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Abstract Based on the hydrologic and meteorological
data in the Yarkand River Basin during 1957-2008, the
nonlinear hydro-climatic process was analyzed by a com-
prehensive method, including the Mann—Kendall trend test,
wavelet analysis, wavelet regression analysis and correla-
tion dimension. The main findings are as following: (1) The
annual runoff, annual average temperature and annual
precipitation showed an increasing trend during the period
of 1957-2008, and the average increase extent in runoff,
temperature and precipitation was 2.234 x 10® m?/10 year,
0.223 °C/10 year, and 4.453 mm/10 year, respectively. (2)
The nonlinear pattern of runoff, temperature and precipita-
tion was scale-dependent with time. In other words, the
annual runoff, annual average temperature and annual pre-
cipitation at five time scales resulted in five patterns of
nonlinear variations respectively. (3) Although annual run-
off, annual average temperature and annual precipitation
presented nonlinear variations at different time scales, the
runoff has a linear correlation with the temperature and
precipitation. (4) The hydro-climatic process of the Yarkand
River is chaotic dynamic system, in which the correlation
dimension of annual runoff, annual average temperature and
annual precipitation is 3.2118, 2.999 and 2.992 respectively.
None of the correlation dimensions is an integer, and it

J. Xu (<) - Q. Nie - Y. Hong - Y. Yang

The Research Center for East-West Cooperation in China,
The Key Lab of GIScience of the Education Ministry PRC,
East China Normal University, Shanghai 200062, China
e-mail: jhxu@geo.ecnu.edu.cn

Y. Chen - W. Li (&)

The Key Laboratory of Oasis Ecology and Desert Environment,
Xinjiang Institute of Ecology and Geography, Chinese Academy
of Sciences, Urumgqi 830011, Xinjiang, China

e-mail: liwh@ms.xjb.ac.cn

indicates that the hydro-climatic process has the fractal
characteristics.
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1 Introduction

Many case studies in different countries and regions have
suggested that the hydro-climatic process is a complex
system, with nonlinearity as its basic characteristic (Ibbitt
and Woods 2004; Kantelhardt et al. 2003; Livina et al.
2003; Strupezewski et al. 2006; Sivakumar 2007; Wang
et al. 2008; Liu 2008). Therefore, more studies are required
to explore the nonlinear characteristics of hydro-climatic
process from different perspectives and using different
methods. As a result, the hydro-climatic process has been
explored using various nonlinear analytical methods,
including wavelets, artificial neural networks, and the
fractal theory (Wilcox et al. 1991; Smith et al. 1998;
Cannon and McKendry 2002; Chou 2007; Hu et al. 2008;
Wang et al. 2006). However, it has proven difficult to
achieve a thorough understanding of the nonlinear hydro-
climatic process by any individual method (Xu et al. 2010).

In the last 20 years, many studies have been conducted
to evaluate climatic change and hydrological processes
in the arid and semi-arid regions in northwestern China
(Chen and Xu 2005; Wang et al. 2010; Zhang et al. 2010).
A number of studies have indicated that there was a visible
transition in the hydro-climatic processes in the past half-
century (Chen and Xu 2005; Chen et al. 2006; Shi et al.
2007; Wang et al. 2010). This transition was characterized
by a continual increase in temperature and precipitation,
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added river runoff volumes, increased lake water surface
elevation and area, and elevated groundwater levels. These
changes have led to increased water resources, providing
immediate relief to the local water shortage. However, the
climatic change has also caused the accelerated retreat of
glaciers, which are important natural water reservoirs for
the ecosystems in inland China.

The Yarkand River, mainly recharged by seasonal gla-
cier melt and snowmelt, is one of headwaters of the Tarim
River in arid area of northwestern China, and relatively, it
has not been disturbed by more human activities. So, how
the hydro-climatic process of the Yarkand River has
changed during the past half-century? Was it really that the
runoff has increased going with temperature and precipi-
tation increase? To series of these changes, such inquiries
may be designed to determine if these changes represent a
localized transition to a warm and wet climate type in
response to global warming, or merely reflect a centennial
periodicity in hydrological dynamics. To date, these
questions have not received satisfactory answers.

