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ABSTRACT: The Siberian High (SH) is an important part of the East Asian winter monsoon (EAWM) and is closely
linked to cold surges. Previous studies revealed a pronounced decline in the strength of the SH during the late 20th
century accompanied with a coherent decrease in the frequency of cold surges. However, studies using different data
sets yielded different behaviour of the trends. Here we examine the interdecadal variations of the SH and cold surges
deduced from six modern global reanalysis data sets. Discrepancies in such variations are found between the reanalysis
data sets and observations as well as among different reanalysis data sets. Such discrepancies contribute to inconsistent
interdecadal variations of the cold surge frequency in different reanalysis data sets. Potential causes of this situation are

discussed. Copyright © 2010 Royal Meteorological Society
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1. Introduction

The semi-permanent Siberian High (SH) spanning the
Eurasian continent is a key element of the East Asian
winter monsoon (EAWM; Figure 1(a)) that is linked to
cold surges (Cheang, 1987; Lau and Chang, 1987; Chan
and Li, 2004). The cold surge frequency varies coherently
with the SH fluctuations on both the interannual and
decadal time scales (Ding, 1990; Wu and Chan, 1997;
Zhang et al., 1997; Jeong and Ho, 2005). During the
late 20th century, the SH underwent a drastic decrease
in strength (Gong and Ho, 2002), as can be seen in
the time series of observed sea-level pressure (SLP;
Trenberth and Paolino, 1980) averaged over the SH
(40°-65°N, 80°—120°E) (Figure 1(b)). The SH strength
decreased most rapidly during the 1978-2001 period
(Panagiotopoulos et al., 2005). Recent studies (Hong
et al., 2008; Wu and Leung, 2008) found that this SH
decline is likely linked to the interdecadal variation of the
North Atlantic Oscillation and the associated large-scale
circulation across Eurasia.

Global reanalysis data sets (herein reanalyses) have
been an important resource of EAWM research (Sun and
Sun, 1995; Shi, 1996; Chen et al., 2001; Wu and Wang,
2002; Chen et al., 2004; Jhun and Lee, 2004; Gao, 2007).
Numerous studies have noted discrepancies between
different reanalyses in the spatial-temporal distribution
of rainfall (Lim and Ho, 2000; Sumant and Alfredo,
2006; Zhao and Fu, 2006), pressure (Smith et al., 2001;
Ponte and Dorandeu, 2003; Salstein et al., 2008), and
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temperature (Greatbatch and Rong, 2006; Chen et al.,
2008). Discrepancies in the multi-decadal variation of
surface pressure between reanalyses and observations
(Yang et al., 2002; Inoue and Matsumoto, 2004) are of
particular concern as cold surges are closely linked to
the SH. As implied in Panagiotopoulos et al. (2005),
the SH decline derived from the reanalyses is not as
pronounced as that found in observations. Clearly, there
is a possibility that the cold surge frequency depicted by
the reanalyses may not agree with the observations and
with each other. This possibility is examined herein.

Studies using different reanalyses and different criteria
also yield inconsistent trends in the cold surge frequency.
For instance, a gradual decrease in the cold surge fre-
quency was noted during the time period of 1980—1990
(Zhang et al., 1997) and 1979-2000 (Chen et al., 2004),
whereas a much stronger decrease during a similar time
period was revealed in Hong ef al. (2008) and Wu and
Leung (2008). Currently, six reanalyses are available and
have been used extensively in climate research. It is there-
fore important to examine if these reanalyses produce
consistent variations of EAWM and the cold surge fre-
quency. Such a study will provide a validation for future
EAWM research using reanalyses. The six reanalyses are
first introduced in Section 2. Results are then presented
in Section 3, followed by a summary in Section 4.

2. Data and cold surge definition

The six reanalyses evaluated are introduced in Table I
including their acronyms, available time period, model
resolution, basic assimilation scheme, and references.
Data of these reanalyses are all extracted from the
National Center for Atmospheric Research Mass Storage
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Figure 1. (a) The SLP for winter (December—February) climatology averaged over the 1979-2008 period derived from the ERA40/I reanalyses.

