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Abstract This study attempts to combine four in-
dependent long-term climatic data and modern ob-
servations into one cohesive set; to describe the spatial
and temporal patterns of variability of dry and wet
periods in East Asia over the past one thousand years;
and to examine physical causes of the pattern variations.
The data include the 220-year observed precipitation in
Seoul, South Korea, the dryness-wetness intensity data
in eastern China for the last 530 years, and other two
independent chronologies of dryness-wetness grades in
the past millennium in eastern China based on instru-
mental observations and historical documents. Various
analysis methods including wavelet transform and ro-
tated empirical orthogonal function were used in
revealing climate variations from these datasets. Major
results show that the dry and wet anomalies initially
appeared in the north part of eastern China and then
migrated southward to affect south China. This process
is repeated about every 70 years. However, in contrast in
the last two decades of the twentieth century a dry sit-
uation appeared in north China and a wet climate pre-
dominated in the south part of the country. The
multidecadal variations of the monsoon circulation in
East Asia and the thermal contrast between inland Asia
and its surrounding oceans may contribute to the
dry-wet phase alternation or the migration of dry-wet

anomalies. In regional scale variations, a consistent dry
or wet pattern was observed spreading from the lower
Yangtze River valley to South Korea. Frequencies of
severe dry-wet situations were low in the eighteenth and
nineteenth century and they were higher in the twentieth
century. The recent increasing trend in frequencies of
severe dry-wet chances occurred along with global
warming and regional climatic changes in China.

1 Introduction

In China, droughts and floods have caused the largest
economic losses among all natural disasters in 1949–
1995 (Damage Report 1995). During these 47 years,
there were 12 severe droughts occurring in at least one of
the major river basins in China. These droughts seemed
clustered in three periods i.e. 1959–1961, 1978–1982 and
1986–1994. In 1986–1994, for example, six severe
droughts occurred. In the last decade alone, three major
floods also occurred in the summers of 1991, 1998, and
1999 in the lower Yangtze River valley and northeastern
China, resulting in tremendous losses in human life and
property damages. The frequent recurrence of the floods
and droughts in recent decades suggests a rise in the
frequency of severe droughts/floods in eastern and
southern China. It is important to understand such
changes in severe droughts/floods in the historical con-
text and identify possible mechanisms for these disas-
trous climate events. Such an understanding will give us
the ability to predict droughts/floods in the future.

To gain such knowledge, we need to first understand
how droughts/floods varied in the past. This informa-
tion may disclose long-term trends and multidecadal
and centennial scale climate variations influencing the
occurrence of droughts/floods. Further understanding
of the processes or causes of these trends and variations,
may help us to identify the ones that can be used to
project the course of future climate (Bradley and Jones
1992). In this study, we examine historical data for the
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last 1000 years in the East Asia in order to understand
centennial-scale alternations of the region’s wet and dry
climate and potential causes of the variations.

China, Korea, and Japan are located in East Asia.
Previously, rainfall patterns of these three countries have
been investigated separately, and little attention has
been given to relationships of regional rainfall patterns
(Qian et al. 2002). For example, the dry-wet variations
can be found from individual studies for different his-
torical periods for Korea (Cho and Na 1979; Kim 1992;
Lim and Jung 1992), Japan (Murata 1992), and eastern
China (Wang and Zhao 1979; Ronberg and Wang 1987;
Wang 1988; Jiang et al. 1997; Song 1998, 2000; Hu and
Feng 2001; Qian and Zhu 2001, 2002). As yet, no
cohesive understanding has been developed. In order to
understand long-term droughts/floods variations in East
Asia a long-term series of wet-dry data needs to be
developed from the different data sources.

To develop such a cohesive historical dataset, we use
modern observations and several historical dry-wet data
series derived from ancient Chinese documents. These
historical data series were used in several previous
studies, but only a single data series was applied in
individual studies. In this study of droughts/floods
variations, we construct a cohesive data series from the
existing historical data series. These data series are
described in the next section, followed by discussion in
Sect. 3 on their extension to recent decades using the
instrumentation records. In Sect. 4, we use the data and
derive the dry-wet principle components and their vari-
ations from rotated empirical orthogonal function and
wavelet transform calculations. In Sect. 5, previous ap-
proaches used to derive frequency of wetness/dryness are
reviewed, and dry-wet intensity changes in six regions in
China are derived from historical data series. In Sect. 6,
indices measuring wetness and dryness in eastern China
for the past 1000 years are obtained and their variation
relationships in different river basins are analyzed. In

Sect. 7, the derived data are used to examine centennial-
scale variations in wetness and dryness and their rela-
tionship with variations in the East Asian monsoon
systems. Multidecadal circulation change and its possi-
ble forcing effect on dry/wet anomalies are examined in
Sect. 8. Section 9 contains the conclusions.

