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Abstract

River migration and anthropogenic controls on hydrological processes may play impor-
tant roles in estuarine system transformations and nutrient diffusion. We used a two-
dimensional shallow water equation hydrodynamic water quality model to simulate
total nitrogen (TN) transport under the situations of river migration and the “Water-
Sediment Regulation Scheme” (WSRS). The results showed the following: (1) River mi-
gration changed the diffusion direction of high-TN-concentration water in the YRE from
the east–west diffusion in 2009 to the north–south diffusion in 2019. (2) In the years the
WSRS was active, the maximum diffusion distance of high-concentration-TN water is
basically the same as that of the plume edge. In 2009 and 2019, it was 30 km in the southeast
of the estuary and 26.5 km in the north. Concentrations of 0.5 mg/L and 1.05 mg/L in
2009 and 2019 can be used as the threshold for judging the farthest distance of diffusion.
(3) In the years without the WSRS, the TN concentration in the YRE from June to July
was generally lower than the same period in 2019, and the northward diffusion distance
of high-concentration-TN water in 2017 was only 10% of that during the WSRS in 2019.
(4) Runoff determines the diffusion range of TN in the YRE. The average runoff during the
WSRS in 2019 was 6.88 times that of the same period in 2017, and the high concentration
diffusion distance of TN in 2019 was 10 times that of 2017. Changes in estuary morphology
determine the diffusion direction of nutrients. The results of this paper are helpful to
further understand the nutrient diffusion law of estuaries and coasts under the influence of
different factors, and to provide reference for the protection of water quality safety.

Keywords: river migration; Water-Sediment Regulation Scheme; 2D hydrodynamic model;
Yellow River Estuary; total nitrogen

1. Introduction
Large rivers have an impact on the aquatic ecology of estuarine and coastal areas by

transporting a large amount of particulate matter and dissolved matter from land to sea [1].
The estuary is a transitional zone connecting freshwater and seawater, which is greatly
affected by terrestrial runoff into the sea [2]. In recent years, with the intensification of
human activities on the land and the construction of water conservancy projects, many
estuaries in the world have shown a trend of reduced freshwater runoff, erosion, and high
nutrient load [3,4]. Among the various nutrients in estuarine and coastal waters, nitrogen is
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widely explored as it is related to many related environmental processes [5]. Eutrophication
is one of the most important environmental problems in estuarine and coastal waters, and
nitrogen is the primary factor causing eutrophication. Adverse impacts on the estuarine
ecosystem by anthropogenic activities have been widely reported; studies and management
of the estuarine environments have gained more and more attention in recent decades [6–8].

The Bohai sea is a semi-enclosed water area located in the northwest Pacific Ocean,
which is connected to the Yellow Sea (Huanghai) through the narrow Bohai Strait in China.
The area of the Bohai Sea is about 77 × 109 m2, and the average depth is about 18.7 m. Many
rivers which are greatly affected by human activities are discharged into the Bohai Sea. The
total annual discharge is 68.5 × 109 m3, of which the discharge of the Yellow River accounts
for more than 75% [9,10]. The Yellow River is one of the rivers with the largest sediment
discharges in the world. From the 1950s to 1970s, about 1.08 × 109 tons of sediment was
transported into the Bohai Sea by the Loess Plateau in the middle reaches of the Yellow
River every year due to high soil erosion [11]. The large amount of sediment sources also
makes the Yellow River Estuary (YRE) one of the most turbid regions in the world [12,13].
In recent decades, due to the intensification of anthropogenic activities including soil and
water conservation projects [14], and the Water-Sediment Regulation Scheme (WSRS) [15],
the pattern of water and sediment transport in the lower reaches of the Yellow River has
changed significantly. The maximum amount of water and sediment in a year caused by
the WSRS in the Yellow River Basin was reached nearly two months earlier than that in
the previous period [16]. During the period of the WSRS, the area of estuarine freshwater
diffusion exceeded 700 km2, which was nearly 15 times higher than that in the previous
years without the implementation of water and sediment regulation [17]. However, there
are relatively few studies on the diffusion law of nutrients in the YRE with regard to
water and sediment regulation. The implementation of these projects has also changed the
temporal pattern of estuarine hydrological processes [14]. It is necessary to explore the
effects of human activities such as the WSRS on the temporal and spatial diffusion and
exchange of nutrients in the YRE.

