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Abstract Analyses of the spatio-temporal variability of
precipitation extremes defined by eleven extreme precipi-
tation indices in Shandong were conducted by utilizing the
methods of linear regression, ensemble empirical mode
decomposition (EEMD) and Mann-Kendall test. The
results revealed that statistically significant decreasing
trends existed for almost all extreme precipitation indices
except for the consecutive dry days (CDD) and simple
daily intensity index. A periodicity of 10-15 years for
precipitation extremes is detected by EEMD analysis.
Greatest 5-day total rainfall (RXS5day), very wet days
(R95p) and annual total wet-day precipitation (PRCPTOT)
experienced decreasing trends in the region stretching from
the southeast coast to the west, while the spatial distribu-
tion of the decreasing trends for other indices was more
complicated. Moreover, the frequency of occurrence in
precipitation extremes at Changdao station, surrounded by
the sea in the northeast region, increased in contrast to
surrounding stations. This may suggest a possible effect
from the local marine environment on extreme precipita-
tion. In addition, the stations with statistically significant
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positive trends for CDD were mainly located in mid-west
Shandong and along the southeast coast, where the extreme
precipitation and total rainfall were, on the contrary,
characterized by decreasing trends. These results indicate
that drought or severe drought events have become more
frequent in those regions. Analysis of large-scale atmo-
spheric circulation changes indicates that a strengthening
anticyclonic circulation and increasing geopotential height
as well as decreasing strength of monsoonal flow in recent
decades may have contributed to the variations in extreme
precipitation in Shandong.

Keywords Extreme precipitation events - Ensemble
empirical mode decomposition (EEMD) - Atmospheric
circulation - Shandong Province

1 Introduction

The fifth assessment report of the Intergovernmental Panel
on Climate Change (IPCC ARS5) pointed out that global
annual mean temperature increased by 0.85 °C during
1880-2012 (IPCC 2014; Pachauri et al. 2014), which is one
of the main challenges facing humanity in the 21st century.
Since a warmer atmosphere could hold more moisture
according to the Clausius—Clapeyron relation, global
warming is inevitably associated with the recent increases
of extreme precipitation events owing to the increased
atmospheric water vapor and warmer atmosphere (O’Gor-
man and Schneider 2009; Grimm 2011; Sillmann et al.
2013; Mallakpour and Villarini 2015). In addition, it is
widely recognized that the variability in the frequency and
intensity of extreme climate and weather events have sig-
nificant adverse impacts on society and environmental
sustainability and devastating economic losses (Easterling

@ Springer


http://dx.doi.org/10.1007/s00477-015-1149-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s00477-015-1149-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00477-015-1149-7&amp;domain=pdf

1422

Stoch Environ Res Risk Assess (2016) 30:1421-1440

et al. 2000; Groisman et al. 1999; Bocheva et al. 2009;
Peterson et al. 2013). As a result, increasing concerns on
extreme climate events, extreme precipitation in particular,
have been drawn from the public, government and mete-
orological communities over the world during recent dec-
ades (e.g., Alexander et al. 2006; Wuebbles et al. 2014;
You et al. 2011).

Compared to extreme temperature changes, variations
of precipitation extremes show more distinctive regional
characteristics. Iwashima and Yamamoto (1993) studied
the long-term trend of heavy daily precipitation in Japan
and reported that the number of days with heavy rainfall
has increased. Similar phenomena were also investigated
over the United States by Karl et al. (1996), who reported
that the contribution of 1-day precipitation events
exceeding 50.8 mm to total annual precipitation has
increased from about 9 % in the 1910s to about 11 % in
the 1980s and 1990s. In the mid-latitude regions of Europe,
all Europe-average indices of precipitation extremes
increased during 1946-1999, although the spatial coher-
ence of the trends is low (Klein Tank and Konnen 2003;
Moberg et al. 2006). Meanwhile, the potential occurrences
of daily precipitation exceeding 50.8 mm in mid-latitude
countries including the United States, Australia, Mexico,
and China increased by approximately 20 % in the late
20th century (Groisman et al. 1999). In general, the
observed changes in intense precipitation, including the
frequency of very heavy precipitation or the upper 0.3 %
of daily precipitation events, have been analyzed for over
half of the land area of the globe, and there has been a
widespread increase in the frequency of very heavy pre-
cipitation in the mid-latitudes during the past 50-100 year
(Groisman et al. 2005).

In China, variations in precipitation extremes have been
examined extensively both at the national and regional
scales. By analyzing the trend in normalized annual pre-
cipitation anomalies and in some annual extremes during
1951-1995, Zhai et al. (1999) suggested that changes in
extreme and total precipitation might be closely related to
each other and northwest China was the region that might
have experienced an obvious increase in intense rainfall
events. Consequent studies further demonstrated that sig-
nificant increases in precipitation extremes had been found
in southwest, northwest, and eastern China, while the sig-
nificantly decreasing trends were found in central, northern
and northeast China, even though there was little change in
total precipitation for China as a whole. In addition, an
abrupt change of the number of days with extreme pre-
cipitation and the percentage of precipitation extremes
were found during late 1970s and early 1980s over China
(Zhai et al. 2005; Wang and Zhou 2005; You et al. 2011;
Zhang et al. 2008; Wang et al. 2013). From a regional
perspective, many related studies were also conducted in
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terms of extreme precipitation events in Yellow-Huaihe
and Yangtze-Huaihe Rivers Basins (Dong et al. 2011;
Zhang et al. 2013), southwestern China (Li et al. 2012),
Loess Plateau (Yan et al. 2014) and Xinjiang (Jiang et al.
2013), as well as other regions (Nie et al. 2012; Tian et al.
2012).