2 Data sources

2.1 Dry-wet intensity (DWI)

Since the 1970s, Chinese climatologists have collaborated in an
effort to extract climatic information from over 2000 historical
documentary records for the last 530 years beginning in 1470.
These records included the government weather book ‘‘Clear and
rain records’’ and local government drought/flood reports and
private diaries. A product of this effort is the Yearly charts of
dryness/wetness in China for the last 500 years (Central Meteoro-
logical Bureau 1981). In this dataset, the summer season climate
(May–September) was categorized into dry and wet intensity
(DWI) on a scale of 1 to 5, from very wet (flood, 1), wet (2), normal
(3), dry (4), and very dry (drought, 5), for each summer in the 530
years from 1470 to 1999 for 120 sites in China. The DWI records in
this dataset for the recent decades after instrumentation observa-
tions became available are calculated from measured rainfall in the
months of May–September based on methods described in Tang
(1988), Zhang’D (1988), and Zhang and Crowley (1989). Statistical
properties, for example, consistency and persistency, of this DWI
data series have been carefully examined and established (Yao
1982; Ronberg and Wang 1987).

Recently, this unique historical dataset has been used to
understand climate variations in China. For instance, Hu and Feng
(2001) analyzed the DWI data (1470–1997) from 65 of the 120 sites
and found a centennial-scale southward migration of droughts/
floods in eastern China. Song (2000) used data from 100 of the 120
sites (1470–1998) and studied changes in dryness/wetness in dif-
ferent centuries. Zhou et al. (2002) studied chaotic features of
floods using data from the sites in the Huaihe River Basin over the
time period 1470–1991.

In this study, we use the DWI data from 100 sites in eastern
China from 1470 to 1999 (Fig. 1). This data length and spatial
coverage are similar to that in Song (1998, hereafter S98) but our
study subjects and analysis methods are different.

Fig. 1 Geographic distribution
of the 100 sites selected in
eastern China. Geographical
location of the six study
regions: 1 is northeast China,
2 is northern north China,
3 is the mid- and lower Yellow
River, 4 is the mid- and lower
Yangtze River, 5 is south
China, and 6 is southwest
China. The lettered regions,
A, B, C, D, and indicate four
regions divided by the dashed
lines in east China and E is
South Korea. The Yellow River
and the Yangtze River are
labeled
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2.2 Wang’s type (WT) and derived Wang indices (WI)

In a comparison analysis, Wang (1988) examined the empirical
orthogonal function (EOF) derived from the data in Yearly charts
of dryness/wetness in China for the last 500 years, and from
instrumental data for the recent decades. His EOF results con-
firmed that the two data sets are nearly identical in spatial varia-
tions, confirming that the conversion from the instrumentation
data to the wet/dry intensity scale is reliable. While examining the
data consistency, Wang et al. (1987) explored additional historical
sources of rainfall information and were able to extend the his-
torical rainfall records from 1470 back to AD 950. With this data
consistency, Wang (1988) extended his series to the last 1000 years,
and found six wet-dry anomaly patterns in eastern China. He
named them pattern A through F (Fig. 2) and used them to de-
scribe annual rainfall anomaly in eastern China from AD 950 to
1980. His result was a series of letters A to F for each year in the
period. This chronology of rainfall anomaly patterns has been re-
ferred to as Wang’s type (WT).

Although the WT series described variations of summer rainfall
anomaly patterns, its letter series made it difficult for quantitative
evaluation of multidecadal and centennial scale variations of wet-
dry conditions in eastern China. To resolve this problem, we
examined the six patterns and found that they can be paired in
three groups, each of which has two patterns. In each pair, one
pattern is a nearly reverse of the other as shown in Fig. 2. The top
two panels in Fig. 2 are examples of a pair that has a wet summer
in the eastern half of China, pattern A, and a nearly reversed
pattern, pattern B, corresponding to a dry summer in the region.
The middle pair in Fig. 2 has one pattern with wet summer in the

mid and lower Yangtze River regions and dry conditions in both
the north and south of the river basin, pattern C, has a reversed
pattern, pattern D. Patterns E and F in the third pair in Fig. 2 have
rainfall anomalies of opposite signs in northern and southern
China with near average rainfall along the corridor of the Yangtze
River.

These features in the WT allow us to define a scale to represent
rainfall anomaly intensity in different regions in China. In partic-
ular, for the Yangtze River basin, pattern C with very wet condi-
tions in the basin is assigned +2 and pattern D with very dry
conditions in the area is assigned –2. In patterns A and B, the area
has moderately wet and dry conditions and is assigned values +1
and –1, respectively. Because both patterns E and F correspond to
nearly normal rainfall in the area, a 0 is assigned for the area. As a
result, we have transformed the WT into a series of numerical
indices describing intensity of summer rainfall anomalies. We
named this index series Wang indices (WI). The WI for the Yellow
River basin and southern China are defined in a similar manner
and their scales and corresponding WT are given in Table 1.