Areas with SLP larger than 1020 and 1028 hPa are shaded (colour scale given in the top right). (b) Time series of the SLP anomalies (ASLP)

averaged over the Siberia high [(80°—120°E, 40°—65°N) as outlined in (a)] from 1950 to 2008 using the Trenberth—Paolino data (grey line).

The thick black line in (b) represents the 20-year low-pass filtered ASLP and the red dotted line indicates the ASLP trend as that shown in

Panagiotopoulous et al. (2005). The time period between 1976 and 2001 where the great SH decline was noted is shaded in light yellow. This
figure is available in colour online at wileyonlinelibrary.com/journal/joc

System. Given the difference of time periods between
ERA40 (1958-2001) and ERA-Interim (1989—present),
these two reanalyses are combined and evaluated as one,
denoted as ERA40/I. This is done by averaging the two
over their overlapping time period (1989-2001). For
observations, we use two gridded SLP data, one generated
by Trenberth and Paolino (1980) and the other by the UK
Met Office Hadley Centre (HadSLP2; Allan and Ansell,
2006). Daily maximum and minimum temperatures and
surface pressure at three stations [Wuhan (WMO ID:
57494), Taipei (46 692), and Hong Kong (45 005), loca-
tions shown in Figure 1(a)] that have been used to study
cold surges (Wu and Chan, 1995; Chen et al., 2002; Wu
and Leung, 2008) are also analysed. In the reanalyses, the
‘station’ temperature and SLP are obtained through linear
interpolation from the four grid points surrounding each
station. A bias correction is then applied by removing
the differences in seasonal mean between the reanalyses
and the station records. The analysis periods covers the
winter season (December—February) from 1950 to 2008.

Following Panagiotopoulos et al. (2005), the SH inten-
sity is determined by SLP averaged over the SH domain
(Figure 1(a)). The occurrence of a cold surge is defined
by the following criteria: (1) the SLP averaged over the
SH must be >1035 hPa, (2) the surface temperature (i.e.
the average of daily maximum and minimum tempera-
ture) at each station experiences a decrease of at least 4 °C
within 24 h, and (3) the daily minimum temperature at
each station is <15°C on or after the day of temperature
decrease. These criteria are modified from Zhang et al.
(1997) with additional minimum temperature conditions
at the surface stations (i.e. the third criterion), following
Hong et al. (2008). The observed cold surge frequencies
in Wuhan, Taipei, and Hong Kong from 1950 to 2008 are
shown in Figure 2(c)—(e). The average number of cold
surges at these three stations is about 13 cases per winter
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in the 1976—1987 period and 11 cases in 1988-2001,
close to the numbers found in Zhang et al. (1997).

Zhang et al. (1997) required surface air temperature
to drop 8—10°C in central China or 5-7°C in southern
China within 24—48 h of the onset of the cold surge. We
require a temperature drop of at least 4 °C in the southeast
stations but add a criterion of daily minimum temperature
<15°C in order to filter out the weaker surges. Focusing
on stronger cold surges helps to evaluate the performance
of global reanalyses on depicting cold surges. Without
the criterion of daily minimum temperature <15°C,
the average number of cold surges in Figure 2(c)—(e)
would be about 35% higher approaching those shown
in Chen et al., 2004 (17.3 cases per year). However,
Jeong and Ho (2005) applied different criteria (i.e.
surface air temperature decrease >2 standard deviations
and anomalous northerly wind speed >1.5 standard
deviations) in addition to Zhang et al.’s (1997) criteria.
This may be why Jeong and Ho’s (2005) number of
cold surges (8.39 cases per winter) is smaller than Zhang
et al.’s and ours.

3. Results
3.1.

The SH intensity in the various reanalysis data sets is
shown by the SLP time series in Figure 2(a). All data
sets agree well with each other in terms of the interannual
variability. As shown in Table II, the correlation coeffi-
cients between the Trenberth—Paolino data and other data
sets are significantly high. To depict the interdecadal vari-
ability, the SLP time series are smoothed by a 20-year
low-pass filter with the minimum slope constraint follow-
ing Mann (2004). This low-pass method gives the least
spurious trends on both ends of the time series. After
filtering, the late 20th century decline of the SH in the

Siberian high
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Table I. List of observations and reanalysis data sets.

