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Summary

Climate variability and flood events in the Yangtze Delta,
which is a low-lying terrain prone to flood hazards, storm
tides and typhoons, are studied in terms of a trend and
detrended fluctuation analysis of historical records. The data
used in this paper were extracted from historical records
such as local annuals and chronologies from 1000–1950 and
supplemented by instrumental observations since 1950. The
historical data includes frequencies of floods, droughts and
maritime events on a decadal basis. Flood magnitudes
increase during the transition from the medieval warm
interval into the early Little Ice Age. Fluctuating climate
changes of the Little Ice Age, which are characterised by
arid climate events, are followed by wet and cold climate
conditions with frequent flood hazards. For trend analysis,
the Mann-Kendall test is applied to determine the changing
trends of flood and drought frequency. Flood frequency
during 1000–1950 shows a negative trend before 1600 A.D.
and a positive trend thereafter; drought frequency increases
after 1300. The detrended fluctuation analysis of the flood
and drought frequencies reveals power law scaling up to
centuries; this is related to long-term memory and is similar
to the river Nile floods.

1. Introduction

Climate warming, flood hazards and their im-
pacts on human society have received increas-
ing attention in China during recent years,
particularly as agriculture, industry and even the

development of national economies suffer losses
from flood and water logging hazards (IPCC
2001). The Yangtze Delta is an extremely dense-
ly populated and economically developed area
with Mega-cities such as Shanghai, Nanjing, and
Hangzhou. Shi (2003) and Zhang et al. (2001)
show that changes of flood occurrences may
reflect climate transitions. Therefore, understand-
ing the principles governing flood occurrence is
theoretically and practically meaningful for local
mitigation and the reduction of flood induced
disasters. A first step towards an understanding
of the underlying processes is the analysis of
floods and climate change in the past. Research
on past climatic fluctuations in China (An, 1986;
Wang et al., 1991; Zhang et al., 1995; Gong and
Harneed, 2000; James et al., 2000; Zhang et al.,
2001) has identified abundant historical records
and exceptional information, which is a valuable
historical heritage to the study of climate vari-
ability. Documentation of Yangtze Delta floods is
based on relatively complete and long historical
records of climatic events and human activities.
Historical records (Zhang et al., 2002) indicate
that the Yangtze Delta is typical for the lower
Yangtze River in both its geomorphologic char-
acteristics and climatic change patterns. In this
study, the historical records are extended by



instrumental observations of precipitation, tem-
perature and discharge available from 1950 to
2002.

The analysis presented here is an extension of
ongoing research on China’s water cycle and
climate. Commencing with an in-depth descrip-
tion of the quantification of historical climate
data and its transfer into quantitative time series
(Wang et al., 1991), the necessary next step
was to demonstrate historical climate variability.
Fluctuations of flood and drought indicators,
which characterise the eastern parts of China,
were analysed (by wavelet methods) to identify
water cycle related regimes over the past millen-
nium (Jiang et al., 1997). Based on instrumental
precipitation records, a novel monitoring algo-
rithm, the standardised precipitation index (SPI),
was introduced (Bordi et al., 2004). Thus, a
unique set of analyses has been accomplished,
ranging from historical data extraction and cli-
mate variability analysis to monitoring and prac-
tical prediction of wetness=drought regimes.
These analyses will be extended with the appli-
cation of a novel nonlinear systems analysis tech-
nique used to detect long term memory as an
underlying mechanism for water cycle variability
in eastern China, in particular, in the Yangtze
Delta area.

First steps towards analysing regional climate
variability are commonly associated with climate
change, which is described and quantified in
terms of internal fluctuations manifested in
power spectra or similar methods. An example of
these methods is the detrended fluctuation anal-
ysis (DFA), which has been developed recently
(Peng et al., 1994) to extract the scaling proper-
ties of the fluctuations and thereby to character-
ise the complex dynamics underlying climate
variability. This analysis technique has been ap-
plied systematically to temperature time series of
last century observations and of coupled global
ocean-atmosphere circulation models (Fraedrich
and Blender, 2003, loc. cit.). The time scales
resolved by this method are, due to sampling,
limited by about a tenth of the length of the time
series. Beyond that, trend analysis is used to
identify an abrupt climate change in the time
series. The millennium time series of Yangtze
Delta floods provides an ideal testbed for the
application of both the established and novel
methods to gain insight into the underlying

dynamics and to provide appropriate measures
for comparison with climate models simulating
both control (trend-free) and close to reality
(trend) situations.

