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Abstract

Flood/drought series during the past 1000 yrs in the Yangtze Delta, China, was reconstructed based on historical documents and
local chronologies. Continuous wavelet transform was applied to detect the periodicity and variability of the flood/drought series.
Research results indicate that: (1) Larger fluctuations of climatic changes in the Tibetan Plateau result in higher wavelet variance of
flood/drought in the Yangtze Delta, for example, during 1400–1700, the proxy indicators indicate that the annual temperature in Tibet
experienced larger variability and that this time interval exactly corresponds to the time when the higher and significant wavelet
variance occurred; (2) Periods featured by colder temperature in the Tibetan Plateau usually correspond to periods characterized by
higher wetness with higher probability of flood events; (3) Variability of heating features of the Tibetan Plateau exerted great
influences on intensity and onset of Indian monsoon and south Asian summer monsoon, and these atmospheric activities are in direct
connection with precipitation in Eastern China. Current global warmingmay alter the snowmass of Tibetan Plateau and then alters the
heating features of Tibetan Plateau, which may in turn impact flood/drought conditions in the Yangtze Delta.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Yangtze Delta is one of the economically
developed regions in China. However the Yangtze
Delta (Fig. 1) is climatologically sensitive because of
its location, lying along the demarcation between
subtropical and temperate climate that separates dispa-
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rate air masses. Geomorphologically speaking, a nearly
level plain with an elevation of 2–7 m above sea level
covers 95% of the region, making this region prone to
flooding and sea level changes (Yan and Hong, 1987;
Wu, 1988; Zhang et al., 2005a). During 1951–1978, the
probability of flood and drought events in the study
region is 43% and 48%, respectively. Droughts usually
occurred to mountainous area and floods usually
occurred to the plain area in the Yangtze Delta region
(Wu, 1994). Frequent droughts and floods hinder the
economic development of the Yangtze Delta.

Many researches have been carried out on paleocli-
matic changes based on exceptional information extracted
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Fig. 1. Location of the study region. The upper panel shows the location of the study region: the Yangtze Delta and the Tibet Plateau. Panel (A) shows
the location of the proxy indicators:● indicates the location of the tree rings;▲ indicates the location of the ice cores. The regions marked I, II and III
show three sub-regions of the Tibetan Plateau: I—the western Tibetan Plateau; II—the northern Tibetan Plateau; III—the southern Tibetan Plateau.
Panel (A) is after Yang et al. (2003) with minor revision. Panel (B) illustrates the location of the data sources for the reconstruction of the historical
flood/drought series in the Yangtze Delta.
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from proxy indicators (e.g. Zhang et al., 2005b). Study of
the historical climatic changes, because of lack of instru-
mental data, may be of certain difficulty. In order to
deduce the climatic changes during the past centuries,
inferential data must be taken from historic documents.
These include community histories, crop production
records, and records of climatic events, etc., from lit-
eratures and local chronographs. Chen (1987) recon-
structed time series of floods and droughts based on
historical records, performing research on occurrence
principles of the floods and droughts in the Taihu Lake
region. Jiang et al. (2005) analyzed the occurrence and
long-term memory characteristics of the floods and
droughts of the northern Yangtze Delta. Tibetan Plateau
plays the exceptional role in evolution of the Asian
monsoon and precipitation in China; many researches
have been done with instrumental data and reanalyzed
data (Hahn and Manabe, 1975; Liu et al., 2004).
However, fewer researches have been carried out for
the influences of climatic changes of the Tibetan Plateau
on floods and droughts in the Yangtze Delta from the
historical viewpoint.

The objective of this analysis is: (1) to reconstruct the
flood/drought time series of the Yangtze Delta with extra
information showing the validity of the reconstructed
time series; (2) to explore the periodicity and variability
features of the flood/drought events with wavelet
approach; and (3) to detect possible connections
between floods and droughts in the Yangtze Delta and
climatic changes of the Tibetan Plateau. It is greatly
helpful for the better understanding of the impacts of
climatic changes of Tibet Plateau on the flood/drought
conditions in the Yangtze Delta from the longer
timescale of century.



Fig. 2. Reconstructed flood/drought series during past 2000 yrs (upper
figure) and corresponding information support rate (ISR) (lower
figure).

