar latitude temperature differences

MERRA-2 and ERA-I SH polar temperatures at 50 hPa
agree well (less than ± 0.25 K) during September in the
ATOVS period but have about a 1 K difference in the
TOVS period. JRA-55 and CFSR/CFSv2 also show this 1 K
colder temperature difference from MERRA-2 during the
TOVS period. An examination of other months reveals
that this difference exists during the SH winter months.
Examining the [ERA-I – MERRA-2] differences during
the TOVS period at other levels reveals that an oscillating
(ringing) set of differences in the SH polar latitudes starts
with positive differences at 100 hPa; negative differences
at 50 hPa; positive differences at 10 - 20 hPa; negative differences at 3 hPa; and positive differences at 1 hPa. This
‘ringing’ of temperature differences is much smaller during the SH summer months and just partially occurs in
the NH polar latitudes with positive differences at 5 hPa
and negative differences at 2 hPa.
Figure 3.23 shows the differences of MERRA-2 and ERA-I
(as well as JRA-55 and CFSR/CFSv2) from the South Pole
ozonesonde temperatures (obtained from the NDACC) in
July and January separating the TOVS period (1979 - 1998)
and ATOVS period (1999 - 2014). When one has positive
differences from the ozonesonde temperatures the other
has negative differences. The maxima of these differences
occur from 100 hPa - 70 hPa, at 50 hPa, and 20 hPa - 10 hPa.
CFSR/CFSv2 and JRA-55 do not show an oscillating pattern in their differences from the ozonesonde temperature,
but rather an increasing negative difference with altitude
from 100 hPa to 10 hPa. During January all four reanalyses
agree well with the South Pole ozonesonde temperatures
from 100 hPa up to 50 hPa. At higher altitudes, all four
show negative differences at 30 hPa and 20 hPa. During
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the ATOVS period, differences from the South Pole ozonesonde temperatures are much smaller (-1 K to 0 K) during
July and even smaller (except for ERA-I which shows a
consistent cold bias) during January.
The likely candidate for this ‘ringing’ during the TOVS period is how the reanalyses assimilate the three broader SSU
channels vs. the narrower five AMSU channels (10 - 14)
during the ATOVS period and how the assimilation systems handle the propagation of errors in the vertical.

3.8 Comparisons against other observations
3.8.1 Ozonesonde temperatures
Most radiosonde temperature observations are assimilated
by the reanalyses. This makes comparisons of reanalyses
with radiosondes problematic since the reanalyses should
differ least at these observation points. However, temperature profiles accompanying ozonesondes are not assimilated
by the reanalyses and thus are a viable source for comparison in the lower and middle stratosphere. Four ozonesonde
locations (Ny Ålesund, 79 º N, 12 º E, beginning 1992; Hohenpeissenberg, 48 º N, 11 º E, beginning 1987; Lauder, 45 º S,
170 º E, beginning 1986; and Neumayer, 70 º S, 8 º W, beginning 1992) obtained from the NDACC were chosen to compare their temperature profiles with that from reanalyses.
These locations had the greatest longevity and consistency in ozonesonde measurements. Figure 3.24 shows that
there is nearly a 30 % reduction of ozonesonde flights from
10 hPa to 7 hPa. An additional 50 % do not reach 5 hPa, and
only a few reach 3 hPa. This makes analysis of differences
with these radiosonde temperatures above 10 hPa impractical. Figure 3.25 presents the annual mean differences and
standard deviations of CFSR/CFSv2, MERRA, and ERA-I
from the radiosonde observations upward from 100 hPa.
Of the four locations, only Lauder shows substantial differences from the observations from 100 hPa to 10 hPa.
The variability of the differences is consistently about 2 K
Figure 3.24: Total number of temperature observations made at each
pressure level in the lower
and mid-stratosphere at
Ny Ålesend, Hohenpeissenberg, Lauder, and
Neumayer since observations started at each
site. Hohenpeissenberg
has a higher frequency
of ozonesonde launches
per month than the
other three sites. Note
that the number declines
rapidly above 10 hPa. Ozonesonde data is from the NDACC.
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balloon’s ‘lifetime’ is limited only by leaks of
the lifting gas, atmospheric energy, and political or safety considerations. The first LDB
were used by the US Navy to collect meteorological data at 300 hPa upwind of the
continental US over the Pacific Ocean. Each
balloon flight lasted several days and they
were tracked by radio triangulation (Angell,
1960). Other LDB programs include:
 The NCAR “GHOST” program from
1967-71. This consisted of 60 flights at pressure levels between 200 hPa and 100 hPa.
The emphasis was towards monitoring the
circulation in the Southern Hemisphere upper troposphere (Angell, 1972).
 The French-US “Eole” Program from
August 1971 to December 1972. This program launched 480 balloons taking over
80,000 observations (or more than 600 observations per day) near the 200 hPa pressure level in the SH mid and high latitudes.
Satellites were used to obtain several positions per day for each balloon (Hertzog et
al., 2006). Along with winds, the balloons
provided temperature and pressure observations.