Shandong province, located in eastern China, is an
important economic and agricultural province with high
population density. Its agricultural production, especially
the grain production, is directly related to the social sta-
bility and sustainable development (Jiang et al. 2008).
Jiang et al. (2011) analyzed the spatial characteristics and
temporal trends of extreme precipitation events in Shan-
dong based on daily precipitation data of 18 meteorological
stations during 1961-2008 by utilizing four indices, and
reported that the rainfall frequency, annual precipitation
amount and annual daily maximum amount of precipitation
extremes showed weak decreasing trends, while the pre-
cipitation intensity exhibited non-significant trend but with
larger fluctuations during this period. The latest research by
Zhuo et al. (2014) investigated the diurnal cycle of summer
rainfall in Shandong, and suggested that the spatial distri-
bution of abnormal precipitation was related to the effects
from complex terrain and local climate characteristics.
However, a number of issues remain unanswered although
great progress on precipitation extremes has been made in
Shandong, as few studies focused on the variations in
intense rainfall events and corresponding potential physical
mechanisms simultaneously in Shandong. In fact, severe
natural disasters induced by precipitation extremes have
increased and resulted in huge economic losses in recent
years. For instance, severe droughts occurred persistently
in 2010, 2011 and 2012. Especially, the most severe
drought in recent decades, in 2010, caused approximately
2.47 million hectares of field crops being subjected to
varying degrees of drought, and drinking water problems to
4 million people and 47,200 livestock (http://www.china
daily.com.cn/china/2010-12/29/content_11773288.htm).
Therefore, comprehensive analyses in the variations and
underlying causes of extreme precipitation events are very
necessary and urgent to regional water resources manage-
ment and secure agricultural production in Shandong.

The main objective of this study is to investigate the
spatial and temporal variations in precipitation extremes
during 1951-2011 in Shandong, and to obtain a better
understanding of the regional characteristics in extreme
precipitation and further explore the influence of large
scale atmospheric circulation patterns on the changes in
precipitation extremes. The rest of paper is organized as
follows: Sect. 2 introduces the study area, data and pre-
cipitation indices as well as the methodology. Research
results are analyzed in Sect. 3. And the discussion is pre-
sented in Sect. 4, followed by the conclusions in Sect. 5.
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2 Data and methodology
2.1 Research area

Shandong is located in a coastal region in east China and
over the lower reach of the Yellow River, roughly from
34°22" to 38°15' N and 114°19’ to 122°43’ E (Fig. 1). The
geomorphologic patterns of Shandong includes center,
south and east regions with mountainous and hilly areas,
while western and northern regions that are part of the
northwest Shandong plains formed by the alluviation of the
Yellow River, which is also part of East China Great Plains
(Fig. 1). In terms of the magnitude and distribution of
annual rainfall and administrative boundaries, in this study
Shandong is divided into three regions, from west to east:
Western Shandong, Central Shandong and Jiaodong
peninsula (Fig. 1). Moreover, Shandong lies in a complex
monsoon climate region, where the atmospheric circulation

Fig. 1 The location of

system is complicated, with winter controlled by strong
Mongolia cold anticyclones, summer affected by the Indian
low pressure and western Pacific subtropical high pressure,
and spring and autumn in the winter-summer circulation
conversion period. Thus, Fig. 2 shows that great disparities
appear between summer and winter for the spatial distri-
bution of daily mean precipitation, although it decreases
from the southeastern to northwestern Shandong in general.
Correspondingly, the rainfall exhibits uneven spatial dis-
tribution and significant inter-annual variations in Shan-
dong which is typical of characteristics of East Asian
monsoon climate (Jiang et al. 2008). However, the summer
monsoon is unstable in recent years (Wang et al. 2001),
making meteorological disasters easy to occur frequently in
this region. Overall, the spatial variations of precipitation
in Shandong are distinctive owing to the complex patterns
of climate system and geography as well as the influences
from ocean in the east.

Shandong province in China
and the distribution of rain
gauging stations, and elevation
is colored based on a Digital
Elevation Model (DEM). Thick
dashed line is split boundaries,
from west to east: Western
Shandong, Central Shandong
and Jiaodong peninsula
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Fig. 2 Spatial distribution of daily mean precipitation in four seasons over the Shandong during 1971-2000

2.2 Data and indices

A dataset of daily precipitation amounts at 24 stations
along with detailed metadata distributed evenly from Jan-
uary 1951 to December 2011 has been used in this study
(Table 1). It includes almost all first-class national climate
stations and reference stations in Shandong, which are
developed at the Climate Data Center (CDC) of the China
Meteorological Administration (CMA). Because the fre-
quency, intensity and duration of extreme precipitation
events are sensitive to the length of observation dataset and
the erroneous outliers might impact trend analysis (Zhang
et al. 2011), it is necessary to choose the length of the
homogeneous record period and minimize the missing data
before using the meteorological data in trend analysis. The
modern nationwide network of weather observing stations
in China began its operation in the 1950s, thus, 1951 is
selected as the starting year in this study. A year is con-
sidered to be missing if there are more than 10 % missing
days. A station is retained only if it has more than 43 non-
missing years of data, while a station with poor quality and
not-long enough period is rejected. Additionally, retaining
useful data in data sparse areas is also a consideration. As a
result, 24 stations meet these criteria and have data avail-
able for at least 43 year after data quality control and
homogeneity assessment (Table 1). For further under-
standing of changing patterns in large scale atmospheric
circulation, mean circulation composites of horizontal wind
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fields and geopotential height at 850 and 500 hPa from the
National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanal-
ysis data were analyzed (Kalnay et al. 1996).

