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Summary

The interdecadal variation of northward propagation of the
East Asian Summer Monsoon (EASM) and summer precip-
itation in East China have been investigated using daily
surface rainfall from a dense rain gauge network in China
for 1957-2001, National Center for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/
NCAR) reanalysis, European Center for Medium-Range
Weather Forecast (ECMWF) reanalysis, and Global Mean
Sea Level Pressure Dataset (GMSLP2) from Climatic Re-
search Unit (CRU). Results in general show a consistent
agreement on the interdecadal variability of EASM north-
ward propagations. However, it appears that the interdeca-
dal variation is stronger in NCEP than in ECMWF and CRU
datasets.

A newly defined normalized precipitation index (NPI), a
5-day running mean rainfall normalized with its standard
deviation, clearly depicts the characteristics of summer rain-
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belt activities in East China in terms of jumps and durations
during its northward propagations. The EASM northward
propagation shows a prominent interdecadal variation.
EASM before late 1970s had a rapid northward advance
and a northern edge beyond its normal position. As a result,
more summer rainfall occurred for the North China rainy
season, Huaihe-River Mei-Yu, and South China Mei-Yu. In
contrast, EASM after late 1970s had a slow northward move-
ment and a northern edge located south of its normal posi-
tion. Less summer precipitation occurred in East China
except in Yangtze River basin.

The EASM northernmost position (ENP), northernmost
intensity (ENI), and EASM have a complex and good rela-
tionship at interdecadal timescales. They have significant
influences on interdecadal variation of the large-scale precip-
itation anomalies in East China.

1. Introduction

The summer precipitation over China is closely
related to the northward/southward propagation
of the East Asian Summer Monsoon (EASM) and
its variations, in terms of movement of the rain-
belt, onset and duration of rainy season, and pre-
cipitation pattern, as well as drought and flood
distributions (Tu and Huang 1944; Tao and
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Chen 1987; Ding 1992, 1994). Tu and Huang
(1944) conducted a pioneer study of EASM and
its influences on weather and climate over East
Asia by analyzing the northward propagation of
EASM. Gao and Xu (1962) and Guo and Wang
(1981) investigated the movement of summer
rainbelt in China and its connection to EASM.
The date of EASM onset varies geographically
with respect to the propagation of EASM. Tao
and Chen (1987) presented the first onset dis-
tribution map of EASM with results from their
study and published literature. Zhu and Yang
(1989) indicated that the summer rainbelt over
East China had three distinct jumps during its
northward movement based on 10 years rain-
gauge observations. The three jumps marked
the beginning of three unique features of summer
rainfall activities over east China. They were de-
fined as (1) the pre-raining season over south
China, (2) Mei-Yu! over Yangtze River basin
(YZRB) and (3) the rainy season over North
China. Ding (2007) gives a detailed review on
the Asian summer monsoon and its associated
variability, in which the traditional view of two
major jumps of the rainbelt and the associated
shift of atmospheric circulations is well present-
ed. They are corresponding to the Mai-Yu and
rainy season in North China, respectively.

Many indices have been proposed in investiga-
tions of the Asia summer monsoon system (e.g.,
Chen et al. 1996; Lin and Lin 1997; Lau and
Yang 1997; Wang and Wu 1997; Hsu et al.
1999; Wang and Fan 1999; Qian and Yang
2000; Ding and Liu 2001; Ding et al. 2004;
Wang et al. 2004). Most of these indices are
about onset of the South China Sea Summer
Monsoon (SCSSM). Only two types of indices
are related to descriptions of the EASM propaga-
tions. The first one is the precipitation index. Lau
and Yang (1997) used the multiyear-pentad-mean
isohyet of 6 mm day ' to represent the northward
progression process of the Southeast Asian sum-
mer monsoon, while Lin (1987) investigated the
movement of summer rainbelt over East China
using a ratio of the decadal rainfall to annual
rainfall. Chen et al. (2001) analyzed the EASM
onset processes with a new definition based on
combination of ratios of 5-day, 10-day, and 15-

"Mei-Yu is traditionally defined as the rainy season from early
June to early July over the Yangtze River and Huaihe River basins.

day averaged rainfall to annual daily mean rain-
fall. However, the criteria of defining the onset of
a rainy season vary by location due to the geo-
graphically heterogeneous characteristics of rain-
fall climatology. Wang and LinHo (2002) applied
a single rainfall parameter to show the spatial-
temporal characteristics of Asian-Pacific mon-
soon rainy system, in terms of domain, onset,
peak, and withdraw processes.

The second one is the temperature/humidity
index. For example, Tang and Huang (1983)
determined the EASM northward propagation
according to the contour of 6#,,=348K at
1000 hPa, while Webster et al. (1998) defined
onset of the South Asian monsoon using the
mean position of the 220 W m~2 contour of out-
going longwave radiation (OLR). Fasullo and
Webster (2003) recently applied the flux of ver-
tically integrated moisture to determine onset and
withdrawal dates of the Indian monsoon. These
results demonstrated that the processes of mon-
soon progression were different depending on
what parameters were selected in the studies. In
addition, some results were only based single an-
nual dataset. Therefore, it would be worthwhile
to investigate the climatological characteristics
of EASM progressing processes over East China
by considering both thermodynamic and dynam-
ic factors in order to minimize the uncertainties
in defining the EASM onset and its propagations
using different parameters.