 The Vorcore Campaign from September
2005 to February 2006 over Antarctica. This
Figure 3.25: Mean (solid line) and standard deviation (dashed line) of temprogram included 27 balloons that flew beperature differences (°C) of three reanalysis (CFSR/CFSv2, MERRA, and ERA-I)
tween 60 hPa and 80 hPa. GPS positioning
from ozonesonde observed temperatures at a) Ny-Ålesund, b) Hohenpeissenwas used to determine the winds and presberg, c) Lauder, and d) Neumayer. Ozonesonde data is from the NDACC.
sure and temperature observations were
communicated with the ground station. Observations were determined at a frequency of
at all altitudes at Ny Ålesund and Hohenpeissenberg. At
15 minutes (Boccara et al., 2008).
Neumayer the difference variability is 2 K at 100 hPa, but
increases to 4 K at 10 hPa. At Lauder, the variability of dif The French Space Agency (Centre National d’Etudes
ferences is nearly 3 K at 100 hPa and grows to nearly 6 K at
Spatiales (CNES)) Pre-Concordiasi took place in Feb10 Pa. The relatively small mean difference and variability
ruary 2010 and consisted of three flights, lasting about
of differences of the reanalyses temperatures from obserthree months. Observations were taken every 30 seconds
vations at Ny Ålesund and Hohenpeissenberg indicate that
of winds, pressure and temperature in the equatorial upover the northern hemisphere land masses the reanalyses
per troposphere – lower stratosphere (UTLS) or Tropical
temperatures are quite good. The large differences from the
Tropopause Layer (TTL) (Podglajen et al., 2014).
Lauder observations could be attributed to poorer analyses
by the reanalyses since few radiosonde observations are
The Eole, Vorcore, and Pre-Concordiasi observations of
available to be assimilated in the SH middle latitudes. The
temperature and winds have been compared to ERA-40 and
larger variability of differences at Neumayer indicates inR1, ECMWF operations and R1, and ECMWF operations,
creased uncertainty of the reanalyses over Antarctica.
ERA-I and MERRA, respectively. None of these balloon observations were assimilated by the reanalyses or ECMWF
operations. The Eole observations showed that both ERA-40
3.8.2 Long-duration balloon observations
and R1 were warmer than the balloon observations in the
subtropics but colder at higher latitudes. Eole observations
Long duration balloons (LDB) are closed, non-expansive,
also showed that the analysis of meteorological wind fields
super-pressure, plastic balloons capable of performing
over the open oceans was much better in R1 than in ERA-40.
‘horizontal’ soundings in the atmosphere. They remain on
Boccara et al., 2008 noted that over Antarctica during the
a constant density surface and are advected by the winds. A
2005 austral spring the “ECMWF analyses were found to
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agree closely with the observations with virtually no bias
on the zonal and meridional velocities and a small cold
bias (-0.42 K) on the temperature. The velocities from the
NCEP-NCAR reanalysis [equivalent to R1] reanalyses are
also very close to the balloon observations although they exhibit larger dispersion. Overall, R-1 displayed a strong warm
bias (+1.51 K)”. The Pre-Concordiasi observations showed
that the scarcity of upper air wind observations by radiosonde or aircraft in the Tropical Tropopause Layer impacted
the reanalyses’ ability to properly resolve small and mesoscale motions in the wind fields.