Based on the observed climatic and hydrological data
series from hydrologic and meteorological stations in
source area of the Yarkand River, this study applied a
comprehensive method including Mann—Kendall (MK)

test, wavelet analysis, regression analysis, and correlation
dimension to investigate the nonlinear variations of annual
runoff and its response to climate changes, as well as the
fractal characteristics of hydro-climatic process.

2 Materials and methods
2.1 Study area

The Yarkand River (Fig. 1) is located in the southeastern of
Xinjiang Uygur autonomous region, with a length of
1,097 km. The Yarkand River (35°40'-40°31'N, 74°28'—
80°54'E) has a total basin area of 9.89 x 10* kmz,
including 6.08 x 10* km? as the mountain area, which
accounts for 61.5 %, and 3.81 x 10* km? as the plain area,
which takes up 38.5 % (Sun et al. 2006). The main stream
of Yarkand River originates from Karakoram Pass in the
north slope of Karakoram Mountain, where is full of
towering peaks and developmental glaciers, as well as the
extremely rare precipitation in plain. Due to the special
geographical conditions, the accumulation of ice and snow
in high mountain is the only supply for runoff. Therefore,
the Yarkand River is a typical ice and snow supply river, in

Fig. 1 Location of the Yarkand 76°E 78°E 80°E
1 i T T
River | |Awat @ N,
f’ f Tarim,
40°N | | N
40°N
5
Z
o
=
2
=
Taklamakan Desert
38°N
36°N @®  Cityor County
A" River

% Reservoir r =X RiVer 36°N

A Meteorological Sr;'a!ion 4 A #

Y  Hydrological Sta7"ion “, o f 0 40 80 120km

iz | lll:::lll:::l-ll:::l
L I

76°E

@ Springer



Stoch Environ Res Risk Assess (2013) 27:389-399

391

which the multi-year average runoff in Kaqun hydrometric
station consists of 64.0 % from mean volume of glacial
ablation, 13.4 % from rain and snow supply, and 22.6 %
from groundwater supply, respectively (Sabit and Tohti
2005; Liu et al. 2008).

2.2 Data

Some studies have shown that the river’s runoff is influ-
enced by exogenous variables in time series analysis, such
as matter and energy constants (Chen and Kumar 2004;
Shao et al. 2009). For the Yarkand River is an inland river,
with no water recharge in the plain area, its stream flow
mainly comes from mountainous area, i. e. the Pamir
Mountains. In other words, the runoff of the Yarkand River
is in turn mainly fed by glacier, snowmelt and precipitation
in the Pamir Mountains. Therefore, the climatic factors,
especially temperature and precipitation, directly affect the
annual changes in the runoff. So we use the runoff as well
as temperature and precipitation data to analyze the non-
linearity of annual runoff process in Yarkand River. The
runoff data were from the Kaqun hydrologic station, and
temperature and precipitation data were from Tash Kur-
ghan meteorological station. The two stations are located in
the source areas of the river and the amount of water used
by humans is minimal compared to the total discharge.
Therefore, it was assumed that the observed hydrological
and meteorological records reflect the natural conditions.
Long-term climate changes can alter the runoff production
pattern, the timing of hydrological events, and the frequency
and severity of floods, particularly in arid or semi-arid regions.
Therefore, a small change in precipitation and temperature
may result in marked changes in runoff (Gan, 2000). To
investigate the runoff and its related climatic effect, this study
used the time series data of annual runoff, annual average
temperature and annual precipitation from 1957 to 2008.

