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Key Points:

e The Antarctic winter stratospheric polar vortex appears strongest in MERRA-2, weakest in ERA-5, with CRA-40 in between.
e The discrepancies among the three reanalyses are confined primarily to the period before 1999, and significantly decrease thereafter.
¢ |n characterizing winter circulation in the Antarctic middle and lower stratosphere, CRA-40 performs comparably to ERA-5 and

MERRA-2.
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Abstract: This paper evaluates a representation of winter stratospheric circulation in the Antarctic that is based on CRA-40, a 40-year
global reanalysis dataset released by the China Meteorological Administration, and compares it with representations based on two other
state-of-the-art reanalysis datasets: the fifth-generation atmospheric reanalysis provided by the European Centre for Medium-Range
Weather Forecasts (ERA-5) and the Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-2). In terms of
climatology, we find that CRA-40 portrays a stronger and colder polar vortex in the middle and lower stratosphere than ERA-5, but a
weaker and warmer one than MERRA-2. However, disagreement among the three reanalyses is confined mainly to the period before
1999, and is largely reduced after that time. On the interannual timescale, portrayals of the intensity and area of the 10-hPa polar vortex
are quite consistent among the three reanalyses, with correlation coefficients greater than 0.9 between each pair of reanalyses. In
addition, the central dates of most sudden stratospheric deceleration (SSD) events at 10 hPa in the three reanalyses differ by less than
one day, indicating that CRA-40 is also highly consistent with the other two reanalysis datasets regarding daily evolution. Our analyses
suggest that CRA-40 performs comparably to ERA-5 and MERRA-2 in characterizing winter circulation in the Antarctic middle and lower

stratosphere.
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1. Introduction

Reanalysis data play a crucial role in atmospheric research, partic-
ularly in studies of the stratosphere, for which atmospheric obser-
vations are relatively sparse (Parker, 2016). That paucity of relevant
data has long been of concern, raising questions about the accu-
racy of stratospheric circulation derived from reanalysis data.
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Almost every current atmospheric reanalysis has been assessed to
some degree for its ability to represent stratospheric circulation
(e.g., Pawson and Fiorino, 1998, 1999; Randel et al., 2004; Manney
et al., 2005; Long et al., 2017; Wright and Hindley, 2018; Rao J et
al., 2019; Essa et al, 2022). The Stratosphere—troposphere
Processes And their Role in Climate (SPARC) even initiated a
specialized project known as the SPARC Reanalysis Intercompari-
son Project for a better understanding of how various reanalyses
differ in characterizing the stratospheric circulation (Fujiwara et
al,, 2017).

CRA-40 is the first Chinese reanalysis dataset, released by the
China Meteorological Administration. Since its release, numerous
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studies have been conducted to assess its ability to represent
atmospheric variables in the troposphere and at the surface (e.g.,
Zhao B etal,, 2019; Liang X et al., 2020; Yang JX et al,, 2021; Zhao D
et al, 2021; Shen C et al., 2022; Liu ZQ et al., 2023; Shi C and Zhai
PM, 2024). However, research evaluating its usefulness in repre-
senting the stratosphere has been lacking. Very recently, Wang ZX
et al. (2024) found that CRA-40 performs well in characterizing the
winter and spring circulation in the middle and lower Arctic
stratosphere, but cannot capture the characteristics of the quasi-
biennial oscillation in the equatorial stratosphere.

However, previous studies have suggested that there is a higher
disagreement among reanalyses in representing the stratospheric
circulation in the Antarctic region, compared to the Arctic region,
possibly due to the paucity of observation sites on Antarctica and
in the surrounding ocean (e.g., Long et al., 2017; Wright and Hind-
ley, 2018; Essa et al., 2022). This motivates us to ponder how well
CRA-40 represents the Antarctic stratospheric circulation, which
thus is the focus of this study. We find that CRA-40 demonstrates a
robust capability to characterize the winter circulation in the
middle and lower Antarctic stratosphere.

