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ABSTRACT

The representation of  the Arctic  stratospheric  circulation and the quasi-biennial  oscillation (QBO) during the period
1981–2019 in a 40-yr Chinese global reanalysis dataset (CRA-40) is evaluated by comparing two widely used reanalysis
datasets,  ERA-5  and  MERRA-2.  CRA-40  demonstrates  a  comparable  performance  with  ERA-5  and  MERRA-2  in
characterizing the winter and spring circulation in the lower and middle Arctic stratosphere. Specifically, differences in the
climatological  polar-mean temperature  and polar  night  jet  among the three reanalyses  are  within ±0.5 K and ±0.5 m s–1,
respectively. The onset dates of the stratospheric sudden warming and stratospheric final warming events at 10 hPa in CRA-
40, together with the dynamics and circulation anomalies during the onset process of warming events, are nearly identical
to  the  other  two  reanalyses  with  slight  differences.  By  contrast,  the  CRA-40  dataset  demonstrates  a  deteriorated
performance in describing the QBO below 10 hPa compared to the other two reanalysis products, manifested by the larger
easterly biases of the QBO index, the remarkably weaker amplitude of the QBO, and the weaker wavelet power of the QBO
period.  Such  pronounced  biases  are  mainly  concentrated  in  the  period  1981–98  and  largely  reduced  by  at  least  39%  in
1999–2019. Thus, particular caution is needed in studying the QBO based on CRA-40. All three reanalyses exhibit greater
disagreement  in  the  upper  stratosphere  compared  to  the  lower  and  middle  stratosphere  for  both  the  polar  region  and  the
tropics.
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Article Highlights:

•   CRA-40  demonstrates  an  excellent  performance  in  characterizing  the  winter  and  spring  circulation  in  the  lower  and
middle Arctic stratosphere.
•  CRA-40 cannot well capture the characteristics of the quasi-biennial oscillation below 10 hPa.
•  Considerable disagreement exists in the upper stratosphere in both the polar and tropical regions among CRA-40, ERA-5,
and MERRA-2.

 

 
 

 

1.    Introduction

The stratosphere, an atmospheric layer typically located
10–50 km above Earth’s surface, can significantly impact tro-
pospheric  weather,  climate,  and  human  life  (e.g., Andrews

et al.,  1987; Baldwin  and  Dunkerton,  2001; Baldwin  et al.,
2003).  The  circumpolar  circulation  in  the  stratosphere
shows different characteristics in winter and summer. In the
cold  season,  a  strong  polar  vortex  dominates  the  polar
region, with strong westerlies along its edge. In contrast, an
anticyclonic circulation controls the polar region during the
warm  season,  and  the  circumpolar  westerlies  reverse  to
weak easterlies.
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Stratospheric  sudden  warming  (SSW) events  represent
major  disruptions  of  the  winter  stratospheric  polar  vortex
(Andrews et al., 1987; Charlton and Polvani, 2007; Baldwin
et al.,  2021,  and  references  therein),  which  feature  a  rapid
increase  of  temperature  in  the  stratospheric  polar  regions
over  a  short  time.  Strong  SSWs  (commonly  designated  as
major SSWs; McInturff, 1978) can even reverse the direction
of stratospheric zonal flow for several days. The frequency
of major SSWs is about 0.6 yr–1 in the Northern Hemisphere
(e.g., Limpasuvan et al., 2004; Charlton and Polvani, 2007).
The  dynamical  influence  of  upward  propagating  planetary
waves on the stratospheric mean flow causes the occurrence
of SSWs (Matsuno, 1971). There is usually a similar warming
in the polar stratosphere in spring, known as the stratospheric
final  warming  (SFW)  event  (Andrews  et al.,  1987; Waugh
et al., 1999; Black et al., 2006; Black and McDaniel, 2007a,
b),  which  is  one  of  the  most  important  phenomena  in  the
spring stratosphere. After its occurrence, the stratospheric cir-
cumpolar  westerly  wind completely  reverses  to  an  easterly
wind, marking the arrival of the summer regime in the strato-
spheric polar region.  The SFW onset is  modulated by both
vertically  propagating  planetary  waves  from  the  mid-and
high-latitude troposphere to the stratosphere and the heating
owing to solar radiation, therefore its timing exhibits an obvi-
ous  interannual  variability  (e.g., Waugh  and  Rong,  2002;
Black and McDaniel,  2007b). In the Northern Hemisphere,
SFW usually  occurs  from mid-March  to  early  May  (Black
et al.,  2006; Wei  et al.,  2007; Ayarzagüena  and  Serrano,
2009; Li  et al.,  2012; Hu  et al.,  2014, 2018; Rao  and
Garfinkel, 2021).

In the lower and middle equatorial stratosphere, zonally
symmetric  westerly  and  easterly  winds  alternate  around
every  two  years.  Since  their  period  ranges  from  24  to  30
months, with an average of about 28 months, this quasi-peri-
odic variation in zonal winds is known as the quasi-biennial
oscillation (QBO; Ebdon, 1960; Ebdon and Veryard, 1961;
Reed  et al.,  1961; Angell  and  Korshover,  1964; Reed,
1964). The QBO is the largest source of interannual variability
in the tropical stratosphere (e.g., Baldwin et al., 2001). It is
forced  by  the  interaction  between  the  axisymmetric  flow
and a broad spectrum of waves dispersing upward from the
troposphere  (Lindzen  and  Holton,  1968; Holton  and
Lindzen,  1972; Dunkerton,  1997; Giorgetta  et al.,  2002).
Although the SSW, SFW, and QBO are stratospheric phenom-
ena,  they can locally influence the stratospheric circulation
or remotely impact the circulation in the lower mesosphere
and  weather  and  climate  in  the  troposphere  over  the  globe
(e.g., Ren  and  Hu,  2014; Gray  et al.,  2018; Hu  and  Ren,
2018; Xie  et al.,  2018, 2020; Zhang  et al.,  2020; Baldwin
et al.,  2021; Rao et al.,  2021; Wang et al.,  2021; Cai  et al.,
2022; Hall et al., 2022; Huangfu et al., 2022).