Data quality control was performed by utilizing the
computer program RClimDex, and the data homogeneity
was assessed with the RHtest software (available from http://
cccma.seos.uvic.ca/ETCCDI/software.shtml) (see Zhang
and Yang 2004 for more details). In this study, the analyses
of precipitation extremes are based on the 11 precipitation
indices defined by STAtistical and Regional dynamical
Downscaling of EXtremes for FEuropean regions
(ETCCDMI), as listed in Table 2. These indices have been
widely used in previous studies for measuring and moni-
toring extreme precipitation events (e.g., Alexander et al.
2006; Li et al. 2012; Powell and Keim 2014). The RClimDex
program allows for one user-defined input when calculating
precipitation indices, in this study the value of user-defined
inputis defined as 1-day precipitation >50 mm/day, which is
in conjunction with the regulations of the CMA. Further-
more, The RClimDex program uses a bootstrapping tech-
nique to address discontinuities in the expected rates for the
years on the boundaries of the base period, thereby making
estimations of threshold exceedance rates for both the in-
base and out-of-base periods comparable and temporally
consistent (Zhang and Yang 2004; Zhang et al. 2005).
Additionally, the RHtest software employs a two-phase
regression model to check for multiple step change point that
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Table 1 Detailed meteorological records of stations in Shandong

Name Longitude Latitude Altitude Length
(m) (years)
Dezhou 116.32°E 37.43°N 21.2 46
Huimin 117.53°E 37.48°N 11.7 61
Dongying 118.67°E 37.43°N 6.0 54
Changdao 120.72°E 37.93°N 39.7 51
Longkou 120.32°E 37.62°N 4.8 55
Yantai 121.40°E 37.53°N 46.7 43
Weihai 122.13°E 37.47°N 65.4 52
Chengshantou 122.68°E 37.40°N 477 60
Chaoyang 115.67°E 36.23°N 37.8 55
Jinan 117.05°E 36.60°N 170.3 61
Taishan 117.10°E 36.25°N 1533.7 58
Taian 117.15°E 36.17°N 128.8 43
Zibo 118.00°E 36.83°N 34.0 46
Yiyuan 118.15°E 36.18°N 305.1 54
Weifang 119.18°E 36.75°N 222 61
Laiyang 120.73°E 36.97°N 54.4 57
Qingdao 120.33°E 36.07°N 76.0 51
Haiyang 121.18°E 36.77°N 40.9 53
Shidao 122.43°E 36.92°N 4.8 56
Heze 115.43°E 35.25°N 49.7 43
Yanzhou 116.85°E 35.57°N 51.7 61
Juxian 118.83°E 35.58°N 107.4 61
Linyi 118.35°E 35.05°N 87.9 49
Rizhao 119.53°E 35.43°N 36.9 57

could exist in a time series, with the purposes to identify
potential inhomogeneities in the data.

2.3 Methodology

The simple linear regression method is utilized to analyze
the long-term climatic trends of 11 precipitation indices
among the 24 meteorological stations. The statistical sig-
nificance of the trends is evaluated by the rank-based
Mann-Kendall (MK) trend test (Mann 1945; Kendall
1970), this is a nonparametric method, and commonly used
to assess the significance of monotonic trends in hydro-
meteorological time series (Yue and Pilon 2004). The
abrupt step changes and periodic oscillation of precipita-
tion extremes are also studied for extreme precipitation in
Shandong. From a statistical point of view, the time series
of precipitation extremes is non-stationary (Mearns et al.
1984; Meehl et al. 2000). The Ensemble empirical mode
decomposition (EEMD) has been widely used in the
analysis of nonlinear and non-stationary data. Therefore, an
EEMD analysis is applied to detect the inter-annual and
decadal-scale variability of extreme precipitation in this
study. The basic idea of EEMD is the decomposition of a
time series into a finite set of intrinsic mode functions
(IMFs) that admit a well-behaved Hilbert transform. Each
mode describes the scale and energy characteristics at any
time.

An arbitrary, real value time series, f(f) = L2(R), has
Hilbert transform g(7)

Table 2 Definitions of 11 extreme precipitation indices used in this study

ID Index name Definition Units

RX1day Max 1-day precipitation Annual maximum 1-day precipitation mm

Rx5day Max 5-day precipitation Annual maximum consecutive 5-day precipitation mm

R10 No. of heavy precipitation days Annual count of days when precipitation >10 mm Days

R20 No. of very heavy precipitation days Annual count of days when precipitation >20 mm Days

Rnn No. of days above nn mm Annual count of days when precipitation >nn mm (user- Days
defined threshold)

SDII Simple daily intensity index Annual total precipitation divided by the number of wet mm/day
days (precipitation >1.0 mm) in the year (Average
precipitation on wet days)

CDD Consecutive dry days Maximum number of consecutive days with Days
precipitation < 1 mm

CWD Consecutive wet days Maximum number of consecutive days with precipitation Days
>1 mm

R95p Precipitation on very wet days Annual total PRCP when precipitation >95th percentile of mm
1961-1990 daily precipitation

R99p Precipitation on extremely wet days Annual total PRCP when precipitation >99th percentile of mm
1961-1990 daily precipitation

PRCPTOT Annual total wet day precipitation Annual total precipitation in wet days (precipitation mm
>1 mm)

All indices are calculated by RClimDex. A wet day is defined when precipitation >1 mm, and a dry day when precipitation <lmm
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where P is the Cauchy principal value. A unique analytic
function z(f) can be defined by the complex conjugate pair

f(r) and g(2),
2(t) = f(t) + ig(r) = a(r)e”” (2)

where a(f) and 0(¢) are the local amplitude and phase,
respectively, defined by

t
a(t) = [f*(r) + g2(t)}1/2, 6(r) = arctan [%} ) (3)
From Eq. (3), the local or instantaneous frequency can be
derived as

_do)

Compared to the EEMD method, traditional Fourier
Analysis transfers the time series from the time domain to
the frequency domain with constant amplitude and fre-
quency, without any resolution in the time domain (Xie
et al. 2002). Wavelet Analysis provides definite resolutions
in both the time and frequency domains, and can also be
used to study local structures of signals, but it cannot
capture the physical mechanism while explaining a non-
linear phenomenon by adding non-existing harmonics. For
EEMD, more detailed information is referred to Huang
et al. (1998, 1999) and Huang and Wu (2008).

