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Precipitation infiltrates into the soil or river and then percolates downward
through the deeper mineral soil to the groundwater. Understanding the
interactions between surface water and groundwater in the river ecosystem is
crucial for supporting decision-making in eco-construction and the efficient use
of water resources. In our study, the secondary perched reach of the lower Yellow
River was taken as the research area. The trend analysis and correlation
relationship were evaluated using the M–K significance test and gray
correlation; furthermore, the groundwater recharge was quantified by Darcy‘s
law and the water balance method based on 50 years of hydrological data. The
results showed that 1) from 1972 to 2020, the runoff and water level of the
Huayuankou hydrological station and the Jiahetan hydrological station showed a
significant downward trend. 2) The calculation of the gray correlation degree
method shows that the groundwater level is mainly affected by the Yellow River.
The river water and groundwater levels show a significant downward trend using
the M–K significance test. 3) The unit width recharge values of the secondary
perched river to the groundwater in the dry year were calculated to be 566.79 and
374.13 m3/m·d, using Darcy‘s law and the water balance method, respectively,
indicating that the results of the two methods are basically the same. Our findings
highlight the storage capacity of groundwater and can provide support for
regulation and sustainable management of water resources in the ecosystem.
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1 Introduction

As the second longest river in China, the Yellow River is known as the “mother river”
of China because of its contribution to Chinese civilization. It is an important water
supply source in arid and semi-arid areas of Northwest and North China (Yang et al.,
2004). The Yellow River is crucial to the survival of the local residents and for sustainable
economic development (Zhang et al., 2009; Xu et al., 2022). Since 1986, due to climate
change and the intensification of human activities, especially due to the increase of
agricultural irrigation along the Yellow River (Zhang et al., 2014), the runoff in the lower
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reaches of the Yellow River has decreased significantly, which has
greatly affected the production, life, and ecological environment
of the people along the riverbank.

In recent years, scholars have carried out a series of studies on the
river runoff, water level, infiltration, sediment, topography, river
morphology, and groundwater in the typical secondary perched
reach of the lower Yellow River. Using meteorological data,
combined with irrigation data, the long-term changes in the runoff
of the Yellow River were studied in order to find out the causes of the
Yellow River cutoff (Yang et al., 2004). The sustainability of the Yellow
River water resources was analyzed by using the system dynamics
method (Xu et al., 2002). The in situ measurement of the hydraulic
conductivity of riverbed sediments was carried out by using the
groundwater dynamics method, and the leakage of groundwater
recharged by river water in the lower reaches of the Yellow River
was calculated. Based on the principles of hydrogeology and
environmental isotopes, the interaction between Yellow River water
and groundwater in the secondary perched reach and its hydrochemical
evolution law were studied (Acero et al., 2015; Li et al., 2022; Li et al.,
2014; Wang et al., 2021). At the same time, the risk assessment and
regulation of groundwater development in the secondary perched reach
of the lower Yellow River were studied (Yan et al., 2023). The three-
dimensional numerical simulation model was used to study the
relationship between the secondary perched reach of the Yellow
River (Henan section) and the regional groundwater recharge and
discharge, and the average annual recharge resources of groundwater
and the evaluation of exploitable resources were determined (Gu et al.,
2013; Fu et al., 2020; Li et al., 2022).

In summary, most of the current studies focus on the evolution
of the water–sediment relationship and analysis of water chemical
characteristics of the Yellow River Basin, and the qualitative analysis
of the Yellow River and the groundwater along the river. However,
the quantitative research on the long-time series of the Yellow River
water and the groundwater needs further study. Therefore, the
recharge relationship between the secondary perched reach of the
Yellow River and the groundwater is an urgent problem to be solved
at present. This study mainly focuses on these problems for in-depth
research and discussion.

2 Study area

The lower reaches of the Yellow River have formed the world-
famous “The secondary perched reach of the Yellow River” due to its

large amount of sediment deposition, and the Huayuankou–Jiahetan
section is the most typical section of the Yellow River (Figure 1).

This research paper takes the secondary perched reach river of
the Huayuankou–Jiahetan section of the Yellow River as the study
area and studies the evolution characteristics of the secondary
perched reach river water and groundwater dynamic field of the
Yellow River in the past 50 years. The latitude and longitude of the
study area are between 113°35′17″–114°48′29″N and
34°26′11″– 35°13′42″E, respectively. The length of the secondary
perched reach river is 105 km, which is the largest area of
groundwater recharge in the lower Yellow River (Figure 2).

The study area belongs to the alluvial plain in the lower reaches of
the Yellow River. The terrain is flat, and the river runoff rate is slow.
Moreover, 25% of the sediment carried by the river runoff is deposited
here leading to the Yellow River riverbed being 3–10 m higher than the
plain ground outside the river embankment. The highest riverbed is
located in Liuyuankou, 8 km north of Kaifeng City, which is 7–8 m
higher than the ground of Kaifeng City. The width of the river is
1,000 m, and the embankment is approximately 15 m high. The bottom
of the riverbed is the fine sand and medium coarse sand layer of the
Yellow River alluvial and is directly connected with the shallow aquifer
group of the beach. The water level of the Yellow River (82–92 m
(Huayuankou) and 71–75 m (Jiahetan)) is higher than the groundwater
level on both sides (82–76 m; 92–77 m). It can be seen that the water
level difference between them is 6–15 m, and the secondary perched
reach river has become an important source of recharge for shallow
groundwater along the riverbank. The aquifer has become the main
mining layer supplying water for cities, industry, and agriculture along
the Yellow River.

