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Abstract

This study investigates the quality of the Japanese 55-year Reanalysis (JRA-55), which is the second global
reanalysis constructed by the Japan Meteorological Agency (JMA), by comparing it with other reanalyses and
observational datasets. Improvements were found in the representation of atmospheric circulation on an isentropic
surface and in the consistency of momentum budget based on the mass-weighted isentropic zonal mean method.
The representation of climate variability in several regions was also examined. In the tropics, the frequencies of
high spatial correlations with precipitation, which were estimated using the Tropical Rainfall Measuring Mission
Multisatellite Precipitation Analysis, are clearly higher in JRA-55 than in JRA-25. The results indicate that JRA-55
generally improved the representations of phenomena on a wide range of space—time scales, such as equatorial
waves, and transient eddies in the storm track regions, compared with JRA-25 during the satellite era. Moreover,
JRA-55 improved the temporal consistency compared with the older reanalyses throughout the reanalysis period.
In the stratosphere, we found larger discrepancies between reanalyses for the extra-tropical stratosphere during the
Southern Hemisphere (SH) winter. Comparisons with radiosonde temperature revealed that JRA-55 has a smaller
bias in temperature than the other reanalyses in the extra-tropical SH winter before 1979.

Some issues in JRA-55 were also identified. The amplitude of equatorial waves and Madden—Julian oscillation
in JRA-55 are weaker than in the other reanalyses. JRA-55 shows unrealistic strong cooling in South America
and Australia, although the spatial distribution of the long-term temperature trends in JRA-55 is the closest to an
observational dataset of global historical surface temperature.
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1. Introduction

The Japan Meteorological Agency (JMA) has
conducted the second global atmospheric reanalysis,
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i.c., the Japanese 55-year Reanalysis (JRA-55). This
is the first comprehensive reanalysis to cover the last
half-century since the European Centre for Medi-
um-Range Weather Forecasts 45-year Reanalysis
(ERA-40), and it is also the first to apply four-dimen-
sional variational analysis (4D-Var) to this period.
Kobayashi et al. (2015), in the first comprehensive
report on JRA-55, outlined the general specifica-
tions and basic characteristics of this product. They
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Table 1. Basic specifications of reanalyses used in this study.
Name Organization Reanalysis period Resolution Data assimilation method
JRA-55 IMA 1958 to present TL319, L60 up to 0.1 hPa 4D-Var
JRA-25 JMA/CRIEPI 1979 to Jan. 2014 T106, L40 up to 0.4 hPa 3D-Var
ERA-40 ECMWF Sep. 1957 to Aug. 2002 TL159, L60 up to 0.1 hPa 3D-Var
ERA-Interim  ECMWF 1979 to present TL255,L60 up to 0.1 hPa 4D-Var
NCEP/NCAR  NCEP/NCAR 1948 to present T62, L28 up to 3 hPa 3D-Var
NCEP-DOE2  NCEP/DOE 1979 to present T62, L28 up to 3 hPa 3D-Var
CFSR NCEP 1979 to present T382, L64 up to 0.266 hPa 3D-Var (Coupled forecast system)
MERRA NASA GMAO 1979 to present (2/3)°x0.5°, L72 up to 0.01 hPa  3D-Var

described the JRA-55 system configuration including
the data sources, quality control, data selection for
observations, data assimilation system (DAS), and
forecast model. In addition, they described two major
improvements in quality over the Japanese 25-year
Reanalysis (JRA-25; Onogi et al. 2007) product. One
of the improvements is the reduction of dry bias in the
Amazon basin, and another is the temporal consis-
tency of temperature analysis.

The purpose of this study is to verify the represen-
tations of phenomena with various space—time scales
in specific vertical and horizontal regions of the global
atmosphere as well as those of atmospheric circula-
tion and climate variability in JRA-55. We employ as
many observational datasets as possible for the veri-
fication of various phenomena represented in JRA-55
and conduct comparisons with other reanalyses. The
remainder of this manuscript is organized as follows.
In Section 2, we describe the data and methods used
in this investigation. Section 3 discusses improve-
ments in the representation and consistency of the
atmospheric flow. Sections 4, 5, and 6 focus on the
representations of climate variability in the tropics,
the extra-tropics, and the stratosphere, respectively.
Section 7 presents the global distributions of long-
term trends in surface air temperature. Finally, a
summary and conclusions are provided in Section 8.

As described by Kobayashi et al. (2015), 27 inde-
pendent Japanese researchers participated in quality
evaluation prior to the release of the products. Their
evaluations revealed the improvement of JRA-55
in various aspects. For example, they evaluated the
signatures of naturally induced variability in the atmo-
sphere (Mitchell et al. 2015), representation of the
diurnal migrating tide in the stratosphere, extra-trop-
ical cyclone activity, distribution of precipitation in
the tropics, and diurnal cycle over East Asia (Chen
et al. 2014). Some of these evaluation studies are
included in this paper.

2. Data and methods

2.1 Reanalysis products for comparison

One of the purposes of this study is to clarify the
advantages of JRA-55 over JRA-25. The detailed
specifications of JRA-55 and JRA-25 were described
by Kobayashi et al. (2015) and Onogi et al. (2007),
respectively. In addition, we utilize products from
other operational forecast centers and research insti-
tutes; the leading centers being European Center for
Medium-range Weather Forecast (ECMWF), National
Centers for Environmental Prediction (NCEP),
National Aeronautics and Space Administration of
Global Modeling and Assimilation Office (NASA
GMAO), etc., as summarized in Table 1.

There are two major products of ECMWF; one is
the ERA-40 reanalysis, the other is ERA-Interim. The
ERA-40 reanalysis was generated with the three-di-
mensional variational (3D-Var) analysis version of the
Integrated Forecasting System that was operational
at ECMWEF from June 2001 to January 2002 (Uppala
et al. 2005). ERA-Interim is based on the 12-hourly
4D-Var analysis and includes many updates from
ERA-40, such as variational bias correction to satellite
radiance (Dee et al. 2011).

The major product from NASA GMAO is the
Modern-Era Retrospective Analysis for Research and
Applications (MERRA), which was generated with
version 5.2.0 of the Goddard Earth Observing System
(GEOS-5) atmospheric model and 3D-Var based DAS
(Rienecker et al. 2011).

We also use the NCEP/National Center for Atmo-
spheric Research (NCAR) reanalysis (NCEP/NCAR
reanalysis; Kalnay et al. 1996; Kistler et al. 2001),
which covers more than 66 years since 1948, a
corrected version of the NCEP/NCAR reanalysis
(NCEP-DOE reanalysis; Kanamitsu et al. 2002), and
a new coupled global NCEP reanalysis called Climate
Forecast System Reanalysis (CFSR; Saha et al. 2010).
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2.2 Observational datasets for verification

This section describes the observational datasets
used for verification.

Liebmann and Smith (1996) performed temporal
and spatial interpolation of estimates of Outgoing
Longwave Radiation (OLR) using National Oceanic
and Atmospheric Administration (NOAA) polar
orbiting satellites (Gruber and Krueger 1984), over a
regular global grid, filled in the missing values at grid
points not covered by the satellites. We utilize this
interpolated daily OLR (NOAA OLR) at a horizontal
resolution of 2.5° x 2.5° in this study.

