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Abstract: The Lower Yellow River (LYR) is a vital water resource for agriculture, industry, and
domestic use in the surrounding areas. Understanding the delayed response of local streamflow
response to remote reservoir operations is crucial for effective water management and flood control.
In this work, we utilize historical hydrological data and statistical analysis techniques to investigate
the time-lagged response of streamflow in the LYR to water regulation by the Xiaolangdi Reservoir.
The results demonstrate that there is a time lag of 1.98 days, 2.86 days, and 3.93 days between the
record of water regulation at Xiaolangdi Reservoir and the arrival time at Gaocun, Aishan, and Lijin
stations, respectively. Time lag correction is proven to be crucial when establishing the relationship
between the daily streamflows in the LYR and those at Xiaolangdi station. Further analysis reveals
that the travel distance of streamflow is the dominant factor determining the lag time, with a time lag
coefficient of 0.57 days per hundred kilometers. It is expected that the findings in this study could
offer a fundamental basis for decision-makers in water resource management.
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1. Introduction

As an important part of the Earth’s circulation process, the river system has delivered
on average 40% of the world’s land precipitation to oceans or inland sinks [1]. Meanwhile,
it provides water supply for domestic and agricultural purposes as well as convenient nav-
igation. Therefore, human societies evolved alongside rivers from ancient times [2]. Take
the Ganges River Basin for instance, it nurses roughly 40% of India’s total population [3].
However, urbanization and climate change have together remarkably altered the river
streamflow in recent decades, exacerbating water scarcity and security [4—6]. Many rivers
are facing the risk of drying up or disappearing [7,8]. At the beginning of this century,
about 2.3 billion people have been estimated to live in river basins under water stress [9],
and this value exploded to 4.0 billion in 2016 [10]. To alleviate the water crisis, it is urgent
to increase water use efficiencies and promote better sharing of the limited freshwater
resources.

The Yellow River is the second-largest river in China and the most important source of
water for Northwest China and North China [11]. In China, 12% of the population and 15%
of the irrigated agricultural land rely on the Yellow River for their water supply [12]. With
the increase in population and development of the social economy, the Yellow River faces
an enormous challenge of water supply pressure during the last seven decades, especially
for the region with high population density alongside the lower Yellow River (LYR) [13].
Since the 1950s, the streamflow of the Yellow River gradually dwindled away and even
dried up severely in the late 20th century [14]. Especially in 1997, the observed no-flow

Water 2024, 16, 78. https:/ /doi.org/10.3390/w16010078 https://www.mdpi.com/journal /water


https://doi.org/10.3390/w16010078
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w16010078
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16010078?type=check_update&version=2

Water 2024, 16, 78

20f13

days at Lijin station in the lower Yellow River is as high as 226 days with a dried-up length
exceeding 700 km [14,15]. Benefiting from the regulation of Xiaolangdi Reservoir, the
annual runoff in the LYR has slightly recovered and remained stable in recent years [16].
Moreover, the distribution of discharge within a year has also been frequently modulated
for the combined purposes of water supply, power generation, and downstream channel
dredging [17-19].

Currently, most previous studies have mainly focused on the qualitative response of
runoff to the operation of Xiaolangdi Reservoir on an annual or daily scale [18,20-23]. It
has been widely recognized that Xiaolangdi Reservoir exhibits little impact on the total
streamflow in the long run while it dramatically changes the seasonal distribution [24].
However, in our life and practical produce, even one day delay in water supply can
cause huge losses, especially in agricultural or fishery production. In order to achieve
efficient and effective water regulation, it is necessary to establish a quantitative relationship
between runoff changes in the lower Yellow River and the water regulation by Xiaolangdi
Reservoir on a smaller time scale. Fortunately, the establishment of daily scale relationships
can be achieved based on available daily hydrological data [24]. However, the water
demand area in the lower Yellow River is usually several hundred kilometers away from
the Xiaolangdi Reservoir, and runoff takes some time to reach the target area, consequently
leading to a delayed response [16,25-27]. To the best of our knowledge, no one has been
concerned about the time lag phenomenon when evaluating the hydrological response,
which may cause significant errors. In this study, we systematically determined the time-
lagged characteristics of the streamflow in the LRY in response to the water regulation
by Xiaolangdi Reservoir and reconstructed the corresponding relationships based on time
lag correction for the first time. It is expected that the findings in this study can provide
valuable guidelines for efficient water resources management and regulation in the LYR.