The study area belongs to the groundwater system of the alluvial
plain in the lower reaches of the Yellow River. The landform belongs
to the alluvial plain of the Yellow River. The groundwater mainly
occurs in the Quaternary loose rock, with a total thickness of more
than 300 m. The aquifers composed of Holocene (Q4) and Late
Pleistocene (Q3) strata can be classified as shallow aquifer groups.
The lithology is mostly sand, fine sand, and clay interbedded, and the
bottom depth varies from 60 to 120 m. The deep aquifer group is
composed of various types of sand layers and gravel layers in the
early Pleistocene (Q1) andmiddle Pleistocene (Q2). The aquifer is up
to 6–7 layers, forming a multi-structural micro-confined aquifer,
with hydraulic connections in local areas. Between the shallow and
deep aquifer groups, there is a weak permeable layer composed of a
layer of more stable clay with a thickness of 20–30 m. The weak
permeable layer makes the hydraulic connection between shallow

FIGURE 1
Schematic drawing of the secondary perched reach of the Yellow River.
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and deep groundwater weak. According to the hydrogeological
conditions of the study area, the study area is divided into eight
hydrogeological zones. The study area is mainly to study the
relationship between the secondary perched reach river and
shallow groundwater (Figure 3).

3 Materials and methods

3.1 Materials

The water level and discharge data on the Huayuankou and
Jiahetan hydrological stations in the lower reaches of the Yellow

River from 1972 to 2020 were provided by the Yellow River website
(http://www.yrcc.gov.cn/). The groundwater level data on
groundwater monitoring wells in the study area from 1972 to
2020 are from the compilation of “Groundwater Data of Henan
Province” by the Henan Provincial Hydrology and Water Resources
Bureau (Table 1).

3.2 Methods

3.2.1 Hydrology statistics
The frequency analysis method in hydrological statistics was

used to determine the wet years, normal years, and dry years of the

FIGURE 2
Geographical location of the Huayuankou–Jiahetan study area.

FIGURE 3
Hydrogeological profile of the study area.
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secondary perched reach river of the Yellow River. When judging
the significance of the secondary perched reach river and
groundwater, the Pearson correlation coefficient was used for
significance statistics.

3.2.2 Mann–Kendall trend test
In the series analysis of discharge and water level data, the

Mann–Kendall trend test method was selected. The Mann–Kendall
method is not affected by outliers and is more suitable for trend analysis
of time series with outliers (Yue et al., 2002). The M–K non-linear
statistical method can perform non-linear detection on time series
variables. It has a powerful detection function and can eliminate the
influence of non-linear changes in variables. It has been widely used in
hydrological series trend and mutation analysis; compared with other
methods, the M–K non-linear statistical method is more accurate in
precipitation trend and mutation analysis (Cheng et al., 2019).

This method assumes that the time data sequence (x1,x2, . . . ,xn)
is an independent and random sample sequence of the same variable
distribution. The test statistical variable S and the standardized test
statistics ZMK are calculated as follows:

S � ∑n−1
i�1

∑n
j�i+1

sgn Xj − Xi( ), (1)

sgn Xj − Xi( ) � +1 if Xj − Xi( )> 0,
0 if Xj − Xi( ) � 0,
−1 if Xj − Xi( )< 0,

⎧⎪⎨⎪⎩ (2)

Var S( ) � 1
18

n n − 1( ) 2n + 5( ) −∑q
p�1

tp tp−1( ) 2tp+5( )⎡⎢⎢⎣ ⎤⎥⎥⎦, (3)

ZMK �

S − 1�������
Var S( )√ if S> 0,

0 S � 0,

S − 1�������
Var S( )√ if S< 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(4)

In the formula, sgn is the sign function, n is the number of data
in the sequence, q is the number of knots (repeated datasets) in the

sequence, tp is the width of the knot (the number of repeated data in
the repeated dataset of group p), and ZMK is the test statistic. The
ZMK statistic conforms to the normal distribution. At a given
confidence level α, if it is the absolute value of Z, it means that
the null hypothesis (no trend) is rejected. When the ZMK statistic is
greater than 1.65, 1.96, and 2.32, then the confidence level is 90%,
95%, and 99%, respectively, of the significance test, meaning that it
becomes more significant the greater the trend.

3.2.3 Gray relational analysis
When analyzing the influencing factors of the groundwater level

change along the river, the gray correlation method was used. Gray
correlation analysis is a method of multi-factor statistical analysis
(Deng et al., 1989). This paper calculated the correlation degree
between the five influencing factors and the groundwater level of
observation wells in the study area in order to determine the key
factors affecting the change of groundwater level along the river. The
five influencing factors are the river water level, runoff, precipitation,
evaporation, and groundwater exploitation.

Gray correlation analysis calculation: first, select the reference
sequence X0 and the comparison sequence Xi. Second, perform
dimensionless processing of the original data:

Xi t( ) � xi t( )/X1 t( ). (5)
In Eq. 5,Xi (t) is the ith indicator dimensionless value in year t, xi

(t) is the original data on the ith indicator in year t, and Xi (1) is the
ith indicator data in year 1. Third, calculate the absolute difference,
the minimum difference, and the maximum difference between the
reference sequence X0 and the comparison sequence Xi:

Δi t( ) � X0 t( ) − Xi t( )| |. (6)
In Eq. 6, X0(t) is the dimensionless value of the reference

sequence in year t, Xi(t) is the ith index data of the comparison
sequence in year t. minmin |X0(t) − Xi(t)| is a two-level
minimum difference, where min |X0(t) − Xi(t)| is the first-
level minimum difference, which represents the minimum

TABLE 1 Typical monitoring well water level elevation (m).

