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Abstract

To understand the runoff-sediment discharge relationship in the source region of the Yellow River, this study examined the annual

runoff and sediment discharge data obtained from the Tangnaihai hydrometric station. The data were decomposed into multiple

time scales through Complete Ensemble Empirical Mode Decomposition with adaptive noise (CEEMDAN). Furthermore, double

cumulative curves were plotted and the cointegration theory was employed to analyze the microscopic and macroscopic multi-

temporal correlations between the runoff and the sediment discharge and their detailed evolution. Multi-temporal component

composite models were then constructed considering structural breaks. The simulation results were compared with the actual

values to examine the accuracy of the models. The results suggested that the runoff and the sediment discharge variations in

the source region of the Yellow River showed reasonable consistency as a whole. However, their relationship at different time

scales varied slightly. The runoff-sediment discharge double cumulative curves in the multi-temporal components exhibited high

goodness of fit. The curves of the intrinsic mode function 1 and 2 (IMF1 and IMF2) components provided a more satisfactory

goodness of fit, whereas distinct breakpoints were present in those of IMF3 and IMF4. The variations in the runoff-sediment

discharge relationship of the raw data series resulted from the different time scales. The medium- and long-term runoff-

sediment discharge relationships were insignificant, which affected the raw data series. With the help of the variable structure

cointegration composite model, the smallest average relative error for the simulated annual runoff (7.82%) was obtained. This

composite model could more accurately reflect the long-term equilibrium and short-term fluctuating relationships between the

runoff and the sediment discharge in the source region of the Yellow River.
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Abstract: To understand the runoff-sediment discharge relationship in the source region of the Yellow River,
this study examined the annual runoff and sediment discharge data obtained from the Tangnaihai hydro-
metric station. The data were decomposed into multiple time scales through Complete Ensemble Empirical
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Mode Decomposition with adaptive noise (CEEMDAN). Furthermore, double cumulative curves were plot-
ted and the cointegration theory was employed to analyze the microscopic and macroscopic multi-temporal
correlations between the runoff and the sediment discharge and their detailed evolution. Multi-temporal
component composite models were then constructed considering structural breaks. The simulation results
were compared with the actual values to examine the accuracy of the models. The results suggested that the
runoff and the sediment discharge variations in the source region of the Yellow River showed reasonable con-
sistency as a whole. However, their relationship at different time scales varied slightly. The runoff-sediment
discharge double cumulative curves in the multi-temporal components exhibited high goodness of fit. The
curves of the intrinsic mode function 1 and 2 (IMF1 and IMF2) components provided a more satisfactory
goodness of fit, whereas distinct breakpoints were present in those of IMF3 and IMF4. The variations in
the runoff-sediment discharge relationship of the raw data series resulted from the different time scales. The
medium- and long-term runoff-sediment discharge relationships were insignificant, which affected the raw
data series. With the help of the variable structure cointegration composite model, the smallest average
relative error for the simulated annual runoff (7.82%) was obtained. This composite model could more ac-
curately reflect the long-term equilibrium and short-term fluctuating relationships between the runoff and
the sediment discharge in the source region of the Yellow River.

Keywords: runoff, sediment discharge, source region of the Yellow River, variable structure cointegration,
multi-temporal scales

1 Introduction

Water plays an essential role in the rock cycle, especially in sediment transport. Furthermore, runoff and
sediment transport are the results of interactions of various natural and human factors and the superposition
of their effects (Li et al., 2017; Gu et al., 2019; Zhao et al., 2014). The Yellow River is known for its huge
sediment load. However, the large amount of sediment carried by the river is continuously deposited along
its riverbed, which often causes devastating floods. This leads to significant hazards to the people and
the country (Guo et al., 2020a; Bai et al., 2019). Although this issue usually affects the midstream and
downstream regions, the sediment contents in the water in the upstream regions are closely related to those
in the midstream and downstream regions. Understanding upstream sediment content variation is the basis
for analyzing those midstream and downstream. Furthermore, the source region of the Yellow River is the
most important headwater region in the Yellow River Basin in terms of the amount of water contributed.
The runoff variation in the source region critically affects and governs the variation in the available water
resources in the entire river basin (Lu et al., 2020). Runoff and sediment discharge are the main output
variables of river basins. They must show certain correlations during their evolution (Guo et al., 2020b;
Varvani et al., 2019; Han et al., 2019; Tanzil et al., 2019). Because the source region plays a critical
role in the Yellow River Basin, the variation in the runoff and sediment discharge in the region because
of environmental changes significantly affect both the socioeconomic development (Zhang et al., 2008) and
ecosystem maintenance (Yu et al., 2012) in the basin. Hence, to realize reasonable control of the runoff and
sediment discharge in the Yellow River Basin and to understand the causes and mechanisms of runoff and
sediment discharge variation, it is necessary to investigate the runoff-sediment discharge relationship and its
detailed evolution in the source region.

