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Abstract: The SiXianJiao (SX]) is the first-order exchange node of the West River and the North River
and redistributes water (mass) to the downstream river network in the Pearl River Delta (PRD), South
China. The lateral SX]J waterway plays a critical role in flow (mass) diversion between the West River
and the North River, forming a unique H-shaped compound river node. Previous studies mainly
focused on Y-shaped bifurcation and confluence nodes, and there is a lack of research on deltaic
H-shaped river nodes. This study established the Delft3D model to investigate the driving forces and
influences of flood diversion at the SXJ node. The results showed that the H-shaped SX] river node
was usually in hydraulic equilibrium but was often disturbed by large water level differences between
the two rivers, due to unbalanced and asynchronous upstream flood waves. The large water level
differences drove mutual flood diversion through the lateral SX]J waterway, which synchronized the
downstream discharge and reduced the peak water levels (flood hazards), resulting in similar water
levels or hydraulic equilibrium in the two rivers. There exists a critical flow fraction—about 75.9%
(West River)—at which the incoming flow from both rivers presents similar water levels at the SXJ
node, resulting in little flood diversion. Above the threshold, the flood water will divert from the West
River to the North River with a maximum rate of —11,900 m3/s, accounting for 20% of the West River,
reducing the peak water level up to 1.48 m at Makou. Below the threshold, the flood water will divert
from the North River to the West River with a maximum rate of 11,990 m3/s, accounting for 55% of
the North River, reducing the peak water level up to 6.63 m at Sanshui. Meanwhile, the discharge
fraction at downstream Makou (Sanshui) maintained a near-constant value during individual floods
and fluctuated around 76.6% (23.4%). This critical discharge fraction and the analytical approach are
of significance in flood-risk management and hydraulic engineering design in the PRD. The concept
model of the H-shaped compound river node clearly elucidates the flood diversion mechanism via
the lateral SX] waterway and may work for other similar river nodes as well.

Keywords: discharge fraction; flood diversion; H-shaped river node; hydraulic equilibrium;
water level changes

1. Introduction

River bifurcations divide water, sediment, and, indirectly, flood risk over downstream
river branches [1]. Many river bifurcations are asymmetrical [2]. Such asymmetries include
different channel directions, bending, widths, and depths with respect to the upstream river
channel and the downstream branches [3]. Asymmetrical bifurcations are always unstable
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because of the erodible banks and river bed and a larger share of flow and sediment
developed in one of the downstream branches [4]. Even symmetrical river bifurcations
always turn asymmetrical in allocating flow and sediment after decades or centuries,
depending on the integrated effects of various factors, including regional factors and local
factors [5]. Regional factors are external boundary conditions in the upstream feeding
rivers and the downstream branches. Local factors are internal features such as bar and
meander dynamics [1]. When a bifurcation is affected by tides in coastal river deltas, the
flow and sediment distribution become more complicated [4,6-8].

From the view of topology, the river nodes include a Y-shaped confluence node, an
inverse Y-shaped bifurcation node, and an X-shaped compound river node [9-11]. A wide
range of studies have been carried out by researchers to investigate the flow field character-
istics at the Y-shaped confluence node through field monitoring, hydraulic experiments.
And numerical simulations [12-14]. The inverse Y-shaped bifurcation node is the most
common one for a single upstream river, where the allocation of water and sediments over
the two downstream branches is mainly controlled by the channel dimensions and the
hydraulic roughness and can greatly reduce the flood hazard [1,15,16]. Many researchers
have systematically studied water and sand distribution in inverse Y-shaped bifurcation
channels and developed 1D and 2D theoretical models for water and sand distribution,
channel evolution, and stability [2,15,17]. The X-shaped river node is a compound node
consisting of a Y-shaped confluence and an inverse Y-shaped bifurcation node, where flow
confluence and division occur nearly simultaneously and water in two branches can freely
exchange and redistribute [9-11,18,19].