The interdecadal wvariability of the North
Pacific atmosphere-ocean system has been well
documented and a prominent climate shift of the
system in mid-1970s is evident (e.g., Trenberth
1990; Chen et al. 1992; Trenberth and Hurrel
1994). The interdecadal variations of this system
and their connections to precipitation and Asia
monsoon have been observed and studied by
many investigators. For example, Chang et al.
(20004, b) indicated a relationship between trop-
ical Pacific sea surface temperature (SST) and
EASM such as a wet EASM preceded by a warm
equatorial eastern Pacific the previous winter, and
followed by a cold equatorial eastern Pacific the
following fall. However, this relationship was af-
fected by the interdecadal variability of the cou-
pled ocean — atmosphere system. Precipitation
over the US Pacific coast shows the signal
of interdecadal variation (Chen et al. 1996).
The interdecadal variability is also seen in the
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Indian monsoon-El Nino South Oscillation
(ENSO) relationship and tropical storm activi-
ties in the western North Pacific Ocean (Kumar
and Dash 2001; Krishnamurthy and Goswami
2000; Yumoto and Matsuura 2001). Many ob-
servational investigations revealed conspicuous
summer climate changes in East Asia in the
last several decades (e.g., Chen et al. 1998,
2004; Li et al. 2002). Previous results already
show that the EASM variations are closely
related to the climate changes (e.g., Ding 1992,
1994; Chang et al. 2000a, b). However, we
currently still have inadequate knowledge on
systematical understanding of EASM in terms
of its advance and retreat processes at interde-
cadal timescales. Under different interdecadal
background states, what are the changes of
EASM in terms of onset, intensity, stage of
northward propagation, and position of northern
edge? How do those changes affect the summer
droughts and floods in China? Study of these
questions would further improve our understand-
ing of the possible influences of the EASM inter-
decadal variability on the intraseasonal variations
of EASM. Results could improve short-range cli-
matic predictions on summer floods and droughts
in China.

2. Methodology and datasets

2.1 Methodology

The magnitudes of summer rainfall in China do
not fully represent the movement of summer
rainbelt due to the large regional differences of
precipitation climate. Tao et al. (1958) analyzed
the movement of rainbelt in Mei-Yu period in
term of the ratio of every 15-day rainfall in sum-
mer (May—August) to its total summer rainfall.
Chen et al. (2001) defined a ratio of the N-day
running mean daily rainfall to the annual mean
daily rainfall as the relative precipitation coeffi-
cient (Cy) and applied it to study the advance/
retreat processes of the summer rainy season in
China. However, it is impossible to determine the
movement of the summer rainbelt based on a
unified criterion of Cy because of large regional
differences of the annual mean daily rainfall.
Therefore, in order to overcome the large region-
al differences in summer rainfall, a new precipi-
tation index named as normalized precipitation

index (NPI), is introduced so this variable can
be regarded as a unified parameter across China:
- RS(I) — Ry
=
where Rs(1) = %Ziz_zR(t—I— i) is a 5-day run-
ning mean daily rainfall for the ith day at any
observation station, and Ry the summer (May—
August) mean daily rainfall at this station, og =
(S0 (Rs(t) — Rs)? /)" ?) the standard devia-
tion of the 5-day running mean daily rainfall,
and n is the total days of the summer. Thus,
NPI(#) is actually the anomaly of the 5-day
running mean daily rainfall from the summer
mean daily rainfall normalized by its standard
deviation.

The areas with relatively high NPI values are
the locations of high summer precipitation. With
this definition, NPI becomes a unified variable
that is consistent for any region of China, regard-
less of whether there is more or less summer
rainfall in this area. Therefore, the locations of
the summer rainbelt over China could be consis-
tently determined according to the movement of
high NPI locations.

The equivalent potential temperature (6y) for
a water-saturation pseudo-adiabatic process is
calculated using the formula given by Bolton
(1980):

( 1000 ) 0.2854(1-0.28-107%r)
ese - Tk -
p

3.376

L

NPI() (t=12,....n) (1)

—0.00254 - (1 + 0.00081 - r)

(2)
where T, p, r are the absolute temperature, pres-
sure, and mixing ratio at surface respectively, and
T; absolute temperature at the lifting condensa-
tion level.

The wavelet transfer technique (Morlet 1983)
was applied to study the features of EASM vari-
ability in frequency domain. The advantage of
the wavelet transfer technique is that it provides
instantaneous estimates of amplitude and phase
for each harmonics.

-exp[

2.2 Datasets

The temperature, humidity and pressure fields
from NCEP/NCAR reanalysis datasets for
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1951-2001 (Kalnay et al. 1996) and ECMWF
reanalysis datasets for 1958—-2001 (Dethof et al.
2005) at 2.5° x 2.5° grid resolution were applied
in this study. In addition, the CRU GMSLP2
datasets from 1958 to 1998 are also utilized in
the analysis (Basnett and Parker 1997). We are
aware that several studies question the reliability
issues of the NCEP reanalysis datasets. Trenberth
and Guillemot (1998) pointed out the large and
significant biases in the NCEP moisture fields
in the tropics. Newman et al. (2000) also showed
serious discrepancies in the mean spatial struc-
tures over western tropic Pacific from NCEP
precipitation field compared with European
Center for Medium-Range Weather Forecasts
(ECMWF) and the National Aeronautics and
Space Administration (NASA) products. Kinter
et al. (2004) demonstrated that the NCEP precip-
itation and divergence fields have obvious in-
terdecadal shifts in the tropics. Recent studies
by Wu et al. (2005) provide more evidence of
the discrepancy of inderdecadal changes over
Asian regions from the NCEP reanalysis data-
sets. These results suggest that caution should
be used in applying the NCEP reanalysis outputs
to study the interdecadal variability. Therefore,
ECMWF and CRU datasets are used as an inde-
pendent data sources to check results from the
NCEP datasets.