At present, existing time-series research on runoff-sediment discharge relationships and their evolution char-
acteristics are mostly on annual, seasonal, monthly, or daily scales (Zhang et al., 2006; Gao et al., 2016; Cui
and Li., 2011; Jiang et al., 2017). Runoff and sediment discharge often show certain seasonal or periodic
variation and such periodicity is usually multi-temporal(Zhang et al., 2019a; Ren et al., 2015; Prasad et al.,
2019). This means that the runoff and sediment discharge variation in a certain time series does not follow
certain fixed and simple patterns (such as those with constant periods). However, the variation includes
different periodic changes and local fluctuations. This is one of the important evolution characteristics of
complex non-linear systems. Runoff and sediment discharge in rivers show complex relationships not only for
raw long-term time series. Complex fluctuation characteristics and relationships are also noted for time series
on different time scales. Therefore, studies on runoff and sediment discharge should not only focus on the
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macroscopic research on raw time series but also the detailed multi-temporal evolution characteristics of the
series. Only in this manner, a comprehensive and in-depth understanding of the relationships between runoff
and sediment discharge is possible. In recent years, multi-temporal analysis methods, such as wavelet anal-
ysis methods (Kuang et al., 2014; Nourani et al., 2019) and empirical mode decomposition (EMD) (Zhang
et al., 2014), have been rapidly developed and combined with traditional hydrological methods to study the
intrinsic relationships between hydrological variables and their evolution characteristics. These have become
important approaches in hydrological research. However, pseudo-harmonics are found during decomposition
using wavelet analysis methods, whereas EMD causes issues, such as mode mixing and end-point effects.
Hence, the analysis results show certain deviations. Torres et al. (Torres et al., 2011; Colominas et al.,
2014) proposed the Complete Ensemble Empirical Mode Decomposition with adaptive noise, which is an
improved EMD algorithm. It can reasonably resolve the mode mixing problem of the original EMD and it
is a relatively mature time-frequency analysis method.

Furthermore, runoff and sediment systems are highly complex, and they are influenced by various factors,
such that the time series or multi-temporal component series of runoff and sediment discharge may be non-
stationary (Chang et al., 2017). Nevertheless, previous studies on the time series of hydrological variables
have usually assumed that the time series are stationary, and they have thereby constructed steady-state
models. This may lead to pseudo-regression and certain errors in the analysis results. In economics, to
avoid pseudo-regression during the construction of series models, cointegration theory has been proposed
(Gu et al., 2017). Normally, the Engle–Granger two-step method (Engle and Granger., 1987) is adopted
to determine whether long-term stable relationships exist. Runoff and sediment discharge do not only
show long-term equilibrium relationships in their time series, but they also have short-term fluctuating
relationships at different time scales. Unfortunately, most of the existing cointegration theory-based research
on hydrological variables have investigated the entire time series (Zhang et al., 2013; Bello et al., 2018). Only
a few studies have considered short-term fluctuating relationships with the help of multi-temporal analysis
methods. Moreover, because of the effects of various factors, such as environmental and climate changes
and human activities (Hu et al., 2019; Zhang et al., 2019b), structural breaks may be present for runoff
and sediment discharge. This leads to variation in their relationships in raw time series or multi-temporal
component series. Hence, it is necessary to combine the cointegration theory and multi-temporal analysis
methods to analyze multi-temporal runoff-sediment discharge correlations and the structural breaks under
the changing environment. The multi-temporal component model based on variable structure cointegration
can be subsequently constructed to better reflect the runoff-sediment discharge relationship. This novel
approach is herein adopted for the first time in the field.