Moreover, the influence of shoreline changes on hydrodynamic and water quality
is an important research issue that has received significant attention. It is critical for
understanding the pathway of freshwater runoff and nutrient load under the river channel
migration in the YRE. In addition, in recent years, the shoreline morphology of the YRE has
also undergone significant changes [18]. There are also temporal and spatial differences in
the migration and diffusion state of the Yellow River carrying nutrient pulse runoff near
the estuary [19]. However, there are few studies on the effect of shoreline morphological
changes on the migration and diffusion of nutrients in the YRE. Since that time, several
significant changes have occurred that directly affect the sediment dispersal pattern of
the YRE: (1) The deltaic course shifted significantly in 1996, and the river mouth moved
approximately 20 km northeast of the old river mouth. (2) The annual water and sediment
discharges from the Yellow River into the Bohai Bay were recorded at the Lijin Gauge
(some 100 km upstream from the river mouth). In 2024, the annual sediment discharge
at Lijin station was 255.3 × 108 m3/s, which was not much different from the multi-year
average from 1952 to 2023 (288.6 × 108 m3/s). The average annual sediment discharge is
1.59 × 108 t, which is lower than the multi-year average of 6.38 × 108 t. (3) The Yellow
River water and sediment discharges into the sea have been controlled since 2000 by the
operation of the Xiaolangdi Reservoir, the largest reservoir in the mainstream, through
the Project of “Artificial Regulation of the Yellow River Water and Sediment” [20,21]. This
project determined that high water and sediment discharges into the sea are regulated, and
only occur once or twice a year for periods of nearly 15–30 days to scour the riverbed and
transport a relatively large amount of sediment into the sea. As a result, low water flow
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with low sediment discharge into the sea is now the dominant and normal hydrographic
regime for the sediment transport of the present sub-delta and the low water discharge in
this study. These recent changes have altered the boundary conditions and the seasonal
allocation of water and sediment in a year, which have significant impacts on the dispersion
of sediment of the present sub-delta.

In situ measurement of nutrient concentration is a common method to evaluate the
nutrient level near the estuary [22]. However, this method usually has the disadvantages
of being time-consuming, labor-intensive, and high cost, and this method can only reflect
the nutrient content in a certain period of time. In view of the typical wide area of the
estuary, numerical simulation is another important method to evaluate the nutrient level
in the estuary. The basis of water quality simulation is hydrodynamic simulation. Many
hydrodynamic models have been developed for ocean research, such as Princeton Ocean
Model-POM, the Finite Volume Coastal Ocean Model-FVCOM, Estuarine, Coastal Ocean
Model with Sediment Transport-ECOMSED, Delft3D, and MIKE products by DHI [23,24].
The unstructured finite-volume technique is the mainstream method for numerical solution
of shallow water equations in solving complex terrain problems in hydraulics [25]. This
algorithm has been widely used in tracking water masses, pollutants, and sediments [25].
Therefore, the establishment of a hydrodynamic water quality model by this algorithm
helps us to understand the diffusion process of nutrients in offshore waters.

A two-dimensional shallow water equation hydrodynamic model based on the average
water depth is set up in this study to simulate the diffusion process of TN in the YRE. We
selected different flow regimes in the YRE and the years with and without the WSRS to
compare the TN diffusion in the estuary. The main objectives of this study include the
following: (1) to explore the influence of river migration on the direction and range of TN
diffusion; (2) to explore the characteristics of TN diffusion before, during, and after the
WSRS; (3) to compare the diffusion characteristics of TN for the years with and without the
WSRS in the YRE.

2. Materials and Methods
2.1. Study Area

The Bohai Sea (BS) is an inland shallow sea that covers an area of about 77,000 km2

with an average water depth of 18 m. A total of 55 rivers flow into the Bohai Sea. The
Bohai Sea consists of four parts: Liaodong Bay, Bohai Bay, Laizhou Bay, and the central
area. These rivers account for more than 80% of the total freshwater discharge and belong
to the Yellow, Haihe, and Liaohe river basins. Among them, the Yellow River contributes
over 75% of the total freshwater input to the Bohai Sea and is the second-longest river in
China [26]. It brings in a total of approximately 155 × 108 m3 of freshwater per year into
the Bohai Sea (mean value during 1987–2005 at Lijin Station).

