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Abstract Spatial and temporal changes in daily temperature and rainfall indices are
analyzed for the source region of Yellow River. Three periods are examined: 1960–
1990, 1960–2000 and 1960–2006. Significant warming trends have been observed for
the whole study region over all the three periods, particularly over the period 1960–
2006. This warming is mainly attributed to a significant increase in the minimum
temperature, and characterized by pronounced changes in the low temperature
events composing a significant increase in the magnitude and a significant decrease
in the frequency. In contrast to the temperature indices, no significant changes have
been observed in the rainfall indices at the majority of stations. However, the rainfall
shows noticeable increasing trends during winter and spring from a basin-wide point
of view. Conversely, the frequency and contribution of moderately heavy rainfall
events to total rainfall show a significant decreasing trend in summer. To conclude,
this study shows that over the past 40–45 years the source region of the Yellow River
has become warmer and experienced some seasonally varying changes in rainfall,
which also supports an emerging global picture of warming and the prevailing
positive trends in winter rainfall extremes over the mid-latitudinal land areas of the
Northern Hemisphere.
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1 Introduction

In recent years, the frequent occurrence of extreme events, such as heat waves,
heavy rain, hailstorm, snowfall, floods and droughts, have been reported worldwide
(Ulbrich et al. 2003; Mirza 2003; Kundzewicz et al. 2005; Kyselý 2008). This raised
special concerns that the potential changes in the extreme events could accompany
global climate change. There is great interest in assessing changes in extreme events
because of their strong impacts on both human society and the natural environment.
A number of theoretical modelling and empirical analyses have suggested that
notable changes in the frequency and intensity of extreme events, including floods,
may occur even when there are only small changes in the mean climate (Katz and
Brown 1992; Wagner 1996). Groisman et al. (2005) showed that on a global scale,
changes in heavy rainfall tend to be larger than changes in mean rainfall totals,
and that increases in rainfall extremes occurred in many regions where no change
or even a decrease in rainfall was observed. Changes in temperature and rainfall
extremes in the twentieth century have also been observed in many parts of the
world including the United States (Michaels et al. 2004), Canada (Vincent and Mekis
2006), UK (Osborn et al. 2000), Central and Western Europe (Moberg and Jones
2005), Western Germany (Hundecha and Bardossy 2005), Switzerland (Schmidli
and Frei 2005), Northeastern Iberian Peninsula (López-Moreno et al. 2009), Czech
Republic (Kyselý 2008), Italy (Brunetti et al. 2000, 2001), northeast Spain (Ramos
and Martinez-Cassanovas 2006), parts of Iran (Masih et al. 2010), China (Zhai
et al. 1999; Zhai and Pan 2003), India (Sen Roy and Balling 2004), Mongolia
(Nandintsetseg et al. 2007), Australia (Suppiah and Hennessy 1998; Haylock and
Nicholls 2000), New Zealand (Salinger and Griffiths 2001), South Africa (Kruger
2006), and South East Asia and the South Pacific (Plummer et al. 1999; Manton
et al. 2001). These studies, along with many others, are considered an important
step towards knowledge of changes in climate extremes. Comparison between the
results of various studies have demonstrated difference across region, with both
increasing and decreasing or even no trends being reported. Possible reasons for
lack of a clear picture of worldwide extreme events, e.g. regional climate variability,
the different methods for trend-testing and the definition of the extreme events, are
discussed in Wang et al. (2008). However, more importantly, these different findings
suggest a large diversity in regional and global climate change interpretations, and
imply that analyses of changes in extremes are important in the context of global
climate change.

Over China, Zhai and Pan (2003) studied the changes in the frequency of extreme
temperature events based on the daily surface air temperature data from about 200
stations from 1951–1999 in China. Their study showed a slightly decreasing trend
in the number of hot days (over 35◦C) and the number of frost days (below 0◦C).
Meanwhile, increasing trends were detected in the frequencies of warm days and
warm nights, and decreasing trends were found in the frequencies of cool days and
cool nights in China. Zhai et al. (2005) reported that rainfall indices showed mixed
patterns of change, but significant increases in extreme rainfall have been found
in western China, the mid-lower reaches of the Yangtze River, and parts of the
southwestern and southern China coastal areas.