This study first employed CEEMDAN to decompose the runoff and sediment discharge series of the source
region of the Yellow River. Next, double cumulative curves were used to analyze the evolution character-
istics and structural breaks of the multi-temporal runoff-sediment discharge correlations. Furthermore, the
cointegration theory was used to analyze the runoff-sediment discharge relationships of different time series.
For the time series with structural breaks, corresponding variable structure cointegration models were es-
tablished. Their results were compared to examine their accuracy. Reasonable models were then selected to
simulate and predict runoff.

2 Methodology and data

2.1 CEEMDAN

Suppose a signal is denoted as x (t), andbi (t) is the white noise series with a mean value of 0 and a variance
value of 1. Dk(.) is the k-th order modal operator generated by EMD method.. To overcome the mode
mixing caused by the previous two modes, Dk(bi (t)) is used to extract the k-th mode. E(.) is the operator
that generates the local mean of the signals to be decomposed. The procedures of CEEMDAN are explained
as follows:

(1) Add Gaussian white noise to the original series and the signal of the i -th realization can be expressed
as:

3
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xi (t) = x (t) + β0D1(bi (t))(1)

(2) Use the EMD method to calculate the mean value of the local mean of the signal xi (t) with the white
noise. Then, the first residual value is obtained as:

r1(t) = 1
I

∑I
i=1E(x (t) + β0D1 (bi (t)))(2)

(3) With the first residual value, the first intrinsic mode function is calculated as:

d1 (t) = x (t)− r1(t) (3)

(4) Take the mean value of the local mean ofr1 (t)+β1D2 (bi (t))as the estimated value of the second residual
valuer2 (t), then the second intrinsic mode function is:

d2 (t) = r1 (t)− r2 (t)(4)

(5) For k=3, . . . , K, the k-th residual value is described as:

rk(t) = 1
I

∑I
i=1E(x (t) + βk−1Dk (bi (t)))(5)

(6) From the k-th residual value, calculate the k-th intrinsic mode function:

dk (t) = rk−1 (t)− rk (t)(6)

(7) Repeat steps (5) to (6) until the residual rk (t)satisfies one of the following conditions (Adarsh and
Reddy., 2018): it cannot be further decomposed by EMD method; it satisfies theIMF condition; the number
of the local extrema is less than three.

Thus, the original signal x (t) can be decomposed into the k -number of IMF components and one trend
termrK (t):

x (t) =
∑K
k=1 dk (t) + rK (t)(7)

2.2 Double cumulative curves

Double cumulative curves are often plotted to examine the correlations between variables and their variation.
For example, they are adopted to analyze the consistency, trends, and intensity of the changes in hydrological
variables. (Zhang et al., 2017; Jiang et al., 2012) The construction of the double cumulative curve for two
variables, A and B, is described as follows. It is assumed that A denotes the independent variable, whereas
B is the dependent variable. The time series covers N years. The values of different years are expressed as
Ai andBi. The annual cumulative values were obtained for variables A and B to provide a new cumulative
series A

′

i andB
′

i , where i = 1, 2, 3 · · ·N . They are expressed as follows:

A
′

i =
∑N
i=1Ai (8)

B
′

i =
∑N
i=1Bi (9)

In the double cumulative curve, the continuous cumulative value of variable A is plotted against that of B.
If a straight line results, the variables vary proportionally with each other, and the slope of the line provides
a constant ratio.

Nevertheless, if the slope of the curve changes at a certain point, a structural break exists. At the structural
break, the relationship between the two variables is altered. The year in which the slope changes is the
time of the structural break (Peng et al., 2013). Kohler (Kohler., 1949) believed that double cumulative
curves give accurate results only if the dependent and independent variables exhibit strong correlations,
direct proportionality, and reasonable comparability during the period of interest.