The long-term surface daily rainfall observa-
tions from a dense raingauge network in China
have been utilized for this study. The quality of
the precipitation dataset from the rain gauge net-
work is well documented (Zhai et al. 1999; Gong
and Wang 2000; Gemmer et al. 2004; Wang and
Zhou 2005). There were 686 standard surface rain
gauge stations in China from 1 January 1951 to
31 December 2001; most of them are located in
East China. However, the data record length var-
ies among these stations. In addition, data inter-
ruptions exist at some stations. In order to have
a best complete summer daily rainfall dataset
(May 1—August 31) for this study, we selected
366 stations which had consistently uninterrupt-
ed summer daily rainfall observations in East
China (>105°E) for 1957-2001. However, the
summer monthly rainfall based on the datasets
are reliable for 1951-2001. These selected sta-
tions in east China are shown in Fig. 1 which
presents a well balanced and high resolution rain-
gauge distribution. The rainfall dataset was spa-

Latitude

T T
110E 120E 130E
Longitude

Fig. 1. The distribution of 366 selected surface
raingauge stations in East China

tially interpolated into 1° X 1° resolution using
the scheme from Cressman (1959) in order to
conduct consistent analyses at same spatial and
temporal resolutions.

3. Climatological characteristics of EASM
northward propagation

3.1 Climatology of summer rain belt from NPI

The variations of climatological summer rainfall
and NPI in East China are presented by the time-
latitude section of a 5-day running mean daily
rainfall and NPI averaged over 110-120°E for
1957-2000 from the raingage network measure-
ments (Fig. 2). The northward advance of the
maximum rainfall from South China in early
May to North China in late July and early
August is shown. The rainbelt withdraws quickly
in mid-August. It is evident that the rainbelt
has three prominent northward jumps during
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the process. The first jump is in the 3rd pentad of
June, and the second and third jumps are in the
2nd and 5th pentad of July, respectively. The
northward propagations of the rain belt defined
only by the variations of the maximum rain-
fall locations are quite complicated due to the
inhomogeneous distributions of precipitation,
large regional differences in rainfall magnitudes,
and multiple relative maximum rainfall centers.
However, area with NPT (>1) shows a relatively
smooth movement, which corresponds very well
to the rainbelt propagation. In addition, distribu-
tions of NPI (>1.5) reflect the maximum rainfall
centers and its northward jumps. We define a NPI
northward jump if the NPI (>1.5) position shifts
more than 3 degree northward in 5 days, i.e., the
northward propagation speed for a jump is about
150% faster than its mean speed of the northward
movement. The NPI clearly shows three jumps
marked by the heavy arrows during its northward
propagations. The first jump in the 3rd pentad of
June marks the onset of Yangtze River Mei-Yu,
while the second jump in the 2nd pentad of July
indicates the start of raining season in Huaihe
River Mei-Yu. The third jump in the 5th pentad
of July starts the rainy season of north China.
The relative maximum magnitudes of NPI repre-
sent the strength of the positive anomaly of daily
rainfall to its summer mean value. It is obvious

Fig. 2. Evolutions of the
climatological 5-day running
mean rainfall (solid lines,
mm day~!) and the unified
precipitation index (shaded
area) from May 1 to August
31 for 1957-2000 based on
surface raingage observations
averaged over 110-120° E.
The heavy arrows 4: denote
the starting points of the three
northward jumps of summer
rainbelt in East China

1Aug 16Aug

that the most outstanding phenomenon of sum-
mer rainy systems in China is the Yangtze River
Mei-Yu. The characteristics of the rainbelt north-
ward propagation are consistent with the tra-
ditional view of the summer rain activities in
China summarized by Ding (2007), except the
Huaihe River Mai-Yu is identified from the NPI
analysis. This Huaihe River Mei-Yu is catego-
rized as part of the traditional Mei-Yu by previ-
ous studies, because it is hard to separate from
the traditional Mei-Yu with the traditional rain-
fall analysis.

Similar features are shown in the horizontal
distributions of pentad averaged rainfall and
NPI (figure omitted). The propagations of NPI
(>1.5) areas clearly better represent the move-
ment of summer rainbelt in East China than the
rainfall distribution, because NPI is a unified pa-
rameter that could eliminate uncertainties due to
inhomogeneous rainfall distributions.

In summary, the newly defined parameter NPI
(>1.5) is a better indicator of describing the
northward movement of summer rain systems in
East China. It shows three jumps of the summer
rainbelt, which mark the beginnings of three rainy
seasons in East China, i.e., Yangtze River Mei-
Yu, Huaihe River Mei-Yu, and rainy season in
north China. Also, the magnitude of NPI repre-
sents systematically strength of the rain systems.
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and the unified precipitation index (dashed
lines, areas with NPI > 1.5 are shaded)
averaged over 110°-120° E, the latitudes of
U =0 at 500 hPa (heavy solid line) averaged
over 125°-145° E from May to August for
NCEP 1957-2000 dataset (top panel) and for
ECMWF 1958-2000 dataset (bottom panel).
NPI is based on the surface rain gauge network
observations over east China. The positions
of the West Pacific subtropical high ridge,
EASM leading edge, and summer rainbelt in
East China are shown by the contours of
U=0 at 500 hPa, 6, =337.5K at 850 hPa
and NPI= 1.5, respectively. Their

15N T y y y T y
1May 16May 1Jun 16Jun 1Jdul 16Jul 1Aug
Time

3.2 EASM propagation and variation
of West Pacific subtropical high

Study by Tang and Huang (1983) suggest that the
summer saturated equivalent potential temperature
(0,.) at 850hPa over East China and its coastal
areas is generally greater than 336—340 K. They
indicat that the area with 6, between 336 and
340K at 850hPa could be taken as the EASM
northern edge. The seasonal variations of the
West Pacific subtropical high (WPSH) also play
an important role in the advance /retreat of EASM.
For example, recent study by Wu et al. (2002)
show that the boundary of easterly and westerly
wind (i.e., U=0) of the subtropical high at
500 hPa could fairly reflect the continuous varia-
tions of the subtropical high ridge. However, rela-
tionship between the summer rainbelt movements,
the EASM northward propagation, and the ridge
position of WPSH has not been well investigated.