2.3 Methodology

In order to understand the nonlinear hydro-climatic process
in the Yarkand River, this paper conducted a comprehen-
sive method including MK test, the wavelet analysis,
wavelet regression analysis and correlation dimension step
by step. Firstly, MK test was employed to identify trends
for runoff and climatic factors. Secondly, the wavelet
analysis was used to reveal the nonlinear variations in the
runoff and its related climatic factors at different time
scales. Thirdly, the relationship between the runoff and its
related climatic factors was revealed by the regression
analysis based on the wavelet analysis at different time
scales. Finally, the fractal character of the hydro-climatic
process related climatic factors was revealed by the cor-
relation dimension method.

2.3.1 MK trend test

There are many statistical methods available to detect trends
within the time series and each method has its own strength
and weakness (Xu 2002). Whatever, non-parametric trend
detection methods are less sensitive to outliers than the
parametric statistics such as Pearson’s correlation coeffi-
cient. Moreover, the rank-based nonparametric MK test
(Kendall 1975; Mann 1945) can test trends in a time series
without requiring normality or linearity, and is therefore
highly recommended for general use by the World Meteo-
rological Organization (Mitchell et al. 1966). The MK trend
test has been widely used in detecting trends in meteoro-
logical and hydrological series (Chen et al. 2006; Burn 2008;
Xu et al. 2009b; Zhang et al. 2010). This paper also uses MK
test method to analyze trends in the temperature, precipita-
tion and runoff series in the Yarkand River basin.
The statistic of the MK trend test, Z, is expressed as:

S_ L 90
var(s)
Zc = 0, S=0 (1)
S+1 S<0
var(s)’
where
n—1 n
S = sgn(x; — x;), (2)
i=1 k=i+1
(9 > O
sgn(0 0, 3)
-1, 0<0
var(S) =n(n —1)(2n+5)/18 (4)

where x; and x; are the sequential data values for runoff,
temperature and precipitation, and 7 is length of the data.

The index for measurement of trend, i.e., the inclination
is expressed as follows:

f = Median (%) (5)

where 1 <j <i <n. A positive f§ denotes a rising trend,
while a negative f§ means a decreasing trend.

The MK test can be used in the following manner: for
the null hypothesis of Hy : f = 0, if |Z.| > Z,_,, then the
null hypothesis is rejected, where, Z;_,/, is the standard
normal variance, and o is the significance level for the test.

2.3.2 Wavelet analysis

Wavelet transformation has shown to be a powerful tech-
nique for characterization of the frequency, intensity, time
position, and duration of variations in climate and hydro-
logical time series (Smith et al. 1998; Labat et al. 2005;
Chou 2007; Xu et al. 2009b). Wavelet analysis can also
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reveal the localized time and frequency information with-
out requiring the time series to be stationary, which is
required by the Fourier transform and other spectral
methods (Torrence and Compo 1998).

A continuous wavelet function ¥ (#) that depends on a
nondimensional time parameter # can be written as (Labat
2005):
V) = Plab) =l (17 ©
where ¢ denotes time, a is the scale parameter and b is the
translation parameter. W(#) must have a zero mean and be
localized in both time and Fourier space (Farge 1992). The
continuous wavelet transform (CWT) of a discrete signal,
x(t), such as the time series of runoff, temperature or
precipitation, is expressed by the convolution of x(¢) with a
scaled and translated ‘¥ (7),

+o00

We(a,b) = |a| "2 / NOLA (’ - b)dt (7)

a
—00

where, * indicates the complex conjugate, and W,(a, b)

denotes the wavelet coefficient. Thus, the concept of fre-

quency is replaced by that of scale, which can characterize

the variation in the signal, x(¢), at a given time scale.

Selecting a proper wavelet function is a prerequisite for
time series analysis. The actual criteria for wavelet selec-
tion include self-similarity, compactness, and smoothness
(Ramsey 1999; Xu et al. 2004). For the present study,
symlet 8 was chosen as the wavelet function according to
these criteria.