2.3 Cointegration theory

2.3.1 Cointegration model

4
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The cointegration theory comes from the field of economics. Whether long-term cointegration relationships
exist for non-linear series can be determined by applying this theory (Gao et al., 2019; Boukhelkhal and
Bengana., 2018; Heberling et al., 2015). This theory was proposed by Engle and Granger in 1987 to process
a non-stationary series. Only when the variables of the non-stationary series become integrated at the same
order after differentiation, valid cointegration regression models can be constructed. In general, cointegration
relationships are tested through two steps: (1) The time series are subjected to unit root tests (augmented
Dickey–Fuller, ADF tests) to determine whether the variable series are stationary. (2) The Engle–Granger
two-step method is adopted to analyze whether cointegration relationships exist between the variables. The
method is illustrated below:

First, for observed data series {xt} and {yt}, ordinary least squares (OLS) are used to estimate α and β and
to calculate the residual series εt. A cointegration regression equation for the two series is given as follows:

yt = α+ βxt + εt (10)

Second, the stationarity of the residual series is tested.

The residual series εt is subjected to the ADF test. If it is a stationary series, then {xt} and {yt} exhibit a
cointegration relationship. On the contrary, if the residual series is non-stationary (a unit root exists), then
no cointegration relationship is present for {xt} and {yt}.

2.3.2 Variable structure cointegration model

Because of the effect of the external environment, variables may show structural breaks. Hence, the long-term
stable relationships between variables may vary. The cointegration relationships before and after structural
breaks reflect the original and current long-term stable relationships, respectively. Thus, when there are
significant structural variations between variables, cointegration analysis has to consider structural breaks
as well (Singh, 2015; Vicente, 2014). When economic structures or policy systems are altered, parametric
cointegration is normally adopted.

The point of the structural break is first determined. To construct a variable structure cointegration model,
it is then assumed that the structural break is mainly caused by series xt. A virtual variable is introduced:

Dt = {

0, t ≤ Tτ
1, t > Tτ

(11)

where, Tτ denotes the time of the structural break.

The cointegration parameter variations of a variable structure cointegration model can be primarily divided
into the following three scenarios:

Scenario 1: Variable structure cointegration because of a constant term shift

In this case, only the variation in the constant term c of the model is considered. The following resulted:

yt = c1 +Dtc2 + αTxt + εt, t = 1, 2, 3 · · ·T (12)

where, c1 is the constant term before the shift and c2 is the amount of the shift.

Scenario 2: Variable structure cointegration because of shifts in both the constant term and trend term

The variation in both the constant term and trend term is considered. This gives the following:

yt = c1 +Dtc2 + βt+ αTxt + εt, t = 1, 2, 3 · · ·T (13)

where, β denotes the coefficient of the time trend term.

Scenario 3: State switch variable structure cointegration model

5
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In this case, the variation in the constant term, trend term, and cointegration vector term are taken into
consideration.

yt = c1 +Dtc2 + βt+ αT1 xt +Dtα
T
2 xt + εt, t = 1, 2, 3 · · ·T (14)

2.4 Data sources

The source region of the Yellow River refers to the region from the headwater of the river to the Tangnai-
hai hydrometric station. It is a unique geographical location, which makes it the most important water-
contributing region in the Yellow River Basin. It is also known as the “water tower” of the river (Figure
1). The Tangnaihai hydrometric station monitors a basin area of 1.22 × 105km2. The area has an average
annual runoff of 2.051 × 1010 m3. This station plays a critical role in monitoring and regulating the flow
of the Yellow River. This paper analyzed the annual runoff and sediment discharge data measured at the
Tangnaihai station during 1960-2013, as illustrated in Figure 2.

—————————————place Figure 1 here——————————————-

—————————————place Figure 2 here——————————————-

3 Analysis results

3.1 Multi-temporal analysis

CEEMDAN was adopted for the multi-temporal decomposition of the annual runoff and sediment discharge
series measured at the Tangnaihai station during 1960–2013. Finally, five layers were obtained. There are four
were IMF components and one was a trend term (residual (RES) component). The decomposition results
are shown in Figure 3.