This study focuses on the source region of the Yellow River originating in the
Tibetan Plateau. Located in mountainous areas, the study region is expected to
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be sensitive to global climate change since mountains in many parts of the world
are very sensitive and susceptible to a changing climate in view of their complex
orography and fragile ecosystem (Beniston et al. 1997; Beniston 2003). Previous
studies indicated that the Tibetan Plateau is one of the most sensitive areas in terms
of response to global climate change (Liu and Chen 2000; Tang et al. 2008) due to its
earlier and larger warming trend in comparison to the Northern Hemisphere and
the same latitudinal zone in the same period. Although many studies have been
undertaken to investigate climatic changes in the Yellow River basin including its
source region, most of them focused on changes in the mean values of climatic
variables at monthly, seasonal and annual time scale. Assessments of extreme
temperature and rainfall changes in the Yellow River reported in the literature
are very limited. It is particularly true for the source region of the Yellow River.
Furthermore, most of previous studies have concentrated on the second half of the
twentieth century (1960–2000), and the recent years have been not included. For
example, Fu et al. (2004) investigated the hydro-climatic trends of the Yellow River
from the 1950s to 1998. They found that the river basin has become warmer, with
a more significant increase in minimum temperature than in mean and maximum
temperatures while the observed precipitation trend is not significant. (Yang et al.
2004) analyzed the annual precipitation, mean temperature, pan evaporation, and
river discharge trends in the Yellow River basin from the 1950s to the 1990s. It
was found that the annual precipitation showed a non-significant decreasing trend
of 45 mm and the air temperature increased by 1.28◦C over the past 50 years.
Tang et al. (2008) analyzed the changes in the spatial patterns of climatic and vege-
tation condition in the Yellow River basin from 1960 to 2000 and found decreasing
precipitation and increasing temperature in most parts of the Yellow River basin with
the largest temperature increase in the Tibetan Plateau. Xu et al. (2007) investigated
the long-term trends in major climatic variables in the Yellow River basin from 1960–
2000. The results indicated that temperature has increased over the Yellow River
basin especially during autumn and winter, while the precipitation has generally
decreased in all the seasons except in winter which shows a slight increase. They
also found that precipitation in the upstream region of the Yellow River did not
exhibit a significant trend, whereas both the middle and downstream regions showed
a clear negative trend. This is also confirmed by Wang et al. (2001) who found that
the annual precipitation in the headwater area showed no noticeable decreasing
tendency between the 1950s and the 1990s. But summer precipitation (from June to
September) showed a tendency to decline. Zhao et al. (2007) reported that over the
past 40 years the annual mean temperature has significantly increased by 0.8◦C in the
upper Yellow River Basin while annual precipitation slightly decreased by 43 mm.
Zhang et al. (2008) recently published work on winter extreme low temperature
events and summer extreme high-temperature events in the whole Yellow River for
the period 1960–2004. They found that the whole Yellow River basin is dominated by
the significant downward trend of frequency of the cold events and that significant
upward trend of frequency and intensity of the high temperature events has been
found in the western and northern part of the Yellow River basin.

As discussed earlier, most previous studies regarding climatic trends were based
on the mean values of climatic variables. Although Zhang et al. (2008) studied the
temperature extremes of the Yellow River for 1960–2004, they did not consider
changes in rainfall extremes and in other important seasons such as spring (March–
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May) and autumn (September–November) in their study. The need for involving
spring and autumn into studies of changes in climatic variables was highlighted by
Kyselý (2008) since the differences in climatic variables exists not only between
winter and summer but also between the transition seasons (spring and autumn).
In this study, we use daily temperature and rainfall data for the period 1960–2006 to
study the spatial and temporal changes in various indices for rainfall and temperature
extremes in the source region of the Yellow River. Our study complements previous
work by including a longer time series of data and more climatic extreme variables
in the analysis. Furthermore, we include annual as well as four seasonal analyses,
whereas Zhang et al. (2008) only considered winter and summer. Therefore, to the
best of our knowledge this paper is the first most comprehensive regional analysis
of trends in indices of rainfall and temperature extremes for the Yellow River
source region over the second half of twentieth century based on historical climate
observations. Although the main aim of the present study is to investigate trends in
temperature and rainfall extremes in the Yellow River source region on both annual
and seasonal basis, changes in the average climatic indexes are also assessed.

2 Study area

The Yellow River source region is generally defined as the upstream catch-
ment above the Tangnag Hydrological Station, situated between 95◦50′45′′E and
103◦28′11′′E and 32◦12′11′′N and 35◦48′7′′N in the northeast Qinghai–Tibetan
Plateau (Fig. 1). It covers an area of 121,972 km2 (15% of the whole Yellow River
basin), and yields an annual average runoff of 168 mm/a (35% of the total runoff of
Yellow River). Therefore, it is called “water tower” of the Yellow River. The altitude
decreases from west to east with the highest elevation of 6282 m in the A’nyêmaqên
Mountains and the lowest one of 2546 m in the village of Tangnag. There are large
areas covered with lakes, swamps and grassland in the region. In addition, this region
is a relatively pristine area and has been subject to few human interventions, e.g.
neither large dam nor large irrigation project exist in this area, in comparison to the
lower and middle Yellow River (Zheng et al. 2007; Sato et al. 2008).

Climatically, the source area of the Yellow River is cold, semi-humid characterized
by the typical Qinghai–Tibetan Plateau climate system. In the cold season, its climate
has the characteristics of typical continental climate, which is controlled by the high
pressure of the Qinghai–Tibetan Plateau lasting for about 7 months. During the
warm season it is affected by southwest monsoon, producing heat low pressure with
abundant water vapor and a lot of rainfall and thus forms the Plateau sub-tropical
humid monsoon climate. Annual basin averaged daily temperature varies between
−4◦C and 2◦C from the southeast to the northeast. July is the warmest month, with
a mean daily temperature of 8◦C, whereas from October to April the temperature
remains well below 0◦C.

The average annual rainfall is about 530 mm/a. More than 75% of the total annual
rainfall falls in the wet season (June to September) caused by the southwest monsoon
from the Bay of Bengal. Rainfall tends to decrease from the southeast (∼800 mm/a)
to the northwest (∼200 mm/a). The rainfall in this region is generally of low intensity
(< 50 mm/d), long duration (10–30 days) and covering large areas (>100,000 km2).
The annual potential evaporation varies from 800–1200 mm/a (Zheng et al. 2007).



