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ABSTRACT

The Twentieth Century Reanalysis (20thCR) dataset released in 2010 covers the period 1871-2010 and is
one of the longest reanalysis datasets available worldwide. Using ERA-40, ERA-Interim and NCEP-NCAR
reanalysis data, as well as HadSLP2 data and meteorological temperature records over eastern China, the
performances of 20thCR in reproducing the spatial patterns and temporal variability of the East Asian
winter monsoon (EAWM) are examined. Results indicate that 20thCR data: (1) can accurately reproduce
the most typical configuration patterns of all sub-factors involved in the EAWM system, albeit with some
differences in the main circulation fields over East Asia in comparison to ERA-40 reanalysis data; (2) is
reliable and stable in describing the temporal variability of EAWM since the 1930s; and (3) can describe
the high-frequency variability of EAWM better than the low-frequency fluctuations, especially in the early
period. In conclusion, caution should be taken when using 20thCR data to study interdecadal variabilities
or long-term trends of the EAWM, especially prior to the 1930s.
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1. Introduction

The East Asian winter monsoon (EAWM) is one of
the most active systems in the Northern Hemisphere
during boreal winter (December—January—February,
DJF) (Chang and Lau, 1982; Ding and Krishnamurti,
1987). A strong (weak) EAWM usually leads to a
severe (warm) winter in China and adjacent regions.
There have been many efforts to understand and pre-
dict the influences of the EAWM on the winter or
even summer climate over China and adjacent regions
(Zhang et al., 1997; Compo et al., 1999; Chen et al.,
2000; Jhun and Lee, 2004; Wang et al., 2009a; Wang
and Chen, 2010; Zhou, 2011). The EAWM not only
plays an essential role in controlling the winter cli-
mate over most of China, Mongolia, East Russia, the
Korean Peninsula and most of Japan, but it also influ-
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ences the current and subsequent ocean—atmosphere
systems and modulates the global climate change to
a certain extent (Lau and Li, 1984; Guo, 1994; Shi,
1996; Ji et al., 1997; Li and Mu, 2000; Huang et al.,
2004; Huang et al., 2012).

Owing to a lack of widespread historical instrumen-
tal records, our understanding of the natural variabil-
ity and evolution of the EAWM system and its com-
ponents is limited. Over the past few decades, the Eu-
ropean Centre for Medium Range Weather Forecasts
(ERA-40) reanalysis data (Uppala et al., 2005) and
the National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis data (Kalnay et al., 1996) have
played important roles in investigating the EAWM
and its relationship to climate change in many studies.
However, these two most popular reanalysis datasets
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only began during the mid-twentieth century, leaving
many important climate events uncovered, and also
limiting awareness of the variability of the EAWM and
its circulation factors from a long-term perspective.
The Twentieth Century Reanalysis (20thCR) Project
is an effort led by the Physical Science Division of the
Earth System Research Laboratory and the Univer-
sity of Colorado Cooperative Institute for Research in
Environmental Sciences (CIRES) Climate Diagnostics
Center to produce a reanalysis dataset extending back
to the 1870s (Compo et al., 2011). However, it is un-
clear whether 20thCR data are reliable in describing
the variability of EAWM since the 1870s. The pur-
pose of this study, therefore, is to examine the abil-
ity of 20thCR reanalysis data in describing the spatial
structure and temporal variability of the EAWM.

2. Data and methods

The monthly sea level pressure (SLP), surface air
temperature (7y), zonal and meridional wind at 850
hPa (U850, V850), geopotential height field at 500 hPa
(H500) and zonal wind at 200 hPa (U200) from four
reanalysis datasets were used in the study, including
20thCR data covering the period 1871-2010 (Compo
et al., 2011), NCEP-NCAR data since 1948 (Kalnay
et al., 1996), ERA-40 data for the period 1957-2002
(Uppala et al., 2005), and ERA-Interim data since
1979 (Dee et al., 2011). To facilitate calculations and
comparisons, the 20thCR and ERA-Interim reanalysis
data were interpolated to share the same spatial res-
olution as the NCEP-NCAR and ERA-40 reanalysis
datasets; namely, 2.5°x2.5°. Moreover, a long-term
Siberian High index derived from the Hadley Centre
HadSLP2 dataset (Allan and Ansell, 2006) was also
used. To examine the relationship and stability of the
EAWM and the winter climate over eastern China,
a seasonal temperature series from 71 meteorological
stations located in eastern China (T71) covering the
period 1880-2007 was also used (Wang et al., 2009b).