The YRE is weakly tidal (Wang, 2017), with an average tidal range of 0.73–1.77 m [27].
The tides in the YRE are formed by the superposition of the diurnal and semi-diurnal
tides [28], resulting in the coexistence of irregular semi-diurnal tides, irregular diurnal
tides, and regular diurnal tides. Tidal currents are generally reciprocal currents with a tidal
velocity of 0.5–1.0 m/s, running parallel to the coastline and flowing south at flood tide
and north at ebb tide [27]. Waves in the estuary usually are caused by the southern wind in
the summer and the northern wind in the winter, with an average wave height of 1.5 m,
which enhances the resuspension of sediments along the YRE coast [21].

In the Yellow River Delta (YRD), the flow courses of the Yellow River have shifted
frequently. Since 1964, it has been at the deltaic channel followed by the Diaokouhe channel
(1964–1976), the Qingshuigou channel (1976–1996), then artificially shifted at Qingba
channel (1996–2007), and is presently at the Qingbacha mouth channel (2007–present) [9]
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(Figure 1). The suspended matter in the estuary is dominated first by silt and then by clay;
the lowest proportion of suspended matter is ultrafine sand [27].

Figure 1. Comparison of the YRE and the coastline of the YRD in (a) 2009 and (b) 2017.

2.2. Data

The Lijin hydrological gauging station is located in the village of Liujiahe, Lijin town,
Dongying city, which is approximately 100 km upstream from the mouth of the YRE. It
is the last hydrological station before the Yellow River enters the Bohai Sea and has been
monitoring the daily amounts of runoff and sediment since 1950. Therefore, the daily
monitoring runoff and sediment data for the Lijin station from 1976 to 2018 were used
in this study. Monthly runoff and sediment data were calculated by accumulating daily
runoff and sediment, and the annual runoff and sediment were calculated by accumulating
monthly runoff and sediment. The daily freshwater discharge (Qw) and SSC during the
artificial flood and the monthly data of water and sediment fluxes to the sea were obtained
from the Sediment Bulletin of the Yellow River Conservancy Commission (YRCC).

Data on freshwater discharges from the Yellow River was obtained from the regularly
issued China River Sediment Bulletin (MWR, 2000–2017), published papers [2], and a
monograph [29]. The data for the Yellow River were collected at the Lijin hydrometric
station. Nutrient (N, P, and Si) fluxes were collected from the China Environment Bulletin
(MEE, 1989–2017), a published monograph [29], and previous studies [30,31]. Yearly
averaged data of nutrient fluxes were used to represent the long-term variations. Data
pertaining to the red tide of the BS were collected and compiled from the regularly issued
China Marine Disaster Bulletin (COIN, 2000–2017) and previously published papers [29,32].

2.3. Numerical Model
2.3.1. Model Description

The topological dimensions of the Bohai Bay in the plane are more than 340 km, and the
average water depth in the vertical direction is only about 18 m. For large-scale free surface
flow in a plane, where the water depth scale is much smaller than the plane scale, there
is no obvious vertical circulation, and the vertical velocity is small in shallow water; the
hydrostatic pressure assumption can be introduced and the equation can be simplified by
integrating along the water depth direction. Therefore, a depth-averaged two-dimensional
shallow water model, HGPU2D, was employed to simulate the hydrodynamic processes
in the Bohai Bay under the influence of limited freshwater discharge, astronomical tides,
and ocean currents [33]. This model has been effectively applied to simulate environmental
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processes in coastal systems with complex topography, such as estuaries [34–36]. The
hydrodynamic control equation of the model is:

Ut + E(U)x + H(U)y = S(U) (1)

Among them, (U)t, (U)x, and (U)y are the partial derivatives with respect to time and
the space plane in the x and y directions, respectively.