Huffman et al. (2007) estimated precipitation at fine
scales (0.5° x 0.5° and 3 hourly) using the Tropical
Rainfall Measuring Mission (TRMM) Multisatellite
Precipitation Analysis (TMPA). In the TMPA frame-
work, passive microwave data are collected from
various low-earth-orbit satellites such as the Micro-
wave Imager on TRMM, Special Sensor Microwave
Imager (SSM/I) on Defense Meteorological Satel-
lite Program satellites, Advanced Microwave Scan-
ning Radiometer-Earth Observing System on the
Aqua satellite, and Advanced Microwave Sounding
Unit-B on the NOAA satellite series. Infrared data
and monthly gauge data are also used. This estimated
precipitation dataset is called TRMM3B42.

The best track for tropical cyclone verification was
provided by Dr. M. Fiorino at the National Hurricane
Center for the JRA-55 project (Fiorino 2002).

The Global Precipitation Climatology Centre
(GPCC) has been conducting a global analysis of
monthly land surface precipitation based on in situ
rain-gauge data (Schneider et al. 2011). The full data
reanalysis product (GPCC full ver. 6) is their most
accurate product.

To verify the quality of sea level pressure (SLP)
in reanalyses, we make use of an updated version of
the Hadley Centre’s monthly historical mean SLP
(HadSLP2; Allan and Ansell 2006). HadSLP2 is
constructed by blending surface pressure data from
historical sources worldwide and from the Interna-
tional Comprehensive Ocean—Atmosphere Data Set
(Worley et al. 2005).

The Earth Observing System Microwave Limb
Sounder (MLS), onboard the National Aeronautics
and Space Administration Aura satellite launched in
July 2004 (Aura MLS), has been measuring tempera-
tures, several atmospheric species, cloud ice, and
geopotential heights to provide information about the
earth’s upper troposphere, stratosphere, and meso-
sphere (Waters et al. 2006). We calculate daily 2.5° x
2.5° grid box-mean data using Aura MLS level 2
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data and reanalyses. Note that box-mean values from
reanalyses are used only when the corresponding
box-mean value from Aura MLS is present.

The Hadley Centre and the Climatic Research
Unit at the University of East Anglia (CRU) have
collaborated and provided the global tempera-
ture series. Morice et al. (2012) updated the series
to HadCRUT4, which is a combination of the new
land air temperature CRUTEM4 (Jones et al. 2012)
and the sea surface temperature (SST) analysis
HadSST3 (Kennedy et al. 2011a, b). We make use of
HadCRUT4 to verify the long-term trends in surface
air temperature.

2.3 Methods

To examine datasets with different spatial reso-
lutions, we bin the data into common grid cells with
a horizontal resolution of 2.5° x 2.5° or 5° x 5° to
calculate the differences between the datasets. To
ensure comparability, the end of the reference period
was chosen to be 2001 when JRA-55 was compared
with ERA-40.

To extract the various atmospheric waves or distur-
bances, we apply a Lanczos filter (Duchon 1979) to
the daily OLR and the daily zonal and meridional
wind components of the reanalysis products. We
investigate the activity of equatorial waves (Section
4.2) and synoptic variability in storm track regions at
mid-latitudes (Section 5.2).

3. Representation and consistency of atmospheric
flow

3.1 Improvements in the representation of
atmospheric flow

In the DAS of JRA-55, new radiation and advec-
tion schemes are included in the forecast model and
4D-Var with variational bias correction to satellite
radiances is implemented (Kobayashi et al. 2015).
Hence, it is expected that JRA-55 improves the
representation of atmospheric flow and the temporal
consistency. We attempt to verify and visualize the
improvements in the atmospheric flow in the upper
troposphere. Previous studies have shown that Ertel
potential vorticity (PV) is conserved for adiabatic,
frictionless motion and that it acts as a tracer of the
atmospheric flow on an isentropic surface (Hoskins
et al. 1985). Therefore, it is reasonable to verify the
representations of atmospheric flow and circulation
in reanalyses using PV on the isentropic surface.
Figure 1 shows an example of the spatial PV distri-
bution on a 360 K isentropic surface. Focusing on a
high PV anomaly to the southwest of Japan, which
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(a) JRA-55, 4Jun1983 12:00UTC (b) JRA-25, 4Jun1983 12:00UTC
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means a higher value than that of its environmental
field, not deviation from the climatological mean, it
is apparent that the temporal consistency of JRA-55
(Figs. 1a, c, e) is far superior to that of JRA-25 (Figs.
1b, d, f). Moreover, the scattered distribution of
PV is observable for JRA-25, while it is not seen in
JRA-55. In JRA-25, an Eulerian scheme and 3D-Var
were utilized. Eulerian schemes tend to have signifi-
cant dispersion errors in fine-scaled humidity fields
(Ritchie 1985). In addition, 3D-Var does not take
account of observational time accurately. These would
be related to the differences between the abovemen-
tioned analyses.

3.2 Consistency of zonal mean fields

In this subsection, we focus on the consistency
of the atmospheric flow in the zonal mean fields. To
verify the representation and consistency of atmo-
spheric flow, we use the mass-weighted isentropic
zonal mean (MIM) method developed by Iwasaki
(1989) (see also Iwasaki 1990, 1992, 1998; Tanaka
et al. 2004). The zonal mean primitive equation is

0°

60°E 120°E 180° 120°W 60°W

Field of isentropic potential vorticity map at 360 K. Unit: PVU (1 PVU = 10°m?s ' K kg™ ).

used, and the vertical coordinate is defined by the
isentropic zonal mean pressure. All variables repre-
senting the zonal mean field are zonally averaged
with normalized weights proportional to the air mass
between two isentropic surfaces:

A(¢,9,t)*£%fA(/l,¢,9,1)(2—5/%)6{&, (1)

where A4 represents a physical quantity, and 4, ¢, 0, ¢,
and p are longitude, latitude, potential temperature,
time, and pressure, respectively. The overbars and
asterisks denote isentropic zonal mean and local mass
weight normalized by its zonal mean, respectively.

The zonal-mean zonal momentum equation and
Eliassen—Palm flux (EP flux) are represented as
follows:

Lf__ v aui*cosqﬁ_**aiu* =
or = “acosg o6 Vo TV
)
+ V.F X*,
ap, cos ¢
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where a, f, u, v, w, and X are the earth’s radius, Cori-
olis parameter, zonal velocity, meridional velocity,
vertical velocity, and frictional forcing, respectively,
and F, py, g, and @ are EP flux, reference density,
gravitational acceleration, and geopotential, respec-
tively. Daggers denote isentropic zonal means, and
the log-pressure coordinate for isentropic zonal mean
pressure is given by Z; = —H log(pi/po), where H is
scale height.

In the MIM framework, adiabatic wave motion,
which produces a Stokes drift, is separated from
diabatic effects, and the MIM method enables anal-
ysis of a single hemispheric cell, such as the Brewer—
Dobson circulation (BDC) in the stratosphere and the
tropospheric direct circulation. We apply the MIM
method to JRA-55 and JRA-25 model grid data and
calculate the regional average value of each term
in Eq. (2). Using this method, the zonal-mean zonal
wind acceleration was found to balance the sum of
the forcing terms on the right side of the zonal mean
equation (Eq. 2). However, in actual data assimi-
lation, the analysis increment, which is defined as
analysis minus first guess (6-hourly forecast in this
case), disturbs these terms, resulting in an imbalance
in the momentum budget. Kobayashi et al. (2015)
showed that global mean of root-mean-square (RMS)
departures (or differences) from radiosonde tempera-
tures decreased in JRA-55. In this study, we assess
whether the improved fit to observations contributes
to balancing the zonal momentum budget.