We describe the climatological embedding and
the data sets to be analysed (Section 2) followed
by the methods applied (Section 3). The results
for the historical climate, trends and long term
memory are presented in Section 4 and sum-
marised in Section 5.

2. Climatological setting and data

The Yangtze Delta (30� N to 33� N, 119� E to
122� E) is located in Eastern China and charac-
terised by the subtropical monsoon climate
(Fig. 1). Mixed deciduous and evergreen forest
determines the natural vegetation of the region.
The mean annual temperature is 15.5 �C. In sum-
mer, the area is dominated by the Subtropical
High with maximum temperatures reaching
28.9 �C; in winter, the region is influenced by
the Mongolian High with minimum temperatures
around 3.3 �C. The mean annual precipitation is
1235 mm with summer rainfall (June–August) ac-
counting for 40% of the total and only 11% occur
during winter months (December–February).
Climatologically, the region is sensitive because
it lies along the demarcation between subtropical
and temperate climates characterised by signifi-
cantly disparate air masses (Daniel et al., 1996).
Thus, it is affected by maximum floods that

Fig. 1. The Yangtze Delta with the key pilot study region
(shaded)
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mostly result from excess rainfall during sum-
mer, especially June and July (the so-called Plum
Rainy Season) when slow-drifting cold fronts
encounter moist air masses of subtropical origin
and also in August which is characterised by
typhoon-induced excessive precipitation. A near-
ly level plain with an elevation of 2 to 7 m above
sea level covers 75% of the region. This low-
lying terrain makes the region vulnerable to
floods, maritime tidal and other natural hazards
(Daniel et al., 1996). In addition, low-lying ter-
rain causes retarded discharge of ground surface
water and therefore, excessive precipitation
usually results in floods. The Yangtze Delta is a

well-developed area in industry and agriculture
and densely populated with sufficient historical
and instrumental climatological data available.

The information used for our analysis are
annual time series characterising flood and
drought occurrence of the middle Yangtze and
the Yangtze Delta for the period 1000 to 1950.
The data base consists of historical documents
(1000–1950, Hu and Luo, 1988 and MICMB,
1981) from which quantitative information can
be extracted. A grading, GðtÞ, is used for each
year t during the last millennium to establish a
time series, which characterises individual flood
(G ¼ �2 and �1 for heavy flood and flood),

Table 1. Frequency of the floods, drought events, maritime tidal events (Number of natural hazards per ten years) extracted
from historical documents

Year Flood Drought Maritime
events

Year Flood Drought Maritime
events

Year Flood Drought Maritime
events

1005 1 2 0 1365 0 0 0 1715 3 3 0
1015 0 3 1 1375 0 0 1 1725 0 1 2
1025 4 0 0 1385 1 0 1 1735 4 1 3
1035 0 3 0 1395 0 1 1 1745 4 1 1
1045 0 2 0 1405 1 0 0 1755 3 2 2
1055 0 0 0 1415 1 0 0 1765 1 1 0
1065 1 0 0 1425 0 1 1 1775 1 3 1
1075 0 2 0 1435 1 3 0 1785 1 5 0
1085 2 1 0 1445 4 1 0 1795 0 1 3
1095 1 0 0 1455 4 1 0 1805 1 7 3
1105 1 3 0 1465 2 1 1 1815 2 3 0
1115 3 2 0 1475 1 3 0 1825 3 1 0
1125 0 1 0 1485 0 5 0 1835 5 2 0
1135 1 5 1 1495 1 0 0 1845 2 1 1
1145 0 2 0 1505 0 5 0 1855 1 3 2
1155 2 1 0 1515 2 3 2 1865 1 2 1
1165 0 1 0 1525 3 4 1 1875 1 5 0
1175 0 0 1 1535 2 3 1 1885 2 1 1
1185 0 4 0 1545 2 2 0 1895 0 3 0
1195 2 3 0 1555 4 4 0 1905 4 0 0
1205 5 4 0 1565 7 1 0 1915 3 2 0
1215 1 2 0 1575 9 0 0 1925 1 4 0
1225 1 0 0 1585 4 2 2 1935 1 3 0
1235 0 0 0 1595 6 0 0 1945 1 0 0
1245 0 2 0 1605 3 1 0 1950 2 0 3
1255 0 0 0 1615 4 4 0 1955 1 1 1
1265 0 0 0 1625 3 2 0 1960 1 1 0
1275 0 0 1 1635 4 6 0 1965 2 2 0
1285 2 0 0 1645 1 3 1 1970 2 3 0
1295 2 3 0 1655 2 5 1 1975 2 2 0
1305 1 1 0 1665 3 1 3 1980 2 2 1
1315 0 0 1 1675 7 2 0 1985 2 3 1
1325 1 2 2 1685 1 1 0 1990 0 2 1
1335 0 2 1 1695 4 0 0 1995 2 3 1
1345 0 0 1 1705 3 1 0 2000 4 2 2
1355 0 0 0