U =

 h
hu
hv

, E =

 hu
hu2 + 1

2 gh2

huv

, H =

 hv
huv
hv2 + 1

2 gh2

, S =

 0
gh(S f x + S0x)

gh(S f y + S0y)

 (2)

where h is water depth; u is the velocity in x direction; v is the velocity in y direction; S0x,
S0y, S f x, and S f y are the bottom slope source term and bottom friction source term in the x
and y directions, respectively, which can be expressed as

S0x = −∂Zb
∂x

, S0y = −∂Zb
∂y

(3)

S f x = −n2u
√

u2 + v2

h4/3 , S f y = −n2v
√

u2 + v2

h4/3 (4)

where n is the roughness, Zb is the river bottom elevation.
The water quality module in the model is based on the momentum equation. This

module only considers the dilution and diffusion process of total nitrogen by water flow,
and does not consider the biochemical reaction of total nitrogen in water. The integral
transport equation along the water depth direction is:

∂hC
∂t

+
∂huC

∂x
+

∂hvC
∂y

=
∂

∂x

[
h(µc + µm)

∂C
∂x

]
+

∂

∂y

[
h(µc + µm)

∂C
∂y

]
+ S(C) (5)

where µc and µm are the dispersion caused by the uneven flow velocity and transport
material along the horizontal line. µc and µm are parameterized by the Smagorinsky
method [37]. The present model implies the Smagorinsky turbulent closure with a constant
of 0.2 to parameterize horizontal diffusion of momentum and TN. S(C) is the source term
of the transport variable.

The model domain was discretized using the finite volume method in the Godunov
format, the conserved variables were stored in the center of each mesh cell, the calculation
of the flux on each surface was based on Roe’s approximate Riemann solution, and the
time integration was performed using the second-order TVD Runge–Kutta method [33].
Additionally, the model utilized parallel acceleration through Compute Unified Device
Architecture (CUDA) [38], which was based on Graphics Processing Units (GPUs), and
the increase in the calculation rate enabled the maintenance of high temporal and spatial
resolution in long-duration simulations of processes at the scale of coastal systems.

Figure 2 shows the domain of the model, which centered at the Bohai Sea, and spans
from 37 to 41◦ N in latitude and from 117.5 to 122.5◦ E in longitude, covering the entire
Bohai Sea, as shown in Figure 2. The model uses irregular (triangular) grids and regular
(quadrilateral) grids to divide the study area. The regular grid is used in the Yellow River
below the Lijin station and the irregular grid is used in the Bohai Sea. For the 2009 Yellow
River pathway and Bohai Sea shoreline, the number of grids includes 180,275 nodes and
207,887 elements. For the 2017 Yellow River pathway and Bohai Sea shoreline, the number
of grids includes 289,988 nodes and 334,660 elements (Figure 2).
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Figure 2. The location below Lijin station of the Yellow River and Bohai Bay. (A) Depth, tidal stations,
and locations of fields observations; (B) model grid and model boundary position.

In this study, the topography data is taken from the Bohai Sea comprehensive survey.
The seaward open boundary located in the northern Yellow Sea is driven by the tidal
elevations and depth-averaged velocity from the TPXO7.2 database (https://www.miz.
nao.ac.jp/rise/s/nao99/, accessed on 10 October 2025) with 13 tide constituents, namely
M2, S2, N2, K2, K1, O1, P1, Q1, MF, MM, M4, MS4, and MN4. The upstream boundary is
located at the Lijin station in the lower Yellow River, using the daily flow process in 2009,
2017, and 2019.

https://www.miz.nao.ac.jp/rise/s/nao99/
https://www.miz.nao.ac.jp/rise/s/nao99/
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2.3.2. Key Parameters of the Model

The model uses the CFL condition to test iterative convergence; the CFL number was
set to 0.015. Based on the in situ sediment observation performed by [9], the grain size in
the lower reaches of the Yellow River (mainly silt, median size d50 = 0.0075–0.0273 mm) and
the Yellow River Estuary (mainly silt and clay with d50 < 0.01 mm) are obviously different.
Therefore, for the bottom stress and water depth, distinct Manning roughness coefficients
were considered in the two regions and calibrated via numerous sensitivity analyses. The
Manning roughness coefficient was set to 0.02 in the lower reach of the Yellow River and
0.012 in the Bohai Sea.