2. Data and Methods
2.1. Study Area

In this study, the LYR is defined as the reach beginning from Xiaolangdi station and
flowing for approximately 880 km across the North China plain, as depicted in Figure 1.
This region holds significant importance as one of the major agricultural development areas
in China, and the local agricultural practices are strongly influenced by the water resource
conditions. To meet the water supply demands in the LYR, numerous reservoirs have been
constructed along the main course and tributaries of the Yellow River, among which the
Xiaolangdi Reservoir plays a major role. The Xiaolangdi Reservoir is situated at the outlet
of the last gorge in the Yellow River Basin and is considered the final large-scale water
conservancy project with water control capabilities. It officially intercepted the Yellow
River in October 1997, began to store water in October 1999, and was officially put into
use in May 2000. The reservoir has a total storage capacity of 12.65 x 10 m3, a long-term
effective storage capacity for water regulation of 5.1 x 10 m?, a sediment storage capacity
of 7.55 x 10° m3, and a 225 m flood limit water level. In fact, there exists a reservoir known
as Xixiayuan Reservoir situated 16 kilometers downstream of the Xiaolangdi Dam. The
primary function of the Xixiayuan Reservoir is to manage the irregular outflow from the
Xiaolangdi Reservoir during its hydropower generation operations, thereby ensuring a
consistent and steady flow of discharged water. It is commonly held that the Xixiayuan
Reservoir has no impact on the downstream water level of the Xiaolangdi Reservoir. The key
hydrological stations along the LYR are Xiaolangdi (XLD), Huayuankou (HYK), Jiahetan
(JHT), Gaocun (GC), Sunkou (SK), Aishan (AS), Luokou (LK) and Lijin (L]) stations.

2.2. Data Sources

Daily hydrological data of Xiaolangdi, Huayuankou, Jiahetan, Gaocun, Sunkou, Ais-
han, Luokou, and Lijin stations in the mainstream were obtained from the Yellow River
Conservancy Commission (YRCC) for the periods 1997 to 2020. The distance between vari-
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ous stations in the LRY and Xiaolangdi station was determined by extracting the channel
centerline and calculating the corresponding length.
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Figure 1. Location of the lower Yellow River and the key hydrological stations. Insert shows the
location of the Yellow River basin.

2.3. Methods
2.3.1. Identification and Classification of High Streamflow Event in the LYR

In order to determine the time lag using the method proposed in the following text, a
streamflow fluctuation with peak discharge >1000 m?/s at Xiaolangdi station is identified
as a high streamflow event. This is attributed so that the streamflow of less than 1000 m3/s
at Xiaolangdi station cannot evolve to Lijin station based on comprehensive assessment.
Therefore, for the subsequent determination of time lag, only these high streamflow events
that can evolve to Lijin station are counted in this study. The typical process of a high
streamflow event is illustrated in Figure 2a. The high streamflow event started on 18 June
and finished on 9 July at Xiaolangdi station, while at Lijin station there is a 4-day time lag
because the discharge released from Xiaolangdi Reservoir took almost 4 days to arrive
at Lijin station. Therefore, influenced period of the high streamflow event regulated by
Xiaolangdi Reservoir at Lijin station was between 22 June and 13 July. Generally, the stream-
flow in the LYR gradually decreases as it travels downstream, which is mainly attributed to
the huge water extraction in the surrounding area and less streamflow replenishment from
tributaries. Based on observed daily discharge data at stations alongside the LYR, a total of
59 high streamflow events are adapted during 1997-2020 in this study. According to the
different peak patterns shown in Figure 2b, a high streamflow event can be classified into
three types: single-peak type, double-peak superposition type, and multi-peak merging

type.

