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In recent decades, extreme climatic events have been a major issue worldwide. Regional assessments on various
climates and geographic regions are needed for understanding uncertainties in extreme events' responses to
global warming. The objective of this study was to assess the annual and decadal trends in 12 extreme temper-
ature and 10 extreme precipitation indices in terms of intensity, frequency, and duration over the Loess Plateau
during 1960–2013. The results indicated that the regionally averaged trends in temperature extremeswere con-
sistent with global warming. The occurrence of warm extremes, including summer days (SU), tropical nights
(TR), warm days (TX90), and nights (TN90) and a warm spell duration indicator (WSDI), increased by 2.76
(P b 0.01), 1.24 (P b 0.01), 2.60 (P= 0.0003), 3.41 (P b 0.01), and 0.68 (P=0.0041) days/decade during the pe-
riod of 1960–2013, particularly, sharp increases in these indices occurred in 1985–2000. Over the same period,
the occurrence of cold extremes, including frost days (FD), ice days (ID), cold days (TX10) and nights (TN10),
and a cold spell duration indicator (CSDI) exhibited decreases of −3.22 (P b 0.01), −2.21 (P = 0.0028),
−2.71 (P = 0.0028),−4.31 (P b 0.01), and −0.69 (P = 0.0951) days/decade, respectively. Moreover, extreme
warm events in most regions tended to increase while cold indices tended to decrease in the Loess Plateau, but
the trend magnitudes of cold extremes were greater than those of warm extremes. The growing season (GSL)
in the Loess Plateau was lengthened at a rate of 3.16 days/decade (P b 0.01). Diurnal temperature range (DTR)
declined at a rate of−0.06 °C /decade (P=0.0931). Regarding the precipitation indices, the annual total precip-
itation (PRCPTOT) showed no obvious trends (P=0.7828). The regionally averaged daily rainfall intensity (SDII)
exhibited significant decreases (−0.14 mm/day/decade, P= 0.0158), whereas consecutive dry days (CDD) sig-
nificantly increased (1.96 days/decade, P=0.0001) during 1960–2013. Most of stationswith significant changes
in SDII and CDDoccurred in central and southeastern Loess Plateau. However, the changes in days of erosive rain-
fall, heavy rain, rainstorm,maximum5-day precipitation, and very-wet-day and extremelywet-day precipitation
were not significant. Large-scale atmospheric circulation indices, such as theWestern Pacific Subtropical High In-
tensity Index (WPSHII) and Arctic Oscillation (AO), strongly influenceswarm/cold extremes and contributes sig-
nificantly to climate changes in the Loess Plateau. The enhanced geopotential height over the Eurasian continent
and increase inwater vapor divergence in the rainy season have contributed to the changes of the rapidwarming
and consecutive drying in the Loess Plateau.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Extreme weather and climatic events in recent decades have been a
worldwide issue due to their potentially severe impacts on human
life, the economy, and natural ecosystems (Aguilar et al., 2009;
Rosenzweig et al., 2001; Zwiers et al., 2013). The Fourth Assessment Re-
port (AR4) of the Intergovernmental Panel on Climate Change (IPCC,
aanxi 712100, China. Tel.:+86

Song).
2007) noted that hot days andwarm nights were very likely to increase
for over 70% of the global land area. Furthermore, cool days and nights
are likely to decrease, heavy precipitation events in many mid-latitude
regions are likely to increase, and the total area affected by drought
since the 1970s has likely increased (Alexander et al., 2006; IPCC,
2007). These results show that the global climate is undergoing a signif-
icant change, which is mainly manifested as a warming trend. This
warming not only directly influences the changes in temperature ex-
tremes but also enhances the frequency and intensity of extreme cli-
mate events, such as high temperatures, droughts, rainstorms, and
floods (Kunkel et al., 1999a; H. Wang et al., 2012). Extreme events are
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relatively rare, unpredictable, and often brief, but they are highly de-
structive to economically important agriculture and natural ecosystems
(Kharin et al., 2007; Marengo et al., 2009); to some degree, extreme
event occurrences have a far greater impact than the cited risks of global
warming (Fankhauser, 1995; Meehl et al., 2000). Many studies show
that climate extremes cause significant damage to crop growth and
final yields, and the various frequencies and intensities of extreme
events result in differing degrees of soil erosion and flooding (Li et al.,
2009; Mu et al., 2007). The frequency of extreme events is likely to in-
crease in the future. To predict future change in extremes, understand-
ing the recent past is essential.

Climate changes have varying impacts on geographically diverse re-
gions. As a result, the changes in extreme events show large regional
variations (Liu et al., 2013; Ren et al., 2011). For example, a 50 mm
daily precipitation is considered “normal” in rain-rich regions in
Southeast China but is an “extreme” event in arid or semi-arid areas in
Northwest China (Xin et al., 2011; Xu et al., 2011). A few heavy rainfall
events often account for the total soil loss at a location in ecologically
fragile areas, such as the Loess Plateau, but do not generate much sedi-
ment in densely vegetated areas (Ouyang et al., 2010). Similar studies
have been conducted in many regions around the world, such as in
Africa (Aguilar et al., 2009), America (Haylock et al., 2006; Kunkel
et al., 1999a), and Asia (Klein Tank et al., 2006; Ren et al., 2011). In
China, the changes in precipitation extremes in different regions have
been distinct in recent decades. Generally, a decrease in extremeprecip-
itation events has been reported in northern, central, and northeastern
China, while extreme precipitation events have increased in northwest-
ern China, southwestern China, and southern China and near the Yang-
tze River (Li et al., 2015; Lu et al., 2010; Wang et al., 2014; You et al.,
2008; Zhai and Pan, 2003; Zhai et al., 2005). The Yangtze River and
the northern part of South China experiencedmore severe and extreme
heavy rainfall events in the 1990s (Zou and Ren, 2015). An overall in-
creasing trend in precipitation extremes, including consecutive wet
days and number of days with daily precipitation greater than 10 mm,
was observed in the arid region of northwest China (Deng et al.,
2014). By contrast, Zhang et al. (2015) examined changes in extreme
precipitation events in the Huang-Huai-Hai River basin of China and
found significant decreases in wet days, consecutive wet days, and the
maximum 5-day precipitation along with a weak increasing trend for
consecutive dry days. Similarly, an increasing trend in consecutive dry
days was also found over the Pearl River Basin, southern China; other
extreme precipitation indexes showed non-significant increasing
trends (Zhao et al., 2014). The temperature extremes exhibited a consis-
tent increasing trend, with varying intensities in diverse regions in
China, and significant decreases in cold days/nights along with signifi-
cant increases in warm days/nights (Deng et al., 2012, 2014; Guan
et al., 2015; H.Wang et al., 2013). Both the lowest and the highest tem-
peratures increased in recent decades, with the increasing trend of the
lowest temperature being much greater than that of the highest tem-
perature (Z. Wang et al., 2012). This resulted in a declining trend in
the diurnal temperature range in China, with a rate of−0.25 °C/decade
(You et al., 2013). In addition, changes in the cold and warm tempera-
ture extremes predominantly occurring in winter reflect the consistent
winter warming in China (You et al., 2013). Therefore, it is more impor-
tant and feasible to investigate the response of extreme climate events
from a regional perspective (You et al., 2011). Regional assessments in
various climates and geographic regions are needed for identifying indi-
cators that cause environmental and other problems and for helping us
obtain reliable information for rational countermeasures.