Monitoring well
Time (year)

#6 #12 #20 #29 #31 #35 #37 #38

1972 83.51 78.19 72.06 85.02 78.92 87.21 76.38 72.26

1975 83.09 78.28 71.93 85.97 78.82 86.43 76.12 72.37

1980 81.94 77.54 72.03 85.46 78.87 87.04 76.18 71.86

1985 82.69 79.18 72.55 85.82 78.91 87.74 75.93 72.41

1990 82.65 78.00 71.81 86.08 78.48 87.30 76.73 71.19

1995 80.63 77.92 71.80 84.91 79.09 85.69 76.58 72.42

2000 81.46 77.23 71.39 84.92 78.62 86.05 76.30 70.71

2005 81.5 78.27 71.56 84.85 77.62 85.45 75.81 70.19

2010 80.43 77.62 71.12 80.01 76.36 84.12 75.40 70.83

2015 78.33 74.65 69.42 79.23 76.03 80.49 74.82 69.59

2020 76.27 72.91 68.09 78.23 75.5 78.90 74.87 67.38
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difference between Xi and X0; minmin |X0(t) − Xi(t)| is the
second-level minimum difference, indicating that on the basis
of the first-level minimum difference, the minimum difference of
all factor sequences is found. maxmax |X0(t) − Xi(t)| is a two-
level maximum difference, max |X0(t) − Xi(t)| is the first-level
maximum difference, which represents the maximum difference
between Xi and X0; maxmax |X0(t) − Xi(t)| is the second-level
maximum difference, indicating that on the basis of the first-level
maximum difference, the maximum difference of all factor
sequences is found.

Fourth, find the gray correlation coefficient:

εi � minmin X0 t( ) − Xi t( )| | + ρmaxmax X0 t( ) − Xi t( )| |
X0 t( ) − Xi t( )| | + ρmaxmax X0 t( ) − Xi t( )| | . (7)

In Equation 7, ρ is the coefficient of resolution, ρ � [0, 1],
according to the experience in general ρ � 0.5.

Fifth, calculate the correlation degree. The correlation ri is obtained
by adding and averaging the correlation coefficients of the comparison
sequence Xi and the reference sequenceX0. n represents the number of
influencing factors. The calculation formula is as follows:

ri � 1
n
∑n
i�1
εi t( ). (8)

3.2.4 Darcy’s law
Darcy‘s law is the theoretical basis of groundwater seepage

calculation (Vincent et al., 2014). The formula for calculating the
single-width infiltration volume of groundwater recharged by the
infiltration of the secondary perched reach river is as follows:

q � K · h · J (9)
J � ΔH/L. (10)

In the formula, q is the unit width exchange capacity of
groundwater and surface water, m3/(d·m), K is the
comprehensive permeability coefficient of the riverbed sediment
and aquifer, m/d; h is the average thickness of the phreatic aquifer,
m; J is the hydraulic gradient between surface water and
groundwater, dimensionless; ΔH is the water level difference
between surface water and groundwater, m; and L is the distance
between the river and the groundwater monitoring well, m.

3.2.5 Water balance method
When the water level of the studied river (canal) section is higher

than the groundwater level on both sides of the river, the recharge
effect of the leakage of river (canal) water on the underground
aquifer can be obtained by this method. The following formula is
used to calculate the infiltration recharge amount of the river using
the water balance method:

Sinfiltration � Supstream+Sprecipitation − Sdownstream − Sdiversion − Sevaporation.

(11)
In the formula, Sinfiltration is the river water infiltration (m3/m·d);

Supstream is the upstream river water (m3/m·d); Sprecipitation is
atmospheric precipitation (m3/m· d); Sdownstream is the
downstream river water (m3/m· d); Sdiversion is the amount of
water from the Yellow River (m3/m· d); and Sevaporation is the
evaporation of river water (m3/m·d).

4 Results

4.1 Variation characteristics of the river
discharge and level

4.1.1 Variation characteristics of the river discharge
The discharge of the Huayuankou and Jiahetan hydrological

stations showed a downward trend in the past 50 years, and the
trend was significant (Figure 4A). The M–K statistical values of the
discharge at the Huayuankou and Jiahetan hydrological stations
are −2.656 and −2.433, respectively. They passed the significance test
with an M–K confidence of 95% (Table 2).

From 1974 to 1976, the discharge showed an increasing trend.
During this period, the increase in discharge of the Huayuankou
hydrological station was 93.14%, and the increase in that of the
Jiahetan hydrological station was 83.82%. These increases were due
to the “75·8 Flood” in Henan in 1975, which led to a significant
increase in the discharge. From 1976 to 2001, the increase and
decrease of river discharge fluctuated greatly. In the 25 years from
1972 to 1996, there were 19 years of river stem cutoff, with an
average of three times in 4 years. From 2002 to 2020, the overall
discharge showed a significant upward trend, and the change tended
to be stable. The Xiaolangdi Reservoir officially operated water and
sediment regulation so that the discharge of the Yellow River
channel tended to be stable.

