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[1] Extreme climate events have inflicted severe and adverse effects on human life, social
economy, and natural ecosystems. In this study, the precipitation time series from a network
of 90 weather stations in Northeast China (NEC) and for the period of 1961–2009 are used.
An objective method, the multifractal detrended fluctuation analysis method, is applied to
determine the thresholds of extreme events. Notable occurrence frequency and strong
intensity of extreme precipitation (EP) mainly occur in Liaoning Province and the piedmont
regions in Changbai Mountains and Xiao Hinggan Mountains. Generally, EP frequency
shows a nonsignificant negative trend, whereas EP intensity has a weak and nonsignificant
positive trend for the entire NEC in the period of 1961–2009. To assess EP severity, we
propose an EP severity index (EPSI) combining both EP frequency and intensity, rather than
separately analyze the EP frequency or intensity. Spatial gradients of EPSI are observed in
northeast-southwest and northwest-southeast directions over NEC. The EPSI in
northwestern and southeastern NEC are low (0.02–0.3), whereas high EPSI (0.34–0.83)
occurs in the southwestern and northeastern portions of the region. Higher EPSI (0.4–0.83)
occurs in southern Liaoning Province, which decreases along the southwest-northeast
direction. The spatial patterns of EPSI are associated with the circulation over East Asia.
Areas that have a short distance from sea and that locate in the windward slope of mountain
will probably accompany high EP severity over NEC.
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1. Introduction

[2] Extreme climate events bring potential severe and
adverse effects on human life, social economy, and natural
ecosystems [Santos et al., 2009; Li et al., 2010; Lupikasza,
2010; Dong et al., 2011; Mavromatis, 2012]. Extreme
precipitation (EP) is a major natural hazard [Santos et al.,
2007]. Changes in EP events over large spatial scales have
been described [Jones et al., 2004; Rajczak et al., 2013],
whereas the variations in specific regions are not conclusively
studied [Kunkel, 2003; Wang et al., 2008] and hence deserve
further investigations [Romero et al., 2011]. Intensity and
frequency of EP events vary among regions and within the
duration of years [Klein Tank et al., 2006; Beguería et al.,
2009]. Thus, EP studies at the regional scale are particularly
important [Beguería et al., 2010; Lupikasza, 2010].

[3] However, spatial patterns of EP changes are complex
and vary from region to region worldwide [Wang et al.,
2008]. For instance, increasing EP trends are reported for
the Yangtze River basin [Su et al., 2006], the United States
[Kunkel et al., 1999; Griffiths and Bradley, 2007], Japan
[Iwashima and Yamamoto, 1993], Southern Brazil
[Liebmann et al., 2010b], Korea [Jung et al., 2011], and
India [Sen Roy and Balling, 2004]. In contrast, decreasing
EP trends are found in other areas, including Southeast
Asia and parts of the central Pacific [Manton et al., 2001],
northern and eastern New Zealand [Salinger and Griffiths,
2001], Poland [Bielec, 2001], UK during summertime
[Osborn et al., 2000], and some places in India [Sen Roy
and Balling, 2004]. Particularly, Kharin and Zwiers [2005]
reported an inconsistent conclusion that EP increases almost
everywhere. On the one hand, these differences can be
caused by the complexity, variability, and inherent difficul-
ties in detecting trends of EP events [Frei and Schär,
2010]. On the other hand, they can be attributed to differ-
ences in methodology and definition of thresholds used to
determine EP among researchers, which can obviously lead
to different conclusions [Wang et al., 2008; Zolina et al.,
2009]. For example, an extreme index (g), defined as the ratio
of EP days to the total number of precipitation days,
decreased by 5%–10% in Northeast China (NEC) during
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the period of 1960–2000 when the fixed threshold method
(25 mm) was used. However, it increased by 5%–15% in the
same area for the same period when the percentile method
(at the 95th percentile) was employed [Zhang et al., 2008].
Therefore, studies to better determine thresholds of extreme
events are important and desirable [Bonsal et al., 2001;
Liebmann et al., 2010a]. We have reviewed the recent litera-
tures addressing this issue and generally grouped them into
three methodology categories:
[4] 1. The fixed threshold method [Karl et al., 1995;