—————————————place Figure 3 here——————————————-

Figure 3 reveals that the annual runoff and sediment discharge series measured at Tangnaihai station in the
source region of the Yellow River showed complex multi-period variations and fluctuations. Although they
have different amplitude fluctuations, the runoff and sediment discharge components of the same frequency
vary simultaneously. This indicates that the runoff and sediment discharge in the source region are reasonably
correlated with each other on both the macroscopic and microscopic scales. The IMF1 component shows
the greatest amplitude, the shortest period, and the highest frequency. The RES component reflects the
macroscopic variations in the runoff and sediment discharge and it demonstrates that both variables decline
gradually with time.

For all the decomposition series, their periods and amplitude variation were analyzed. The results are sum-
marized in Table 1.

—————————————place Table 1 here——————————————-

According to Table 1, the quasi-periods of the IMF runoff components are the same as those of the cor-
responding IMF sediment discharge components. The IMF1 components for both the runoff and sediment
discharge have high frequencies and short quasi-periods. The IMF2 components have medium frequencies and
quasi-periods. Furthermore, IMF3 and IMF4 are low-frequency components and they have medium/long and
long periods, respectively. Overall, the minimum, maximum, and average amplitudes of the IMF components
decreased progressively. As the decomposition scale increased, the amplitude fluctuations of the components
declined and the periods lengthened. Lastly, the annual runoff and sediment discharge declined gradually
macroscopically.

3.2 Multi-period evolution of the runoff-sediment discharge relationship

3.2.1 Correlation of the raw series

Double cumulative curves were plotted to analyze the long-term variation and years with structural breaks
for the relationship between the raw annual runoff series (X) and the raw annual sediment discharge series

6
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(Y) observed at Tangnaihai station, as illustrated in Figure 3.

—————————————place Figure 4 here——————————————-

Figure 4 shows that the runoff and sediment discharge measured at Tangnaihai station were significantly
positively correlated. All the data points were located close to the trendline. The annual cumulative runoff
and the annual cumulative sediment discharge formed a straight line in the Cartesian coordinate system.
The coefficient of determination R2 equaled 0.9958, indicating that the runoff and sediment discharge in the
source region were highly correlated. The overall fitted curve had a slope of 6.53, suggesting that 6.53 × 103 t
of sediments would be generated for every 1 × 108 m3 of runoff. The curve during 1989–2004 shifted slightly
upward, indicating more sediment was created per unit runoff. This was because the Longyangxia Reservoir
started to operate in 1987, leading to river closure for some channels. This has gradually affected the water
and sediment transport processes upstream, i.e., at Tangnaihai station. The slope variation suggested that
the influence on the sediment discharge was greater than that of runoff. The curve during 2005–2013 shifted
slightly downward, indicating less sediment was discharged per unit runoff. During this period, there was less
runoff and upstream vegetation was affected by water and sediment retaining projects in the region. Hence,
consistent variation in the runoff and sediment discharge was changed, and thus, their relationship was also
altered.

3.2.2 Multi-temporal correlation

The negative values of the multi-temporal components were eliminated with the help of equivalent substitu-
tion. Subsequently, double cumulative curves were plotted for the multi-temporal components of runoff and
sediment discharge to study their multi-temporal correlations, detailed evolution, and structural breaks. The
double cumulative curves of the multi-temporal components are shown below.

—————————————place Figure 5 here——————————————-

From Figure 5:

(1) Higher goodness of fit is noted in the runoff-sediment discharge double cumulative curves of the IMF1
and IMF2 components. The corresponding R2 values are 0.9996 and 0.9995, respectively. The curve of IMF3
shows structural breaks in 1978, 1989, 2001, and 2005, and that in 2005 was the most prominent. Similarly,
structural breaks were noted in 1994, 1997, and 2001 for the curve of IMF4, and the most prominent
occurred in 2001. Furthermore, the double cumulative curve of the RES component demonstrated that the
runoff and sediment discharge showed consistent variation macroscopically. In short, the runoff-sediment
discharge double cumulative curves were different at different time scales. At some time scales, more distinct
structural breaks were present, indicating significant variation in the runoff-sediment discharge relationship.