2. Data and Methods

It has been suggested that recent reanalyses demonstrate superior
performance, compared to their earlier versions, across various
dimensions (e.g., Long et al,, 2017; Essa et al., 2022). In order to
evaluate CRA-40, this study compares its use against that of two
other state-of-the-art reanalysis datasets: the fifth-generation
atmospheric reanalysis provided by the European Centre for
Medium-Range Weather Forecasts (ERA-5, Hersbach et al., 2020)
and the Modern-Era Retrospective analysis for Research and
Applications, version 2 (MERRA-2, Gelaro et al,, 2017). The data
compared cover the period from 1 December 1980 to 30 November
2019, with a 1° x 1° horizontal resolution and eight pressure levels
(200, 100, 70, 50, 30, 20, 10, and 5 hPa). Table S1 shows a brief
summary of the main characteristics of the selected reanalyses.
We focus on evaluating CRA-40's performance in the lower (100,
70, and 50 hPa) and middle (30, 20, and 10 hPa) stratosphere due
to significant discrepancies among current reanalyses in their
upper stratosphere data. However, for comparison purposes we
do include one specific pressure level (5 hPa) in the upper strato-
sphere.

We examine two indicators, the intensity and area, of the strato-
spheric polar vortex in the Southern Hemisphere. We first identify
the edge of the polar vortex in each winter, based on the climato-
logical winter-mean geopotential height at 10 hPa and 60°S. The
vortex intensity is defined as the averaged zonal wind along the
vortex edge; the vortex area is calculated using the following
formula:

2 360
nR

$= g0 2.1 ~sinlod). m

where ¢ is the latitude of the northern edge of the Antarctic polar
vortex, R is the radius of the Earth, and S represents the vortex
area. In this study, winter in the Southern Hemisphere is defined
as June through August, and in the Northern Hemisphere as
December through February.
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We also examine how well sudden stratospheric warming (SSW)
events are captured in CRA-40. Due to the relatively infrequent
appearance of major SSW events in the Southern Hemisphere,
however, we use sudden stratospheric deceleration (SSD) events
to identify Antarctic SSWs. We first compute the anomaly of zonal-
mean zonal wind (hereinafter referred to as Ua) by removing the
zonal wind's seasonal cycle from the original data. For each day,
we then calculate the difference of Ua at 10 hPa and 60°S
between five days prior to that day and five days following it; this
is termed the “10-day deceleration” for that particular day. Follow-
ing Birner and Albers (2017) and Yang PK et al. (2023), the “onset”
of a possible SSD event is identified when a 10-day deceleration
exceeds 27 m-s~1. This threshold is approximately twice the stan-
dard deviation of the zonal wind in the daily May—September
data record from 1981 to 2019. The “central date” of a qualifying
SSD event is defined as the day on which the maximum value of
deceleration occurs within a 20-day window that commences on
the day of onset; the “intensity” of the SSD event is taken to be
equal to that maximum deceleration value, reached on the event’
s central date. It is also stipulated that there must be a minimum
interval of 20 days between the central dates of two consecutive
SSDs; if this criterion is not met, the candidate SSD with the lower
intensity is not counted.

3. Results

3.1 Climatology

We first evaluate the climatology of the austral winter stratospheric
polar vortex among the three reanalyses. Figure 1 shows the
height-latitude cross sections of the climatological zonal-mean
zonal wind in winter in the Southern Hemisphere in the three
reanalyses, as well as the differences between each pair of reanal-
yses. For ease of comparison, we also show the stratospheric
circulation in the Northern Hemisphere.

The three reanalysis datasets have a high degree of consistency in
characterizing the climatological-mean stratospheric polar night
jet in the Northern Hemisphere; biases below 10 hPa between
each pair of reanalyses are within £0.5 m-s~' (Figures 1j-I). This is
consistent with findings in Wang ZX et al. (2024). In contrast, the
biases increase noticeably in the Southern Hemisphere (Figures
1g-i), which are also consistent with previous studies (e.g., Long
et al., 2017; Wright and Hindley, 2018; Essa et al., 2022). We note
that the climatological stratospheric polar night jet in the Southern
Hemisphere based on MERRA-2 data is strongest; the night jet
based on ERA-5 data is weakest. The differences between these
two reanalyses at the stratospheric levels above 20 hPa are signifi-
cant at the 95% confidence level (Figure 1i). Though the main
differences between CRA-40 and the other two reanalyses are also
concentrated above 20 hPa, they are statistically insignificant
(Figures 1g-h). There is a westerly bias of 0.47 m-s~1 in the polar
night jet's strength over 10-30 hPa and 50°-70°S in CRA-40 when
compared to ERA-5, and an easterly bias of -0.57 m-s~' when
compared to MERRA-2.