The nonlinear trend of a time series, x(¢), can be ana-
lyzed at multiple scales through wavelet decomposition on
the basis of the discrete wavelet transform (DWT). The
DWT is defined taking discrete values of a and b. The full
DWT for signal, x(¢), can be represented as (Mallat 1989):

x(t) = Z Wjo kP (1) + ZO Z ;i (1) (8)
% =%

where ¢; ((¢) and ;(¢) are the flexing and parallel shift of
the basic scaling function, ¢(¢), and the mother wavelet
function, (), and w; 4(j<jo) and w;; are the scaling
coefficients and the wavelet coefficients, respectively.
Generally, scales and positions are based on powers of 2,
which is the dyadic DWT (Sun et al. 2006).

Once a mother wavelet is selected, the wavelet trans-
form can be used to decompose a signal according to scale,
allowing separation of the fine-scale behavior (detail) from
the large-scale behavior (approximation) of the signal
(Bruce et al. 2002). The relationship between scale and
signal behavior is designated as follows: low scale
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corresponds to compressed wavelet as well as rapidly
changing details, namely high frequency; whereas high
scale corresponds to stretched wavelet and slowly changing
coarse features, namely low frequency. Signal decompo-
sition is typically conducted in an iterative fashion using a
series of scales such as a = 2, 4, 8,..., 2&, with successive
approximations being split in turn so that one signal is
broken down into many lower resolution components.

The wavelet decomposition and reconstruction were
used to approximate the nonlinear trend of annual runoff
and its related factors over the entire study period at the
selected different time scales.

2.3.3 Wavelet regression analysis

To understand the change trend of runoff and its causes
during the past decades, this paper also employed a wavelet
regression analysis to examine the nonlinear trend of runoff
in the Yarkand River and its climatic effect factors. The
analysis steps are as follows (Xu et al. 2008b, 2011a, b): (1)
firstly, nonlinear variations of runoff and climate factors,
such as annual runoff, annual average temperature and annual
precipitation were approximated by using wavelet decom-
position on the basis of the DWT at different time scales; (2)
then, the statistical relationship between runoff and temper-
ature and precipitation were revealed by using regression
analysis method based on the wavelet approximation.

2.3.4 Correlation dimension

The correlation dimension method is usually applied to
determine whether the hydro-climatic process exhibits a
chaotic dynamic characteristic (Wang et al. 2006; Si-
vakumar 2007; Sivakumar and Chen 2007; Xu et al. 2008a,
2009a).

Consider x(t), a time series of annual runoff or its related
factor (such as temperature, precipitation), and suppose it is
generated by a nonlinear dynamic system with m degrees of
freedom. To restore the dynamic characteristic of the ori-
ginal system, it is necessary to construct an appropriate
series of state vectors, X" (t), with delay coordinates in the
m-dimensional phase space according to the basic ideas
initiated by Grassberger and Procaccia (1983):

XM (1) = {x(t),x(t + 1), ..., x(t + (m — 1)1)} (9)

where m is the embedding dimension and t is an appro-
priate time delay.

The trajectory in the phase space is defined as a
sequence of m dimensional vectors. If the dynamics of the
system can be reduced to a set of deterministic laws, the
trajectories of the system converge toward a subset of the
phase space, which is called an “attractor”. Many natural
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systems do not conform with time to a cyclic trajectory.
Some nonlinear dissipative dynamic systems tend to shift
toward the attractors for which the motion is chaotic, i.e.
not periodic and unpredictable over long times. The
attractors of such systems are called strange attractors. For
the set of points on the attractor, using the G-P method
(Grassberger and Procaccia 1983), the correlation-integrals
are defined to distinguish between stochastic and chaotic
behaviors.
The correlation-integrals can be defined as follows:

Ng_ Ng

c@):%ZZ@(rqxi_xj\) (10)

R j=1 i=1

where r is the surveyor’s rod for distance, Nk is the number
of reference points taken from N, and N is the number of
points. The relationship between N and Ny is Ny = N —
(m — 1)t. ®(x) is the Heaviside function, which is defined
as:

ow={} I5§ a

The expression counts the number of points in the
dataset that are closer than the radius, r, within a
hypersphere of the radius, r, and then divides this value
by the square of the total number of points (because of
normalization). As r — 0, the correlation exponent, d, is
defined as:

C(r) o< 1 (12)

It is apparent that the correlation exponent, d, is given
by the slope coefficient of In C(r) versus In r. According to
(Inr,InC(r)), d can be obtained by the least squares
method (LSM) using a log—log grid.