(2) The slopes of the trendlines for the multi-temporal components declined gradually. This suggests that,
microscopically, the components had different amplitudes and fluctuations. Local characteristics of the runoff
and sediment discharge variation became observable only when the components were analyzed separately.
Thus, different slopes were found for the trendlines of different double cumulative curves and the runoff-
sediment discharge correlations varied at different time scales. For the IMF1 and IMF2 components, higher
goodness of fit was observed in their double cumulative curves. However, lower goodness of fit was noted for
the curves of the IMF3 and IMF4 components. This indicated that medium- and high-frequency components
exhibited stronger runoff-sediment discharge correlations, whereas low-frequency ones demonstrated weaker
correlations. Additionally, the RES component reflected the macroscopic variation of water and sediment
systems. Reasonable goodness of fit was observed for its double cumulative curve, demonstrating a rela-
tively strong runoff-sediment discharge correlation at the macroscopic scale. Hence, the characteristics of
the macroscopic variations in the runoff and sediment discharge reflected by the RES component should be
examined to study the runoff-sediment discharge relationship and its evolution.

(3) Overall, some points of structural breaks on the microscopic scale in the runoff-sediment discharge double
cumulative curves of the multi-temporal components appeared as ordinary points on the macroscopic scale
in the curve of the raw series. Hence, accurate identification of structural break points is closely related
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to the time scales employed during the analysis. When the raw series was examined, characteristics of the
macroscopic scale may bury or neutralize those of the microscopic scale. Thus, when structural breaks are
concerned, more attention should be paid to the details. For relatively complex raw series, medium- and/or
high-frequency modal components can be utilized to study the runoff-sediment discharge relationships and
their detailed evolution. Research on runoff-sediment discharge relationships can focus on relevant short-
and/or medium-term observations. When the relationships show change and information (for example, years),
structural breaks have to be determined and low-frequency components can be employed.

3.3 Multi-temporal runoff-sediment discharge cointegration relationships

3.3.1 ADF test

First, ADF tests were performed for the raw runoff and sediment discharge series. The results are summarized
in Table 2.

—————————————place Table 2 here——————————————-

From the table, unit roots exist for X and Y before differentiation at the 1%, 5%, and 10% significance
levels. Thus, the series are non-stationary. Contrarily, after the first-order differentiation, there are no unit
roots for both series, and they are now stationary series. Therefore, X and Y are first-order integrated series,
i.e.,X ∼ I(1) and Y ∼ I(1).

Subsequently, the multi-temporal runoff and sediment discharge components were subjected to stationarity
tests. The ADF test results are listed.

—————————————place Table 3 here——————————————-

—————————————place Table 4 here——————————————-

According to the above test results, unit roots do not exist for the undifferentiated series of the IMF1, IMF2,
and RES components of the runoff and sediment discharge at the 1%, 5%, and 10% significance levels. The
series of these components are stationary. Additionally, relatively satisfactory goodness of fit and higher
R2values were noted for the double cumulative curves of the IMF1, IMF2, and RES components. In these
plots, the cumulative runoff and sediment discharge gave a straight line, and they showed consistent variation.
It is believed that the equations describing the runoff-sediment discharge relationships of the IMF1, IMF2,
and RES components can be determined using linear regression. Furthermore, structural breaks are noted in
the double cumulative curves of IMF3 and IMF4. The series of these components are found to be first-order
integrated series according to the ADF tests. Thus, for these components, OLS was employed to estimate
the regression parameters and to determine the cointegration equations.

3.3.2 Multi-temporal regression equation

Linear regression was used to determine the runoff-sediment discharge regression equations for IMF1, IMF2,
and RES. The corresponding scatter plots and linear regression equations are illustrated below.