Figure 2 shows latitude—pressure cross-sections of
zonal-mean zonal wind and its RMS analysis incre-
ment averaged over Northern Hemisphere (NH)
winters (December—February) from 1979/1980 to
2011/2012. While the features of the zonal-mean
zonal wind in JRA-55 (Fig. 2a) and JRA-25 (Fig.
2b) are generally consistent, the RMS analysis incre-
ments of the zonal-mean zonal wind in the extra-
tropics for both the upper troposphere and the upper
stratosphere are greatly reduced in JRA-55 (Fig. 2¢)
compared with the corresponding values in JRA-25
(Fig. 2d). Furthermore, focusing on the mass stream
function (Fig. 3), the analysis increments in the
troposphere in JRA-25 (Fig. 3d) are greatly reduced
in JRA-55 (Fig. 3c). The reduction is related to the
fact that the numerical weather prediction model in
the DAS of JRA-55 is better than that in JRA-25. In
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the lower stratosphere, the BDC of JRA-55 (Fig. 3a)
is slightly weaker than that of JRA-25 (Fig. 3b). For
example, the line of 0.61 x 10'° kg s7! is observable
above the 50 hPa level in JRA-25, while it is seen
below the 50 hPa level in JRA-55. In reanalysis data-
sets, the BDC characteristics are dependent on the
data assimilation scheme and the forecast models used
to generate the first-guess field (Iwasaki et al. 2009).
The annual- and seasonal-mean upwelling of JRA-55
is weaker than that of JRA-25 and has very similar
values to ERA-Interim at selected vertical levels (Fig.
4). Because the thermodynamic balance of JRA-55
is much better than that of JRA-25 (Kobayashi and
Iwasaki 2016), the BDC strength diagnosed using
JRA-55 is higher than that from JRA-25.

Figure 5 depicts the zonal momentum budgets
averaged over 45-60°N during the major sudden
stratospheric warming (SSW) event that occurred in
mid-January 2009 (Harada et al. 2010). SSW events
usually occur due to the upward propagation of plan-
etary-scale wave packets from the troposphere, and
the convergence of these wave packets causes decel-
eration of zonal-mean zonal wind in the stratosphere.
The agreement between the zonal mean wind acceler-
ation (the black lines in Fig. 5) and the sum of forcing
terms (the red lines in Fig. 5) indicates the consis-
tency of the zonal momentum budget. In JRA-25
at the 5 hPa level, the sum of forcing terms does
not follow the zonal mean wind acceleration around
the peak of the zonal wind deceleration (Fig. 5d). In
contrast, in JRA-55, the sum of forcing terms closely
follows the zonal mean wind acceleration even at the
peak of the zonal wind deceleration (Fig. 5c¢). More-
over, at other pressure levels, JRA-55 shows good
agreement between the zonal wind acceleration and
the sum of forcing terms throughout the entire period.
This feature is common in other major SSW events
(not shown).

As mentioned above, both the reduction of biases
in the general circulation fields and a more consis-
tent zonal momentum budget are clearly observable
in JRA-55. These results indicate improvement in the
representation of the global atmospheric circulation in
JRA-5S.

4. Climate variability in the tropics

4.1 Validation of precipitation in the tropics
Kobayashi et al. (2015) presented climatologies of
global precipitation distributions for several reanal-
yses and an observational dataset based on a monthly
mean timescale promoted by The Global Precipita-
tion Climatology Project (GPCP, Adler et al. 2003).
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Fig. 2. Latitude—pressure cross-sections of (a, b) zonal-mean zonal wind and (c, d) its RMS analysis increment
over the NH winters (December—February) from 1979/1980 to 2011/2012 for (a, c) JRA-55 and (b, d) JRA-25.

In this section, we focus on the representation of
tropical precipitation for shorter timescales against
TRMM3B42 (Huffman et al. 2007; see also Section
2.2). The forecast model used in JRA-55 implements
higher resolutions in both the horizontal and vertical
directions compared with that in JRA-25. Therefore,
it is expected that JRA-55 products have an improved
representation of the distribution of precipitation for
smaller and shorter space-time scales than typical
scales in monthly data.

Figure 6 shows the frequency of the spatial
correlation of the daily mean precipitation over the
tropics with TRMM3B42 from 1998 to 2009. The
frequencies of high spatial correlations are clearly

higher in JRA-55 (red diamonds) than in the NCEP/
NCAR reanalysis (right blue circles), JRA-25 (pink
diamonds), CFSR (blue crosses), and ERA-Interim
(green triangles) and are close to those in MERRA
(purple crosses). This result indicates that JRA-55 has
higher quality in the representation of daily precip-
itation in the tropics. However, as mentioned by
Kobayashi et al. (2015), JRA-55 overestimates the
precipitation in the tropics compared with the obser-
vational precipitation dataset GPCP. Compared with
TRMM3B42, JRA-55 tends to overestimate the area—
mean precipitation rates for weak precipitation under
suppressed convection (Fig. 7a). The other reanalyses
used for comparison are similar to JRA-55 in this
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Fig. 3. As in Fig. 2, but for (a, b) mass stream function and (c, d) its analysis increments.
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regard, and all of the reanalyses overestimates precipi-
tation when the TRMM3B42 precipitation is less than

4 mm day !
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4.2  Convectively coupled equatorial waves and
Madden—Julian oscillation

The tropical or equatorial regions contain waves
with various space—time scales, such as convectively
coupled Kelvin waves, equatorial Rossby (ER) waves,
and mixed Rossby—gravity (MRG) waves. In addition,
the Madden—Julian oscillation (MJO) is the domi-
nant mode on an intra-seasonal timescale. Numerous
studies have been conducted using reanalysis data,
and recently Kim et al. (2014) evaluated the tropical
variability of precipitation from five global reanal-
ysis by comparison with an observational dataset.
Fujiwara et al. (2012) also investigated wave activity
in the tropical tropopause layer in seven reanalyses.
As discussed in these studies, the representations of
the equatorial waves and MJO are one of the most
important aspects of reanalysis quality. To verify
the representation of convectively coupled equato-
rial waves, we conducted a wavenumber—frequency
power spectrum analysis following Wheeler and
Kiladis (1999). They performed a wavenumber—
frequency spectrum analysis for longitudes in the
domain 15°S—-15°N using the daily NOAA OLR,
decomposed the data into symmetric and antisym-
metric components, and isolated several statistically
significant spectral peaks. We apply this method to the
OLR estimated from several reanalyses and compare
the results of reanalyses with those of NOAA OLR.
Figure 8 shows the zonal wavenumber—frequency
power spectrum ratio of OLR to its background
(defined as an average of smoothed symmetric and
antisymmetric components) within 15°S—-15°N for
the period from January 1981 to December 2001. For
the symmetric component (upper panels in Fig. 8)
comparison with NOAA OLR (Fig. 8h) shows that
the reanalyses generally depict the MJO signal, but
some of them tend to be weaker than that of NOAA
OLR, while the MJO signals in JRA-55 (Fig. 8a) and
ERA-Interim (Fig. 8d) are stronger than in the other
reanalyses and are closer to those in the NOAA OLR
case (Fig. 8h). Moreover, the Kelvin wave signal in
JRA-55 is stronger than the others and is rather close
to that in the NOAA OLR case. On the other hand,
the ER wave signal in JRA-55 is weaker than it is in
ERA-Interim (Fig. 8d), MERRA (Fig. 8e), and CFSR
(Fig. 8f), which are closer to the NOAA OLR case.
For the antisymmetric component (lower panels in
Fig. 8), although the MRG wave signals in the reanal-
yses are much weaker than they are in NOAA OLR
(Fig. 8p), it is noteworthy that the MRG wave signal
in JRA-55 (Fig. 8i) is stronger than those in the other
reanalyses. Moreover, before 1978, the signals of the
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equatorial waves and the MJO in JRA-55 (Fig. 9a) are
much stronger than those in ERA-40 and the NCEP/
NCAR reanalysis (Figs. 9b, c¢). This result indicates
that the quality of JRA-55 is consistent throughout its
reanalysis period.