3.8.3 Rocketsonde observations
A four decade analysis of radiosondes (1969-present), M-100
rocketsondes (1971 - 1991), RH-200 rocketsondes (2002 - present) and high altitude radiosondes (1969 - present) taking
measurements on a weekly to two-week frequency has been
performed by Das et al. (2016). Observations from all the
above were taken at the Thumba Equatorial Rocket Launching Station (TERLS), India (8.5 º N, 76.9 º E). M-100 rocketsonde observations between 1969 - 1991 at Volgagrad, Russia
(49 º N, 44 º E), Heiss Island (81 º N, 58 º E), and Molodezhnaya
(68 º S, 46 º E) are also available for analysis. Monthly means
were determined between 1970 and 2014. Comparisons were
generated between the rocket and radiosonde observations
and R2, ERA-40, ERA-I, and MERRA for zonal and meridional wind. Comparisons of winds were generated from the
surface up to 30 km (~10 hPa) from radiosondes and 30 km
to 65 km (~10 hPa - 0.1 hPa) from rocketsondes. RMS errors
of the reanalyses zonal wind was about 2 m s-1 below 10 km,
growing to about 4 m s-1 at 30 km, continuing to increase to
6 m s-1 by 65 km. Meridional winds had an RMS difference of
about 2 m s-1 up 10 km, peaking in the troposphere at 15 km
at about 2.5 m s-1, declining to 2 m s-1 at 20 km, then slowly increasing to 6 m s-1 at 50 km. Filtering the observed and reanalysis zonal winds into their annual oscillation, SAO, and QBO
components show that the annual oscillation, QBO, and SAO
are all reproduced by the reanalyses and their structures in
the vertical are comparable with the observations at Thumba.
However, MERRA’s difference with the annual oscillation
observations increase from 0 m s-1 to 10 m s-1 from 50 km to
65 km, and the SAO winds above 40 km are overestimated
by MERRA by 5 m s-1. The QBO amplitude growth from
20 km to 25 km is captured by all the reanalyses, but their
amplitude with respect to observations is underestimated
between 25 km to 30 km.