The Loess Plateau is prone to extreme climatic events, particularly
floods and droughts. Most areas of the Loess Plateau have an arid or
semi-arid climate. Approximately 80% of the total cultivated land area
has rain-fed farming systems, and the agriculture in the Loess Plateau
is greatly dependent on and sensitive to climate (Wang and Liu, 2003).
Extreme events exert considerable impacts on the agriculture and soil
erosion of the Loess Plateau. Because of frequent heavy rainfall in
summer, steeply sloping landscapes, low vegetation cover, and highly
erodible soils, the Loess Plateau has become one of the most severely
eroded areas in the world. Some studies have revealed that climate
change has played an important role in the agricultural and soil erosion
variability in the Loess Plateau (Li et al., 2010; Wan et al., 2013; Yu
et al., 2005). Loess Plateau is sensitive to global climate change; however,
the changes with regard to extreme climate are not clear. Regional as-
sessments on various climates and geographic regions are needed for un-
derstanding uncertainties in extreme events' responses to global
warming. The objective of this study was to assess recent trends in ex-
treme events in terms of precipitation and air temperature,with a partic-
ular focus on event intensity, frequency, and duration. This research will
be helpful for future ecological constructions and agriculturally sustain-
able development.

2. Data and methods

2.1. Study area

The Loess Plateau is located in the middle reaches of the Yellow
River, northern China (100°54′–114°33′ E, 33°43′–41°16′ N) (Fig. 1). It
covers an area of 620,000 km2 and is dominated by an arid and semi-
arid climate. The annual average temperature ranges from 4.3 °C in
the northwest to 14.3 °C in the southeast (Guo et al., 2011). The mean
annual precipitation is highly heterogeneous in space, increasing from
200 mm in the northwest to 750 mm in the southeast (Li et al., 2010).
The Loess Plateau is well known for its severe soil erosion, frequent
floods, and serious droughts (Tang, 2004). To mitigate serious soil ero-
sion, a series of programs for the control of soil and water loss have
been conducted, particularly the “Grain to Green” program launched
in 1999. Under these programs, substantial infrastructure projects
have been implemented, such as large-scale reservoir development,
silt dam projects, afforestation, and efforts to return steep slope crop-
land to forests and grasslands to increase the vegetation coverage and
control water and soil losses (Xin et al., 2008).

2.2. Data sources and quality controls

We investigated 72 meteorological stations that recorded daily ob-
servations within the Loess Plateau. Of these stations, most were
established in the 1950s (Table 1), but all data before 1960were exclud-
ed in the study. Some stations, such as Dingbian, Changzhi, and Houma,
were deselected because these stations were established during the
study period (in 1989, 1986, and 1991, respectively). Finally, 64 out of
the 72 recording stations were selected for the study based on data
continuity and duration. We calculated the long-term trends for air
temperature and precipitation indices based on the same number (64)
of stations and the same period (1960–2013). The quality-controlled
data of the average daily temperature, daily maximum temperature,
daily minimum temperature, and daily precipitation were available
from the National Climate Center of the China Meteorological Adminis-
tration (http://www.nmic.gov.cn). The data quality control procedures
detectedwhether the recorded datawere consistentwith real precipita-
tion values (i.e., above 0mm) andwhether the dailymaximum temper-
ature exceeded the minimum temperature, among other assessments.

Homogeneity assessments of the recorded daily temperature and
precipitation datasets were conducted in the Loess Plateau during the
period 1960–2013. The assessment aimed to detect artificial shifts due
to inevitable changes in the observing instruments, relocations, envi-
ronment, and procedures during the data collection. Change-points
(shifts), which are found in some data series with potential first-order
autoregressive errors, can be detected and adjusted by software
packages: RHtests for temperature series and RHtests-dlyprcp for pre-
cipitation series. Both software packages were developed by Wang
and Feng (2013) at the Climate Research Branch of Meteorological Ser-
vice of Canada (http://etccdi.pacificclimate.org/software.shtml). The
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Fig. 1. Location, provincial boundaries, altitudinal variation range, and distribution of the meteorological stations in the Loess Plateau, China.
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RHtests package was applied based on the penalizedmaximal t test and
the penalized maximal F test, which are embedded in a recursive
testation algorithm, with the lag-1 autocorrelation of the time series
being empirically accounted for. The RHtests-dlyPrcp package is similar
to the RHtests package, except that it is specifically designed for the ho-
mogenization of daily precipitation data time series. It is based on the
transPMFred algorithm, which integrates a data-adaptive Box–Cox
transformation procedure into the PMFred algorithm. The default pa-
rameters in both software packages were used to detect and adjust for
a whole data series in each station at the 0.05 significance level. Possible
single ormultiple change-points in a time series can be detected in both
software packages, and confirmed step changes can be adjusted
(S.Wang et al., 2013). Once a possible change is identified, themetadata
(including documented station relocation and instrument update)
should be checked to identify any potential valid explanations. In the
study, only one station with inhomogeneity in average daily tempera-
ture (Wutaishan station in Shanxi province, see Fig. 2a and b) was re-
moved when calculating the growing season length; no change-points
were found in daily maximum temperature and daily minimum tem-
perature. Sixteen change points were detected among 64 stations in
the daily precipitation series in the Loess Plateau during the period of
1960–2013; all of the change-points occurred between 1978 and 1980
(see Fig. 2c and d, Huajialing station in Gansu province). The discontinu-
ities for all of these points resulted from the increased measuring preci-
sion of small daily precipitation amounts during the period (Wang et al.,
2010). Therefore, these discontinuities will void the adjustments.