2.3 Zhang’s indices (ZI)

In addition to the WT, another series of indices describing dry-wet
condition also were developed for a six regions in eastern China but
only the four smaller coastal areas, A, B, C, and D have been used
here (see Fig. 1). Region A covers the Hebei Province, including
Beijing and Tianjing districts. Region B is in the lower part of the
Yellow River and Shandong Province. Region C is in the Huaihe
River Basin north of the lower Yangtze River. Region D is from

Fig. 2a–f Examples of the six
different types in WT. The
shaded area indicates dry and
the stippled area denotes wet
conditions in the specific years
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south Jiangsu Province to Zhejiang Province south of the lower
Yangtze River. Both the ‘‘Clear and rain record’’ of the eighteenth
and the nineteenth centuries, which described primarily the dry-wet
conditions in regions A and D, and additional documentary
records discovered by Zhang and his colleagues, e.g. Jiang et al.
(1997), describing the dry-wet conditions in Regions B and C were
used to derive a 5-scale dry-wet intensity series for each of the four
regions. These series have been referred to as Zhang’s indices. In
this study, we use Zhang’s indices from 1777 to 1992 and analyze
the dry-wet variations in the east coastal areas in China to compare
them with variations in rainfall anomalies in Korea whose longest
wet-dry records start from 1777 (see Sect. 2.5).

2.4 A comparison of the indices

To summarize the four dry-wet indices, i.e. DWI, WT, WI, and ZI,
and their differences, we prepared Table 2. This shows that DWI
has the largest spatial coverage and a total of 120 sites in China. It
has a shorter time length from 1470 to 1999, however. The other
three indices, particularly the ZI, are for relatively smaller regions
but have a longer record length starting in AD 960. The indices,
except for WT, have five similar numerical scales measuring
intensity from very wet to very dry although WI uses a different
numbering method. WI has three series for the Yellow River basin,
Yangtze River basin, and south China from AD 950 to 1999.
Indices ZI have four series for four regions along the east coasts of
China from AD 960 to 1992.

The quality of the data series is similar because they were de-
rived using similar data sources although ZI and WI (WT) may
have used additional sources of historical documents from regional
collections. Various evaluations of these indices for different his-
torical periods have shown their consistency.

2.5 Korean rainfall (KR)

Korean rainfall (KR) data are used in our comparison of the
rainfall variations with that in eastern China. The data are from
instrumental records for the last century from a few sites in Korea.
In addition, historical rainfall data in Seoul, Korea are used, and
these data were produced from traditional Korean rain gauge
measurements in Seoul from 1777 to the beginning of the last
century (1907) (Lim and Jhun 1992; Jung et al. 2000). In the

Korean rain gauge measurements, the precipitation amount was
measured using Korean measurements such as ‘‘Pun’’, ‘‘Chi’’, and
‘‘Cha’’, which correspond approximately to 2, 20, and 200 mm,
respectively. These early notations of rainfall were converted into
modern numerical values with consistent accuracy (Cho and Na
1979; Lim and Jhun 1996).

2.6 Atmospheric circulation data

It is perceived that dry-wet alternations in China, Korea, and Japan
will be connected and affected by variations in various summer
monsoon systems in East Asia. Several recent studies have shown
that the seasonal shifts of the East Asia rainfall zones are linked to
the movement of the monsoon fronts and the subtropical high in
the northwest North Pacific (Lu 2001; Qian et al. 2002; Kim et al.
2002). Depending on the shift, the northward extension and
intensity of the monsoon circulation in the summer months,
moisture processes in the atmosphere and rainfall develop differ-
ently in eastern and northern China. Because the moisture advec-
tion is the largest near the 850 hPa level, moisture processes in the
atmosphere associated with monsoon have often been evaluated
using 850 hPa circulation. In this study, we examine summer sea-
son (June–August) atmospheric circulation changes and their
relationship with the dry-wet conditions in China, using 850 hPa
wind data and the 1000 hPa air temperature analyzed from the
NCEP/NCAR Reanalysis Model (Kalnay et al. 1996; Kistler et al.
2001). The Reanalysis data have a spatial resolution of 2.5� · 2.5�
and are for the period 1948–2000. To reveal the anomalous features
of summer rainfall in China for the recent times, meteorological
data for the last 50 years from 160 stations in mainland China are
used.