—————————————place Figure 6 here——————————————-

From the scatter plots, high goodness of fit of the linear regression lines are noted for the components of
runoff and sediment discharge measured at Tangnaihai station. The R2 values for the IMF1, IMF2, and
RES components were 0.8105, 0.8357, and 0.9975, respectively. These indicated that the runoff and sediment
discharge were significantly correlated with these components. At these scales, linear regression equations can
be used to express the runoff-sediment discharge correlations. Therefore, the Engle–Granger two-step method
was necessary only for the cointegration regression for the raw series and the IMF3 and IMF4 components.
After that, the residual series of these series were subjected to the ADF tests. The results are listed in Table
5.

—————————————place Table 5 here——————————————-
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Table 5 shows that all the residual series were stationary. Thus, it was concluded that the raw, IMF3, and
IMF4 series all show cointegration relationships.

By employing linear regression and the cointegration theory, regression equations were obtained for the raw
series and the multi-temporal component series. They are summarized in Table 6.

—————————————place Table 6 here——————————————-

In general, higher goodness of fit was noted for the regression model for the raw series. This indicated that the
runoff and sediment discharge were significantly correlated at the macroscopic scale. Yet, their relationships
at different time scales varied slightly. Among the series subjected to linear regression, the RES component
demonstrated the highest goodness of fit. This suggested that the runoff and sediment discharge showed
a relatively strong correlation in terms of their overall variation. Among those subjected to cointegration
regression, the IMF3 component series (indicative of a medium/long-time scale) and the IMF4 component
series (long-time scale) showed lower goodness of fit. This demonstrated weak runoff-sediment discharge
cointegration relationships at these time scales.

When the cointegration test results were integrated with the double cumulative curves, the runoff and sedi-
ment discharge generally observed at Tangnaihai station consistently varied with each other proportionally.
However, the relationship variation of the raw runoff and sediment discharge series was caused by multi-
temporal variations. The weak runoff-sediment discharge relationships on the medium/long and long-time
scales would affect that of the raw series.

3.3.3 Variable structure cointegration model

Because structural breaks were observed for the IMF3 and IMF4 runoff-sediment discharge relationships, the
corresponding cointegration relationships were weaker. Hence, variable structure cointegration models were
constructed to determine reasonable models by considering structural breaks. The most prominent break
was noted for the IMF3 component in 2005 and that for the IMF4 component was observed in 2001. In
model construction, these points were treated as structural breaks and virtual variables D1t and D2t were
introduced.

For the IMF3 component, a virtual variable was introduced as follows:

D1t = {

0, t ≤ 2005
1, t > 2005

(15)

Three models corresponding to different scenarios (section 2.3.2) were examined to determine the most
reasonable model. The models considering three different variation scenarios are summarized in Table 7.

—————————————place Table 7 here——————————————-

The R2 values of the models corresponding to scenarios 1, 2, and 3 were 0.606516, 0.788878, and 0.800332,
respectively. These values were significantly higher than that of the original cointegration model (0.410943).
The highest goodness of fit was achieved by model 3, therefore, it is believed that this model can more
accurately depict the IMF3 runoff-sediment discharge relationship.

The virtual variable introduced into the model for the IMF4 component is given as follows:

D2t = {

0, t ≤ 2001
1, t > 2001

(16)

Table 8 shows the models considering the three scenarios:

—————————————place Table 8 here——————————————-
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Under the three scenarios, the models give R2 values of 0.792911, 0.807911, and 0.841282, respectively. They
were much higher than that of the original cointegration model for the IMF4 component (0.342336). More
specifically, model 3 demonstrated the highest goodness of fit. Therefore, it could more accurately describe
the runoff-sediment discharge relationship variation for IMF4 component.

3.3.4 Model accuracy

With the help of the runoff-sediment discharge regression models established for the components, the runoff
during the research period was simulated. The results are illustrated in Figure 7. The cointegration model
constructed using the raw series was called an original model. The model built based on the multi-temporal
components was named composite model 1. Lastly, composite model 2 refers to the variable structure coin-
tegration model constructed using the multi-temporal components and considering structural breaks.