2.3. Definition of extreme indices

Extreme climate indices, including 12 extreme temperature indices
and 10 extreme precipitation indices (Table 2), were used in this
study. These indices can reflect the changes in intensity, frequency,
and duration in of temperature and precipitation events (Alexander
et al., 2006). A total of 12 extreme temperature indices and 10 extreme
precipitation indices, excluding erosive rainfall, heavy rain, and rain-
storm, were selected for this study as recommended by the CCl/
CLIVAR/JCOMM Expert Team on Climate Change Detection and Indices
(ETCCDI, http://cccma.seos.uvic.ca/ETCCDI/). Erosive rainfall has an im-
portant impact on runoff and erosion, and 12mmdaily rainfall has been
used as the standard for describing erosive rainfall on the Loess Plateau
(Xie et al., 2000). The criteria for heavy rain (N25 mm) and rainstorm
(N50 mm) are defined by the National Climate Center of the China Me-
teorological Administration (http://www.nmic.gov.cn). The extreme
temperature indices are grouped into three types. The absolute indices,
including summer days, tropical nights, frost days, and ice days, are
based on the original observational data and fixed thresholds. The rela-
tive indices, including warm days (nights) and cold days (nights), are
obtained by a relative threshold (percentile) approach. The third type
comprises warm and cold spell duration indicators, the diurnal temper-
ature range, and the growing season length. Similarly, the precipitation
indices are categorized into two types: precipitation intensity indices,
which include simple daily intensity, maximum consecutive 5-day pre-
cipitation, and very-wet-day and extremely wet-day precipitation; and
the number of days of precipitation, including consecutive wet days,
consecutive dry days, erosive rainfall days, heavy precipitation days,
and rainstorm days.

The regional averages were calculated as arithmetic means
of the values at all selected stations in the study. We used the linear
tendency estimate method to analyze trends in extreme events,
and the correlations among the events based on the regional averages
were analyzed using the SAS software package (SAS Institute Inc,
1990).

http://cccma.seos.uvic.ca/ETCCDI/
http://www.nmic.gov.cn


Table 1
List of the selected meteorological stations in the Loess Plateau, China.

No. Station code Station name Province North Latitude East Longitude Elevation (m) Start time

1 52984 Linxia Gansu 35.58 103.18 1917 1951.1
2 52986 Lintao Gansu 35.35 103.85 1894 1951.1
3 52889 Lanzhou Gansu 36.05 103.88 1517 1951.1
4 52797 Jingtai Gansu 37.18 104.05 1631 1956.11
5 52983 Yuzhong Gansu 35.87 104.15 1874 1951.1
6 52895 Jingyuan Gansu 36.57 104.68 1398 1951.1
7 52996 Huajialing Gansu 35.38 105.00 2451 1951.1
8 52993 Huining Gansu 35.68 105.08 2012 1955.11
9 57006 Tianshui Gansu 34.58 105.75 1142 1951.1
10 53915 Pingliang Gansu 35.55 106.67 1347 1951.1
11 53821 Huanxian Gansu 36.58 107.30 1256 1957.1
12 53923 Xifengzhen Gansu 35.73 107.63 1421 1951.1
13 57051 Sanmenxia Henan 34.80 111.20 410 1957.1
14 57073 Luoyang Henan 34.63 112.47 137 1951.1
15 53420 Hangjinhouqi Inner Mongolia 40.90 107.13 1057 1954.1
16 53513 Linhe Inner Mongolia 40.75 107.42 1039 1956.11
17 53529 Etuokeqi Inner Mongolia 39.10 107.98 1380 1954.10
18 53545 Yijinhuoluoqi Inner Mongolia 39.57 109.73 1329 1958.11
19 53446 Baotou Inner Mongolia 40.67 109.85 1067 1951.1
20 53543 Dongsheng Inner Mongolia 39.83 109.98 1462 1956.12
21 53463 Huhehaote Inner Mongolia 40.82 111.68 1063 1951.2
22 53704 Zhongwei Ningxia 37.53 105.18 1226 1959.1
23 53806 Haiyuan Ningxia 36.57 105.65 1854 1957.12
24 53705 Zhongning Ningxia 37.48 105.68 1183 1953.1
25 53903 Xiji Ningxia 35.97 105.72 1917 1957.2
26 53810 Tongxin Ningxia 36.97 105.90 1339 1955.1
27 53614 Yinchuan Ningxia 38.48 106.22 1111 1951.1
28 53817 Guyuan Ningxia 36.00 106.27 1753 1956.10
29 53615 Taole Ningxia 38.80 106.70 1102 1959.1
30 53519 Huinong Ningxia 39.22 106.77 1093 1957.1
31 53723 Yanchi Ningxia 37.80 107.38 1349 1954.1
32 52868 Guizhou Qinghai 36.03 101.43 2237 1956.11
33 52765 Menyuan Qinghai 37.38 101.62 7850 1956.10
34 52866 Xining Qinghai 36.72 101.75 2295 1954.1
35 52876 Minhe Qinghai 36.32 102.85 1814 1956.10
36 53853 Xixian Shanxi 36.70 110.95 1053 1957.1
37 53959 Yuncheng Shanxi 35.05 111.05 365 1956.1
38 53764 Lishi Shanxi 37.50 111.10 951 1957.1
39 53664 Xingxian Shanxi 38.47 111.13 1013 1955.1
40 53564 Hequ Shanxi 39.38 111.15 862 1954.11
41 53868 Linfen Shanxi 36.07 111.50 450 1954.1
42 53663 Wuzhai Shanxi 38.92 111.82 1401 1957.1
43 53863 Jiexiu Shanxi 37.03 111.92 744 1954.1
44 53975 Yangcheng Shanxi 35.48 112.40 660 1957.1
45 53478 Youyu Shanxi 40.00 112.45 1346 1957.1
46 53772 Taiyuan Shanxi 37.78 112.55 778 1951.1
47 53673 Yuanping Shanxi 38.73 112.72 828 1954.1
48 53787 Yushe Shanxi 37.07 112.98 1041 1957.1
49 53887 Jindongnan Shanxi 36.20 113.12 927 1953.12
50 53487 Datong Shanxi 40.10 113.33 1067 1955.1
51 53588 Wutaishan Shanxi 38.95 113.52 2208 1956.1
52 53782 Yangquan Shanxi 37.85 113.55 742 1954.12
53 57016 Baoji Shaanxi 34.35 107.13 612 1951.9
54 53929 Changwu Shaanxi 35.20 107.80 1207 1956.9
55 53738 Wuqi Shaanxi 36.92 108.17 1331 1956.10
56 57034 Wugong Shaanxi 34.25 108.22 448 1954.4
57 57036 Xi'an Shaanxi 34.30 108.93 398 1951.1
58 53947 Tongchuan Shaanxi 35.08 109.07 979 1955.1
59 53740 Hengshan Shaanxi 37.93 109.23 1111 1954.1
60 53845 Yan'an Shaanxi 36.60 109.50 959 1951.1
61 53942 Luochuan Shaanxi 35.82 109.50 1160 1954.11
62 53646 Yulin Shaanxi 38.27 109.78 1157 1951.1
63 57046 Huashan Shaanxi 34.48 110.08 2065 1953.1
64 53754 Suide Shaanxi 37.50 110.22 930 1953.1
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2.4. Mann–Kendall trend test

TheMK test assumed that the climatic series is independent and not
robust against autocorrelation,which is amajor source of uncertainty in
testing and interpreting trends (Li et al., 2014). To eliminate the influ-
ence of serial correlation, the “trend-free-prewhitening” procedure
was employed to remove the lag-1 serial correlation from the time
series (Li et al., 2014; Von Storch, 1995). A trend is considered to be sta-
tistically significant if it is significant at the 0.05 level.