To detect the chaotic behavior of the system, the cor-
relation exponent has to be plotted as a function of the
embedding dimension (as shown in Fig. 6). If the system is
purely random (e.g. white noise) the correlation exponent
increases as the embedding dimension increases, without
reaching the saturation value (Grassberger and Procaccia
1983).

If there are deterministic dynamics in the system, the
correlation exponent reaches the saturation value, which
means that it remains approximately constant as the
embedding dimension increases. The saturated correlation
exponent is called the correlation dimension of the attrac-
tor. The correlation dimension belongs to the invariants of
the motion on the attractor. It is generally assumed that the
correlation dimension equals the number of degrees of
freedom in the system, and higher embedding dimensions
are therefore redundant. For example, to describe the
position of the point on the plane (two-dimensional sys-
tem), the third dimension is not necessary because it is

redundant. In addition, the correlation dimension is often
fractal and represented as a non-integral dimension, which
is typical for chaotic dynamical systems that are very
sensitive to initial conditions (Grassberger and Procaccia
1983).

The correlation dimension provides information
regarding the dimension of the phase-space required for
embedding the attractor. It is important for determining the
number of dimensions necessary to embed the attractor and
the number of variables present in the evolution of the
process.

3 Results and discussion

The raw data of annual runoff, annual average temperature
and annual precipitation showed in fluctuating patterns for
the period of 1957 to 2008 (Fig. 2). However, it is difficult
to identify any trends (e.g. periodicity) simply based on the
surface of the oscillation pattern. In order to reveal the
nonlinearity of the hydro-climatic process in the Yarkand
River, we analyzed it step by step using MK test, wavelet
variance analysis, wavelet regression analysis, and corre-
lation dimension method.

3.1 The results of MK trend test

Some research results (Shi et al. 2007; Chen et al. 2006,
2009) show that, since the latter twentieth century, there is
an obvious change about hydro-climatic process in arid
area of northwestern China, such as rising temperature,
added precipitation and increased river runoff, and so on.
Thus, under this background, if the Yarkand River Basin
has the similar trend or not? Perhaps the MK trend test can
explain the problem.

Though the raw data in Fig. 2 has shown obvious fluc-
tuations and nonlinear changes, the results of nonpara-
metric MK test reveals the annual trend of runoff,
temperature and precipitation (Table 1).

The results of MK trend test for the time series of annual
runoff denote that the original assumption is rejected dur-
ing the period from 1957 to 2008. The results indicate that
there was a significant (¢ = 0.1) increasing trend of annual
runoff from 1957 to 2008.

Similarly, the results of MK trend test for the time series
of annual average temperature reveal that the original
assumption is rejected during the period from 1957 to
2008. The results mean that there was an increasing trend
of annual temperature from 1957 to 2008 at significant
level of 0.01.

Moreover, the results of MK trend test for the time
series of annual precipitation show that the original
assumption is rejected at significant level of 0.1 during the
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Table 1 Mann-Kendall trend test for annual runoff, annual average
temperature and annual precipitation

Period Z. B Significance
level o
Annual runoff 19572008 1.89 0.2234 0.1

Annual average 1957-2008 3.15 0.0223 0.01

temperature

Annual precipitation ~ 1957-2008 1.72 0.4453 0.1

period from 1957 to 2008. The results suggest that there
was a significant decreased trend of annual precipitation
from 1957 to 1985, but a significant (o = 0.1) precipitation
increase during 1986 to 2008.