Name Period

Model resolution

Reference and DS
home page address

Interpolation or
assimilation scheme

WMO surface stations 1950—present

National Center for Atmospheric Research  1899—April
(NCAR) (Trenberth and Paolino) Northern 2009
Hemisphere SLP (herein Trenberth—Paolino

data)

The Met Office Hadley Centre’s mean 1850-2004

sea-level pressure data set (herein
HadSLP2)

National Centers for Environmental
Prediction (NCEP)-NCAR Re-Analysis
(herein NCEP1)

1948 —present

NCEP-Department of Energy Atmospheric
Model Intercomparison Project (AMIP-II)
Re-Analysis (herein NCEP2)

1979—present

The European Centre for Medium-Range September
Weather Forecasts (ECMWF) Re-Analysis  1957—August
(herein ERA40) 2002

The ECMWEF Interim Re-Analysis (herein
ERA-interim)

1989 —present

Japanese 25-year Reanalysis Project (herein
JRA2S5)

1979—present

Goddard Earth Observing
System Data Assimilation
System Version 5 (herein GEOSS5)

1979 August
2006

http://dss.ucar.edu/

datasets/ds564.0/
Trenberth and Paolino
(1980)
http://dss.ucar.edu/

datasets/ds010.1/

Allan and Ansell (2006)

http://dss.ucar.edu/
datasets/ds277.4/
T62 L28 Reduced- Kalnay et al. (1996)
space http://dss.ucar.edu/
optimal datasets/ds090.0/
interpolation
T62 L28 3DVAR Kanamitsu et al. (2002)
http://dss.ucar.edu/
datasets/ds091.0/
T159 L60 3DVAR Uppala et al. (2005)
http://dss.ucar.edu/
datasets/ds120.0/
T255 L60 3DVAR Simmons et al. (2007)
http://dss.ucar.edu/
datasets/ds627.0/
T106 L40 4DVAR Onogi et al. (2007)
http://dss.ucar.edu/
datasets/ds625.1/
L72 3DVAR http://gmao.gsfc.nasa.

gov/pubs/docs/GEOS
5.104606-Vol27.pdf

T, triangular truncation; L, vertical layers.

Trenberth—Paolino data is considerably deeper than that
in all other data sets, including HadSLP2 (Figure 2(b)).
Except NCEP2, all data sets depict a similar phase of
the interdecadal variation during the 1976-2001 period,
although the magnitude of the variation in the Tren-
berth—Paolino data is notably larger than the others.
Before 1979, there is a substantial difference between
NCEPI and ERA40/1 and between these two reanaly-
ses and the observations (Figure 2(b)). After 1979, all
the reanalyses become increasingly consistent with one
another and with HadSLP2, but none of them depicts the
SH decline as dramatic as that shown in Panagiotopou-
los et al. (2005) with the Trenberth—Paolino data. Such
an inconsistency is reflected by the relatively low
correlation coefficients between the Trenberth—Paolino
data and other data sets in the interdecadal time scale
compared to the interannual time scale (Table II). In
1979, a global observing system was established dur-
ing the Global Weather Experiment with the implemen-
tation of a comprehensive space-borne observing sys-
tem. It is plausible that the inclusion of the global
observational records beginning from 1979 resulted in
considerable differences between surface station-based
and assimilation data sets. From Figure 2(a) it is also

Copyright © 2010 Royal Meteorological Society

visible that the SH trend levels off in 1993 in all
data sets except the Trenberth—Paolino data. The tim-
ing of the difference coincides with the 1994 launch of
the second-generation Geostationary Operational Envi-
ronmental Satellites replacing the first-generation ones
that covered 1980—-1993. How the upgraded satellite
data contributed to such an inconsistency in the post-
1993 SH variation is unclear. However, we note that all
reanalyses agree well with the HadSLP2, signalling that
even different observational data sets can yield different
results regarding the SH variability.