As demonstrated above, original data can be decom-
posed through EEMD analysis. Taking RX1day anomaly at
Weihai station for example, the original data (Fig. 3a) is
decomposed into 5 IMFs (Fig. 3b—f). Figure 3f should be
the trend of original data, but in this example, this com-
ponent may be excessively extracted, i.e. the curve is too
smooth, while the sum of the latest IMFs may already
satisfy the definition of a trend (Fig. 3g) (Huang and Wu
2008). Thus, this method, containing more physical
meanings than ordinary moving average method, is adop-
ted in this study. Moreover, the EEMD method with a 0.2
standard deviation for noise access and 100 ensembles is
adopted in this study (see Huang and Wu 2008 for details).

3 Results
3.1 RX1day and RX5day

The spatial distribution of trends in the time series for
annual maximum daily precipitation (RX1day) and annual
maximum consecutive 5-day precipitation (RX5day) are
shown in Fig. 4a, b. RX1day decreased in the southeast
coast and west with several stations exhibiting statistically
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significant increasing trend in Central Shandong. RX5day
showed a similar trend distribution as RX1day.

Linear trends of RXlday varied from —8.25 to
4.43 mm/decade, with a regional average of —0.9 mm/
decade. The largest positive magnitude was discovered at
Jinan station and the largest negative magnitude was found
at Heze station in southwest Shandong. Downward trends
were observed at 16 out of 24 stations (Table 3), it can be
found from Fig. 4a that most of the stations were charac-
terized by negative trend for the RX1day. Overall, south-
east coast and southwest areas experienced a larger
decreasing rate of the RX1day than southern and northern
parts of the Shandong. Several stations, including Yiyuan,
Linyi in Central Shandong and Changdao in the northeast
Shandong, were dominated by relatively higher positive
trends (Fig. 4a). MK significance test for the trends of the
RX1day showed that 7 out of 24 stations have significant
downward trends (at p < 0.05), accounting for 21.7 % of
the stations with negative trends (Table 3). Figure 4a also
illustrates that the distribution pattern of stations with
significant MK upward trend is different from those sta-
tions exhibiting large negative trends, and most of the
stations with significant upward trends were located in the
Central and northwest Shandong.

The variations of trends mentioned above can also be
observed in Fig. 5, which illustrates that average decreas-
ing trends occurred in Jiaodong peninsula, Central Shan-
dong and the entire Shandong, while the significant
increasing trend was only observed in the western regions.
The results of EEMD analysis indicated that the inter-an-
nual and decadal variability of RX1day was detected in the
entire Shandong and three sub-regions. In general, a slight
long-term decrease from the 1960s to the early period of
1980s is present, and then followed by a persistent
increasing trend until early 2000, nevertheless, a decreas-
ing trend was found in the recent 10 years.

RXS5day maintained a relatively similar spatial distri-
bution of trends to RX1day but with different magnitudes
(Fig. 4b). The linear trends of RX5day in Shandong
varied between —11.71 and 0.55 mm/decade, with a
regional average of —2.5 mm/decade. The highest posi-
tive trend appeared at the Jinan station in east of Western
Shandong, and the largest negative trend was discovered
at Taian station in east of Central Shandong. Geographi-
cally, Changdao is located in the junction of the Yellow
Sea and Bohai Sea, and is the only island county in
Shandong. Taian is near the Taishan Mountain being the
highest elevation point in Shandong. It is apparent that
RX5day may be influenced by marine and terrain to a
certain extent. Generally, about 66.7 % of the stations had
decreasing trends and these stations scattered in most
parts of Shandong except for isolated stations in the
central regions.
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«Fig. 4 Spatial distribution of trends for precipitation indcies. Positive
trends are shown as triangles, negative trends as inverted triangles.
Stations with significance of the trend by 95 % confidence level can
be identified by black triangles

EEMD analysis revealed that the RX5day exhibited
relatively larger fluctuations although non-significant
decreasing trends were displayed (see Supplementary
Fig. S1). A slight long-term decrease of the RX5day in the
entire Shandong from the 1960s to the late 1970s and a
roughly persistent increasing trend from the late 1970s to
the mid-1990s were shown in Supplementary Fig. S1d.

3.2 R10, R20 and R50

The spatial distribution of linear trends of heavy (R10),
heavier (R20) and heaviest precipitation days (R50) were
similar but with different magnitudes (Fig. 4d-f). The
same station frequently exhibited statistically significant
increasing or decreasing trends with different indices for
R10, R20 and R50. Three indices at most stations were
characterized by downward regional trends but only the
R10 was statistically significant (Table 3). The linear
trends of the R10 in Shandong ranged between —1.18 and
0.09 days/decade, with a regional average of —0.3 days/
decade. Decreasing trends were observed at 22 out of 24
stations, while only two stations, the Changdao and Taian
in the east of Western Shandong, exhibited increasing
trends (Table 3). The largest upward trend occurred in
Changdao station, while the highest downward trend was
observed at the Shidao station in the eastern Shandong with
changing rate of 0.09 and —1.18 days/decade, respectively.
Interestingly, two adjacent stations, Taian with altitude of

128.8 m and Taishan Mountain with altitude of 1533.7 m,
experienced opposite trends, which may reflect the impacts
of topography on precipitation.