Brunetti et al., 2004; López-Moreno and Beniston, 2009].
For example, EP over the Yangtze River basin is determined
when daily precipitation is in excess of 50 mm [Su
et al., 2006].
[5] 2. The standard deviation method. For instance,

Schönwiese et al. [2003] considered an EP day as a daily pre-
cipitation that exceeds a standard deviation of �2 or
�3 times.
[6] 3. The percentile-based method, which is the most

widely used method [Liebmann et al., 2010a; Lupikasza,
2010; Dong et al., 2011; Jones et al., 2011; Jung et al.,
2011]. This method considers days with precipitation higher
than percentiles of the 90th, 95th, 97.5th, or 99th as EP days
or defines an extreme event at each station when a daily rain-
fall exceeds a certain percentage (e.g., 3%, 4%, or 5%) of its
seasonal or annual mean [Liebmann et al., 2010a].
[7] However, a commonly accepted method for regional

extreme event analysis does not exist [Wang et al., 2008;

Beguería et al., 2009]. The fixed thresholds are not suited
for large regions where various climate types exist. As for
the standard deviation method and percentile-based method,
it remains debatable which standard deviation level or per-
centile level can better determine an extreme event. For ex-
ample, the percentiles of the 90th [Becker et al., 2008;
Lupikasza, 2010], 95th [Dong et al., 2011; Jung et al.,
2011], 97.5th [Bell et al., 2004; Sen Roy and Balling,
2004], and 99th [Christensen and Christensen, 2004;
Zolina et al., 2004; Rahimzadeh et al., 2009] have been used
to investigate the same “extreme event” (EP event). These
methods have subjective selectivity. Definition of extreme
event using these methods will be affected by personal fac-
tors, which is the principal shortcoming of these methods.
Hence, we need a more objective method.
[8] In terms of the severity of EP events, some researchers

[e.g., Meehl et al., 2005; Zolina et al., 2005] have separately
studied the frequency and intensity of EP events. However,
the severity of EP events rests with both intensity and
frequency [Intergovernmental Panel on Climate Change
(IPCC), 2007]. Neither high-frequency EP events with low
intensity nor low-frequency EP events with a high degree
of intensity can accurately reflect the severity of EP events
for an area in a long-time series. Obviously, EP events with
high frequency and high degree of intensity can indeed be
harmful for a given area. Therefore, we propose a new
method to analyze the severity of EP events by combining
both frequency and intensity of EP events. For this purpose,
we will introduce an EP severity index (EPSI).

2. Data and Methods

2.1. Precipitation and Reanalysis Data

[9] The study area located at 115�520E–135�090E,
38�720N–53�550N consist of provinces of Heilongjiang, Jilin,
and Liaoning, as well as cities of Chifeng, Tongliao,
Hinggan League, and Hulun Buir in eastern Inner Mongolia
(Figure 1). Daily precipitation data (rainfall amount) for 131
weather stations during the period of 1951–2009 from China
Meteorological Data Sharing Service System (CMDSSS)
(http://cdc.cma.gov.cn/index.jsp) are available [see also Du
et al., 2012]. In the raw data, quality control has been
performed to eliminate the stations with inhomogeneities, dis-
continuities, or obvious outliers by CMDSSS. The observation
apparatus and height of precipitation were changed before and
after 1960 [Liu and Li, 2003]. Some sites havemissing or inad-
equate data during the early operating period of 1951–1960.
Therefore, we use the precipitation data in the period of
1961–2009 (remaining 90 sites). Eight sites of the 90 stations
have 1 day data scarcity (accounting for 0.056%), and one
station has 2 day data scarcity (0.112%). These missing data
are replaced by 0. The replacements of fewmissing data would
not influence the analysis for extremes. Finally, a set of 90
high-quality series are used and illustrated in Figure 1.We also
use the data from the National Center for Environmental
Prediction/National Center for Atmospheric Research
(NCEP/NCAR) Reanalysis Project [Kalnay et al., 1996]. The
selected variables are the monthly mean sea level pressure
and 6 hourly geopotential height in the period of 1961–2009
on a 2.5� � 2.5� spatial grid (available from their website
at http://www.esrl.noaa.gov/psd/).