Atmospheric  reanalysis  datasets  provide  a  wide  range
of  atmospheric  variables  in  a  standard  format,  extensively
meeting  the  scientific  community’s  demand for  data.  They
have been widely used in atmospheric studies, especially in
the stratosphere where observations are relatively sparse com-

pared  to  the  troposphere.  Almost  every  set  of  atmospheric
reanalysis  has been evaluated to some extent  regarding the
representation  of  stratospheric  atmospheric  phenomena
(e.g., Pawson and Fiorino, 1998, 1999; Randel et al., 2004;
Manney  et al.,  2005a; Simmons  et al.,  2014; Kawatani
et al.,  2016; Long  et al.,  2017; Wright  and  Hindley,  2018;
Essa  et al.,  2022).  Stratosphere-troposphere  Processes  And
their Role in Climate (SPARC) has also initiated a specialized
project  (i.e.,  the  SPARC  Reanalysis  Intercomparison
Project)  to  intercompare  all  major  atmospheric  reanalysis
products  (Fujiwara  et al.,  2017).  Several  outcomes  can  be
summarized  from  previous  studies.  It  is  found  that  more
recent reanalyses outperform their  earlier  versions in many
aspects. For example, more recent reanalyses show fewer dis-
continuities in the temporal evolution of air temperature and
wind  (e.g., Long  et al.,  2017).  ERA-5,  the  most  recent
global  reanalysis,  is  argued  to  minimize  the  temperature
bias from 30 to 70 hPa relative to the homogenized upper-
air  radiosonde observations (Essa et al.,  2022).  In addition,
different reanalyses show strong agreement in the lower and
middle  stratosphere  but  feature  large  differences  in  the
upper  stratosphere  due  to  fewer  conventional  observations
available for assimilation (e.g., Kawatani et al., 2016; Long
et al.,  2017; Wright  and  Hindley,  2018; Essa  et al.,  2022).
Even  the  earlier  generation  of  reanalyses,  such  as  ERA-40
and NCEP-1, can well characterize the lower stratospheric cir-
culation  in  both  polar  regions  and  tropics  (e.g., Manney
et al.,  2005b; Charlton  and  Polvani,  2007; Martineau  and
Son, 2010). Compared to the extratropical stratosphere, the
representation of temperature and circulation in the tropical
stratosphere exhibits a larger disagreement among the reanaly-
ses (e.g., Long et al., 2017; Wright and Hindley, 2018; Essa
et al., 2022).

Recently, the National Meteorological Information Cen-
ter  (NMIC)  of  the  China  Meteorological  Administration
(CMA)  released  a  40-yr  global  Chinese  reanalysis  (CRA-
40) dataset (Liu et al., 2017; Zhao et al., 2019; Liang et al.,
2020).  The  applicability  of  this  dataset  has  been  evaluated
in various respects. Shen et al. (2022) analyzed the near-sur-
face  wind  speed  over  China  based  on  CRA-40,  compared
with four  other  global  reanalysis  products  (ERA-5,  NCEP-
1, NCEP-2, and JRA-55). They pointed out that CRA-40 pro-
vides a more significant and closer correlation with the obser-
vations.  Yang et al.  (2021) concluded that  CRA-40 outper-
formed  the  ERA-Interim  dataset  in  terms  of  temperature
change over the Tibetan Plateau. Zhao et al. (2021) verified
the reliability of CRA-40 in characterizing the hydrological
cycle over East China.

However, the previous assessments of the CRA-40 reanal-
ysis focus on the meteorological elements on the land surface
and in the troposphere. There has yet to be a study that com-
pares the performance of CRA-40 in characterizing the strato-
spheric circulation with existing reanalysis products. The pri-
mary  purpose  of  this  study  is  to  assess  the  capability  and
applicability of CRA-40 in representing the stratospheric cir-
culation. We focus on the Arctic stratospheric circulation in
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winter  and  spring  and  the  QBO  in  the  equatorial  strato-
sphere.

The  remainder  of  this  paper  is  as  follows.  Section  2
describes  the  data  and  methods  used.  Section  3  then
assesses the performance of CRA-40 in representing the Arc-
tic  stratospheric  circulation.  Section 4  examines  the  ampli-
tude,  period,  and  long-term  trend  of  the  QBO  in  CRA-40.
Finally, section 5 provides a summary and conclusions. 

2.    Data and methods

The  CMA  started  the  reanalysis  project  in  2014  (Liu
et al., 2017; Zhao et al., 2019). CRA-40 is the first-generation
global  atmosphere  and  land  surface  reanalysis  dataset
released by the  CMA. The atmospheric  model  in  the  CRA
Reanalysis system has a horizontal resolution of T574 (~34
km) with 64 hybrid σ–pressure layers in the vertical direction
and a model top of 0.27 hPa (~55 km). The data is produced
using  3D-Var  assimilation.  Further  details  on  the  dataset
can be found in Liu et al. (2023). CRA-40 has been available
from 1979 to the present.

We  also  use  the  ERA-5  and  MERRA-2  reanalysis
datasets  for  comparisons  with  CRA-40.  ERA-5  is  the  fifth
and latest generation of ECMWF atmospheric reanalysis of
the  global  climate  covering  the  period  from  1940  to  the
present. It is produced using 4D-Var assimilation with a hori-
zontal resolution of TL639 (~31 km), and it has 137 hybrid
levels in the vertical with a model top at 0.01 hPa (~80 km).
MERRA-2 is a global atmospheric reanalysis developed by
NASA’s  GMAO  covering  the  period  from  1980  to  the
present. It is based on the GEOS 5.12.4 assimilation system,
which uses a 3D-Var assimilation with an incremental analy-
sis update. It has a horizontal resolution of 0.5° × 0.625° (lati-
tude  ×  longitude)  grid  and  72  hybrid  levels  in  the  vertical
with  a  model  top  at  0.01  hPa  (~80 km).  Further  details  on
the dataset can be found in Hersbach et al. (2020) for ERA-
5 and Gelaro et al. (2017) for MERRA-2.