4.1.2 Variation characteristics of the water level
The annual water level data on hydrological stations from

1972 to 2020 were statistically analyzed, and the M–K trend
change analysis and mutation characteristics were analyzed
(Table 3). The water level of the Huayuankou and Jiahetan
hydrological stations showed a significant downward trend in the
past 50 years (Figure 4B). The M–K statistical values of the water
level of the Huayuankou and Jiahetan hydrological stations
are −4.065 and −2.879, respectively. They passed the significance
test of the M–K confidence level of 95%.

From 1972 to 1989, the water level of the Yellow River at the
Huayuankou hydrological station had a certain downward trend.
From 1990 to 1999, the water level showed an upward trend, and it
was significant. The water level showed a significant downward
trend from 2000 to 2020 (Table 3).

4.2 Change in the groundwater level and its
influencing factors

4.2.1 Changes in the groundwater level along the
Yellow River

For nearly 50 years from 1972 to 2020, the groundwater level in
the lower reaches of the Yellow River formed a flow field with the
Yellow River as the watershed, which gradually decreased to the
north and south, and the groundwater level gradually decreased
from the west to the east along the Yellow River. The groundwater
level of the monitoring wells along the secondary perched reach river
was mostly in the range of −10 ~ 0 m, and the groundwater levels of
only a few monitoring wells were in the range of −5 ~ 0 m. The
groundwater level of wells far away from the riverbank gradually
dropped, by up to −20~−10 m. With the increase in distance, the
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recharge of the Yellow River to groundwater gradually weakened
and the groundwater level decreased greatly (Figure 5). Affected by
the riverside water source, the groundwater level in some areas
dropped deeper. For example, the shallow groundwater level in the
water source area of Zhengzhou City on the south bank of the
secondary perched reach river was 15 m deep, and its total funnel
area was 358 km2. The shallow groundwater level was 8 m deep in
the riverside water source area of Yuanyang County on the north
bank of the secondary perched reach river. The shallow groundwater
depth in Kaifeng City, located on the south bank of the secondary
perched reach river, was 10 m.

On both sides of the Yellow River, eight monitoring wells with a
uniform distance and close to the river were selected as typical
monitoring wells. Based on the annual groundwater level data on
typical monitoring wells (# 35, # 29, # 31, # 20, # 6, # 12, # 37, and #
38) along the secondary perched reach river in 1972–2020, the trend
of M–K change was analyzed. This information can be seen in
Table 3. The ZMK values of the M–K trend test results of each typical
monitoring well were negative, indicating that the groundwater level
of each monitoring well showed a downward trend, and it was
significant (Table 4).

The groundwater levels of typical monitoring wells along
the riverbank from 1972 to 2020 were statistically analyzed. The
monitoring wells #35, #29, and #20 tended to be stable
before 2010 and showed a significant downward trend after
2010. The changing trend in the water level of the
#31 monitoring well was not obvious. The changes in wells #6,
#12, and #38 tended to be stable before 2010 and showed a
significant downward trend after 2010. The changing trend of
the water level of the #37 monitoring well was not obvious
(Figure 6).

4.2.2 Influencing factors of the groundwater level
change

According to the recharge, runoff, and excretion
characteristics of the groundwater flow field in the study area,
the groundwater level of the observation well was taken as the
reference sequence. The river discharge, river level, precipitation,
evaporation, and groundwater exploitation were taken as the
comparison sequence. The gray correlation degree between each
factor and the groundwater level was calculated (Figure 7). Based
on the correlation degree of each influencing factor, each

FIGURE 4
Years of discharge and water level changes at the Huayuankou and Jiahetan hydrological stations. (A) River discharge changes and (B) water-level
changes.

TABLE 2 M–K trend analysis ZMK statistical value of the river runoff from 1972 to 2020.

Hydrologic station Annual variation (year) Interdecadal variation (year)

1972–2020 1972–1979 1980–1989 1990–1999 2000–2009 2010–2020

Huayuankou −2.656 0.495 −0.805 −2.057 1.34 1.01

Jiahetan −2.433 0.741 −0.982 −1.88 1.34 0.856

TABLE 3 ZMK statistical value of the river water level from 1972 to 2020.

Hydrologic station Annual variation (year) Interdecadal variation (year)

1972–2020 1972–1979 1980–1989 1990–1999 2000–2009 2010–2020

Huayuankou −4.065 −1.237 −1.34 2.773 −4.025 0.39

Jiahetan −2.879 1.978 −1.163 3.131 −4.025 −2.415
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observation well was divided into five categories, namely, affected
by the secondary perched reach river discharge, water level,
precipitation, evaporation, and groundwater exploitation. The

groundwater level of the monitoring well was greatly affected by
the water level and discharge of the secondary perched reach river
(the influence factor was greater than 0.65).

FIGURE 5
Spatial distribution of the groundwater level change.

TABLE 4 ZMK statistical value of the groundwater level in typical monitoring wells from 1972 to 2020.