215Q. Zhang et al. / Global and Planetary Change 57 (2007) 213–221
2. Data

Reconstruction of flood/drought time series is based
on local chronologies and historical records (e.g. Chen,
1987). Most of the analysed data are derived from local
chronicles. Basically, the original historical data avail-
able in China can be assigned to four categories: (1)
Reports about extreme climatic events (especially
floods, droughts and storms); (2) Semi-quantitative
climatic records based on series of systematic measure-
ments; (3) Records on natural phenomenon (especially
those influencing the agriculture and diseases); and (4)
Records on physio-geographic characteristics (e.g.
travel reports). All information based on records of
these four categories had to be evaluated, validated, and
categorised into data groups. The data were derived
from local chronicles, old and very comprehensive
encyclopaedia, historic agricultural registers, and offi-
cial weather reports. Despite the age of these documents
(up to 900 yrs old), they contain valuable information on
historical flood and drought events.

Based on the availability of historical records and
geographical location, Suzhou (31°19′N; 120°37′E) was
taken as the main resource of data collection. Nantong,
Shanghai, Changzhou and Huzhou (Fig. 1B) were taken
as the basic resources for data collection. Other main
cities in the Yangtze Delta region (e.g. Nanjing) will be
made as the auxiliary resources for data collection.
Therefore, the places for data resources almost cover the
whole Yangtze Delta region, and the reconstructed time
series can be representative of the flood/drought
conditions in the Yangtze Delta region. In this paper, a
grading, G(t), is used for each year, t=1000, 1001, …,
1950, to establish a time series, which characterises
individual flood (G=2 and 1 for heavy flood and flood),
normal (G=0), and drought (drought and heavy drought,
G=−1 and −2) events, hence G(t)=−2, −1 ,0, 1, 2
(Jiang et al., 2005). The grade model is based on
MICMB (1981); it has been systematically inspected and
collated from numerous historical recordings obtained
by the Chinese Meteorological Bureau in cooperation
with about 30 major institutes and universities, and
printed by the Science Press, China. The 5 flood/dryness
grades are defined in the Atlas and are widely used in
flood/drought research (e.g. Zhou et al., 2002). The
extension of historical flood/drought series to present is
based on the instrumental precipitation data during
May–September with the method from MICMB (1981),
and this method is also used in other watersheds in China
(e.g. Zhou et al., 2002). The grade series is decided by
regional flood/drought grade model, which means that
the grade will be decided by the number of places and the
intensity of the flood/drought. The grade will be decided
by more records with more serious recorded historical
flood/drought events. For example, if intensive flood/
drought event occurred to most places of the study
region, the grade will be decided as 2 for the Yangtze
Delta, though drought events may occur to only several
places. At the same time, the spatial range of flood/
drought will also be considered in the time series
reconstruction. To show the validity and accuracy of the
reconstructed series, information support rate (ISR) was
put forward to test the validity of the reconstructed time
series. If the reconstructed grade is in complete
agreement with the local flood/drought fact of one
place, namely, the grade of flood/drought in Shanghai or
Nantong is 2 and the actual flood/drought condition is
heavy flood, so the grade is in complete agreement with
the flood/drought condition of this place, the ISR of this
grade for this place will be +1; if the grade is in contrary
to the local flood/drought fact of one place, the ISR of
this place will be −1. If the grade is partly in agreement
with the local flood/drought fact of the place, the ISRwill
be between −1 and +1 based on coherence degree. The
ISR of the time series is the sum of the ISR of individual
place, the number of places is the same as those for
reconstruction of flood/drought grade series. Fig. 2
shows the reconstructed flood/drought time series of the
Yangtze Delta and the corresponding ISR. It can be seen
from Fig. 2 that the time series after AD 1000 is well
supported by local records from chronologies with good
consistency, so we just analyze the flood/drought series
after AD 1000. The instrumental precipitation data (May



Table 1
The flood/dryness grade criteria for instrumental precipitation data
(1950–2002) in the Yangtze Delta (Ri is the precipitation in each
station in the Yangtze Delta from May to September since 1950; R̄ is
the multi-year average precipitation; σ is the standard deviation)
(MICMB, 1981)