For the statistical and atmospheric circulation
analyses carried out in the study, common methods
such as correlation and regression analysis were ap-
plied. Moreover, a multivariate EOF analysis (MV-
EOF) (Wang et al., 2008; Zhang et al., 2012) was used
to examine the collaborative relations among all the
sub-factors of the EAWM system. The time series cor-
responding to the first eigenvector from the MV-EOF
analysis was then defined as a comprehensive index
describing the variability of the entire EAWM system.
To reduce the effects of low-frequency variation and
examine whether or not the correspondence between
the two time series is stable, the high-frequency cor-
relation of the high-pass filtered time series was also
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tested. Throughout this article, all time series were
normalized to a base period of 1971-2000.

3. Results

3.1 Spatial features of the EAWM in 20thCR

We examine whether 20thCR data are able to cor-
rectly capture the main circulation features of the
EAWM, such as the Siberian High, low-level wind, the
East Asian Trough and the Jet Stream. The Siberian
High is an important part of the EAWM and exerts an
obvious influence on the winter climate over most of
East Asia; the climatological pattern of low-level wind
corresponding to the Siberian High and the Aleutian
Low is well known. Based on the ERA-40 reanaly-
sis data, the winter climatological mean fields of SLP
(contour lines) and low-level wind at 850 hPa (vectors)
over East Asia are shown in Fig. la, which are con-
sistent with previous understanding. Meanwhile, the
climatological mean fields of SLP and low-level wind
at 850 hPa derived from the 20thCR reanalysis data
are shown in Fig. 1b. Intuitively, the spatial pattern of
the SLP field and the low-level wind field described in
20thCR are consistent with ERA-40. The spatial cor-
relation coefficient of the SLP field between ERA-40
and 20thCR is 0.977. All of the spatial correlation co-
efficients are significant at the 0.001 level throughout
this article. The spatial correlation coefficient of the
low-level wind field between ERA-40 and 20thCR is
0.939. Furthermore, the spatial correlations of U850
and V850 are 0.969 and 0.918, respectively, indicat-
ing that 20thCR can describe zonal wind better than
meridional wind in the low-level wind field over East
Asia and adjacent regions in winter.

Comparing H500 (contour lines in Figs. 1c and d)
and U200 (colors in Figs. 1c and d) between ERA-
40 and 20thCR over East Asia, the spatial patterns of
20thCR are highly consistent with ERA-40. The corre-
lation coefficients of H500 and U200 between ERA-40
and 20thCR are 0.999 and 0.992, respectively. How-
ever, the H500 field of 20thCR. is higher than that
of ERA-40 (approximately 100 gpm), which indicates
that the 20thCR dataset systematically overestimates
the geopotential height in the middle troposphere in
winter. Moreover, the East Asian Trough described
in 20thCR is slightly deeper than that of ERA-40. In
U200, the position of the westerly Jet Stream axis and
the spatial shape are consistent, with an axis running
from the Middle East to the Northwest Pacific with a
high value center located from the East China Sea to
the Northwest Pacific area. Similarly, there are some
subtle differences between them; namely, the intensity
of the central area of the East Asian Jet Stream in
20thCR is slightly weaker than that in ERA-40. Gen-
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Fig. 1. Climatological mean fields of SLP (contour lines) and low—level wind at 850 hPa (vectors) based on
(a) ERA-40 and (b) 20thCR data averaged from 1971 to 2000. Climatological mean fields of geopotential
height at 500 hPa (contour lines) and zonal wind at 200 hPa (colors) based on (c¢) ERA-40 and (d) 20thCR
data averaged over the same period. The zonal wind speed less than 30 m s~ is omitted for clarity in (c)

1647

and (d).

erally, we conclude that the 20thCR data describes the
spatial features of the EAWM system well, although
there are some differences in the main circulations over
East Asia when referenced to ERA-40 reanalysis data.