At the northwestern apex of the Pearl River Delta (PRD), South China, the lateral
SiXianJiao (SX]) waterway connects the West River and the North River and forms a unique
H-shaped compound river node, which also consists of two Y-shaped river nodes. Water
exchanges via the lateral SX] waterway between both rivers take place in two steps—first
diverting from the West (or the North) River at an inverse Y-shaped bifurcation node,
then converging to the North (or the West) River at a Y-shaped confluence node. The
mutual exchange of flow and sediment through the lateral SX] waterway affects the flood
hazard along the downstream river network and eventually the estuary development in
the PRD [20-23].

Most previous studies focused on flow and sediment division at regular Y-shaped
bifurcation nodes for a single river [1,4,5,15,16,24,25], while few studies investigated how
the flow exchange occurred at an H-shaped compound node for both rivers [26-28]. The
H-shaped compound river node creates an unstable state (i.e., a large water level difference)
between the two rivers, due to the different ratios of upstream inflow and the asynchronous
tide in downstream branches, while always approaching hydraulic equilibrium (a small
water level difference) by mutual flow diversion via the lateral SX] waterway, which plays
a crucial role in flood diversion and mass redistribution for the West River, the North River,
and the downstream river network [29,30].

Divisions of flow and sediment at waterways in the PRD have been changing over the
past half century, resulting in varying fractions of flow and sediment draining into the South
China Sea through eight outlets [31]. Before the early 1990s, the discharge fraction of the
downstream West River branch at Makou was about 78~90% (average 82%) of the total flow
from the upstream West River and North River, but, since the 1990s, it decreased to 73~80%
(average 75%) [29,32,33]. Accordingly, the discharge rate of the downstream North River
branch at Sanshui almost doubled [20,34]. Several studies investigated the characteristics
of flow division at the SX]J node and discussed the sensitivity of flow division to incoming
fresh flow and estuary tides by constructing a 1D and 2D hydrodynamic models [8,35].
However, these studies did not investigate how the flow diversion in the SX] waterway
occurred and influenced the discharge fraction and the peak water levels in the downstream
river branches.

In previous studies [26,27,35], the flow diversion in the SX] waterway was indirectly
estimated by an approach of water balance using flow measurements at two upstream
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stations (Gaoyao and Shijiao) and two downstream stations (Makou and Sanshui). Shen
(1989) established an empirical linear model to estimate the current-day total flow from the
North (West) River using the previous-day flow at Shijiao (Gaoyao), and then calculated
the flow diversion as the residuals between the total flow from the North (West) River and
the downstream discharge at Sanshui (Makou) [26]. Using the water balance approach,
Liu (2008) analyzed the monthly diversion in the SX] waterway during 1959-2004 and
found that the annual diversion from the North River to the West River before 1992 had
been reversed since 1993 [27]. Li (2018) constructed a stage-discharge relation in the SX]J
waterway by multivariate linear regression using in situ measurements during a flood
period in 2017 [28]. Nonetheless, the flow diversion in the low-water period was mainly
controlled by the asynchronous tides in the downstream branches [36], and the application
of such a statistic model that ignored the tidal force was limited in a changing environment.

The primary aim of this study was to investigate the main driving forces of flood
diversion via the lateral SX]J waterway at an H-shaped compound river node, and to
quantify how flood diversion modulates the large water level difference between the two
rivers and influences the discharge fraction and peak water levels (i.e., flood hazards) at
downstream Makou and Sanshui. Section 2 describes the study area and datasets; Section 3
explains the model setup and scenario modeling; Section 4 presents the results, followed
by discussion in Section 5 and a conclusion. The study of the H-shaped compound node
supports the expansion of the diversion theory of river nodes from a topological perspective.
It also provides research insights for the same types of nodes in other deltas.

2. Study Area and Data
2.1. Study Area

The Pearl River is the second largest river in China. The Pearl River Delta in South
China consists of the eastern delta fed by the East River and the northwestern delta fed
by the West River and the North River (Figure 1). The annual mean stream flow of the
West River, the North River, and the East River are 7124 m3/s, 1465 m3/s, and 719 m3/s,
respectively [36]. The SX] node is at the northwestern apex of the PRD and has a drainage
area of 399,830 km?, of which those above Gaoyao in the West River and Shijiao in the
North River are 351,535 km? (99% of the West River basin) and 38,363 km? (86% of the
North River basin), respectively [27]. Gaoyao and Shijiao are 45 km and 52 km away from
the SX] waterway, and are the control stations of the West River and the North River. The
SX] is the first-order exchange node via the SXJ waterway for the West River and the North
River and controls the flow and sediment redistribution in the downstream branches. The
S5X] waterway is nearly 3 km from the west mouth to the east mouth, and 200 to 500 m
wide at water levels of 1.0 to 10 m at the narrower west mouth. The mean depth of the SX]
waterway is —15 m. with two deeper pools near the west mouth (—30 m) and the north
mouth (—20 m), between which there is a relatively shallower section of river bed with a
depth of 10 m.