Yangtze Delta floods and droughts of the last millennium 133



normal (G ¼ 0), and drought (drought and heavy
drought, G¼ 1 and 2) events, hence GðtÞ ¼ �2,
�1, 0, 1, 2. For example, ‘‘1335, tidal inundation
occurred accompanying floods, many people
died’’ (2-grade flood), ‘‘1512, July, it is windy,
tidal inundation occurred. Houses and people
were damaged and in inundation in thousands’’
(1-grade flood), ‘‘1539, tide level rose rapidly,
the depth of the ground surface water is tens of
meters, thousands of people died’’ (1-grade
flood). Some historical records indicate that
floods are partly a direct result of tidal events.

Here we use frequency statistics derived from
the grade time series GðtÞ, to make it comparable
with other millennium data and define decadal
flood and drought events F and D (Table 1).
Droughts are defined by dðtÞ ¼ 1 for G>0, and
floods, f ðtÞ ¼ 1 for G<0. These yield the deca-
dal sums DðtcÞ ¼ �tdðtÞ and FðtcÞ ¼ �t f ðtÞ for
the decadal times tc during the last millennium,
tc ¼ 1005, 1015, 1025, . . . , and the years involved
in the sums are t ¼ tc þ ð�5;�4; . . . ;þ4Þ. In
addition, the number M of marine tidal events
per decade is extracted from historical docu-
ments in a similar manner (Table 1). Finally, a
humidity parameter I is introduced (Zheng,
1997), which depends on the decadal frequencies
of floods and droughts, F and D (published in
MICMB, 1981, see Table 1)

I ¼ 2
F � D

F þ D
ð1Þ

If the occurrences of flood and drought events are
equal, I ¼ 0 (also if no flood and drought events
are measured); if the climate is wet or dry, I>1
or I<1. The decadal time series of floods,

drought and maritime events, D, F, M, and the
humidity index, I, are subjected to trend and
detrended fluctuation analysis.

The historical data are complemented by in-
strumental observations after 1950 based on the
NCEP reanalysis data set (Kalnay et al., 1996).
The grades GðtÞ during the instrumental period
are determined by the precipitation using the cri-
teria in Table 2. An SST (sea surface tempera-
ture) index is used which characterises El Nino=
Southern Oscillation events (COAPS, 2004). This
index is defined as the 5-month running mean of
the monthly SST anomalies averaged over the
areas 4� N to 4� S and 150� W to 90� W.

3. Analysis methods

Two methods are applied to determine climate
change and low frequency variability in the his-
torical and instrumental data: (1) The detection
of trends and trend changes is performed by the
Mann-Kendall-test, a rank-test that determines
a single trend change in a time series. (2) The
low frequency variability is determined by the
detrended fluctuation analysis, an extension of
the fluctuation analysis with the particular capa-
bility to investigate long time memory in time
series. These methods of analysis are described
below.

3.1 Abrupt changes: Mann-Kendall test

Abrupt changes and trends of floods and maxi-
mum summer temperatures are diagnosed by the
Mann-Kendall rank test (MK, as suggested by
Sneyers, 1975; Goossens and Berger, 1987). This
technique has been applied to dryness (in China,
Jiang and Qian, 1997) and to flood levels (Nile
river, Fraedrich et al., 1997, see also Jiang et al.,
2002).