In addition, the results in Table 1 are not only indicate
the remarkable increasing trend of runoff, temperature and
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1981
1984
1993

Time (year)

precipitation in Yarkand River Basin, during the period of
1957-2008, but also show that average increase extent in
annual runoff is 2.234 x 10® m*/10 year, average increase
extent in annual average temperature is 0.223 °C/10 year,
and average increase extent in annual precipitation is
4.453 mm/10 year.

3.2 Nonlinear variation of runoff and climate factors

The nonlinear variation for the annual runoff process and
the related climate factors were analyzed at multiple-year
scales through wavelet decomposition on the basis of the
DWT.

The wavelet decomposition for the time series of annual
runoff at five time scales resulted in five variants of
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nonlinear variations (Fig. 3). The S1 curve retains a large
amount of residual noise from the raw data (see Fig. 2 for a
comparison), and drastic fluctuations along the entire
time span. These characteristics indicate that, although the
runoff varied greatly throughout the study period, there was
a hidden increasing trend. The S2 curve still retains a
considerable amount of residual noise, as indicated by
the presence of four peaks and four valleys. However,
the S2 curve is much smoother than the S1 curve, which
allows the hidden increasing trend to be more apparent.
The S3 curve retained much less residual noise, as
indicated by the presence of two peaks and two valleys.
Compared to S2, the increase in runoff over time was
more apparent in S3. Finally, the S5 curve presents an
ascending tendency, whereas the increasing trend is
obvious in the S4 curve.

Accordingly, Figs. 4, 5 provide us a method for com-
paring the nonlinear variations of annual average temper-
ature and annual precipitation at different time scales. The
wavelet decomposition for the time series of annual aver-
age temperature and annual precipitation at five time scales

1975
1078 f
1981

984 |
1987
1990 |
1993 F
1996 |
1999
2002
2005
2008"

Time (year)

resulted in five nonlinear variations respectively. These five
time scales are also designated as S1 to S5. The curves
present an ascending tendency although drastic fluctuations
in S1 and S2. Then, the curves are getting much smoother
and the increasing trend becomes even more obvious as the
scale level increases (see Figs. 4, 5 for a comparison).

The upper analysis showed that the nonlinear variations
of runoff, temperature and precipitation of the Yarkand
River basin were dependent on time scales.

3.3 The response of stream flow to climate change

Some studies have shown that stream flows can also be
influenced by other variables (called exogenous variables
in time series analysis), such as matter and energy, and that
such influences might not be constants (Chen and Kumar
2004; Shao et al. 2009). Especially in an arid inland river
basin, the river’s flow mainly comes from mountainous
watershed (Chen et al. 2009). Indeed, the runoff of the
Yarkand River primarily comes from the Pamir Mountains,
which is in turn fed by snowmelt and precipitation in
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Fig. 5 Nonlinear variations for
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mountain area. Therefore, the dynamics of regional cli-
mate, especially temperature and precipitation, directly
affect the annual changes in the runoff. For this reason, it is
important to determine whether there is a relationship in
the time-series of the annual runoff, annual average tem-
perature and annual precipitation during the study period.

To verify this relationship, the following linear regres-
sion model was developed using the annual average tem-
perature and annual precipitation as two independent
variables and the annual runoff as the dependent variable:

AR = 3.5AAT — 0.037AP + 56.75

5 (13)
R*=0.1983; F =2.517; « = 0.1

where AR denotes the annual runoff, AAT is the annual
average temperature, and AP represents the annual
precipitation.