The nitrogen cycle, including the biogeochemical processes between different sources
and different forms of nitrogen-containing substances, is usually a long-term reaction [39].
Although the interaction between various forms of nitrogen-containing substances is more
complicated, the total nitrogen index can avoid the influence of the mutual transformation
between different forms of nitrogen on the uncertainty of the research objectives to a certain
extent. Based on this, the hydrodynamic water quality model constructed in this paper
focuses on the migration and diffusion process of total nitrogen under hydrodynamic
conditions, without considering the biochemical reaction of total nitrogen in water. The
TN degradation coefficient used in this paper is 0.001 mg·L−1·d−1 after many comparisons
and adjustments.

3. Model Verification
3.1. Verification of Hydrodynamic

The model performance is assessed by evaluating the root-mean-square error (RMSE)
and the correlation efficiency (CC) between the computed results and observations with
the following expressions:

RMSE =

√
∑ (Xcal − Xobs)

2

N
(6)

CC =
∑ (Xcal − Xcal)(Xobs − Xobs)[

∑ (Xcal − Xcal)
2
(Xobs − Xobs)

2
]1/2 (7)

where Xcal and Xobs are the values of the model calculated and observed qualities, respec-
tively. N is the number of Xobs, and Xcal and Xobs are the time average values of Xcal and
Xobs, respectively.

In order to test the reliability of the model, the simulation results were verified by
tide, tidal current, tidal harmonic constants, and water quality. Figure 1 shows the location
of each verification station. Among them, A1–A12 are the tide level measuring stations
including Dalian (DL), Yantai (YT), Penglai (PL), Jintanggang (JTG), Jinzhougang (JZG),
and Bayuquan (BYQ). D1–G2 are the tide current measuring stations. In model validation,
the hydrodynamic and water quality are analyzed, respectively. Tidal level, tidal current,
O1, K1, M2, and S2 constituents are selected for hydrodynamic verification. TN is selected
for water quality verification. The simulation tidal level data are compared with the
measured data in mid-August 2017. The simulation tidal current data are compared with
the measured data in mid-July 2018. The fitting results are good. Partial results of tidal
level and tidal current verification are shown in Figures 3 and 4.

The tide level validation simulation period was from 00:00 on 1 June 2017, to 00:00 on
1 September 2017, using data from August, after the simulation results had stabilized. Tide
level validation data were obtained from tide tables (2017). Tide table data from mid-to-
early August were compared with the simulation results presented in this paper. As shown
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in Figure 3, the RMSE of tide levels at each tide station ranged from 0.14 to 0.40 m, with an
average error of 0.27 m. The correlation coefficient (CC) for each tide station exceeded 0.96,
indicating that the model calculation results are in good agreement with tide level data
from tide stations around the Bohai Sea.

Figure 3. Comparisons between the simulated water elevation (line) and the tide table data (dots)
from 5 August to 14 August 2017 at the tide gauge stations in (a) Dalian (DL), (b) Yantai YT),
(c) Penglai (PL), (d) Jintanggang (JTG), (e) Jinzhougang (JZG), and (f) Bayuquan (BYQ).

Tidal current validation was conducted from 00:00 on 1 June 2009, to 00:00 on
30 October 2009, using data from early July and mid-October, after the simulation sta-
bilized. The results show good agreement between the flow directions calculated by the
model and the measured flow directions. The calculated velocities at each tidal station
differed little from the measured velocities, with RMSE ranging from 0.067 to 0.191 m/s.
The correlation coefficients (CC) were all greater than 0.93, except for points F2 and G1,
where they ranged from 0.84 to 0.89, indicating good correlation (Figure 4). Among them,
D1-G2 is the corresponding sampling point position in Figure 2A.

Figure 4. Cont.
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Figure 4. Comparisons of the computed and measured flow velocities and directions. The red dot are
the measured values, and the black solid lines are the simulated values.

3.2. Verification of TN

The monitoring of water quality indicators in the YRE is usually carried out in a short
period of time in a certain range of waters. To a certain extent, it limits the monitoring
frequency, range, and time of TN content in estuaries. In this paper, the TN observation
data of the YRE during the WSRS are obtained by looking up the references.