Figure 1. Study area and spatial distribution of the 90
weather stations tapped in this study, distributed in the area
of 115�520E–135�090E, 38�720N–53�550N.

DU ET AL.: ASSESSING EXTREME PRECIPITATION FEATURES

6166

http://cdc.cma.gov.cn/index.jsp
http://www.esrl.noaa.gov/psd/


2.2. Methods

2.2.1. Determination of the Extreme Event Thresholds
[10] Time-varying climatic data series exist in long-range

memory correlation (power law correlation) [Fraedrich,
2002; Feng et al., 2004], which can characterize the normal
variations of time-varying climatic data [Koscielny-Bunde
et al., 1996]. Therefore, the time-varying features of climate
data series, e.g., long-range correlation and scaling exponent
[Koscielny-Bunde et al., 1996], must be taken into consider-
ation in determining the threshold of extreme climate event.
Kantelhardt et al. [2002] proposed the multifractal detrended
fluctuation analysis (MF-DFA) procedure to calculate the
long-range correlation (DFA index) of time series data.
About the details of this method, the readers are referred to
the literature [Kantelhardt et al., 2002].
[11] Extreme events are beyond the normal variation range

of time series data, which cannot affect the DFA index of the
entire (original) series. According to this point of view, the
DFA index calculated by the MF-DFA method can deter-
mine the thresholds of extreme events, which was proven
by Yang et al. [2008] using 10,000 data of the x component
of the Lorenz equations for chaotic system. Supposing that
y is precipitation series with length N, the definition process
is as follows:
[12] 1. Step 1: Successive elimination of the data yi {yi, yi ≥

ymax� d� k} from the maximum value (ymax) of y to zero at
an appropriate interval, where k= 1, 2, 3, . . ., INT((ymax� 0)/
d). Then we can successively obtain the new series zm (m=
ymax� d� k), where m is the removed data for each new se-
ries. The d value represents the resolution of this algorithm.
The smaller the d value, the higher the resolution of this
method, which will be unfortunately accompanied by larger
calculated quantities, and vice versa. The resolution of the
precipitation data in this study is 0.1 mm. It is not necessary
to use the smallest interval (0.1 mm) to distinguish different
EP events because of the rare occurrence of EP events and
the obvious differences between EP amounts. However,
some larger value (e.g., 10 mm) is not suitable. As such, to
obtain accurate threshold and reduce the calculated quanti-
ties, the d value used in this paper is 1 mm.
[13] 2. Step 2: Calculation of the long-range correlation in-

dex (DFA index, Dm) for each new series zm.
[14] 3. Step 3: As the m value changes, so does the corre-

sponding Dm value. When the m value varies from the mini-
mum to the maximum, the Dm value will converge to the
DFA index of the original series. The m value is determined
as the EP threshold for y when the change trends in Dm tend
to be stable and converge to the DFA index of the
original series.
2.2.2. Definition of EPSI
[15] The EP severity over a region during a particular pe-

riod is determined by both EP frequency and intensity. The
intensity of each EP event for each station is decided by the
threshold and the value exceeding the threshold. The smaller
the threshold and the larger the value exceeding the thresh-
old, the stronger the intensity. For example, the thresholds
for stations A and B are determined as 90 and 50 mm, respec-
tively. The 1 day total precipitation amounts for these two
sites are 120 and 80 mm, respectively, which can be easily
determined as EP events. Then, the rainfall amounts exceed-
ing the thresholds for them are both 30 mm. If the total

precipitation amount is determined as EP intensity, the inten-
sity of A is stronger than that of B. In contrast, the EP inten-
sity of A is the same as that of B when the values (30 mm)
exceeding the thresholds are determined as EP intensity.
However, the threshold of one station represents local toler-
ance capacity. The larger the threshold, the stronger the toler-
ance, and vice versa. The excess part (30 mm) of B is
comparatively more dangerous than that of A. Therefore,
we define the EP intensity as the value of the precipitation
amount exceeding the threshold divided by the correspond-
ing threshold. The percentage of the ratio represents the
EP intensity.
[16] Moreover, the total intensity for a particular period