—————————————place Figure 7 here——————————————-

—————————————place Figure 8 here——————————————-

—————————————place Figure 9 here——————————————-

Figure 7 reveals that, in general, the models satisfactorily simulated the raw runoff. In particular, near the end
of the research period, the composite model 2 showed higher accuracy. Its results showed the same variation
trend as that of the raw series. From Figure 8, the average relative errors by the original model, the composite
model 1, and the composite model 2 were 11.43%, 10.76%, and 7.82%, respectively. According to the Standard
for Hydrological Information and Hydrological forecasting (GBT 22482-2008), an error tolerance of 20% is
appropriate in hydrological forecasting. Hence, the relative errors of all the models fall within the acceptable
range. In particular, the greatest average relative error resulted from the original model, whereas the smallest
was generated by composite model 2 considering structural breaks. Figure 9 illustrates that this model yields
relative errors less than 10% for 41 years out of the 54 years simulated. The relative errors by this model
were 10%–20% for 9 years and they were greater than 30% for the remaining 4 years. Hence, most of the
relative errors by this model were low, while few were high. Therefore, the resulting average relative error
by composite model 2 was comparatively small. From Figure 8, at the beginning of the research period, the
three models give the same relative error. However, the errors in the original model and the composite model
1 increased after 2000. The errors in 1997, 2002, and 2009 were the greatest. Furthermore, the composite
model 2 provided more satisfactory runoff simulation results and smaller relative errors for these years.
Because this model considered the local variation characteristics and structural breaks of the multi-temporal
components, its overall simulation accuracy was higher. The model could more accurately reflect the long-
term equilibrium and short-term fluctuating relationships between the runoff and sediment discharge in the
source region of the Yellow River.

4 Conclusions

This paper combined CEEMDAN, double cumulative curves, and the cointegration theory to construct
composite models that reflected the overall and multi-temporal relationships between the runoff and sediment
discharge in the source region of the Yellow River. The models were then adopted for runoff simulation to
evaluate their accuracy. The main conclusions were as follows:

(1) The raw series of both the runoff and sediment discharge of the source region of the Yellow River
could be decomposed into five layers, including layers of four IMF components and one RES component.
Significant runoff-sediment discharge correlations were noted at different time scales. The multi-temporal
components of the same frequency varied simultaneously. The IMF components of the same variable had
the same quasi-periods. Furthermore, the RES component revealed that the runoff and sediment discharge
declined simultaneously with time.

(2) The multi-temporal runoff-sediment discharge double cumulative curves showed a high goodness of fit, and
the multi-temporal components were significantly positively correlated. More specifically, those of the IMF1
and IMF2 components demonstrated higher goodness of fit, whereas those of IMF3 and IMF4 showed distinct

10
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points of structural breaks. Therefore, for relatively complex raw series, high-frequency components could be
employed to explore runoff-sediment discharge relationships and the characteristics of their detailed evolution.
Thus, more attention could be paid to the relevant short- and/or medium-term observations. Furthermore,
when attempts were made to obtain information on structural breaks, detailed evolution should be examined
more carefully. When the runoff-sediment discharge relationships changed and the information (for example,
years) on structural breaks had to be determined, low-frequency components could be employed.

(3) As demonstrated by the raw series, the runoff was reasonably correlated with the sediment discharge
in the source region. However, their relationships at different time scales varied slightly. The relationship
changes noted for the raw series were caused jointly by those at different time scales. Hence, the weak runoff-
sediment discharge relationships on the medium/long and long-time scales would affect the relationship
between the raw runoff and sediment discharge series.

(4) The runoff during the research period was simulated separately using the original runoff-sediment dischar-
ge cointegration model (based on the raw series), the composite model 1 (based on the multi-temporal com-
ponents), and the composite model 2 (based on the multi-temporal components with the structural breaks).
Their average relative errors were 11.43%, 10.76%, and 7.82%, respectively. The composite model 2 consi-
dered both the local variation characteristics of the multi-temporal components, as well as the structural
breaks, and it showed higher simulation accuracy and provided smaller relative errors. It could more ac-
curately reflect the long-term equilibrium and short-term fluctuating relationships between the runoff and
sediment discharge in the source region of the Yellow River.
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Figure 1 Location of the study area with the Tangnaihai station 

 

Figure 2 Variation in the runoff and sediment discharge series observed at the 

Tangnaihai station 
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