3 Analysis methods

Spectral analyses and wavelet transform methods are used in this
study to reveal various variation components in the historical data
series. Wavelet transform has been widely applied in signal detec-
tion from climate data series (e.g. Lau and Weng 1995; Jiang et al.
1997). The method is a powerful way to characterize the frequency,
intensity, time position, and duration of variations in a climate data
series. As a unique feature, the transform reveals localized time and
frequency information without requiring the time series to be sta-
tionary as required by the Fourier transform and other spectral
methods. Two kinds of function different in their symmetry are
widely used in wavelet transform. A symmetric wavelet is the sec-
ond derivative of a smoothing function and is optimal for finding
maximum curvature in variations. The ‘Mexican hat’ wavelet is the
second derivative of the Gaussian function, and is able to localize
unstationary frequencies (Brunet and Collinean 1994).

We adopted the ‘Mexican hat’ wavelet in this study to analyze
each dry-wet series and rainfall dataset. Details of the wavelet
transform formulae and ‘Mexican hat’ functions are described in
Jiang et al. (1997). According to the definition of the wavelet
function, the scale parameter a represents the time-scale of the
function. A smaller a value refers to a shorter scale or a higher
frequency. The location parameter b corresponds to the time points
in a year-to-year sequence. In order to detect climatic variations on
decadal and centennial scales, we ran computations on the nor-
malized time series (intensity indices) with the following time scale

Table 1 Characteristics and typical years of WT, and correspond-
ing WI in the Yellow River valley, the Yangtze River valley, and
south China

WT Characteristics Typical
year

WI

Yellow
River

Yangtze
River

South
China

(A) Wet larger part 1761 +1 +1 +1
(B) Dry all China 1972 –1 –1 –1
(C) Wet in the Yangtze River 1560 0 +2 0
(D) Dry in the Yangtze River 1652 0 –2 0
(E) Wet south and dry north 1484 –2 0 +2
(F) Wet north and dry south 1895 +2 0 –2

Table 2 Similarities and differences of China dry-wet indices (DWI), Wang’s type (WT), Wang indices (WI), and Zhang’s indices (ZI)

Index name DWI WT WI ZI
Index value 5 classes 1 type/year 5 classes 5 classes
Data series 120 1 3 6
Spatial coverage 120 sites in China Eastern China (3 river valleys) Eastern China (3 river valleys) 6 regions in eastern China
Record length 1470–1999 950–1999 950–1999 960–1992
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parameters: a = 2, 3, …, N/2, through all data points, and b = 1,
2, …, N (N is the length of the series). Edge effects may occur
originating at both the start and end point of a data series, mag-
nifying or reducing values of the wavelet coefficients in an area near
the end points, but the sign and other essential properties of the
transform remain unchanged. The wavelet coefficients, W(a, b),
with positive or negative anomalies may represent the transitions
between dry and wet condition on various time scales, a, and at
different time points, b. W(a, b) > 0 corresponds to the dry con-
dition while W(a, b) < 0 indicates a wet condition. A close pair of
minimum and maximum centres of W(a, b) may show an abrupt
change from one persistent spell of anomaly to another anomaly of
the opposite sign, leaving the required significance threshold as an
open question (Brunet and Collinean 1994). If a frequency appears
at a specific time scale, regular oscillation at the time scale exists.

Another method used in this study is the empirical orthogonal
function (EOF) analysis. EOF provides a convenient method for
studying the spatial and temporal variabilities. Because this method
splits the spatial-temporal field into a set of orthogonal modes, it
allows us to examine the spatial patterns and their temporal vari-
ations separately. If the modes are ordered, each successive mode
explains the maximum amount of the remaining variance in the
original field. Therefore, EOF is an effective method to compress
the spatial-temporal field in both space and time. This feature,
related to the data-adaptive nature of EOF, does not exist in other
spectral analysis methods, such as Fourier analysis.

To seek physical modes with attractive properties, we also ap-
plied the rotated EOF (REOF) analysis (Richman 1981). REOF
yields a new set of principle components (PCs, or modes) after we
rotate the vector space of the initial EOFs to improve physical
interpretations of the original field. Some details of the EOF have
been reported in several studies (e.g. Richman 1981, 1986; Kelly
and Jones 1999) and will not be repeated here.

4 Dry-wet modes and their variations

We first examine the variations of the precipitation in
China in recent decades. Figure 3 shows the total May–
September precipitation averaged from 1950 to 1999 and
its standard deviation based on 160-station data in
China (Zhao et al. 1999). More precipitation is found in
southern China and less in northern and western China.
The standard deviation distribution reveals three large
centres (hatched areas) in the lower Yellow River, the
lower Yangtze River, and south China. In the rest of this
study, we will focus on dry-wet alternations in these
three centres.