3.2 Temporal features of the EAWM in 20
thCR

It is important to know whether 20thCR data can
capture the temporal variability of the EAWM because
it is more complicated to reproduce the year-to-year
changes in the strength of the EAWM than to describe
a climatological spatial status. To reflect the inte-
grated feature of the EAWM system with a unique in-
dex, a MV-EOF method was used to extract the dom-
inant mode, synthesized from six variables, including
SLP, Ty, U850, V850, H500 and U200 over East Asia
(20°=60°N, 90°-150°E). The time series correspond-
ing to the first eigenvector of the MV-EOF analysis
(MV-PC1) was taken as the EAWM index, conferring
an advantage over the winter climate in East China
(Zhang et al., 2012). In addition to the 20thCR data,
ERA-40, NCEP-NCAR and ERA-Interim reanalysis
data were also used in the MV-EOF analysis for com-
parison. The explained variances of 20thCR are 19.7%
for the analysis period of 1872-2010 and 25.6% for the
period of 1949-2010. For ERA-40, the explained vari-
ance is 25.0% for the period 1958-2002, while for ERA-
Interim it is 28.4% for the period 1980-2011. The
high values of explained variance indicate that the first

eigenvector can capture the dominant spatiotemporal
features of the EAWM system.

The distribution of DJF T (colors in Figs. 2a and
¢, °C), SLP (contour lines in Figs. 2a and c, hPa),
winds at 850 hPa (vectors in Figs. 2a and ¢, m s71),
H500 (contour lines in Figs. 2b and d, m) and U200
(colors in Figs. 2b and d, m s~!) anomalies corre-
sponding to a one-standard-deviation positive DJF
EAWM index (MV-PC1) are plotted based on ERA-
40 (upper) and 20thCR (lower) data from 1958 to 2002
in Fig. 2. The spatial patterns for all the variables
in 20thCR (Figs. 2c and d) are highly consistent with
ERA-40 (Figs. 2a and b). The spatial correlation coef-
ficients of the regression fields of T, SLP, U850, V850,
H500 and U200 between 20thCR and ERA-40 are 0.89,
0.99, 0.95, 0.84, 0.99 and 0.98, respectively. The high
spatial correlations suggest that the 20thCR reanalysis
data accurately captures the most typical features of
the integrity of the EAWM system, which reflects the
configuration patterns of all of the sub-factors involved
in the EAWM system.

As previously mentioned, the time series corre-
sponding to the first eigenvector of the MV-EOF anal-
ysis was taken as the EAWM indices based on 20thCR,
NCEP-NCAR, ERA-40 and ERA-Interim, and they
are shown in Fig. 3. The four EAWM indices are
overall consistent with each other in both interannual
variability and interdecadal fluctuations in the com-
mon period, with several strong anomalous events in



1648

(Oa) Reg<Ts&PC1, SLP&PC1, UV850&PC1>, ERA—40
60 N [7zzz==

EVALUATION OF 20THCR IN DESCRIBING EAWM VARIABILITY

VOL. 30

(b) Reg<H500&PC1,U200&PC1>, ERA-40

90°E 105°E 120°E 135°E 150°E 90 E 105°E 120°E 135°E 150°E
EHE = s HE = s
-1 -05 0 0.5 1 ¢ 3 2 0 1 2ms”

45°

30°N

90" E 105 E 120°E 135 E 150°E 90 E 105" E 120°E 135 E 150" E
HE = 2 e HE = 2
15 -1 -05 0 05 C 3 2 -1 0o 1 2 3ms

Fig. 2. Spatial distribution of the regression coefficients of (a) 7y, SLP and UV850 and (b) H500 and U200
in DJF upon the EAWM index (MV-PC1) based on ERA-40. The panels (¢) and (d) are the same as
(a) and (b), but for the 20thCR dataset. In (a) and (c), color shading denotes surface air temperatures
(°C), the isolines denote sea level pressure (hPa) and the vectors denote winds at 850 hPa (m s™'). The
maximum vectors in (a) and (c) are 1.40 and 1.44 m s~ !, respectively. In (b) and (d), color shading denotes
zonal winds at 200 hPa (m s™') and the isolines indicate the geopotential height at 500 hPa (m). Data
periods are 1958—2002. All of the values in this figure were scaled to correspond to one-standard-deviation

of the EAWM index.