The spatial distribution of linear trends of the R10 is
illustrated in Fig. 3d. 22 stations covering most of the areas
in Shandong had downward trends, and most of the stations
exhibiting statistically significant trend with large magni-
tude were located along southeast coast. Statistically sig-
nificant positive and negative trends are also shown in
Fig. 3d. 40.9 % of the stations have significant downward
trends (Table 3), and these downward trends in R10 can
also be seen in Fig. 6. Negative linear trends were detected
in three sub-regions and entire Shandong, but there are
large fluctuations in EEMD results in Central and entire
Shandong. Figure 6d also indicates the presence of a weak
long-term decrease from 1960s to the early period of 1970s
and then a roughly persistent increasing trend of the R10
starting from the early-1980s in Shandong. In addition, a
quasi-decadal oscillation was also illustrated in Fig. 6.

The linear trends of R20 varied between —0.56 and
0.45 days/decade, with a regional average of —0.04 days/
decade. Downward trends were observed at 14 out of 24
stations, and the stations with negative trends were located
in east, southeast coast and northern Shandong, while those
with upward trends were located in mid-south and south-
west Shandong (Fig. 4e). A slightly positive linear trend
was detected in Western Shandong, and negative trends
were investigated in Central Shandong and Jiaodong
peninsula (see Supplementary Fig. S2a). The results of
EEMD analysis indicated a weak long-term decrease of the
R20 in the entire Shandong from the 1970s to the early-
1980s and a roughly persistent increasing trend from the
mid-1980s to the mid-1990s.

Table 3 Trends per decade and percentage of stations with positives or negative trends for regional indices of extreme precipitation events in

Shandong

Index Regional Range Percentage of Percentage of Percentage Percentage of
trends stations with stations with significant of stations with stations with significant

upward trend upward trend downward trend downward trend

RX1day -0.9 —8.25 to 4.43 70.8 21.7

RX5day -2.5 —11.71 to 0.55 66.7 34.7

R10 -0.3 —1.18 to 0.09 91.7 40.9

R20 —0.04 —0.56 to 0.45 66.7 355

R50 —0.05 —0.33 to 0.25 62.5 19.7

SDII 0.1 —0.25 to 0.48 70.8 27.8

CDD 1.6 —1.8 to 3.35 83.3 75

CWD —0.1 —0.7 to 0.14 91.7 26.7

R95p -14 —25.72 t0 22.01 58.3 31.3

R99p —-0.2 —26.08 to 19.16 62.5 18.8

PRCPTOT -94 —39.04 to 12.02 79.2 423

* Bold indicates value for trends significance at 5 % level
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The linear trends of R50 ranged between —0.33 and
0.25 days/decade, with a regional average of —0.05 days/
decade, and negative trends were observed at 15 out of 24
stations. The variations of R50 were inconsistent with ones
for R10 and R20, whereas an upward trend was seen at 9
stations covering the east of Western Shandong and
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northeast regions. The highest upward trend occurred at
Jinan station, while the largest downward trend was
observed at Haiyang station in the southeast regions
(Fig. 4f). The west region experienced a significant posi-
tive linear trend with large fluctuations, while the linear
trend was not significant for entire Shandong. From the
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Fig. 6 The same as Fig. 5, but for annual count of days when precipitation >10 mm (R10)
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spatial distribution perspective, changing trends and mag-
nitudes of R50 are similar to RX1day and RXS5day (see
Supplementary Fig. S3). Thus, it can be concluded that the
variability of RX1day and RX5day play a crucial role in
the variations of R50 to some extent.

3.3 SDII, CDD and CWD

The linear trends of SDII ranged between —0.25 and
0.48 mm/decade, with a regional average of 0.1 mm/dec-
ade. Upward trends were detected at 17 out of 24 stations,
while other 6 stations exhibited downward trend and one
station had no trend (Table 3). The highest upward trend
occurred at Jinan station in the east of Western Shandong,
while the largest downward trend was observed at the
Juxian station in the south of Central Shandong. Several
stations with statistically significant positive trends were
mainly located in Central Shandong and the northeast
regions, this is roughly similar to the spatial distribution of
R20 (Fig. 4c, e). MK significance testing for the trends of
the time series for SDII showed that 27.8 % of the stations
have significant upward trends (at p < 0.05). Figure 7
shows the long-term variation of the SDII for the entire
Shandong and its three sub-regions. Western Shandong and
Jiaodong peninsula displayed a significant increasing trend
with small fluctuations, however, large fluctuations were
detected in the latest 10 years in Western Shandong
(Fig. 7a, c). The trend was not significant but large fluc-
tuations were detected in Central Shandong, and for the
entire Shandong, there was a roughly persistent increasing
trend of the SDII since the early 1980s.

Linear trends of the CDD in Shandong varied between
—1.8 and 3.35 days/decade, with a regional average of
0.16 days/decade. Upward trends were observed at 20 out
of 24 stations with other 4 stations exhibiting a downward
trend (Table 3). The highest upward trend occurred at
Chaoyang station, while the largest downward trend was
observed at the Heze station in the southwest region. The
magnitude of the positive trends decreased from west to
east, but three stations with significantly positive trends
were found in the southeast region (Fig. 4g). MK signifi-
cance testing for the trends in the time series of CDD
demonstrated that 75 % of stations had significant upward
trends (at p < 0.05), and these stations were mainly located
in the Central and northern parts of Shandong. Above-
mentioned upward trends of the CDD can also be detected
in Fig. 8. All the three sub-regions and the entire Shandong
showed a significant upward trend while the Western and
Central Shandong experienced large fluctuations. A slight
long-term decrease was observed from the 1970s to the
early 2000, followed by a small increasing trend after 2004.
The significant upward trend for CDD indicates that
drought severity has increased, and severe droughts that

occurred in consecutive years recently in Shandong were
consistent with the variability of CDD in this period. This
is also in agreement with previous studies focusing on
droughts in China (Zou et al. 2005; She and Xia 2013).