2.5. Atmospheric circulation

To examine the influence of the main atmospheric circulation types
on climate extremes in the Loess Plateau, a Pearson's correlation analysis



Fig. 2. Homogeneity assessment results for average daily temperatures at Wutaishan station and daily precipitation at Huajialing station, 1960–2013.
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Table 2
Indices of temperature andprecipitation extremesused in the study. TXdenotes thedailymaximumtemperature, TN is thedailyminimumtemperature, TG is thedailymean temperature,
and RR is the daily precipitation. A wet day is defined aswhen RR N 1mm, and a dry day is when RR b 1mm. The reference period for the percentiles is 1960–2010. All of the indices were
calculated at the annual scale from January to December.

Index Description Definition Unit

Temperature
SU Summer days Annual count of days when TX N25 °C days
TR Tropical nights Annual count of days when TN N 20 °C days
FD Frost days Annual count of days when TN b 0 °C days
ID Ice days Annual count of days when TX b 0 °C days
TN10 Cold nights Days when TN b 10th percentile days
TN90 Warm nights Days when TN N 90th percentile days
TX10 Cold days Days when TX b 10th percentile days
TX90 Warm days Days when TX N 90th percentile days
WSDI Warm spell duration indicator Annual count of days with at least 6 consecutive days when TX N 90th percentile days
CSDI Cold spell duration indicator Annual count of days with at least 6 consecutive days when TN b 10th percentile days
GSL Growing season length Annual count between the first period of at least 6 consecutive days with TG N 5 °C

and the first period after July 1 of 6 consecutive days with TG b 5 °C
days

DTR Diurnal temperature range Annual mean difference between TX and TN °C

Precipitation
PRCPTOT Wet day precipitation Annual total precipitation from wet days mm
SDII Simple daily intensity index Average precipitation on wet days mm/day
Rd12mm Erosive rainfall Annual count of days when RR N 12 mm days
Rd25mm Heavy rain Annual count of days when RR N 25 mm days
Rd50mm Rainstorm Annual count of days when RR N 50 mm days
RX5day Maximum 5-day precipitation Annual maximum consecutive 5-day precipitation mm
R95 Very-wet-day precipitation Annual total precipitation when RR N 95th percentile mm
R99 Extremely wet-day precipitation Annual total precipitation when RR N 99th percentile mm
CDD Consecutive dry days Maximum number of consecutive dry days days
CWD Consecutive wet days Maximum number of consecutive wet days days
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was performed between atmospheric circulation indices and the climate
extreme indices, based on the potential factors affecting the climate in
Northern China (Deng et al., 2014; Dong et al., 2015; Huang et al.,
2014; You et al., 2013). The selected atmospheric circulation indices in-
cluded Arctic Oscillation (AO), North Atlantic Oscillation (NAO), Pacific
Decadal Oscillation (PDO), South Oscillation Index (SOI), and Northern
Oscillation Index (NOI), whichwere available from the National Oceanic
and Atmospheric Administration (http://www.esrl.noaa.gov/psd/data/
climateindices/list/). Another selected atmospheric circulation index
used was the Western Pacific Subtropical High Intensity Index
(WPSHII), which can be downloaded from the Climate Diagnostics and
Prediction Division, National Climate Center, China Meteorological Ad-
ministration (http://cmdp.ncc-cma.net/Monitoring/). To quantify
changes in large-scale atmospheric circulation, we calculated the mean
circulation composites, namely, mean geopotential height and wind
fields, in summer and winter at 500 hPa for the periods 1960–1985
and 1986–2013, respectively, and subtracted the former from the latter
to represent the change in circulation between the two periods. In addi-
tion, we derived the air temperature andwater vapor flux divergence in
the rainy season (months 6–9 in the Loess Plateau) based on the NCEP/
NCAR reanalysis data between the two periods. These datasets were ob-
tained from the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis (available
from their website at http://www.cdc.noaa.gov/).

3. Results

3.1. Extreme temperature events

3.1.1. Warm extremes (SU, TR, TX90, TN90, WSDI)
The regional annual series for warm extremes in the Loess plateau

during 1960–2013 are shown in Fig. 3(a, b, c, d, and e). The spatial
distribution pattern of these warm extremes are demonstrated in
Fig. 4(a, b, c, d and e).

Summer days (SU) and tropical nights (TR) significantly increased in
the Loess plateau from 1960 to 2013. The regional trends in SU and TR
were 2.76 (P b 0.01) and 1.24 (P b 0.01) days/decade, respectively
(Fig. 3a and b). The sharply increased trends in SU and TR existed
from 1985 to 2000 at the rates of 0.83 and 0.53 days/year, respectively
(Fig. 3a and b). For SU and TR, 73% and 58% of stations, respectively,
show significant increasing trends (Fig. 4a and b). For SU, the areas
that experienced significant increases mainly occurred in western,
northern, southern, and some scattered eastern Loess Plateau (Fig. 4a).
For TR, the significant increases over time were concentrated in north-
western, central, and eastern plateau (Fig. 4b).

Over 1960–2013, the regionally averaged occurrence of warm days
(TX90) and nights (TN90) significantly increased by 2.60 (P =
0.0003) and 3.41 (P b 0.01) days/decade, respectively (Fig. 3c and d).
Similarly, the sharply increasing trends in TX90 and TN90 were
also found between 1985 and 2000. The 57% of stations with
significant increasing trends for TX90 mainly occurred in western,
northwestern, and a few stations in the eastern Loess Plateau (Fig. 4c).
For TN90, approximately 78% of the stations, covered nearly the entire
plateau, showed significant increases in which the local trends
exceeded 6 days/decade (Fig. 4d).

The warm spell duration indicator (WSDI) increased by 0.68 days/
decade (P = 0.0041) over the most recent five decades (Fig. 3e), only
33% of stations in some regions significantly increased over the past
50 years within a rate of 2–4 days/decade (Fig. 4e).

3.1.2. Cold extremes (FD, ID, TX10, TN10, CSDI)
The regional changes in cold extremes in the Loess Plateau during

1960–2013 are shown in a similar way in Fig. 3(f, g, h, i, and j). The spa-
tial variability in these cold indicators is demonstrated in Fig. 4(f, g, h, i,
and j).