The PRD has one of the most complex river networks in the world. Makou and Sanshui
are the two control stations after both rivers enter the PRD. Makou is 4 km downstream
from the west mouth, while Sanshui is nearly 1 km from the east mouth. The discharge
in the downstream West River and North River is further diverted into the river network
at the second and third bifurcation nodes, and finally pours into the South China Sea
through eight outlets, i.e., Humen, Jiaomen, Hongqgimen, Hengmen, Modaomen, Jitimen,
Hutiaomen, and Yamen (Figure 1).

2.2. Data Description

The data used in this study are summarized in Table 1. The bathymetry data of the
5X]J node were surveyed in 2020 by the Pearl River Hydraulic Research Institute of the
Pearl River Water Resources Commission of the Ministry of Water Resources (MWR) and
converted into a 5 m grid. The water level and discharge were obtained from the Pearl River
Hydraulic Research Institute and the Department Water Resources (DWR) of Guangdong
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Province. The water level and flow recorded during the flood events in 2005, 2006, 2017,
and 2022 at Gaoyao, Shijiao, Makou, and Sanshui were used to calibrate and validate the
model and to analyze the flood diversions via the SX]J waterway.
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Figure 1. The general setting of the Pearl River Delta and the satellite image over the H-shaped
SiXianJiao (SX]) node. Gaoyao and Shijiao are the two upstream controlling stations, and Makou
and Sanshui are the two controlling stations in the downstream river network. Q, and Qj, represent
the incoming flow rates at Gaoyao from the West River and at Shijiao from the North River. Q.
and Q, represent the discharge rates at Makou and Sanshui in the downstream branches. Qy is the
diversion flow via the SXJ waterway. The abbreviations are the eight outlets: Humen (HUM), Jiaomen
(JM), Honggimen (HQM), Hengmen (HM), Modaomen (MDM), Jitimen (JTM), Hutiaomen (HTM),
and Yamen (YM).

Table 1. Description and sources of data used in this study.

Source Note

The Pearl River Hydraulic
Research Institute of the Pearl
River Water Resources
Commission of the MWR
of China

The Pearl River Hydraulic
Research Institute of the Pearl

Item Description

Bathymetry Precision: 0.1 m; Surveyed in 2020

For flood events in

Water level Hourly, Gaoyao, River Water Resources 2005, 2006, 2017, and
and flow Shijiao, Makou, Commission of the MWR of 2022. The flow at
Sanshui China for 2005, 2006, 2017, and Ganggen in 2017 was
the DWR of Guangdong from Li [28].

Province for 2022
Note. MWR—Ministry of Water Resources; DWR—Department of Water Resources.

The design flood flow at Gaoyao and Shijiao were officially issued by the DWR of
Guangdong Province in 2002 and were used to set the upstream boundary condition for
scenario simulation [37]. The flow varies from 37,900 to 57,500 m3/s at Gaoyao and from
11,900 to 20,700 m3 /s at Feilaixia/Shijiao, representing the extreme flow for return periods
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from 5 to 300 years (Table 2). In this study, all elevation and water level data were converted
to the China 1985 Yellow Sea Geodatum.

Table 2. The flood flow and return periods at Gaoyao in the West River and Feilaixia/Shijiao in the
North River [37].

Return Periods (1: n Year) and Flow Rates (x 103 m3/s)
5 10 20 30 50 100 200 300

West River/Gaoyao 37.9 45.0 49.7 50.8 52.2 54.0 55.9 57.5
North River/Feilaixia 11.9 13.8 15.5 16.7 17.7 19.2 20.7 21.6

Note: Feilaixia is located 40 km upstream from Shijiao.