Estimating abrupt changes using the Mann-
Kendall test (MK) is based on a progressive anal-
ysis to test the beginning of a single trend
(within a given sample time series) utilising
related progressive and retrogressive rank series.
MK is suitable to detect one abrupt change in a
sample time series of anomalies that are inde-
pendent and Gaussian distributed. First, assume
that the time series is in progressive sequence,
x1; x2; x3 . . . xN for a given sample size N. The
accumulated total of values xj smaller than xi

Table 2. The flood=drought grade criteria for instrumental
precipitation data (1950–2002) in the Yangtze Delta. Ri is
the precipitation at each station in the Yangtze Delta from
May to September since 1950, �RR the multi-year average
precipitation and � is the standard deviation (MICMB, 1981)

Index Grade Type

Ri>ð�RRþ 1:17�Þ 2 Heavy flood
ð�RRþ 0:33�Þ<Ri�
ð�RRþ 1:17�Þ

1 Flood

ð�RR� 0:33�Þ<Ri�
ð�RRþ 0:33�Þ

0 Normal (harvest year
or missing records)

ð�RR� 1:77�Þ<Ri�
ð�RR� 0:33�Þ

�1 Drought

Ri�ð�RR� 1:77�Þ �2 Heavy drought
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for j< i up to i is denoted as mi. The sum of the
first of these terms is the rank statistic dk

dk ¼
Xk

i

mi; for k ¼ 2; . . . ;N ð2Þ

This sum is standardised to a normal distribution
by

Z1ðkÞ ¼
dk � E½dk�ffiffiffiffiffiffiffiffiffiffiffiffiffi

var½dk�
p ð3Þ

with the mean E½dk� ¼ kðk � 1Þ=4 and the var-
iance var½dk� ¼ kðk � 1Þð2k þ 5Þ=72.

A trend of the time series is significant at
the threshold Ua if Z1ðkÞ>Ua. For the standard
significance level a ¼ 0:05 the threshold is
U0:05 ¼ 1:96. To identify an abrupt climate
change, this analysis is performed with the same
time series but with the retrograde sequence, i.e.
xN ; xN�1; . . . ; x1, and yields Z1ðkÞ ¼ �Z2ðkÞ for
k ¼ N;N � 1; . . . ; 1. An abrupt change is
initiated at the intersection Z1ðkÞ and Z2ðkÞ.

3.2 Long term memory: Detrended
fluctuation analysis (DFA)

Long term memory is a particular case of en-
hanced low frequency variability when the time
integral of the auto-correlation function diverges.
Due to this, the correlation time is infinitely
large. In practice, due to the finite range of any
observed or modelled time series, long term
memory is considered to exist if there is no ex-
ponential decay up to the maximum time scale.
The detrended fluctuation analysis (DFA) has
been developed to determine the variability of
time series on different time scales (Peng et al.,
1994) and is becoming an ideal tool to derive
long term memory (e.g. Fraedrich and Blender,
2003). The DFA determines the fluctuation func-
tion FðtÞ, however, and this is the difference to
the standard fluctuation analysis, for the integrat-
ed time series, the so-called profile. The effect of
the integration is reversed after the calculation.
For this profile, linear fits are determined for all
segments of different widths t and the fluctuation
function FðtÞ is calculated as the standard devia-
tion between the profile and the time series. The
main advantage of the DFA is that long time
correlations become visible by the integration.
For scaling behaviour, which shows up as a power
law in FðtÞ, there are direct relationships to the

correlation function and the power spectrum of
the time series: if FðtÞ � t� the power spectrum
follows Sð f Þ � f�� with �¼ 2�� 1, and the cor-
relation function is CðtÞ � t�� with �¼ 1 � �.
The exponent � equals the Hurst exponent
(1951) obtained by the rescaled range analysis.
Stationary long term memory is present within
0<�<1 (1=2<�<1). The two limiting cases
are uncorrelated time series (white noise) with
�¼ 0 (�¼ 1=2) and the 1=f-spectrum (flicker
noise) with �¼ 1 (�¼ 1). For �>1 (�>1) the
time series is non-stationary and conventional
statistical analysis cannot be applied. In the case
of dominant oscillations the fluctuation function
FðtÞ shows step-like transitions at the oscillation
periods, and hence, the result may be difficult to
interpret for a multitude of oscillations. There-
fore, the DFA should be combined with a power
spectrum analysis.

