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Abstract Extreme weather events include unusual, severe or
unseasonal weather, and weather at the extremes of the histor-
ical distribution. They have become more frequent and intense
under global warming, especially in mid-latitude areas. They
bring about great agricultural and economic losses. It is impor-
tant to define the threshold of extreme weather event because it
is the starting point of extreme weather event research, though
it has been of seldom concern. Taking extreme precipitation
events in Anhui, China as an example, the detrended fluctua-
tion analysis (DFA) method is introduced to define the thresh-
old of extreme weather events. Based on it, the spatial and
temporal distributions of extreme precipitation events are ana-
lyzed. Compared to the traditional percentile method, DFA is
based on the long-term correlation of time series. Thresholds
calculated by DFA are much higher than the 99th percentile and
the values are higher in the south and lower in the north. This
spatial pattern is similar to the annual precipitation spatial
pattern. There is an obvious increasing trend in the number of
days with extreme precipitation, especially after the 1980s.
This observation supports the point that more extreme events
happen under global warming.

1 Introduction

It is very likely that global average temperature rises, where
extreme high or low temperature days and extreme high
precipitation days increase on over 70 % of land area. This
trend becomes more obvious during several decades under
climate change, especially in mid-latitude areas; this trend will
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likely continue (Alexander et al. 2006; IPCC 2007). Extreme
weather events lead to great losses. It seems that extreme
weather events cause more damage to society and ecosystems
than simple shifts in the mean values; developing countries are
much vulnerable to it (Mirza 2003). In 2011, USA experi-
enced the most extreme high precipitation year on record
during the last 100 years (Samenow 2011). Moscow suffered
a heat wave with an average unprecedented July temperature
at least since the nineteenth century, when measurements
began; there is approximate 80 % probability that the 2010
July heat record would not have happened without climate
warming (Rahmstorf and Coumou 2011). The number of
extreme weather events costing more than a billion dollars
was 11 in the USA in 2012, including Superstorm Sandy, the
Waldo Canyon fire in Colorado, and the Great Drought, which
was the largest since 1939. These extreme events bring great
economic losses. Society’s rising interest in extreme weather
events promotes this research.

The starting point for extreme weather events research is
to define a threshold. ETCCDI (The joint CCI/CLIVAR/
JCOMM Expert Team on Climate Change Detection and
Indices; http://cccma.seos.uvic.ca/ETCCDI) and STARDEX
project (STAtistical and Regional dynamical Downscaling of
EXtremes for European regions; http://www.cru.uea.ac.uk/cru/
projects/stardex/) recommend more than 20 indexes about
precipitation and temperature, which are the most commonly
used indexes to identify extreme events. The percentile method
is the most important one. Extreme precipitation events are
defined as those that exceed a threshold percentile of daily
precipitation; for example, Bell et al. (2004), Wang and Zhou
(2005), Wan Zin et al. (2010) used the 95th percentile for
extreme daily precipitation events analysis. Besides the
percentile methods, greatest 5-day total rainfall, longest dry
period, maximum number of consecutive days with precipita-
tion, etc. are used to indicate extreme climate events (Li et al.
2010; Hu et al. 2012; Jiang et al. 2012). Friederichs (2010)
used extreme value theory to provide appropriate distributions
of precipitation and to decide the threshold of extreme
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precipitation events. It can be found that these indexes are
arbitrarily delineated. They could be considerably influenced
by subjective factors. This method cannot describe the long-
term correlation in climate system. So, although the percentile
method is widely used, it still has large uncertainties.

Studies show that meteorological and climatological re-
cords have positive long-term correlations (Fraedrich 2002;
Yang et al. 2008). In recent years, detrended fluctuation anal-
ysis (DFA) has become a widely used technique for the
determination of fractal scaling properties and for the detec-
tion of long-range correlations in time series (Kantelhardt
et al. 2002). It was first proposed by Peng et al. (1994) when
studying DNA sequences. It can be used to characterize the
fractal properties more reliably without being affected by
nonstationarity and trends (Yuan et al. 2012). It has been
successfully applied to diverse fields such as noise analysis,
long-time weather records, geology, and DNA sequences
(Weron 2002). Chen et al. (2007) used DFA to study the
long-range correlation in daily relative humidity. Kurnaz
(2004) used DFA to separate the trends and the correlations
in data series and then to analyze the persistence of weather
and climate regimes. Long-term correlation in hydroclimate
records results in a clustering of extreme events; the return
interval depends on the previous one (Bunde et al. 2005). The
DFA method could quantify the presence of long-range power
law correlations in both gait and heartbeat fluctuations; long-
range correlation of gait timing reduces in Parkinson’s disease
patients (Ivanov et al. 2009; Bartsch et al. 2007).