The linear trends and spatial distributions of CWD are
roughly opposite to those for CDD (Fig. 4g, h), which is
clearly understood because an increase of consecutive dry
days would result in a decrease of consecutive wet days.
Compared to the general increasing trends for CDD in
Fig. 8, the linear trends were decreasing, and the trends in
recent years were also decreasing (see Supplementary
Fig. S4). If this trend persists, Shandong would experience
more droughts in the coming years.

3.4 R95p, R99p and PRCPTOT

The spatial characteristics and trends are similar between
R95p and R99p, but with different magnitudes (Fig. 4i, j).
The linear trends of R95p ranged between —25.72 and
22.01 mm/decade, with a regional average of —0.14 mm/
decade, the downward trends were observed at 14 out of 24
stations (Table 3). Several stations characterized by posi-
tive trends were distributed in Central Shandong and the
northeast regions, while the stations with negative trends
are detected in the southeast coast region and Western
Shandong (Fig. 4i). From R99p, it can be seen that the
linear trends varied between —26.08 and 19.16 mm/dec-
ade, with a regional average of —0.02 mm/decade, down-
ward trends were observed at 16 out of 24 stations, with 8
stations exhibiting upward trends (Table 3). The largest
downward trend occurred at Heze station, while the highest
upward trend was observed at the Changdao. Western
Shandong displayed significant increasing trends for R95p
and R99p with large fluctuations (Fig. 9a and Supple-
mentary Fig. S5a). Central Shandong experienced a weak
average decreasing trend for the two indices and also with
large fluctuations (Fig. 9b and Supplementary Fig. S5b).
The PRCPTOT also had complicated trends, but its spatial
pattern is consistent with those for R95p, R50 and RX1 day
(Fig. 4a, e, 1, k). A downward trend was observed at 18 out of
24 stations and mainly located in the mid-east regions and
Western Shandong, while 6 stations located in the central and
northeast parts of Shandong showed upward trends (Fig. 4k).
The linear trends varied between —39.04 and 12.02 mm/
decade, with a regional average of —0.94 mm/decade
(Table 3). On the whole, a statistically significant decreasing
linear trend was discovered for PRCPTOT from the 1950s to
present and the fluctuation was also large (Fig. 10d). This is
likely associated with the significant increasing trend of
CDD. In the three sub-regions, negative trends were detected
in Central Shandong and Jiaodong peninsula, while a small
increasing trend was displayed in Western Shandong. Fig-
ure 10d indicated a slight long-term decrease from the 1960s
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Fig. 8 Same as Fig. 5, but for maximum number of consecutive days with precipitation <l mm (CDD)

to the 2000s and the oscillation period of 10-15 years was
revealed in PRCPTOT.

3.5 Seasonal trends for RX1day and RX5day

To further investigate the precipitation trends in Shandong,
RXlday and RXS5day are selected to conduct seasonal

@ Springer

analyses (Fig. 11). These two indices are chosen as they
are able to better characterize the regional precipitation
features (Alexander et al. 2006). It can be seen that trends
are generally similar between summer and annual scales
for these two indices, and the decreasing trends are dom-
inant and mainly distributed over southeast coast, Central
Shandong and southwestern regions (Figs. 4a, b, 11, 4a, b).
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The variations in winter are distinctive compared with ones
in summer, particularly, more than half of the stations
present increasing trends (Fig. 11). However, it’s worth
noting that the changes at Changdao station in the northeast
Shandong exhibit significant trends in comparison with
adjacent stations in all four seasons, and this is consistent
with annual trends.
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3.6 Linkage between extreme precipitation
and annual total rainfall

A close linkage between the variations in extreme and total
precipitation has been reported in many regions. Zhai et al.
(2005) indicated that the extreme precipitation (R95p and
R99p) typically accounts for 30—40 % of annual totals
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across China. Liu et al. (2005) also reported that 95 % of
the increase of total precipitation in China during
1960-2000 was contributed by the increased frequency of
precipitation extremes. In fact, the spatial distribution of
the precipitation indices in this study also indicated a close
similarity between the precipitation extremes and the total
precipitation (Fig. 4). However, the contribution of
extreme precipitation to total rainfall only increased in
Western Shandong during 1951-2011 (Fig. 12 and Sup-
plementary Fig. S6). In other sub-regions and the entire
Shandong, the contribution ratios had no-significant trend,
but with large variations in their annual anomalies. The
R95p approximately accounts for 25-30 % of annual total
precipitation, while for R99p, the contribution is 6-16 %,
and these ratios are slightly different from those found in
other regions in China (Li et al. 2012; Yan et al. 2014). As
demonstrated in Sect. 2, the rainfall in Shandong is mainly
influenced by the East Asian summer monsoon (EASM)
system. The prevailing causes for the changes of ratios may
be that the EASM system is becoming more unstable or
weaker in recent decades (Wang 2001; Gong and Ho 2003;
Yancheva et al. 2007). In addition, the marine environment
is likely to play a significant role on the variations in
extreme precipitation over Jiaodong peninsula.