Climatic Change (2012) 110:403–429 407

Fig. 1 Location of the study region and climatic station

There are permanent snow packs/covers and glaciers in the southern A’nyêmaqên,
Bayankala and the northern Qilian Mountains.

3 Methods

3.1 Data base

Daily rainfall totals measured at 14 stations and daily maximum and minimum
temperature at 13 stations (Table 1, Fig. 1) operated mostly by Yellow River
Conservancy Commission and China Meteorological Administration are used. The
observations span the period 1960–2006 and 1961–2006 for rainfall and temperature,
respectively. The available series lengths range from 30 to 47 years. In order to seek a
more spatial coverage in this data sparse mountainous region and make comparisons
between different periods, data were analyzed for three different periods. The
duration of the periods analyzed were 31 years, 41 years and 47 years for rainfall
as well as 30 years, 40 years and 46 years for temperature with each period starting
in 1960 for rainfall and 1961 for temperature.

3.2 Data quality control

The objective of data quality control was to identify questionable records in the
climate datasets. Several types of quality controls were applied to the series of
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Table 1 Station list

Station name Longitude (◦E) Latitude (◦N) Altitude (m) Data type

Huangheyan 98.13 34.95 4,221 Rainfall
Maduo 98.22 34.92 4,273 Rainfall, temperature
Jimai 99.65 33.77 3,969 Rainfall
Tangnag 100.65 35.50 2,546 Rainfall
Xinghai 99.98 35.58 3,323 Rainfall, temperature
Dari 99.65 33.75 3,969 Rainfall, temperature
Jiuzhi 101.48 33.43 3,628 Rainfall, temperature
MaQu 102.08 34.00 3,472 Rainfall, temperature
Ruoergai 102.97 33.58 3,441 Rainfall, temperature
Hongyuan 102.55 32.80 3,491 Rainfall, temperature
Tongde 100.65 35.27 3,289 Rainfall, temperature
Qumalai 95.78 34.13 4,231 Temperature
Henanwaisi 101.60 34.73 3,500 Rainfall, temperature
Zeku 101.47 35.03 3,663 Rainfall, temperature
Maqing 99.20 34.27 4,211 Rainfall, temperature
Qingshuihe 97.13 33.80 4,418 Temperature

daily rainfall, daily maximum temperature (Tmax) and daily minimum temperature
(Tmin). First, the daily time series from each station were plotted and compared
with neighboring stations for identifying outliers and missing data. Second, a revision
of internal consistency was made, verifying that daily Tmax always exceeds daily
Tmin. Third, annual mean series (annual total for rainfall) were produced from the
daily rainfall and maximum and minimum temperature time-series, and examined
for homogeneities using the double mass curve method, particularly to check if there
are clear indications of relocation of the stations and/or change of instrumentation
or observational practices.

Data gaps found in the time series were very minimal: 0.029% and 0.0017% of
daily records for rainfall and temperature, respectively. The missing data values
were filled up by their neighboring stations with the simple linear regressions, and
the outliers were corrected with the data from the nearest stations or from the
neighboring days. Results of the double mass curves of all stations demonstrated
almost a straight line, thus no obvious breakpoints were detected in the time series
of temperature and precipitation.

3.3 Indices for characterizing temperature and rainfall extremes

The indices chosen to evaluate changes in the rainfall and temperature patterns
are able to represent a wide variety of rainfall and temperature characteristics for
both the average regime and the extreme behavior of the rainfall and temperature
processes. We selected 15 indices describing different aspects of the rainfall and
temperature regimes. Many of them have been used in previous studies (Moberg and
Jones 2005; López-Moreno et al. 2009) and recommended by the STARDEX project
(Haylock and Goodess 2004). Table 2 provides the acronyms and short definitions
of the selected indices. Values of each index were calculated on an annual basis
and for four seasons: December to February (DJF), March to May (MAM), June
to August (JJA) and September to November (SON). The STARDEX extremes
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Table 2 Investigated indices of daily precipitation and temperature

Acronym Explanation Units

Precipitation related indices
P Total rainfall mm
Pxcdd Maximum number of consecutive days with precipitation < 1 mm d
Pxcwd Maximum number of consecutive days with precipitation > 1 mm d
Pnl90 Number of events exceeding the long-term 90th percentile of d

precipitation
Pfl90 Fraction of total precipitation from events > long-term 90th %

percentile of precipitation
Pint Mean precipitation on wet days (days with precipitation >1 mm) mm/d
Px5d Maximum total precipitation from any consecutive 5 days mm

Temperature related indices
Txav Mean of daily maximum temperature ◦C
Tnav Mean of daily minimum temperature ◦C
Trav Mean of daily diurnal temperature range ◦C
Txq90 90th percentile of daily maximum temperature (hot days) ◦C
Tnq10 10th percentile of daily minimum temperature (cold nights) ◦C
Tnfd Number of frost days Tmin<0◦C d
Txf 90 % days Tmax > long term mean 90th percentile %
Tnf10 % days Tmin < long term mean 10th percentile %

indices software is available at http://www.cru.uea.ac.uk/cru/projects/stardex/ and
was used for calculating all these indices in this study.