Figure 3 exhibits evolution of the climatically
averaged 5-day running mean 6. at 850hPa

16Aug northward jump points are marked

by ¢, ¥, and A, respectively

over 110-120°E and U=0 at 500hPa over
125-145°E from May to August for 1957-
2000 NCEP dataset (top panel) and 1958-2000
ECMWEF dataset (bottom panel). The WPSH do-
main (125-145°E) is based on the definition by
Wu et al. (2002). For comparison, contours of the
associated NPI are also overlapped with shaded
areas of NPI>1.5. We define a jump occurred
when the WPSH ridge moves northward more
than 1.5 latitudes in 5 days (which is about 150%
of its mean propagation speed). Similarly, a jump
of the EASM northern edge starts when the con-
tour 0. = 337.5 K moves more than 2 latitudes in
5 days (which is about 200% faster than its mean
speed).

The top panel shows that 6, over the South
China Sea rapidly exceeds 337.5K, and jumps
from 10°N into 25°N in the third pentad of
May, which marks the onset of SCSSM. The
ridge of WPSH withdraws southward and then
follows a jump northward in late May. Since this
jump occurs before the major raining system in
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Table 1. Characteristics of monsoon indices during the EASM northward propagation. The date indicates a pentad in
which a jump occurred while the latitude change shows a distance that the index position propagated northward in 5 days.
The P# denotes for the # pentad of a month. * Indicates that a jump was not significant

Indices First jump Second jump Third jump
Date Latitude Date Latitude Date Latitude
(pentad) change (pentad) change (pentad) change
0. =331.5K (850 hPa) P2 Jun. 27.5-29.5°N P6 Jun. 34.5-37°N P2 July 40.5-43°N
U=0 (500 hPa) P3 Jun. 22-24°N P2 July* 25-26.5°N P4 July 27-30°N
NPI=15 P3 Jun. 25-28°N P2 July 32.5- 36°N P5 July 36-50°N

East China, we did not designate it in Fig. 3.
Three obvious jumps of EASM are evident from
late May to early August during the northward
propagation processes. The 6, =337.5 K makes
the first jump from 27.5°N into 29.5°N in the
second pentad of June, and the ridge jumps
northward from 22 to 24° N in the third pentad
of June, while the NPI=1.5 jumps from 25 to
28° N which indicates the start of the Yangtze
River Mei-Yu in the third pentad of June. The
second jump of f,, =337.5K from 34.5° N into
37°N is in the sixth pentad of June, while the
areas with NPI> 1.5 moves to the Huaihe River
basin in the second pentad of July. Although the
ridge propagates northward from 25°N into
26.5° N in the second pentad of July, it does not
fit the definition of a jump. However, it is still
evident there is quick northward movement. The
contour Oy, =337.5K jumps the third time from
40.5° N into 43° N in the second pentad of July,
the ridge propagates rapidly northward from
27°N into 30°N in the fourth pentad of July,
which indicates the end of Huaihe River Mei-
Yu. The rainy season in northern China starts in
the fifth pentad of July. Similar features are evi-
dent from the ECMWF data analysis (bottom
panel), although the magnitudes of the Ist and
2nd jumps of 6, =337.5 K appear a little weaker
than that from NCEP data. The detailed numbers
associated with these jumps are listed in Table 1.

In summary, variations of contour 6, =
337.5K at 850 hPa represent well the northward
progressing process of the EASM leading edge.
The northward advance and jump of 6=
337.5K at 850hPa and the ridge of WPSH at
500hPa are in very good agreement with the
northward movements and jumps of rainbelt in
East China. It is also worth pointing out the con-
sistencies of first two jumps among for 6, =
337.5K, U=0 and NPI=1.5 over Yangtze

River and Huaihe-River basins, although the
fse=337.5K and WPSH ridge (U=0) jumps
are relatively weak with the Huaihe River rainy
season. This demonstrates that there are two sep-
arate stages of Mei-Yu over the Yangtze River and
the Huaihe-River basins. These findings support
our classifications of dividing the traditional Mei-
Yu into Yangtze River Mei-Yu and Huaihe-River
Mei-Yu. However, the classification of Huaihe
Mei-Yu is somewhat contradict to the traditional
view of Mei-Yu reviewed in Ding (2007).
Actually, our results are not opposite to the com-
mon view of Mei-Yu, except we are here trying to
point out the different characteristics of rainy sea-
son over the Huaihe River basin from the Yangtze
River region. Obviously, further investigations are
needed to understand the thermodynamic and dy-
namical characteristics of the Mei-Yu systems.

4. Interdecadal variation of EASM
northward propagation

In middle-late 1970s, the air—sea systems over
the North Pacific underwent a remarkable inter-
decadal change, and observational evidence indi-
cated that the East Asian summer climate also
changed conspicuously (e.g., Chen et al. 1998;
Li et al. 2002). The question arises as to whether
there is an interdecadal change in the EASM
northward propagation. Shown in Fig. 4 are time-
latitude cross sections of May—August 5-day run-
ning mean NPI and 6. =337.5 K averaged over
110-120°E at 850hPa, and latitude of U=0
over 125-145°E at 500hPa for two distinct
interdecadal climate systems in 1957-1978 and
1979-2000 from NCEP data (Fig. 4a and b), and
in 1958-1978 and 1979-2000 from ECMWF da-
ta (Fig. 4c and d).