3.9

Effects of volcanic eruptions and other natural
variabilities

A paper by Mitchell et al. (2015) examined nine reanalyses
to isolate zonal-mean temperature and zonal wind signatures of variability in the stratosphere and troposphere associated with the two volcanic eruptions (El ChichÓn, and
Mt Pinatubo), El Niño–Southern Oscillation (ENSO), the
QBO of the equatorial zonal wind, and the 11-year solar
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cycle. Mitchell et al.(2015) also examined in greater detail the seasonal evolution of the 11-year solar cycle signal
that operate in the stratosphere and may penetrate downward to influence the troposphere. Employing a multiple
linear regression technique with no time lags, Mitchell et
al. (2015) found that the characteristic signals of all four
sources of variability were very consistent between each of
the reanalyses over the 1979 - 2009 period. They found that
ENSO imparts a high temperature anomaly in the equatorial troposphere and strengthens the westerly winds in the
subtropics. They also found that ENSO has an influence
upon the Southern Annular Mode (SAM) with associated
zonal wind anomalies in the SH mid-latitude and sub-polar regions. Influences in the stratosphere were also found
that imparted a temperature anomaly above the tropical
tropopause. This may impact the lower region of the QBO.
There is also a warm winter anomaly in the NH polar
mid / upper stratosphere that is indicative of increased wave
propagation into the winter stratosphere during strong El
Niño events. The consensus volcanic response is a warm
anomaly in the tropical lower stratosphere, cool anomaly
in the upper tropical stratosphere, and wide spread cooling in the troposphere. There is a triple temperature and
wind anomaly (positive/negative/positive) response over
the equator associated with the QBO. The upper positive
response indicates that the QBO has an influence upon the
SAO. The 11-year solar cycle response is weaker and less
statistically significant than the atmosphere’s response to
other forcings. A tropical warm anomaly under solar maximum conditions may influence planetary wave propagation toward the poles which is most apparent during the
winter months.
Furthermore, Fujiwara et al. (2015) analysed the volcanic
temperature responses to the 1982 El ChichÓn and 1991
Mount Pinatubo eruptions individually using nine reanalysis data sets (JRA-55, MERRA, ERA-I, CFSR/CFSv2,
JRA-25, ERA-40, R1, R2, and 20CR). They found that the
latitude-pressure distribution of volcanic temperature
responses was different for different eruptions, but was
quite similar at least among the recent four reanalysis data
sets (JRA-55, MERRA, ERA-Interim, and CFSR/CFSv2)
for each eruption. The R1, R2, and JRA-25 showed different tropical stratospheric signals particularly for the
El ChichÓn eruption, though the original upper-air temperature observations assimilated are basically common,
and this is most probably in association with the use of
older analysis systems. The 20CR did not assimilate upper-air observations and gives very different volcanic signals, despite including volcanic aerosols in the forecast
model (this is in part due to unknown warming signals
in 20CR in 1989 and in 1990 that raised the 36-month averaged base in the volcanic signal definition). They also
analysed the response to the 1963 Mount Agung eruption
using JRA-55, ERA-40, R1, and 20CR, and concluded that
the JRA-55 data set is probably the most ideally suited for
studies of the response to the Mount Agung eruption because it is the only data set that employs the most recent
reanalysis system.
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Summary and conclusions

In this chapter a comparison of monthly zonal mean temperatures and zonal winds from the five more recent reanalyses and
several older reanalyses were evaluated and intercompared.
Our initial evaluation was to look for temperature discontinuities 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 stratosphere 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 observations 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, especially in the middle and upper stratosphere.
So as not to favour any one particular reanalysis, a reanalysis ensemble mean (REM) of three of the more recent reanalyses (MERRA, ERA-I, and JRA-55) was generated.
We presented the climatological mean (1981 - 2010) of the
temperature and zonal wind REM and showed the altitudes and seasons with the largest variance in the REM.
The temperature and zonal winds have the greatest inter-annual 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 variability 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 inter-annual 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
inter-annual variability in timing and magnitude.
Time series of the temperature variance in the three REM
members showed that the greatest disagreement occurs during
the TOVS time period (1979 – 1998) in all latitude zones, and
agreement improves during the ATOVS time period (1999 to
present). The disagreement in the SH polar latitudes 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 periods. 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 equatorial 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/
CFSv2 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 hPa and 5 hPa
that occurred only during the austral winter and only during the TOVS time period. MERRA-2 had very small differences 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 hPa and 3 hPa. These biases greatly diminished during the ATOVS period. Temperature differences
from the REM in the earlier reanalyses (JRA-25, ERA-40, and
R1) extended throughout the stratosphere and the upper 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 differences 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 hPa – 10 hPa) against the zonal winds observed at
Singapore using the FUB data set showed that the CFSR/CFSv2
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 parametrisation. The RMS differences from the Singapore zonal winds were smaller during the ATOVS period for
all the reanalyses. The CFSR/CFSv2 had the largest amplitude
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 hPa 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
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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 structure 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.
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months between 3 hPa 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 and
Qian, 2016; Zou et al., 2014) 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 version used in this
chapter and the appropriately weighted reanalyses 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/CFSv2, the other reanalyses (MERRA-2, MERRA,
ERA-I, and JRA-55) capture the basic 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 generate anomalies in parts of the atmosphere which are more sensitive to the changes in data sources,
which impacts their quality and accuracy over time.