Monitoring well
Statistic value

#35 #29 #31 #20 #6 #12 #37 #38

ZMK −7.238 −6.194 −5.272 −6.792 −7.745 −4.968 −4.603 −5.616

Trend Decrease Decrease Decrease Decrease Decrease Decrease Decrease Decrease

Significance Obvious Obvious Obvious Obvious Obvious Obvious Obvious Obvious

FIGURE 6
Groundwater level changes year by year of a typical monitoring well.
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4.3 Recharge of the secondary perched
reach of the Yellow River to groundwater in
different hydrological years

4.3.1 Characteristics of the Yellow River water
runoff and groundwater level along the river

The linear correlation significance test was carried out on the
Yellow River water runoff and the groundwater level at the
Huayuankou and Jiahetan hydrological stations. When the
significance test coefficient p < 0.05, it indicated that the
significance test of 0.05 was passed. Most of the Yellow River
water runoff and groundwater level at the Huayuankou and
Jiahetan hydrological stations passed the 0.05 significance test,
indicating that the Yellow River water runoff was significantly
correlated with the groundwater level along the riverbank
(Table 5).

Pearson’s correlation coefficient (Pearson), commonly used to
determine the linear correlation, was used tomeasure the correlation
between two variables. Through the long sequence of the

groundwater and river levels, the Pearson correlation coefficient
between them could be calculated, and the correlation between them
could be quantitatively analyzed. The correlation coefficient had the
following relationship: |r| <0.3, weak correlation; 0.3<|r|< 0.5, low
correlation; 0.5<|r|<0.8, significant correlation; and 0.8<|r|<1,
highly correlated.

The secondary perched reach river has a lag in the recharge of
groundwater along the river. The river water discharge groundwater
was divided into the current month, 1-month lag, 2-month lag, and
3-month lag. The correlation and lag between the river runoff and
groundwater level are discussed.

The results of correlation and hysteresis between the river runoff
and groundwater at the Huayuankou hydrological station indicated
that the river runoff has a lag effect on the recharge of groundwater.
Because the runoff in January, September, October, November, and
December is significantly correlated with groundwater lagging in 1,
2, and 3 months (Table 7).

The correlation and lag between the river runoff and
groundwater in the Jiahetan hydrological station were calculated.
The results showed that the runoff in June and August is
significantly correlated with groundwater lagging for 1, 2, and
3 months (Table 6), indicating that the river runoff has a lag
effect on the recharge of groundwater.

4.3.2 Influence of the secondary perched reach of
the Yellow River water level on the groundwater
level

The significant test of the river water and groundwater levels
at the Huayuankou and Jiahetan hydrological stations showed
that most of the river water level and groundwater at the two
hydrological stations passed the 0.05 significant test, indicating
that the river water level is related to the groundwater level
(Table 7).

The river water level at the Huayuankou hydrological station is
significantly correlated with the groundwater level at the lag of 1, 2,
and 3 months, indicating that the river water level has a lag in the
replenishment of the groundwater level (Table 8).

The calculation results of the correlation and hysteresis between
the river water level and groundwater at the Jiahetan hydrological
station showed that the lag of the river water level to the discharge of
groundwater is not strong.

FIGURE 7
Statistics of influencing factors of the groundwater level.

TABLE 5 Significant test of the Yellow River water discharge and groundwater level at the two hydrological stations.

Hydrological station Month
Lag month

1 2 3 4 5 6 7 8 9 10 11 12

Huayuankou Current month 0.01 0.46 0.34 0.29 0.70 0.01 0.43 0.01 0.00 0.00 0.00 0.00

Lag 1 month 0.00 0.79 0.65 0.21 0.43 0.00 0.61 0.01 0.00 0.01 0.00 0.03

Lag 2 months 0.01 0.54 0.65 0.47 0.39 0.01 0.67 0.02 0.00 0.00 0.01 0.11

Lag 3 months 0.02 0.66 0.48 0.53 0.36 0.01 0.88 0.02 0.00 0.01 0.04 0.00

Jiahetan Current month 0.09 0.96 0.83 0.11 0.28 0.00 0.87 0.01 0.00 0.04 0.00 0.05

Lag 1 month 0.05 0.77 0.89 0.17 0.47 0.01 0.91 0.00 0.00 0.03 0.01 0.30

Lag 2 months 0.04 0.86 0.98 0.22 0.40 0.00 0.84 0.00 0.00 0.09 0.02 0.31

Lag 3 months 0.14 0.96 0.86 0.18 0.38 0.00 0.57 0.00 0.00 0.11 0.01 0.24
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The correlation between the discharge and water level of the Yellow
River at the Huayuankou hydrological station and the water level of the
groundwater observation well is higher than that of the Yellow River at
the Jiahetan hydrological station. The discharge and water level of the
Yellow River at the Huayuankou hydrological station has a greater
impact on the water level of the groundwater observation well in the
secondary perched reach of the lower Yellow River.

4.3.3 Secondary perched reach of Yellow River
recharges groundwater in different hydrological
years

The wet year, normal year, and dry year were divided by the
guarantee rate. The discharge series generally obeys the
probability distribution of P_III (Pearson type III). The
frequency analysis method was used to determine the

TABLE 6 Yellow River discharge and groundwater level lag at the two hydrological stations.