River/Stations

2.3. Historical Floods and Stage-Flow Curves

The 2005 flood occurred from 4 June to 9 July and was dominated by the West River.
The peak flow reached 56,300 m3/sat Gaoyao and 13,500 m3/s at Shijiao, which represented
a frequency of nearly 0.5% (200a return periods) and 10% (10a return periods), respectively.
The flood water was mainly diverted from the West River to the North River via the SX]
waterway. The peak flood levels at Makou and Sanshui reached 9.71 m.

The magnitude of the 2006 flood was much smaller than that of the 2005 flood. The
peak water level reached 6.6 m at Makou and Sanshui, and the peak flow at Gaoyao and
Shijiao reached 32,000 m?/s and 17,500 m> /s, respectively—equivalent to a 5-year flood in
the West River and a 50-year flood in the North River. The flood water was mainly diverted
from the North River to the West River.

In order to set flexible boundary conditions downstream, the stage-flow curves at
Makou and Sanshui were fitted by a quadratic polynomial with the stage and flow data
during the flood events of 2005 and 2006, as shown in Equations (1) and (2):

Quk = 2543372, +2654.27,,; + 8106.7 1)

Qss = 49.32572, + 1095.6Z¢; + 1990.9 @)

where Z,,, and Zs; are the water levels (m) and Q,,; and Qs are the flow (m?/s) at Makou
and Sanshui.

The correlation coefficients between flow and water levels reached 0.99 at Makou and
Sanshui (Figure 2a,b). Both fitted equations were relatively stable, since the river beds at
Makou and Sanshui were relatively stable after 2007 [34], and could be used to estimate the
flood flow with water levels recorded during the flood that occurred in June 2022.
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Figure 2. The stage-flow curves at Makou (a) and Sanshui (b) fitted by the flow and water levels
recorded during the 2005 and 2006 flood events.
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3. Barotropic Modeling of Flow

The methodology section consists of three parts, i.e., the model setup, the model
calibration, and validation using historical events and scenario simulations with a total of
121 combinations of incoming flow rates from the West River and the North River.

3.1. Model Setup

The Delft3D model was established with Cartesian grids at the SX] node using the
bathymetry data, which contain the levee height and river bed /beach elevation [38]. The
river banks were constrained by the levees. The simulation domain started at upstream
Gaoyao in the West River and Shijiao in the North River and ended at downstream Makou
in the West River branch and Sanshui in the North River branch (Figure 1). The model
consisted of 302 and 45 grid points in the M and N direction, respectively. Overall, there
were 14, 9, and 8 grid cells with varying sizes across the West River, the North River and
the SX] waterway. Figure 3 illustrates the model grid over the SX]J node. Some local areas
are widened to keep the boundary in line with the river banks. The upstream boundary
conditions were set with flow at Gaoyao and Shijiao, and the downstream boundary
stations at Makou and Sanshui were set with their stage-flow curves fitted, as shown in
Figure 2. The flow was simulated using depth-averaged 2D shallow water equations, which
solved the unsteady shallow water equations, since the the depth-averaged 2D simulations
were comparable to those of the 3D simulations in several coastal cases [38,39].

Shijiao

Depth (m)

=-8-0

=-10--8

=-12--10

=-13--12

=-14--13

=-15--14

e 1 - West Mouth

=—19.-18 2 - North Mouth

=-20--19 3 - East Mouth

:_i(S) - _§8 4 - Upper North Mouth
- 5 - Upper West Mouth

morphologic grid

Figure 3. The model grid over the SX]J node. The filled red circles in the SX] waterway are the
junctions, called west mouth, north mouth and east mouth, plus the upper north mouth in the North
River and upper west mouth in the West River, where water levels are used to analyze influence of
the flood diversion via the SX] waterway. The upper west mouth and the upper north mouth are
about 8 km away from the west mouth and north mouth.

3.2. Model Calibration and Validation

The Delft3D model was calibrated using the measured flow and the water levels from
4 June to 10 July 2005. The upstream boundary conditions were the measured flow at
Gaoyao and Shijiao. The initial water levels were set for those on 4 June 2005 at Makou and
Sanshui. The initial Manning’s roughness coefficients followed the recommended values
in the user manual, varying from 0 to 0.04 [38]. The Nash-Sutcliffe efficiency coefficient
(NSE) and the MAD between the simulated and observed water levels and discharge at
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Makou and Sanshui were used to optimize the model parameters. The NSE and MAD were
computed using Equations (3) and (4), respectively [40,41].