3.7 Changes in large scale atmospheric circulation

The possible mechanisms behind variations in extreme
precipitation events in Shandong have been explored by
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analyzing the association of changing patterns of extreme
precipitation with large scale atmospheric circulation on
the basis of NCEP/NCAR reanalysis data. Earlier analysis
results of extreme precipitation trends indicate that trend
shift in the 1980s, so the averaged circulation maps in
summer and annual scale are created for 1951-1980 and
19812011, and the former are subtracted from the latter
(new minus old) to represent the variations in circulation
between the two periods (Fig. 13). These seasons are
chosen because heavy rainfall in Shandong mainly con-
centrates in summer.

Figure 13 shows the anomaly of wind vectors and
geopotential height at 850 hPa between 1951-1980 and
1981-2011 at summer and annual scale. An obvious
southward wind component is illustrated in Fig. 13a, which
indicates a weaker EASM during 1981-2011 in compar-
ison with that during 1951-1980. The southwesterly wind
in eastern and northern China has weakened, and this will
weaken the northward extension of the summer monsoon
and limit the southwesterly summer monsoon flow to north
China. The geopotential height composite shows that
enhanced anticyclonic circulation has developed over the
Eurasian continent, the largest differences appear near
Mongolia and Lake Baikal (Fig. 13a). This significant
increasing trend in geopotential height in northern regions
will generate negative influences on the northward propa-
gation of water vapor flux from the ocean, and lead to a
longer rainy season in southern China and a shorter rainy
duration in northern China. The changes in atmospheric
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Fig. 11 Same as Fig. 4, but for summer and winter for indices of RX/day and RX5day, respectively
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Fig. 12 Same as Fig. 5, but for regional series for the ratio of R95p

circulation patterns on annual scale are consistent with
composites in summer (Fig. 13b). Simultaneously, the
similar characteristics of wind fields and geopotential
height are shown at 500 hPa (Supplementary Fig. S7).

To further diagnose changes in the circulations, com-
posite analysis is also conducted in summer based on the
variations for RX5day during 1964-1991. This period is
selected because there are no missing data in the peninsula.
RXS5day could be linked to changes in atmospheric circu-
lation (Mishra and Singh 2010), and it is chosen in this
study. The ten biggest RX5day years (namely 1964, 1965,
1970, 1971, 1972, 1974, 1975, 1976, 1978, 1985) and ten
lightest years (1969, 1980, 1981, 1983, 1984, 1986, 1987,
1988, 1989, 1990) are selected and small minus big com-
puted to analyze the causes leading to decreasing rainfall
trends (Fig. 14). Figure 14 illustrates that the changes in
wind fields and geopotential height are also generally
similar to those in Fig. 13a. This reconfirms our above
analyses in changes of circulation. These would explain
why a decreasing trend in amount and intensity of pre-
cipitation and an increasing for CDD occurred during
recent decades in Shandong.

4 Discussions

Alexander et al. (2006) reported that extreme precipitation
events in many mid-latitude regions were likely to
increase, and the total area affected by drought since the
1970s has also increased. Nevertheless, Kunkel et al.
(2003) and Wang et al. (2008) also showed general
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increasing trends in extreme climate events at a large
spatial scale, but also suggested that the trends in particular
regions were not conclusive, especially for precipitation
extremes. Shandong is located in the mid-latitude in the
Northern Hemisphere, and few studies were conducted
with respect to extreme precipitation events in this region.
The results in this study indicated that many precipitation
indices, including RX5day, R10, CWD and PRCPTOT,
were generally characterized by statistically significant
decreasing trends. In addition, the trends for precipitation
on very (or extremely) wet days also decreased. The SDII
showed a weak positive trend, but it was not significant.
Overall, the drought index CDD experienced a statistically
significant increasing trend, which might have resulted
from the reduction of rainfall over Shandong in recent
years. However, the projected changes in precipitation by
the CMIP5 (Coupled Model Intercomparison Project phase
5) multimodel ensemble suggests that extreme precipita-
tion events, particularly for RX1day and RXS5day, are
projected to increase under the RCP4.5 and RCPS8.5
emission scenarios by the end of the twenty-first century
over north China, including Shandong (Zhou et al. 2014).
This would be a good news for Shandong, where severe
droughts occurred in recent years and wet indices
decreased based on the rain gauge stations. Nevertheless,
most regions of China, particularly for southern China, will
become drier as described by the Palmer Drought Severity
Index derived from CMIPS models although the projected
precipitation increases (Wang and Chen 2014). These may
reflect possible future changes in circulations, especially
for the East Asian Monsoon. It is worth noting that the
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uncertainty in climate models would contribute to the
uncertainty in the rainfall projections, resulting in a lack of
ability for models at simulating intense precipitation at
regional scales. As study by Chen and Frauenfeld (2014)
reported that CMIP5 models overestimated the magnitude
of seasonal and annual precipitation in most regions of
China.

Precipitation intensity exhibited significant increasing
trends over many regions in China (Zhai et al. 2005), and
the increasing trend of SDII in Shandong was also asso-
ciated with trends in national-scale, although just 27.8 % of

@ Springer

the stations passed the significance test. In addition, a
significant negative trend in intense rainfall was discovered
in the mid- to lower reaches of the Yellow River (Dong
et al. 2011). Thus, the increasing trends for droughts in
Shandong was also with historical severe drought records
in similar regions as well as the continued increase in the
number of days drying-up (zero streamflow) episodes in
lower reach of the Yellow River (Zou et al. 2005).