In this study, all the reanalysis datasets are horizontally
interpolated onto a 1° × 1° (latitude × longitude) grid using
the  bilinear  interpolation  method  for  17  pressure  levels
(925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70,
50, 30, 20, 10, and 5 hPa). We limit our attention to CRA-
40’s performance in the lower (100, 70, and 50 hPa) and mid-
dle (30, 20, and 10 hPa) stratosphere due to the high disagree-
ment in the upper stratosphere among major current reanalysis
products. However, we retain a specific pressure level of the
upper stratosphere (5 hPa) to facilitate the comparisons. We
use data for the period spanning December 1980 to December
2019.

Major  SSWs  and  SFWs  are  identified  in  these  three
reanalyses. Following Charlton and Polvani (2007), a major
SSW event is identified when the zonal-mean westerly wind
at 60°N and 10 hPa reverses to an easterly wind during the
period from November to March. The onset date of a major
SSW is defined as the first day when the zonal-mean westerly
wind  drops  below  zero.  Following Black  et al. (2006)  and
Hu et al. (2014), the SFW onset date is defined as the final

date  when  the  zonal-mean  zonal  wind  in  60°–70°N  at
10 hPa reverses to an easterly wind and never recovers until
the subsequent autumn. If the reversed easterly wind returns
to  low values  of  westerly  wind  after  the  breakdown of  the
stratospheric  polar  vortex,  the  speed  of  returned  westerly
wind should be no more than 5 m s–1 and its duration cannot
exceed  5  days.  It  is  worth  stating  that  a  20-day  interval  of
the  onset  date  must  exist  between  two  consecutive  major
SSWs and between a major SSW and SFW event (Charlton
and Polvani, 2007). For brevity, we omit the word major in
the following sections.

The Eliassen-Palm (EP) flux is employed to characterize
the planetary wave activities during the occurrence of strato-
spheric warming events. Under the quasi-geostrophic approxi-
mation,  the  horizontal  and  vertical  components  of  the  EP
flux  can  be  expressed  as  follows  (Andrews  et al.,  1987;
McDaniel and Black, 2005): 

Fφ = acosφe−
z
H
(
−v′u′

)
, (1)

 

Fz = a f cosφe−
z
H v′θ′

∂θ
∂z

−1

, (2)

φ

θ Fφ
Fz

where a is the radius of the earth,  is the latitude, z is a log
pressure coordinate with the scale height H, f is the Coriolis
parameter, u and v represent the zonal wind and meridional
wind,  respectively,  is  the  potential  temperature,  and 
and  are the horizontal and vertical components of the EP
flux,  respectively.  The  overbar  and  the  prime  denote  the
zonal mean and the zonal deviation from it, respectively.

√
2

In this study, we calculate the QBO amplitude using a
method  similar  to Kawatani  and  Hamilton (2013).  The
monthly  QBO  index  is  defined  as  the  zonal-mean  zonal
wind averaged over 10°S–10°N, which is then deseasonalized
by subtracting the seasonal cycle averaged over 1981–2019
and smoothed by a 5-month running mean. Afterward, we cal-
culate the monthly standard deviation of the resultant QBO
index using  a  96-month  sliding  window.  Finally,  the  QBO
amplitude is defined as the monthly standard deviation multi-
plied by , which is then averaged from January to Decem-
ber in each year to obtain the annual QBO amplitude.

In this paper, the spring, summer, autumn, and winter sea-
sons are respectively defined by the months from March to
May,  from June  to  August,  from September  to  November,
and from December to February. 

3.    Characteristics  of  the  Arctic  stratosphere
in CRA-40

 

3.1.    Climatology

We first evaluate the performance of CRA-40 in charac-
terizing  the  Arctic  stratospheric  polar  vortex,  focusing  on
the winter and spring seasons. Figure 1 shows the difference
in  the  climatological  winter-mean  temperature  at  different
stratospheric pressure levels between each pair of the three
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reanalyses. The differences between ERA-5 and MERRA-2
in  the  lower  and  middle  Arctic  stratosphere  are  relatively
small within ±0.5 K (Figs. 1f, i, l, o), while the differences
between CRA-40 and the other two reanalyses are also not
obvious at 50 and 30 hPa (Figs. 1j, k, m, n). These differences
have  increased  in  the  polar  region  between  10  and  20  hPa
but with small magnitudes (Figs. 1d, e, g, h). Overall, CRA-
40 performs well in representing the climatological winter-

mean  temperature  in  the  lower  and  middle  Arctic  strato-
sphere, although with a minor cold bias of 0 to –0.8 K.

However,  compared with  the  middle  and lower  strato-
sphere,  the  differences  among  the  three  reanalyses  in  the
upper stratosphere are remarkably enlarged (Figs. 1a–c), indi-
cating  considerable  disagreement  in  characterizing  the
upper  stratospheric  circulation in  the  current  reanalyses.  In
addition,  in  the  lower  tropical  stratosphere,  the  differences
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Fig.  1. The  difference  in  climatological  winter  temperature  at  5,  10,  20,  30,  and  50  hPa  during  1981–2019  (left
panels) between CRA-40 and ERA-5, (middle panels) between CRA-40 and MERRA-2, and (right panels) between
ERA-5 and MERRA-2, respectively.
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between CRA-40 and the other two reanalyses are significant
(Figs. 1m, n), which does not exist in those between ERA-5
and  MERRA-2  (Fig.  1o).  This  indicates  that  CRA-40  may
have pronounced biases in representing the winter QBO as
compared  to  the  other  two  reanalyses.  The  above  findings
can also be observed in the March-April season (Fig. S1 in
the electronic supplementary material, ESM).