In contrast to warm extremes, frost days (FD) and ice days (ID)
significantly decreased in the Loess Plateau during the past 50 years.
The regional trends in FD and ID were −3.22 (P b 0.01) and −2.21
(P = 0.0028) days/decade in 1960–2013, respectively (Fig. 3f and g).
The sharply decreasing trend in FD and ID occurred from 1970 to 2000
of the study period at the rates of −3.7 and −4.9 days/decade,
respectively (Fig. 3f and g). FD in most of the Loess Plateau (83% of
stations) significantly decreased over time, mainly ranging from −2
to −6 days/decade (Fig. 4f). ID with downward trends (−2 and −4
days/decade) were mainly located in the central and eastern regions
of the plateau (Fig. 4g).

http://www.esrl.noaa.gov/psd/data/climateindices/list/
http://www.esrl.noaa.gov/psd/data/climateindices/list/
http://cmdp.ncc-cma.net/Monitoring/
http://www.cdc.noaa.gov/


Fig. 3. Regionally averaged series for indices of the annual and decadal extreme temperature events in the Loess Plateau from 1960 to 2013. The straight line represents the linear regression for the datasets during 1960–2013.
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Fig. 4. Spatial pattern of the decadal trends in the indices of extreme temperature events over the Loess Plateau during themost recent five decades. The significantly positive and negative trends are shown as up and down strangles at the 0.05 level
(MK test), and circles with hollow filled represented no significant trends.
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The relative indices of the cold extreme temperature events obvious-
ly vary across the Loess Plateau (Figs. 3h and i, Fig. 4h and i). Over 1960–
2013, the occurrence of cold days (TX10) and nights (TN10) significant-
ly decreased by−2.71 (P=0.0028) and−4.31 (P b 0.01) days/decade,
respectively (Fig. 3h and i). For TX10 and TN10, approximately 75%
and 89% of stations significantly decreased during the past 50 years,
which covered nearly in entire regions of the Loess Plateau (Fig. 4h
and i). The significant decrease in TX10 in most areas varied from −2
to−6 days/decade (Fig. 4h), while most of the stations with significant
decreases in TN10 exhibited at local rates between −4 and −8 days/
decade (Fig. 4i).

The cold spell duration indicator (CSDI) decreased by −0.69 days/
decade (P = 0.0951) in the Loess Plateau during the 1960–2013;
however, it was not significant at the 0.05 level (Fig. 3j). 36% of
stations significantly decreased over the past 50 years within a rate of
−2 to −4 days/decade (Fig. 4j), which mainly located in western pla-
teau and some scattered eastern areas.

3.1.3. Growing season length and diurnal temperature range
The growing season (GSL) in the Loess Plateau was lengthened at a

rate of 3.16 days/decade (P b 0.01), particularly in 1985–2005 at a rate
of 9.4 days/decade (Fig. 3k). For GSL, 73% of stations had significant pos-
itive trends, mainly increased between 2 and 6 days/decade (Fig. 4k).
The average regional diurnal temperature range (DTR) declined at a
rate of−0.06 °C /decade (P=0.0931), but it did not change significant-
ly at the 0.05 level (Fig. 3l). About 19% of stations in DTR show signifi-
cant increasing trends; however, most of stations (45%) on the Loess
Plateau in DTR significant decreased (Fig. 4l).

On average, the trend magnitudes for cold extremes were larger
than those for warm extremes. For example, the changes of regional
trends in FD (3.22 days/decade) and ID (2.21 days/decade) were higher
than SU (2.76 days/decade) and TR (1.24 days/decade) from 1960 to
2013. Similarly, the trend magnitudes in cold nights (TN10, 4.31 days/
decade) are more than that of warm day (TX90, 2.60 days/decade).

3.1.4. Correlation coefficients of temperature indices
The correlation coefficients of the temperature indices are listed in

Table 3. The warm and cold extremes, except for diurnal temperature
range (R=0.10), were highly correlatedwith themean annual temper-
ature, with correlation coefficients higher than 0.5 (P b 0.01). The warm
temperature indices were positively correlated with the mean temper-
ature, and the correlation coefficients ranged from0.59 to 0.77. Summer
days had the strongest correlations with the mean temperature (i.e., a
correlation of 0.77). Negative correlations between the mean tempera-
ture and cold indicators were also significant, and cold nights exhibited
the highest correlation (R = -0.85). In addition, there were high
Table 3
Correlation coefficients of extreme temperature indices in the Loess Plateau between 1960 and

TG SU TR TX90 TN90 WSDI

TG 1
SU 0.77⁎⁎ 1
TR 0.66⁎⁎ 0.57⁎⁎ 1
TX90 0.74⁎⁎ 0.83⁎⁎ 0.75⁎⁎ 1
TN90 0.69⁎⁎ 0.59⁎⁎ 0.95⁎⁎ 0.73⁎⁎ 1
WSDI 0.59⁎⁎ 0.63⁎⁎ 0.72⁎⁎ 0.84⁎⁎ 0.66⁎⁎ 1
GSL 0.76⁎⁎ 0.52⁎⁎ 0.50⁎⁎ 0.53⁎⁎ 0.56⁎⁎ 0.34⁎⁎
FD −0.81⁎⁎ −0.54⁎⁎ −0.54⁎⁎ −0.52⁎⁎ −0.62⁎⁎ −0.36⁎⁎
ID −0.74⁎⁎ −0.40⁎⁎ −0.33⁎⁎ −0.41⁎⁎ −0.33⁎⁎ −0.30⁎
TX10 −0.75⁎⁎ −0.40⁎⁎ −0.33⁎⁎ −0.39⁎⁎ −0.33⁎⁎ −0.30⁎
TN10 −0.85⁎⁎ −0.47⁎⁎ −0.43⁎⁎ −0.42⁎⁎ −0.45⁎⁎ −0.34⁎⁎
CSDI −0.51⁎⁎ −0.24 −0.34⁎⁎ −0.32⁎ −0.30⁎ −0.30⁎
DTR 0.10 0.39⁎ −0.08 0.30⁎ −0.17 0.17

⁎ Significant at the 0.05 level.
⁎⁎ Significant at the 0.01 level
correlations among the warm indices and among cold indices. For ex-
ample, summer days were highly related to warm days, and the highest
correlation coefficient existed between tropical nights andwarmnights.
Similar characteristics were also found for the cold indices.

3.2. Extreme precipitation events

3.2.1. Regional and spatial trends in extreme precipitation events
The regional, annual series of extreme precipitation indices are

shown in Fig. 5. The spatial distribution of the trends in these indices
is shown in Fig. 6.

The annual total precipitation (PRCPTOT) showed no obvious trends
(P=0.7828) in the Loess Plateau over the 53-year period (Fig. 5a). The
distribution of PRCPTOT focused between 6 and 9 month in the Loess
Plateau, and the precipitation in 6–9 months accounted for 74% of
PRCPTOT (Fig. 5b). The proportion of precipitation in 6–9months exhib-
ited a decrease at a rate of −0.83%/decade (P = 0.1304) from 1960 to
2013 (Fig. 5c). Similarly, the proportion of erosive rainfall (R12mm),
heavy rain (R25mm), and rainstorm (R50mm) exhibited decreases
over time; however, these changes were not significant at the 0.05
level (Fig. 5d, e and f). The occurrences of erosive rainfall (Rd12mm),
heavy rain (Rd25mm), and rainstorm (Rd50mm) also exhibited no sig-
nificant changes over time (Fig. 5g, h, and i). Spatially, 97% in Rd12mm,
95% in Rd25mm, and 98% in Rd50mm of stations had no significant
trends at the 0.05 level (Fig. 6d, e, and f).