2.3.2. Determination of the Time Lag

In this study, we adopted two methods to determine the time lag. One is peak spacing
method based on visual discrimination, and the other is optimal correlation coefficient
method based on data sliding-linear regression. For the peak spacing method, the time
lag is determined as the time interval between the streamflow peaks of two hydrological
stations, which can be directly realized by visual discrimination (Figure 3a). A similar
method has been applied to detect the time lag effect between variations in snow cover and
runoff [28]. Despite its simplicity, the peak spacing method may result in errors induced by
other factors, especially when the position of peak discharge is not prominent.
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Figure 2. (a) Typical hydrological regime of a high streamflow event; (b) Schematic diagrams of three

typical types of high streamflow event.
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Figure 3. Schematic illustration of two time lag detection methods. (a) Peak spacing method;

(b) Optimal correlation coefficient method.

To eliminate this potential error, we developed an optimal correlation coefficient
method based on data sliding linear regression. The basic procedure for this method is
schematically illustrated in Figure 3b. Firstly, for a high streamflow event, a new series of
the daily streamflow at a station in LYR with a time lag length of i days was reconstructed
by moving the starting point i days ahead of the normal time series. Then, the relationship
between the streamflow of the station in LYR and Xiaolangdi station was constructed using

linear regression as follows:

Quyr = ki x Qxip +¢
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where k; is the regression coefficient with a time lag of i days, Qryr is the daily streamflow
of a station in LYR, Qxip is the daily streamflow of Xiaolangdi station with a time lag
of i days, and c is the intercept in the linear fitting equation, which is a constant term.
In this study, time lag range of 0-14 days (i.e., i =0, 1, 2, ..., 14) is considered based on
historical records [29]. For each station, the lag days (i) that have the highest coefficient
of determination (R?) are the time lag for the streamflow in the LYR response to that at
Xiaolangdi station.

3. Results
3.1. Variation in Daily Streamflow Delivered to the LYR

Figure 4a displays the variation in daily streamflow in the LYR from 1997 to 2020. It can
be seen that the highest streamflow is generally in the dry season (mainly in June) during
2002-2020 due to the operation of Xiaolangdi Reservoir, which is different from that in the
pre-dam period (before 1997). It has been reported that the highest discharge usually occurs
in the wet season (July—October) before the construction of Xiaolangdi Reservoir [24]. The
peak of the record during 1997-2020 occurred in 2020, with a peak discharge of 6260 m3/s
(Figure 4a). After the Xiaolangdi Dam construction, the average daily discharge values of
Xiaolangdi station in flood season and non-flood season were 1003 m3/s and 643 m3/s,
respectively. This indicates that the ratio of average daily discharge during non-flood
seasons to the average daily discharge during flood seasons at Xiaolangdi station is 64.1%
during 1997-2020, which is much higher than that prior to the construction of Xiaolangdi
Reservoir [24]. This increase reflects the flow regulation intensity, which largely favors
water consumption in non-flood seasons. Based on the observed daily streamflow data, the
59 high streamflow events during 1997-2020 are annotated in Figure 4b in sequential order.
Clearly, most of the high streamflow events occur in June and July, accounting for 58% of
the total.
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Figure 4. (a) Daily discharge measured at Xiaolangdi station from 1997 to 2020; (b) Distribution of
the 59 high streamflow events from 1997 to 2020.
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3.2. Time Lag of Streamflow in the LYR