3.4 Trend estimation

A trend analysis was performed on the time series of the 15 indices using the non-
parametric Mann–Kendall (MK) statistical test (Mann 1945; Kendall 1975). This test
allows us to investigate long-term trends of data without assuming any particular
distribution. Moreover, it is less influenced by outliers in the data set as it is non-
parametric. Statistical significance of the trends is evaluated at the 10% level of
significance against the null hypothesis that there is no trend in the analyzed variable.
The test statistic S of the MK test is defined as follows:

S =
n−1∑

i=1

n∑

j=i+1

sgn
(
x j − xi

)
(1)

sgn
(
x j − xi

) =
⎧
⎨

⎩

+1 x j > xi

0, x j = xi

−1, x j < xi

⎫
⎬

⎭ (2)

where n is the data record length, xi and x j are the sequential data values. For n ≥ 10,
the test statistic S is approximately normally distributed with the mean and variance
given by

E
[
S
] = 0

http://www.cru.uea.ac.uk/cru/projects/stardex/
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Var (S) = n (n − 1) (2n + 5) − ∑m
i=1 ti (ti − 1) (2ti + 5)

18
(3)

where m is the number of tied groups and ti is the size of the ith tied group. The
standardized test statistics Z is computed by

Z =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

S − 1√
Var (S)

S > 0

0 S = 0
S + 1√
Var (S)

S < 0

(4)

The standardized MK test statistics Z follows the standard normal distribution with
a mean of zero and variance of one under the null hypothesis of no trend. If |Z | >

Z1−α/2, the null hypothesis is rejected at α level of significance. A positive value of Z
indicates an upward trend and whereas a negative value indicates a downward trend.

3.4.1 Serial correlation

The Mann–Kendall approach requires the data to be serially independent (von
Storch and Navarra 1995). The presence of serial correlation in the analyzed time
series can have serious impacts on the results of a trend test. A positive serial cor-
relation can overestimate the probability of a trend and a negative correlation may
cause its underestimation. In this study, Mann–Kendall test was used in conjunction
with the widely used method of pre-whitening. The pre-whitening removes serial
correlation from the data by means of the following formula:

yt = xt − φxt−1 (5)

where yt is the pre-whitened time series value, xt is the original time series value for
time interval t, and φ is the lag 1 autocorrelation coefficient.

In this study, the pre-whitening was applied when a serial dependence was found
significant at the 5% level. In our case, most of the studied variables did not show
significant serial correlation except the annual mean minimum temperature series at
Henan, Hongyuan, Xinghai, Jiuzhi and Zeku stations. Before applying the trend test,
the pre-whitening was applied to remove serial correlation from these time series.

3.4.2 Theil and Sen’s median slope estimator

The Theil–Sen estimator is used to estimate the slope of linear trends (Sen 1968).
The estimator is also termed ‘median of pair-wise slopes’. It is frequently applied in
climatological practice (e.g. Kunkel et al. 1999; Zhang et al. 2001) and outperforms
the least-squares regression in computing the magnitude of linear trends when the
sample size is large (Zhang et al. 2004).

The slope estimates of N pairs of data are first computed by

Qi = x j − xk

j − k
For i = 1, . . . N (6)

where x j and xk are data values at times j and k ( j > k), respectively. The median of
these N values of Qi is the Sen’s estimator of slope.
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4 Results

The results of the Mann–Kendall test are summarized in Table 3 for temperature
and in Table 4 for rainfall. Presented is the percentage of stations with significant
negative trend, significant positive trend and no trend or insignificant trend for each
of the indices and for the three study periods. The spatial patterns of the temperature

Table 3 Percentage of stations with significant negative trend (−), significant positive trend (+) and
no trend or insignificant trend (0) in temperature indices at the 10% level

Season Indices 1960–1990 (13 stations) 1960–2000 (12 stations) 1960–2006 (10 stations)

− 0 + − 0 + − 0 +
DJF Txav 0 100 0 8.3 91.7 0 0 70 30

Tnav 0 23.1 76.9 8.3 25 66.7 10 10 80
Trav 53.8 46.2 0 58.3 25 16.7 60 20 20
Tnfd 0 100 0 0 100 0 0 100 0
Txq90 0 76.9 23.1 0 75 25 0 60 40
Tnq10 0 46.2 53.8 16.7 25 58.3 10 20 70
Txf 90 0 69.2 30.8 0 75 25 0 60 40
Tnf10 76.9 23.1 0 58.3 33.4 8.3 70 20 10

MAM Txav 30.8 69.2 0 8.3 83.4 8.3 10 80 10
Tnav 0 46.2 53.8 8.3 22.5 69.2 10 10 80
Trav 76.9 23.1 0 75 16.7 8.3 70 20 10
Tnfd 0 92.3 7.7 16.7 75 8.3 20 70 10
Txq90 0 100 0 8.3 83.4 8.3 10 90 0
Tnq10 0 53.8 46.2 0 33.3 66.7 10 20 70
Txf 90 7.7 92.3 0 8.3 91.7 0 10 90 0
Tnf10 53.8 46.2 0 66.7 25 8.3 70 20 10