Index Grade Type

Ri>(R̄+1.17σ) 2 Heavy flood
(R̄+0.33σ)<
Ri≤ (R̄+1.17σ)

1 Flood

(R̄−0.33σ)<
Ri≤ (R̄+0.33σ)

0 Normal (harvest year or
missing records)

(R̄−1.77σ)<
Ri≤ (R̄−0.33σ)

−1 Drought

Ri≤ (R̄−1.77σ) −2 Heavy drought
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to September) from Yangtze Delta are used to extend the
reconstructed historical flood/drought series. The mete-
orological monitoring stations located in the places
which act as the main data resources for reconstruction of
flood/drought series are chosen. The method of grade
reconstruction of flood/drought based on instrumental
precipitation data is as Table 1. The instrumental
precipitation data are provided by Chinese Meteorolog-
ical Administration (CMA). The climatic indicators used
by flood/drought index series reconstructed in this paper
are spatially weighted using Thiessen polygons (Linsley
et al., 1975) to create an ‘all Yangtze Delta’ flood/
drought index for each year.

We analyze a number statistics derived from this time
series, to make it comparable with other millennium
data (Table 1): number of flood, drought events per 5-yr
F and D. Here droughts, d(t)=1 for G<0, and floods,
f(t)=1 for G>0, to yield D(tc)=∑t d(t) and F(tc)=∑t f(t)
are counted for decades tc and years t in the last
millennium, tc=1002, 1007, 1012, … (Jiang et al.,
2005). Finally, a humidity (flood and drought) index is
introduced (Zheng, 1997), which depends on the
occurrence (number) of flood and drought events, F
and D, per decade (published in MICMB, 1981, see
Table 1): I=2×(F−D)/(F+D). If the occurrence of
flood and drought events is equal, I=0; if the climate is
wet or dry, I>1 or I<1. If no flood or drought event
occurred, namely F=0 and D=0, we assume I=0.
Although historical records have insufficiencies in
exactness and completeness, we take them as random
events and assume that they offer exact information of
past climatic changes.

Climatic changes of the Tibet Plateau were recon-
structed by proxy indicators. Tree-ring chronologies of
the Qamdo in eastern Tibetan and from Dulan in the
northern Tibetan Plateau are used to indicate the annual
temperature variations (Yang et al., 2000, 2003). The
tree-ring-index chronologies were derived from raw data
by division with a trend line calculated with a smoothing
spline (Yang et al., 2000, 2003). The standardized
decadal proxy records of tree ring will be used in this
paper. Furthermore, The timescale for the last 1000 yrs of
the Guliya ice core-2, located in the western Kunlunshan
(35.3°N, 81.5°E, with an elevation of 6200 m) (Fig. 1),
and Dasuopu ice core in the southern Tibetan Plateau
were established by counting visible annual dust layers
and extrapolating the age of deeper ice layers using a
flow-model approach (Yao et al., 1996; Thompson et al.,
2001), allowing the reconstruction of net accumulation
rates of snow (Yang et al., 2003).

3. Methods

Wavelet transform is a powerful way to characterize
the frequency, the intensity, the time position, and the
duration of variations in a climate data series (Jiang et al.,
1997; Zhang et al., 2006), which reveals the localized
time and frequency information without requiring the
time series to be stationary as required by the Fourier
transform and other spectral methods. The advantage of
wavelet transform in time–frequency analysis in com-
parison with conventional Fourier transform can be
found in many literatures (e.g. Nakken, 1999). Usage of
the wavelet transform in the study of climatic changes
and hydrological changes and other fields is receiving an
increasing attention. Nakken (1999) applied the contin-
uous wavelet transforms (CWTs) to detect the temporal
changing characteristics of the precipitation and the
runoff processes, and their correlations and separating
roles of climatic changes caused by human activities on
stream flow changes. Other scholars (e.g. Bradshaw and
Mcintosh, 1994; Fraedrich et al., 1997) used CWTs for
analyzing stream discharge data and flood levels. In this
paper, the continuous wavelet transform (CWT)
following Torrence and Compo (1998) is used in this
text. We assume that xn is a time series with equal time
spacing δt and n=0,…,N−1. ψ0(η) is a wavelet function
which depends on a non-dimensional ‘time’ parameter
η, with zero mean and is localized in both frequency
and time (Farge, 1992; Torrence and Compo, 1998).
Because Morlet wavelet provides a good balance
between time and frequency localization, here we
applied the Morlet wavelet defined as

