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The variability of surface air temperature extremes has been the focus of attention during the past several
decades, and may exert a great influence on the global hydrologic cycle and energy balance through thermal
forcing. Based on daily minimum (TN) and maximum temperature (TX) observed by the China Meteorological
Administration at 143 meteorological stations in the Yangtze River Basin (YRB), a suite of temperature indices
recommended by the Expert Team on Climate Change Detection and Indices, with a primary focus on extreme
events, were computed and analyzed for the period of 1960–2012 for this area. The results show widespread
significant changes in all temperature indices associated with warming in the YRB during 1960–2012. On
the whole, cold-related indices, i.e., cold nights, cold days, frost days, icing days and cold spell duration index
significantly decreased by −3.45, −1.03, −3.04, −0.42 and −1.6 days/decade, respectively. In contrast,
warm-related indices such as warm nights, warm days, summer days, tropical nights and warm spell duration
index significantly increased by 2.95, 1.71, 2.16, 1.05 and 0.73 days/decade. Minimum TN, maximum TN,
minimum TX andmaximum TX increased significantly by 0.42, 0.18, 0.19 and 0.14 °C/decade. Because of a faster
increase inminimum temperature than maximum temperature, the diurnal temperature range (DTR) exhibited
a significant decreasing trend of−0.09 °C/decade for thewhole YRB during 1960–2012. However, the decreasing
trends all occurred in 1960–1985, while increasing trends though insignificant were found in all sub-regions and
the whole YRB during 1986–2012. Geographically, stations in the eastern Tibet Plateau and northeastern YRB
showed stronger trends in almost all temperature indices. Time series analysis indicated that the YRB was dom-
inated by a general cooling trend before the mid-1980s, but a warming trend afterwards. In general, the overall
warming in the YRB was mainly due to the warming in 1986–2012. Strong relationships between temperature
trends and elevation were detected in this study. The warming rates increased with elevation when elevation
is above 350 m, but decreased with elevation when elevation is below 350 m.

© 2014 Published by Elsevier B.V.
1. Introduction

There is a general consensuswithin the climate community that any
change in the frequency or intensity of extreme climate events would
have more serious and profound impacts on agriculture, ecosystems
and human society through various ways (e.g., floods, droughts,
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hurricanes, storms, extreme heat and cold, etc.) than changes in the
mean values (Katz and Brown, 1992; Kunkel et al., 1999; Easterling
et al., 2000a, 2000b; Meehl et al., 2000; New et al., 2006; IPCC, 2007;
Su et al., 2008; Xu et al., 2009; You et al., 2011; Li et al., 2012b; Fu
et al., 2013). Some types of extreme events are expected to continue
and occurmore frequently due to increased emissions of anthropogenic
greenhouse gas in the future (Hegerl et al., 2004; Vincent et al., 2005;
IPCC, 2007; Trenberth et al., 2007). As a result, characterizing possible
changes and variability in climatic extremes has been strongly advocated
(Moberg et al., 2006; Vincent and Mekis, 2006) and is usually the hot
topic for government, public and the climatic research community in
particular (Su et al., 2008; Zhang et al., 2008; Xu et al., 2009). Climate
variability is largely influenced by temperature change, which is particu-
larly important through its role in the global climate system and energy
cycles. Meteorologists and hydrologists have indicated that increasing
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temperatures can speed up and intensify the climatic and hydrological
cycles that, in turn, possibly result in changes in global precipitation
amounts and intensity, river flow regimes, soilmoisture and evapotrans-
piration rates (Loáiciga et al., 1996; Kunkel et al., 1999; Labat et al., 2004;
Zhai et al., 2005). It is also well documented in several studies how the
extreme cold or hot temperature events can increase human mortality
and morbidity (Kunkel et al., 1999; Huynen et al., 2001; Ma et al.,
2011). However, the variability of climatic extremes in different climate
regions tends to be different on account of the huge differences in climat-
ic background, climate driving forces and regional characteristics (Li
et al., 2011a). In this context, there is a great demand for quantifying cli-
mate changes and variability in temperature extremes at a regional or
local scale.

The Yangtze River is the longest river in China and the third longest
in the world. The importance of the Yangtze River lies not only in its
geographical position, sheer size and complex geomorphology, but
also in the way that the river plays an important role in the regional
water cycle, energy balance, climate change and ecosystems as well as
in China’s economic and social development (Zhang et al., 2008; Sang
et al., 2012). However, climate conditions in the Yangtze River Basin
(YRB) greatly changed along with population increase, rapid urbaniza-
tion, land use/land cover change and dramatic economic development
over the past several decades (Sang et al., 2012). This further intensified
the extreme temperature events in YRB, which exerted great influence
on human health and wellbeing (Tan et al., 2007; Gao, 2009; Li et al.,
2011a). For example, the heat waves in both 1998 and 2003 led to
elevated mortality in Shanghai (Tan et al., 2007). The unprecedented
ice freezing and snow disasters in south China during 2008 killed 107
people, which was the worst in the past 50 years and the minimum
temperatures broke the 57-year records (Gao, 2009). In summer 2013,
the strongest hot spells since 1951 seriously impacted the south
China. Persistent heatwave and lack of rain resulted in severe droughts,
causing a direct economic loss of more than 8 billion US$ (The China
Meteorological Administration, 2013). Luber and McGeehin (2008)
suggested that extreme heat waves are the most prominent cause of
human mortality associated with weather in America, and responsible
for more deaths annually than floods, hurricanes, earthquakes and
tornadoes combined. Besides, high temperatures can cause outbreaks
of infectious diseases, respiratory illnesses, tuberculosis, and even
worsen ‘lifestyle’ diseases such as hypertension and diabetes (Harlan
and Ruddell, 2011). Furthermore, the increasing temperatures affect
soil erosion indirectly in several ways (O’Neal et al., 2005), and can
change heat and water conditions as well as other environment factors
in some regions, vary the length of potential growing season, affect
cropping systems and plant growth (Zhang et al., 2013). Nowadays,
the YRB is becoming increasingly sensitive and vulnerable to climate
change, particularly to the severe and extreme weather (Su et al.,
2006; Jiang et al., 2007; Zhang et al., 2008; Xu et al., 2009; Sang et al.,
2012). As the basin is densely populated and highly industrialized, the
effects tend to be more devastating (Jiang et al., 2007). Against this
background, research on trends and variability of temperature extremes
in YRB is therefore becoming an imperative task.

According to previous studies, significant increasing trends were
detected in 1-day minimum temperature in summer and winter over
the YRB, but therewas no significant trend for 1-daymaximum temper-
ature (Su et al., 2006). Zhang et al. (2005a) explored themonthly mean
temperature trends of 51 stations in the YRB from 1950–2012, and
concluded that themiddle and lower YRBwas dominated by somewhat
downward temperature trend while upward temperature trend
occurred in the upper YRB. Liang et al. (2008) reconstructed the mean
summer minimum temperature for the Tibet region of the YRB. This
reconstruction successfully captured recent abrupt changes in climate
and agreed well with other temperature reconstructions for the Tibetan
Plateau. Recently, the spatial and temporal variability of dailyminimum,
mean andmaximum temperature in the YRBwere studied by Sang et al.
(2012). Results indicated that more complex temperature variability in
the middle YRB was detected in terms of the rugged topography,
and mean temperatures had more complex variability than minimum
and maximum temperatures. Meanwhile, diurnal temperature range
(DTR) showed both negative and positive magnitudes in different
decades during 1961–2010. In addition, Wang et al. (2013b) found
that mean annual temperature over Sichuan province (the upper YRB)
increased at a rate of 0.17 °C/decade during 1960–2009, and a signifi-
cant upward trend of 0.26 °C/decade was detected for winter. The
mean annual temperature in the eastern and central Tibet Plateau also
increased significantly since the 1960s, especially after the 1980s, and
the warming in winter and autumn (0.40 and 0.26 °C/decade respec-
tively) contributed most to the annual trend of 0.25 °C/decade (You
et al., 2010b). The temperature of the warmest and coldest nights and
the number of extreme warm days and nights increased significantly
in southwestern China during 1961–2008, while the number of frost
days and DTR decreased significantly, but the decreasing trend of icing
days was insignificant (Li et al., 2012b). To date, the most extensive
research on changes in temperature extremes in YRB was conducted
by Wang et al. (2014). But in general, the trends and variability in
temperature extremes have not been investigated systematically and
deeply in the YRB. One shortcoming comes from that most previous
studies focused on either mean temperature changes (Zhang et al.,
2005a; Liang et al., 2008; You et al., 2010b; Sang et al., 2012; Wang
et al., 2013b), or only parts of YRB (You et al., 2008; Li et al., 2012b;
Wang et al., 2013b, 2013c), or quantifying the trends and variability
using only a few simple extreme climate indices (Su et al., 2006; Xu
et al., 2009; Li et al., 2012b). Another shortcoming is the use of inappro-
priate trend computation methods. Some studies (Su et al., 2006; You
et al., 2008; Wang et al., 2013b, 2014) used the ordinary least squares
to detect trends, but this method is sensitive to outliers or extremes
that often occur in extreme events (Vincent et al., 2005; Vincent and
Mekis, 2006).