JJA Txav 0 100 0 0 75 25 0 40 60
Tnav 0 69.2 30.8 8.3 33.4 58.3 0 20 80
Trav 23.1 76.9 0 16.7 83.3 0 20 80 0
Tnfd 38.5 61.5 0 58.3 33.4 8.3 80 10 10
Txq90 0 100 0 0 75 25 0 30 70
Tnq10 0 46.2 53.8 16.7 16.6 66.7 0 30 70
Txf 90 0 100 0 0 66.7 33.3 0 30 70
Tnf10 46.2 46.1 7.7 66.7 16.6 16.7 60 40 0

SON Txav 7.7 92.3 0 8.3 66.7 25 0 20 80
Tnav 7.7 61.5 30.8 8.3 41.7 50 10 30 60
Trav 0 100 0 8.3 83.4 8.3 10 70 20
Tnfd 0 92.3 7.7 0 91.7 8.3 10 80 10
Txq90 7.1 92.9 0 0 100 0 0 90 10
Tnq10 7.7 46.1 46.2 8.3 41.7 50 10 20 70
Txf 90 7.7 92.3 0 0 91.7 8.3 0 60 40
Tnf10 38.5 53.8 7.7 66.7 25 8.3 60 30 10

Annual Txav 7.7 92.3 0 8.3 75 16.7 10 40 50
Tnav 7.7 23.1 69.2 8.3 25 66.7 10 10 80
Trav 61.5 38.5 0 58.3 25 16.7 60 10 30
Tnfd 23.1 69.2 7.7 33.3 58.4 8.3 70 20 10
Txq90 7.7 92.3 0 8.3 91.7 0 0 60 40
Tnq10 0 46.2 53.8 8.3 33.4 58.3 10 20 70
Txf 90 0 92.3 7.7 0 83.3 16.7 0 30 70
Tnf10 61.5 30.8 7.7 66.7 25 8.3 80 10 10
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Table 4 Percentage of stations with significant negative trend (−), significant positive trend (+) and
no trend or insignificant trend (0) in rainfall indices at the 10% level

Season Indices 1960–1990 (14 stations) 1960–2000 (10 stations) 1960–2006 (7 stations)

− 0 + − 0 + − 0 +
DJF Px5d 0 85.7 14.3 0 90 10 0 100 0

Pxcdd 7.1 92.9 0 30 70 0 28.6 71.4 0
Pxcwd 0 100 0 0 90 10 0 100 0
Pint 0 100 0 0 100 0 0 100 0
Pfl90 0 92.9 7.1 0 90 10 0 100 0
Pnl90 0 92.9 7.1 0 80 20 0 100 0
P 0 71.4 28.6 0 70 30 0 71.4 28.6

MAM Px5d 0 100 0 0 100 0 0 100 0
Pxcdd 7.1 92.9 0 10 90 0 0 100 0
Pxcwd 0 100 0 0 100 0 0 100 0
Pint 0 100 0 0 100 0 0 85.7 14.3
Pfl90 0 100 0 0 100 0 14.3 85.7 0
Pnl90 0 100 0 0 90 10 0 100 0
P 0 92.9 7.1 0 80 20 0 71.4 28.6

JJA Px5d 0 100 0 0 90 10 0 100 0
Pxcdd 0 100 0 0 100 0 0 100 0
Pxcwd 0 100 0 0 100 0 14.3 85.7 0
Pint 0 100 0 0 100 0 0 100 0
Pfl90 0 100 0 0 100 0 0 100 0
Pnl90 0 100 0 0 100 0 0 100 0
P 0 100 0 0 100 0 0 100 0

SON Px5d 0 100 0 20 80 0 0 100 0
Pxcdd 0 85.7 14.3 0 70 30 0 100 0
Pxcwd 7.1 92.9 0 10 90 0 0 100 0
Pint 0 100 0 0 100 0 0 100 0
Pfl90 7.1 92.9 0 10 90 0 0 100 0
Pnl90 0 100 0 20 80 0 0 100 0
P 0 100 0 20 80 0 14.3 85.7 0

Annual Px5d 0 100 0 0 100 0 0 100 0
Pxcdd 0 100 0 0 100 0 14.3 85.7 0
Pxcwd 0 100 0 10 90 0 0 100 0
Pint 0 100 0 0 100 0 0 100 0
Pfl90 0 100 0 10 90 0 0 100 0
Pnl90 0 100 0 0 100 0 0 100 0
P 0 100 0 10 80 10 0 85.7 14.3

indices are displayed for the longer period 1961–2006 while for rainfall it is done for
the period 1960–2000 in order to seek a balance between the spatial coverage and the
observations period length. Figure 2 shows the trend sign and the change per decade
for the eight annual temperature indices. Figures 3, 4, 5, 6 present similar data as
in Fig. 2, but for winter, spring, summer and autumn, respectively. A similar order
presents the results for the rainfall (Figs. 7, 8, 9, 10, 11).