w0ðgÞ ¼ p�1=4eix0ge�g2=2 ð1Þ

where ω0 is the non-dimensional frequency, here taken
to be 6 to satisfy the admissibility condition (Farge,
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1992; Torrence and Compo, 1998). The continuous
wavelet transform of a discrete sequence xn is defined
as the convolution of xn with a scaled and translated
version of ψ0(η):

Wn sð Þ ¼
X
n

N � 1

xnVw⁎
ðnV� nÞdt

s

� �
ð2Þ

where the asterisk (⁎) indicates the complex conjugate.
To ignore the edge effects because the wavelet is not
completely localized in time, the cone of influence
(COI) was introduced. Here the COI is the area where
the wavelet power caused by the discontinuity at the
edge has dropped to e−2 of the value at the edge
(Torrence and Compo, 1998; Grinsted et al., 2004). The
statistical significance of wavelet power can be assessed
under the null hypotheses that the signal is generated by
a stationary process by being given the background
power spectrum (Pk), many geophysical series have the
red noise characteristics which can be modeled by a
first order autoregressive (AR1) process. The Fourier
power spectrum of an AR1 process with lag-1
autocorrelation α (estimated from the observed time
Fig. 3. Continuous wavelet power spectrum for the normalized flood/drought
the 95% confidence level against red noise and the cone of influence (COI) w
The normalized flood/drought series has the AR1 coefficient of 0.18. The low
2- and 3-yr band.
series e.g. Allen and Smith, 1996) is given by Grinsted
et al. (2004) as

Pk ¼ 1� a2

j 1� ae�2ipk j2 ð3Þ

where k is the Fourier frequency index. Torrence and
Compo (1998) use the Monte Carlo methods to show
that the probability that the wavelet power of a pro-
cess with a given power spectrum (Pk) is greater that
p is

D
j WX

n ðsÞ j2
r2x

< p

� �
¼ 1

2
pkv

2
m pð Þ ð4Þ

where ν is equal to 1 for real and 2 for complex wavelets.

4. Results

4.1. Periodicity and variability features

Fig. 3 (upper panel) shows that the wavelet power
spectrum of the flood/drought series is broadly dis-
tributed, mainly in the 2- to 32-yr band. The peaks
of wavelet power spectra are located mainly in the 2- to
series in the Yangtze Delta region. The thick black contour designates
here edge effects might distort the picture is shown as a lighter shade.
er figure shows the changes of the averaged variance (°C2) between the



218 Q. Zhang et al. / Global and Planetary Change 57 (2007) 213–221
32-yr band. The regions featured by 95% confidence
level demonstrate that higher flood/drought variances
occurred during two temporal intervals: AD 1400–1700
and AD 1900–2000. Inversely, lower variances oc-
curred during AD 1000–1300 and AD 1700–1900.
Significance test again red noise indicates that the
interdecadal variability of flood/drought series in the
Yangtze Delta region is statistically significant. Fig. 3
(lower panel) demonstrates that, in the 2- to 3-yr band,
higher variance occurred during AD 1500–1750.