The daily rainfall intensity (SDII) exhibited a significant decrease of
−0.14 mm/day/decade (P = 0.0158) over 1960–2013, particularly, a
sharp decrease was found from 1970 to 1985 of the study periods
(Fig. 5j). Approximately 22% of stations in SDII exhibited significant de-
creasing trends, mainly occurred in southern and eastern Loess Plateau
(Fig. 6a). The maximum consecutive 5-day precipitation (RX5day) and
very-wet-day (R95) and extremely wet-day (R99) precipitation had
no statistically significant trends over the five decades (Fig. 5k, l and
m). The regionally averaged consecutive dry days (CCD) significantly in-
creased from 1960 to 2013 at a rate of 1.96 days/decade (P = 0.0001),
practically, a sharp increase in CCD existed between 1970 and 1990
(Fig. 5n). The 56% of stations with significantly increasing trends in
CCD mainly located in central and southern parts of the Loess Plateau
(Fig. 6h). In contrast, the consecutive wet days (CWD) showed no obvi-
ous trends over the 53-year period (P = 0.4106) (Fig. 5o).

3.2.2. Correlation coefficients of precipitation indices
The annual total precipitationwaswell correlated (at the 0.01 signif-

icance level) with the extreme precipitation, excluding the consecutive
dry days (R = −0.02) (Table 4). The correlation coefficients between
the annual total precipitation and the extreme precipitation indices,
2013.

GSL FD ID TX10 TN10 CSDI DTR

1
−0.86⁎⁎ 1
−0.38⁎⁎ 0.40⁎⁎ 1
−0.43⁎⁎ 0.43⁎⁎ 0.97⁎⁎ 1
−0.58⁎⁎ 0.64⁎⁎ 0.73⁎⁎ 0.80⁎⁎ 1
−0.17 0.20 0.57⁎⁎ 0.60⁎⁎ 0.62⁎⁎ 1
−0.06 0.29⁎ −0.32⁎⁎ −0.31⁎ 0.06 −0.08 1



Fig. 5.Regionally averaged series for indices of annual anddecadal extreme precipitation events in the Loess Plateau from1960 to 2013. The straight line represents the linear regression for
the datasets during 1960–2013.
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including the very-wet-day precipitation, extremely wet-day precipita-
tion, erosive rainfall days, and heavy rain days exceeded 0.9, and the
other correlations exceeded 0.49. In addition, statistically significant
correlations existed among the extreme precipitation indices.
4. Discussion

Global warming is exacerbating and triggering particular climate ex-
tremes, including decreasing the frequency of cold days and cold nights



Fig. 6. Spatial pattern of decadal trends in indices of extremeprecipitation events in the Loess Plateau during themost recentfivedecades. The significantly positive and negative trends are
shown as up and down strangles at the 0.05 level (MK test), and circles with hollow filled represented no significant trends.
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and increasing the frequency of warm days and warm nights (IPCC,
2007). In addition, numerous simulation experiments of future climate
events also indicate that awarming climate results inmany extreme cli-
mate events (Kharin et al., 2007; H. Wang et al., 2012; Zwiers et al.,
2013). In this study, cold-temperature extremes significantly decreased,
while warm-temperature extremes and the growing season significant-
ly increased in the Loess Plateau during the most recent five decades,
particularly, the rapid warming trends occurred in almost the entire
Loess Plateau during the periods between 1985 and 2000 (Figs. 3 and
4). Our results confirmed that extreme temperature events in the
Loess Plateau were strongly consistent with other similar studies in
many regions regarding their response to recent global warming. For
example, Alexander et al. (2006) found that cold nights decreased and
warm nights increased at approximately 70% of locations worldwide
over 50 years. Similar work has been implemented in the Europe and
in the Asia-Pacific region (Choi et al., 2009; Klein Tank and Können,
2003). Both studies have achieved similar conclusions after analyzing
the variations in extreme temperature events. Extreme temperature
events have also been studied by many researchers in China (Table 5).
The patterns of these events are consistent with the general regional
warming trends found in Xinjiang (Northwest China) during 1960–
2009 (B. Wang et al., 2013), in the Tibetan Plateau during 1973–2011
(S. Wang et al., 2013), in far-west China during 1960–2004 (Zhang
et al., 2009), and around the Yangtze River during 1962–2011 (Su
et al., 2006; Wang et al., 2014). The extremes are also consistent with
the warming at the national scale (Xu et al., 2011; Zhai et al., 2005;
Zhang et al., 2011). The trend magnitudes for warm and cold extremes
in the Loess Plateauwere lower than that in Xinjiang (northwest China)



Table 4
Correlation coefficients of the extreme precipitation indices in the Loess Plateau between 1960 and 2013.

PRCPTOT SDII Rd12mm Rd25mm Rd50mm RX5day R95 R99 CDD CWD

PRCPTOT 1
SDII 0.63⁎⁎ 1
Rd12mm 0.97⁎⁎ 0.70⁎⁎ 1
Rd25mm 0.91⁎⁎ 0.80⁎⁎ 0.90⁎⁎ 1
Rd50mm 0.69⁎⁎ 0.75⁎⁎ 0.65⁎⁎ 0.82⁎⁎ 1
RX5day 0.65⁎⁎ 0.72⁎⁎ 0.65⁎⁎ 0.73⁎⁎ 0.71⁎⁎ 1
R95 0.99⁎⁎ 0.66⁎⁎ 0.98⁎⁎ 0.92⁎⁎ 0.71⁎⁎ 0.66⁎⁎ 1
R99 0.99⁎⁎ 0.67⁎⁎ 0.98⁎⁎ 0.92⁎⁎ 0.71⁎⁎ 0.66⁎⁎ 0.99⁎⁎ 1
CDD −0.02 −0.13 −0.08 −0.05 −0.03 0.05 −0.04 −0.04 1
CWD 0.49⁎⁎ 0.38⁎⁎ 0.50⁎⁎ 0.43⁎⁎ 0.30⁎ 0.64⁎⁎ 0.49⁎⁎ 0.49⁎⁎ −0.14 1

⁎ Significant at the 0.05 level.
⁎⁎ Significant at the 0.01 level.
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and Tibetan Plateau (western China), but greater than that in Yangzi
River (central and south China), Yunnan–Guizhou plateau (southwest-
ern China), and national scale of China (Table 5). Furthermore, our study
revealed that themagnitudes of the trends in cold extremes, which pre-
dominantly occurred in winter, were larger than those in warm ex-
tremes in the Loess Plateau (Figs. 3 and 4), which indicated that
winter temperatures were warming more quickly than summer
temperatures.