Z(Xobs — Xmod )2

NSE = NSE = 1 — ~mod) 3)
Z(Xobs - Xobs)

1 N
MAD = NZ‘Xobs - Xm0d| 4)
i=1

where X, is observation for water levels or discharge, X, is the simulation, and X s is
the mean value of observations. The performance levels of the model are classified as an
excellent fit for NSE > 0.65, a very good fit for 0.5 < NSE < 0.65, a good fit for 0.5 < NSE < 0.5,
and a poor fit for NSE < 0.2 [42,43].

The model was validated using the recorded flood data at the four stations of Gaoyao,
Shijiao, Makou, and Sanshui from 5 June to 30 June 2022. By keeping the other parameters
unchanged, only the upstream flows at Gaoyao and Shijiao were replaced. The water level
and discharge at Makou and Sanshui were used to validate the simulated values, since they
were not used to derive the stage-flow curves.

There was no regular flow measurement at the Ganggen station in the middle of the
SX] waterway. The only field-measured flow at Ganggen was used to validate the simulated
flood diversion during the 2017 flood from 29 June to 19 July.

3.3. Scenario Simulations

A series of model runs were conducted, with total of 121 combinations for the upstream
boundary conditions of steady flow (Table 3) based on the design flood flow issued by the
Department of Water Resources of Guangdong Province in 2002 (Table 2). The incoming
flow rates varied from 10,000 m3/s to 60,000 m>/s with an interval of 5000 m3/s at Gaoyao
in the West River and from 2000 m3/s to 22,000 m3/s with an interval of 2000 m3/s at
Shijiao in the North River. The downstream boundary conditions were set with the stage-
flow curves of Equation (1) at Makou and Equation (2) at Sanshui (Figure 2). The bed
roughness was set as a uniform Manning value of 0.035 m~/3s in all runs. A time step of
3 s was used to keep the steady flow stable.

Table 3. The upstream boundary conditions of incoming flow at Gaoyao from the West River and
Shijiao from the North River, for scenario simulations.

Rivers/Stations Flow (x10% m3/s)
West River/Gaoyao 10 15 20 25 30 35 40 45 50 55 60
North River/Shijiao 2 4 6 8 10 12 14 16 18 20 22
4. Results

This section presents the results for model calibration and validation, three typical
flood events simulations, and scenario simulations for 121 combinations of incoming flood
flow from West River and North River.

4.1. Model Calibration and Validation

For the model calibration, the simulated water levels and discharge agreed well with
the in situ observations at Makou and Sanshui during the 2005 flood (Figure 4). The NSEs
of water levels and discharge are 0.99 at Makou and Sanshui, and the MADs of water levels
and discharge are 0.19 m and 0.14 m, 1262 m®/s and 425 m>/s, respectively. The relative
differences (RMAD) of the simulated discharge against the mean flow were 5.2% and 5.6%.
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Figure 4. Model calibration of water levels (a,b) and discharge (c,d) using in situ measurements at
Makou (a,c) and Sanshui (b,d) during the flood from 5 June to 10 July 2005.

For model validation, the simulated water levels and discharge during the 2022 flood
matched well with in situ observations. The NSEs of water levels and discharge were 0.94
and 0.97, 0.96, and 0.93 at Makou and Sanshui, and the MADs were 0.26 m and 0.17 m,
983 m3/s (RMAD = 2.8%) and 627 m?/s (RMAD = 5.8%), respectively (Figure 5).
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Figure 5. Model validation of water levels (a,b) and discharge (c,d) using in situ measurements at
Makou (a,c) and Sanshui (b,d) during the flood from 5 June to 27 June 2022.
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During the 2017 flood, the discharge at Makou (NSE = 0.97, MAD = 956 m3/s,
RMAD = 3.9%) and Sanshui (NSE = 0.98, MAD = 262 m3/s, RMAD = 3.6%) were also
successfully simulated (Figure 6), and the simulated diversion flow via the SX] waterway
was in agreement with the in situ observations by NSE of 0.87 and MAD of 385 m®/s
(RMAD = 13.9%).