The NCEP dataset (Fig. 4a and b) demon-
strates that the prominent characteristics are
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Fig. 4. Time-latitude cross sections of the climatological 5-day running mean unified precipitation index (solid lines, areas
with NPI > 1.5 are shaded) averaged over 110—120° E in East China from May to August for two distinct climate
environments from surface rain gauge network observations: (a) 1957—-1978 and (b) 1979-2000. The contour 6. =337.5K
at 850 hPa (heavy dashed line) averaged over 110—120° E, and the latitudes of U =0 at 500 hPa (heavy solid line)
averaged over 125-145° E from NCEP dataset for these two time periods are overlapped. Similar plots of ;. =337.5K
at 850 hPa and U =0 at 500 hPa from ECMWF and NPI are shown in (¢) 1958-1978, and (d) 1979-2000

different from 1957-1978 to 1979-2000. The
ECMWEF data (Fig. 4c and d) also shows differ-
ent features from 1958—1978 to 1979-2000. It is
evident that both NCEP and ECMWF datasets
present similar results. The EASM northward
propagation of NPI showing the summer rainbelt
activities in East China is consistent with both
contour 0, =337.5K and U =0. Sensitivity tests
with different selections of the breaking time in
1970s lead to similar conclusions. Results sug-
gest that at interdecadal timescales there are
two different kinds of EASM northward propaga-
tions in the past 40 years. The basic characteris-
tics of the first one (for time before middle
1970s) include a fast northward propagation,
a north border reached beyond its climatological
position, and a longer duration over northern
China. Thus, there was more rainfall in North
China and less rainfall during Mei-Yu over the
Yangtze River valley. The main characteristics of

the second kind of EASM system include a slow
northward movement, a northern border located
relatively in the south of its climatological posi-
tion, and a shorter duration over northern China.
This leads to more Mei-Yu rainfall and less rain-
fall over northern China.

For further investigation of EASM differences
between 1957-1978 and 1979-2000, Fig. 5
shows the time-latitude cross sections of May—
August NPI anomalies over 110-120°E. It can
be seen that the prominent negative NPI anomaly
during 1957-1978 appears at 26—-34° N from the
Ist pentad of June to the end of August, indi-
cating less Mei-Yu rainfall. The first positive
NPI anomaly center is located in 20-26° N be-
fore the 4th pentad of June, which indicates more
rainfall over southern China. Another positive
center is located beyond 34°N from late June
to August, which corresponds to more rainfall
in North China. The almost opposite features
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are expected for 1979-2000 (Fig. 5b). These
results are consistent with the previous findings
by Li et al. (2002). Results here demonstrate that
the EASM and associated summer rainbelt in
East China have a clear interdecadal variation.

5. Influence of interdecadal variation
of the EASM northern edge on summer
precipitation in East China

Discussion from previous sections has shown
that the interdecadal variation of the EASM
northward propagation is evident, and there is a
close relationship between the EASM progres-
sing and the movement of summer rainbelt in
East China. The northern edge of EASM is con-
sidered as one of the most important indices of
the EASM activities based on the following two
aspects. The first is the EASM coverage, which
has very important influences on summer rainfall
in China, especially in north China. The second

with values equal to or greater than 0.5 are
shaded. Dashed lines are for negative values.
The NPI=0 contour is highlighted

is that Lian et al. (2003) demonstrated that the
onset of summer monsoon in North China is
closely related to the EASM strength. There
will be an early onset of summer monsoon in
North China with strong EASM, and vice versa.
However, what is the spatial-temporal relation-
ship between the northern edge and the strength
of EASM? Since the north edge of EASM could
be represented by its position and/or strength,
what is the relationship between its position
and strength? What is the impact of this relation-
ship on summer floods and droughts in China? It
is obvious that any answers to these questions
would be helpful in improving climate predic-
tions of wetness/dryness in East China.

5.1 Variations of EASM northernmost position
and intensity

It has been demonstrated in Sect. 4 that the posi-
tion of 6, =337.5K at 850 hPa can depict very
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well the northward propagation of the EASM
northern edge in East China. The EASM north-
ernmost position (ENP) is then defined as the
northernmost latitude of 5-day running mean
Os. which is ‘“‘consistently” equal to or greater
than 337.5K at 850hPa over 110-120°E. The
“consistently” means that the 5-day running
mean 6 > 337.5K persists for at least 10 days
of any 3 continuous pentads. Similarly, the
EASM northernmost intensity (ENI) is defined
as the mean southerly wind (V>0) at 850hPa
over the southern area of 2.5-latitude inside
110-120° E of ENP. The selection of 2.5° lati-
tude is for the spatial resolution of NCEP reanal-
ysis dataset.

The comparison of ENP and ENI from NCEP
and ECMWF datasets is shown in Fig. 6. It is
evident that the temporal variations of ENP from
NCEP are consistent with that from ECMWE
Similar time series are obvious for ENI between
NCEP and ECMWE, except NCEP shows a rela-