To determine the time lag using the proposed optimal correlation coefficient method,
we calculated the correlation coefficient between the streamflow in the LYR and the stream-
flow at Xiaolangdi station for a total of 59 high streamflow events. The analysis was
performed within a time lag range of 0-14 days. It can be clearly seen from Figure 5 that
the correlation coefficient between the streamflow in the LYR and that at Xiaolangdi station
without considering time lag is significantly lower, indicating the existence of time lag. For
most high streamflow events, there is a clear pattern in the relationship between lag time
and correlation coefficient, with R? rising initially and then falling as the time lag increases.
Notably, for some specific high streamflow events, high correlation values are exhibited
even after a time lag correction of more than 9 days, which are mainly attributed to the
influence of the adjacent high streamflow events. For the streamflow at Gaocun, Aishan,
and Lijin stations, the highest correlation coefficients fall within lag time ranges of 1-4 days,
2-5 days, and 3-6 days, respectively. On average, the maximum values of R? at the Gaocun,
Aishan, and Lijin stations are calculated to be 0.987, 0.979, and 0.978, respectively. The
determined time lags of streamflow at Gaocun, Aishan, and Lijin stations relative to that at
Xiaolangdi station are displayed in Figure 6. It can be observed that the results obtained
by both the peak spacing method and the optimal correlation coefficient method exhibit
good consistency. However, the lag time determined by the optimal correlation coefficient
method shows lower volatility for the 59 events compared to that determined by the peak
spacing method. For example, at the Gaocun station, 66% of the total events show the
highest correlation coefficient with a lag time of 2 days. On average, the lag times for the
Gaocun, Aishan, and Lijin stations are 1.98 days, 2.86 days, and 3.93 days, respectively. In
other words, there will be a time lag of 1.98 days, 2.86 days, and 3.93 days between the
record of water regulation at Xiaolangdi Reservoir and the arrival time at Gaocun, Aishan,
and Lijin stations, respectively. Clearly, the time lag of streamflow increases as the distance
from the Xiaolangdi Reservoir increases. This indicates that regulating water supply for
different regions requires considering the effects of different time lags.

3.3. Reassessment of the Relationship of Streamflow in LYR and XLD

Since Xiaolangdi Reservoir is located at the mouth of the Yellow River Basin’s final
gorge, it is considered the final large-scale water conservancy project with water control
capabilities. In the context of diminishing water resources, precise management of water
allocation is of paramount significance. Therefore, it is crucial to establish the relationship
of streamflow in LYR and Xiaolangdi station. Based on these relationships, water resources
can be efficiently allocated to the LYR through water regulation by Xiaolangdi Reservoir
according to actual water demands. However, the water demand area in the lower Yellow
River is often several hundred kilometers away from the Xiaolangdi Reservoir, and stream-
flow needs to travel some time to reach the target area. In a previous study, annual-scale
discharge data were usually adopted to simply model the relationship [24]. These simplifi-
cations ignore the impact of streamflow hysteresis, which causes the built relationship to
vary from reality and decreases model accuracy. Moreover, these modes based on annual
streamflow datasets are inapplicable for fine water regulation within a year. Therefore, it is
important to accurately model the relationship of streamflow in LYR and Xiaolangdi station
using data with higher temporal resolution, taking into account the time lag effect. In this
study, to establish the relationship between daily streamflow in LYR and Xiaolangdi station,
simple linear regressions were conducted with and without time lag correction. Notably,
other regression methods have also been used to describe the relationships between daily
streamflow in LYR and Xiaolangdi station but have not been adopted due to poor goodness
of fit or high complexity. From Figure 7a, it is evident that the daily streamflows at the
Gaocun, Aishan, and Lijin stations are not well synchronized with the streamflow at the
Xiaolangdi station without time lag correction. The corresponding goodness of fit (R?)
for these stations are 0.58, 0.40, and 0.24, respectively. Although all the fittings show a
significant linear relationship (p < 0.001), there are lots of scattered data points around the
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fitted lines. To eliminate the potential error, the time lag effect has been considered and
the daily streamflows at Gaocun, Aishan, and Lijin stations have been reconstructed. As
depicted in Figure 7b, there is an excellent linear relationship between the daily streamflows
at Gaocun, Aishan, and Lijin stations and the streamflow at Xiaolangdi station when time
lag correction is considered. The corresponding coefficients of determination for these
stations are improved to 0.86, 0.80, and 0.74, respectively. This highlights the crucial role of
considering the time lag effect when regulating the water supply from Xiaolangdi Reservoir

to the LYR.
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Figure 5. Correlation coefficient of the streamflow at Gaocun station (a), Aishan station (b), and Lijin
station (c) with that in Xiaolangdi station during the total 59 high streamflow events.
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3.4. Possible Impact Factors on Time Lags