To overcome the above shortcomings, the main objectives of this
study are (1) to analyze the trends in statistical parameters of daily
minimum and maximum temperature for the entire YRB; (2) to inves-
tigate the spatial distribution of temperature extremes in YRB during
1960–2012 based on 15 climate indices proposed by the Expert Team
on Climate Change Detection and Indices; (3) to explore the temporal
changes of extreme temperature indices during 1960–2012 and two
sub-periods 1960–1985 and 1986–2012. We intended to (1) provide a
better understanding of climate changes and variability in frequency,
amplitude and persistence of temperature extremes in both time and
space in the entire YRBduring1960–2012; (2) offer themost comprehen-
sive and detailed information on trends and variability of temperature
extremes that can help government policy makers and urban planners
to establish and improve riskmanagement systems to effectivelymitigate
the adverse impacts of climate extremes.

2. Study area

The Yangtze River (Fig. 1), situated between latitudes 25°N–35°N
and longitudes 91°E–122°E, is about 6300 km long and has a drainage
area of 1.80million km2, which accounts for nearly 20% of the landmass
of China (Li et al., 2011a). The river originates from the Qinghai-Tibet
Plateau that has long been known as the roof of the world, and flows
across three distinct terrains from the headwater region to the East
China Sea at Shanghai city, with a 6000 m elevation drop (Zhao et al.,
2009). In general, theupper reaches of the YangtzeRiver, from its source
area to Yichang, is predominantly mountainous terrain. The middle
reaches, from Yichang to Hukou, is mainly fluvial plains. However, the
lower reaches, from Hukou to the estuary, is extremely flat and only
4–10 m above the mean sea level (Yu et al., 2009). Apart from some
areas located in the Tibet Plateau, the YRB, for the most part, is affected
by a subtropical monsoon climate (Zhao et al., 2009). Three types of
monsoon prevail in the YRB. In winter, the whole YRB is under the
control of the Siberian northwest monsoon. In summer, the East Asia



Fig. 1. The location of the Yangtze River Basin in China (a) and the location of 143meteorological stations and six regions, including the eastern Tibet plateau (I), themid-western (II), the
south-central (III), the mid-eastern (IV), the southeastern (V), and the northeastern (VI) in the Yangtze River Basin(b). Meteorological stations with elevation N350 m is set to black and
stations with elevation ≤350 m is gray.
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monsoon predominantly influences the middle and lower reaches,
i.e., regions V and VI, while the Indian southwestmonsoonmainly influ-
ences the upper reaches, i.e., regions I, II, III and IV (Su et al., 2006; Zhang
et al., 2007; Zhao et al., 2009, 2012). The Indian and the East Asianmon-
soon systems are independent of each other and, at the same time,
interact with each other (Ding and Chan, 2005; Zhang et al., 2007).
Climatically, the southern part of the basin is adjacent to the tropical
zone and the northern part is close to the temperate zone. The annual
mean temperature is about 19 and 15 °C respectively in the southern
and northern parts in the middle and lower reaches of YRB, but varies
a lot in the upper reaches from 17 °C in the Sichuan Basin to no more
than 0 °C on the eastern Tibet Plateau (Zhang et al., 2005a). The rugged
topography and strong influence of monsoon resulted in distinct
climate characteristics and different response sensitivities to global
warming in YRB.

Nowadays the YRB is home to more than 440 million people, over
33% of China’s population, but the distribution is uneven (Sang et al.,
2012). The most sparsely populated region is the highland area in the
upper reaches of YRB, while the most densely populated region is the
Yangtze River Delta, such as Shanghai where the population density is
more than 4600 persons per km2 (Sang et al., 2012). The three inland
cities of Chongqing, Wuhan, Nanjing and the coastal city of Shanghai
are among the most important industrial centers of China, and the
Yangtze River Delta is among China’s most economically developed
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areas (Sang et al., 2012). These cities contribute considerably to the
greenhouse gas emission and make the climate warming more deadly
and costly (Zhao et al., 2012).

3. Data and methodology

3.1. Dataset

The time series of daily minimum and maximum temperature mea-
sured at 176meteorological stationswere used in this study, whichwas
provided by the China Meteorological Administration (CMA) (http://
cdc.cma.gov.cn). The climate data are maintained according to the
World Meteorological Organization’s (WMO) standards and CMA’s
Technical Regulation on Weather Observations (Xu et al., 2006).
This dataset has gone through the strict quality control procedures
(e.g., extreme value test and time consistency test), and has also been
widely used in studying climate changes in China (Zhai and Pan, 2003;
You et al., 2008; Li et al., 2010, 2012a, 2012b; Wang et al., 2013a,
2013b, 2013c). All of them have the same measured records from
1960–2012 because data before 1960 contains many missing values
and gaps. If one station has more than 1% missing data and the missing
data in one station exceed three consecutive months, this station was
excluded from this study. Finally, 143 available stations scattered in
YRB during 1960–2012 were selected for this study. In addition, the
YRB is characterized by complex climate systems. To better understand
the regional features of these extreme events, the whole YRBwas divid-
ed into six sub-regions according to the Rotated Empirical Orthogonal
Function (REOF) analysis conducted by Su et al. (2008), and then re-
vised in terms of the Mann-Kendall statistic values of 143 stations for
15 temperature indices. The distribution of 143 meteorological stations
and six sub-regions over the YRB are depicted in Fig. 1.

3.2. Definition of extreme indices

The Expert Team on Climate Change Detection and Indices (ETCCDI)
has been coordinating an international effort to develop, calculate and
analyze a suite of 11 precipitation and 16 temperature indices adopted
by the Fourth Assessment Report of IPCC (AR4). Different researchers
from different regions or countries can calculate the indices exactly
the same way such that the results are comparable with analysis
conducted elsewhere in the world and can fit seamlessly into the global
picture (Karl et al., 1999; Easterling et al., 2003). Therefore, this suite of
indices has been widely used to examine changes in extremes in many
parts of the world during the last several years (Zhang et al., 2005b;
Alexander et al., 2006; Klein Tank et al., 2006; Vincent and Mekis,
Table 1
Definitions of 15 temperature indices used in this study.