2000

L. .1 ENI (bottom panel) between ECMWF and
NCEP. Their correlation coefficient is shown at
the bottom left corner

tively strong intensity. The related correlation co-
efficient for ENP and ENI between NCEP and
ECMWEF is 0.81 and 0.82, respectively. Results
demonstrate the classifications and temporal var-
iations of ENP and ENI are reliable. Figure 7
presents the ENP time series for 1951-2001
and its wavelet analysis based on the NCEP/
NCAR reanalysis daily dataset. Both interannual
and interdecadal variations are evident, how-
ever, the prominent interdecadal change occurred
around 1964. A running z-test of the time series
(i.e., a method of change-point analysis) indi-
cates that the interdecadal variation is significant
at a 1% significance level. The averaged ENP is
at 47° N for 1951-1964, while only at 39° N for
1965-2001. The overall mean position is at
42° N. The Morlet wavelet analysis could trans-
fer the ENP characteristics at time domain into
frequency domain so that the dominant mode of
variation would be easily identified (Torrence
and Compo 1998; Jiang et al. 2003). The thick
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solid lines in Fig. 7b denote the “‘cone of influ-
ence”’, which means that the edge efforts become
important over regions outside the cone. It is ob-
vious that ENP has two dominant frequencies at
time periods of 6-8 years and 20-22 years. Due
to the limited length of the time series, the 20—
22 year frequency is influenced by the fringe im-
pact of the time series. Similar analyses are con-
ducted for ENI (Fig. 8). An obvious change was
around 1964, however, the prominent change
point of the interdecadal variation is around
1978 (Fig. 8a). The averaged ENI is 4.5ms™!
for 1951-1978, while only 3.2ms ! for 1979-
2001. The overall mean intensity is 3.75ms™'.
The time period of its dominant frequency is
12—-16 years from the Morlet wavelet analysis
(Fig 8b). Therefore, the interdecadal variation
is evident for both ENP and ENI. However, the
differences between ENP and ENI exist at the
period of their interdecadal variability and ENP
shifted earlier than ENI. These might be due to

the fact that ENP and ENI are two different para-
meters of EASM. They are not highly correlated,
although they could be used to present the
strength of EASM. This feature also indicates
the complex nature of EASM.

Due to the obvious interannual and interdecadal
variations of ENP and ENI, the correlation co-
efficients between ENP and ENI were calculated
with raw data, low pass filtered for over 7 years
and high pass filtered for less than 7 years
(Table 2). The band filtering technique was
adapted from Zheng and Dong (1986). The raw
ENP and ENI have a positive correlation, while
their interannual relationship is negative. In
addition, there is a significant correlation coeffi-
cient of 0.53 at 5% significance level between
ENP and ENI at interdecadal timescale. Results
indicate that there are two different kinds of rela-
tionships between ENP and ENT, i.e., at interde-
cadal timescales, the more northern the position
of ENP, the greater the intensity of ENT; at inter-
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Table 2. Correlation coefficients between summer
monsoon index (SMI), the EASM northernmost position
(ENP), and intensity (ENI) at raw data, interannual
timescale (with a <7-year band filter), and interdecadal
timescale (with a >7-year band filter)

Raw Interannual Interdecadal

data variation variation
SMI-ENP —-0.59 —-0.24 —0.81
SMI-ENI —0.61 -0.24 —0.82
ENP-ENI 0.21 -0.22 0.53

annual timescales, the more northern the position
of ENP, the lesser the intersity of ENI. However,
the relationship between ENP and ENI is most
significant at interdecadal variation. Those results
are consistent with what found in Figs. 7 and 8.
Shi et al. (1996) introduced a summer mon-
soon index (SMI), defined as the difference be-
tween the boreal summer averaged sea level
pressure (SLP) from 20 to 50°N at 110°E and
160° E, to represent the strength of EASM. The
summer continental SLP over China is generally

1995 2000

Fig. 8. Same as Fig. 7, except for
EASM northernmost intensity (ENT)

lower than the west Pacific SLP at same latitudes
so that the SMI is a negative value whose mag-
nitude is proportional to the EASM intensity.
Thus, the positive SMI indicates a relative weak
EASM while negative SMI is for relative strong
EASM. Figure 9 shows a comparison of time
series of SMI, ENP, and ENI anomalies normal-
ized by their standard deviations. It is evident
that there is a generally consistent interdecadal
variability among SMI, ENP, and ENI, although
their interannual variations are not consistent. The
correlation coefficients at different timescales are
listed in Table 2. The significant negative corre-
lations between SMI and ENP and between SMI
and ENI at interdecadal timescale indicate that
ENP is beyond its normal position and ENI is
above normal when EASM is strong, and vice
versa. For instance, EASM is relatively weak af-
ter late 1960s while ENP is at south side of its
normal position. The ENI became smaller and
shown a climate change while ENP moved south-
ward from its normal position and EASM further
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weakened since late 1970s. However, SMI and
ENP (or ENI) do not have a significant relation-
ship at interannual timescales. The differences
of relationships among SMI, ENP, and ENI at
interannual and interdecadal timescales suggest
that different physical processes at different
timescales might work together to generate this
complicate feature of EASM.

Figure 10 shows comparison of normalized
SMI for 1958-1998 from NCEP, ECMWF and

1990 2000 thick lines are the smoothed
time series, respectively

CRU datasets. The ECMWF and CRU datasets
are applied to check the NCEP SMI analysis.
It is obvious that NCEP, ECMWF and CRU
SMI exhibit a similar trend from strong to weak
EASM and an interdecadal variation. The CRU
SMI shows a major shift in late 1970s. The SMI
correlation coefficient is 0.56 and 0.75 between
NCEP/ECMWF and ECMWEF/CRU, respec-
tively. However, discrepancies are also evident,
such as the NCEP data indicates above normal
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SMI from late 1960s, especially from middle
1970s, while the ECMWF data shows SMI
changed from below to near normal in late 1960s
and above normal in late 1980s. The CRU SMI
varies negatively before the late 1970s, and stays
positive after that. Thus, the NCEP reanalysis
presents a relatively stronger interdecadal varia-
tion than the ECMWF and CRU datasets. Results
suggest that the characteristics of interdecadal
variation from NCEP datasets alone should be
evaluated with other independent datasets. Those
are consistent with previously published litera-
ture (e.g., Wu et al. 2005; Kinter et al. 2004).
Another test on NCEP SMI has been conducted
to check a different SMI definition based on the
land-sea thermal difference (Sun et al. 2004).
With surface soil temperature and sea surface
temperature from 1961 to 1999, the new SMI
illustrates a strong (weak) Asian summer mon-
soon before (after) middle 1970s (figure not
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Fig. 11. Distributions of correlation coefficients be-
tween the summer rainfall (May—August) in East China
for 1951-2000 with ENP (a) and ENI (b). The shaded
regions are at 5% significance level. Dashed lines are
for negative correlation coefficients

shown). This kind of temporal variation is con-
sistent with that from the NCEP SMI. Therefore,
the interdecadal change of SMI based on NCEP
dataset is reliable, although uncertainties exist.