Figure 2 shows the latitude–height cross-section of the
climatological zonal-mean zonal wind in winter in the three
reanalyses and their differences. CRA-40 well describes the
stratospheric polar night jet in the Arctic (Fig. 2a) with the dif-
ferences  from  the  other  two  reanalyses  within  ±1  m  s–1

(Figs. 2d, e). Just as with the temperature, sizable differences
in the zonal wind also exist in the tropics. CRA-40 has signifi-
cant negative biases relative to ERA-5 and MERRA-2 in the
upper troposphere and lower stratosphere, mainly from 200
to 50 hPa. By contrast, significant differences between ERA-
5 and MERRA-2 can only be found in the tropical troposphere
below 100 hPa. Again, this indicates that the description of
the QBO in the lower stratosphere by CRA-40 may not be
accurate enough. Similar results can be found in the March-

April season (Fig. S2 in the ESM).
To further demonstrate the characterization of the Arctic

stratospheric polar vortex, Figure 3 shows the daily evolution
of the climatological zonal-mean zonal wind averaged in the
core latitudes (60°–70°N) of the polar night jet with the differ-
ences among the three reanalyses. CRA-40 agrees well with
the other two reanalyses regarding the climatological seasonal
transition date when the westerly wind reverses to an easterly
wind  (Figs.  3a, c, e).  The  intensity  of  the  polar  night  jet
below  10  hPa  in  CRA-40  and  ERA-5  is  weaker  than  in
MERRA-2,  whereas  the  differences  are  relatively  small
(within ±0.5 m s–1, Figs. 3d, f).  The differences among the
three  reanalyses  increase  at  10  and  5  hPa,  with  the  biases
exceeding –1 m s–1 from late April  to May between CRA-
40  and  ERA-5  and  from  late  December  to  early  January
between ERA-5 and MERRA-2 (Figs. 3b, f).
 

3.2.    Monthly, interannual, and interdecadal variations
 

3.2.1.    Monthly difference from November to April

Figure  4 shows  the  monthly  difference  of  zonal-mean

 

 

Fig. 2. (a–c) Latitude–height cross section of climatological zonal-mean zonal wind in winter during 1981–2019 in (a) CRA-40,
(b) ERA-5, and (c) MERRA-2. (d–f) As in (a–c), but for the difference (d) between CRA-40 and ERA-5, (e) between CRA-40
and MERRA-2, and (f) between ERA-5 and MERRA-2, respectively. The dotted areas indicate the 95% confidence level for the
differences.
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zonal wind in 60°–70°N and temperature over the polar cap
(60°–90°N,  0–360°)  in  the  cold  season  (November–April)
from 1981 to 2019 among the three reanalyses. The reanalyses
differ from each other regarding the zonal wind in the polar
stratosphere  before  1999  (Figs.  4a, c, e).  The  differences
between CRA-40 and ERA-5 are smaller in the 1980s than
those between CRA-40 and MERRA-2, with an average east-
erly bias of 1–2 m s–1 above 20 hPa in CRA-40 as compared
to MERRA-2. In contrast, CRA-40 shares a similar magnitude
of zonal wind with MERRA-2 in the 1990s (Fig. 4c). Both
CRA-40 and MERRA-2 show a stronger polar night jet than
that in ERA-5 with an average westerly bias of 1–2 m s–1 at
10  hPa  and  5  hPa.  However,  such  differences  among  the
three reanalyses have largely disappeared since 1999, possi-
bly due to the transition from TOVS to ATOVS observations
at this time (Long et al., 2017). Corresponding to the differ-
ences  in  the  circumpolar  zonal  wind,  cold  or  warm  biases

occur frequently in the upper stratosphere in CRA-40 before
1999  as  compared  to  the  other  two  reanalyses.  During  the
period after  1999,  the  systematic  cold  biases  in  the  middle
and  lower  stratosphere  in  CRA-40  have  been  corrected
(Figs. 4b, d); and the main differences between CRA-40 and
the other two reanalyses mainly appear at and above 10 hPa
with a warm bias of 0.5–1 K at 10 hPa.
 

3.2.2.    SSW and SFW events

Large  differences  among  different  datasets  are  often
found  during  the  recovery  phase  after  SSWs  (Wright  and
Hindley, 2018). In this section, we examine the onset process
of  SSWs  and  SFWs  in  the  Arctic  stratosphere. Figure  5
shows the onset dates of SSWs and SFWs at 10 hPa during
the period 1981–2019 in the three reanalyses. CRA-40 identi-
fies 22 SSWs with an occurrence frequency of 0.56 events
per year (Fig. 5a). ERA-5 and MERRA-2 identify 22 and 21

 

 

Fig. 3. The daily evolution of the climatological zonal-mean zonal wind in 60°–70°N in (a) CRA-40, (c) ERA-5, and
(e) MERRA-2. (b, d, f) As in (a, c, e), but for the difference (d) between CRA-40 and ERA-5, (e) between CRA-40
and MERRA-2, and (f) between ERA-5 and MERRA-2, respectively.
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SSWs  following  the  same  method,  respectively.  Only  one
SSW  event,  which  occurred  in  1981,  is  not  captured  by
MERRA-2.  This  is  because  when the  reversal  of  the  zonal
wind  direction  appeared  on  4  March  1981  in  CRA-40  and
ERA-5, a fairly weak westerly wind (~0.2 m s–1) continued
to persist  on that  day in MERRA-2 (figures not  shown).  If
this event is excluded, the SSW onset dates identified by the
three reanalyses are quite similar, with 18 events being com-
pletely the same, and the other 3 events (SSWs in December
1987, January 2013, and January 2019) featuring a one-day
bias.  The  SFW  onset also  shows  strong  agreement  among
the  three  reanalyses  (Fig.  5b).  Specifically,  SFWs  occur
from early March to early May with an average onset  date
of 14 April in CRA-40, which is one day earlier than those
in ERA-5 and MERRA-2. CRA-40 has 29 (32) out 39 years
with  SFW  onset  dates  identical  to  ERA-5  (MERRA-2),  9
(6)  years  with  a  bias  of  1–3  days,  and  only  one  year  (i.e.,
1990) with a bias of up to 5 days. These differences in the

SFW onset date mainly appear before 1991. Similar to that
of  SSWs,  the  biases  of  SFW  onset  date  in  those  specific
years are also due to small discrepancies of the circumpolar
zonal wind speed around the SFW onset date between CRA-
40  and  the  other  two  reanalyses.  Even  in  those  years,  the
daily  evolution  of  the  10-hPa  circumpolar  zonal  wind  in
CRA-40  is  highly  consistent  with  that  in  ERA-5  and
MERRA-2 (figures not shown).