The differences of climatological-mean polar temperature in the
Southern Hemisphere among the three reanalyses agree with
those of the zonal wind, but they are more significant (Figures
2g-i). Correspondingly, MERRA-2 data deliver the coldest Antarctic
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Figure 1. (a—f) Height-latitude cross sections of the climatological zonal-mean zonal wind in winter during 1981-2019 in (a—c) the Southern
Hemisphere and (d-f) Northern Hemisphere; (a) and (d) display CRA-40 reanalysis; (b) and (e) display ERA-5; (c) and (f) display MERRA-2. (g-I) As in
(a—f), but for the differences (g) and (j) between CRA-40 and ERA-5; (h) and (k) between CRA-40 and MERRA-2; (i) and (I) between MERRA-2 and
ERA-5. The dotted areas indicate differences that are significant at the 95% confidence level (based on a two-tailed Student’s t-test, and the same
below). Values in parentheses in (g-i) represent the differences observed between 50°-70°S (outlined by the red boxes), averaged over

10-30 hPa.

stratospheric polar vortex; ERA-5 data portray the warmest. The
bias averaged over 10-30 hPa and 60°-90°S between them
reaches -1.32 K (Figure 2i). The strength of the climatological
polar temperature in CRA-40 falls between those of MERRA-2 and
ERA-5. In the Northern Hemisphere, the biases among the three
reanalyses are relatively small and within £0.5 Kiin the stratosphere
below 10 hPa (Figures 2j-I).

We also investigate the ratio of differences between pairs of
reanalysis datasets relative to polar vortex strength. With regard
to climatological temperature in the region 10-30 hPa over the
polar regions (defined as 60°-90°S and 0-360° in the Southern
Hemisphere; 60°-90°N and 0-360° in the Northern Hemisphere),
the difference ratios between datasets in the Southern Hemisphere
exceed those in Northern Hemisphere datasets (figures not
shown).

3.2 Interannual Variations

Next, we compare the interannual variations of the stratospheric
polar vortex among the three reanalyses. Figure 3 shows the
height-temporal evolution of temperature difference over the
polar cap (60°-90°S, 0-360°) in each month from June to August
for 1981-2019 between each pair of reanalyses. Over the entire 39-
year period, MERRA-2 exhibits a colder polar vortex in the middle
and lower stratosphere, except near 50 hPa, compared to ERA-5
and CRA-40, with larger biases in the middle stratosphere than in
the lower stratosphere (middle and right panels in Figure 3).
However, there is an obvious interdecadal change in the biases
between each pair of reanalyses since 1999. During 1999-2019,
the biases of winter polar temperature in the middle stratosphere
between CRA-40 and ERA-5, between CRA-40 and MERRA-2, and
between MERRA-2 and ERA-5 are largely reduced to 18%, 26%,
and 24%, respectively, of those observed during 1981-1998. This
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Figure 2. Asin Figure 1, but for the climatological zonal-mean temperature. Red boxes indicate the area over 10-30 hPa and 60°-90°S.

significant interdecadal change also exists in the Northern Hemi-
sphere. It has been attributed mainly to the transition of observa-
tions from the Stratospheric Sounding Unit (SSU) in the TOVS
[Television Infrared Observation Satellite (TIROS) Operational
Vertical Sounder] suite of instruments to observations from the
Advanced Microwave Sounding Unit-A (AMSU-A) in the ATOVS
(Advanced TIROS Operational Vertical Sounder) suite of sounding
instruments (Long et al., 2017; Wang ZX et al., 2024).

Additionally, it is worthy of note that during the period 1989-
1995, peculiar warm biases (up to ~14 K) occur in the upper
stratosphere as derived from CRA-40 data (left and middle panels
in Figure 3). We suspect that the lack of assimilation of SSU data
may be a reason for this phenomenon. The radiance channels on
SSU served as a major source of stratospheric information during
the 1980s and 1990s. Both ERA-5 and MERRA-2 assimilate the SSU
observations, but CRA-40 does not include the radiance data from
SSU (Liu ZQ et al., 2023). This could lead to large biases in the
upper stratosphere when CRA-40 is used, compared to ERA-5 and
MERRA-2, before the late 1990s. Additionally, the atmospheric
forecast model used by CRA-40 is a global spectral model (GSM

version 14) from the National Centers for Environmental Prediction
(NCEP, Table S1). It has been documented that an earlier version
of the NCEP global forecast system model, utilized in the Climate
Forecast System Reanalysis, exhibits a notable warm bias in the
upper stratosphere prior to 1998 (Long et al., 2017). Therefore, it is
plausible that the atmospheric forecast model used in CRA-40 also
contributes to this issue. We note that the exact cause of these
warm biases remains uncertain and warrants further investigation
in future studies.