REOF analysis on the 100-site DWI series for 530
years in China revealed six leading principal components
(PCs) (Fig. 4). A five-year running mean was applied to
the data series before the REOF calculation, in order to
filter out high frequency variations. The first six PCs (or
modes) explain a total of 64% (12%, 11%, 11%, 10%,
10%, and 10% for mode 1 to 6, respectively) of the
variances of DWI. Six centres were found and marked
by A, B, C, D, E, and F in the mid-reaches of the Yellow
River and the Yangtze River, the lower-reaches of the
Yellow River (similar to the eigenvector 2 of the EOF
results in S98), the lower-reaches of the Yangtze River
(similar to the eigenvector 3 in S98), south China,
northern north China (similar to the eigenvector 4 in
S98), and in the south central Yangtze River basin.

Interestingly, each of the six modes falls in one of the
six divisions in Fig. 1, indicating different variation

characteristics in each of the divisions. We pay special
attention to those divisions along the east coast of
China. Figure 5 shows the time series of the three modes
centred in the lower Yellow River (division 3), the lower
Yangtze River (division 4), and south China (division 5).
The thick solid line for each mode indicates the 19-year
running mean of the time series. In these time series,
positive values denote dry conditions and negative val-
ues wet situations.

In our previous work (Qian and Zhu 2001), an
analysis of annual precipitation for the last 120 years in
seven sub-regions in eastern China showed that opposite
signs of long-lasting or persistent precipitation anoma-
lies were noted between north and south China with a
secular variation starting from north China. Using the
DWI series, Hu and Feng (2001) found a southward
migration of centennial variations of dryness or wetness
in the last 500 years in eastern China as well as in the
western United States. Consistent with the migration
result, the dashed-lines in Fig. 5, connecting the low
points of the running curves, indicate similar migration
of the wet maximum from one region to the next one
south of it. A quasi-70-year oscillation can be inferred
from the running curves. The last dashed-line indicates a

Fig. 3 a The averaged May–September total rainfall, and b May–
September rainfall standard deviation from 1950 to 1999. Units are
mm. In B, the shaded areas denote the relatively large standard
deviations in the lower Yellow River, the lower Yangtze River, and
south China
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similar southward migration with a wet maximum from
the lower Yellow River in the early twentieth century,
crossing the lower Yangtze River by 1940s, to south
China in the 1950s and 1960s. It is interesting to notice
that after the eighteenth century relatively regular
oscillation and phase relations are found from these
variations.

Zhu and Wang (2001) also showed an 80-year oscil-
lation of summer rainfall in eastern China. By per-
forming the wavelet transform from the third mode in
the lower Yangtze River, a major dry-wet alternation at
the time scale of about 70 years persisted since 1750s but
an 80–90-year oscillation was noted in the earlier years
(Qian and Zhu 2002). In the 70-year variation, two wet
periods occurred in the last century, one in 1920s–1940s
and another one stating since mid 1980s, a result con-
sistent with the modern precipitation anomalies in
China (Qian and Zhu 2001) and South Korea (Kim
et al. 2002).

5 Severe dry-wet occurrences

In historical China, severe dryness or wetness anomalies
spread in major river basins as discussed in the Intro-
duction. Some studies investigated extreme events of
short duration using high temporal resolution data (Yan
and Yang 2001; Yan et al. 2002). Song (1998) studied the
severe dry-wet occurrences at 100-year scale. Because
quasi-20-year and quasi-70-year oscillations exist in
China’s rainfall records (Qian and Zhu 2001), an
appropriate time scale for studying the extreme dry-wet
conditions should be able to resolve the decadal scale.
Accordingly, we use the decade as the time unit for ex-
treme dry-wet occurrences and their frequency in the last
five centuries. Because of the regional features depicted
in Fig. 4, we examine the occurrence frequency of severe
dryness and wetness in those individual regions. This
occurrence frequency is represented by the percentage of
severe dryness or wetness in each region, PR, and cal-
culated by

P R ¼
XI ;J

i;j

ER
i;j

 !,
ðM � Y Þ :

Here, M is the numbers of total sites in the region R,
Y =10 years and is the time interval between two data
values, Ei,j

R is the DWI that must equates to the grade 5
for severe dryness or grade 1 for severe wetness in region
R for the i-th site in the region and j-th year, I £ M,
J £ 10.

The frequencies of severe dryness and wetness are
shown in Fig. 6. It shows no trend in severe dryness in
northern north China. However, the variations in fre-
quency show four epochs with higher (>10%) than
average and thus a higher frequency of severe dryness:
1480s–1540s, 1610s–1650s, 1720s–1760s, and 1870s. The
recent period is longer than the previous three. A trend
towards increasing frequency of severe wet conditions in
northern north China can be seen in the last 530 years in
Fig. 6b.

The frequency of severe dryness in the middle and
lower Yellow River has two high periods, 1570s–1650s
and 1910s-present, with a higher frequency in the for-
mer. There is no long-term trend of severe wetness in the
middle and lower Yellow River but several features de-
serve attention. In the 1660s, the frequency of severe
wetness reached 30% and in the 1900s it was over 20%.
In the last century, relatively high frequency appeared
before the 1920s and the 1960s–1970s while low occur-
rence frequency was found in the 1930s–1950s and 1980–
1990s. These changes in the last century were consistent
with the precipitation variations in northern China
found in other studies (e.g. Qian and Zhu 2001).