Extreme data loss could affect the behavior of anticorrelated
signals even for a very small fraction; but for positively corre-
lated signals, it practically remained unchanged even for ex-
treme data loss of up to 90 % (Ma et al. 2010). Recently,
researchers used the DFA method to study extreme weather
events based on the theory that extreme events are the
abnormal condition in the climate system and cannot in-
fluence the long-term correlations of the climate time se-
ries (Yang et al. 2008).

In this study, the thresholds of extreme precipitation events
were calculated by both DFA and percentile method for the
purpose of estimating the spatial-temporal characteristic of
extreme precipitation event in Anhui. The main objective of
this study is to demonstrate the effectiveness and advantage of
DFA on the detection of local threshold of extreme weather
conditions over other traditional approaches such as percentile
method.

2 Data and methods
2.1 Study area

Anhui province is located in southeast China between
114°54'-119°37'E and 29°41'-34°38'N (Fig. 1). It has a warm
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semihumid monsoon climate in the north and a subtropical
humid monsoon climate in the south divided by Huai River.
The Yangtze River flows through the southern part of Anhui
province. Annual mean temperature is 14-17 °C. Annual
mean precipitation is around 1,200 mm, which varies greatly
from year to year. Drought and flood disasters happen fre-
quently. For example, south Anhui province experienced se-
vere flood disaster after drought in June 2011, which caused
0.22 billion dollar of losses.

2.2 Data

The time series of the daily precipitation record from 1 Janu-
ary 1960 to 31 December 2009 at 14 meteorological stations
(Table 1) in Anhui province were used in this study. The data
were collected from China Meteorological Data Sharing Ser-
vice System (http://cdc.cma.gov.cn/home.do).

2.3 Methods

The DFA has proved useful in revealing the extent of long-
range correlations in time series which would not be affected
by system noise. Extreme events can be regarded as climate
system noises. The DFA method is based on random walk
theory. The detailed methodology is as follows (Yang et al.
2008; Bashan et al. 2008):

First, we consider a time series (x;), i=1,...,N (with
mean<x>), integrating this time series into X;, which can
be considered as the position of a random walk on a linear
chain after t steps.

t

Xi=Y" [ <x>] (1)

i=1

Next, X; is divided into N;=[N/s] non-overlapping seg-
ments of equal size s. Then, we estimate a piecewise polyno-
mial trend y,(n) within each segment. The detrended profile
function X; on scale s is determined by:

X =X(n)—y,(n) (2)

The degree of the polynomial can be varied in order to
eliminate linear, quadratic, or higher-order trends of the profile
function. The variance of x; yields the fluctuation function on
scale s

| N 1/2
F(s) = {NZ Xs<n>} 3)
n=1

The above computation for different range of scale s is
repeated to see how F(s) depends on the segment length. If
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Fig. 1 Study area and spatial distribution of selected meteorological stations

F(s) increases for increasing s, asymptotically it is written
as:

F(s)~s" (4)

one finds that the scaling exponent « is related to the correla-
tion exponent. If 0.5<a<1, the data are positively long-term
correlated. The higher the « is, the stronger the correlations in
the series are. A value of a=0.5 thus indicates that there are no
correlations. The case «<0.5 corresponds to long-term anti-
correlations. In this research scale, s ranges from 10 to 10'.
Extreme events are small probability events in time series.
They are the anomalous condition of the climate system.
Climate system has long-term correlation. We assume that
the extreme event will not influence the long-range correlation
of'the system. DFA index can reflect the long-term correlation.
Based on this hypothesis, researchers use DFA to determine
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the threshold of extreme weather events. We have a time series
X}

1. We first need to find out the maximum (x,,,x) and mini-
mum value (xy,;,) of series {x;}

2. Then, we need to find out the median value R of the series
{xi}

3. After leaving out the values x; (x;>(xmax—d*k)) in series
{x;}, we get the new series Y;. Holding on to this process,
k=1,2,..., (xmax—R)/d, finally we get (Xynax—R)/d new
series. d is the interval; it influences the accuracy of the
model. Here, d is 10; the amount of rainfall is 1 mm.

4. By calculating the long-range correlation indexes « of
each new series Y, we can get the map of a~x; The index
a will not change much when leaving out the extreme
large values in {x;}. This means that those data do not
have influence on the long-range correlation of the time
series. When the index « has an obvious trend to diverge

Table 1 Characteristics of

selected meteorological stations Station Longitude  Latitude  Altitude (m)  Station Longitude  Latitude  Altitude (m)
Ningguo 118.98 30.61 89.4 Dangshan  116.33 3443 442
Hefei 117.3 31.78 27.0 Haozhou 115.76 33.87 377
Liuan 116.5 31.75 60.5 Bengbu 117.38 32.95 18.7
Chaohu 117.86 31.61 224 Suzhou 116.98 33.63 259
Huoshan 116.31 31.40 68.1 Fuyang 115.73 32.87 32.7
Chuzhou 118.30 32.30 275 Tunxi 118.28 29.72 142.7
Shouxian  116.78 32.55 22.7 Anging 117.05 30.533 19.8
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from the original value, we define the corresponding {x;}
as the threshold of extreme event.