Figures 4a and 4c further show the annual intensity and area of
the 10-hPa stratospheric polar vortex in austral winter for 1981-
2019. The interannual variation of both the polar vortex intensity
and area exhibit a high agreement among the reanalyses; correla-
tion coefficients between each pair of reanalyses are greater than
0.9. However, a temporal discontinuity is evident in 1999, especially
in the differences between CRA-40 and ERA-5 and between
MERRA-2 and ERA-5 (Figures 4b, d). The difference of the average
intensity of polar vortex between ERA-5 and MERRA-2 is significant
at the 95% confidence level (Figure 4b). In CRA-40, both the polar
vortex intensity and area are closer to those in MERRA-2
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compared to ERA-5. during the onset of major SSWs (Wright and Hindley, 2018). We
now turn our attention to SSD events in the Southern Hemi-
3.3 SSD Events sphere. Figure 5a shows the central dates of all SSDs during

Significant differences among different reanalyses are often found 1981-2019. Of the total of 34 SSDs, 31 are identified in all three
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reanalyses; the exceptions are events in 1985, 1987, and 1995. The
discrepancies between reanalyses in identifying SSDs amount are
due to slight variations in the peak magnitude of deceleration
recorded near the threshold. For example, the SSD event in October
1987 is identified only by MERRA-2, which delivers a 10-day maxi-
mum deceleration of 27.6 m-s~!; CRA-40 reports the maximum
zonal wind deceleration for this event as 26.5 m-s~', close to the
ERA-5 value of 26.1 m:s~!, both of which are less than 1 m-s-!
below the threshold that defines an SSD event. We also note that
24 of the 31 SSDs that are identified by all three reanalyses have
the same central dates, and the bias of the remaining seven
events is only one day. These findings indicate a high agreement
of the three reanalyses in identifying the SSDs.

Figures 5b-d present scatter plots of SSD intensity differences
against the difference ratios between each pair of reanalyses,
which are defined as the difference of SSD intensity divided by the
mean intensity over the three reanalyses. Similar to the polar
vortex intensity in Figure 4, MERRA-2 reports the strongest SSDs,
followed by CRA-40; ERA-5 reports the weakest. An interdecadal
change is also observed. During 1981-1998, the averaged SSD
intensity biases of MERRA-2 relative to CRA-40 and to ERA-5 reach
1.21 m-s~" and 1.59 m-s™!, respectively, whereas they reduce to
0.18 m-s™! and 0.53 m-s~' during 1999-2019 (Figures 5c-d).
However, the bias of SSD intensity between CRA-40 and ERA-5 is
relatively small (<0.4 m-s~') and is steady in both of the two
subperiods (Figure 5b). There is also an evident improvement in
the difference ratio of the SSD intensity among the reanalyses
after the interdecadal change. The maximum difference ratio
drops from over 9% in the former subperiod to ~4% in the latter
subperiod. Nonetheless, we note that these differences and differ-
ence ratios in the SSD intensity among the three reanalyses are
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insignificant even at the 90% confidence level. The warming
events also occur when the stratospheric polar vortex breaks
down during austral spring, a phenomenon referred to as strato-
spheric final warming (SFW, Black and McDaniel, 2007). We find
that CRA-40 can well characterize the onset process of austral
spring SFWs, especially at and below 20 hPa (figures not shown).

4. Summary and Discussion

This study evaluates the applicability of CRA-40 in characterizing
the Antarctic winter stratospheric circulation, by comparing it
with ERA-5 and MERRA-2 reanalyses. The main conclusions are as
follows.