The DFA analysis, which does not – in con-
trast to its name – eliminate trends in the data,
can be extended to higher order versions DFA-N,
which fit and subtract higher order polynomials
of degree N to the profile (DFA-1 represents the
standard DFA). In order to avoid any confusion
with the trend analysis above, it is necessary to
differentiate the time scales involved. For DFA-N
the time scales of interest are well below the total
available duration of the time series since the
same conditions for significance as for a power
spectrum apply. Therefore, the time scale of the
polynomials subtracted in DFA-N is below about
100 years. On the other hand, the trend analysis,
which is another main topic in the present study,
is applied to climate changes on the centennial
time scale. The essential result of the DFA is the
decadal variability and thus complements the
Mann-Kendall analysis.

4. Results: Climate history, trends
and long term memory

The historical data are decadal flood and drought
frequencies during the last millennium (from
these a humidity parameter is derived) and the in-
strumental data precipitation, temperature and the
SST index characterising the El Nino=Southern
Oscillation (COAPS, 2004). They are analysed in
three steps: First the historical and instrumental
data time series are presented with an overview
of wet and dry periods. Then, a Mann-Kendall
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trend analysis is applied to the historical and
instrumental data, and finally, the long term
memory is determined in the historical data.

4.1 The historic and instrumental data

Historical data: Figure 2 demonstrates the con-
nections between flood events, climatic changes
and maritime tidal events. Eight frequently-
occurring flooding periods are marked as the
shaded zones a–h. A time interval during 1500
and 1800, which is characterised by a high fre-
quency of floods, is the Little Ice Age (see, for
example, Bradley et al., 1992; Huang, 2000;
Yang et al., 1995). In our key region the Little
Ice Age is characterised by high wetness, I>1,
with alternating wet and dry climate episodes.

Larger floods are noted from 1500 to 1700,
which characterises the transition from the medi-
eval warm interval to the cooler Little Ice Age
(temperatures taken from Wang et al., 2002). The
same transition occurred in the upper Mississippi
River (James, 1993). It can also be seen from
Fig. 2 that the occurrences of maritime tidal and
flood events are correlated. As these eight shaded
zones show, periods with tidal events and floods
occurred almost simultaneously (except zone a
and zone b), the maritime tidal events had a more
significant impact on the occurrence of the floods
in the Yangtze Delta than other more direct
effects. The low-lying terrain makes the study
region prone to impacts of floods and extreme
tides. Figure 2 also demonstrates that drought
and flood events usually occurred concurrently.

Fig. 2. Flood events, tidal events
and temperature changes evolving
in the Yangtze Delta. The dashed
lines in panel IV and V denote the
50-year moving average, in panel I
they denote zero degrees. The shaded
zones mark periods of higher-
frequency floods (the data are listed
as the appendix) coinciding with
climate changes of China (Wang
et al., 2002)
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We can see that these eight flooding periods are
also the drought periods (flooding events and
drought events occurred at the same year, e.g.
the flood events occurred in the spring and the
drought event occurred in the autumn). It should
be mentioned here that the connections between
flood events and tidal inundation are not signifi-
cant, because tidal inundation events are not the
decisive cause of flood occurrence.

Instrumental data: Close connections between
annual precipitation, flood discharge and SST
index, demonstrated in Fig. 3, occur in certain
periods marked by shading. This may be the rea-
son why correlations between SST, annual precip-
itation and discharge are not significant. These
three shaded zones (Fig. 3) show three periods,
which are characterised by greater flood dis-
charge (see 4-year running mean). Figure 3 also
indicates that these three periods correspond to
higher mean SSTs. These three periods (shaded
zones) also match the frequently-occurring

periods of floods in the lower Yangtze River.
Therefore, we can tentatively draw the conclu-
sion that higher SSTs appear to enhance the
hydrological cycle linking ocean and continent,
with excessive precipitation and the increasing
possibility of larger floods. Figure 4 shows cor-
relations between the annual precipitation and
flood discharge of the Yangtze Delta, with linear
connections between flood-season discharge
(averages from June to September) and annual
precipitation. The regression fit is high ðR2 ¼
0:87Þ and demonstrates significant impacts of
precipitation on floods in the study region.
Flood-season discharge, annual precipitation

and SST index: The Pearson correlations between
SST index and annual precipitation and discharge
is weakly positive. A highly significant correla-
tion of 0.935 exists between annual precipitation
and discharge (two-tailed significance at 99%).
Note that a general characteristic of the monsoon
climate is the strong correlation between precipi-
tation and floods in the rainy summer season
(June to August).