Index Description name Definitions

TN10P Cold nights Annual count of day
TN90P Warm nights Annual count of day
TX10P Cold days Annual count of day
TX90P Warm days Annual count of day
FD Frost days Annual count of day
SU Summer days Annual count of day
ID Icing days Annual count of day
TR Tropical nights Annual count of day
TNn Minimum TN Annual minimum v
TNx Maximum TN Annual maximum v
TXn Minimum TX Annual minimum v
TXx Maximum TX Annual maximum v
WSDI Warm spell duration index Annual count of day
CSDI Cold spell duration index Annual count of day
DTR Diurnal temperature range Annual mean differ

a TN is daily minimum temperature.
b TX is daily maximum temperature.
2006; You et al., 2008; Rahimzadeh et al, 2009; Li et al., 2012a, 2012b;
Wang et al., 2013a, 2013c). Indices irrelevant to the studywere omitted,
leading to a final selection of 15 temperature indices (Table 1). These in-
dices were chosen to reflect different aspects in climate extremes,
e.g., frequency, intensity and duration. It can be divided into five differ-
ent categories (Alexander et al., 2006): percentile indices including cold
nights (TN10P), warm nights (TN90P), cold days (TX10P) and warm
days (TX90P); threshold indices including frost days (FD), summer
days (SU), icing days (ID) and tropical nights (TR); absolute indices in-
cluding Minimum TN (TNn), Maximum TN (TNx), Minimum TX (TXn)
and Maximum TX (TXx); duration indices including cold spell duration
index (CSDI) and warm spell duration index (WSDI) and range indices
including diurnal temperature range (DTR). These indices were calcu-
lated on an annual basis. It should be noted that all the indices were
discussed in Section 4, but some figures were not presented due to
their similar changing patterns with those already shown.

3.3. Mann-Kendall test

The Mann-Kendall test (Mann, 1945; Kendall, 1962) based on Sen’s
slope estimator (Sen, 1968) is a non-parametric test, which is suitable
for data that do not follow a normal distribution and less sensitive to
outliers (Zhang et al., 2000; Jaagus, 2006; Vincent and Mekis, 2006;
Tabari et al., 2011). Moreover, it is simple, robust and can cope with
missing values (Kampata et al., 2008; Tabari et al., 2011; Some'e et al.,
2012). This method has been widely used to detect trends in meteoro-
logical and hydrological time series (Zhang et al., 2000; Cannarozzo
et al., 2006; Su et al., 2008; Li et al., 2010; Tabari and Talaee, 2011;
Some'e et al., 2012; Wang et al., 2013a, 2013b, 2013c). The test
has two important parameters: the statistic Z value that indicates thedi-
rection of the trend and the slope magnitude (change per unit time). A
detailed description of the trend computation can be found in Tabari
and Talaee (2011). In this research, the significance level of α = 0.05
was applied.

Considering the rapid warming mainly occurred after the 1980s in
YRB (Sang et al., 2012), the whole period was divided into two periods
of 1960–1985 and 1986–2012 in this study. The Mann-Kendall test
was therefore computed at individual stations for three time periods:
1960–1986, 1986–2012 and 1960–2012. Besides, the test was per-
formed for regionally averaged series of each of the 15 indices. For
each index, the time series were calculated by averaging the stations
in each sub-region as:

xr;t ¼
1
nr

Xnr

i¼1

xi;t ð1Þ
Units

s when TN a b 10th percentile days
s when TN b N 90th percentile days
s when TX b 10th percentile days
s when TX N 90th percentile days
s where TN b 0 °C days
s where TX N 25 °C days
s where TX b 0 °C days
s where TN N 25 °C days
alue of TN °C
alue of TN °C
alue of TX °C
alue of TX °C
s with at least 6 consecutive days when TX N 90th percentile days
s with at least 6 consecutive days when TN b 10th percentile days
ence between TX and TN °C
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where t is the year from 1960 to 2012; nr is the number of stations in
region r; xi,t is the index value of station i at year t in region r; and xr,t
is the regionally averaged value at year t in region r.

The arithmetic mean was adopted to calculate the regional trends
for six sub-regions in YRB:

Sr;m ¼ 1
m

Xm

i¼1

Sr;i ð2Þ

wherem is thenumber of stations in region r; Sr,i is the slopemagnitude of
station i in region r; and Sr,m is the regionally averaged trend in region r.
One sample t-test (two tailed) was performed to test whether the
regional trends (Sr,m) were significantly different from zero.

3.4. Low-pass filter

In order to highlight the decadal or longer time-scale variations and
trends, the low-pass filter was applied to the annual anomaly series
relative to 1961–1990 mean values for all temperature indices in this
study. A detailed description of the filter computation can be found in
chapter three of Climate change 2007: The Physical Science Basis
wrote by Trenberth et al. (2007). Many previous studies also used sim-
ilar filters to remove interannual or less than interdecadal variations of
climate variables (Klein Tank et al., 2006; You et al., 2010b; Li et al.,
2012b; Fu et al., 2013).

4. Results

4.1. Trends in statistical parameters of TN and TX

To understand how the extreme events changed in frequency and
intensity, it is useful to first consider how such extremes could change
in a statistical sense (Meehl et al., 2000). A change in the variance of ex-
tremeswill have a greater impact on the frequency of the extremes than
a change in the mean (Katz and Brown, 1992). In order to examine
whether the variability of daily minimum temperature (TN) and daily
maximum temperature (TX) changed over time, the trends in mean,
variance, CV (coefficient of variance) and skewness of TN and TX during
1960–2012 were analyzed.

Annual mean values of both TN and TX increased with years in
almost the whole YRB during 1960–2012, but the trends were stronger
in TN than TX. These findings were consistent with the reports that TN
increased more than TX, and were supported by You et al. (2008),
Sang (2012) and Sang et al. (2012). For the whole YRB, significant up-
ward trends of 0.24 and 0.15 °C/decade were detected in the mean
values of TN and TX during 1960–2012 respectively, with 92% and 57%
of stations showing statistically significant trends (Table 2). Geographi-
cally, six regions showed consistent significant warming. But warming
was the most significant in region I (the eastern Tibet Plateau), where
Table 2
Percentage of stations with downward and upward trend as well as trends per decade calcula
during 1960–2012.

Downward
(%)

Upward
(%)

Sen’s slope of each v

I II

Mean TN 3 97 (92) 0.33c 0
TX 4 96 (57) 0.21 0

Variance TN 97 (45)b 3 −1.49 −1
TX 58 (1) 41(3) −0.45 0

CVa TN 97 (85) 3 −0.07 −0
TX 88 (23) 12 −0.04 0

Skewness TN 40 (2) 60 (4) 0 0
TX 66 (28) 34 (1) 0.01 −0

a CV is coefficient of variation.
b Values in the parentheses are the percentage of stations with that significant trend.
c Values in bold are significant trends (one sample T test) at the 5% level.
the largest magnitude of 0.33 and 0.21 °C/decade were detected in the
mean values of TN and TX, respectively.

Contrary to mean value, the variance and CV decreased significantly
in most parts of YRB, with more decreases occurring in TN than TX
(Table 2). In other words, the mean temperature in YRB got warmer
and warmer during the past 53 years but with smaller fluctuations,
meaning that the lower temperatures (lower percentile of TN and TX)
increased more than higher temperatures (higher percentile of TN and
TX). For the YRB as a whole, the variance and CV of TN decreased signif-
icantly with a rate of −1.1 °C/decade and −0.04/decade respectively,
with 45% and 85% of stations showing significant negative trends.
Regionally, significant decreasing trends were observed in each of
the six regions for both variance and CV of TN. The largest decrease
was found in region I for variance (−1.49 °C/decade) and in region II
(mid-western YRB) for CV (−0.13/decade). Compared with TN, the
changing patterns of variance and CV for TXwere of remarkably smaller
magnitudes with fewer stations showing significant trends. Geographi-
cally, only region I and region IV (mid-eastern YRB) showed significant
decreasing trends in variance of TX. The CV values of TX showed signif-
icant decreasing trends in all regions except region II.

The skewness of TN and TX showed very slight changes during
1960–2012,whichwere hardly detected. No significant trendwas detect-
ed in skewness of TN for the whole basin (Table 2). Regionally, the only
significant trend of 0.01/decade was observed in regions II and III
(south-central YRB). For skewness of TX, a significant decreasing trend
was detected for the whole YRB as well as regions IV, V (southeastern
YRB) and VI (northeastern YRB).
4.2. Spatial distribution of extreme temperature indices

Fig. 2 depicts the spatial distribution of Mann-Kendall test for tem-
perature indices at 143 meteorological stations during 1960–2012
in the YRB. The percentage of stations with downward and upward
trend, and the regional trends for 15 indices in six regions as well as
the whole YRB are shown in Tables 3 and 4 respectively. We describe
results for each temperature index in turn.