One noteworthy issue is related to the variability
in equatorial waves and the MJO. JRA-55 under-
estimates the background power spectrum of OLR
(not shown). Therefore, the amplitudes of equatorial
waves and the MJO in JRA-55 are weaker than they
are in the other reanalyses during the whole reanal-
ysis period. Figure 10 shows the longitudinal distri-
bution of 20-100-day band-pass-filtered OLR vari-
ability averaged over 3°S—3°N for the period from
1980 to 2001. In particular, the amplitude of the MJO
is very weak in the Indian Ocean and the western
Pacific. This feature is commonly observed for equa-
torial waves (not shown). Yokoi (2015) compared
three reanalyses (JRA-55, JRA-25, and ERA-Interim)
with column water vapor (CWV) and precipitation
retrieved from SSM/I, focusing on intra-seasonal vari-
ability in the tropics, and noted that while the fore-
cast model used for JRA-55 is able to simulate east-
ward propagation of such CWV anomalies, it tends to
weaken their amplitudes due to the excessively weak
cloud-radiative feedback in the forecast model.

4.3 Representation of position and intensity of
tropical cyclones

To represent tropical cyclones (TCs) reasonably
well in data-sparse areas such as the tropical oceans,
JRA-55 assimilates tropical cyclone wind retrievals
(TCRs, Fiorino 2002) which are derived from best
track data to mimic radiosonde observations, as used
in JRA-25 (Fiorino 2002). Kobayashi et al. (2015)
found that JRA-55 represents around 95 % of the 6
hour global TC frequencies observed for the period
from the 1950s to the 1980s and 85-90 % in the
2000s. On the other hand, ERA-Interim, which does
not assimilate artificial TC information such as TCRs,
detects 60 % in the 1980s and 75-80 % in the 2000s.
The differences in the TC detection rates of JRA-55
and ERA-Interim demonstrate the usefulness of TCRs
in TC representation. Murakami (2014) evaluated
and compared the reproducibility of TCs in JRA-55,
JRA-25, ERA-40, ERA-Interim, CFSR, and MERRA
and found that JRA-55 was the best of the six reanal-
yses in terms of the skill of the spatial and temporal
distribution of TC frequency. Here, we evaluate TC
representation in JRA-55 in terms of position and
intensity by comparison with the best track as well as
with JRA-25 and ERA-Interim.
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Figures 11 and 12 show the geographical distri-  ences between the TC center positions reproduced in

bution and zonal mean climatology, respectively, of  JRA-55, JRA-25, and ERA-Interim against the best
the root mean square errors (RMSEs) of the differ-  track. Here, climatology is defined as the average
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19812010, and the zonal mean includes only  evaluated the mean difference between the TC posi-

tions in the reanalyses and the best track. Because



June 2016 Y. HARADA et al. 281

JRA-25TCR POSrms 1981-2010
“\\?
P

N (a) JRA-55TCR POSrms 1981-2010 (b)

20N
EQ1
205

40S

0 60E 120E 180 120W 60W o 5% 60E 120E 180 1200 60W 0

7 ——
'l

40N

208

60S

10 g
o e e

Fig. 11.

Geographical distribution of the RMSE of TC position (km) with respect to the best track TC position in (a)

JRA-55, (b) JRA-25, and (c) ERA-Interim averaged from 1981 to 2010.

TC Position RMSE
300

—JRA-55
JRA-25
200 | |—ERA-interim A

A\
\/\‘A\._J\,\ SV /\"

60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60
latitude

)

E (km

Position RMS
)
o

Fig. 12.  Zonal mean of the RSME of TC position
difference for JRA-55, JRA-25, and ERA-In-
terim.

averaging weight is larger for TCs with the larger
position error in the case of the RMSE, the magnitude
of the TC position error tend to be highlighted in the
large position error area for the RSME than for the
mean distance.

In Fig. 11, the RMSE is smaller than 100 km in
most areas in both JRA-55 and JRA-25. The grid
spacing of the JRA-55 and JRA-25 products used

in this study is 1.25°; hence, the RMSEs for the TC
positions in JRA-55 and JRA-25 are less than the grid
spacing in most areas. Thus, the TC position errors
in JRA-55 and JRA-25 are negligible compared with
the grid resolution, except at higher latitudes. TCs
move faster at high latitudes than at low latitudes,
meaning that the RSME is larger. Indeed, in the three
reanalyses, large RMSEs are evident in the northeast
sectors of the western North Pacific and the North
Atlantic basins where most TCs undergo transitions to
extra-tropical cyclones and move with higher speeds.
In ERA-Interim, the RMSE distribution is quali-
tatively similar to those in JRA-55 and JRA-25. In
the extra-tropics of the western North Pacific and the
North Atlantic, the magnitudes of the RMSE at most
grid points are smaller than the 150 km grid spacing
of the ERA-Interim product used in this study. The
RMSEs in the northeast sector of the basins are much
larger than the grid spacing, with values greater
than 300 km at some grid points. On the other hand,
RMSEs larger than the grid spacing are evident in the
tropics and the SH (Figs. 1lc, 12, respectively). The
larger RMSE in ERA-Interim is thought to be related
to the geographical distribution of the observational
data. In the NH extra-tropics, more accurate TC repre-
sentation is achieved due to the dense distribution of
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observational data, and a smaller position error from
the best track is also expected. In the tropics and SH,
however, the representation of TCs is relatively poor
and their position errors also become large due to
the scarcity of observations. In JRA-55 and JRA-25,
comparable TC position errors are evident in both
hemispheres due to the utilization of TCRs, even
in areas with sparse observations. In JRA-25 and
ERA-Interim, there are high RMSE spikes around
45°S. This error consists of only one grid point
containing a small number of TCs; therefore, we can
consider that these are exceptional cases. In TC anal-
ysis and modeling studies using reanalysis products,
the exact TC position is often required, and large posi-
tion errors are a serious problem. Schenkel and Hart
(2012) showed the superiority of the TC position error
in JRA-25 and CFSR, which introduce artificial TC
manipulation, compared with those in other reanal-
yses without TC manipulation. Our results with less
TC position error in JRA-55 support their results.