5.2 Influences of ENP and ENI variations
on summer precipitation in East China

Figure 11a shows the distributions of correlation
coefficients between the summer (May—August)
rainfall in east China and ENP during 1951-
2000. The correlation coefficients equal to or
greater than 0.3 are at 5% significance level
and are shaded. It is obvious that significant pos-
itive correlations exist over the North China-
Inner Mongolia regions. Results indicate that
there will be more rainfall when ENP is at the
northern side of its normal situation, and vice
versa. This is understandable because the farther
north the EASM reaches, the more moisture is
brought to North China. Therefore, more precip-
itation would be in North China.

Figure 11b presents the distribution of correla-
tion coefficients between summer rainfall and
ENI in East China. Significant negative correla-
tions are evident over the Yangtze River basin,
while there are significant positive correlations in
South China and East of Inner Mongolia. These
results suggest that the stronger the ENI, the
more summer precipitation in both south China
and east of Inner Mongolia and less summer rain-
fall in the Yangtze River basin; and vice versa. It
also suggests that summer rainfall anomaly in
south China and Yangtze River basin are in
opposite directions. When there is a positive
anomaly of summer rainfall in South China,
there would be a negative anomaly of summer
precipitation in the Yangtze River basin and a
small positive anomaly of summer precipitation
in the North China—Inner Mongolia region. This
kind of summer precipitation distribution in East
China is similar to the distribution of category-I
summer rainfall pattern given by Liao and Zhao
(1992).

For further investigation of these regional
characteristics between EASM and summer rain-
fall in East China, summer rainfall is divided
into three sub-regions which have well distribut-
ed basic stations. We selected these stations
[North China (15), Yangtze River basin (22),
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and South China (14)] that have correlation coef-
ficients better than 0.35 with ENP and /or ENI for
Fig. 12, which are time series of anomalies of
ENP, ENI, and mean summer rainfall over these
regions for 1951-2000. Figure 12a shows per-
centage of time series of the summer rainfall
anomaly in north China and the ENP anomaly.
It is obvious that variations of these two time
series are generally consistent. Good correlation
is clearly seen in a >7 years band filtered time
series. Both have positive anomalies before
1970s while negative anomalies after early
1970s. The anomalies of ENI and summer rain-
fall over Yangtze River basin are shown in

anomaly, while the right
1990 2000 y-axis is for ENP or ENI
anomaly

Fig. 12b. The interdecadal variations of ENI and
summer rainfall anomalies are evident and there
is relatively good negative correlation between
these two time series, such as a positive anomaly
of ENI corresponding to a negative anomaly of
summer rainfall from late 1950s to late 1970s;
and vice versa after late 1970s, although there
is an obvious drop of ENI in middle 1960s but
that is not at the interdecadal scale. Similar anal-
ysis is conducted in South China (Fig. 12c¢). The
silent feature is the similar patterns of ENI and
summer rainfall anomalies, and their good rela-
tionship at interdecadal timescales. However, we
have to point out the different interdecadal be-
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Table 3. Correlation coefficients between EASM
northernmost position (ENP), intensity (ENI), and
summer rainfall over north China, Yangtze River basin
and South China. Numbers in parentheses are for
>7-year band filtered time series

North Yangtze River South

China basin China
ENP 0.52 (0.81) 0.08 (0.08) 0.07 (0.41)
ENI 0.15 (0.62) —0.47 (—-0.67) 0.54 (0.52)

havior of rainfall in North China and Yangtze
River basin/South China, which is closely corre-
lated to the ENP and ENI interdecadal variations,
requiring further investigation.

Detailed correlation coefficients among these
variables in North China, Yangtze River basin
and South China are given in Table 3. Numbers
inside parentheses are based on >7 years band
filtered time series. It is evident that ENP and
summer precipitation have no significant rela-
tionship over the Yangtze River basin and
South China, while there is a significant correla-
tion in North China. The ENI and summer rain-
fall have a positive, negative, and no relationship
in South China, Yangtze River basin, and North
China, respectively. The relationships are en-
hanced at interdecadal time scale. For example,
the interdecadal variations of summer rainfall
and ENP have a significant correlation in South
China, while ENI and summer rainfall have a very
close relationship in North China. These results
demonstrate that the impacts of ENP and ENI on
summer rainfall in East China are important, and
the influences cover almost entire East China.

In summary, the large-scale summer precipita-
tion anomaly in East China has a complex but
good relationship with ENP and ENI at interde-
cadal scale. Rainfall in North China has a sig-
nificant positive relationship with ENP, while
Rainfall over the Yangtze River basin shows a
strong negative relationship with ENL In addi-
tion, a significant positive relationship exists be-
tween ENI and rainfall in South China. Different
characteristics of ENP and ENI interdecadal var-
iability are also evident. The major shift of ENP
is around the middle 1960s, while in later 1970s
for ENI. This feature indicates the position and
intensity of EASM are not well correlated at
interdecadal scale, exhibiting a complex nature
of EASM northward propagations.