4.2. Possible connections with Tibetan climate and
Indian monsoon

Surface air temperature of the Tibetan Plateau was
reconstructed by proxy indicators of tree-ring width:
Dulan (in northern Tibetan Plateau) (Yang et al., 2000);
Fig. 4. Standardized decadal proxy records reflecting surface air
temperature for sites from the northern Tibetan Plateau (A) and from
eastern Tibetan Plateau (B), southern Tibetan Plateau and recon-
structed flood (D), drought (E) and flood/drought index (F). The solid
lines in panels D and F show the average frequency of flood/drought,
and the curves show the difference of frequency of flood/drought.
Qamdo, eastern Tibet from Braeuning, 1999) and Ice-
core δ18O: Dasuopu (Thompson et al., 2001). 5 shadowy
areas marked by a, b, c, d and e are 5 periods featured by
cold surface temperature (Yang et al., 2003), and these 5
periods correspond to the 5 periods dominated by flood
events in the Yangtze Delta (Fig. 4). AD 1250–1650 is
the relatively wet period (dominated by positive I
values). There are about 10 extreme flood events that
occurred in this period: 1286, 1330, 1404, 1481, 1494,
1510, 1561, 1608, 1670 and 1680. About 90% of these
flood events occurred to the relatively cold periods in
the Tibetan Plateau. It should be noted that during
1400–1700, the proxy indicators showing the annual
temperature experienced larger variability (larger
standard deviation), and this time interval exactly
corresponds to the time when the higher and sig-
nificant wavelet variance occurred (Fig. 3). After AD
1900, larger variability occurred to proxy indicators of
tree-ring from Dulan, Qamdo and Dasuopu, and this
time interval also corresponds to that when larger
wavelet variance occurred to the flood/drought series
(Fig. 3). This phenomenon rightly demonstrates the
tremendous influences of climatic changes in the Tibetan
Plateau on flood/drought variability in the Yangtze Delta
region.

Heavy solid lines in Fig. 5D show the 50-yr moving
average of the flood/drought I index (the slight gray
line shows the flood/drought index) and net accumu-
lation rates of snow in Tibet Plateau (the dashed line is
the net accumulation rates of snow (NARS) and the
corresponding solid line shows the 50-yr moving
average) (Thompson et al., 1995; Thompson, 1996).
The changing trends of flood/drought and NARS of the
Tibet Plateau are similar, indicating that colder surface
temperature (higher NARS) of the Tibet Plateau usually
corresponds to periods featured by heavy wetness in the
Yangtze Delta. Fig. 5A shows the mean temperature
changes of the Northern Hemisphere. It can be seen
from Fig. 5 that wet periods of the Yangtze Delta region
are in good line with the higher NARS in the Tibet
Plateau, showing cold temperature condition and more
precipitation, and even the northern hemisphere
(Fig. 5A). Fig. 5C shows the 50-yr means of regionally
averaged temperature anomalies of Tibet, but small
difference occurred between temperature changes of
southern Tibet (dashed line) and northeastern Tibet
(solid line). However, comparison between Fig. 5C and
D also indicates that colder mean temperature in the
Tibetan Plateau usually resulted in higher probability of
flood events in the Yangtze Delta region. During AD
1150–1400, the southern Tibetan Plateau experienced a
warmer period (Yang et al., 2003), however proxy



Fig. 5. Connections between flood/drought in the Yangtze Delta (D),
50-yr means of regionally averaged temperature anomalies of
southern Tibet (dashed line) and northeastern Tibet (solid line) (C),
Indian Monsoon (B) and mean Northern Hemisphere temperature (A).
a: Temperature AD 1000–2000 (A), reconstructed from proxy
temperature indicators and direct measured (heavy solid line),
showing rise from long-term cooling trend (after Mann and Jones,
2003, with minor alteration). b: Globigerina bulloides percentage in
Hole 723 A (dots) and box core RC 2730 (open circles) from the
Arabian Sea, showing variations of the Indian monsoon intensity
(after Feng and Hu, 2005). d: The reconstruction of net accumulation
rates of snow (Zhang et al., 1994) and reconstructed I index of flood/
drought in the Yangtze Delta.
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indicators from Guliya ice core (35.3°N, 81.5°E) shows
a period featured by relatively higher NARS, suggest-
ing colder temperature, which also corresponds to
higher probability of flood events in the Yangtze Delta.
During the Little Ice Age (AD 1550–1850), the Tibet
experienced a cold period during AD 1650–1700, AD
1800–1850; during these two periods, the Yangtze
Delta was also dominated by wet conditions but was
accompanied by high probability of drought. It is
obviously seen from Figs. 5D and 4F that the period of
1550–1650 was dominated by heavy floods and this
period is also featured by higher NARS in the Tibet
Plateau. Fig. 5B shows the intensity of Indian monsoon
reconstructed by Globigerina bulloides percentage
from Arabian Sea. Periods marked by a, b, c, d and e
in Fig. 5B shows 5 periods featured by relatively weak
Indian monsoon intensity but lower temperature and
higher NARS in the Tibet. And these 5 periods are also
featured by higher probability of floods in the Yangtze
Delta region.