We evaluate the TC intensity as another aspect
of TC representation. Here, we utilize accumu-
lated cyclone energy (ACE) (Bell et al. 2000) as
the measure of TC intensity, which is defined as the
simple accumulation of the TC maximum wind speed
squared in a 6-hour interval, which indicates the wind
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Fig. 14. Zonal mean ACEs from JRA-55, JRA-25,
ERA-Interim, and the best track.

energy due to TCs. The ACE is measured in units of
kt? in its original form, but we use units of m? s,
Figures 13 and 14 show the geographical distribu-
tion and zonal mean of ACE for JRA-55, JRA-25,
ERA-Interim, and the best track. Note that in these
figures the scale used for the reanalyses is different
from that used for the best track because of the large
differences between their ACEs. It should be noted
that the TC intensities in reanalyses are generally
weak compared with those observed due to a coarse
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model resolution that does not resolve the inner struc-
tures of TCs. Figure 13 shows the qualitatively similar
geographical distributions of the ACEs of the three
reanalyses and the best track. The relatively large
ACEs are located to the east of the Philippines and to
the west of Mexico for the North Pacific, and in the
area around Florida for the North Atlantic. In the SH,
there is a zonal ACE maximum along 15-20°S. In the
zonal mean shown in Fig. 14, the overall latitudinal

variation of ACEs in the reanalyses is similar to that
in the best track. Of the three reanalyses, the largest
ACE is observed in JRA-55, and the second largest
in JRA-25, in the NH. The ratios of ACE north of
30°N to their maximum values in three reanalyses are
relatively large compared with that of the best track;
this implies that rapid intensification of TCs moving
toward high latitudes is not properly analyzed. Further
study regarding the reason for such TC behavior
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Fig. 16. Time series of monthly mean precipitation averaged over 30—40°N, 80—-100°W.

would be necessary. Schenkel and Hart (2012)
reported a northward shift in the TC maximum wind
speed distributions in some reanalyses, including
JRA-25 and ERA-Interim, compared with that of the
best track. The relatively large ACE north of 30°N is
considered to reflect a similar tendency in the location
of the maximum wind speed found in the reanalyses.
This topic needs to be improved in future reanalyses.

5. Climate variability in the extra-tropics

5.1 Precipitation over land

As described in Section 4.1, Kobayashi et al.
(2015) compared global precipitation with the GPCP
produced using both satellite data and surface rain
gauge data. However, over land, the reliability of
satellite-derived precipitation data is lower than it is

over the ocean (Nicholson et al. 2003a, b). Therefore,
in this section, the performance and representation of
JRA-55 for precipitation over extra-tropical land are
described using GPCC data (Schneider et al. 2011; see
also Section 2.2).

Figure 15 shows the distribution of the temporal
correlation coefficient between the reanalyses and
monthly mean precipitation obtained using GPCC
data from 1980 to 2001. Note that temporal correla-
tion coefficients are calculated only for grid boxes in
which the rain gauge stations are present within the
corresponding area for more than 80 % of the period.
Areas of low correlation commonly appear in the
tropics, for example, Central Africa, and the Amazon.
However, these panels also indicate that the reanal-
yses yield more accurate precipitation data over land



June 2016

a)JRA-5

60E 120E 180°  120W  60W

0° 60E 120E 180° 120W 60W

Y. HARADA et al. 285

0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25

0° 60°E  120E 180 60W
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in the NH extra-tropics. Furthermore, JRA-55 (Fig.
15a) is superior to JRA-25 (Fig. 15b), ERA-40 (Fig.
15¢), MERRA (Fig. 15e¢), and CFSR (Fig. 15f) in
regions such as Europe, Russia, southeastern North
America, and around Brazil, and is approximately
comparable to ERA-Interim (Fig. 15d); in partic-
ular, improvements in southeastern North America
and around Brazil in JRA-55 from JRA-25 are note-
worthy. The exclusion of surface pressure observa-
tions over the Amazon basin in JRA-55 is related
to the improvements around Brazil, as described in
Section 7.2 of Kobayashi et al. (2015).

Figure 16 shows time series of monthly mean
precipitation data averaged over 30-40°N, 80—-100°W,
corresponding to southeastern North America.
JRA-25 tends to overestimate the precipitation in
this area during the warm season, resulting in a lower
temporal correlation with the GPCC data. The precipi-
tation estimated by JRA-55 is satisfactorily consistent
with the GPCC results.

Figure 17 illustrates the distribution of the temporal
correlation coefficient between the reanalyses and
monthly mean precipitation obtained using GPCC
data from 1958 to 1979. JRA-55 exhibits higher
correlation coefficients over Eurasia and North
America compared with those of ERA-40 and the
NCEP/NCAR reanalysis. This result indicates that the
representation of precipitation over extra-tropical land
in JRA-55 is of high quality throughout the reanalysis

period.

5.2 Comparison of storm tracks

In the extra-tropics, synoptic-scale cyclones play
an important role in providing the momentum flux
to sustain mid-latitude large-scale circulation. We
refer to synoptic-scale cyclones as transient eddies, in
contrast to stationary Rossby waves. Transient eddies
develop along SST fronts, where the main regions of
the tracks of extra-tropical disturbances are formed
(Nakamura et al. 2008, Sampe et al. 2010). Compo
et al. (2011) compared the synoptic variabilities in
the storm track regions and found weaker variabilities
where observations were sparse. Here, we describe
the representation of transient eddies in the extra-
tropics in JRA-55, focusing on the effect of changing
the observing system on the synoptic variability in the
storm track regions in JRA-55.

Figure 18 shows 2—8-day band-pass-filtered tran-
sient eddy kinetic energies (KEs) at the 300 hPa
level during the NH cold season (November—March)
from 1980/1981 to 2000/2001. Two regions of
maximum KE are observable in the North Pacific
and the North Atlantic, and all reanalyses succeed in
qualitatively representing these regions. However,
the North Pacific KEs in JRA-25, ERA-40, and the
NCEP/NCAR reanalyses are clearly lower than those
in ERA-Interim. The KE in JRA-55 is also slightly
lower than that in ERA-Interim but it is stronger than



286 Journal of the Meteorological Society of Japan

(a)JRA-55

Q

(b)JRA-25

60E

(d)ERA-Interim

Q

(e)MERRA__

Q

60E

()NCEP/NCAR

Q

60E
120W

150E

Fig. 18.

Vol. 94, No. 3

% [m? s?]

150
145
140
135
130
125
120
115
110
105
100
95
90
85
80
75
70
65
60
55
50

120W

()CFSR

Q

30W

120W
60E
120W

150E

Band-pass-filtered 2—-8 day transient eddy KEs at 300 hPa level during NH cold season (November—

March) from 1980/1981 to 2000/2001 for (a) JRA-55, (b) JRA-25, (c) ERA-40, (d) ERA-Interim, (¢) MERRA, (f)

CFSR, and (g) NCEP/NCAR reanalysis.

the KEs in the other reanalyses. Moreover, during
the NH cold seasons from 1958/1959 to 1979/1980,
the KE in ERA-40 is quite weak compared with its
values after 1980/1981 (Fig. 19). Although the KE in
JRA-55 is also weaker, it is much stronger than those
in the ERA-40 and NCEP/NCAR reanalyses. These
results indicate that JRA-55 is not much affected by
changes in the observation system on the representa-
tion of storm tracks. Furthermore, JRA-55 improves
the temporal consistency.