4.2 Trend analysis of historical
and instrumental data

The Mann-Kendall outcome is presented in Fig. 5.
The historical sample (1000 to 1950) shows a
negative trend in flood frequency before 1600
(Z1 curve, at 95% significance) and a weak posi-
tive trend thereafter, from 1600 to 1950. The dis-
continuity of the trend in flood frequency occurs
around 1550 (95% significance). For drought
frequency a positive trend is found from 1400

Fig. 3. Mean sea surface temperature
(SST) index, flood discharge, and annual
precipitation in the lower reaches of the
Yangtze River from instrumental records
(1950 to 2002); discharge with 4-year
moving average (dashed) of rivers in the
Yangtze Delta

Fig. 4. Correlation between annual precipitation and the
flood discharge during 1950–2002 at a tributary river basin
of the Yangtze Delta

Yangtze Delta floods and droughts of the last millennium 137



(Z1 curve) until present-day, however we do not
detect a discontinuity in the time series.

In the instrumental sample (Fig. 6) an abrupt
change in the annual precipitation time series
occurs in the mid 1960s (passing the significance
level of 95%). The Z1-curve demonstrates a
negative tendency in the summer precipitation
(also passing the 95% level). After the 1970s,
precipitation changes are negligible.

However, looking at the fit line with negative
slope, the general trend of annual precipitation
is negative. The original annual precipitation
curves (Fig. 6a) demonstrate this negative trend
after 1990. Figure 6b indicates that the disconti-
nuity of the trend of the maximum summer tem-
perature is in the mid 1990s, around 1993. The
Z1-curve demonstrates that the maximum sum-
mer temperature changes follow a negative trend
before 1990s and positive trend after the 1990s
(satisfying a 95% significance). This changing
point can be seen in the 4-year moving average
curves (Fig. 6b). While the flood frequency
shows a negative trend before the 1990s, a posi-
tive tendency is found after the 1990s, which

matches the maximum summer temperatures of
the study region. This suggests an increasing
probability of maximum summer temperature
(under climatic warming scenarios, James, 2000;
Mirza, 2002; Deng et al., 2000), which may lead
to an increasing occurrence of flood events.

4.3 Long term memory of historical data

The frequencies of floods, droughts and the
deduced humidity parameter Eq. (1) are sub-
jected to DFA to determine the functional re-
lationship of the long term memory. For the
duration of 1000 years, results in the time range
up to 100 years can be reliably derived. Figure 7
shows the fluctuation functions in a log–log-plot
where power laws follow straight lines. Floods
and droughts reveal power law exponents �
above 1=2 which represent long term memory
up to different time scales: 200 years for floods
and without restriction for droughts. The expo-
nents are �¼ 0.69 (�¼ 0.38) for droughts and
�¼ 0.76 (�¼ 0.52) for the frequency of floods.
These results have been compared with the

Fig. 5. Mann-Kendall analysis results of the flood fre-
quency (a) and drought frequency (b) during 1000–1950
in the Yangtze Delta. The two dashed lines denote the 95%
confidence level

Fig. 6. Mann-Kendall analysis result of the annual precip-
itation (a) and that of the extreme high summer tempera-
ture (b) during 1950–2002 in the Yangtze Delta. The two
dashed lines denote the 95% confidence level
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higher order DFA-2 and DFA-3 to elucidate the
role of superimposed linear and quadratic trends
on time scales below 100 years: both methods
(not shown) reveal the analogous power laws
and the exponents agree with DFA-1 findings.
Note that the trends investigated in the preceding
section are determined above this time scale. A
possible origin for the long term memory of the
hydrological cycle in this region is the sea sur-
face temperature of the East China Sea. The
humidity parameter shows a white spectrum
(�¼ 0.5, �¼ 0) and no long term memory. The
most probable reason is that, by its definition
Eq. (2), the long term memory effects of floods
and droughts may be obscured.