(e.g., 1 year) is not only decided by the intensity of each
EP but also influenced by the occurrence frequency. Thus,
the intensity used in this study is considered as the average
EP intensity, which is equal to the value of the total intensity
divided by the corresponding frequency in a certain time.
Then, frequency and intensity (average intensity) become
two independent factors influencing the EP severity.
Spatial EPSI reveals spatial gradients of the occurrence of
EP events during a certain period, whereas temporal EPSI
represents the time-varying EP severity for a region. A
higher value of the EPSI indicates more serious EP events.
EPSI is determined by the following steps:
[17] 1. Step 1: For spatial EPSI, calculation of the total EP

frequency (Xi, i = 1, 2, 3, . . ., n) and average EP intensity (Yi,
i = 1, 2, 3, . . ., n) during the entire research period for each
station, where n is the number of the stations (90 sites in this
study). For temporal EPSI, calculation of the annual merged
EP frequency (Xi, i= 1, 2, 3, . . ., n) and average EP intensity
(Yi, i = 1, 2, 3, . . ., n) in the entire NEC for each year, where n
represents the year (49 years in this study), i.e.,

Y ¼ P � Pthresholdð Þ=Pthreshold½ � � 100% (1)

where P is the daily precipitation amount greater than or
equal to Pthreshold for each station, and Pthreshold is the corre-
sponding threshold for that site.
[18] 2. Step 2: Standardization of the frequency and inten-

sity, such that each has a dimensionless value between 0 and
1, i.e.,

xi ¼ X i � X minð Þ= X max � X minð Þ i ¼ 1; 2; 3; . . . ; nð Þ (2)

and

yi ¼ Y i � Y minð Þ= Y max � Y minð Þ i ¼ 1; 2; 3; . . . ; nð Þ (3)

where Xmin and Xmax represent the lowest and highest EP
frequencies among the stations for spatial EPSI (or among
the years for temporal EPSI), respectively. Ymin and Ymax

are the weakest and strongest EP intensities among the sta-
tions for spatial EPSI (or among the years for temporal
EPSI), respectively. Then, the values of xi and yi are the stan-
dardizations of frequency and intensity, respectively.
[19] 3. Step 3: Obtainment of the EPSI for each site or each

year, i.e.,

EPSI ¼ k1 � xi þ k2 � yi i ¼ 1; 2; 3; . . . ; nð Þ (4)

where k1 and k2 are the weight coefficients of frequency and
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intensity influencing EP severity, respectively, and k1 + k2 = 1.
Intensity and frequency both playmajor roles in the severity of
EP events [IPCC, 2007]. Therefore, k1 and k2 used in this
paper are both 0.5. As such, the dimensionless value of EPSI
is in the range of 0–1.
2.2.3. Mann-Kendall-Sneyers Test for Abrupt Detection
[20] The Mann-Kendall-Sneyers test, a sequential version

of the Mann-Kendall rank statistics [Mann, 1945; Kendall,
1975] proposed by Sneyers [1990], is widely employed in
analyzing environmental data, including precipitation and
temperature [Mavromatis and Stathis, 2011], streamflow
[Liu and Zheng, 2004], and water-quality data [Donohue
et al., 2001]. In this study, we use the test to detect the mono-
tonic trend and abrupt change of EPSI for the entire NEC dur-
ing the period of 1961–2009. In accordance with the EPSI
method mentioned above, when we calculate the temporal
EPSI for the entire NEC, the annual EP frequencies for the
whole region are the mergence of annual frequencies of the
90 stations. The yearly EP intensities for the entire study area
are the average yearly intensities of the 90 sites. We then
compute the annual EPSI for the whole region during the
period of 1961–2009 and can obtain a length of 50
EPSI series.