In order to assess the representations of storm

tracks, we conducted an investigation using band-
pass-filtered daily mean OLR. The development of
transient eddies is closely related to the distribution
of developed clouds. Hence, it is necessary to assess
not only the KEs of transient eddies but also the
distributions of developed clouds that correspond to
areas of lower OLR in the mid-latitudes. Figure 20
shows the frequencies of the spatial correlations of
2-8 day band-pass-filtered daily mean OLRs over
the storm track regions with NOAA OLR during
the NH cold seasons from 1980/1981 to 2000/2001.
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Clearly, high spatial correlation coefficients in both
the North Atlantic and the North Pacific are more
frequent in JRA-55 (red diamonds), CFSR (blue
crosses), and ERA-Interim (green triangles) than in
MERRA (purple crosses), ERA-40 (right green trian-
gles), and JRA-25 (pink diamonds). In particular, low
spatial correlation coefficients in the North Atlantic
storm track region are less frequent in JRA-55 than
in JRA-25 (Fig. 20a), indicating that JRA-55 greatly
improves the representation of each transient eddy
from JRA-25 in this region. In the SH cold season
(Fig. 21), the qualities of ERA-Interim and CFSR are
outstanding, while JRA-55 is not as good as these two
reanalyses. However, it clearly improves upon the
representation of each transient eddy from JRA-25, as
in the North Atlantic.

5.3 Siberian High

In the NH winter, the Siberian High develops in
northeastern Eurasia in association with the accumula-
tion of an extremely cold air mass. Cold air outbreaks
from the Siberian High greatly influence the climates
of East Asia and Europe, and even that of Southeast
Asia. Here we focus on SLP over Eurasia in boreal
winter, which is used to measure the intensity of the
Siberian High.

Figure 22 shows the distributions of SLP during
the NH winter (December—February) from 1980/1981
to 2000/2001 in the observational dataset HadSLP2
(Allan and Ansell 2006) and in that subtracted from
each of the reanalysis products. The SLP in north-
eastern Eurasia is the highest in the NH (Fig. 22a),
and all reanalyses have a distinct negative bias in
northeastern Eurasia (Figs. 29b-h). Clearly, JRA-55

(Fig. 22b) reduces the negative bias in this region
compared with JRA-25 (Fig. 22c). Figure 23 shows
time series of NH winter mean SLP averaged over
40-60°N, 80-120°E, corresponding to the area of
the Siberian High. The long-term trend of JRA-55
(red line in Fig. 23) is not very different from that
of HadSLP2. On the other hand, ERA-40 exhibits
much higher SLP values before 1979 than during the
subsequent period, resulting in a marked negative
trend for the whole period. Although reanalyses are
generally consistent after 1980, except for MERRA,
which yields assignable negative bias in this region
throughout the period, differences from HadSLP2 are
observable. In addition, JRA-25 exhibits lower values
in the 1980s. JRA-25 has larger SLP analysis incre-
ments during 1979-1988 compared with the period
after 1989 (Fig. 24). We excluded large negative
biased surface pressure observations from Mongolian
stations, which resulted in a successful reduction of
inappropriate analysis increments.

6. Climate variability in the stratosphere

6.1  Stratospheric temperature

Kobayashi et al. (2015) compared monthly
temperature anomalies from reanalyses with inde-
pendent observational datasets for the layers from
the lower stratosphere to the top of the stratosphere.
In this section, we discuss the features on a regional
basis. Figure 25 shows time series of regionally
averaged 30-hPa-level temperature deviations from
the climatological mean for the period from 1981 to
2001. In the extra-tropical stratosphere during the NH
winter (Fig. 25a), the inter-annual variability of the
reanalyses is approximately consistent. In the tropics
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Time series of NH winter (December—February) mean SLP (hPa) averaged over 40—60°N, 80—120°E.
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Fig. 24. Time series of winter (December—February) mean SLP analysis increments (hPa) averaged over 45-55°N,

90-105°E.

(Fig. 25b), the reanalyses are also comparable except
for JRA-25, which exhibits an artificial jump in 1998.
Kobayashi et al. (2015) reported that the forecast
model used in JRA-25 had a significant cold bias in
the lower stratosphere, causing difficulty in correcting
the bias due to satellite radiances and resulting in
some discontinuity in the analysis in response to
changes in observing systems or bias correction
methods for satellite radiances. JRA-55 succeeded in
reducing such discontinuous changes considerably. At
high latitudes in the stratosphere during the SH winter
(Fig. 25c), larger discrepancies between the reanal-
yses are observable before 1979. The temperature
anomalies of ERA-40 are much colder than those of
JRA-55 in this period.

Figure 26 compares the reanalyses with radiosonde
observations that passed quality control checks in the
JRA-55 system at the 30 hPa level over New Zealand

in the SH winter (June—August) 1963. We selected
the observational points, which are the southernmost
available radiosonde observations. ERA-40 seems
to have a cold bias at this level. Uppala et al. (2005)
pointed out a pronounced (~10 K) cold bias in winter
and springtime analyses in the Antarctic lower strato-
sphere in the early years; this is evident from compar-
ison with later ERA-40 analyses and other climatolo-
gies. The result above is consistent with this finding.
Figure 27 illustrates the results of a comparison
of retrieved temperatures from Aura MLS (Waters
et al. 2006; see also Section 2.2). The details of the
comparison method are described in Section 2.3. In
the upper stratosphere, JRA-25 has a cold bias around
5 hPa in the NH and a warm bias just above this level
(Fig. 27c). Although JRA-55 has reduced biases in
the lower stratosphere compared with JRA-25 (Fig.
27b), it has a large warm bias in the lower meso-
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Fig. 25. Time series of 30-hPa-level temperature deviations (K) from climatological mean from 1981 to 2001,

averaged over (a) 60—90°N, NH winter (December—February), (b) 22°S-22°N annual mean, and (c) 60-90°S, SH

winter (June—August).

sphere (above 1 hPa) except in the polar region of the
NH. MERRA does not have any large biases except
around the stratopause and above, and ERA-Interim
has a smaller bias profile than the other reanalyses
generally. These features indicate that these reanalyses
improve the representation of stratospheric tempera-
ture, although large uncertainties still exist in and
around the stratopause and above.

6.2 Sudden Stratospheric warming in the Northern
Hemisphere

SSW is a phenomenon with a hemispheric spatial
scale but a short timescale in the winter stratosphere,
causing the polar stratospheric temperature to increase
by more than 25 K within a week. To represent SSW
events more precisely, it is important to make use of
as many upper-air observations as possible. However,
during the pre-satellite era (before 1979), radiosondes
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Fig. 26. Scatter diagram showing radiosonde uncertainty during the pre-satellite era.

temperatures at 30 hPa from stations at Invercar-
gill (New Zealand) and Campbell Island (New
Zealand), and values at the analysis grid points
nearest to these locations, during the SH winter
(June—August) 1963. Only quality-controlled
radiosonde observations are plotted.

were the only upper-air observing system and radio-
sonde observations were sparse in the polar region,
making it difficult to represent SSW events during this
period.