In northeast China, similar variations in the fre-
quency of severe dry-wet conditions are shown in Fig. 6
by the high percentages (20%) in the sixteenth century
and the twentieth century and a low percentage (less
than 10%) in the eighteenth century. The frequency of
severe dryness increased rather significantly since the last

Fig. 4a–f The first six principal components of REOF for DWI in
eastern China (see text for details). The interval is 0.1. The letters,
A, B, C, D, E, and F, indicate the centres of modes. Solid lines
denote positive REOF coefficients
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century accompanied by significant warming in the
region (Qian and Zhu 2001).

In the middle and lower Yangtze River, the occur-
rence frequency of severe dry-wet was low in the eigh-
teenth century. In the nineteenth century there was a
trend of increasing frequency. Recently in the 1970s,
the frequency of severe dry conditions reached 19%. The
frequency of severe wetness has exceeded 10% from the
early twentieth century.

There was no obvious trend in the frequency of severe
dry-wet periods in southwest China before the nine-
teenth century but a significant rising trend in both se-
vere dryness and wetness can be noted in Fig. 6 since the
beginning of the nineteenth century. Recently, the fre-
quency of severe dryness has exceeded 10% since the
1970s. The persistent severe wet conditions in the early
twentieth century covered 15% of the time. The situa-
tion in south China is similar to that in southwest China
but the phases are delayed.

6 Variations in WI

Now, we extend the analysis to the last millennium using
the WI data series. We first applied a 5-year running
mean filter to the WI series from AD 952 to 1997 for the
Yellow River valley, the Yangtze River valley, and south
China. The results are shown in Fig. 7. Along the Yel-
low River, relatively wet periods (positive WI) continued
from the late fourteenth to the early fifteenth century,
and reappeared in the late seventeeth century, the middle

eighteenth century, and from the late nineteenth to the
early twentieth century. Relatively dry periods (negative
WI) are found in the early thirteenth century, late fif-
teenth century, early seventeenth century, and the mid-
dle twentieth century. Along the Yangtze River,
relatively high frequency appeared from the seventeenth
century to the early twentieth century. In south China,
the frequency of dry-wet alternation was higher than in
the Yellow River, particularly from the ninth to the
fourteenth century.

To examine the frequency variation of wet and dry
periods in the last millennium, we applied wavelet trans-
form methods to these series. The results for the three
regions are shown in Fig. 8. The distributions of W(a, b)
in the three panels of Fig. 8 show significant variations
with dominant modes with time scales from 20 to 70–80
years. Variations at similar time scales, 20, 35, and 70
years, also were reported in previous studies (Wang and
Zhao 1979; Liu 1992; Yan 1999). By Inspecting the time-
scale of 70 years (heavy solid line) in the three panels, we
can easily finds that the phase in the Yellow River leads
that in the Yangtze River and south China.

In the recent centuries, centennial scale variations of
wetness had different characteristics in the three regions.
In the Yellow River region, wetness prevailed in the late
nineteenth-early twentieth century and near average
conditions in 1950s–1960s. In the Yangtze River region,
frequent severe wetness happened in the early twentieth
century and in recent years. The most recent wet period
associated with the centennial variation in south China
appeared in the mid twentieth century. From the later

Fig. 5 Time series of three
modes along (upper) the lower
Yellow River (B), (middle) the
lower Yangtze River (C) and
(lower) south China (D) in
Fig. 4, calculated from REOF.
The heavy line denotes the 19-
year running mean and the
dashed lines join the wet
maximum across the different
valleys. A positive coefficient
denotes dry climate
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sixteenth century to the twentieth century, the 6–7 dry-
wet spells in Fig. 8 are compared to those shown in
Fig. 5 from the DWI data However there are unmatched
start and end times due in part to different resolutions
and coverage of the two data series.

7 Centennial-scale changes

In East Asia, the summer rainfall in eastern China, the
Korean Peninsula, and Japan, often results from a cir-
culation regime referred to as the summer monsoon
front, which also is referred to as the Meiyu in China,
the Changma in Korea, and the Baiu in Japan (Qian
et al. 2002). Figure 3 shows the mean and standard
deviation of the summer rainfall only in mainland China
based on the stational data in the second half of the
twentieth century. One of the rainfall centres with a large
standard deviation is located in the lower Yangtze River.
To reveal a compete picture in the centennial-scale
variations of climate in East Asia, we need to analyze
long-term series from these three different countries.