To investigate the reasons for different delay times, we primarily focused on two
factors: the distance traveled by streamflow and the specific characteristics of high stream-
flow events. When considering the specific characteristics of high streamflow events, we
took into account the initial value, terminal value, peak value, and mean value of high
streamflow events. Theoretically, for a fixed runoff profile, high streamflow leads to high
travel speed and therefore reduced lag time. However, as depicted in Figure 8, there are
no significant correlations between the lag time and any of the specific characteristics of
high streamflow events. This can be mainly attributed to the semi-enclosed nature of
the river channel, where the runoff profile also increases during high streamflow events.
Consequently, the influence of the characteristics of high streamflow events on the lag
time is limited. On the contrary, a significant linear relationship exists between travel
distance and lag time, with a goodness of fit of 0.99. A similar finding has been reported in
a previous study where the groundwater level response to the water stage of the Yellow
River is also mainly affected by the distance away from the Yellow River [30]. Based on the
fitting formula shown in Figure 9, we can estimate that every 100 km of travel distance will
result in a lag of approximately 0.57 days. Notably, previous studies reported that the travel
time of the streamflow between two stations is also influenced by the river channel features,
such as channel width, sinuosity, and slope. For the same distance, the flood travel time
for the wide and shallow channels is less than that for the narrow and deep channels [31].
In the full-scale scouring experiments by regulating the discharges of water and silt from
Xiaolangdi Reservoir in 2002, an artificial high streamflow event was created [32]. It took
the peak discharge 4 days to travel 450 km through Henan Province with a speed of about
4.7 km h™!, and took 3 days to travel about 400 km through Shandong Province with a
speed of about 5.6 km h~! [33]. The relatively low velocity of the streamflow in Henan
Province was thought to be attributed to increased channel resistance in the wandering and
transition pattern of the Henan region especially along some narrow sections at the border
of Henan-Shandong Provinces. The increased speed in Shandong Province is thought to
be due to the faster or more smoothly bending river channel [33].
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Figure 8. Relationship between time lag at Lijin station and streamflow features at Xiaolangdi
station. (a) Initial streamflow value of high streamflow events; (b) Terminal streamflow value of high
streamflow events; (c) Peak streamflow value of high streamflow events; (d) Mean streamflow value
of high streamflow events.
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4. Discussion
4.1. Necessity of Considering Time Lag during Water Supply

The North China Plain near the LYR is one of the largest grain-producing areas in
China, where winter wheat and summer maize are the main crop types [34]. In these
regions, water has been recognized as one of the dominant constraints to agricultural
production [35]. Since the water requirement of crop growth cannot be met by rainfall in
time and quantity, irrigation has been inevitably implemented to maintain optimal crop
growth and production. A previous study demonstrated that proper irrigation can promote
corn yields by more than five-fold and wheat yields by two-fold, respectively [36]. The
main source of water withdrawal for agricultural irrigation in the North China Plain is the
Yellow River, and the irrigation water accounts for more than 80% of total water use in the
Yellow River Basin [37]. The majority of scholars agreed that precipitation in the Yellow
River Basin will increase under future climate change scenarios [38,39], which seems to
alleviate water pressure for irrigation. However, the overall increase in water demand
may compress the available irrigation water [40]. Therefore, in order to balance the water
demand and water utilization, it is crucial to improve the water utilization efficiency and
avoid waste of water resources, especially for long-distance water resource transportation.
As determined above, there will be a time lag of 1.98 days, 2.86 days, and 3.93 days between
the record of water release at Xiaolangdi Reservoir and the arrival time at the Gaocun,
Aishan, and Lijin stations, respectively. Previous studies have reported that the sensitivity
of winter wheat to water deficit varies at different growth stages, with pre- and post-joining
stages being the most sensitive to water deficit [41,42]. Therefore, this finding could be
extremely important for the management of water resource allocation since the delay of
water supply may cause crops to miss their optimal growth period and result in a decrease
in yield.