Possible causes for the discrepancy in trends between
reanalyses have been discussed by a number of stud-
ies (Sturaro, 2003; Sterl, 2004; Salstein et al., 2008).
Because reanalyses are naturally sensitive to historical
changes in the observing system (such as the establish-
ments of global radiosonde network in 1958 and satellite
observations thriving since the 1970s), different assim-
ilation schemes between reanalyses could lead to large
discrepancies in temporal variations (Bengtsson et al.,
2004; Bromwich and Fogt, 2004). For example, NCEP1
only assimilates retrieved atmospheric temperature pro-
files, while ERA40 includes satellite observations (Cai
and Kalnay, 2005; Chen et al., 2008). Furthermore,

Int. J. Climatol. (2010)
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Figure 2. (a) Same as Figure 1(b) but for the total variations of observed ASLP (Trenberth—Paolino data and HadSLP2) and assimilated ASLP

(NCEP1, NCEP2, ERA40/1, JRA25, and GEOSS). (b) The 20-year lowpassed variations of (a). (c)—(e) The wintertime cold surge frequencies

(Np) in Wuhan, Taipei, and Hong Kong observed from stations and the reanalyses. Solid thin lines (dotted thin lines with open circles) show

the actual time series of observed (assimilated) Ng and solid thick lines are the associated 20-year lowpassed variations. The legend is shown in

the lower left in (a)—(e) and atop (c). The time period between 1976 and 2001 where the great SH decline was noted is shaded in light yellow.
This figure is available in colour online at wileyonlinelibrary.com/journal/joc

because NCEP1 was conducted earlier than ERA40,
newer observations were purposely excluded in NCEP1
in order to maintain a stable output over time (Sterl,
2004). This might have led to the sudden increase of dis-
crepancies in various fields during the late 1960s between
ERA40 and NCEP1. Moreover, as the assimilated surface

Copyright © 2010 Royal Meteorological Society

pressure is linked to the total mass of the atmosphere,
errors from any factors affecting the total mass of the
atmosphere would likely contribute to the trend of SH
and, in turn, affect the trend of cold surge frequencies. For
example, NCEP1 only has water vapour data input from
radiosonde observations, whereas water vapour retrieved

Int. J. Climatol. (2010)
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Table II. Correlation coefficient () between reanalysis and observation for the SLP over Siberia and the cold surge frequencies
in southeast stations during 1950-2008.

HadSLP2 NCEP1 NCEP2 ERA40/1 JRA25 GEOS5

Interannual time scale

r[SH(reanalysis x observation)] 0.96 0.92 0.97 0.96 0.95 0.95
r[S,(reanalysis x observation)] Wuhan - 0.34 0.35 0.24 0.46 0.22
r[S,(reanalysis x observation)] Taipei - 0.30 0.34 0.22 0.64 0.43
r[S,(reanalysis x observation)] Hong Kong - 0.45 0.42 0.46 0.24 0.14
Interdecadal time scale

r[SH(reanalysis x observation)] 0.73 0.30 0.25 0.35 —0.23 0.20
r[Sg(reanalysis x observation)] Wuhan - 0.47 0.20 —0.18 0.40 —0.11
r[S,(reanalysis x observation)] Taipei - —-0.21 —0.19 —0.13 0.30 0.05
r[S,(reanalysis x observation)] Hong Kong - 0.70 0.82 0.28 0.35 0.24

SH, sea-level pressure over Siberia region; Sy, cold surge. Interdecadal time scale: 20-year low-pass filtered values in Figure 2. Correlation

coefficient above 95% confidence interval is emphasised with bold type.

from satellite data is assimilated in ERA40 after 1987,
suggesting that more water vapour is included in ERA40
than in NCEP1 (Chen et al., 2008).

3.2. Cold surge frequencies

Next, we evaluate the representation of cold surge fre-
quencies from the six reanalyses. Cold surge frequen-
cies in Wuhan, Taipei, and Hong Kong constructed from
reanalyses are shown, respectively, in Figure 2(c)—(e),
following Figure 2(a)—(b). It is evident that the cold
surge frequency at the three stations (grey line in
Figure 2(c)—(e)) decreases considerably during the
1976-2001 period and then increases afterward, except
in Hong Kong where cold surges remain less active
throughout the 21st century, as was noted in Wu and
Leung (2008). Such low-frequency variations in the cold
surge frequency are highly correlated with the SH vari-
ation (grey line in Figure 2(b)), particularly in Wuhan
and Hong Kong where ocean modification of cold surges
is minimal. Similar interdecadal correspondence between
cold surges and the SH has also been noted in Taiwan by
Hong et al. (2008) based on surface observations.