All percentile indices, including TN10P, TN90P, TX10P and TX90P,
displayed trends consistent with warming in most parts of YRB during
1960–2012, but the warming was stronger for indices derived from
TN (e.g. TN10P and TN90P) than those from TX (TX10P and TX90P)
(Fig. 2 and Table 4). The number of TN10P (TN90P) significantly de-
creased (increased) by a rate of−3.45 d/decade (2.95 d/decade) during
1960–2012, with 80% (62%) of stations showing significant downward
(upward) trends (Tables 3 and 4). The regionally averaged trends
were significant in all regions for both TN10P and TN90P except region
IV for TN90P. In region I, TN10P (TN90P) exhibited a significant decreas-
ing (increasing) trend of −4.85 d/decade (4.84 d/decade), the most
significant warming for the two indices. It was noteworthy that there
were several stations in region IV showing downward trends for
ted for annually statistical parameters of TN and TX by region in the Yangtze River Basin

ariable in each region

III IV V VI YRB

.22 0.21 0.15 0.18 0.27 0.24

.12 0.09 0.14 0.09 0.19 0.15

.05 −0.65 −0.99 −0.84 −1.29 −1.10

.64 −0.04 −0.44 −0.14 0.02 −0.06

.13 −0.02 −0.02 −0.01 −0.02 −0.04

.01 −0.01 −0.01 −0.01 −0.01 −0.01

.01 0.01 −0.01 −0.01 −0.01 0

.01 0.01 −0.02 −0.02 −0.02 −0.01
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Fig. 2.Mann-Kendall trend test for temperature indices during 1960–2012 in the Yangtze River Basin. denotes the significant downward trend, denotes the insignificant downward
trend, ○denotes no trend, denotes the insignificant upward trend, ▲ denotes the significant upward trend.
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Table 3
Percentage of stations with downward and upward trends calculated for temperature
indices using Mann-Kendall test in the Yangtze River Basin during 1960–2012.

Index Downward
(%)

Upward
(%)

TN10P 99 (80)a 1
TN90P 12 (1) 88 (62)
TX10P 73 (23) 27
TX90P 21 (1) 78 (30)
FD 98 (91) 2
SU 6 89 (50)
ID 83 (22) 4
TR 10 (1) 59 (33)
TNn 2 98 (76)
TNx 14 (2) 85 (65)
TXn 5 95 (35)
TXx 19 81 (30)
CSDI 99 (57) 1
WSDI 30 (2) 69 (18)
DTR 78 (45) 22 (7)

a Values in the parentheses are the percentage of stations with that significant trend.
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TN90P though most of them were insignificant. The spatial patterns of
TX10P (TX90P)were similar to those of TN10P (TN90P) to some extent,
but with smaller magnitudes and fewer stations showing significant
trends. It should be noted that stations with significant trends occurred
mostly in region I, where the largest significant decrease (increase) of
−2.95 d/decade (3.48 d/decade) was detected, more than doubling
the trends in the whole YRB.

The number of FD demonstrated a significant decreasing trend of
−3.04 d/decade for the YRB, with 91% of stations showing significant
downward trends (Tables 3 and 4). The regional trends for FD were all
significant in each of the six regions, ranging from −4.38 d/decade in
region I to−1.70 d/decade in region V. Alexander et al. (2006) analyzed
the global changes in climate extremes of daily temperature, and
concluded that the largest significant change for FD appeared in the
Tibet Plateau, which was consistent with the results in this study. In
comparison with FD, ID showed a remarkably smaller magnitude of
−0.42 d/decade and fewer stations (22%) with significant trends in
the YRB. The strongest warming again occurred in region I where the
only significant decrease of −1.75 d/decade was observed. Inversely, SU
and TR showed a significant increasing trend of 2.16 and 1.05 d/decade
over the whole YRB. The percentages of stations with significant positive
Table 4
Trends in days or °C per decade for temperature indices using Sen’s slope estimator in six regio

Time period Region Index

TN10p TN90p TX10P TX90p FD SU ID

1960–1985 I −3.85a −0.28 1.97 −0.68 −1.74 0.67
II −0.90 −2.36 2.71 −3.73 −0.76 −2.76
III −0.64 3.32 2.60 −2.85 −0.29 −2.19
IV 1.49 −2.57 3.13 −5.83 0.61 −2.56
V 0.69 3.72 3.88 −5.43 −0.04 −3.74
VI −0.29 −1.77 3.97 −4.89 −0.66 −2.47
YRB −0.53 −0.24 3.13 −3.89 −0.56 −2.18

1986–2012 I −4.61 8.45 −5.78 8.48 −5.87 4.49 −
II −3.14 6.67 −0.52 6.84 −2.93 5.82 −
III 0.04 8.10 0.19 7.85 −0.46 7.24 −
IV −1.42 7.42 −1.19 6.33 −2.71 5.73
V 0.99 6.99 −0.16 7.54 0.20 7.69
VI −0.20 8.18 −0.10 7.25 −0.48 8.51 −
YRB −1.27 7.80 −1.26 7.41 −1.86 6.87 −

1960–2012 I −4.85 4.84 −2.95 3.48 −4.38 1.34 −
II −3.55 2.20 −1.00 2.24 −2.66 1.70 −
III −3.03 4.03 −0.65 1.95 −2.49 1.63 −
IV −2.73 0.92 −0.88 0.40 −2.50 2.31 −
V −2.19 3.42 −0.08 0.14 −1.70 1.87 −
VI −3.63 2.32 −0.63 1.51 −3.49 3.12 −
YRB −3.45 2.95 −1.03 1.71 −3.04 2.16 −

a Values in bold are significant (one sample T test) at the 5% level.
b Annual mean temperature in region 1 (eastern Tibet plateau) is quite low and TR is rare in
trends were 50% and 33%, respectively. Geographically, the greatest
magnitude for SU was found in region VI at a rate of 3.12 d/decade.
For TR, almost all stations had no trends in region I and its surrounding
areas due to the low temperatures and high elevations. And thus the
more significant increasing trends of 2.54 and 1.95 d/decade were
found in regions V and VI. Moreover, it was worthwhile to note that
50% (data not shown) of stations in region IV showed downward
trends, which was inconsistent with the warming in most stations.

The absolute indices of TNn, TNx, TXn and TXx exhibited significant
warming for thewhole YRBduring 1960–2012. However both themagni-
tudes and number of stations with significant trends were larger for TNn
and TNx than for TXn and TXx (Table 4). For the YRB as awhole, TNn and
TXn significantly increased with a trend of 0.42 and 0.28 °C/decade re-
spectively, with approximately 76% and 35% of stations showing signifi-
cant increasing trends (Tables 3 and 4). The regional trends for TNn and
TXn were all significant in all regions except region II for TXn. Stations
in region VI had the largest magnitudes of 0.48 and 0.34 °C/decade for
TNn and TXn respectively, indicating more rapid warming in this region.
TNx displayed very similar patterns to TNn, but of smaller magnitudes
in all regions. The smallest trend for TNx was found in region IV where
an insignificant trend of 0.03 °C/decade was observed. For TXx, the
whole YRB exhibited a significant increasing trend of 0.14 °C/decade,
and the percentage of stations showing significant positive trends was
about 30%. With the exception of regions IV and V, significant warming
was detected in other regions. Greater magnitudes occurred in regions I
and II at the trends of 0.22 and 0.25 °C/decade respectively.

The annual occurrence of CSDI significantly decreased at a rate of
−1.6 d/decade for thewhole YRB, with 57% of stations passing the signif-
icance test (Tables 3 and 4). Regionally, the decreasing trends in all six re-
gions were significant with region I being the greatest at−2.02 d/decade
and region V the least at−0.90 d/decade. Comparedwith CSDI, theWSDI
trends were less consistent throughout regions. Overall, the WSDI signif-
icantly increased with a trend of 0.73 d/decade for the YRB. Stations with
significant increasing trends mainly distributed in regions I, II and III.

