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a b s t r a c t

Affected by various influencing factors, many time series analysis methods are used to predict irrigation
water. However, it is often assumed to be stationary for the hydrologic time series which will result in an
insignificant ‘‘spurious regression”. Actually, irrigation water is largely determined by rainfall and crop
water requirement in the irrigation district. With the wavelet analysis method, the varying fluctuation
characteristics of rainfall, irrigation water, and crop water requirement with multi-temporal scales are
exhibited. The cointegration equilibrium relationship amongst their original time series and decomposed
time series are also revealed by the cointegration theory. Combining the wavelet analysis method with
the cointegration theory, the wavelet-cointegration prediction model of irrigation water is proposed.
The results show that the model has the available prediction accuracy, and the relative errors of all pre-
dicted years are less than 5%, except 2004 and 2012.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

For irrigation districts, irrigation water is a main economic indi-
cator. The rational prediction of irrigation water is important to the
limited water resources, and also has a great significance for the
irrigation water planning and agricultural development. Actually,
irrigation water is affected by many factors, such as climate
changes, water engineering, and crop planting, which results in
the inter-annual variation of irrigation water. So it is difficult to
construct a determined model to measure.

In practice, irrigation quota is often used to estimate irrigation
water. This method is simple, but it needs more practical experi-
ence (Bai and Li, 2003). So it is adoptable for the rough estimation
of irrigation water. Some scholars explored the mechanism of crop
water requirement to determine irrigation water. They calculated
crop evapotranspiration with the Penman formula, and considered
rainfall, farm seepage, etc. to predict irrigation water according to
the water balance in the irrigation district ( Allen et al., 1998; Kuo
et al., 2006; Trajkovic and Kolakovic, 2009; Usman et al., 2015; Guo
and Shen, 2016). This method needs a great amount of basic data,
including meteorological, soil, crop planting, etc. and sometimes it

needs a hydrological model, so this may have problems in practical
application. Moreover, the irrigation water calculation by FAO
needs a crop coefficient, which is usually determined by irrigation
experiments. Because it is affected by the actual soil, climate and
growth conditions, etc., the crop coefficient often varies, so it must
be modified. Currently, researchers apply the time series analysis
methods into the prediction of irrigation water and try to find
the development patterns of either irrigation water itself or the
relations between irrigation water and other influencing factors
with the long data series. Considering the complexity and random-
ization of the influencing factors on irrigation water, some uncer-
tainty analysis methods (e.g. grey theory, fuzzy mathematics,
artificial neural network, etc.) are introduced (Elshorbagy and
Parasuraman, 2008; Kim and Kim, 2008; Zou et al., 2010; Zhang
et al., 2014; Abdullah et al., 2015; Mattar et al., 2015; Si et al.,
2015). With these combination methods, the irrigation water pre-
diction accuracy is improved.

However, no matter how much progress the previously studies
made, these studied results were all with the same hypothesis: the
hydrologic time series are stationary. Actually, the statistic charac-
teristics of hydrological variables always change in time, so the
hydrological time series is non-stationary. However, the traditional
econometric method assumes that the stationary and normality
exist in hydrological time series. This assumption will result in
‘‘spurious regression.” It means that there are no dependencies
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between variables originally, but the regression results indicate the
presence of dependencies. Fortunately, the wavelet analysis pro-
vides a powerful tool for non-stationary signals (Xu and Liu,
2013). With the wavelet analysis method, the hydrological time
series can be decomposed into different temporal scales with the
relatively stable statistics characteristics to reflect its fluctuation
features and development patterns (Compagnucci et al., 2000;
Gaucherel, 2002; Kahya and Kalayci, 2008; Can et al., 2005;
Battista and Visini, 2006; Parmar and Bhardwaj, 2013). Usually,
the wavelet analysis method can be integrated with other mathe-
matical methods and technologies (Avci, 2007; He et al., 2008;
Chenini and Khemiri, 2009; Rajaee et al., 2010; Yilmaz and Oysal,
2010; Abiyev, 2011; Zhang et al., 2013; Venkata et al., 2013;
Aman, 2015). Moreover, the cointegration theory proposed by
Engle and Granger (1987) can overcome this shortcoming. The
cointegration theory can deal with the non-stationary time series
of variables, and it describes the short-term dynamic fluctuations
and long-term balance relationship between variables. The cointe-
gration theory has been used in econometrics for decades (Loomis,
1996; Levin et al., 2002; Han et al., 2004; Basher and Sadorsky,
2006; Chen et al., 2010; Sebri, 2015; Ghosh and Kanjilal, 2016),
and also in hydrological fields in recent years (Yoo and Yang,
1999; Cole, 2004; Seung-Hoon, 2007), but it is rare for the
relationship among rainfall, irrigation water, and crop water
requirement.

Combing the cointegration theory with the wavelet analysis
method, Zhang et al. (2015) have proposed the multi-resolution
cointegration prediction model for runoff and sediment load in
Weihe River of China. However, as we know, the water issues of
irrigation districts are distinct from that of rivers. In irrigation dis-
tricts, ‘‘water supply” involves rainfall and irrigation water, while
‘‘water demand” refers to crop water requirement (ETc). Affected
by climate changes and human activities, these three variables
have some relations among them. The irrigation water in irrigation
districts is largely determined by rainfall and ETc. Also from the
view of hydrological cycle in irrigation districts, irrigation water
and rainfall are ‘‘water input” and ETc is ‘‘water output”. So their
relations are relatively complex.