Hydrological station Month
Lag month

1 2 3 4 5 6 7 8 9 10 11 12

Huayuankou Current month 0.35 0.11 0.14 −0.16 0.06 −0.38 0.12 0.38 0.52 0.47 0.41 0.43

Lag 1 month 0.44 0.04 0.07 −0.18 0.12 −0.43 0.08 0.38 0.49 0.37 0.49 0.31

Lag 2 months 0.36 0.09 0.07 −0.11 0.13 −0.39 0.06 0.34 0.43 0.43 0.38 0.23

Lag 3 months 0.33 0.06 0.10 −0.09 0.13 −0.36 0.02 0.33 0.43 0.39 0.30 0.40

Jiahetan Current month 0.24 −0.01 −0.03 −0.23 −0.16 −0.43 −0.02 0.38 0.42 0.29 0.45 0.28

Lag 1 month 0.29 0.04 −0.02 −0.20 −0.10 −0.39 0.02 0.41 0.50 0.30 0.39 0.15

Lag 2 months 0.30 0.03 0.00 −0.18 −0.12 −0.40 −0.03 0.48 0.48 0.24 0.32 0.15

Lag 3 months 0.21 0.01 0.03 −0.19 −0.13 −0.40 0.08 0.46 0.44 0.23 0.36 0.17

TABLE 7 Significant test of the Yellow River water and groundwater levels at the two hydrological stations.

Hydrological station Month
Lag month

1 2 3 4 5 6 7 8 9 10 11 12

Huayuankou Current month 0.00 0.00 0.00 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Lag 1 month 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00

Lag 2 months 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Lag 3 months 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00

Jiahetan Current month 0.03 0.04 0.11 0.17 0.26 0.39 0.25 0.04 0.01 0.01 0.01 0.05

Lag 1 month 0.03 0.03 0.11 0.28 0.23 0.52 0.13 0.03 0.01 0.01 0.01 0.04

Lag 2 months 0.02 0.03 0.18 0.24 0.28 0.35 0.14 0.02 0.01 0.02 0.01 0.06

Lag 3 months 0.03 0.07 0.16 0.30 0.18 0.27 0.07 0.04 0.01 0.01 0.02 0.05

TABLE 8 River water level and the groundwater level lag of the two hydrological stations.

Hydrological station Month
Lag month

1 2 3 4 5 6 7 8 9 10 11 12

Huayuankou Current month 0.46 0.45 0.46 0.35 0.39 0.36 0.51 0.49 0.51 0.58 0.51 0.46

Lag 1 month 0.50 0.46 0.37 0.41 0.48 0.35 0.51 0.50 0.46 0.58 0.50 0.42

Lag 2 months 0.51 0.38 0.43 0.48 0.49 0.35 0.49 0.46 0.58 0.58 0.41 0.41

Lag 3 months 0.41 0.45 0.49 0.51 0.49 0.34 0.42 0.48 0.44 0.49 0.42 0.51

Jiahetan Current month 0.31 0.29 0.23 0.20 0.17 0.13 0.17 0.30 0.37 0.37 0.36 0.29

Lag 1 month 0.32 0.31 0.23 0.16 0.18 0.09 0.22 0.31 0.38 0.35 0.35 0.29

Lag 2 months 0.33 0.30 0.20 0.17 0.16 0.14 0.21 0.34 0.35 0.34 0.35 0.28

Lag 3 months 0.31 0.26 0.20 0.15 0.20 0.16 0.26 0.30 0.35 0.36 0.34 0.28
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statistical parameters and the design values of each frequency,
which was used as the standard for dividing the water level runoff
series. When the guarantee rate p ≤ 37.5%, it was considered a wet
year; when 37.5% < p ≤ 62.5%, it was deemed a normal year; and
when p>62.5%, it was considered a dry year.

The number of occurrences in the wet year accounted for 36.7%
of the total series, the number of occurrences in the normal year
accounted for 26.6% of the total series, and the number of
occurrences in the dry year accounted for 36.7%. The percentage
of the three periods was mainly balanced throughout the three
periods. It was considered that the representativeness of the series,
namely, the division of wet, normal, and dry years, was appropriate
and able to reflect the objective law. According to the classification
criteria of wet, normal, and dry years, the runoff was divided into
four distinct periods: 1980–1994 was categorized as the wet year
period, 1995–2002 was the dry year period, 2003–2011 was the
normal year period, and 2012–2020 was another dry year period.
According to the different wet, normal, and dry years of the
secondary perched reach river and the different periods of the
three sections of Huayuankou, Zhongmu, and Jiahetan, the
recharge of the secondary perched reach river to the groundwater

showed that when the river recharged the groundwater in the wet
year of the Huayuankou section, Zhongmu section, and Jiahetan
section, the groundwater level was higher than that in the normal
year and the dry year. The water level of the Huayuankou
hydrological station was 91.07 m in the wet year, 90.63 m in the
normal year, and 89.30 m in the dry year. The water level of the
Jiahetan hydrological station was 74.48 m in the wet year, 73.60 m in
the normal year, and 72.53 m in the dry year. The groundwater level
of the Zhongmu section was 72.35 m in the wet year, 71.86 m in the
normal year, and 70.68 m in the dry year (Figure 8).

4.3.4 Seepage of the secondary perched reach
river was calculated by the analytical method

By using the analytical method, the amount of groundwater
recharged by the secondary perched reach river infiltration was
calculated by formula (9) and formula (10). From 1972 to 2020, the
annual average unit width recharge of groundwater along the
secondary perched reach river recharge (south bank) was
462.18 m3/m·d. The annual recharge in wet years was 566.79 m3/
m·d, in normal years it was 439.25 m3/m·d, and in dry years it was
374.13 m3/m·d (Figure 9).