For DTR, 45% of stations showed significant downward trends, while
7% showed significant upward trends in YRB (Table 3). The whole YRB
exhibited a significant decreasing trend of−0.09 °C/decade, indicating
greater warming in TN than in TX (Table 4). Geographically, DTR
decreased significantly in all regions but region IV, where the most
stations with increasing trends were found. The greatest magnitude of
−0.11 °C/decade was observed in region I.
ns of the Yangtze River Basin during1960–1985, 1986–2012 and 1960–2012.

TR TNn TNx TXn TXx CSDI WSDI DTR

0.30 b 0.38 −0.01 −0.25 0.19 −2.37 0.11 −0.27
0.18 −0.61 0.39 −0.12 −0.38 −0.10 0.12 −0.90 −0.26
0.44 0.71 0.32 0.24 −0.33 −0.25 2.30 −1.37 −0.30
0.20 −1.50 0.20 −0.22 −0.43 −0.38 0.84 −4.08 −0.27
0.18 2.44 0.36 0.16 −0.26 −0.36 2.15 −4.70 −0.39
0.01 −1.65 0.34 −0.07 −0.24 −0.29 −0.94 −4.87 −0.33
0.21 −0.12 0.32 −0.01 −0.31 −0.20 0.08 −2.84 −0.31
2.46 - 0.49 0.28 0.69 0.20 −4.00 4.78 0.08
0.54 1.75 0.16 0.47 0.05 0.61 −2.90 6.05 0.01
0.02 1.68 0.21 0.20 0.17 0.38 −0.90 5.24 0.01
0.40 2.65 −0.11 0.30 0.23 0.51 −3.00 3.99 0.10
0.20 5.54 −0.12 0.37 0.02 0.32 −1.00 6.41 0.05
0.47 6.16 −0.09 0.48 0.04 0.27 −3.80 4.90 0.01
0.49 3.56 0.08 0.36 0.19 0.36 −2.70 5.13 0.04
1.75 - 0.46 0.21 0.21 0.22 −2.02 2.16 −0.11
0.02 0.68 0.39 0.19 0.16 0.25 −1.53 1.25 −0.09
0.47 0.32 0.45 0.16 0.31 0.13 −0.94 0.89 −0.10
0.09 0.20 0.29 0.03 0.31 0.03 −1.72 0.02 0.02
0.11 2.54 0.31 0.14 0.30 0.04 −0.90 −0.45 −0.09
0.19 1.95 0.48 0.25 0.34 0.14 −1.98 0.51 −0.08
0.42 1.05 0.42 0.18 0.28 0.14 −1.60 0.73 −0.09

a year, so it is not included in the calculation.
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Overall, the most significant warming was found in region I in most
cases during 1960–2012 (Table 4). These characteristics further indicated
the topography effects on warming as confirmed by Pepin and Seidel
(2005) and Li et al. (2012b). Besides, many previous studies suggested
that the warming was more prominent at higher elevations than
lower elevations (Beniston and Rebetez, 1996; Diaz and Bradley,
1997; Beniston, 2003; Liu et al., 2009; Li et al., 2011b; Wang et al.,
2013b).Whether thewarming rates in temperature extremes increased
with altitude in YRB would be discussed in Section 5.2. In addition, the
greatest warming was also detected in region VI for several indices
like SU, TNn, TNx and TXn during 1960–2012(Table 4).

While most stations in YRB showed warming trends during
1960–2012, several stationsmainly located in region IV did show cooling
trends though insignificant (Fig. 2). As shown in Table 4, TN90P, TX90P,
TR, WSDI, TNx and TXx exhibited the smallest insignificant warming
rates of 0.92, 0.40, 0.20, 0.02 days/decade, and 0.03 and 0.03 °C/decade
respectively in region IV, which was not completely consistent with the
general warming in YRB. This reflected the instability and complexity
of climate change in a large river basin under the background of global
change. Such finding was confirmed by many studies at the Hengduan
Mountain (Li et al., 2011b), in Sichuan Province, China (Wang et al.,
2013b) and Southwest China (Li et al., 2012b).

4.3. Temporal changes of extreme temperature indices

4.3.1. Temporal variations in annual time series anomalies for entire basin
Commonly it is of great interest to produce one single time series to

represent a region in order to summarize the temporal variations in
climate extremes. The above results provided limited information re-
garding the interannual or longer time-scale variability in temperature
indices. Hence, insight into this variability was provided in this section.
For each index, the time series anomalies were calculated by averaging
143 stations in YRB, and then subtracted the 1961–1990 mean values.
As shown in Fig. 3, almost all temperature indices showed an obviously
warming trend althoughwith small fluctuations during 1960–2012. The
year 1985was a turning point for several indices like TN10P, FD, ID, TNn,
TXn and CSDI transiting from relatively cold period towarmperiod. This
is exactlywhywe chose 1985 to split the entire period formore detailed
trend analysis in Section 4.3.3.

For percentile indices, TN10P, TN90P and TX90P all experienced sig-
nificant warming except TX10P. But the warming was more pronounced
in TN10P and TN90P, indicating the greater warming at nighttime than
daytime. TN10P showed a general decreasing trend during 1960–2012.
The decreasing trend became more evident after mid-1980s, indicating
an accelerated warming. The warmest year for TN10P occurred in 2007,
with about 21 cold nights fewer than the mean value in 1961–1990.
The variation of TX10P exhibited neither a stable nor a gradual pattern
during 1960–2012, and there were several cold and warm periods
throughout 1960–2012. The temporal variations of TN90P and TX90P
were basically the same. Both of them showed a general increasing
trend during 1960–2012, which became increasingly clear after 2000.

The anomaly series of FD and ID, compared with the 1961–1990
averages, were generally positive before the mid-1980s but negative
thereafter. But overall they showed a pronounced decreasing trend
during 1960–2012. The coldest year after 1985 occurred in 2008 for
both FD and ID, which was 0.9 and 3.4 days greater than the 1961–1990
mean values, respectively. The indices of SU and TR exhibited general
decreasing trends before mid-1970s and increasing trend since 1990
which became more evident after 2000. Meanwhile, the coldest year
after 2005 also occurred in 2008 for the two indices.

All the absolute indices displayed synchronized warming in YRB.
From 1960 to late-1970s, the anomalies of TNn were mostly lower
than the 1961–1990 mean value and showed no obvious changes, but
TXn exhibited a decreasing trend. Besides, eight years were ranked
among the ten coldest years in the anomaly series for both TNn and
TXn during 1960–1977. After late-1970s, both TNn and TXn anomalies
displayed a pronouncedwarming trend. TNx displayed a slightly declin-
ing trend before early-1970s, whereas a clear increasing trend occurred
after mid-1980s andmore rapid increase took place after 2000. For TXx,
no significant changes were detected in 1960s, but a decreasing trend
exhibited during 1970s and early-1980s, and then followed by an in-
creasing trend. Furthermore, it is worthwhile to note that theminimum
anomaly after 2000 appeared in 2008 for all the absolute indices. As in-
dicated by Gao (2009), South China endured record cold temperatures
in winter 2008 because of an unprecedented persistent rain, snow and
ice storms during January and February 2008. The causes of the snow
disasters in 2008 were ascribed to the anomalous circulation in the
high latitudes and the La Nina event began in 2007 (Gao, 2009).