1967/68, 1976/77, 1980/81 and 1983/84, and several
weak anomalous events in 1965/66, 1972/73, 1978/79,
1988/89 and 1997/98. On the interdecadal timescale
(see the smoothed lines in Fig. 3), a highly positive
phase dominated during the mid-1950s, mid-1960s and
the early 1980s, and an obvious trough dominated in
the 1970s and 1990s. The correlation coefficients be-
tween the four EAWM indices in each common pe-
riod are shown in Table 1. The raw correlation coef-
ficients between 20thCR and NCEP-NCAR, ERA-40
and ERA-Interim are 0.94, 0.94 and 0.95, respectively;

the high-frequency (<10 yr) correlations are 0.94, 0.94
and 0.96, respectively—all significant at the 0.01 level.
The high correlations indicate that 20thCR is highly
reliable and stable in capturing the temporal variabil-
ity of the EAWM since the 1950s. However, how well
do the 20thCR data describe the variability of the
EAWM before the 1950s7

To examine the stability and reliability of 20thCR
data in describing the variation in the EAWM before
the 1950s, an additional analysis was performed based
on the Siberian High index, which was derived from
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Fig. 3. Four normalized EAWM indices derived from the 20thCR, NCEP-
NCAR, ERA-40 and ERA-Interim reanalysis datasets based on the MV-EOF
method. The smooth lines are the low—frequency (>10 yr) variations from a
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Butterworth filter for each curve.

Table 1. Correlation coefficients between each pair of EAWM indices.

NCEP-NCAR ERA-40 ERA-Interim
20thCR 1 0.94 0.94 0.95
T2 0.94 0.94 0.96
NCEP-NCAR r1 1 0.93 0.97
T2 1 0.94 0.95
ERA-40 71 1 0.92
T2 1 0.88

Note: All correlation coefficients are significant at the 0.01 level (two-tailed); r1 and ro indicate raw correlation and high-frequency

(<10 yr) correlation, respectively.

the HadSLP2 dataset and the temperature series from
the Tl-station records over eastern China from the
1870s and 1880s, respectively. The normalized time se-
ries of the EAWM index (green line), the Siberian High
index (blue line) and the East China temperature (red
line) are shown in Fig. 4a. The variability of EAWM
generally coincides well with the Siberian High and
is out-of-phase to East China temperature. The raw
(r1) and high-frequency (rg) correlation coefficients
between the EAWM and Siberian High are 0.60 and

0.72, respectively—significant at the 0.01 level (Table
2). This level of correlation indicates that they share
stability and a high level of consistency from year to
year. The Siberian High is one of the most important
circulation components of the EAWM system, and it
could be used as an indicator of the intensity of the
EAWM system (Gong and Ho, 2002). A strong (weak)
Siberian High often means strong (weak) EAWM ac-
tivity and a cold (warm) winter in most parts of China
and its surrounding areas. As a result, the variability

Table 2. Correlation coefficients among the three time series in different periods.

SBH T71
T1 T2 T1 T2

EAWM-20thCR Entire period 0.60** 0.72%* —0.52%* —0.66%*
Post-1951 0.74%* 0.73%* —0.72%* —0.70%*

Pre-1951 0.58%* 0.70** —0.23 —0.63%*

SBH Entire period 1 1 —0.45%* —0.69%*
Post-1951 1 1 —0.62%* —0.68%*

Pre-1951 1 1 —0.47** —0.69**

Note: ** Significant at the 0.01 level; SBH denotes Siberian High index derived from HadSLP2 dataset; 71 and r2 indicate raw and

high-frequency (<10 yr) correlations, respectively.
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Fig. 4. (a) EAWM index (green) from 20thCR, Siberian High index (blue) from HadSLP2,
and the temperature series (red) from East China. Panels (b) and (c) respectively show the
raw and high-frequency (<10 yr) 30-yr running correlation coefficients between the EAWM
and Siberian High (A, D), the EAWM and East China temperature (B, E), and the Siberian
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High and East China temperature (C, F).