As shown in Table II, the interannual variations of
cold surge frequencies are positively correlated with the
observations, although the correlation is not as high as
that of the SH variations. This may reflect a limita-
tion of the coarse-resolution reanalyses in replicating
station records based on which the cold surge crite-
ria are defined. In the interdecadal time scale (i.e. fil-
tered by the 20-year lowpass), the coherence between
cold surge frequencies in reanalyses and observation
remains weak (Figure 2(c)—(e) and Table II). For exam-
ple, at Wuhan only NCEP1 and JRA25 give a trend in
the post-1980 cold surge frequency similar to that in
the observations, albeit weak. The interdecadal varia-
tion in ERA40/1 and GEOSS is nearly opposite to the
observation (Figure 2(c)). In Taipei, the disagreement
among data sets is more serious; only JRA25 depicts a
coherent but much weaker trend (Figure 2(d)). In Hong
Kong, however, JRA25, NCEP1, and NCEP2 show rela-
tively consistent trends in the cold surge frequency with

Copyright © 2010 Royal Meteorological Society

the observations (Figure 2(e)). Table II summarises the
correlation coefficients between reanalyses and observa-
tions which support the analysis made in Figure 2.

The reanalyses that are more consistent with the obser-
vations in cold surges do not necessarily depict the SH
trend better (e.g. NCEP1). Some reanalyses (GEOSS5
and ERA40/T) even reveal opposite decadal variations
between the SH and the cold surge frequency. Because
surface air temperature change in southeast stations is one
of the criteria for cold surge identification (i.e. Section 2),
the inconsistency between the trend of SH and cold surge
frequency in Figure 2 leads to a speculation that reanal-
yses, which do not represent the SH trend well, may
handle surface air temperature in southeast stations dif-
ferently. Visual inspection of the trend and variability of
surface air temperature in Wuhan, Taipei, and Hong Kong
(Figure 3(a)—(c)) suggests that, after 1960, all six reanal-
yses are in good agreement with the station records. In
contrast, substantial differences between reanalyses and
observations are found over Siberia (Figure 3(d)). Exam-
inations of correlation coefficients (Table III) between the
observed surface air temperature and other data sets from
Figure 3 indicate that the correlation is consistently lower
over Siberia than that in southern Asia, even though
the correlation remains significant in all areas (except
GEOSS5). This contrast between the correlations over
Siberia and southeast stations (Table III) suggests that
reanalyses represent the surface air temperature better in
Southeast Asia than Siberia.

To further explain the geographic difference of trends
in both SLP and surface air temperature between reanal-
yses and observations, we examine the horizontal distri-
butions of the difference of SLP (i.e. ASLP; contours
in Figure (4)) and surface air temperature (i.e. ATj;
shadings in Figure (4)) between the 1979-1993 and
1994-2009 periods. The selection of these two time
periods is based on the fact that the SH trend lev-
els off in 1993 in most data sets except the Tren-
berth—Paolino data (Figure 2(a)). It appears that the mag-
nitudes of ASLP between observation and other data
sets are larger over Siberia than Southeast Asia. A clear

Int. J. Climatol. (2010)
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Figure 3. The times series of DJF-averaged temperature in (a) Wuhan, (b) Taipei, and (c) Hong Kong obtained from surface stations (solid thin

line) and the reanalyses (dotted thin lines with open circles). The 20-year lowpass filtered temperatures are added in (a)—(c) by thick solid lines

with the corresponding colour. (d) Similar to (a)—(c), but for DJF-averaged temperature area-averaged over 92.5°-95°E, 50°-52.5°N (located

by a blue open triangle in Figure 4; a centre over Siberia with largest decline of SLP trend). The legend for those thick lines and thin lines is

given in the lower right in (a)—(d) and atop (a). The time period between 1976 and 2001 where the great SH decline was noted is shaded in
light yellow. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

anomalous low of ASLP located over Siberia is revealed noted a similar discrepancy of SLP of NCEPI1 in the
in the Trenberth—Paolino data (Figure 4(a)), but none region.

of the reanalyses (Figure 4(b)—(f)) depicts this anoma- It is also revealed in Figure 4 that the magnitude of sur-
lous low with the same intensity. Previous studies (Yang face air temperature warming is larger in northern China
et al., 2002; Inoue and Matsumoto, 2004) have also than Southeast Asia (Wang and Gaffen, 2001). Over

Table III. Correlation coefficient (r) between reanalysis and observation for the surface air temperature in southeast stations and
Siberia during 1950-2008.