4.1 Temperature

Overall, significant trends dominate in all the temperature indices for the three
different periods. Trends in the longer period 1961–2006 are more pronounced



Climatic Change (2012) 110:403–429 413

Txav (ºC)   Tnav (ºC) 

Trav (ºC) Tnfd (d) 

Txq90 (ºC) Tnq10 (ºC) 

Txf90 (%)  Tnf10 (%) 

Fig. 2 Signs of trends and change per decade for the eight annual temperature indices in the
study area for the period 1961–2006. Significant increasing (decreasing) trends are marked by filled
triangles (filled upright triangle, filled inverse triangle). Insignificant trends are marked by small dots
(filled circle)

and frequent than in the two shorter periods (1961–1990 and 1961–2000). This
behaviour is consistent with the greater power of the trend test for longer analysis
periods.

In the period 1961–2006, significant increasing trends dominate in mean daily
maximum temperature (Txav) on an annual basis with 50% of the stations showing
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Txav (ºC) Tnav (ºC)

Trav (ºC) Tnfd (d) 

Txq90 (ºC)  Tnq10 (ºC) 

Txf90 (%)       Tnf10 (%) 

Fig. 3 Same as in Fig. 2, but for winter

significant positive trends, whereas few stations show an increasing trend in the
two shorter periods. On a seasonal basis, Txav shows the largest warming trends
in autumn with 80% of the stations having a significant positive trend while only
25% show a significant positive trend in the period 1961–2000 and no station
shows a significant positive trend in the period 1961–1990. Similarly, significant
warming trends also dominate in summer with 60% of the stations having significant
positive trends in the period 1961–2006 while there are few or even no stations with
significant positive trends in two shorter periods. In winter, 30% of the stations show
a significant positive trend in the period 1961–2006 while almost all stations show no
significant trend for the two short periods. The mean daily minimum temperature
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Txav (ºC)  Tnav (ºC) 

Trav (ºC) Tnfd (d) 

Txq90 (ºC) Tnq10 (ºC) 

Txf90 (%) Tnf10 (%) 

Fig. 4 Same as in Fig. 2, but for spring

(Tnav) shows significant increase in the three periods with the period 1961–2006
having the largest percentage of significant warming trends (80%), followed by 1961–
1990 and 1961–2000 with 69.2% and 66.7%, respectively. The annual pattern of Tnav
is very consistent throughout the year with similar proportions of significant positive
trends across the different seasons.

A significant decrease has been found in mean diurnal temperature range (Trav)
on an annual basis. About 60% of the stations exhibited a significant downward trend
for the three periods. Spring has the largest proportion of stations (70–77%) showing
a significant decrease in the three periods, followed by winter with about 53–60%
of the stations showing a significant downward trend. During summer and autumn,
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Txav (ºC)                             Tnav (ºC) 

Trav (ºC) Tnfd (d) 

Txq90 (ºC) Tnq10 (ºC) 

Txf90 (%) Tnf10 (%) 

Fig. 5 Same as in Fig. 2, but for summer

the majority of the stations remain stationary, and only few of the stations show
significant trends. The number of frost days (Tnfd) has significantly declined in the
three periods. The period 1961–2006 has the largest number of the stations (70%)
showing a significant decline while there is less percentage of the stations (23 and
33%, respectively) with significant negative trends for the periods 1961–1990 and
1961–2000. The largest decline occurs in summer with 80% of the stations showing
significant decline in the period 1961–2006. However, no significant change has been
detected at the majority of stations in the other seasons.

Significant increasing trends also dominate in Txq90 on annual basis during the
period 1961–2006 with 40% of the stations showing a significant positive trend,
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Txav (ºC)                                 Tnav (ºC)  

Trav (ºC)                                 Tnfd (d)  

Txq90 (ºC)                               Tnq10 (ºC)  

Txf90 (%)                                 Tnf10 (%)  

Fig. 6 Same as in Fig. 2, but for autumn

whereas no significant changes are noted for the other two periods. On a seasonal
analysis, summer has the largest number of stations (25% and 70%, respectively)
showing a significant upward trend for the two periods 1961–2000 and 1961–2006.
Winter follows with 25–40% of the stations having significant positive trends for
the three periods. Spring and autumn shows an insignificant change. For Tnq10,
significant increase has been detected at about 50–70% of the stations in the three
periods. The pattern is consistent throughout the year.

On an annual basis, there are a large number of stations with increasing trends
for Txf 90 over the period 1961–2006, with as many as 70% of the stations reach sig-
nificance while no significant change was noted for the two shorter periods. Summer
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P (mm)                                  Pint (mm/d) 

Pfl90 (%)                               Pnl90 (d)

 

Px5d (mm)                               Pxcwd (d)  

Pxcdd (d) 

Fig. 7 Signs of trends and change per decade for the seven annual rainfall indices in the study area
for the period 1960–2000. Significant increasing (decreasing) trends are marked by filled triangles
(filled upright triangle, f illed inverse triangle). Insignificant trends are marked by small dots (filled
circle)

has the largest number of stations (70%) showing significant increasing trends in
the period 1961–2006 while there are less (33%) or even no stations with significant
positive trends in the periods 1961–2000 and 1961–1990, respectively. Similarly, a sig-
nificant increase also dominate in winter and autumn with about 40% of the stations
showing significant positive trends over the period 1961–2006 while spring shows
insignificant changes. In contrast, Tnf10 is dominated by a significant decrease in
the three periods with 60–80% of the stations having significant negative trends.
The annual pattern of Tnf10 is very similar and consistent throughout the different
seasons.
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P (mm)                                  Pint (mm/d) 

Pfl90 (%)                                Pnl90 (d) 

Px5d (mm)                             Pxcwd (d) 
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Fig. 8 Same as in Fig. 7, but for winter

4.2 Rainfall

In contrast to the temperature indices, there are no significant changes in all the
rainfall indices over the study region for the three study periods. This is indicated by
no significant trends being detected at 70–100% of the stations. Trends in the two
longer periods (1960–2000 and 1960–2006) are more consistent and pronounced than
the shorter period (1960–1990). Although in the majority of the stations no significant
trends have been detected for the seven rainfall indices, some seasonal and spatial
differences are noticed.