6. Discussion and conclusions

This paper describes interdecadal variations of
the EASM northward propagation using NPI,
EASM northern edge, and WPSH ridge as
well as SMI based on daily rainfall measure-
ments from 366 basic stations in China for
1957-2001, NCEP/NCAR reanalysis products
for 1951-2001, ECMWF reanalysis dataset for
1958-2001, and CRU datasets for 1958—1998.
The relatively stronger interdecadal variation of
EASM from NCEP than from ECMWF/CRU is
in agreement with the reported climate system-
atic bias in the tropics (e.g., Kinter et al. 2004; Wu
et al. 2005). However, the generally consistent
characteristics of interdecadal variations among
these different independent datasets analyzed in
this study demonstrate that NCEP/NCAR re-
analysis could still be useful in examining inter-
decadal variability of the EASM northward
propagations and its impact on the summer rain-
fall in East China with an acceptable degree of
uncertainties.

NPI is defined as a 5-day running mean daily
rainfall anomaly from the summer mean daily
rainfall normalized by its standard deviation so
that differences in defining the summer rainbelt
movement due to regional rainfall variations
could be eliminated. Since regional climate of
summer rainfall varies substantially across China,
it is unreasonable to compare the relative magni-
tudes of regional rainfall over such a large area.
However, the newly defined NPI could unify pre-
cipitation at different regions so that NPI magni-
tude at any region could be compared to reveal
locations of abnormal rainfall occurrences. ENP
is defined as the summer northernmost position
of 6,=337.5K in East China. The averaged
southerly wind speed within the area of 2.5°
south side of the ENP is applied to define ENI.
In addition, relationships between ENP, ENI, and
the strength of EASM are investigated.

Analyses of NPI and its relationships with
atmospheric thermodynamic and dynamic con-
ditions as well as temporal evolutions, present
a complex picture of the EASM northward prop-
agations and interdecadal variations. Results
suggest important influences of interdecadal var-
iation of the EASM northward propagation on
summer rainfall in East China. The contour
NPI=1.5 could accurately represent activities
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of the summer rainbelt in East China in terms of
southward /northward movement, abruptly north-
ward jumps, and durations of rainbelts. After on-
set of the summer monsoon over South China
Sea in late May, the climatological summer rain-
belt generally undergoes three northward jumps
during its northward propagation. They occur in
the third pentad of June, the second and fifth
pentad of July, respectively. The relevant stages
of the rain stagnations associated with these three
jumps are defined as the South China-, Yangtze
River-, and Hui River-Mei-Yu, and rainy season
of North China. This classification of EASM is
somewhat different from the common view of
EASM life cycle at separating the traditional
Mei-Yu into Yangtze River- and Huaihe River
Mei-Yu. It is caused by the fact that the second
jump in this study is only significant at the newly
defined NPI propagations.

The interdecadal variability is evident during
the progressing processes of EASM. EASM be-
fore late 1970s advances northwards quickly,
reaches distance farther than its normal position,
and has a longer duration in North China. As a
result, above normal summer rainfall in East
China occurred before late 1970s, especially for
the South China Mei-Yu, Huaihe-River Mei-Yu,
and the North China rainy season. In contrast,
EASM after late 1970s advances northward slow-
ly and reaches a shorter distance than its normal
position. Precipitation over the majority areas in
East China is below normal, except over the
Yangtze River basin.

Results also demonstrate that the movement of
the EASM northern edge is associated with var-
iations of EASM intensity. Since the SMI vari-
ability can be applied to show the variations of
EASM intensity, there are significant negative
correlation coefficients between SMI and ENP
and between SMI and ENT at interdecadal time-
scales. For example, ENP is located at the south-
ern side of its climate position, when EASM is
relatively weak after mid-1960s. ENP is located
further south and ENI is weaker, when EASM
becomes even weaker from late 1970s. ENP
and ENT have a better relationship at interdecadal
timescales than at interannual timescale. The dif-
ferences between relationships among SMI, ENP,
and ENI at interannual and interdecadal time-
scales suggest that interdecadal variations of
the EASM northward propagation is more close-

ly associated with the interdecadal variability of
broader air—sea systems.

The northern Pacific sea-surface temperature
has a prominent Pacific Decadal Oscillation
(PDO) at period of 15-25 years (Latif and
Barnett 1996; Zhang and Liu 1999). The PDO
shows an obvious interdecadal shift in the middle
of 1970s presented with a considerably large
cooling over the central North Pacific Ocean.
Recent studies demonstrate a significant relation-
ship between climate variations in China and
PDO (e.g., Yang et al. 2002, 2004; Zhu and Yang
2003). Results show that the atmospheric circu-
lation anomalies associated with PDO in East
Asia are correlated with the climate anomalies
in China. Corresponding to the cooling shift over
the central North Pacific, WPSH is weakened and
shifted southeastward. The 500 hPa geopotential
height increases over the Mongolia and north-
western China. In addition, a significant northerly
anomaly at 850 hPa prevails over China, resulting
in much weak East Asian summer monsoon. This
process leads to more rainfall over Yangtze River
basin and less rainfall over northern China.
However, what relationships between PDO and
interdecadal variations of ENP, ENI, and SMI,
as well their possible mechanisms, require fur-
ther investigations.

The large-scale anomaly of summer precipita-
tion in East China has a complex but good relation-
ship with ENP and ENI at interdecadal timescales.
The interdecadal variation of summer precipita-
tion over the Yangtze River basin is significantly
negatively correlated with ENI, while positive-
ly related to ENIin South China. The interdecadal
variation of summer precipitation in North
China is well positively correlated with ENP.
Differences of interdecadal variability of ENP
and ENI and SMI are obvious. A major interde-
cadal shift for ENP and SMI is in middle 1960s,
while in late 1970s for ENI. However, it should
be noted that the changes of ENP and SMI in mid-
dle 1960s are weak, and become more significant
after middle 1970s. These features demonstrate
the northward propagation of EASM is a compli-
cate process, which requires further investigation.
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