NCEP1 NCEP2 ERA40/1 JRA25 GEOS5

Interannual time scale

r[T(reanalysis x observation)] Wuhan 0.76 0.84 0.93 0.96 0.94
r[T,(reanalysis x observation)] Taipei 0.90 0.85 0.88 0.91 0.82
r[T(reanalysis x observation)] Hong Kong 0.86 0.89 0.73 0.90 0.88
r[AT(reanalysis x observation)] (92.5°=95°E, 50°-52.5°N) 0.63 0.54 0.55 0.49 0.35
Interdecadal time scale

r[T(reanalysis x observation)] Wuhan 0.79 0.89 0.93 0.95 0.97
r[T(reanalysis x observation)] Taipei 0.95 0.98 0.94 0.99 0.96
r[T(reanalysis x observation)] Hong Kong 0.84 0.99 0.83 0.90 0.80
r[AT(reanalysis x observation)] (92.5°—-95°E, 50°—52.5°N) 0.69 0.63 0.56 0.53 0.48

T, surface air temperature; Interdecadal time scale: 20-year low-pass filtered values in Figure 3. Correlation coefficient above 0.7 is emphasised
with bold type.

Copyright © 2010 Royal Meteorological Society Int. J. Climatol. (2010)
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the analysis of Figure 3(d). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

Siberia, AT; also exhibits pronounced spatial differences
between observation and reanalyses, but the differ-
ences are not as significant as those revealed in ASLP
(Figure 4). This explains why the correlation coefficients
between observation and reanalyses are lower for the SH
trend (seventh row in Table II) than the 7 trend over
Siberia (tenth row in Table III). As for the spatial vari-
ation of SLP and T trends in Southeast Asia shown in
Figure 4, the differences between observation and reanal-
yses are not as significant as those revealed over Siberia.

It is noted that in the inner parts of China such
as Wuhan (Figure 3(a)), surface air temperature in the
earlier period of NCEP1 (before 1960) does not cor-
respond well with the observation, possibly due to
insufficient early observations. Also noteworthy is the
widespread warming in all data sets accompanied by
intensified warming corresponding to the SH declining
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period (1978-2001). The warming levelled off at the end
of the 20th century and began to cool from 2000 onward.
Such temperature characteristics are consistent with those
observed worldwide (Knight et al., 2009). More impor-
tantly, the consistency in surface temperature speaks for
the capability of reanalyses in replicating surface features
over Southeast Asia, despite their general disagreements
in the variations of the SH and Southeast Asian cold
surge frequency. The documented discrepancies ought to
be taken into account in future research for the EAWM
interdecadal variability.

4. Summary

Over the past half century, both the SH and the cold
surge frequency have undergone pronounced interdecadal
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variations. Analysing six modern reanalyses and obser-
vations, this study reports apparent discrepancies in such
interdecadal variations. The rapid decline of the SH as
noted in Panagiotopoulos et al. (2005) is found to be
considerably less pronounced in all six reanalyses. The
associated decrease in the cold surge frequency recorded
from stations is also consistently weaker in reanalyses.
However, the interannual variations of both the SH and
cold surges are fairly consistent between reanalyses and
observations, suggesting that changes in the assimilation
process of individual reanalyses may be a factor. In addi-
tion, changes in the observing system are also possible to
cause the different trends of SH and cold surge frequency
between reanalyses.

The interdecadal variation of surface variables in
the longer-term reanalyses (i.e. NCEP1 and ERA40/T)
appears to exhibit more uncertainty in inland China
(i.e. Wuhan) than the southern coast (i.e. Hong Kong)
and in Siberia than Southeast Asia. This is likely due
to the complication of surface/terrain effect as well as
data quality, as Hong Kong has a much longer and
complete record than most of the stations in China.
The actual cause for such discrepancy among reanalyses
remains an open question. Nevertheless, the documented
inconsistency of reanalyses in the depiction of the SH and
cold surges can cause misinterpretation of the EAWM
variability when using these reanalyses and, therefore,
deserves attention.
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