of the Siberian High is consistent with the EAWM fluc-
tuation. Consequently, the raw correlation coefficients
between East China temperature and the EAWM and
Siberian High are —0.52 and —0.45, respectively, and
the high-frequency correlation coeflicients are —0.66
and —0.69, respectively—all significant at the 0.01
level. The raw (high-frequency) correlation coefficients
of the EAWM and the Siberian High during the peri-
ods of pre-1951 and post-1951 are 0.58 (0.70) and 0.74
(0.73), respectively. The raw (high-frequency) corre-
lation coefficients of the EAWM and East China tem-
perature during the periods of pre-1951 and post-1951
are —0.23 (—0.63) and 0.72 (0.70), respectively—all
significant at the 0.01 level, except for —0.23. Gen-
erally, the correlation coefficients for the first period
(pre-1951) are much lower than the correlation coef-
ficients for the second period (post-1951), which indi-
cates that the corresponding relationship between the

EAWM and the Siberian High and East China tem-
perature became weaker earlier in history.

The 30-year running correlation coefficients be-
tween the EAWM and Siberian High (curve A), the
EAWM and East China temperature (curve B), and
the Siberian High and East China temperature (curve
C) are shown in Fig. 4b. It can be seen that the cor-
relation between the EAWM and Siberian High in-
creased gradually with time, especially after the 1930s.
Curves B and C are also characterized by a similar in-
crease in correlation coefficients of East China temper-
ature and the EAWM and Siberian High. It should be
noted that, although both curves B and C decreased
as they extended back into history prior to the 1930s,
curve B dropped dramatically, especially prior to the
mid-1920s, contrasting obviously with a gentle reduc-
tion of curve C. Furthermore, the high-frequency (<10
yr) correlation coefficients corresponding to curves A,
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B and C are also plotted in Fig. 4¢; namely, curves
D, E and F. The most obvious difference between the
raw and high-frequency correlation coefficient curves is
the improvement in the correlation coefficients of the
EAWM and Siberian High and East China tempera-
ture during the period before the 1930s, which suggests
that the 20thCR dataset reproduces the interannual
variability of EAWM better, especially during in the
early period.

4. Discussion and conclusion

Using ERA-40, NCEP-NCAR and ERA-Interim
reanalysis data, as well as HadSLP2 data and instru-
mental temperature records over eastern China, we
evaluated the spatial pattern and temporal variability
of the EAWM described in the 20thCR dataset. The
results showed that the 20thCR reanalysis data de-
scribe the spatial features of the EAWM system well,
although there are some differences in the main circu-
lation patterns over East Asia in comparison to the
ERA-40 reanalysis data, such as a weaker Siberian
High center, a slightly deeper East Asian Trough, and
a slightly weaker East Asian Jet Stream center. The
MV-EQOF analysis also suggested that the 20thCR
data reproduce the most typical configuration patterns
of all sub-factors involved in the EAWM system rea-
sonably well.

The EAWM index derived from the 20thCR is sig-
nificantly correlated to that from the NCEP-NCAR,
ERA-40, and ERA-Interim. This suggests that the
20thCR is highly reliable and stable in describing the
temporal variability of EAWM since the 1950s. Com-
pared with the longer time series of the Siberian High
derived from HadSLP2 data and East China temper-
ature from meteorological records, the 20thCR data
reproduce the variability of EAWM in a credible way;
however, a discernible discrepancy appears prior to
the 1930s. According to the high-frequency correla-
tion analysis, it can be concluded that the 20thCR
dataset reproduces the high-frequency variability of
EAWM better than the low-frequency variation, es-
pecially in the early period. In conclusion, caution
should be taken when using 20thCR data to study the
interdecadal variability or long-term trend of EAWM,
especially prior to the 1930s.
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