Obviously, the anomaly series of CSDI were mostly dominated by
positive values in 1960–1985, and eight years were ranked among the
ten coldest years. However, the anomaly values after 1985 were all
below the 1961–1990 average except for 1993, 2008 and 2011. These
characteristics indicated that there was a general decreasing trend for
the entire period. WSDI showed a decreasing trend before 1985 and a
rapid increase afterwards. As for DTR, the temporal variations displayed
a decreasing trend before early-1980s, followed by an unexpected path,
with an increasing trend from 1990 to 2005whichwas interrupted by a
rise up to the most recent period (2012).
4.3.2. Temporal variations of Mann-Kendall test in six sub-regions
The above analysis gave an overall picture of the whole YRB. It is not

a good representation of the actual change in each region because the
YRB displays a wide variety of climate zones owing to the topographical
complexity and three types of monsoons. Moreover, we had no idea
whether the changes were significant or not from the statistical point
of view. For each index, the non-parametric Mann-Kendall test was
therefore performed on the time series of six regions as well as the
whole YRB to further examine the temporal changes of temperature in-
dices during 1960–2012. The results (Fig. 4) were mostly consistent
with those obtained in the previous sections.

Overall TN10P displayedmore pronouncedwarming than other per-
centile indices during 1960–2012. Geographically, region I exhibited a
decreasing trend since the mid-1960s and the decreasing trend became
significant around early-1980s. However, the other regions as well as
the whole YRB showed a decreasing trend since the early-1980s,
which became statistically significant after 1990 in these regions. This
further confirmed the findings that region I experienced more rapid
warming during 1960–2012. The warming patterns of TX10P were not
exactly the same as TN10P. TX10P displayed a decreasing trend since
late-1980s in all regions, but the only significant decreasing trend was
observed in region I. TN90P showed a decreasing trend from 1960 to
mid-1970s for the YRB as a whole, and then an increasing trend after
1990s that became significant around 2006. The similar changes were
exhibited in regions I and III, but significant warmingwas found around
1997 for both regions. The warming trends for regions II, V and VI
became significant in late-2000s. The number of TX90P showed very
similar patterns to TN90P. But significant warming was only detected
in regions I, II and III after 2006.

For the threshold indices, the changing patterns of FD and ID, to a
large extent, were very similar to those of TN10P. The only difference
was that significant decreasing trends occurred around 1990 and 2000
in most regions. The number of SU decreased from early-1960s to
early-1990s in most regions, and increased afterwards. The increasing
trends became significant around mid-2000s for all regions. The chang-
ing patterns for TR showedmore regional differences. Overall, a decreas-
ing trend was found in all regions during 1960s and late-1970s with
region V being significant. Afterwards, increasing trends began around
1980 in regions III and V and around 2000 in the whole basin and region
VI, and became significant around 2008. Regions II and IV exhibited a
continuously insignificantly decreasing trend before mid-2000s, but an
increasing trend afterwards though insignificant. In region I, TR is very
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rare in a year due to the low temperature, so it is not included in the
calculation.

As for the absolute indices, warming trends for TNn and TNxwere
generally more significant than TXn and TXx. For TNn, the whole YRB
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Fig. 3.Annual anomaly series relative to 1961–1990mean values for temperature indices during
by a low-pass filter (Trenberth et al., 2007).
and regions I, II and V generally showed increasing trends during
1960–2012, which became significant between mid-1980s and
late-1990s. Regions III, IV and VI largely showed decreasing trends
before 1980 and then increasing trends that became significant
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around late-1980s. TXn exhibited similar changing patterns with TNn.
The difference was that significant warming for TXn occurred later for
most regions. As for TNx, decreasing trends were observed for all regions
before late-1970s. Afterwards general increasing trends began in all
regions but IV, where the decreasing trend continued to 2010 but was
significant only around 1990. The increasing trend became significant in
mid-1990s for region I, around 2000 for regions II and VI, around 1990
and again in mid-2000s for region III, and around 2010 for region V. The
changing patterns of TXx were more or less the same as TNx, but signifi-
cantwarmingwas only detected in regions I, II andVI besides the YRB as a
whole.

CSDI displayed consistently decreasing trends since mid-1960s in re-
gions I and II. The decreasing trend was first found significant around
mid-1970s for region I and inmid-1990s for region II, and the significance
increased substantially by 2012. The increasing trends though insignifi-
cant were shown before 1980 for regions IV and VI and the whole basin,
and before late-1980s for regions III and V, with the decreasing trends
followed afterwards. The decreasing trend became significant around
1990 for region VI and the whole basin, and in mid-1990s for region IV.
For regions III and V, the decreasing trends were persistent but never
became significant by 2012. WSDI showed decreasing trends between
1970 andmid-2000s for all regions but I and II, and the decreasing trends
were significant only for regions V and VI. Region I showed a consistent
increasing trend during 1960–2012, which became significant around
2005. Region II exhibited increasing trends before mid-1980s and after
2000 that became significant around 2010.The recent increasing trends
in regions III, IV and VI would become significant in the next several
years if the warming trends continue.
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Fig. 5. Percentage of stations with downward and upward trends calculated for temperature
TheMK series of DTR was consistent with the anomaly series pre-
sented in last section. DTR displayed general decreasing trends in all
regions for almost the entire period. The decreasing trends became
significant between late-1970s and mid-2000s for all regions except
region IV.

4.3.3. Temporal variations of temperature indices during1960–1985 and
1986–2012

To further investigate whether there is a change in the variations
of temperature extremes between the two periods, the trends and
variability of the fifteen temperature indices during 1960–1985 and
1986–2012 are compared in this section. The regional trends of all indi-
ces in six regions as well as the whole YRB during the two periods are
shown in Table 4. Fig. 5 illustrates the percentages of stations with
downward and upward trends for several representative indices in
YRB and six regions as well.

For thewhole basin, TN10P showed a significant downward trend at
−0.53 d/decade during the first period of 1960–1985, and an insignifi-
cant trend at −1.27 d/decade during the second period of 1986–2012
(Table 4). The regional trends were more mixed in 1960–1985, but in
1986–2012 significant downward trends were found in regions I, II
and IV. Overall, compared with 1960–1985, the percentages of signifi-
cant downward trends increased in 1986–2012 for the whole basin as
well asmost regions, but the percentages of insignificant upward trends
decreased for most regions (Fig. 5). TN90P did not exhibit a consistent
trend across the whole YRB during 1960–1985, with many neighboring
stations showing opposite trends. However, a significant upward trend
of 7.8 d/decade was detected for the whole basin during 1986–2012,
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and the regional increasing trends were all significant (Table 4), indicat-
ing an accelerated warming after mid-1980s. As for TX10P, all regions
showed significant increasing trends during 1960–1985, whereas most
regions displayed insignificant decreasing trends during 1986–2012
except for region I where significant decreasing trend was detected
(Table 4). This indicated a cooling period before mid-1980s for TX10P.
The changing trends of TX90P during the two periods were totally oppo-
site. During 1960–1985, significant decreasing trends were detected for
all regions but region I. However, significant increasing trends were de-
tected for all regions during 1986–2012, especially in region I where the
greatest increase was observed (Table 4). Compared with 1960–1985,
the percentages of all downward trends (significant plus insignificant)
decreased while the percentages of all upward trends increased during
1986–2012 (Fig. 5), again confirming a cooling period before 1985 and
a warming period afterwards.

For FD, the trend patterns were generally more mixed during
1960–1985 and no significant changes was detected for the YRB as a
whole (Table 4). During 1986–2012, FD significantly decreased at
−1.86 d/decade for the whole basin. Obviously, the percentages of
significant downward trends increased during 1986–2012 compared
with 1960–1985, especially in regions I and II (Fig. 5). For SU, there
were opposite trends between the two periods, but synchronous trends
existed within each period. All regions but region I showed significant
decreasing trends during 1960–1985, while all regions displayed signif-
icant increasing trends during 1986–2012 (Table 4). Compared with
1960–1985, the percentages of all downward trends decreased while
those of all upward trends increased during 1986–2012 (Fig. 5). As for
ID, increasing trends were observed for all regions during 1960–1985
though only regions III and IV were significant (Table 4). Four regions
showed decreasing trends during 1986–2012 with regions I and VI
being significant. The trend patterns for TR were mixed during
1960–1985, but TR significantly increased in all regions during
1986–2012. These characteristics all indicated an accelerated warming
after mid-1980s in YRB.