FIGURE 8
Groundwater recharge along the river in different hydrological years. (A) Huayuankou section, (B) Zhongmu section, (C) and Jiahetan section.
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4.3.5 Water balance method to calculate the
amount of groundwater recharge by the secondary
perched reach of the Yellow River

The Huayuankou hydrological station of the Yellow River is
105 km away from the Jiahetan hydrological station. The water
consumption balance method was calculated by Eq. 11. The interval
loss was 240 million m3, and the unit length loss was 649.65 m3/m d.
Due to the differences in lithology, thickness, and permeability of the
aquifers on both sides, the lateral infiltration ratio was different and
the lateral infiltration on the north bank was larger than that on the
south bank. It was calculated that the lateral infiltration of the south
bank was only 70% of that of the north bank, that is, 454.75 m3/m·d.
This showed that the calculation results were consistent with the
analytical method Darcy formula.

4.4 Impact of Xiaolangdi Reservoir operation
on the ecological environment on both sides
of the river

Due to the “sediment and water regulation” of the reservoir, the
river channel has been affected in many aspects. In addition to the
regulation of runoff in the river, the natural fluctuation process is
weakened, and the change of the sediment concentration and the
discharge of low-temperature water affect the reproduction of
aquatic organisms. The main channel is scoured, and the river
bottom is cut down. Under the same flow condition, the river
water level decreases, which reduces the probability of an
overbank flood. Overbank floods reduced, riparian beaches and
wetlands shrank and degenerated, and the wetland area in the river
channel decreased from 724 km2 in 1997 (before the operation of the
reservoir) to 651 km2 in 2003 (after the operation) (Zhu et al., 2018).
In the wetland ecosystem outside the river, part of the surface water
in the marshland dried up and the vegetation decreased, which
affected the habitat of a large number of birds (Liu et al., 2008).

The Huayuankou–Jiahetan section is located on the axis of the
alluvial fan and alluvial plain of the Yellow River. It is the largest area

of groundwater recharge by river water infiltration in the lower
reaches of the Yellow River. The Yellow River Wetland Bird
National Nature Reserve in Xinxiang, Henan Province; the
Yellow River in Zhengzhou; and the Liuyuankou Wetland
Provincial Nature Reserve in Kaifeng are distributed on both
sides of the river from 5 to 20 km away from the embankment.
They are important inland wetland ecosystems in China. Affected by
the operation of the Xiaolangdi Reservoir, the recharge base level is
reduced, and the shallow groundwater level in the Yellow River
influence zone continues to decline. In 2019, compared with 2003,
the area with groundwater depth greater than 8 m gradually
expanded, from 4 km2 to 268 km2 in the north bank
embankment and from 1 km2 to 1,257 km2 outside the
embankment. On the south bank, it expanded from 58 km2 to
247 km2, and outside the embankment, it expanded from 66 km2

to 697 km2. The area with a buried depth of less than 2 m gradually
shrunk, from 124 km2, the area disappeared outside the north bank,
and it decreased from 55 to 26 km2 outside the south bank.

5 Discussion

5.1 Change in the secondary perched reach
of the Yellow River discharge andwater level

From 1972 to 2002, due to the increase in the irrigation amount
of the Yellow River, the annual average runoff of the Huayuankou
and Jiahetan hydrological stations decreased by 39.36% and 38.97%,
respectively. Since the Xiaolangdi Reservoir was officially regulated
by water and sediment in 2002, the operation of the dam has reduced
the flood peak runoff, and the change of the river runoff tends to be
stable. The amount of irrigation from the Yellow River has been
reduced, resulting in an increase in the Yellow River water runoff
compared with 1990–2000 (Figure 3A).

From 1972 to 2002, the river water level of the Huayuankou and
Jiahetan hydrological stations did not decrease significantly. After
the construction of the Xiaolangdi Reservoir (2002), the water level
of the same discharge at the Huayuankou and Jiahetan hydrological
stations is lower than that before the construction of the Xiaolangdi
Reservoir (1990). The water level of the same runoff shows a
downward trend year by year. The water level of the
Huayuankou hydrological station decreased by 2.13, 3.13, and
3.85 m, respectively, in the initial stage (2005) and stable stage
(2010 and 2020) of reservoir operation compared with that
before reservoir construction (1990), and the water level of the
Jiahetan hydrological station decreased by 2.11, 3.04, and 3.91 m,
respectively. Since 2002, the Xiaolangdi Reservoir has carried out
water and sediment regulation once a year and four times in a row.
The sediment in the reservoir has been reduced by 310 million m3,
the downstream channel has been scoured by 340 million m3, and
the runoff capacity of the downstream channel has been increased
from 1,800 m3/s to 3,000 m3/s. The trend of sedimentation
deterioration in the downstream channel has been effectively
controlled (Kong et al., 2015). The downstream river channel is
continuously scoured, which alleviates the siltation of the river
channel, and the river channel is cut down. The water level of
the Huayuankou and Jiahetan rivers shows a significant downward
trend (Figure 3B).

FIGURE 9
Amount of groundwater recharge by infiltration of the secondary
perched reach.
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5.2 Variation in the groundwater level along
the river

In the past 50 years, the groundwater level along the secondary
perched reach river has generally shown a downward trend. The
groundwater levels of typical monitoring wells #35, #29, #31, #20, #6,
#12, #37, and #38 along the secondary perched reach river of the
Yellow River have decreased by 8.31, 6.79, 3.42, 3.97, 7.24, 5.28, 1.51,
and 4.88 m, respectively. Before 2002, the downward trend of the
groundwater level was relatively gentle, with an average decline of
1.32 m. After 2002, the downward trend of the water level became
more significant, with an average decline of 3.53 m (Figure 10). After
the stable operation of water and sediment regulation of the
Xiaolangdi Reservoir, the secondary perched reach riverbed was
scoured, and the sediment particles in the riverbed were coarsened,
which was conducive to the recharge of the secondary perched reach
river to the groundwater. The scouring of the riverbed by the
Xiaolangdi Reservoir will make the river channel cut down,
making the hydraulic gradient smaller (Sun et al., 2016).
Compared with this, the riverbed coarsening has less impact on
groundwater recharge and the groundwater level along the
riverbank still shows a downward trend.