In this section, we first present analysis results using
the South Korea precipitation dataset (1777–1997),
which is one of the longest quantitative precipitation
descriptions in the world. In this dataset, Jung et al.
(2000) identified two centennial scale wet periods: 1783–
1883 and 1911–1996. To extract the information for
various other time scales, we applied wavelet transform
to the annual precipitation data. Figure 9a shows the
wavelet coefficients for the time scales 30–120 years over
the period from 1777 to 1997. It is clear that at the 120-
year time scale the wet periods occurred in 1808–1867

and in recent decades since 1930. The interdecadal
oscillations appeared mainly at the 60–70 year time scale
and the 30–40 year time scale. At the 60–70 year time
scale, the dry peaks were near years 1840, 1898, and
1958. A recent wet peak developed around 1990. These
dry and wet alternations were similar to that which
appeared south of the Yangtze River (Qian and Zhu
2001). However, the variations in the South Korean
annual precipitation series shows that the dryness was
much severe, particularly between 1890–1910 and near
1777. The dry-wet transition in the last century occurred
around 1915.

These variations in South Korea were quite different
from those in eastern China. Figure 9b and c shows the
wavelet transform of the wetness indices based on the ZI
in regions A and D along the east coasts of China
(Fig. 1). In region A, the wettest period appeared in
1877–1897, opposite to that of the precipitation anoma-
lies in South Korea. In the recent two decades, dry cli-
mate was dominant in region A but more precipitation
fell in South Korea. In the meantime, the sign of rainfall
anomaly in region A is opposite to that in region D. This
indicates that if a dry climate period occurs in north
China, wet weather appears to the south of the Yangtze
River and in South Korea. A transition of the dry-wet
situation can be seen in the year 1977 at the 70-year time
scale. Before that year, the wet climate occurred in north
China with dryness in the south of the Yangtze River and
South Korea. Since the late 1970s, wet weather has per-
sisted south of the Yangtze River and in South Korea
while dryness prevailed in north China.

The strong signal at the 60–70 year time scale also
appears in regions B and C along the east coast of China

Fig. 7 WI series after 5-point
running mean for the Yellow
River, the Yangtze River, and
south China from 952 to 1997.
Positive values denote wet
climate
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(Fig. 1). The same dry-wet alternations developed con-
currently in regions A and B or in the regions C and D
and in South Korea. In total rainfall anomalies in
northern China (regions A and B) are opposite to those
in southern China (region D) and South Korea.

8 Monsoon circulation changes

Rainfall in East Asia is directly connected with the
southwesterly flow associated with the summer monsoon
in the region. In China, summer rainfall changes in four
‘‘phases’’ (Nitta and Hu 1996; Liang and Wang 1998;
Qian et al. 2002). The first phase starts in May and is
called ‘‘pre-rainy season’’ in south China. In the second
phase from mid June to mid July, the major rain belt
moves northward to the lower Yangtze River Basin. In
the third phase from late July through August, the rain
belt migrates further north and major rainfall occurs in
north China. In the fourth phase during September, the
rain belt quickly retreats southward and rain returns to
southeast China. These rainfall phases are consistent
with the northward expansion of 850 hPa southwesterly
winds in East Asia (Qian et al. 2002). Resulting from this
information, we have chosen the three months (June–
August) circulation to investigate dry-wet anomalies in
the lower Yellow River and the lower Yangtze River
basins.

Figure 10 shows the 850 hPa summer winds aver-
aged from 1954 to 1976 (a wet period in north China)
and from 1977 to 1999 (a dry period in north China),
using the Reanalysis data. In the two periods, different
patterns of summer monsoon circulation can be found
over East Asia, particularly from eastern China to the
Korean peninsula. In the summers of 1954–76
(Fig. 10a), strong southerly-southwesterly winds

reached north and northeast China. The summer
monsoon was strong and rainfall concentrated in
northern China (regions A and B). Also, a stronger
than average subtropical high influenced southern
China and South Korea (marked by E), creating a dry
climate in region D (lower Yangtze River) and South
Korea. However, in the summers of 1977–99
(Fig. 10b), very weak southerly winds were found in
East Asia. The southwesterly winds only reached the
south of the lower Yangtze River (region D) and South
Korea. This pattern may explain why the summer
floods frequently occurred in southern China and
South Korea in the recent two decades.

Since the mid 1970s, the tropical sea surface tem-
perature (SST) also has experienced a transition (Wang
1995; Qian et al. 1999). Previous studies show that there
are some linkages or influences between SST and the
monsoon rainfall in Asia (Yang and Lau 1998; Weng
et al. 1999). To explain the change of East Asian sum-
mer monsoon circulations in recent decades, we show in
Fig. 11 the summer season 1000 hPa temperature dif-
ference between 1977–99 and 1954–76, again using the
Reanalysis data. In Fig. 11, a cooling of the summer
surface air temperature is observed in the Asian inland
regions and a warming of the temperature over the
oceans. Therefore, the thermal contrast between the
continent and the surrounding ocean has been reduced
in the recent two decades. This weakened thermal con-
trast may explain the weak summer monsoon circulation
in the recent two decades.