Figure 6 shows the height–time evolution of the compos-
ite  anomalies  for  the  zonal-mean  zonal  wind  in  60°–70°N
and temperature  averaged over  the  polar  cap from 30 days
before to 30 days after the onset date of SSWs in each reanaly-
sis, together with the differences between each pair of reanaly-
ses.  CRA-40 can well  describe the onset process of SSWs,
especially  at  and  below  20  hPa,  with  the  differences  from
the other  two reanalyses mainly located in the stratosphere
above  20  hPa,  which  is  consistent  with  the  results  in  the
above sections. Compared to ERA-5, CRA-40 has an easterly

 

 

Fig. 4. Monthly difference of (left panels) zonal-mean zonal wind in 60°–70°N and (right panels) temperature over the polar cap
(60°–90°N, 0–360°) from November to April, during 1981–2019, (a, b) between CRA-40 and ERA-5, (c, d) between CRA-40
and MERRA-2, and (e, f) between ERA-5 and MERRA-2, respectively.
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bias of –0.5 to –1.5 m s–1 and a warm bias of 0.5 to 0.9 K
one month after the occurrence of SSWs (Figs. 6d, j). In con-
trast,  the  differences  between  CRA-40  and  MERRA-2  are
more scattered (Figs. 6e, k).

Planetary wave activities are crucial for the occurrence
of  an  SSW  event  (e.g., Polvani  and  Waugh,  2004; Zhang
et al.,  2016, 2019; Huang et al.,  2017). Figure  7 shows the
temporal  evolution of  the composite  vertical  component  of
EP (EPz) flux of the planetary waves (wavenumbers 1–3) in
55°–75°N in the three reanalyses and their differences. The
planetary wave activities in the stratosphere increase drasti-
cally from 15 days before the SSW onset and peak 2–3 days
before the SSW onset (Figs. 7a–c). There is also a remarkable
increase of EPz flux around 20 days before the SSW onset,
which  is  usually  considered  as “preconditioning” before  a
major  SSW.  Such “preconditioning” weakens  the  strato-
spheric polar jet to favor the upward and poleward propaga-
tion  of  planetary  waves,  creating  necessary  conditions  for
the subsequent occurrence of a major SSW (Andrews et al.,
1987; Limpasuvan  et al.,  2004; Manney  et al.,  2009; Liu
et al., 2022). The differences at 20, 30, and 50 hPa are gener-
ally  consistent  in  each  pair  of  the  reanalyses,  indicating  a
good agreement of CRA-40 with ERA-5 and MERRA-2 in
terms  of  the  dynamics  during  the  SSW onset  (Figs.  7d–f).
However, there are greater differences at 10 hPa. By compari-
son, the strength of SFW during its onset processes in CRA-
40 is much closer to the other two reanalyses (Figs. S3, S4
in the ESM).

The above analyses show that CRA-40 has an excellent

performance in characterizing the Arctic stratospheric polar
vortex  and  the  polar  night  jet  in  winter  and  spring  at  and
below  10  hPa.  Despite  the  larger  differences  at  10  hPa
between  CRA-40  and  the  other  two  reanalyses  relative  to
those in the lower layers, CRA-40 is still considered to accu-
rately describe the SSWs and SFWs at this pressure level. In
addition, CRA-40 can well characterize the Arctic circulation
not  only  in  the  stratosphere  but  also  in  the  troposphere,  as
shown in Figs. 4 and 6. The Arctic Oscillation (AO), a domi-
nant mode of atmospheric variability over the extratropical
Northern Hemisphere (Thompson and Wallace, 1998; Chen
et al.,  2019; Zheng  et al.,  2021),  has  a  close  relationship
with  the  circulation  in  the  Arctic  stratosphere.  It  is  found
that CRA-40 can also effectively capture the spatiotemporal
features of the AO (figures not shown).
 

4.    The equatorial QBO
 

4.1.    QBO index

The above section focuses on the Arctic stratospheric sig-
nals  in  CRA-40.  We now turn  to  the  other  concern  in  this
study, the equatorial QBO. Figure 8 shows the seasonal and
annual mean QBO index in the three reanalyses at different
pressure  levels  for  the  entire  1981–2019  period.  At  5  and
10 hPa, the QBO index in CRA-40 for both annual and sea-
sonal  mean  shows  a  westerly  bias  as  compared  to  ERA-5
(red and black bars in Figs. 8a, b). However, this is not the
case  for  the  comparison  between  CRA-40  and  MERRA-2,

 

 

Fig.  5. The 10-hPa onset  dates of (a)  major SSW and (b) SFW events during 1981–2019 in the three reanalysis  datasets.  The
dark and light blue bars mark the first SSW event in the years in which more than one SSW event occurs in one winter season.
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which featured westerly biases in winter and spring but east-
erly  biases  in  summer  and  autumn  (red  and  gray  bars  in
Figs. 8a, b). Overall, the three reanalyses exhibit substantial
disagreement  in  the  QBO  index  in  the  upper  stratosphere
(mainly  at  5  hPa).  The  strength  of  QBO indices  in  ERA-5
and  MERRA-2  are  much  closer  below  10  hPa  (black  and
gray bars in Figs. 8c–f). However, CRA-40 has clear easterly
biases compared with the other two reanalyses at these lev-

els,  except  for  the  QBO  index  in  summer  and  autumn  at
50 hPa (Fig. 8e).  The maximum easterly bias can reach up
to 6.4 m s–1 at 30 hPa in summer.