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 temperature
amplitude by 5 - 15 K. The region of large amplitude extends
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 stratosphere
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 hPa
to 30 hPa. This is due to its warm bias during the SH winter
months in this latitude region. The CFSR/CFSv2 temperature
amplitude decreases rapidly above 3 hPa due to its warm bias
in the upper stratosphere in both SH and NH polar latitudes.

Temperature soundings at four ozonesonde locations extending back to the late 1980’s and early 1990’s were used to compare against CFSR/CFSv2, MERRA, and ERA-I. The long-term
mean differences show that the reanalyses do well below 10 hPa
in the NH high (Ny Ålesend) and mid latitudes (Hohenpeissenberg). Similar mean temperature differences were observed
over Antarctica (Neumayer) but with increasing standard
deviation with height. Larger mean differences and standard

Comparisons against HIRDLS (January 2005 - March 2008) and
Aura MLS (2005 - 2014) temperatures concur with the previous
characteristicsofthevariousreanalysesintheupperstratosphere.
The CFSR has a definite 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
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Figure 3.26: Evaluation of specified diagnostics for each reanalysis. Four evaluation characterizations are provided : “Demonstrated Suitable” (dark green), “Suitable with Limitations” (light green), “Use with Caution” (yellow), and “Demonstrated Unsuitable” (red). Note that the
score corresponding to “demonstrated suitable” was not assigned to any of the diagnostics listed here, so the darkest green colour does not
appear in this table. Diagnostics relate to: Use of temperatures above/below 10 hPa and before/after 1998; QBO zonal winds and polar zonal winds before/after 1998; and temperature layer differences from the Climate Data Record (CDR) for MSU channel 4, and SSU Channels 1,
2, and 3. Note that the score coresponding to “Demonstrated Suitable” (dark green) was not assigned to any reanalysis for any diagnostic.
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deviations with height were observed over Lauder.
Additional studies extending over several decades have examined other aspects of the dynamical features of reanalyses in
the upper troposphere and stratosphere. These studies have
used long duration balloons at multiple geographic regions of
the globe (Podglajen et al., 2014; Baccara et al., 2008; Hertzog
et al., 2006) and historical radiosonde and rocketsonde flight

3.11

information over India and Russia (Das et al., 2016). Using
linear regression techniques, Mitchell et al., (2015) examined
reanalyses for impacts on both hemisphere’s annular modes
and wave activity from multiple sources of variability (ENSO,
QBO, volcanoes, and the solar cycle). Fujiwara et al. (2015) used
multiple reanalyses to examine their temperature response to
the El Chichón and Mt. Pinatubo volcanic eruptions.

Key findings and recommendations

In this chapter we have examined the thermal and dynamical characteristics of the older and the more recent reanalyses. A summary
of the diagnostics evaluated in this chapter is provided in Figure 3.26. This figure contains assessments of the reanalysis representation
of key diagnostics related to temperature and winds and directs the reader towards the appropriate chapter section for further information.

Key Findings:
 More recent reanalysis from all centres are better than their previous version (e.g., JRA-55 vs. JRA-25; MERRA-2 vs. MERRA).
 Due to changes in available data sources, drifts and jumps in the long-term temperature time series can occur. These irregularities
are greatest above 10 hPa. Greatest caution is advised when determining trends with reanalysis temperature data sets above 10 hPa.
 The more recent reanalyses have fewer discontinuities in their temperature and wind time series due to better data assimilation
techniques and transition among different sets of observations.
 The transition from the TOVS to ATOVS satellite periods, starting around 1998 - 1999, is problematic for all reanalyses. In the
stratosphere, the transision from three broad SSU IR channels to 5 narrower AMSU/ATMS microwave layers proves to be problematic for data assimiation.
 The more recent reanalyses agree quite well with each other in the lower and middle stratosphere. All reanalyses have greater
differences in the upper stratosphere and lower mesosphere. The latter discrepancies result from differences in model top, vertical resolution, data assimilation techniques and data that is assimiated. Chapter 2 provides detailed information about each
reanalyis model’s structure and physics.
 Temperature biases exist among the various reanalyses in the UTLS especially before 1998. Temperatures do not harmonize
until GNSS-RO observations are used to lock in the temperatures after 2005.
 The reanalysis QBO winds show improvement over time. Separating them into the TOVS and ATOVS periods, the ATOVS period agree much better with the Singapore radiosonde observations than during the TOVS period. We expect that future reanalyses
will have QBO winds that agree with observations as their forecast models improve to produce a spontaneous QBO in the tropics.