Water quality simulation is based on the validated hydrodynamic model. We selected
observational data from a previous study [10]. The previous study gave the isoline results
of the measured value of TN content in the YRE before and after the water and sediment
regulation in 2009 [10]. In this paper, the isoline results were extracted to obtain the scatter
plots (Figure 5a,d,g) before the WSRS (19 June), during the WSRS (1 July), and after the WSRS
(19 July). Furthermore, the plane distribution of the measured values of TN content in the
YRE before and after the WSRS is obtained by kriging interpolation. The simulated results of
TN are shown in Figure 5c,f,i. As the measured data are limited, the monthly data are used
for verification. The monthly simulated results are extracted and the data are averaged to
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obtain the annual average variation curves of TN in this area. According to the location of the
observation stations in the YRE in Figure 2A, the measured values and the simulated values
in this paper are extracted for verification (Figure 6). As shown in Figure 5, the simulated and
measured results of the TN distribution range are similar (Figure 6).

Figure 5. Comparisons of the simulated and measured TN concentrations in the YRE. Scatter point
extraction of TN concentration in YRE (a) before, (d) during, and (g) after the WSRS. The measured
concentration of TN in the YRE (b) before, (e) during, and (h) after water and sediment regulation
was obtained by kriging interpolation. The simulated value of TN content distribution in the YRE
(c) before, (f) during, and (i) after water and sediment regulation.

Scattered points on the measured data contour lines were selected as validation points
for the simulation values. The simulated and measured values were compared before,
during, and after the WSRS (Figure 6). The results showed that the correlations (R2) between
the simulated and measured TN concentrations on the contour lines for the three time
periods reached 0.98 (Figure 6a), 0.96 (Figure 6b), and 0.98 (Figure 6c), respectively. Overall,
the water quality simulation results met the requirements of the simulation schedule. In
summary, the simulated TN concentrations in this study are basically consistent with the
measured results and findings of other scholars. The water quality model is reliable.

Figure 6. Cont.
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Figure 6. Comparison of TN measured value and simulated value (a) before the WSRS, (b) during
the WSRS, and (c) after the WSRS. The red symbol points are the comparison between the simulated
values and the measured values, and the black dotted line are the fitting relationship lines between
the simulated values and the measured values.

4. Results and Discussion
4.1. The Effect of River Channel Change on TN Transport in the YRE

The WSRS was implemented both in 2009 and 2019, but there were obvious differences
in river outlets between these two years (Figure 1). Therefore, the diffusion of TN before,
during, and after the WSRS in these two years was selected for comparison. Previous
studies have summarized the history of morphological changes in the YRE from the 1970s
to the early 2010s [9,12]. During the period of 2005~2009, in order to facilitate oil exploration,
the main channel of the Yellow River was artificially shifted from southeast to northeast,
and then the channel gradually swung northward (Figure 1a) [27]. The shape of the YRE
from 2017 to 2019 is shown in Figure 1b. In 2009, there was only one northward estuary,
and the river rushed out to form a single plume. For the first time since 2013, a small delta
and a new eastward channel have been observed in the estuary about two months after the
WSRS in the Yellow River Basin [40]. The occurrence of the small delta may be formed by
gradual deposition near the estuary or during the strong runoff period during the WSRS. It
can be reasonably inferred that the WSRS plays an important role in the formation of new
estuarine morphology.

The periods of the WSRS in 2009 and 2019 were from 19 June to 7 July (19 days) and
from 21 June to 30 July (40 days), respectively [15]. According to the TN concentration
simulation result in 2009, higher TN concentrations appeared in the estuary around 25 June
to 10 July and peaked on 4 July (Figure 7). TN concentrations in the YRE were generally
lower than 1.5 mg/L before the WSRS in 2009 and were only distributed within 2 km of
the estuary, with an area of about 63.9 km2 on 18 June (Figure 8). Subsequently, during
the WSRS in 2009, the water with high TN concentration (>1.5 mg/L) did not appear
synchronously with the higher runoff of the upstream WSRS (Figure 8). This situation
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obviously lags behind the WSRS for about one week, which is consistent with a previous
study [15]. When waters with TN concentrations higher than 1.5 mg/L emerged from
the estuary on 25 June, they were divided along the bank into two streams westward and
southeastward. Furthermore, the diffusion range of high TN concentration (>1.5 mg/L)
reached its maximum on 4 July: it is about 13.4 km away from the estuary and has an area of
about 280.9 km2 (Figure 8). Subsequently, the range of high concentration (>1.5 mg/L) TN
in the estuary gradually decreased. It should be noted that relatively high-TN-concentration
water was still distributed around 30 July on the eastern coast of the YRD even after
the WSRS.