Therefore, the objective of this paper is that the fluctuation
characteristics of rainfall, ETc and irrigation water with multi-
temporal scales are exhibited using the wavelet analysis method
firstly. Then with the cointegration theory, the short-term fluctua-
tions and the long-term balance relationships of the original time
series and the decomposed time series are all presented. Finally,
combing the wavelet analysis method with the cointegration the-
ory, the wavelet-cointegration prediction of irrigation water is
established. So, this method not only presents the cointegration
relations between variables with the different decomposed time
scales, but also ensures the prediction accuracy of irrigation water
with the reconstructed decomposed time series.

2. Materials and methods

2.1. Wavelet analysis

The wavelet function can be defined as: set uðtÞ belongs to a
two-dimensional space L2ðRÞ, if its Fourier transform ûðwÞ satisfies
the permitted condition Cu ¼ R

R jûðwÞ2=wdw < 1j, uðtÞ is called a
mother wavelet or basic wavelet. The telescopic or translation of
mother wavelet uðtÞ can be conducted as follows (Mallat, 1998):

ua;bðtÞ ¼ 1=
ffiffiffiffiffiffi
jaj

p
uððt � bÞ=aÞa; b 2 R; a > 0 ð1Þ

where a is the scale parameter, and b is the translation parameter.
The continuous wavelet transform of any function f ðtÞ 2 R2 is

(Mallat, 1998):

Wf ða; bÞ ¼ f ðtÞ;ua;bðtÞ ¼ 1=
ffiffiffiffiffiffi
jaj

p Z
f ðtÞuððt � bÞ=aÞdt ð2Þ

where Wf ða; bÞ is called the wavelet coefficient, its reconstruction
equation is calculated as (Mallat, 1998):

f ðtÞ ¼ 1
Cu

� �Z þ1

�1

Z þ1

�1
ð1=a2ÞWf ða; bÞua;bðtÞdb ð3Þ

The hydrological time series is often a discrete time series. Sup-
pose the discretization of scale parameter a and translation param-

eter b are written as a ¼ aj
0, a0 > 1,j 2 Z; b ¼ ka j

0b0, b0 > 0, k 2 Z,
the discrete wavelet function can be described as (Mallat, 1998):

uj;kðtÞ ¼ a
� j

2
0 u ðt � kaj

0b0Þ=aj
0

� �
ð4Þ

The discrete wavelet transform wavelet coefficient can be
expressed as (Mallat, 1998):

Wf ðj; kÞ ¼ f ðtÞ;uj;kðtÞ ¼
Z þ1

�1
f ðtÞuj;kðtÞdt ð5Þ

Thus, its reconstruction equation is calculated as (Mallat, 1998):

f ðtÞ ¼ Cu

X
j2N;k2N

Wf ðj; kÞuj;kðtÞ ð6Þ

2.2. Cointegration theory

2.2.1. Cointegration concept
Cointegration theory is commonly used in econometrics to

describe the dynamic relationship between two or more economic
variables over the long run. According to Engle and Granger (1987),
if a time series is non-stationary, but it becomes stationary after
the d differencing, the original time series is denoted as IðdÞ, which
means it is integrated of order d. Suppose a time series defined as

Xt ¼ ðx1t ; x2t ; . . . ; xntÞT , if it satisfies the following conditions (Engle
and Granger, 1987):

(1) xit Is IðdÞ (i ¼ 1;2; . . . n), d is integer;
(2) the presence of a non-zero vector makes that a particular

combination of them Zt � aTXt ¼ et is stationary at the level
form, that is Zt � aTXt ¼ et � Ið0Þ.

Thus, Xt is cointegrated, where a is a cointegrated vector.

2.2.2. Stationary test
Prior to the cointegrated test, the stationary of data series must

be tested. The unit root test based on the augmented Dickey-Fuller
test is widely employed to test the stationary of data series. The
ADF test is as the following (Dickey and Fuller, 1979):

Dyt ¼ aþ bt þ dyt�1 þ
Xp

i¼1

niDyt�i þ et ð7Þ

where Dyt ¼ yt � yt�1 is the first difference of yt , a, b, d, ni are param-
eters, t is time, p is the lag length and et is the pure white noise error
term.

The optimal lag length p is obtained by the smallest Akaike
information criterion (AIC) or Schwartz criterion (SC) (Schwarz,
1978). The null hypothesis of H0: c ¼ 0 means no cointegration.
The ADF test involves the modified t-statistic allocated with the
ordinary least squares (OLS) method, and it ensures the null
hypothesis is accepted. The ADF test statistic is a negative number,
and the more negative it is, the stronger the rejection of the
hypothesis that there is a unit root. If the ADF test statistic is pos-
itive, one can automatically decide not to reject the null hypothesis
of unit root. ADF test statistics are computed at significance levels
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