3. Results

3.1. Determination of EP Thresholds

[21] In this paper, the EP thresholds are determined by the
MF-DFA method. To intuitively understand the process
determining the EP thresholds, we show the time-varying
daily precipitation amount and the changes in Dm (DFA
index) for two sites [Shenyang station (123�270E, 41�440N)
and Mingshui station (125�90E, 47�170N)] during the period
of 1961–2009 in Figure 2. As shown in Figures 2a and 2c,
the Dm values change with the m value (daily precipitation
amount). When the m value varies from 0 to a certain value,
the Dm value will begin to converge to the DFA index of the
original series if the original series have extreme values. In this
study, when the Dm values begin to be stable and equal to the
DFA index of the original series, the m value is determined as
threshold (Figures 2a and 2c). The EP thresholds for Shenyang

and Mingshui are determined to be 81.5 and 50.7 mm/d, re-
spectively, where the Dm values begin to be stable and equal
to the DFA index of the original series. The EP occurrences
for these two sites are 17 days (Figure 2b) and 29 days
(Figure 2d) in the period of 1961–2009, respectively.

3.2. Comparison Analysis of Various Methods for
Determining EP Thresholds

[22] Determining the thresholds of extreme climate
events is the most important target activity on the research
about this type of event. Various methods will obtain
obviously different thresholds. Figure 3 displays the EP
thresholds determined by different methods and the corre-
sponding occurrence frequency of EP for all the 90 sta-
tions over NEC during the period of 1961–2009.
Different percentiles result in obvious differences
(Figures 3a–3d). The lower the percentile, the smaller
the threshold, and vice versa. The 99.8th, 99th, 97.5th,
and 95th percentiles will obtain the average thresholds of
60.3, 31.6, 16.4, and 8.8 mm/d and the corresponding
mean occurrence frequencies of 26.2, 145.5, 443.5, and
887.7 days, respectively, for all sites in NEC during the
last five decades. It is very difficult to determine which
percentile level is right or better. According to the rare
occurrence of EP event, it is comprehensible that the aver-
age EP occurrence frequency obtained by the 99.8th
percentile (0.5 day/yr for each site) may be more worthy
of concern than that determined by the 95th percentile
(18.1 days/yr for each site). However, there are other per-
centiles, such as the 99.9th, 99.7th, and 99.5th percentiles.
Some decisions about which percentile level actually
determines the “extreme events” still need to be made.
[23] Figure 3e shows the threshold determined as the

value of 3 times standard deviation. Similar to the percen-
tile-based method, there are also other standard deviation
levels, such as 2, 4, or 3.3 times standard deviations. The
common query on which standard deviation level should
be determined as thresholds has to be addressed. With
regard to the fixed threshold of 50 mm (Figure 3f), it is not
suited for the entire study region where climate differs quite
a lot from one area to another. For example, the mean annual

Figure 2. Determination of EP threshold for Shenyang and Mingshui stations in 1961–2009, including
analysis of the changes in (a and c) the DFA index and (b and d) the time-varying daily precipitation. R2

is the coefficient of determination. The dashed line represents the thresholds, and the dotted line represents
the DFA index of the original series.
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precipitation varies from 236.4 mm (New Barag Right
Banner, 48.7�N, 116.8�E) to 1050.9 mm (Kuandian, 40.7�N,
124.8�E) in NEC. The threshold of 50 mm may be suited for
New Barag Right Banner, but it is not suited for Kuandian,
where 1 day 50 mm precipitation amount is normal.
Figure 3g shows that the thresholds are determined by the
MF-DFA method. According to this method, the average
threshold and average frequency for each station are 67.9

mm/d (41.5–110.5 mm/d) and 15.6 days (4–45 days) in
NEC, respectively. This result is similar to that obtained
by the 99.8th percentile-based method (Figure 3a), which
indicates that these EP events are actual rare events.
Furthermore, the MF-DFA method does not have any other
subjective selection, such as different percentile levels or
various standard deviation levels. Determination of
threshold by the MF-DFA method is based on the

Figure 3. EP thresholds determined by different methods and the corresponding EP frequency for all 90
stations over NEC during the period of 1961–2009. The abscissa represents each site. (a–d) The signs de-
note the 99.8th, 99th, 97.5th, and 95th percentile methods, respectively. (e–g) The signs represent the 3
times standard deviation method, fixed threshold (50 mm) method, and MF-DFA method, respectively.