Figure 7. Daily average water discharge at Lijin Station, 2009, 2017, and 2019.

Figure 8. TN concentration distribution before, during, and after the WSRS in the YRE in 2009.

The runoff in Lijin since mid-March 2019 was about five times that of the same period
in 2009 (Figure 7). This led to the emergence of a wide range of water with high TN
concentration (<2.5 mg/L) in the estuary before the WSRS in 2019, and mainly distributed
along the Gudong Coast in the north of the YRE (Figure 9). Similarly to 2009, high-TN-
concentration water entered the Bohai Sea about one week (27 June) after the WSRS began.
Higher-TN-concentration water (>2.5 mg/L) entered the Bohai Sea in two outlets from
the north and east of the estuary due to the difference in the river channel between 2019
and 2009. Water from the east outlet diffused southward along the coast, and the water
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from the north outlet diffused westward to the Gudong Coast under the tidal current.
With the diffusion of water flow, the range of higher-TN-concentration water (>2.5 mg/L)
reached the furthest on 15 July, reaching 37◦70 N and 119◦25 E, respectively. The northern
edge of the high-concentration-TN (>2.5 mg/L) water body is about 7.38 km away from
the estuary, the eastern edge is about 2.2 km away from the estuary, and the overall area
is about 136.5 km2 (Figure 9). The northward spread in 2019 was further than in 2009
(Figures 8 and 9).

Figure 9. TN concentration distribution before, during, and after the WSRS in the YRE in 2019.

Estuarine plume is a common form of estuarine material transport to the sea, which is
manifested as high-concentration and low-salinity water bodies floating above the sea [9].
The spatial and temporal variations in plumes have a direct impact on the distribution
of suspended solids, nutrients, pollutants, and nitrogen-cycling processes in the estuary
and its adjacent waters [41]. Thus, the estuarine plume affects the geological, chemical,
biological, and physical marine environment of the estuary and its adjacent waters. Based
on the temperature data of the YRE from 2002 to 2013, the previous study has calculated the
relationship between the plume diffusion distance and runoff during the WSRS [42]. Based
on their empirical relationship [42], we calculated the relationship between the diffusion
range of high-TN-concentration water and estuarine plume distance in 2009 and 2019,
respectively (Figure 10). When the runoff reached 2770 m3/s in 2009, the diffusion range
of high-TN-concentration water (>0.5 mg/L) in the estuary was close to the edge of the
plume, which was about 30 km away from the southeast side of the estuary (Figure 10a).
The diffusion range of high-TN-concentration water (>1.05 mg/L) in 2019 is close to the
edge of the plume, about 26.5 km north of the estuary (Figure 10b). In addition, the sea
surface temperature corresponding to the farthest transmission distance of the estuarine
plume is about 25–26 ◦C [42]. Therefore, according to the simulation results in this paper,
the TN concentrations of 0.5 mg/L (2009 river channel) and 1.05 mg/L (2019 river channel)
can be used as the threshold of the farthest transmission distance of different flow paths at
this temperature (Figure 10).
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Figure 10. Maximum range of TN diffusion and estuarine plumes in (a) 2009 and (b) 2019. The White
dotted line represents the boundary of estuarine plumes (TN = 0.5 mg/L in 2009, and TN = 1.05 mg/L
in 2019).

4.2. The Effect of the WSRS on Nutrient Transport in the YRE

Since the implementation of the WSRS in 2002, it has continued to be implemented in
all years except for 2016 and 2017, when it was suspended due to a significant reduction in
upstream water and sediment discharge. In addition, the river channel of the YRD was
basically unchanged from 2017 to 2019. Therefore, these two years can be used to explore
the influence of the years with or without the WSRS on the TN diffusion range in the
YRE. Overall, TN concentration in the YRE was lower than 2 mg/L from June to July 2017.
The water with high TN concentration was mainly distributed in Gudong coastal areas,
which came from the north outlet of the YRE. The water from the east outlet is distributed
southward under a tidal current within 1.5 km of the coast. It can be seen that the TN
diffusion range is obviously smaller in the year without the WSRS (2017) than in the year
with the WSRS (2019). Some previous studies reported that riverine freshwater is one of
the most dominant nutrient sources in the YRE [43,44]. From 5 June to 15 June in 2017,
water with TN concentration higher than 1 mg/L diffused from the estuary to the north
by about 2.17 km, with an area of about 38.7–45.2 km2. However, the northward diffusion
range of TN in 2019 was about 3.4 times (7.38 km) that in 2017. (Figure 9, Figure 11). By
comparing the average runoff from 5 June to 15 June over these two years, it was about
2.7 times higher in 2019 than in 2017. These results show that runoff is also an important
factor that determines the range of TN diffusion.