To  further  compare  the  QBO  index  in  CRA-40  with
ERA-5  and  MERRA-2, Fig.  9 shows  the  monthly  QBO
index from 1981–2019. The linear trend of the QBO index
in CRA-40 is significant at the 99% confidence level at all
the selected pressure levels, except at 10 hPa where the signif-

 

 

Fig. 6. The height-time evolution of the composite anomalies of (a–c) zonal-mean zonal wind in 60°–70°N from 30 days before
to 30 days after the onset date of SSWs in (a) CRA-40, (b) ERA-5, and (c) MERRA-2 and their differences (d) between CRA-40
and ERA-5, (e) between CRA-40 and MERRA-2, and (f) between ERA-5 and MERRA-2, respectively. (g–l) As in (a–f), but for
the temperature averaged over the polar cap (60°–90°N, 0°–360°).
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icance  exceeds  the  90%  confidence  level.  However,  the
QBO index shows a  descending trend at  10  and 5  hPa but
an increasing trend at other pressure levels, indicating a possi-
ble interdecadal  change of  the QBO in CRA-40.  However,
ERA-5  shows  no  significant  linear  trend  except  at  20  hPa
(Fig.  9h),  implying  its  evident  differences  from  CRA-40.
For MERRA-2, the linear trend is seen at 4 out of 6 pressure
levels,  with  a  significance  exceeding  the  90%  confidence
level.

Considering the significant linear trend in CRA-40, we
divide  the  entire  1981–2019  period  into  two  subperiods,
1981–98 and 1999–2019. The division was chosen because
the  abrupt  change  of  the  monthly  QBO  index  in  CRA-40
occurred  around  1999  based  on  the  cumulative  anomaly
method (figures not shown). Meanwhile, the two subperiods
correspond well to the TOVS and ATVOS periods in Long
et al. (2017), respectively.

Figures 10 and 11 present the difference of the monthly
QBO  index  at  different  pressure  levels  in  each  pair  of  the
three  reanalyses  during  1981–98  and  1999–2019,  respec-
tively. CRA-40 differs significantly from the other two reanal-
yses  during  1981–98  except  at  10  hPa  when  compared  to
MERRA-2,  with  an  average  westerly  bias  at  5  and 10  hPa
and  an  average  easterly  bias  at  other  pressure  levels  (left
and  middle  panels  in Fig.  10).  In  contrast,  the  differences

between ERA-5 and MERRA-2 are insignificant and much
smaller, ranging from –16 to 6.3 m s–1 below 10 hPa. How-
ever,  we  still  see  significant  differences  in  the  mean  QBO
index at 5 and 10 hPa (right panels in Fig. 10). During this
subperiod, the easterly bias in CRA-40 averaged from 70 to
20 hPa is –5.6 m s–1 as compared to ERA-5 and MERRA-2,
which is about 65 times that between ERA-5 and MERRA-2.

From 1999–2019, the differences between CRA-40 and
the other two reanalyses are substantially reduced from the
lower to the upper stratosphere, although they are noticeable
at some levels. The easterly bias in CRA-40 averaged from
70  to  20  hPa  during  this  subperiod  is  approximately  30%
that  of  the  former  subperiod.  However,  CRA-40 may have
large irregularities at 20 and 30 hPa in 2015 (Figs. 11g, h, j,
k). Although ERA-5 has significant easterly biases at 5 and
70  hPa  as  compared  to  MERRA-2,  they  agree  more  with
each other during this subperiod (right panels in Fig. 11).
 

4.2.    QBO period

As  the  QBO  is  periodic  at  approximately  28  months
(Naujokat, 1986; Baldwin et al., 2001; Richter et al., 2022),
we  perform  a  Morlet  wavelet  analysis  to  calculate  the
period of  the  QBO index in  CRA-40. Figure  12 shows the
averaged  wavelet  power  spectra  of  the  QBO  index  during
1981–2019  from  5  to  70  hPa  in  the  three  reanalyses.  The

 

 

Fig. 7. The temporal evolution of the composite EPz flux in 55°–75°N relative to the SSW onset in (a) CRA-40, (b) ERA-5, and
(c) MERRA-2. (d–f) As in (a–c), but for the difference (d) between CRA-40 and ERA-5, (e) between CRA-40 and MERRA-2,
and (f) between ERA-5 and MERRA-2, respectively. The EPz flux is multiplied by ez/H for clarity. Accordingly, the magnitude
of EPz flux increases with altitude.
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QBO periods  at  the  selected  levels  are  basically  consistent
among CRA-40, ERA-5, and MERRA-2, with slight differ-
ences that  are  smaller  than 0.4 months.  There also exists  a
noticeable QBO period of ~148 months at 5 hPa in CRA-40
(Fig.  12a).  However,  the  intensity  of  the  wavelet  power  in
CRA-40 is evidently weaker than that in the other two reanal-
yses  from  20  to  70  hPa  (Figs.  12g–r).  The  ratios  of  the
wavelet power intensity between CRA-40 and the other two
reanalyses  decrease  quickly  with  decreasing  height,  which
amounts to more than 87% at  20 hPa but  less  than 62% at
70 hPa, highlighting the shortcomings of CRA-40 in charac-
terizing the QBO.

We  also  examine  the  interdecadal  change  of  the
wavelet  power  between  the  subperiod  1981–98  and
1999–2019 (Fig. 13). CRA-40 shows positive biases at 5 hPa
(Fig.  13a)  and  negative  biases  below  10  hPa  (Figs.  13c–

f), compared to the other two reanalyses during the first subpe-
riod. However, such biases are largely reduced during the sec-
ond  subperiod  except  at  30  hPa  (Fig.  13d),  indicating  an
improved representation of the QBO in CRA-40 during this
subperiod, at least in the lower stratosphere.
 