The frequency of maritime events shows a dif-
ferent outcome for the long term variability. Mari-
time events are rarely found before 1300 A.D.
which reduces the total variability and the signif-
icance of the results. According to a power spec-
trum analysis (Fig. 8, determined as an average
of three disjoint segments) an oscillation with a
period around 70 years may exist, however, this
remains speculative in the available time range.
The overall behaviour of the power spectrum
hints to an absence of long term correlations.
Due to the presence of the oscillation the DFA
fluctuation function (not shown) cannot reveal a
power law behaviour and, from this point of view,
the question of long term variability in the fre-
quency of maritime events remains unsettled.

5. Summary and conclusions

Yangtze Delta flood data covering up to a 1000
years are analysed in terms of trend changes and
low frequency variability in the range of decades
to centuries. Rapid and strong fluctuations of the
climate (frequent changes of wet and arid condi-
tions) occur during the Little Ice Age (1500 to
1850, see Bradley, 1992) with frequent flood
events in the Yangtze Delta. Larger floods oc-
curred from about 1500 to 1700 and characterise
the transition from the medieval warm episode to
the cooler Little Ice Age (similar to the upper
Mississippi River (James, 1993)). The low-lying
terrain of the study region means that flood tides
are an important contributor to floods events.
Indeed, according to historical records, some
floods are the direct result of flood tidal events.
This result appears to be beneficial when consid-
ering future mitigation and flood hazard reduc-
tion for the Yangtze Delta.

Analyses of abrupt changes and trends in the
historical records indicate that, during 1000 to
1950, the flood frequency reveals a negative
trend before 1600 A.D. and a positive trend
thereafter (from 1600 to 1950, but not at 95%
significance); from 1700 to 1800 this trend is
positive with 95% significance. Instrumental
records of annual precipitation indicate an abrupt
change occurred in the 1990s. Prior to this, an-
nual precipitation shows a negative trend, whilst
post-1990s the discharge trend reverses to be-
come positive. Similarly, the maximum monthly
summer temperatures show an abrupt change in

Fig. 7. Fluctuation functions FðtÞ for the decadal time
scale t for floods (�), droughts (�), and the humidity param-
eter (þ) obtained by DFA. The lines describe power laws
with exponents � as indicated

Fig. 8. Power spectrum Sðf Þ for spectral frequency f of the
maritime events with the maximum intensity at 70 years.
Sðf Þ is averaged in three non-overlapping segments of the
total time series
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the mid 1990s. The Z1ðkÞ curves of annual pre-
cipitation and maximum temperature series
show a negative trend before 1990s and positive
trend after 1990. Deng et al. (2000) suggest that
climatic warming may lead to a high occurrence
probability of maximum summer temperatures.
Based on the close relationship between changes
in annual precipitation and the maximum sum-
mer temperature, leads us to surmise that max-
imum summer temperatures may be greater in
the future under a warming scenario, due to
the anticipated increases in serious summer rain-
fall. Still, flood control remains an arduous poli-
tical and engineering problem which requires
serious consideration if future climatic warming
is expected for the Yangtze area. Pearson corre-
lation analysis indicates that close connections
occur between annual precipitation, flood dis-
charge and mean SST (99% level). Therefore,
external forcing, that is changing SSTs, may
be helpful in estimating future flood hazard
probabilities.

The detrended fluctuation analyses of the flood
and drought fluctuations show long term memory
with a power law scaling. The estimated power
law exponents for the millennium data set are
distinctly different from white noise and yield
the related spectra Sð f Þ � f�0:5 for the flood fre-
quency and Sð f Þ � f�0:4 for the drought fre-
quency. The long term memory extends at least
up to 100 years and appears not to be restricted
by the total available millennium time range for
the flood frequency. The frequencies of the mar-
itime events however, indicate a period of 70
years and long term correlation cannot be prov-
en. The most likely reason for the observed long
term memory is the sea surface temperature of
the adjacent East China Sea which delivers warm
and moist air during the monsoon phases.
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