Figure 28 shows time series of temperature at
30 hPa averaged over 60-90°N in the NH winter of
1962/1963. In January 1963, a wave-2-type major
SSW occurred in the NH (Finger and Teweles 1964).
The rapid increase in temperature is observable in the
second half of January 1963, with the temperature
peaking at the beginning of February 1963. At this
peak, ERA-40 yields the highest temperature among
the three reanalyses. JRA-55 is a few degrees lower
than ERA-40 at the peak but is comparable in other
periods. On the other hand, the NCEP/NCAR reanal-
ysis is not consistent with ERA-40 and JRA-55. It
tends to be warmer before the SSW and colder than
the others around the peak of the warming.

Figure 29 compares the reanalyses with radiosonde
observations at the 30 hPa level in Canada (red star
and diamond in Fig. 30a mark the locations of radio-
sonde observations). Evidently, ERA-40 fits the radio-
sonde observations well over the entire temperature
range, while JRA-55 has a cold bias for tempera-
tures above 220 K. The NCEP/NCAR reanalysis also
seems to have a cold bias for temperatures above 220

6.3 Equatorial stratosphere

The quasi-biennial oscillation (QBO) is a quasi-pe-
riodic oscillation of the zonal wind between ecasterly
and westerly flow and is a robust phenomenon in
the equatorial lower stratosphere (Ebdon 1960). The
stratospheric semi-annual oscillation (SSAO) is domi-
nant in the equatorial upper stratosphere (Reed 1965;
Jones and Pyle 1984).

Figure 31 shows time—pressure cross-sections of
the zonal-mean zonal wind component averaged over
5°S—5°N for the period from 1958 to 1978. JRA-55,
ERA-40, and the NCEP/NCAR reanalysis well repre-
sent the general features of the QBO and SSAO.
However, the scatter diagrams in Fig. 32 show that the
correspondence between the reanalyses and the radio-
sonde observations before 1978 are not comparable
to those after 1979 (not shown). In particular, the
differences between the reanalyses and the radiosonde
observations in the easterly phase at the 10 hPa and
30 hPa levels are very large. In addition, the reanal-
yses exhibit an easterly bias when radiosonde obser-
vations indicate a weak westerly phase, except for
JRA-55 at the 70 hPa level. Such cases occur during
westerly acceleration phase (eastward wind shear)
(Fig. 33a). Westerly accelerations in the reanalyses
are only about half of those in the radiosonde obser-
vations (Fig. 33b). Kawatani et al. (2010) pointed
out that eastward equatorial waves including Kelvin
waves contribute up to 25-50 % to driving the QBO
in the eastward wind shear (westerly acceleration
phase). The forecast model used in JRA-55 does not
simulate QBO spontaneously (Kobayashi et al. 2014)
because it does not use a non-orographic gravity wave
drag parameterization. Therefore, the weak westerly
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acceleration in the reanalyses may have been caused
by the lack of non-orographic gravity wave drag
parameterization and the weaker amplitude of equa-
torial waves before 1978, as described in Section 4.2.
This issue requires further investigation.

7. Long-term trends in surface air temperature

Kobayashi et al. (2015) compared globally aver-
aged land-surface air temperature anomalies from
the Climate Research Unit (CRU) temperature data-
base (CRUTEM4, Jones et al. 2012) with those of
the NCEP/NCAR reanalyses, ERA-40, JRA-25, and
JRA-55 and showed that the low-frequency variability
of land-surface temperature anomalies in JRA-55 is
reasonably similar to that in CRUTEM4 except for
a difference of less than 0.1 K in warming after the
1990s. To further evaluate the surface air tempera-
ture accuracy of JRA-55, Fig. 34 compares the global
distributions of long-term temperature trends in
HadCRUT4 (Morice et al. 2012, see also Section 2.2),
ERA-40, JRA-55, and the NCEP/NCAR reanalysis
for the period from 1958 to 2001. The spatial distri-
bution of the long-term temperature trend in JRA-55
seems to be the closest to that in HadCRUT4. To
confirm this result quantitatively, the global means
of the RMSE between the HadCRUT4 and reanal-
yses over land areas are calculated, and we found
that the RMSE for JRA-55 is 0.0989 K decade™! and
that it is smaller than the values for ERA-40 (0.129 K
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Fig. 29. Scatter diagram showing radiosonde
temperatures at 30 hPa from stations at Norman
Wells (Canada) and Resolute (Canada), and
values at the analysis grid points nearest to
these locations in the NH winter (December—
February) of 1962/1963. Only quality-controlled
radiosonde observations are plotted. Red star
and diamond in Fig. 30a mark the locations of
Norman Wells and Resolute, respectively.

decade™) and the NCEP/NCAR reanalysis (0.151 K
decade ™). The NCEP/NCAR reanalysis shows nega-
tive trends in the Sahara, around the Tibetan Plateau,
and in Australia and western North America, which
are inconsistent with HadCRUT4. In ERA-40, the
negative trends in South America and Australia are
large. JRA-55 also shows poor agreement with obser-
vations in southeastern Australia.

Figure 35 shows time series of SH winter mean
surface temperature (K) averaged over 20-35°S,
140-155°E, corresponding to southeastern Australia.
Before 1965, the analysis and 6-hour forecast (back-
ground) are consistent. However, after the 1970s, the
difference between the analysis and the 6-hour fore-
cast gradually increases, reaching about 1 K after the
1990s. We suppose that the difference is related to the
change in the number of stations observing the surface
air temperature in southeastern Australia. In Australia,
the number of surface observations was less than 10
before 1965, which was not sufficient to correct the
warm bias in background fields that originated in the
forecast model used in JRA-55. As the number of
surface observation stations has increased over time
and reached 80 after 1978, the observations have



June 2016 Y. HARADA et al.

[gpm]

(a) JRA-55 (b) ERA-40 (c) NCEP/NCAR
\6@&4 3 180° D o | o o
2 -0 g o e

90E

295

24360
24240
24120
24000
23880
23760
23640
23520
23400
23280
23160
23040
22920
22800
22680
22560
22440
22320
22200
22080
21960

Fig. 30. Geopotential heights at 30 hPa (gpm) on 31 January 1963 at 0000 UTC in the NH for (a) JRA-55, (b)
ERA-40, and (c) NCEP/NCAR reanalysis. Red star and diamond in (a) mark locations of Norman Wells and

Resolute, respectively.

Pressure[hPa]

Pressure[hPa]

Pressure[hPa]

Year

Fig. 31. Time—pressure cross-sections of the zonal-mean zonal wind component averaged over 5S°-5°N from 195
to 1978 for (a) JRA-55, (b) ERA-40, and (c) NCEP/NCAR reanalysis.