Figure 4. Spatial characteristics of (a) the EP frequencies and (b) the EP intensities over NEC during the
period of 1961–2009. The frequency and intensity are the merged frequency and average intensity during
the entire period of 1961–2009 for each station, respectively. The frequency and intensity units are days and
%, respectively. The dots are scaled according to the amplitude of the value.
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climatic time series data themselves, which reveals the
“local tolerance capacity” of each site. The inherent local
tolerance capacity should not be changed by different
percentiles (percentile-based method), different standard
deviations (standard deviation method), or various fixed
values (fixed threshold method). Therefore, the MF-
DFA method for determining EP threshold may be more
objective, strict, and scientific than the others mentioned
above. In this paper, we use the MF-DFA method to
determine EP threshold.

3.3. Spatial Distributions of EP Frequency
and Intensity

[24] Figure 4 shows the spatial distributions of the occur-
rence frequencies and average intensities of the EP event for
all the 90 stations in the period of 1961–2009. The EP frequen-
cies over NEC are obviously within the range of 4–45 days in
the last five decades (Figure 4a). Notable occurrences of EP
prevail in Liaoning Province and the piedmont region of the
Xiao Hinggan Mountains, where the frequencies are in the
range of 22–45 days. The highest EP frequencies are 45 days,
which occurred in Kuandian (40.7�N, 124.8�E). The lowest
EP frequencies (4 days) occurred in Changbai (41.4�N,
128.2�E) located at southern of Changbai Mountains.
However, the stations with low EP frequencies do not have
obvious distribution patterns. EP intensities are in the range
of 15.3%–62% (Figure 4b). Similar to the distributions of
EP frequencies, strong EP intensities of 47.1%–62% mostly
occur in Liaoning Province and the piedmont region of
Changbai Mountains. In contrast, the intensities in northwest-
ern NEC are weaker. The weakest intensity of 15.3% occurred
in Yanji (42.9�N, 129.5�E), whereas the strongest intensity of
62% occurred in Sancha River (45.0�N, 126.0�E).

3.4. Change Trends in EP Frequency and Intensity

[25] For investigating the change trends of EP frequencies
and intensities over the entire NEC in the last 50 years, the 90
time series of frequencies and intensities are merged and
averaged, respectively. Figure 5 shows the trend analysis of
frequencies and intensities over the whole region. As shown
in Figure 5a, the frequency has a weak negative trend of�0.3
day/10 years during the entire period. However, the trend is
not significant at the 0.05 confidence level (p= 0.80). More
complicatedly, there exist three periods with various change
trends. The trend in EP frequency is negative during the
period of 1961–1980, with a trend value of�7 days/10 years.

Figure 5. Change trends in (a) EP frequencies and (b) EP
intensities over northeast China during the period of
1961–2009. The trend was calculated based on the linear
regression. The 90 time series of frequencies and intensities
are the annual total frequency and average intensity in the
entire NEC for each year, respectively.

Figure 6. (a) Spatial patterns and (b) monotonic trend and abrupt change of EPSI over northeast China
during the period of 1961–2009. The dots are scaled according to the amplitude of the indices. The larger
the EPSI, the more serious the EP severity. The monotonic trend and abrupt change are detected using the
Mann-Kendall-Sneyers (MKS) test at the 95% confidence level. UF (UB) is the forward statistic sequence
estimated by the MKS test using an obverse (reverse) series of data. UF> 0 (UF< 0) indicates that an
increasing (decreasing) trend exists somewhere in the time series. If an intersection of the forward and
backward test statistic curves exists and occurs within the confidence interval, an abrupt change point is
indicated.
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In contrast, EP event has the increase trend of 10.1 days/10
years during 1981–1998. Then, the trend in EP frequency is
again negative, with the value of �1.9 days/10 years.
However, the trends of EP frequency in these three periods
are not significant at the 0.05 confidence level. The highest oc-
currence EP frequency is 64 days in 1994, whereas the lowest
occurrence EP frequency is in 1976, with a value of 11 days.
[26] Similar to the changes in the EP frequency, changes in

the EP intensity also significantly affect society and the
natural environment. With regard to the change trend in EP
intensity (Figure 5b), it is distinct from that in EP frequency.
EP intensity shows a nonsignificant linear change trend, with
a very weak increase of 0.29%/10 years and a p value of
0.714 (at the 0.05 confidence level). There does not exist an
obvious increase or decrease trend stage during the entire pe-
riod. Instead, the intensity fluctuates around the average
value. The strongest intensity of 60.8% occurred in 1975,
whereas the weakest intensity occurred in 1964, with the

value of 18.5%. All these changes and nonsignificant trends
indicate the complication and variability of EP frequency
and intensity.