No significant changes are noted in annual rainfall total (P) for the three periods
except in the upper part of the study region where P has significantly increased at a
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Fig. 9 Same as in Fig. 7, but for spring

rate of 19.83 mm/decade. Insignificant change in annual rainfall is also reported by
Zhao et al. (2007) and Xu et al. (2007) for the Yellow River source region over the
period 1960–2000. Winter has the largest proportion of stations (about 28.6–30%)
showing a significant increase in P, followed by spring with 7.1–28.6% of stations
showing a significant positive trend. As in the annual basis, P shows a significant
increasing trend in winter and spring in the upper part of the study region. In contrast,
14.3–20% of stations exhibit significant decrease in P in autumn while all stations
show no significant change in summer. The mean precipitation per wet day (Pint)
is characterized on an annual basis by no significant trends being detected at all
stations. The annual pattern of Pint is consistent throughout the different seasons.
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 P (mm)                              Pint (mm/d) 

Pfl90 (%)                              Pnl90 (d) 

Px5d (mm)                            Pxcwd (d) 

 Pxcdd (d) 

Fig. 10 Same as in Fig. 7, but for summer

At the majority of stations (85.7% of the stations) no significant trends were
found in Pfl90 for the three periods on both annual and seasonal basis. Similarly, the
number of events exceeding the long-term 90th percentile of precipitation (Pnl90)
also shows no significant trends at the majority of stations (80%). The index of
accumulated rainfall during the 5 days with heaviest rainfall (Px5d) is related to
the most intense rainfall events. On annual basis, Px5d tends to be stationary at all
stations. In winter, significant increase in Px5d occurs in the upper part of the study
region, whereas 20% of the stations, mainly in the lower part of the study region,
show significant decrease in autumn.
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Fig. 11 Same as in Fig. 7, but for autumn

Almost all stations show no significant trends in the length of wet periods (Pxcwd)
on annual basis. The annual pattern is consistent throughout the different seasons.
Although no clear pattern is found for Pxcdd on annual basis, some seasonal
differences are noticed. 7.1–30% of the stations exhibit significant decreasing trend
in winter and spring while 14.3–30% show significant increasing trend in autumn.

4.3 Regional average index series

To obtain a general picture of changes in the temperature and rainfall indices over
the whole study area, the trend test is also carried out for the regional average index
series. Table 5 presents the trend test results for regionally averaged indices for
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Table 5 Mann–Kendall statistics for regional average indices series

DJF MAM JJA SON Annual

Temperature indices
Txav 1.75 0.13 2.63 3.07 2.94
Tnav 3.84 4.69 3.83 2.73 5.15
Trav −2.00 −3.12 −1.11 −0.89 −2.42
Tnfd 0.13 −0.49 −4.10 −0.53 −2.91
Txq90 2.63 0.51 2.78 0.89 1.83
Tnq10 2.76 3.23 4.32 4.16 4.39
Txf 90 2.31 0.44 3.57 2.37 3.62
Tnf10 −3.19 −3.59 −4.15 −3.38 −4.95

Rainfall indices
Px5d 2.01 −0.31 −0.87 −0.79 −0.89
Pxcdd −0.15 −1.71 0.24 0.73 −1.12
Pxcwd 1.60 1.22 −1.44 −0.77 −1.48
Pint 0.30 −2.16 −0.81 −1.02 −2.03
Pfl90 0.07 −1.82 −1.90 −1.10 −2.07
Pnl90 0.36 −0.71 −1.90 −1.34 −1.62
P 2.70 1.91 −0.50 −1.12 −0.29

Numbers rendered in italics indicate significance at the 10% level

the period 1960–2006. The time series of annual region averaged temperature and
rainfall indices can be seen in Figs. 12 and 13, respectively.

4.3.1 Temperature

On annual basis, significant trends dominate all the regionally averaged temperature
indices. Out of eight indices, five (Txav,Tnav, Txq90, Tnq10 and Txf 90) show a
significant upward trend while the remaining three (Trav, Tnfd and Tnf10) show a
significant downward trend. In winter, all the indices show a significant trend except
Tnfd with no significant change. Both Trav and Tnf10 exhibit a significant downward
trend while the remaining five indices show a significant upward trend. In comparison
to winter, spring has less number of indices with significant trends. Tnav and Tnq10
show a significant upward trend while Trav and Tnf10 show a significant downward
trend. In summer, all the indices show a significant trend except Trav. Tnfd and
Tnf10 show a significant downward trend while the contrast occurs for the remaining
indices. In autumn, four indices (Txav, Tnav, Txq90 and Tnq10) show a significant
upward trend, and one index (Tnf10) shows a significant downward trend. In spite
of some seasonal differences, it is noticeable that throughout the year both Tnav and
Tnq10 show a significant upward trend while Tnf10 shows a significant downward
trend. This indicated that significant warming occurs in the minimum temperature
related indices throughout the year.