The indices of RX5day, R95p and PRCPTOT were
dominated by consistent trends from east to west. However,
the stations in Central Shandong, for example Jinan, Taian
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and Taishan Mountain, often exhibited opposite trends
compared with the eastern and western regions of Mount
Taishan. This was in keeping with Jiang et al. (2011),
whose results also emphasized the variations in precipita-
tion extremes in Central Shandong. In the present study,
particularly for Jinan station, situated in the eastern side of
Western Shandong, different or even opposite trends
compared with the other stations in Central Shandong were
found (Fig. 4). The causes may be that water vapor flux
transported from the southeast oceanic regions is barred by
Taishan Mountain, which leads to a significant effect on
precipitation at Jinan, a station located on the inland side of
the Taishan Mountain. Furthermore, Changdao, the only
station surrounded by the sea in Shandong, often had dif-
ferent trends than the adjacent stations for the same pre-
cipitation index. These results indicated that topographic
conditions and the influence of the ocean can lead to dis-
tinct trends in precipitation extremes.

The similarities of variations in extreme precipitation
events and annual total rainfall were discovered in Shan-
dong. Likewise, Dong et al. (2011) demonstrated that
trends of extreme precipitation events were in good
agreement with the variations of annual total precipitation
in northern China. However, the increasing contribution
made by extreme precipitation to annual total precipitation
was only detected in Western Shandong. Other regions and
entire Shandong had non-significant trends, this was dif-
ferent from the trends for above normal rainfall in some
other regions over the world (Alexander et al. 2006).
Interestingly, some changes in the characteristics of
extreme indices, for example decreasing trends of RX5day,

R95p PRCPTOT in Shandong, were also different from
other conclusions (Jiang et al. 2013; Nie et al. 2012; Tian
et al. 2012). The potential reasons are very complicated.
Two distinct causes may be the differences in length of the
rainfall time series and the spatial domains selected in
different studies.

The potential physical mechanisms under the variations
in precipitation extremes in Shandong might be that the
weakened EASM limited northward transportation of water
vapor flux from southeast oceans to northern China (Wang
et al. 2001; Gong and Ho 2003). This decline of the EASM
has contributed to more floods in southern China and
severe droughts in northern China (Ding et al. 2009). The
enhanced geopotential height over northern China and
Mongolia has prevented northward transportation of water
vapor flux, causing the longer stay of rainfall belt over the
south, and limiting moisture propagation to the far north
regions. These characteristics of circulation patterns may
explain the changes in extreme precipitation indices and
prolonged CDD in Shandong. Additionally, in-depth
analysis of the physical causes of decline in EASM
strength is beyond the scope of this study, this will be
explored in our subsequent research.

5 Conclusions
Comprehensive analyses were conducted for the trends of
extreme precipitation events and total rainfall during

1951-2011 from 24 selected stations in Shandong. An
ensemble empirical mode decomposition (EEMD) analysis
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is applied to investigate the periodic cycle of precipitation
extremes. And the possible association with large-scale
atmospheric circulation is also explored. The main con-
clusions are summarized below.

(1) In general, most rainfall indices in this study were
characterized by decreasing trends except SDII and
CDD. Specifically, CDD which represents drought
conditions showed a statistically significant increas-
ing trend at most stations in Shandong, and the
magnitudes are larger in mid-west Shandong and
southeast coast than elsewhere. The decreases in
precipitation and increases in consecutive dry days
inevitably lead to increases in droughts or severe
droughts in Shandong. If the current trends continue,
Shandong would experience more severe droughts in
the coming years.

(2) Consistent reduction in the indices of RX5day, R95p
and PRCPTOT demonstrated that extreme precipi-
tation and total rainfall were all decreasing in
Shandong except the Changdao station surround by
the sea. Furthermore, the variations of CDD at the
Changdao station were also inconsistent with the
stations located in other parts of Shandong. These
indicated that the marine environment may have
significant influences on precipitation.

(3) Analysis of impact factors that have obvious effects
on regional heavy precipitation is a complex process
(Lea et al. 2000; Aradjo et al. 2005). For example,
RX5day, R95p and PRCPTOT showed decreasing
trends from southeast coast to Western Shandong
with the exception of a small number of stations in
Central Shandong, where the influence from Taishan
Mountain is evident. This revealed that the effects of
topography were significant.

(4) Periodic oscillations of extreme precipitation indices
were depicted by EEMD analysis. Most of the
indices were characterized by large inter-annual and
decadal fluctuations with the presence of a shift for
trend in the 1980s, this similar trend shift in the
1980s was also found in other studies in eastern
China (e.g., Gong and Ho 2002).

(5) Large-scale atmospheric circulation analysis indi-
cates there was a weak EASM during 1981-2011 as
compared to 1951-1980, but this needs to be
investigated further. Enhancement of northeasterly
wind prevents the northward transportation of water
vapor flux and results in decreases in amount and
intensity as well as duration of rainfall and an
increase for CDD in Shandong. And the increasing
geopotential height over the Eurasian continent
confirms the changing circulation patterns in the
above analysis.

@ Springer

Overall, there are significant spatial and temporal vari-
ability in the extreme and total precipitation in Shandong,
which is associated with the changes of wet and drought
patterns in the region. Thus, positive measures should be
taken to alleviate disaster losses induced by precipitation
extremes and ensure food security as well as socio-eco-
nomic sustainable development. Moreover, taking into
account the adverse trends of precipitation extremes at
Changdao station surrounded by the sea, the analysis of
physical mechanisms of extreme precipitation in Shandong
from the point of view of air-sea interaction is a meaningful
topic for future studies. Additionally, it should be noted
that it is crucial to assess the field significance of the trends
such as those presented in this study (Livezey and Chen
1983). However, the analysis of the field significance of the
trends is not trivial (Villarini et al. 2013), and is beyond the
scope of the present study. It will form the basis of our
future study which focuses on the physical mechanisms for
the variations in precipitation extremes and the co-variates
in Shandong.
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