3.5. Spatiotemporal Features of EP Severity

[27] Figure 6 shows the spatiotemporal variation features
of the EP severity over NEC during the period of 1960–
2009. The spatial interpolation of EPSI is derived using the
Kriging technique [Oliver, 1990]. Obvious northeast-south-
west (NE-SW) and northwest-southeast (NW-SE) variation
gradients of EPSI are found (Figure 6a). The EPSI value in
northwestern and southeastern NEC is smaller than that in
the other areas, which indicates that the EP events in these
places are not substantial. The weakest EPSI of 0.02 occurred
in Changbai. In contrast, the most serious EP events occurred
in Liaoning Province and Xiao Hinggan Mountains. The
strongest EPSI (0.83) occurred in Kuandian. The EP events
along the NE-SW direction are more substantial. Interestingly,

Figure 7. Average geopotential heights at 1000 hPa on (a) 25 April 1983 and (b) 26 April 1983, derived
from global NCEP/NCAR reanalysis 6 hourly data. The unit is gpm.
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they are distributed along the piedmont regions of the Changbai
Mountains and Xiao Hinggan Mountains. Moreover, the sever-
ity trend negatively spreads along the southwest-northeast (SW-
NE) direction from southwestern and northeastern NEC to
central NEC.
[28] Figure 6b represents the monotonic trend and abrupt

change of the regional annual time series detected using the
Mann-Kendall-Sneyers test at the 95% confidence level for
EPSI. The EPSI shows a clearly negative trend during the pe-
riod of 1961–1984 and mainly positive from 1984 onward,
whereas the trends are not statistically significant at the
95% confidence level. The significant abrupt change in
EPSI primarily occurred in the period of 1965–1966, 1973,
and 2006. Beginning from 1980, the decreasing trend be-
came smaller and changed into a positive trend in 1984.
However, the positive EPSI trend changed into a negative
trend in 2009, which may be a happenstance.

4. Discussion and Conclusions

[29] The aims of our study are to investigate the spatiotem-
poral variations and trends in EP, as well as the EP severity,
over NEC during the last five decades using the EPSI pro-
posed in this study. We have done a comparative analysis
of determining EP threshold using three main methods and
the MF-DFA method. The MF-DFA method is selected as
the most objective and scientific method among the four
methods. The thresholds determined by theMF-DFAmethod
for the entire NEC are similar to those determined by the
99.8th percentile method.
[30] One of the current main objectives in climate change

studies is to determine whether trends in EP records are avail-
able [Beguería et al., 2010]. Pall et al. [2007] suggested that
EP increases proportionally with water vapor content
(roughly 7.5%/�C warming). O’Gorman and Schneider
[2009] noted that EP events in the midlatitudes increase more

slowly than the total moisture content. Bartholy and
Pongrácz [2007] concluded that regional frequency and in-
tensity of EP increase over the Carpathian Basin between
1976 and 2001. Hamlet and Lettenmaier [2007] found a sig-
nificant increase in flood risk in many coastal areas. EP stud-
ies in China are far from satisfactory and have not provided
definite information on how EP frequency and trend vary
under global warming [Zhang et al., 2008]. Feng et al.
[2007] reported that decreasing trends in EP are mainly
observed in northern China, whereas increasing trends are
observed in the Yangtze River basin. A study of the
Yangtze River basin showed that the number of days of EP
(≥50 mm) increased considerably, but the change in intensity
was insignificant [Su et al., 2006]. Our study found that the
EP frequencies are 4–45 days, and the intensities are in the
range of 15.3%–62% over NEC during the last five decades.
Both high-frequency and high-degree intensities are mainly
distributed in Liaoning Province and the piedmont regions
of the Changbai Mountains and Xiao Hinggan Mountains.
Generally, EP frequency shows a negative trend, whereas
EP intensity has a weak positive trend for the entire NEC in
the period of 1961–2009. However, the trends are not signif-
icant at the 0.05 confidence level. We just analyzed the trends
in EP frequency and intensity for the entire study area, rather
than researched on the trends for each station, due to the
nondeterminacy and the few or rare occurrences of EP event.
To investigate the trends of EP frequency and intensity for
each site, more recorded data are needed.
[31] Many researchers separately studied the EP fre-