The test results showed that the above regression was
significant at o = 0.1. Furthermore, Eq. (13) revealed a
positive correlation between the annual runoff and the
annual average temperature, which was expected. These
results are readily supported by the fact that the majority of
streamflow comes from glacial melt and snow melt, which

1984
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1993 f
1996
1999
2002
2005
20081

1972
1975 [
1978

19811

Time (year)

have been occurring at increased rates as the temperature
increases. These results have been confirmed by other
studies (Wang et al. 2006). However, Eq. (13) also indi-
cates the existence of a weak, negative correlation between
the annual runoff and the annual precipitation, which does
not seem reasonable. Indeed, this finding conflicts with the
results of other studies (Chen and Xu 2005; Chen et al.
2006), which have suggested that both the temperature and
precipitation series in the Tarim basin have been increasing
in a pattern similar to that of annual runoff over the past
50 years. It is possible that this inconsistency is caused by
noise in the raw time-series data, which should be filtered
out via wavelet decomposition based on the discrete
wavelet transform (Xu et al. 2008a).

The covariability between runoff and climate factors on
multiple time scales can be examined via regression anal-
ysis based on the results of wavelet decomposition (Xu
et al. 2008b). For the purpose to understand the response of
the runoff to regional climate change, based on the results
of wavelet decomposition at different time scales (Figs. 3,
4°5), regression equations were fitted for describing the
relationship among annual runoff, annual average temper-
ature and annual precipitation (Table 2).

Table 2 Regression equations describing the relationship between annual runoff and annual average temperature and annual precipitation at

different time scales

Time scale Regression equation R? F Significance level o
S1 AR = 3.243AAT + 54.89 0.361 4.763 0.01

S2 AR = 2.883AAT + 0.173AP + 43.62 0.4157 15.6492 0.001

S3 AR = 5.7192AAT + 0.116AP + 37.276 0.894 205.729 0.001

S4 AR = 3.332AAT + 0.189AP + 40.618 0.975 943.228 0.001

S5 AR = 2.555AAT + 0.206AP + 42.353 0.996 6701.914 0.001

Notes AR annual runoff, AAT annual average temperature, and AP annual precipitation; S1, S2, S3, S4 and S5 represent 2-, 4-, 8-, 16- and 32-year

time scales, respectively
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Fig. 6 A plot of In C(r) versus In (r)

As is shown in Table 2, the binary linear regression
equations on each time scale have passed the significant
test.

On the time scales of 2-year, the linear regression
equation shows that the dependent variable, annual runoff
positively correlated only with the independent variable,
temperature at a significant level of 0.01. Because another
independent variable, annual precipitation did not appear in
the regression equation on the time scales of 2-year, we can
say that the temperature is the major factor influencing the
runoff of the Yarkand River.

Moreover, on the time scales of 4-, 8-, 16- and 32-year,
annual runoff has positive correlations with both annual
average temperature and annual precipitation at a high
significant level of 0.001. In another word, although the
runoff, temperature and precipitation appeared nonlinear
variations, the runoff presented a linear correlation with the
temperature and precipitation.

3.2
3.0
2.8
2.6
2.4
2.2

2.0

Fig. 7 The correlation exponent (d) versus embedding dimension (1)

Table 3 The correlation dimensions for the annual runoff, annual
average temperature and annual precipitation

Rivers Annual Annual average Annual
runoff temperature precipitation
Embedding 7 6 6
dimension (m)
Attractor 3.2118 2.999 2.992

dimension (D)

Based on the above-mentioned wavelet regression
analysis at different time scales, the results can be sum-
marized as that the increasing trend of runoff in Yarkand
River is resulted from the raised temperature and added
precipitation, especially much closer to raised temperature.
This is due to be that the Yarkand River is mainly supplied
by meltwater from the ice and snow in the Pamirs, which
resulted in that the runoff is on increasing tendency with
the raised temperature (Chen et al. 2009; Zhang et al.
2010).

In conclusion, in the view of multi-scales and statistical
significance, the annual runoff change of Yarkand River is
related to the change of regional climate, especially to the
ascending annual average temperature. In another word,
the runoff variation is the result for responding regional
climate. With the raised temperature and added precipita-
tion, the annual runoff of Yarkand River presented a non-
linear increasing trend. Furthermore, this conclusion is
agreed with the research results for runoff change trend
under the other background of climatic change in Tarim
basin, i.e. in the recent 50 years, the change is corre-
sponding with the raised temperature and added precipi-
tation in Tarim basin (Liu et al. 2008; Chen et al. 2009; Xu
et al. 2010).