The warming trends in the temperature extremes in the Loess Pla-
teau, primarily in the cold extremes,were closely relatedwith the atmo-
spheric circulation index, WPSHII (Fig. 7a), based on a Pearson's
correlation analysis (Table 6). TheWPSHII, which accounts for approxi-
mately one quarter of the Northern Hemispheric surface in summer,
represents a large-scale anticyclonic circulation identified as one of
the dominant components of the East Asian summer monsoon climate
system (Huang et al., 2014). In the study, theWPSHII is positively corre-
lated with warm extremes, including SU (R= 0.35, P b 0.01), TR, TX90,
TN90, andWSDI, and is significantly negatively correlatedwith cold ex-
tremes, including FD (R = −0.27, P b 0.05), ID (R = −0.46, P b 0.01),
TX10 (R = −0.46, P b 0.01), TN10 (R = −0.46, P b 0.01), and CSDI
(R = −0.27, P b 0.05). Furthermore, the WPSHII is associated with the
warming and drying trend through not only the extension of the grow-
ing season length (GSL, R = 0.27, P b 0.05) but also an increase in the
Table 5
Trends of temperature and precipitation extremes from this study and other works in China.

Index This study Global China Northwest China
(Xinjiang)

Western China
(Tibetan Plate

Temperature
SU 2.76 – 1.18 2.14 0.42
TR 1.24 – – 1.71 –
TX90 2.60 0.89 0.62 3.59 3.43
TN90 3.41 1.58 1.75 6.23 4.00
WSDI 0.68 – – 0.88 3.31
FD −3.22 – −3.73 −3.69 −5.68
ID −2.21 – – −1.61 −7.74
TX10 −2.71 −0.62 −0.47 −2.60 −2.84
TN10 −4.31 −1.26 −2.06 −6.57 −4.92
CSDI −0.69 – – −1.27 −2.55
GSL 3.16 – 3.04 2.74 4.35
DTR −0.06 −0.08 −0.18 −0.26 −0.20

Precipitation
PRCPTOT 1.50 10.59 3.21 – 0.47
SDII −0.14 0.05 0.06 0.04 0.014
R95 −0.35 4.07 4.06 6.28 0.48
R99 −0.10 – – 3.26 0.41
RX5day −0.42 0.55 1.90 0.85 1.25
CDD 1.96 −0.55 −1.22 −0.02 0.52
CWD −0.05 – – 0.05 0.17

Notes: Data sources and time period: Global during 1951–2003 (Alexander et al., 2006); China d
et al., 2013a); Tibetan Plateau, Western China during 1973–2011 (Wang et al., 2013c); Songhu
temperature extremesduring1962–2011 (Wang et al., 2014) and precipitation extremesduring
and Guizhou Provinces, the Tibet Autonomous Region and ChongqingMunicipality, Southwest
are set bold face.
consecutive dry days (R = 0.34, P b 0.01). These results indicate that
the WPSHII strongly influences warm/cold extremes and contributes
significantly to climate changes in the Loess Plateau. In addition to the
WPSHII, the AO (Fig. 7b) has been shown to be less sensitive to the
changes in climate extremes in the Loess Plateau (Table 6). The AO is
a major controlling factor in Northern Hemisphere climate variability
and is also correlated with the strength of the East Asian winter mon-
soon and the Siberian higher pressure system (You et al., 2013). The
AO index is negatively correlated with cold extremes and has a signifi-
cant influence on ID (R = −0.31, P b 0.05). Meanwhile, the AO index
is also significantly related with DTR, with a correlation value of
−0.51 (P b 0.01), which is consistent with the asymmetrical warming
in China (You et al., 2013). A possible reason for this correlation is the
reduction of the intensity of the Asian winter monsoon. To investigate
the role of circulation change in the extreme trends, we also created cir-
culation composite maps from the NCEP/NCAR reanalysis in summer
and winter at 500 hPa between two halves of the study period (1960–
1985 and 1986–2013). The increased geopotential height over
Mongolia is consistent with rapid warming in warm extremes, and the
flow pattern tended to prevent any northward transportation of water
vapor, which increased the occurrence of drought and resulted in the
continuous increment of air temperature in northern China (Fig. 8a).
In winter, anticyclone circulation (centered on 40°N and 120°E) has
au)
Northeast China
(Songhua River)

Central and South China
(Yangzi River)

Southwestern China
(Yunnan–Guizhou plateau)

– 0.29 –
– 0.18 –
– 0.22 0.22
– 0.29 0.36
– 0.08 –
– −0.33 −0.29
– −0.05 −0.09
– −0.08 −0.13
– −0.28 −0.37
– −0.07 –
– 0.23 0.12
– −0.01 −0.18

1.65 1.9 0.03
−0.02 0.05 0.03
1.37 2.7 0.04
1.28 1.1 0.05
0.13 – 0.03
0.22 – −0.05
0.00 – −0.08

uring 1961–2003 (You et al., 2011); Xinjiang, Northwest China during 1960–2009 (Wang
a River Basin, Northeast China during 1960–2013 (Song et al., 2015); Yangzi River Basin,
1960–2005 (Zhang et al., 2008); Yunnan–Guizhou plateau, including the Sichuan, Yunnan,
ern China during 1961–2008 (Li et al., 2012). Values for trends significant at the 0.05 level



Fig. 7. Time series of WPSHII (a) and AO (b) indices in the Loess Plateau during the period 1960–2013.
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been enhanced since 1986, and the southwesterly wind in northern
Mongolia has been strengthened, which hasweakened the southern ex-
tent of the winter monsoon, limited its southward extension, and re-
duced incursions of colder air in northern China (Fig. 8b). Cold
temperature extremeswere significantly decreased, which is consistent
with the trend of increased air temperature at 500 hPa in winter
(Fig. 8c). These findings explain why the cold temperatures extremes
have greatly decreased in the Loess Plateau. The changes in the daytime
and nighttime temperatures are asymmetrical, and the diurnal temper-
ature range is decreasing due to global warming.

Anomalous variability in climate extreme events is always associat-
ed with frequent occurrences of extreme droughts/floods and heat
waves/cold surges, which have substantial and direct influences on
society and the ecological environment (Kunkel et al., 1999b;
Rosenzweig et al., 2001). The correlations between climatic indicators
and vegetation have been observed for a long time; thus, complex rela-
tionships exist between vegetation growth and climate variables. In the
Loess Plateau, both of the ecological effects of climate warming on the
environment were observed (Hao et al., 2012; Huang et al., 2009; Xin
Table 6
Pearson's correlation coefficients between the extreme indices and atmospheric circula-
tion indices in the Loess Plateau during the period 1960–2013. Notes: Arctic Oscillation
(AO), North AtlanticOscillation (NAO), Pacific Decadal Oscillation (PDO), SouthOscillation
Index (SOI), NorthernOscillation Index (NOI), andWestern Pacific Subtropical High Inten-
sity Index (WPSHII).