4.3.    QBO amplitude

Figure 14 shows the QBO amplitude during 1981–2019
in  the  three  reanalysis  datasets.  ERA-5  agrees  well  with
MERRA-2 in terms of QBO amplitude at all the selected lev-
els,  especially  below 10 hPa where  correlation coefficients
are higher than 0.8 (gray and black lines in Fig. 14). How-
ever,  CRA-40 shows considerable  disagreement  with  these
two reanalyses at 5 and 10 hPa, with relatively smaller correla-
tion coefficients (Figs. 14a, b). For 20 hPa, although the corre-
lation coefficients between CRA-40 and the other two reanaly-

 

 

Fig. 8. Seasonal and annual mean QBO index at different pressure levels for the entire 1981–2019 period. Note the
smaller increment of the y-axis in (e–f).
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ses  are  still  insignificant,  the  QBO  amplitude  in  CRA-40
agrees  well  with  that  in  ERA-5  and  MERRA-2  since  the
late 1990s (Fig. 14c); however, it is remarkably weaker than
that  in  ERA-5  and  MERRA-2  by  about  2.3  m  s–1 before
1999. At heights below 20 hPa, the QBO amplitude in CRA-
40 varies similarly with the other two reanalyses on the inter-
annual time scales (Figs. 14d–f), with the correlation coeffi-

cients  being  more  significant  than  those  at  5,  10,  and

20  hPa.  Nevertheless,  the  apparently  weaker  amplitude  of

QBO is  still  observed in CRA-40,  which is  85.6%, 83.4%,

and 82.7% of that in ERA-5 at 30, 50, and 70 hPa, respec-

tively.
 

 

 

Fig. 9. The monthly QBO index during 1981–2019 at different pressure levels in (left panels) CRA-40, (middle panels) ERA-
5, and (right panels) MERRA-2. The black lines represent the linear trends. The percentage in the upper right corner of each
panel represents the confidence level of the linear trend, with values higher than 95% marked in red.
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5.    Summary and conclusions

This  study  evaluates  the  representation  of  the  Arctic
stratosphere and the QBO in CRA-40 during 1981–2019 via
comparisons with two widely used reanalyses, namely ERA-
5 and MERRA-2. The main conclusions are as follows.

CRA-40 can well describe the Arctic stratospheric circu-
lation in winter and spring below 10 hPa. Specifically, CRA-
40  has  slight  differences  from  ERA-5  and  MERRA-2  in
terms of the climatological polar-mean temperature (within
±0.5 K) and polar night jet (within ±0.5 m s–1). There are rela-
tively  small  systematic  cold  biases  in  CRA-40  before  the

 

 

Fig. 10. The difference of the monthly QBO index at different pressure levels during 1981–98: (left panels) between CRA-
40  and  ERA-5,  (middle  panels)  between  CRA-40  and  MERRA-2,  and  (right  panels)  between  ERA-5  and  MERRA-2,
respectively. The percentage in the upper right corner of each panel represents the confidence level of the difference in the
mean QBO index between the two datasets, with values higher than 95% marked in red.
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late 1990s, however, these greatly diminish after 1999 when
the  ATVOS  observations  became  available.  The  dynamics
and circulation anomalies during the onset process of SSW
and SFW events in CRA-40 are also quite close to those in
ERA-5 and MERRA-2 with marginal differences.

At 10 hPa, the cold biases of polar temperature in CRA-
40  are  enlarged  during  the  1990s,  noticeably  exceeding
–3  K in  the  late  1990s.  After  1999,  such  biases  undergo  a
sign  reversal  to  warm  biases  within  0.5–1  K.  The  SSW

onset dates at 10 hPa identified by CRA-40 are relatively iden-
tical  to  ERA-5,  with  only  three  SSWs  having  a  one-day
bias.  Although  warmer  polar  temperature  biases  appear
after the SSW onset and can persist for a month in CRA-40,
they range from 0.5 to 0.9 K. The SFW onset date becomes
inconsistent among the three reanalyses, but at least 29 out
of 39 SFWs share the same onset date. In general, compared
to  the  lower  stratospheric  levels,  the  differences  at  10  hPa
among the three reanalyses increase to a certain extent, but

 

 

Fig. 11. Same as in Fig. 10, but during 1999–2019.
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within  an  acceptable  range.  In  contrast,  all  the  reanalyses
are highly inconsistent in the upper stratosphere (5 hPa), pos-
sibly  due  to  fewer  conventional  observations  available  for
assimilation.

The  differences  over  the  tropics  between  CRA-40 and
the  other  two  reanalyses  are  much  larger  than  those  in  the
polar region. CRA-40 exhibits pronounced cold and easterly
biases below 10 hPa as compared to ERA-5 and MERRA-2.

An obvious interdecadal change occurs around 1999 in the
QBO  of  CRA-40,  corresponding  to  the  transition  from
TOVS to  ATOVS observations.  During  1981–98,  CRA-40
performs poorly in characterizing the QBO below 10 hPa rela-
tive to the other two reanalyses, shown in terms of larger east-
erly  biases  of  the  QBO  index,  a  weaker  amplitude  of  the
QBO, and a weaker wavelet power of the QBO period. How-
ever, the performance of CRA-40 is considerably improved

 

 

Fig. 12. The averaged wavelet power spectra of the QBO index during 1981–2019 at different pressure levels in (left panels)
CRA-40, (middle panels) ERA-5, and (right panels) MERRA-2. The red dashed lines represent the critical value at the 95%
confidence level. The values in the upper right corner of each panel give the maximum value of wavelet power spectra and
the corresponding QBO period.
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during 1999–2019. Specifically, the differences in the QBO
index, when averaged from 70 to 20 hPa between CRA-40
and  the  other  two  reanalyses,  have  reduced  to  ~30%  of
those in the previous subperiod. For the QBO amplitude and
the wavelet power of the QBO period, the differences have
decreased  to  ~50%  and  ~61%,  respectively.  Nevertheless,
compared to the differences between ERA-5 and MERRA-
2, the differences between CRA-40 and those two reanalyses
are still considerable and cannot be ignored.