quency or intensity. However, EP severity in a region dur-
ing a certain time is determined by both EP frequency and
intensity; hence, considering both factors simultaneously
can improve our understanding of evaluating the EP events.
The study reveals obvious NE-SW and NW-SE spatial
gradients in EPSI. The EPSI in northwestern and southeast-
ern NEC is small, whereas the EPSI in southwestern and

Figure 8. Summer (June–August) average sea level pressure during the period of 1961–2009, derived
from global NCEP/NCAR reanalysis average monthly data. The unit is hPa.
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northeastern NEC is large. The area with the most serious
EPSI is in Liaoning Province, and the severity decreasingly
spreads along the SW-NE direction to central NEC. The at-
mospheric circulation is one important factor causing an EP
event. For example, Figure 7 shows the average geopotential
heights at 1000 hPa on 25–26 April 1983. A high-intensity
Yellow River cyclone occurred in nearby Henan Province on
25 April 1983 (Figure 7a) and moved into NCE on 26 April
1983 (Figure 7b), which resulted in many EP event occur-
rences on that day. Almost all EP events in April occurred
on 26 April 1983 (9 out of 10 days) over NEC during the pe-
riod of 1961–2009. NEC is located in the East Asian monsoon
region. EP events mainly occur in summer. The rainy season
in NEC begins with the summer monsoon prevailing in this re-
gion [Ding, 2004]. According to the summer mean sea level
pressure in the period of 1961–2009 (Figure 8), the warm
and humid maritime airstream spread from the Bohai Sea
and Yellow Sea to central NEC along the piedmont regions
of the Changbai Mountains. The Xiao Hinggan Mountains
are affected by the maritime airstream spread from the Japan
Sea. The warm and humid airstream can result in plenty of
rainfalls when it spreads toward high latitude or altitude. EP
severity in these places is more substantial than that in other
areas over NEC due to the terrain and the East Asian summer
monsoon factors. These results indicate that areas with a short
distance from sea and located in the windward slope of moun-
tain will probably accompany high EP severity in NEC. The
relationship between circulation and the spatial patterns of
EPSI discussed in this study will help to understand the dy-
namical features underlying the observed EP event severity.
[32] The monotonic trend of EPSI in the regional

interannual time series shows nonsignificant negative and
positive trends during the period of 1961–1984 and from
1984 onward, respectively. The abrupt change in EPSI
mainly occurred in the period of 1965–1966, 1973, and
2006, which is different from the result of the abrupt change
in the annual EP days, concentrated mostly in the period of
1978–1982 in NEC [Zhang et al., 2008]. They just analyzed
the changes in EP frequencies based on the 95th percentile
method, rather than the variations in EP severity, which is
the main reason for this difference. A rise in surface temper-
ature will increase the EP frequency and intensity [Trenberth
et al., 2003; Allan and Soden, 2008; Berg et al., 2009], and
the return periods for EP events are shorter under enhanced
greenhouse conditions [McGuffie et al., 1999]. Therefore,
the variation of EPSI may be due to human-induced regional
warming, such as increased population, fast development of
modern industries, utilization of fossil fuel, excessive cutting
of forest, reclamation of grasslands, and overgrazing over
northeast China [Du et al., 2011].
[33] EPSI combining both EP frequency and intensity

eliminates the influence of frequency on intensity. This
method can objectively determine the EP severity for a re-
gion during a certain time. It is expected to be developed
and used at any location.
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