3 Results and discussion
3.1 The threshold calculated by DFA and the 99th percentile

We used the DFA to calculate the threshold of extreme pre-
cipitation events in Anhui province. Figure 2 shows the
change of DFA index of the daily precipitation time series as
taking the maximum datum out of the time series gradually.
We just presented three typical stations, which are Dangshan,
Ningguo, and Chaohu located in the north, middle, and south
Anhui province, respectively. It can be seen that all the DFA
values are between 0.5 and 1, so positive long-term correlation
exist in the daily precipitation time series and is much stronger
when the time series is complete. In Fig. 2b, the point from
where the DFA value began to diverge from the original value
is easy to identify; but on Fig. 2a,c, it is hard to identify. There
are more than one point at where the value seems to begin to
diverge. On this condition, we need to refer to the percentile
method to find a point which is most similar to the result of the

percentile method. Figure 2d shows how F{(s) change with
scale s before and after leaving out extreme values in Ningguo;
the DFA index « changed a lot from 0.6382 to 0.6205. Then,
we compared the thresholds calculated by the DFA and per-
centile method. Thresholds calculated by the 99th percentile
are much smaller than by DFA method. The thresholds are
around 80 mm by the 99th percentile and 90 mm by DFA
method (Table 2). The extreme events measured by the struc-
ture of precipitation time series itself are much more serious
than that measured by the 99th percentile method.

3.2 Spatial distribution of the threshold of extreme
precipitation events

Average annual precipitation in Anhui is about 1,200 mm. It is
much higher in the south around 1,500 mm and lower in the
north around 800 mm. The spatial pattern varies considerably
with latitude. From Fig. 3a, it can be found that the thresholds
calculated by the 99th percentile are higher in the north and
south, and lower in the middle. The pattern map by DFA
method is different, which is higher in the southwest and
lower in the north along with latitude. The DFA threshold
pattern looks similar to the precipitation pattern.

Fig. 2 Thresholds of three a Dangshan b Ningguo
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Table 2 Thresholds calculated by the 99th percentile and DFA method 200 1 — 99% percentile
(mm) 180 1 ——DFA
Stations ~ 99th percentile DFA  Stations  99th percentile DFA 160 -
» 140 -
Ningguo 66.3 104.5 Dangshan 81.3 71.0 E 120 |
Hefei 68.9 102.0 Haozhou 82.2 80.5
Livan  72.4 880 Bengbu 825 86.0 100 +
Chaohu ~ 73.5 920 Suzhou 829 94.0 80 1
Huoshan  75.0 1040 Fuyang  86.2 85.0 60 -
Chuzhou 78.9 102.5 Tunxi 87.6 84.0 40 T T T T 1
Shouxian 80.6 100.0  Anging 92.0 114.0 1960s 1970s 1980s 1990s 2000s
Decade

3.3 The number of extreme precipitation days in each decade

We count the extreme precipitation days that happened in each
decade in Anhui. Figure 4 shows that there is a considerable
increasing trend for the extreme precipitation days. It supports
the conclusion that there are more extreme events under global
warming. The numbers of days measured by the 99th percen-
tile method are larger than by the DFA method. That is because
the threshold by the 99th percentile method is much lower.

4 Conclusion
Extreme weather events bring great agriculture losses and

have become more frequent under global climate change.
DFA can detect the long-term correlation in daily precipitation

Fig. 4 Extreme daily high precipitation days that happened in each
decade

time series. It can be used to define the threshold of extreme
weather events based on the inner structure of data series.
After comparing the thresholds calculated by DFA and the
99th percentile method, it was found that the thresholds are
much larger by DFA. In addition, the spatial distribution from
the threshold by DFA is in more accordance with annual
precipitation distribution. The thresholds are considerably
higher in areas with higher annual precipitation. The numbers
of extreme daily precipitation events in each decade have been
markedly increasing from the 1960s to the 2000s. This study
supports the effectiveness and advantage of introducing DFA
into the field of extreme weather events threshold determina-
tion. But uncertainties still exist in this method. In some cases,
it is not clear when the DFA values begin to diverge from the
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Fig. 3 Annual precipitation map and the thresholds of extreme daily
precipitation events. a The pattern map of the threshold of extreme
precipitation event calculated by the 99th percentile, b the spatial pattern

of annual precipitation, and ¢ the spatial pattern of the threshold of
extreme precipitation event calculated by DFA
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original number, so it is with some kind of subjectivity that the
threshold is detected.
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