Apparently, TNn displayed a significant warming trend of 0.32 °C/
decade for the whole YRB during 1960–1985 (Table 4). Regionally, all
regions but IV showed upward trends at more than 70% of stations
(Fig. 5). During 1986–2012, the warming trends subsided in most
regionswith regions I, II and III still being significant. For TNx, the trends
were mixed during 1960–1985, and thus no significant trend was ob-
served for the whole basin (Table 4). During 1986–2012, TNx showed
spatially consistent warming with a significant increasing trend of
0.36 °C/decade in the whole basin. The regional trends were significant
in all regions, withmore than 83% of stations showing increasing trends
(Table 4 and Fig. 5). Compared with 1960–1985, all upward trends in-
creased while all downward trends decreased in all regions during
1986–2012(Fig. 5). For TXn, all regions displayed significant downward
trends during 1960–1985, and upward trends during 1986–2012 with
regions I, III, and IV being significant (Table 4). During 1960–1985,
TXx showed significant downward trends in regions III-VI. During
1986–2012, all regions displayed significant upward trends. In general,
the percentages of downward trends decreased while those of upward
trends increased in all regions compared with 1960–1985 (Fig. 5).

As for CSDI, upward trendsweremainly detected in regions II-V, and
downward trends were mainly observed in regions I and VI during
1960–1985(Fig. 5). During 1986–2012, the whole basin exhibited a sig-
nificant warming trend of−2.7 d/decade for CSDI. 96% of stations were
in decreasing trends and 34%of stations passed the significance test. The
regional trends were all significantly decreased, with themost decrease
occurring in regions I (Table 4). Compared with 1960–1985, the
percentages of upward trends decreased while those of downward
trends increased in all regions during 1986–2012(Fig. 5). The changing
patterns of WSDI were completely opposite between the two periods,
but very similar to those of SU. In general, all upward trends increased
while all downward trends decreased in all regions during 1986–2012.
From the above results, we can conclude that significant warming
occurred especially during 1986–2012 for both CSDI and WSDI in the
basin.

From the spatial distribution of DTR, it could be seen that 94% of sta-
tions showed decreasing trends in YRB during 1960–1985, and 64% of
stations were significant (Fig. 5). The results also indicated that DTR
exhibited a significant decreasing trend of −0.31 °C/decade in the
whole basin (Table 4). Geographically, the regionally averaged trends
were all significantly decreased. During 1986–2012, DTR did not exhibit
a consistent and significant trend across the whole YRB, with many
neighboring stations showing opposite trends. All regions showed
positive trends but none was significant.

Generally speaking, differences in the variations of temperature
indices were definitely noticeable between 1960–1985 and 1986–2012
(Table 4, Figs. 3, 4 and 5). Our findings pointed to strong warming
especially after the mid-1980s, which were in line with the trends in
the Tibetan Plateau (Kang et al., 2010), at the Hengduan Mountains
(Li et al., 2011b) and in the Yangtze River Delta (Sang, 2012). During
1960–1985, the trends in temperature indices were more ambiguous
compared with those during 1986–2012 (Table 4). But most tempera-
ture indices showed cooling trends for the whole YRB, and statistically
significant cooling trends were detected in TX10P, TX90P, SU, TXn,
TXx andWSDI. It is noteworthy that region I already started to show sig-
nificant warming in several indices like TN10P, FD, TNn, TXx and CSDI
during 1960–1985 (Table 4). During 1986–2012, the warming trends
were pronounced especially in the warm-related indices such as
TN90P, TX90P, SU, TR, TNx, TXx and WSDI, more than doubling the
changes in 1960–2012. This confirmed that there was a cooling period
before the mid-1980s but an accelerated warming thereafter in most
cases. This finding was similar to Li et al. (1995) who indicated that
Sichuan Basin showed a cooling trend from the 1960s to mid-1990s. It
should be mentioned that several indices like TN10P, FD and ID did
not exhibit spatially coherent trends across the whole YRB in both
periods. This was because the time series in both periods were not
long enough to allow the detection of reliable trends, as evidenced by
the detection of more coherent trends in YRB during the entire period
of 1960–2012.

5. Discussion

5.1. Comparisons with previous studies

Trends and variability analyses of daily temperature extremes in YRB
during 1960–2012 revealed widespread significant changes associated
with warming over most of the regions analyzed, and the warming
trendswere greater in theminimum temperature indices than themax-
imum temperature indices (Fig. 2 and Table 4). These findings were in
line with many previous studies at a regional or national scale around
the world (Peterson et al., 2002; Klein Tank and Können, 2003; Zhang
et al., 2005b; Alexander et al., 2006; Klein Tank et al., 2006; You et al.,
2011; Li et al., 2012a, 2012b; Skansi et al., 2013; Wang et al., 2013a,
2013c, 2014; Liang et al., 2014). Based on the same suite of temperature
indices as defined by ETCCDI, the regional trends of this study
were largely similar to those reported by Wang et al. (2014). The
small differences were mainly due to the differences in meteorological
station distribution or trend computation methods. Besides, warming
in temperature extremes is stronger in YRB than in the Southwestern
China (Li et al., 2012b), butweaker than the Central and eastern Tibetan
Plateau (You et al., 2008).

According to Zhang et al. (2005b), Alexander et al. (2006), Klein
Tank et al. (2006), IPCC (2007), You et al. (2011), Skansi et al. (2013)
and Liang et al. (2014), there have been significant decreasing trends
of DTR because of the faster warming in minimum temperature than
maximum temperature. However, the DTR variability in YRB was not
completely consistent with the above results. While most regions
showed significant decreasing trends for DTR during 1960–2012, region
IV showed an increasing trend of 0.02 °C/decade though insignificant



Table 5
Correlation coefficients between trends in temperature indices and elevation in the
Yangtze River Basin during 1960–2012.

Index Elevation N350 m Elevation ≤350 m

TN10p −0.49⁎⁎ 0.48⁎⁎

TN90p 0.28⁎ −0.08
TX10P −0.41⁎⁎ 0.22
TX90p 0.10 −0.29⁎⁎

FD −0.29⁎⁎ 0.56⁎⁎

SU 0.18 −0.59⁎⁎

ID −0.32⁎⁎ -
TR - −0.30⁎⁎

TNn 0.39⁎⁎ −0.37⁎⁎

TNx 0.25⁎ −0.60⁎⁎

TXn 0.12 −0.18
TXx 0.09 −0.20⁎⁎

CSDI −0.36⁎⁎ 0.47⁎⁎

WSDI 0.20 −0.12
DTR −0.34⁎⁎ 0.29⁎⁎

⁎ Values are significant at the 5% level.
⁎⁎ Values are significant at the 1% level.
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(Table 4), as those found in Central America and northern South
America (Aguilar et al., 2005). Besides, it is worth to note that the
decreasing trends in DTR all occurred in the first period (Table 4). How-
ever, in 1986–2012, DTR showed increasing trends though insignificant
in all sub-regions and the whole YRB. This corroborates the finding of
Sang (2012) who indicated that DTR shows a positive trend in the mid
and southern Yangtze River Delta during 1986–2007. Vose et al.
(2005) conducted a thoroughly analysis of DTR changes at a global
scale, concluding that thewidespread decrease of DTRwas only evident
from 1950–1980. Then Rohde et al. (2013) andWild et al. (2007) noted
an apparent reversal since the mid-1980s with DTR subsequently in-
creasing over global land surfaces. The DTR variability is determined by
the variability of both TN and TX (TX minus TN). During 1986–2012,
the increasing magnitudes of TXn and TXx are stronger than those of
TNn and TNx in almost all regions of YRB (Table 4). Therefore, the in-
creasing trend in DTR is mainly due to the relatively bigger increase of
TX than TN during 1986–2012. As indicated by Rohde et al. (2013), this
change in direction is unexpected and not anticipated by existing climate
models. The fifth assessment of IPCC pointed out that the decrease and
subsequent increase in DTR is consistent with the dimming and subse-
quent brightening (IPCC, 2013). Sang (2012) associated the DTR increase
with urbanization impacts. Changes in precipitation, soil moisture and
atmospheric circulation likely accounted for DTR variation (Vose et al.,
2005). However, these reasons cannot completely explain the DTR
changes in YRB. Currently, there is no consensus about the physical rea-
sons of DTR changes, especially DTR increase. Further studies are needed
to address this issue.