Furthermore, the average northward diffusion range of water with TN concentration
higher than 1 mg/L was about 24.95 km during the WSRS in 2019, which was nearly
10 times that in the same period in 2017 (2.38 km). By calculating the average runoff over
this period of two years, the value of 2019 (2358.08 m3/s) was about 6.88 times as high as
2017 (342.65 m3/s). This indicates that the WSRS can rapidly increase TN concentration
in the YRE and increase its diffusion range in a short time. Since the direction of the river
channel in the YRD remained basically unchanged in 2017 and 2019, the diffusion range
of TN was mainly distributed near the Gudong Coast, both before and during the WSRS.
Although a large amount of freshwater enters the YRE during the WSRS, water with high
TN concentration from the eastern outlet was still distributed within 3 km of the YRD.
Thus, water with a high TN concentration from the north outlet became the main source of
nutrient diffusion in the YRE.
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Figure 11. TN concentration distribution before, during, and after the WSRS in the YRE in 2017.

5. Conclusions
In this paper, the effects of river migration and human intervention (WSRS) on the

TN diffusion process in the YRE were studied by means of data analysis and numerical
simulation. Among them, the WSRS was implemented in 2009 and 2019, but there were
differences in the morphology of the YRE, which facilitated the analysis of the TN diffusion
process in the YRE by river migration. In addition, the estuary morphology in 2017 and
2019 is similar, but the WSRS was not implemented in 2017, which facilitates the analysis of
the impact of the implementation of the WSRS on the TN migration and diffusion process
in the YRE. This will help in further understanding the roles of river evolution and human
activities in the estuary coastal area water quality change rule, and also provide a scientific
basis for improving the bay water safety quality. The main conclusions of this paper are
as follows:

(1) The change in river channel direction in the YRD affected the diffusion direction of
high-concentration-TN water in the YRE, from the east–west diffusion in 2009 to the
north–south diffusion in 2019.

(2) For the years with the WSRS (2009 and 2019), the farthest diffusion distance of the
high-concentration-TN water body is basically consistent with the edge of the estuary
plume. In 2009, it was about 30 km to the southeast side of the estuary, and in 2019, it
was about 26.5 km to the north side of the estuary. At 25–26 ◦C, TN concentrations of
0.5 mg/L (2009) and 1.05 mg/L (2019) can be used as the threshold for the longest
diffusion distance to different river channels.

(3) For the year without the WSRS (2017), TN concentration in the YRE was generally
lower than 2 mg/L from June to July, and below the average concentration during
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2019. In addition, the average northward diffusion distance in 2017 was only 10% of
the average during the 2019 WSRS.

(4) Runoff directly determines the diffusion range of TN in the YRE. The average runoff
during the WSRS in 2019 was 6.88 times that during the same period in 2017, resulting
in a 10-times-higher diffusion distance for high TN concentrations in 2019 compared
with 2017.

While this study has provided the influence of river channel change and basin water
and sediment regulation events on the process and law of TN migration and diffusion in
the estuary by two-dimensional numerical simulation, there are several avenues for further
research. On the one hand, there are some small rivers entering the sea along the Laizhou
Bay in the south of the YRE. In the future, the TN migration process of these rivers can be
simulated and calculated to understand the nutrient transport law in Laizhou Bay and other
sea areas more comprehensively. On the other hand, the three-dimensional hydrodynamic
water quality model of the estuary can be used to further explore the changes in vertical
nutrients, and other research objects such as TP and COD can also be studied.

The original monitoring data of TN in this paper was collected by obtaining the data
in the references, which limits the observation range and time of the data.
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