The lack of the assimilation of Stratospheric Sounding
Unit (SSU) observations may be a reason for the poor repre-
sentation of QBO in CRA-40 during 1981–98. The radiance
channels on SSU are a major source of stratospheric informa-
tion during the 1980s and 1990s. The SSU instrument forms
part  of  the TOVS suite of  instruments and was operational
from late-1978 to mid-2006, providing valuable observations
of mid-upper stratospheric temperatures in the pre-ATOVS
era. MERRA-2 uses version 2.1.3 of the Community Radia-

tive Transfer Model for the assimilation of the satellite radi-
ances  including  those  from  SSU  (Gelaro  et al.,  2017).  In
ERA-5, an improved observation operator has been incorpo-
rated  for  the  assimilation  of  SSU  observations  (Hersbach
et al.,  2020).  However,  the  radiance  data  from  SSU  is  not
included in CRA-40, although it will be assimilated into the
next generation of CMA’s reanalysis data (Liu et al., 2023).
Since  the  early  2000s,  more  radiance  data  from  AMSU-A
that is included in the ATOVS suite of sounding instruments
has been assimilated into CRA-40, as well as in MERRA-2
and ERA-5 reanalysis data. This considerably improves the
performance  of  CRA-40  in  characterizing  the  QBO during
the period 1999–2019.

Additionally, the tropical stratospheric variability is sensi-
tive to the model top of the atmospheric model used to gener-
ate the reanalysis data. Osprey et al. (2013) found an improve-
ment in simulating QBO in high-top (with a model top up to
84  km)  configurations  of  the  HadGEM2  model. Rao  et al.

 

 

Fig.  13. The  difference  of  the  averaged  wavelet  power  spectra  of  the  QBO  period  between  CRA-40  and  ERA-5,
between CRA-40 and MERRA-2,  and between ERA-5 and MERRA-2 at  different  pressure levels  during 1981–98
(red bars) and 1999–2019 (blue bars), respectively.
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(2020) also pointed out that most of the CMIP6 models with
a  QBO  are  high-top  models  with  a  model  top  at  or  above
the 1-hPa pressure level or higher than ~50 km. Considering
that the model tops in both ERA-5 and MERRA-2 reach up
to 80 km, the relatively low model top (~55 km) of the atmo-
spheric prediction model used by CRA-40 may also be respon-
sible for its deteriorated representation of QBO.

The findings in this  study are consistent  with previous
studies in that the reanalyses better agree in the polar region
than in the tropics and also in the lower stratosphere than in
the  upper  stratosphere  (e.g., Long  et al.,  2017; Wright  and
Hindley, 2018; Essa et al., 2022). In addition, we only con-
ducted the  intercomparison of  three  reanalyses  and did  not

compare them with observations. Therefore, concluding that
one  reanalysis  is  more  standardized  and  reliable  than
another  may  be  unreasonable.  Even  the  high  agreement
among the three considered reanalyses cannot imply correct-
ness,  as  there  may  be  possible  similar  systematic  errors  in
them. Nevertheless, ERA-5 and MERRA-2 can better charac-
terize  the  circulation  in  the  lower  and  middle  stratosphere,
as  reported  previously  (e.g., Coy  et al.,  2016; Kawatani
et al., 2016; Pahlavan et al., 2021; Essa et al., 2022). Given
this, the comparisons of CRA-40 with these two reanalyses
in  this  study  are  reliable  to  a  large  degree;  that  is,  while
CRA-40 can well characterize the winter and spring circula-
tion  in  the  lower  and  middle  Arctic  stratosphere,  it  cannot

 

 

Fig.  14. The  QBO  amplitude  at  different  pressure  levels  in  the  three  reanalysis  datasets  for  1981–2019.  The
correlation  coefficients  between  CRA-40  and  ERA-5  (r_CE),  between  CRA-40  and  MERRA-2  (r_CM),  and
between  ERA-5  and  MERRA-2  (r_EM) are  given  at  the  lower  right  corner  of  each  panel.  The  double  asterisks
indicate the 95% confidence level for the correlation coefficients. The dashed line represents the linear trend in the
corresponding reanalysis.
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yet describe the equatorial  QBO well.  Thus,  improving the
representation of equatorial winds by assimilating more satel-
lite radiance data, for example, those from SSU in the 1980s
and 1990s, is one of the essential tasks for the next generation
of CMA’s reanalysis data.

Data  availability     CRA-40  data  were  downloaded  from the
web  site http://data.cma.cn/data/cdcdetail/dataCode/NAFP_CR
A40_FTM_DAY.html.  ERA-5  data  were  downloaded  from  the
web  site https://www.ecmwf.int/en/forecasts/datasets/reanalysis-
datasets/era5.  MERRA-2  data  were  downloaded  from
https://disc.gsfc.nasa.gov/datasets?project=MERRA-2. 
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Appendix: Major Abbreviations

3D-Var three-dimensional variational (4D-Var for four-
dimensional variational)

AMSU-A Advanced Microwave Sounding Unit-A
ATOVS Advanced  TIROS  Operational  Vertical

Sounder
CMA China Meteorological Administration
CMIP6 Coupled Model Intercomparison Project phase 6
DOE Department of Energy
ECMWF European  Centre  for  Medium-Range

Weather Forecasts
ERA-40 ECMWF 40-year reanalysis
ERA-5 ECMWF Reanalysis version 5
GMAO Global  Modeling  and  Assimilation  Office  of

NASA
GOES Geostationary Operational Environmental Satel-

lite
HadGEM2 Hadley  Centre  Global  Environmental

Model version 2
JRA-55 Japanese 55-year reanalysis
MERRA-2 Modern  Era  Retrospective-Analysis  for

Research version 2
NASA National Aeronautics and Space Administration
NCAR National Center for Atmospheric Research
NCEP National Centers for Environmental Prediction
NCEP-1 NCEP-NCAR Reanalysis 1
NCEP-2 NCEP-DOE Reanalysis 2
NMIC National  Meteorological  Information  Center  of

the CMA
QBO quasi-biennial oscillation
SFW stratospheric final warming

SPARC Stratosphere–troposphere  Processes  And their
Role in Climate

SSU Stratospheric Sounding Unit
SSW stratospheric sudden warming
TIROS Television Infrared Observation Satellite
TOVS TIROS Operational Vertical Sounder
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