5. Summary and discussion

Tibetan Plateau plays the significant role, as the
elevated heat source, for the onset of the Asian summer
monsoon (e.g. Hahn and Manabe, 1975) and also
influences the intensity variation of the Indian summer
monsoon because of its heating anomalies (e.g. Bansod
et al., 2003). Therefore, anomaly of Tibetan Plateau
snow mass, temperature variations and its possible
influences on south Asian summer monsoon and
furthermore on the precipitation changes were widely
discussed (Qian et al., 2003; Liu et al., 2004). Research
results of this paper indicated the following points:

(1) Temperature changes in the Tibetan Plateau for
the past millennium have close connection with
flood/drought changes in the Yangtze Delta
region. Lower surface temperature of the Tibetan
Plateau usually corresponds to the wet periods in
the Yangtze Delta region with higher possibility of
flood events and vice versa. Flood events in the
Yangtze Delta region mostly occurred to the
periods when the Tibetan temperature was colder
indicated as higher net accumulation rate of snow.

(2) In the last two millennia, epochs of cool/warm
temperatures in the Tibetan Plateau usually
coincided with weak/strong Indian summer mon-
soon (Feng and Hu, 2005). AD 1400–AD 1500,
AD 1600–AD 1700 and AD 1790–AD 1830 are
characterized by weak Indian summer monsoon
(Feng and Hu, 2005) and these three periods are
also dominated by higher wetness in the Yangtze
Delta region. Furthermore, the increase of snow
cover/depth can delay the onset and weaken the
intensity of the summer monsoon (Qian et al.,
2003) and this will hinder the northern develop-
ment of eastern Asian summer monsoon and
which in turn leads to increase of precipitation in
the Eastern China. Torrence and Webster (1999)
applied Morlet wavelet approach studied inter-
decadal changes of ENSO and Indian monsoon,
showing that the annual-cycle variance of Niño3
SST and Indian rainfall is negatively correlated (in
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anti-phase relation) with the interannual ENSO
signal on interdecadal timescales (Yasunari, 1990;
Soman and Slingo, 1997).

(3) During 1400–1700, the proxy indicators showing
the annual temperature in Tibet experienced larger
variability and this time interval exactly corre-
sponds to the time when the higher and significant
wavelet variance occurred (Fig. 3). After AD
1900, larger variability occurred to proxy indica-
tors of tree-ring fromDulan, Qamdo and Dasuopu,
and this time interval also corresponds to that
when larger wavelet variance occurred to the
flood/drought series (Fig. 3). During AD 1000–
1400, relatively stable changes of climatic changes
reconstructed from proxy indicators in the Tibet
correspond to lower wavelet variance of flood/
drought series in the Yangtze Delta region,
showing tremendous impacts of climatic changes
in the Tibet on flood/drought conditions in the
Yangtze Delta.

(4) Historical records, temperature reconstructed by
proxy indicators and instrumental observation
indicated that changes of the heating features of
the Tibetan Plateau altered the atmospheric
circulation; especially, it altered the intensity and
onset of Indian summer monsoon and south Asian
summer monsoon. Changes of atmospheric cir-
culation are the main driving factors for the
changes in flood/drought changes of the Yangtze
Delta region. Current global warming may
influence the snow cover/depth of the Tibetan
Plateau, and further change the atmospheric
circulation, which in turn impacts occurrence of
flood/drought in the Yangtze Delta region. It
should be mentioned here that flood/drought in
the Yangtze Delta region is influenced not only by
climatic changes in the Tibet Plateau but also by
other factors, e.g. human activities. It can also be
seen that the relations between flood/drought in
the Yangtze Delta and climatic changes in the
Tibet Plateau are not monotonous but complicat-
ed. However, the results of this paper studied
teleconnections between climatic changes (tem-
perature changes) and flood/drought in the
Yangtze Delta, being helpful for further under-
standing the mechanism behind the occurrence of
flood/drought in the Yangtze Delta region.
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