Index AO NAO PDO SOI NOI WPSHII

SU −0.07 −0.13 −0.13 0.10 0.07 0.35⁎⁎
TR −0.01 −0.22 −0.23 0.24 0.24 0.21
TX90 −0.02 −0.16 −0.23 0.03 0.13 0.19
TN90 0.07 −0.17 −0.28⁎ 0.27⁎ 0.30⁎ 0.24
WSDI 0.08 −0.02 −0.27⁎ 0.14 0.11 0.13
GSL 0.08 −0.14 −0.12 −0.01 0.14 0.27⁎
FD −0.31⁎ −0.03 −0.11 −0.04 −0.23 −0.27⁎
ID −0.01 0.01 −0.21 0.25 0.22 −0.46⁎⁎
TX10 −0.04 0.04 −0.20 0.23 0.20 −0.46⁎⁎
TN10 −0.23 −0.10 −0.08 0.12 −0.01 −0.46⁎⁎
CSDI −0.04 −0.15 −0.23 0.31⁎ 0.21 −0.27⁎
DTR −0.51⁎⁎ −0.24 0.10 −0.37⁎ −0.35⁎ 0.08
PCPTOT 0.26⁎ 0.07 0.01 0.18 0.20 0.05
SDII 0.12 −0.16 −0.17 0.17 0.18 −0.07
Rd12mm 0.17 −0.01 −0.01 0.17 0.19 −0.05
Rd25mm 0.11 −0.03 −0.08 0.25 0.25 −0.01
Rd50mm 0.09 −0.07 −0.20 0.24 0.29 −0.09
RX5day −0.04 −0.14 −0.23 0.19 0.23 −0.07
R95 0.25 0.06 −0.01 0.18 0.21 0.05
R99 0.23 0.06 −0.01 0.19 0.21 0.04
CDD −0.13 −0.05 0.29⁎ −0.06 −0.10 0.34⁎⁎
CWD 0.06 0.01 −0.11 0.21 0.28⁎ −0.14

⁎ Significant at the 0.05 level.
⁎⁎ Significant at the 0.01 level.
et al., 2008). Our study indicates that the frequency and intensity in
warm temperature extremes were greatly enhanced in the Loess Pla-
teau in the most recent 50 years, particularly in 1985–2000 (Fig. 3a, b,
c, d, and e). Increased temperatures and extreme heat might dry the
soil and inhibit vegetation growth. However, the vegetation growing
periods have been lengthened in response to global warming during
the past three decades (Figs. 3k and 4k). Previous studies have con-
firmed that the increased temperatures favor vegetation growth in
spring and autumn because of the longer growing period (Sun et al.,
2015; Xin et al., 2008). Some studies have also focused on the adverse
impacts on the ecological environment due to climate warming. For ex-
ample, the degraded land in the upstream area of the Yellow River is in-
creasing at an annual rate of 1.83% (Hao et al., 2012).Water discharge in
the Yellow River has experienced a steady decrease since the 1970s and
has resulted in the severe deterioration of alpine meadows (Huang
et al., 2009).

Assessments of climates and extreme events are helpful for further
understanding the influences of climatic extremes on soil erosion in
the Loess Plateau. In our study, the annual total precipitation showed
no obvious trends (P=0.7828) in the Loess Plateau (Fig. 5a); however,
the daily rainfall intensity exhibited significant decreases (−0.14 mm/
day/decade, P= 0.0158) (Fig. 5j). Furthermore, the proportions of ero-
sive rainfall (P = 0.1936) and rainstorm (P = 0.2838) exhibited de-
creases in the Loess Plateau over the 53-year period (Fig. 5d and f),
although there were no significances at the 0.05 level. Simultaneously,
soil erosion and sediment transported to the Yellow River has been sub-
stantially reduced, which is likely associated with the deceasing daily
rainfall intensity, erosive rainfall, and rainstorm (Miao et al., 2010; Sun
et al., 2014; Xin et al., 2011). In addition, consecutive dry days signifi-
cantly increased at a rate of 1.96 days/decade (P b 0.01), practically, a
sharp increase existed between 1970 and 1990 (Fig. 5n). In summer,
the enhanced high pressure pattern over the Eurasian continent sug-
gested a weaker eastern Asian summer monsoon in 1986–2013 com-
pared with 1960–1985 (Fig. 8a). The northeasterly wind in northern
and eastern China strengthened (Fig. 8a) and in turn weakened the
northern and eastern extent of the westerly jet stream and any south-
westerly flow from the ocean, causing a short rainy season and a drying
trend in northern China (You et al., 2011). This may explain the
deceasing trends of proportions of precipitation based on intensity
and increases in consecutive dry days, given the difficulty that themon-
soon would have faced in penetrating into this region. Although the an-
nual precipitation in the Loess Plateau did not show a significant
decreasing trend, consecutive dry days significantly increased since
1980 (Fig. 5n). The changes inwater vapor divergence for the rainy sea-
son (June to September) exhibited a regional increasing drying trend in
the Loess Plateau during the period 1986–2013 (Fig. 8d), which was
consistent with the variation in consecutive dry days in the Loess
Plateau.



Fig. 8. Differences of geopotential height and wind speed in summer (a) and winter (b), air temperature in winter (c), and water vapor divergence (d) for the wet season (June to Sep-
tember) at 500 hPa between 1986–2013 and 1960–1985.
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5. Conclusions

We used 12 extreme temperature and 10 extreme precipitation in-
dices of magnitude, intensity, and persistence to quantify the extreme
climate changes in the Loess Plateau. The regionally averaged trends
and the spatial changes in these indices were analyzed at 64 meteoro-
logical stations during 1960–2013. All of the temperature-based indices
showed consistent warming trends. The cold indices, including cold
days and nights, ice days, and frost days significantly decreased in the
Loess Plateau during the past five decades. Over the same period, the
warm indices, including warm days and nights, summer days, tropical
nights,warm spell duration, and growing season length, significantly in-
creased. Furthermore, themagnitudes of the trends in the cold extremes
are larger than those in the warm extremes. Extreme warm events in
most regions tended to increase, while extreme cold events tended to
decrease in the Loess Plateau.With the exception of the diurnal temper-
ature range, the indices strongly correlate with the annual mean tem-
perature. The average daily rainfall intensity exhibited a significant
regional decrease during 1960–2013, while consecutive dry days
exhibited a significant increase. The other indices of precipitation ex-
tremes, including the maximum consecutive 5-day precipitation, very-
wet-day and extremely wet-day precipitation, consecutive wet days,
and days with varying precipitation intensities exhibited no significant
trends during 1960–2013. The variations in the precipitation indices
are closely related to the changes in the annual total precipitation in
the Loess Plateau. Large-scale atmospheric circulation indices, such as
WPSHII and AO, strongly influence warm/cold extremes and contribute
significantly to climate changes in the Loess Plateau. The strengthening
anticyclone circulation, increasing geopotential height, and rapid
warming have contributed to the changes in climate extremes in the
Loess Plateau.
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