Recommendations:
 Users of any reanalysis should proceed with greatest caution when intercomparing reanalyses, and particularly when attempting to detect trends and/or changes in climate above the tropopause.
 Improving the TOVS time period would be highly beneficial to future reanalyses. However, the TOVS time period may never be
as good as the ATOVS period due to the sparsity of data.
 Model improvements, improvements to the variational bias corrections to handle the broad SSU weighting functions, and
non-orographic gravity wave parametrisation improvements (so the forecast models can generate a QBO on their own) are
some of the ways the TOVS time period can be improved upon.
 It may benefit each ‘satellite era’ reanalysis to begin their reanalysis several years earlier using just conventional data. This most
likely will help harmonize the reanalyses’ temperature structure below 10 hPa at the start of assimilating satellite data.
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Major abbreviations and terms
20CR

20th Century Reanalysis of NOAA and CIRES

AIRS

AIRS : Atmospheric InfraRed Sounder

AMSU

Advanced Microwave Sounding Unit (AMSU-A for Unit A)

ATOVS

Advanced TIROS Operational Vertical Sounder

Aura

A satellite in the EOS A-Train satellite constellation

CDAS-T574

Climate Data Assimillation System T574 resolution

CDR

Climate Data Record

CFSR

Climate Forecast System Reanalysis of NCEP

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

CFSv2

CFSv2 : Climate Forecast System version 2. Post 2010 version of CFSR

CNES

Centre national d’études spatiales

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

ENSO

El Niño Southern Oscillation

EOS

NASA Earth Observing System

ERA5

ECMWF Reanalysis version 5

ERA-15

ECMWF 15-year reanalysis

ERA-40

ECMWF 40-year reanalysis

ERA-I or ERA-Interim

ECMWF interim reanalysis

GENESIS

Global Environmental and Earth Science Information System

GHOST

Global Horizontal Sounding Technique

GLATOVS

Goddard Laboratory for Atmospheres TOVS forward model

GMAO

Goddard Modeling and Assimilation Office

GPSRO

Global Positioning System radio occultation

GSI

Gridpoint Statistical Interpolation

HIRDLS

High Resolution Dynamics Limb Sounder

IASI

Infrared Atmospheric Sounding Interferometer

ITCZ

InterTropical Convergence Zone

JMA

Japanese Meteorological Agency

JRA-25

Japanese 25-year reanalysis

JRA-55

Japanese 55-year reanalysis

JPL

Jet Propulsion Laboratory

LDB

Long Duration Balloon

MERRA

Modern Era Retrospective-Analysis for Research (MERRA-2 for its version2)

MLS

Microwave Limb Sounder
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MSU

Microwave Sounding Unit

NASA

National Aeronautics and Space Administration

NCAR

National Center for Atmospheric Research

NCEP

National Centers for Environmental Prediction of NOAA

NDACC

Network for the Detection of Atmospheric Composition Change

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

RTM

Radiative Transfer Model

S-RIP

SPARC Reanalysis Intercomparison Project

SAM

Southern Annular Mode

SAO

Semi-annual oscillation

SD

Standard Deviation

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

TERLS

Thumba Equatorial Rock Launching Station

TIROS

Television Infrared Observation Satellite

TLS

Temperature of the lower stratosphere (MSU channel 4 and AMSU channel 9)

TOVS

TIROS Operational Vertical Sounder

TTL

Tropical Tropopause Layer

UTLS

Upper Troposphere and Lower Stratosphere

WMO

World Meteorological Organization

121

122

SPARC Reanalysis Intercomparison Project (S-RIP) Final Report