3.4 The chaotic dynamic system of hydro-climatic
process

The annual runoff time series of the Yarkand River was
used to reconstruct the phase space, while the correlation
dimension of the attractor was calculated. Different values
for the radius, r, were first selected to compute the values
of the correlation-integrals, C(r), which were used to plot
the curves within a dual logarithmic coordinate system
(Fig. 6). This diagram shows the relationship between
InC(r) and In () for the annual runoff with a number of
different embedding dimensions, m. The slope coefficient
of InC(r) versus Inr, i.e. the correlation exponent, d,
which was used to embed dimension m =1, 2, ..., was
calculated using the least square method (LSM).

The diagram in Fig. 7 shows the gradual saturation
process of the correlation exponent. It is evident that the
correlation exponent increases with embedding dimension,
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m, and a saturated correlation exponent, the correlation
dimension of attractor (D), was obtained when m > 7.

The same procedure was used to calculate the correla-
tion dimensions of the attractors for annual average tem-
perature and annual precipitation.

The correlation dimensions for the annual runoff, annual
average temperature and annual precipitation are shown in
Table 3. Because correlation dimension for the annual
runoff is above 3, at least four independent variables are
needed to describe the dynamics of the hydrological pro-
cess of the Yarkand River. Furthermore, correlation
dimensions for annual average temperature and annual
precipitation are close to 3, which also indicates that it need
three independent variables to describe the dynamics of
temperature as well as precipitation process.

Moreover, the fact that none of the correlation dimen-
sions is an integer indicates that the hydro-climatic process
in the Yarkand River has the fractal characteristics.

4 Conclusions

The present study employed several different methods to
analyze hydro-climatic process of the Yarkand River, and
the results led to a few recognizable conclusions. Due to
the complexity of the phenomena evaluated here, as well as
the limitations of this study, it is difficult to understand the
physical mechanism in details. Nevertheless, these results
provide valuable information that provides an understand-
ing of the nonlinear characteristics of the hydro-climatic
process of the Yarkand River from different perspectives.

Summarizing the above results and discussion, we
elicited the basic conclusions as follows:

(1) The annual runoff, annual average temperature and
annual precipitation in the Yarkand River Basin
showed an increasing trend during the period of
1957-2008 at a significant level of 0.1, 0.01 and 0.01
respectively. The average increase extent of annual
runoff, annual average temperature and annual pre-
cipitation was 2.234 x 10® m3/10 year, 0.223 °C/
10 year, and 4.453 mm/10 year, respectively.

(2) The nonlinear pattern of runoff, temperature and
precipitation in the Yarkand River Basin during the
period of 1957-2008 was scale-dependent with time.
The wavelet decomposition for the time series of annual
runoff, annual average temperature and annual precip-
itation at five time scales resulted in five patterns of
nonlinear variations respectively. The curves were
getting much smoother and the increasing tendency
became even more obvious as the time scales increased.

(3) The annual runoff of Yarkand River positively
correlated only with the independent variable, i.e.

@ Springer

annual average temperature with a significant level of
0.01 at the time scales of 2-year, whereas it has
positive correlations with both annual average tem-
perature and annual precipitation a significant level of
0.001 at the time scales of 4-, 8-, 16- and 32-year. The
results indicate that although the runoff, temperature
and precipitation presented nonlinear variations at
different time scales, the runoff has a linear correla-
tion with the temperature and precipitation.

(4) The hydro-climatic process of the Yarkand River is a
chaotic dynamic system, in which the correlation
dimension of annual runoff, annual average temper-
ature and annual precipitation is 3.2118, 2.999 and
2.992 respectively. Moreover, the fact that none of the
correlation dimensions is an integer indicates that the
hydro-climatic process has the fractal characteristics.
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