5.3 Characteristics of river recharge along
the riverbank in the secondary perched
reach

According to the calculation in Section 4.3, the quantity of
groundwater recharge by the secondary perched reach river in
different hydrological years is different. In the wet season, the
secondary perched reach river level is higher, the hydraulic gradient
is larger, and the groundwater recharge is stronger. As the difference
between the Yellow River water level and the monitoring well water
level increases, the single-width infiltration flow of the Yellow River
increases, that is, the infiltration recharge increases (Li et al., 2022). The
lower reaches of the Yellow River were interrupted by many factors
from 1992 to 1998. In order to ensure water supply for the local
industrial and agricultural sectors, the Huayuankou station transferred
water from the middle reaches and other places for many years during
this period, reaching 800 m3/s in spring. During this period, the width of

this section of the river decreased from 1.7 km in 1990 to 0.8 km in
1999, and the depth of the river increased from 1.2 to 1.8 m. The river
discharge decreased from 1,135 m3/s to 663.5 m3/s, but the sediment
discharge increased from 5.5 × 108t to 11 × 108t, and 25% of the average
sediment discharge was deposited in this reach, causing the river level to
rise. As a result, the river flow decreases and the river level rises. After
the operation of the Xiaolangdi Reservoir, from 1999 to 2004, as the
median particle size of D50 of bed sand at each section of Huayuankou
increased to 0.15 mm, the riverbed profile developed in the direction of
narrowness and depth, forming a higher river level. After 2003, except
for the Huayuankou section, D50 of other sections increased slightly or
remained unchanged. Therefore, the sediment coarsening of the
downstream riverbed was the most significant in the first 4 years
after the operation of the Xiaolangdi Reservoir, and the changes in
the riverbed led to an increase in river water infiltration. From the two
factors mentioned above, the Yellow River infiltration was higher from
1994–2004 (Ma et al., 2022). Since then, with the decrease in the river
flow, the weakening of bed sand coarsening and the reduction of river
level, the infiltration recharge of the Yellow River has gradually
decreased. The reduction intensity was the largest in 2006
(Figure 4), and the infiltration reduction rate in the following years
was between 2.47% and 0.5%. With the operation of the “South-to-
NorthWater Diversion Project,” the river volume and water level of the
secondary perched reach tend to rise, and the infiltration of the Yellow
River has been increasing.

6 Conclusion

(1) In the past 50 years, the river discharge and water level of the
secondary perched reach of the Yellow River in the
Huayuankou–Jiahetan section, and the groundwater level on
both sides of the river have shown a significant downward trend.
Since 2002, affected by the operation of the Xiaolangdi
Reservoir, the river water runoff has stabilized and the river
water has scoured the riverbed. The average depth of the
riverbed undercutting is 2.44–3.77 m, resulting in a decrease
in the river water level (Huayuankou decreased by 0.68 m and
Jiahetan decreased by 2.7 m). The hydraulic gradient of
groundwater decreases, the groundwater recharge weakens,
and the groundwater level decreases significantly.

FIGURE 10
Relationship between surface water and groundwater. (A) #6 well water level and the middle Yellow River water level; (B) #38 well water level and
the Jiahetan Yellow River water level.
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(2) It was observed, by using the gray correlation method, that the
main factors affecting the groundwater level were the river
discharge and the river water level. The hydraulic connection
between the secondary perched river and the aquifer is strong.
The Pearson correlation coefficient of the secondary perched
river and the aquifer was calculated, indicating that the river
discharge and water level of the river have a lag in the recharge
of groundwater along the river. In the wet year, the water level of
the secondary perched river is higher, the hydraulic gradient is
larger, the recharge to the groundwater is stronger, and the unit
width recharge is larger (566.79 m3/m·d). In the dry year, the
recharge is less and the unit width recharge is 374.13 m3/m·d.

(3) Since the operation of the South-to-North Water Diversion Project
in 2014, the irrigation amount of the Yellow River has been reduced.
In 2020, the water discharge of the Yellow River in the Huayuankou
and Jiahetan hydrologic stations increased from 735 m3/s to
1,536.9 m3/s and from 701m3/s to 1,500.8 m3/s, respectively. The
groundwater level (<2 km) showed a downward trend except for the
rise of the water level of the Zheng 9 well. This reflects that
Zhengzhou city receives water supply from the South-to-North
Water Diversion Canal every year, approximately 580 million m3/a,
reducing groundwater exploitation by 488 × 104 m3/a and making
the groundwater level rise. In other areas, the water supply of canals
is small, and the groundwater level shows a downward trend.

(4) This study focuses on the interannual mean variation
characteristics of the water volume, water level and
groundwater level of the Yellow River. The monthly mean
value is used in the study of the lag of the water level of the
groundwater and the secondary perched reach of the Yellow
River, we will further carry out a multidisciplinary
comprehensive study of river and groundwater dynamics on
the monthly and daily data on river and groundwater.
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