Global warming is remarkable in the last century but
regional differences in temperature changes have also
been experienced in many places over the world. From
Fig. 11 the significant warming can be noted in the mid-
and high latitudes while cooling is shown in Asian inland
regions during the last two decades. In the North Pacific

Fig. 8 Wavelet transform
coefficients of WI series in a the
Yellow River valley, b the
Yangtze River valley, and
c south China with 20-year,
35-year (dotted line) and 70-year
time scales. The dashed lines
connect the wet maximum
across the different valleys.
Positive coefficients denote wet
climate
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basin, changes in SST have been noted with warming in
the low latitudes and cooling in the northwest North
Pacific since the mid 1970s (Wang 1995; Qian et al.
1999). The air temperature (Fig. 11) also shows a re-
sponse to the changes in the SST. By applying wavelet
transform to the last 500-year El Niño-La Nino indices,
Zhu et al. (1999) found six persistent patterns of the
indices and their variations since the 1550s that were
connected with variations in the Indian monsoon rain-
fall. El Niño-La Nina indices are defined as five
numerical values representing different El Niño and La
Nina intensities, with 2 for very strong El Niño, 1 for
strong El Niño, 0 for normal, –1 for strong La Nina, and
–2 for very strong La Nina years. We focus on the recent
persistent patterns, one with more El Niño events
(warmer tropics) in 1900–1930 and 1970–2000, and the
other with more La Nina events (cooler tropics) in 1940–
1960. We found that the warmest period in northwest
China appeared in the 1940s for the surface air tem-

perature (Qian and Zhu 2001). Thus, the strengthened
thermal contrast between the tropical ocean and the
Asian inland region in the period 1940–1960 led the
strong East Asian monsoon and more rainfall in north
China. The weakened thermal contrast during the two
periods 1900–1930 and 1970–2000 was associated with
weaker monsoon and below normal rainfall in north
China (Fig. 9).

9 Concluding remarks

Annual series of dry-wet intensity for the last one
thousand years, based on historical documents and
recent observations, have been used to investigate the
climate variations in East Asia. Major results show a
70-year alternation of the dry-wet conditions in different
regions in East Asia and migration of the wet-dry
anomalies from northern to southern China (including
South Korea). The results were further confirmed by the
time series of different modes and dry-wet indices in the
lower Yellow River, the lower Yangtze River, south
China, and South Korea, as well as observation records
from other independent sources.

Dryness and wetness data set for the 530 years (1470–
1999) derived from Chinese historical documents and
summer season rainfall at 100 sites in eastern China were
used to examine trends in the occurrence frequency of

Fig. 10 Mean summer (June–July–August) 850 hPa winds (ms–1)
averaged a from 1954 to 1976 and b from 1977 to 1999. The heavy-
solid lines denote the southwesterly flows in East Asia. Letters D
and E indicate the positions of the lower Yangtze River and South
Korea

Fig. 9 The coefficients of wavelet transform of the precipitation
series from Seoul, Korea, and wavelet transform of the ZI series for
region A, and region D, from 1777 to 1997. The dashed lines denote
dry periods
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extreme dryness and wetness. Our analysis indicates that
frequency of severe dryness and severe wetness increased
in eastern China since the early twentieth century.
Apparently this trend has appeared along with the re-
cent global warming (Jones 1994; Fu et al. 1999) and the
regional climatic changes in China (Qian and Zhu 2001).
The trend may partially explain the enhanced interan-
nual variability in dryness and wetness in the recent
decades in China as elaborated in Yan (1994).

We have shown that our indices DWI, WI, and ZI
can reasonably reveal the dry-wet oscillations and the
oscillation phase in East Asia. Detailed comparisons of
these oscillations in China are made with observed
rainfall variations in Seoul, Korea, for the period 1777–
1999. Results show fairly consistent variations at cen-
tennial scales, indicating that China and South Korea
are strongly influenced by the East Asian monsoon
systems. Severe dryness and severe wetness in the region
are direct responses to the East Asian monsoon strength
variation. In the past 50 years, phases with the relatively
strong monsoon were found in the 1960s and a weaker
monsoon since the 1980s. In the period of strong mon-
soons, there was more precipitation in northern China
and a dry climate in southern China and South Korea.

The surface air temperature difference between the
two periods 1954–76 and 1977–99 shows that the sum-
mer temperature in inland Asia has become cooler and
the temperature over the oceans surrounding the conti-
nent has become warmer. These changes have resulted in
weakening in the thermal contrast between the continent
and its surrounding oceans. This weakened thermal
contrast may further have been attributed to the weaker
summer monsoons in the recent two decades.
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