4.2. Comparison of Time-Lagged Response before and after Operation of Xiaolangdi Reservoir

In this study, we mainly evaluated the time-lagged response of streamflow in the
lower Yellow River to the water regulation by Xiaolangdi Reservoir. To check the potential
influence of reservoir operation, it is essential to compare the time lag with that prior to
the construction of Xiaolangdi. It was reported in many previous studies that the average
time for high streamflow traveling 800 km from Huayuankou to Lijin in 1950-1990 was
7-8 days [29,43,44]. Our study suggests that the time lag of streamflow at Lijin station
response to that at Xiaolangdi station is only 4 days, which is consistent with that reported
in a previous study [16]. In the study of Xu and Cheng [25], the peak discharges of a high
streamflow event in 1977 appeared on August 8 at Huayuankou station and on August 12
at Lijin station, leading to a time lag of ~4 days. Based on the findings in this study, the
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corresponding time lag is only ~3 days between the streamflow at Huayuankou station
and Lijin station. In our opinion, the slightly decreased time lag may be attributed to
the change in channel features. Before the operation of Xiaolangdi Reservoir, the LYR
experienced heavy sediment deposition, leading to the poor flood discharge capacity of
the river channel. A flood does not flow down the river in a well-defined channel but
moves randomly within a wide valley confined by the grand levees [45]. Thus, the mobile
channel may cause a strong attack of the flood wave on the dikes, therefore slowing down
the speed of water flow [43]. After the operation of Xiaolangdi Reservoir, especially the
implementation of WSRS, the main river channels in the LYR have been fully scoured,
leading to an increase in channel depth and bankfull discharge [46]. Moreover, the channel
stability has also been improved after the operation of Xiaolangdi Reservoir [45], which
should also account for the faster streamflow traveling speed.

4.3. Error Analysis

Obviously, the dominant error source is the low temporal resolution of the streamflow
data. In this study, the daily scale streamflow data are employed since it is already the high-
est resolution data available. However, no matter what method is adopted for determining
the time lag, the minimum time variation interval is 1 day. Notably, the actual lag time
between two stations is usually a continuous value, not a discontinuous one. Therefore,
based on existing data and methods, the determined lag time is larger or smaller than the
actual lag time. This kind of error can be reduced only when there is streamflow data with
higher temporal resolution.

5. Conclusions

In this work, the time-lagged response of streamflow in the LYR to water regulation by
the Xiaolangdi Reservoir has been systematically investigated using historical hydrological
data and statistical analytic methods. Based on the proposed optimal correlation coefficient
method, it has been observed that there is a time lag of 1.98 days, 2.86 days, and 3.93 days
between the record of water regulation at Xiaolangdi Reservoir and the arrival time at
the Gaocun, Aishan, and Lijin stations, respectively. This emphasizes the need to take
time lag correction into account when establishing a link between daily streamflows in the
LYR and those at Xiaolangdi station. There is an excellent linear relationship between the
daily streamflows at Gaocun, Aishan, and Lijin stations and the streamflow at Xiaolangdi
station when time lag correction is considered. Further analysis reveals that the travel
distance of streamflow is the dominant factor determining the lag time, with a time lag
coefficient of 0.57 days per hundred kilometers. More accurate results can be determined
by utilizing data with higher temporal resolution. Compared to that prior to the operation
of the Xiaolangdi Reservoir, the time lag effect has slightly decreased, indicating that the
operation of the reservoir has improved the flood discharge capacity of the lower Yellow
River to a certain extent. Overall, the findings of this study are expected to provide valuable
insights for decision-makers involved in water resource management.
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