(1) There is a higher disagreement in describing the winter strato-
spheric polar vortex in the Southern Hemisphere among the three
reanalyses compared with that in the Northern Hemisphere. The
climatological mean polar westerly jet in the middle and lower
stratosphere in CRA-40 is stronger (weaker) than that in ERA-5
(MERRA-2) with a bias of approximately 0.5 m-s~! (-0.6 m-s~') over
10-30 hPa and 50°-70°S. Meanwhile, the climatological mean
temperature in the polar stratosphere is colder (warmer) than that
in ERA-5 (MERRA-2) with a bias of approximately -0.7 K (0.7 K)
over 10-30 hPa and 60°-90°S.

(2) On the interannual time scale, CRA-40 exhibits a high agreement
with the other two reanalyses regarding the temporal evolution of
winter vortex intensity and vortex area at 10 hPa. The correlation
coefficients between each pair of reanalyses can reach 0.9.
However, compared with ERA-5, the vortex intensity and vortex
area in CRA-40 are closer to those in MERRA-2.

(3) During 1981-2019, only three winters show discrepancies
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Figure 5. (a) The annual central dates of SSD events during 1981-2019 in the three reanalysis datasets. The dark and light blue bars mark the first
SSD event in each year with more than one SSD event. (b—d) The scatter plot of the difference of SSD intensity against the difference ratio (b)
between CRA-40 and ERA-5, (c) between CRA-40 and MERRA-2, and (d) between MERRA-2 and ERA-5. The blue circles represent the SSDs during

1981-1998; the red, the SSDs during 1999-2019.
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among the three reanalyses in identifying whether an SSD event
occurred, which is due to minor biases of wind speed near the
threshold. Furthermore, out of 31 SSDs that can be identified by
all the three reanalyses, 24 events have consistent central dates,
while the remaining seven events differ by no more than one day.

(4) The differences of almost all the selected indicators of the
polar stratospheric circulation between each pair of reanalyses
show a temporal discontinuity since 1999, which may be due to
the transition from the TOVS to ATOVS observations. Compared to
that during the subperiod 1981-1998, the disagreement among
the three reanalyses largely reduces during the subperiod
1999-2019.

This study does not attempt to determine which reanalysis is
more accurate, as we did not compare reanalysis results to obser-
vations. In fact, there has always been a debate about which
reanalysis is more reliable. For example, Friedrich et al. (2017)
concluded that the stratospheric wind in the Southern Hemisphere
in MERRA-2 is more accurate because of MERRA-2's enhanced
representation of gravity wave drag intensity, while Long et al.
(2017) argued that the gravity wave parameterization in MERRA-2
is overly aggressive. Nevertheless, our findings indicate that, over-
all, CRA-40’s ability to represent the Antarctic winter circulation in
the middle and lower stratosphere falls between that of ERA-5

Supplementary Materials

Table S1. Summary of the main characteristics of the selected reanalyses.?

and MERRA-2. Considering that the latter two reanalyses represent
the latest generation of atmospheric reanalysis data and are
widely used in studies of the stratosphere in the Southern Hemi-
sphere, we suggest that CRA-40 demonstrates an excellent perfor-
mance in characterizing the winter circulation in the middle and
lower Antarctic stratosphere.

In addition, all three reanalyses show a greater disagreement in
the upper stratosphere than in the middle and lower stratosphere.
Particularly, during 1989-1995, there are peculiar warm biases in
the upper stratosphere in CRA-40 (up to 14 K) compared to the
other two reanalyses. The detailed reason for this warrants our
attention in future work.
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Reanalysis

Main satellite instruments used in the

Model name Data assimilation algorithm Main reference
dataset stratosphere
CRA-40 NCEP GSM version 14 MSU, AMSU-A, AIRS, IASI, GPSRO 3DVar-FGAT Liu et al. (2023)
IFS version Cy41r2 Hersbach et al.
ERA-5 (2016) SSU, MSU, AMSU-A, AIRS, I1ASI, GPSRO, MLS 4DVar (2020)
3DVar with incremental
MERRA-2 GEOS-5.12.4 (2015) SSU, MSU, AMSU-A, AIRS, IASI, GPSRO, MLS Gelaro et al. (2017)

updating

a Major abbreviation in Table S1:

3DVar, three-dimensional variational (4DVar for four-dimensional variational);

AIRS, Advanced Infrared Sounder;

FGAT, First guess at appropriate time;

GEOS, Goddard Earth Observing System;

GPSRO, Global positioning system radio occultation;
IASI, Infrared Atmospheric Sounding Interferometer;
IFS, Integrated Forecasting System;

MLS, Microwave Limb Sounder.
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