5.2. Possible causes of observed changes in temperature extremes

The whole YRB experienced widespread significant warming during
the past 53 years, especially in eastern Tibet Plateau (region I) and
northeastern YRB (region VI). Kang et al. (2010) suggested that the
warming in the Tibet Plateau would continue in phase with global
trends, but in a greater magnitude. Based on the modeling results pre-
sented in previous studies, the increasing anthropogenic greenhouse
gases are generally considered as the major cause of the warming in
the YRB (Liu and Chen, 2000; Chen et al., 2003; Duan et al., 2006;
IPCC, 2007). However, other confounding factors, such as changes in
cloud cover, Asian brown clouds and land uses may also contribute to
recent warming (Frauenfeld et al., 2005; Duan and Wu, 2006;
Ramanathan et al., 2007; Zhang, 2007). The snow and ice-albedo feed-
back is regarded as another factor in the Tibet Plateau, which is one of
the most sensitive and susceptible areas to snow feedback on the
Earth (Liu and Chen, 2000). Besides, many studies demonstrate that
atmospheric circulation change is an important mechanism affecting
the heat and moisture transportation in this region (Zhang et al., 2007,
2008; You et al., 2008, 2011; Li et al., 2012a;Wang et al., 2013a). During
summer, the subtropical high pressure or anticyclone tends to be
enhanced over southern China, which plays an important role in
increasing occurrences of extremely high temperature days in YRB
(You et al., 2011; Li et al., 2012a). In winter, the southwesterly wind
has strengthened, and consequently weakens the southern extent of
Siberian northwest monsoon and limits the southward extension of
cold flow (You et al., 2011). This would explain why the cold-related
indices significantly decreased in the YRB. However, the exact impacts
of these factors on warming will need further investigation.

In addition, it should be pointed out that the contribution of urban
heat island (UHI) effect to warming trends in global temperature
records cannot be ignored (IPCC, 2007). Sang et al. (2012) indicated
that daily minimum, mean and maximum temperature showed more
notably increasing trends after the 1980s especially in the Yangtze
River Delta than the surrounding areas due to theUHI effects, as similar-
ly reported by He et al. (2006), Du et al. (2007) and Xie et al. (2010).
However, IPCC (2007) suggested that UHI effects are real but local,
and have not biased the large-scale trends. If a certain basin or region
has a large area and extremely rugged topography, such as the YRB
considered here, the urbanization impacts cannot be easily detected
(Sang et al., 2012). Therefore, the UHI effects should be studied in
depth at various regional scales.

Elevation dependency of climatic warming is a very interesting phe-
nomenon found in previous studies (Beniston and Rebetez, 1996; Liu
et al., 2009; You et al., 2010a; Wang et al., 2013b). At present, there is
no report on elevation dependency of temperature changes in YRB.
Table 5 shows the relationships between trendmagnitudes at individual
stations and elevations for each temperature index in the YRB during
1960–2012. When elevation was below (above) 350 m, ID (TR) was
not included in the calculation due to the low occurrences of the events.
As a whole, most temperature indices indicated strong relationships
between trend magnitudes and elevation. When elevation was above
350 m, significantly negative correlations were found for cold-related
indices such as TN10P, TX10P, FD, ID, CSDI and DTR but the opposite
was true for TN90P, TNn, and TNx. This suggested that the warming
trends of these indices increased with increasing altitude in YRB, in
accordance with other studies in Switzerland (Beniston and Rebetez,
1996), over the Rocky Mountains during winter and spring (Fyfe and
Flato, 1999), in Mountain Qomolangma region (Yang et al., 2006), and
in European Alps region (Giorgi et al., 1997). Besides, the warming
rates for most indices were the largest at relatively higher elevations
(1800–3200 above sea levels). This corroborated the result of Wang
et al. (2013b)who found that thewarmingwasmoreprominent at higher
elevations (2000–3000m a.s.l.) in Sichuan Province, Southwestern China.
Liu et al. (2009) also found the elevation dependency in monthly mean
minimum temperature in the Tibetan Plateau and its surroundings, and
such a tendency may continue or even strengthen under future global
warming conditions. However, some studies fails to find the relationship
between warming amplitude and elevation in various mountainous re-
gions around the world (Vuille and Bradley, 2000; Pepin and Seidel,
2005; Pepin and Lundquist, 2008; You et al., 2010a). When elevation
was below 350 m, the situation was completely opposite. That is TN10P,
FD, CSDI and DTR exhibited statistically significant positive correlations
while TX90P, SU, TR, TNn, TNx and TXx showed significant negative
correlations. Thismeant that thewarming rates in temperature indices in-
creasedwith decreasing altitude,which has never been discovered in YRB
nor reported in other parts of theword. In general, the population density
and the process of urbanization are greater in regionswhere stationswith
elevation lower than 350mmainly located. As a result, this phenomenon
may be mainly ascribed to the dense population distribution and rapid
urbanization.
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6. Conclusions

Using a full set of the temperature indices recommended by ETCCDI,
a better understanding of observed changes in temperature extremes is
gained for the YRBduring 1960–2012.Major results and conclusions are
as follows. During 1960–2012, all the temperature indices revealed
widespread significant changes associated with global warming over
most parts of the YRB. The warming in minimum temperature indices,
i.e.TN10P, TN90P, FD, TNn, TNx and CSDI, was of greater magnitudes
than those of the maximum temperature indices such as TX10P,
TX90P, ID, TXn, TXx and WSDI, consistent with many previous studies.
Geographically, the most significant warming occurred in the eastern
Tibet Plateau and northeastern YRB, indicating that the mountainous
regions and populous regions are more sensitive and vulnerable to
climate change. There are many factors contributing to the surface
warming in the YRB, including the anthropogenic greenhouse gases,
cloud cover, Asian brown clouds and land use changes as well as the
atmospheric circulation change. However the exact impacts of these
factors on extreme temperature events were not discussed in this
study and further works are needed. But the analysis of elevation
dependency of climatic warming showed that there are strong relation-
ship between trend magnitudes and elevation for most temperature
indices. The warming rates increased as elevation increases when eleva-
tion is above 350m, but decreased as elevation increaseswhen elevation
is below 350 m. The latter may likely be attributed to the population in-
creases, rapid industrialization and urbanization in the low lying region
of the YRB. This conclusion needs to be further confirmed in future
with longer records.

Differences in the variations of temperature indices are pronounced
between the two periods of 1960–1985 and 1986–2012. During
1960–1985, the changes were much less spatially coherent compared
with those during 1986–2012. Almost all temperature indices indicated
a cooling trend for the YRB as awhole, but statistically significant changes
were mainly detected in several indices. However, the eastern Tibet
Plateau already demonstrated significant warming in indices like
TN10P, FD, TNn, TXx and CSDI. For the period of 1986–2012, thewarming
was extraordinarily clear for the warm-related indices, more than
doubling the changing rates of 1960–2012. Accordingly, we concluded
that the warming in the YRB was mainly due to that in 1986–2012. This
study also found a few trends that were inconsistent with previous
studies. For example, DTR exhibited significant decreasing trends for
most regions during 1960–2012. However, the decreasing trend all
occurred in 1960–1985, while increasing trends were found in all sub-
regions and the whole YRB during 1986–2012.

The Tibet Plateau is an important source of fresh water for the
region, and has a great impact on the Asian monsoon systems (Liu
et al., 2009). Warming in the Tibet Plateau has caused far-reaching
eco-environmental problems such as glacier shrinkage (Su and Shi,
2002), permafrostmelting (Chen andWu, 2007) and vegetation change
(Xu and Liu, 2007), and may threaten the available water resources for
hundreds of millions of people residing in themiddle and lower reaches
of YRB. Therefore, proper governmental actions should be taken to cope
with the changing weather and climate extremes in YRB.
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