4.3.2 Rainfall

On annual basis, both the rainfall intensity (Pint) and the contribution of moderately
heavy rainfall events to total P(Pfl90) show a significant decreasing trend, whereas
no significant changes are found for the remaining indices. Seasonal precipitation
shows a significant increasing trend in winter, which is accompanied by a significant
increasing trend in the maximum 5-d rainfall (Px5d). In spring, there is a significant
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Fig. 12 Time series for annual region averaged temperature indices. Thin curves show the regional
average. Thick curves show 5 years moving average. Horizontal lines show the 1961–2006 average.
Data are plotted as anomalies from the 1961–2006 average

increasing trend in precipitation (P) and a significant decreasing trend in the duration
of dry spells (Pxcdd), rainfall intensity (Pint) and the contribution of moderately
heavy rainfall events to total P (Pfl90). A significant decreasing trend in the
frequency and contribution of moderately heavy rainfall events to total P (Pfl90,
Pnl90) is observed in summer. However, none of the indices show significant trends
in autumn.
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Fig. 13 Time series for annual region averaged rainfall indices. Thin curves show the regional
average. Thick curves show 5 years moving average. Horizontal lines show the 1960–2006 average

5 Discussion and conclusions

In this study we analyzed spatio-temporal changes in a set of daily rainfall and
temperature indices on both annual and seasonal basis for the Yellow River source
region over the three periods: 1960–1990, 1960–2000 and 1960–2006. Changes in the
daily data values and spatio-temporal distribution of rainfall and temperature have
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important implications for water supply in the whole basin that is mainly limited by
the water availability in this region.

Significant warming trends dominate the study region over the second half of the
twentieth century as a whole. The warming in the study region mainly results from
significant increase in winter minimum temperature. This finding is in agreement
with results for the whole Yellow River basin (Fu et al. 2004; Zhang et al. 2008).
Furthermore, increase in the minimum temperature is much larger than that in
the maximum temperature, which results in significant reduction in the diurnal
temperature range over most of the region except in the west part of the region
where the contrast occurs. This reduction is particularly strong in winter with some
stations having trends as much as a 0.5∼0.7◦C decade−1 decrease. The reduction
in the diurnal temperature range over most of this region is also reported by
Tang et al. (2008) for the period 1960–2000. This is consistent with the trend in
the global diurnal temperature range (Easterling et al. 1997). There is a widespread
decrease in the number of annual frost days with the largest reduction in summer. On
annual basis, the frequency and magnitude of hot events show an upward trend over
most of the region with some notable seasonal differences. For example, summer
shows the largest increase in both the frequency and magnitude of hot events, with
winter to follow, whereas spring and autumn show no significant change. Compared
to the annual pattern in the hot events, changes in the magnitude and the frequency
of cold events is very consistent throughout the year, e.g. the magnitude of the cold
events has significantly increased while the frequency showed a decreasing trend.
Zhang et al. (2008) also indicated that the upper reach of the Yellow River is
characterized by a significant upward trend of frequency of extreme hot events and
by a significant downward trend of frequency of extreme cold events.

Changes in all the indices are spatially coherent for all the stations except for
Henan station located in the eastern part of study, which consistently shows opposite
trends compared to other stations. Similar findings for the mean air temperature have
been reported by Zhao et al. (2007) and Xu et al. (2007). They also found the mean
air temperature has decreased in the area around Henan station. This behaviour
may indicate large climate variability in the mountainous region. However, this
hypothesis has not yet been verified. Although changes are spatially coherent for
most indices, the rate of change varied, e.g. changes in the cold indices for the western
region is much smaller than that for the rest parts of region while the contrast occurs
in the warm indices.

Although most stations across the study area did not show any significant changes
in the rainfall indices, some noticeable changes were observed for the regionally
averaged indices: (a) On annual basis, there is a significant decline in average rainfall
intensity and contribution of moderately heavy rainfall events to total P across
the study area. (b) Winter rainfall has generally increased significantly, which is
accompanied by a significant increase in Px5d. (c) Spring rainfall is also found to have
a significant increasing trend, which is accompanied by a significant decline in the
number of dry days, average rainfall intensity and contribution of moderately heavy
rainfall events to total P. (d) Both the frequency and contribution of moderately
heavy rainfall events to total P has significantly decreased in summer.

The results of this study indicate that the climate in the Yellow River source region
has become warmer and experienced some seasonally varying changes in rainfall,
which is in agreement with the conclusions by Niu et al. (2004) for the northeastern
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Tibetan Plateau. In addition, it partly supports an emerging global picture of warming
and prevailing positive trends in rainfall extremes over the mid-latitudinal land areas
of the Northern Hemisphere in winter. However, this study is based on relatively
short periods (40–45 year) and rather sparse station coverage. Thus, it is unclear as
to whether these trends are part of a longer period of oscillation or the result of long
term climate change.
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