47.5
42.5
37.5
32.5
27.5
225
17.5
12.5
7.5
25
-2.5
-7.5
-12.5
-17.5
-22.5
-27.5
-32.5
-37.5
-42.5
-47.5

8



296 Journal of the Meteorological Society of Japan Vol. 94, No. 3
10hPa (1961 - 1978) 10hPa (1961 - 1978) 10hPa (1961 - 1978)
60 60 60
(a) + JRA-55 (b) + ERA-40 (©) + NCEP/NCA
40 : 40 1 40 :
20 A 20 20 -
E -4
2 0 o2 0 0 poaC s
> . *
@ . .
S 20 | oo -20 -20 e,
(] .
14 . .
-40 -40 . -40 S
-60 -60 -60
60 -40 20 0 20 40 60 60 -40 20 0 20 40 60 -60 -40 -20 O 20 40 60
30hPa (1961 - 1978) 30hPa (1961 - 1978) 30hPa (1961 - 1978)
60 60 60
(d) * JRA-55 (e) * ERA-40 (H - NCEP/INCAR
40 . 40 1 40 .
‘ID 20 20 1
(2]
2 o 0 ‘
>
@®©
& -2 -20
(0]
o
-40 4 -40 -40 1
-60 -60 -60
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
50hPa (1961 - 1978) 50hPa (1961 - 1978) 50hPa (1961 - 1978)
40 40 40
. - * ERA-40 1 .
I (g) | JRA-55 0 (h) | . (1) | NCEP/NCAI
-~ 20 20
»
IS 10 10 1 . d:gi,:
2 L a8
8 -0 -10 Y
©
g 20 R 20 1
-30 q -30 o E -30 4
-40 -40 -40
-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40
70hPa (1961 - 1978) 70hPa (1961 - 1978) 70hPa (1961 - 1978)
30 30 30
(]) « JRA-55 (k) * ERA-40 (1) « NCEP/NCA
20 . 20 1 20
10 1 eems® 10 10
| e,
2 0 3 s 0 0
o 0
>
2
S -0 .o -10 -10 .
V] . . .
4 .
-20 4 -20 . -20
-30 -30 -30
% 20 -0 0 10 20 3 3 20 -0 0 10 2 3 -3 20 -0 0 10 20 30
Radiosonde (m s™) Radiosonde (m s Radiosonde (m s-1)
Fig. 32. Scatter diagrams showing monthly mean radiosonde zonal winds from the station at Singapore (x-axis)

and analyses averaged over 0-2.5°N, 100—105°E (y-axis) from 1961 to 1978.



June 2016

(a) 30-hPa Zonal wind (m s)

Y. HARADA et al.

297

A -

4
=—mRadiosonde
e JRA-55
ERA-40
NCEP/NCAR
|
1966 1967 1968 1969 1970 1971
Year
95 (b) 30-hPa Zonal wind acceleration (m s* month1) ——Radiosonde
=——JRA-55
20 ERA-40
15 N NCEP/NCAR
P o A 2\
5 4 1 /gp‘_‘\\ /:, :
A A v -
0 -l\v&"‘\feﬁ/ < ~fgﬁ7/LM¥‘\ T e ST
- | SR v /X
5 v V'dA\/
-10 4
) 1966 1967 1968 1969 1970 1971
Year

Fig. 33.

Time series of (a) 30 hPa zonal wind component (m s™!) and (b) its acceleration (m s™' month™!) for

reanalyses and radiosonde observations from 1966 to 1971. Reanalyses are averaged over 0-2.5°N, 100—105°E,

and radiosonde observations are from Singapore.

begun to have a greater impact on the analysis. Conse-
quently, they may have caused an artificial negative
trend in this region.

8. Summary and conclusions

We have reported on the quality of JRA-55 from
various viewpoints. Firstly, we showed improve-
ment in the representation of atmospheric circula-
tion on an isentropic surface and consistency in the
zonal mean field. In particular, we found that JRA-55
significantly improved the consistency of the zonal
momentum budget based on the MIM method even in
the stratosphere when major SSW events occur. Next,
we examined the representation of atmospheric vari-
ability in several regions.

In the tropics, we found that the frequencies of
high spatial correlations with TRMM3B42 are clearly
higher in JRA-55 than in the NCEP/NCAR reanalysis,
JRA-25, CFSR, and ERA-Interim and are close to
those in MERRA. Moreover, from the results of the

wavenumber—frequency power spectrum analysis, the
signals of equatorial waves and the MJO in JRA-55
are found to be much stronger than those in ERA-40
before 1978.

In the extra-tropics, we found that JRA-55
reduced the overestimation of precipitation in south-
eastern North America, where it was overestimated
by JRA-25 in the NH warm season. Moreover, we
estimated the activity of transient eddies from the
2—-8-day band-pass-filtered transient eddy KE at the
300 hPa level and found that the activity of transient
eddies in JRA-55 is much stronger than those in
ERA-40 and the NCEP/NCAR reanalysis during the
NH cold season before 1979/1980. We also exam-
ined the frequency of spatial correlation of 2—8 day
band-pass-filtered daily mean OLR over the storm
track regions with NOAA OLR during the NH cold
season and found that JRA-55, CFSR, and ERA-In-
terim more frequently had high spatial correlation
coefficients than MERRA, ERA-40, and JRA-25 did
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in the North Atlantic storm track region. This result
indicates that JRA-55 significantly improved the
representation of each transient eddy compared with
JRA-25 in this region. In the SH cold season, JRA-55
is clearly superior to JRA-25. In addition, JRA-55
reduced the negative bias of SLP in northeastern
Eurasia and improved the SLP long-term trends in
the region where the Siberian High develops in boreal
winter.

In the stratosphere, we found larger discrepancies
between reanalyses for the extra-tropical stratosphere
during the extra-tropical SH winter. Comparisons with
radiosonde temperature revealed that JRA-55 has a
smaller bias in temperature than the other reanalyses
in the extra-tropical SH winter before 1979.

In summary, JRA-55 generally yielded improved
representations over a range of space—time scales

compared with JRA-25 during the satellite era, and
it improved the temporal consistency compared with
ERA-40 and the NCEP/NCAR reanalysis throughout
the reanalysis period. We suppose that these improve-
ments result from major updates in the JMA opera-
tional numerical weather prediction system, such as
increased resolution, the introduction of new radia-
tion and advection schemes to the forecast model, and
adaption of 4D-Var with variational bias correction to
satellite radiances (Kobayashi et al. 2015).

We also found some issues in JRA-55. The ampli-
tudes of equatorial waves and the MJO in JRA-55
are lower than those in ERA-Interim and JRA-25. In
particular, the amplitude of the MJO is very low in
the Indian Ocean and the western Pacific. For trop-
ical cyclones, rapid intensification of TCs moving
toward high latitudes is not properly analyzed. In the
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Fig. 35. Time series of surface temperature (K) averaged over 20-35°S, 140-155°E during the SH winter (June—

August) from 1958 to 2012. Black and blue lines represent analysis and 6 -hourly forecast, respectively.

stratosphere, JRA-55 has a large, warm bias in the
lower mesosphere, except in the polar region in the
winter hemisphere. We also found that large uncer-
tainties still exist around the stratopause and above
in JRA-55, ERA-Interim, and MERRA. Moreover,
in the equatorial stratosphere, the difference between
reanalyses and radiosonde observations in the east-
erly phase at the 10 hPa and 30 hPa levels is very
large, and JRA-55, ERA-40, and the NCEP/NCAR
reanalysis exhibit an easterly bias when radiosonde
observations indicate a weak westerly phase of the
QBO before 1978. Such cases occur in the westerly
acceleration phase of the QBO, and westerly acceler-
ations in reanalyses are only about half of those in the
radiosonde observations. We also found that JRA-55
and ERA-40 show unrealistic strong cooling in South
America and Australia, although the spatial distribu-
tion of the long-term temperature trend in JRA-55 is
the closest to HadCRUT4. To deal with these issues,
it is essential to reduce the forecast model biases used
in the DAS and to improve the parameterizations of
physical processes. In the future, we will conduct
further investigations to clarify the improvements in
JRA-55 and will provide additional information on
JRA-55 quality.
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