2

a. Makou

—— Simulation —— Simulation
= = = Observation

b. Sanshui

= = = Observation

MAD=385m>/s NSE=0.87

It MAD=956m’/s NSE=0.97 : MAD=262m"/s NSE=0.98 als —e—
= = = Observation
0 : : 0 -1 ' '
29 04 09 14 19 29 04 09 14 19 29 04 09 14 19
June and July in 2017 June and July in 2017 June and July in 2017

Figure 6. Model validation using in situ flow observation at Makou (a), Sanshui (b), and Ganggen (c)
during the flood from 29 June to 19 July 2017.

The above results for model calibration and validation indicate that the Delft3D model
can be used to simulate the flood diversion and discharges at the SX] node under different
scenarios of incoming flood flow from the West River and the North River.

4.2. Flood Event Simulation

Three typical flood events in 2005 (a single flood wave), 2006 (two and three flood
waves in the North River and the West River), and 2022 (three flood waves in both rivers)
were simulated to illustrate the flood diversion via the SX] waterway under different
incoming flood waves at Gaoyao from the West River and at Shijiao from the North River
(Figures 7-9).

4.2.1. Flood Event in 2005

The flood event that occurred in 2005 was dominated by a single flood wave from the West
River (Figure 7a), where the incoming flow fraction at Gaoyao (Gaoyao/[Gaoyao + Shijiao])
varied from 80% to 93% from 10 June to 5 July (Figure 7b). Accordingly, the water levels at the
west mouth of the SXJ waterway were 0.04 to 0.23 m higher than at its north mouth, resulting in
flood diversion from the West River to the North River via the SX] waterway with a peak flow
of —5730 m?/s (Figure 7c). Here, the positive flow was defined as it flowed from the North
River to the West River, following the historical flow diversion status [27]. With flood diversion,
the discharge fractions at Makou (Makou/[Makou+Sanshui]) and Sanshui were quite stable
through the event, at around 77.2% and 22.8%, respectively (Figure 7b). The return periods
of peak flow were 1:200a at Gaoyao from the West River and 1:10a at Shijiao from the North
River and changed to 1:60a and 1:30a, respectively, after flood diversion (Table 4). Without
flood diversion, the water levels at Makou would increase by 0.7 m (Figure 7d), i.e., flood
diversion reduced the peak water level at Makou by up to 0.7 m, and the peak flow reduced
from 56,667 m>/s (1:200a) to 52,601 m3/s (1:60a) (Table 4). The flood diversion synchronized the
downstream discharge at Makou and Sanshui, although the incoming flood waves at Gaoyao
from the West River formed earlier than at Shijiao from the North River (Figure 7a). The average
rate of flow diversion during the flood from 6 June to 10 July was —2400 m?/s (West -> North),
or a total volume by —7.27 km3, which was over half of the annual mean total water diversion
(—14.20 km?) from 1993 to 2005 [27,34].
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Figure 7. The simulated flow and water levels at the SX] node during the 2005 flood. The incoming
and outgoing flow (a) and the flow fraction (b) of the West River and the North River, (c) the diversion
flow at Ganggen and water level difference (N-W) between the north mouth and west mouth of the
SX] waterway, and (d) water level changes with and without flood diversion, which were calculated
as the actual water levels with flood diversion minus the given water levels without flood diversion,
indicating that the discharge at Makou (Sanshui) is same as the incoming flow at Gaoyao (Shijiao)

from the West River (North River).
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Figure 8. The simulated flow and water levels at the SX] node during the 2006 flood. The incoming
and outgoing flow (a) and the flow fraction (b) of the West River and the North River, (c) the diversion
flow at Ganggen and water level difference (N-W) between the north mouth and west mouth of the
SX]J waterway, and (d) water level changes with and without flood diversion, which were calculated
as the actual water levels with flood diversion minus the given water levels without flood diversion,
indicating that the discharge at Makou (Sanshui) is same as the incoming flow at Gaoyao (Shijiao)
from the West River (North River). The flood diversion in 2006 was divided into four phases (d).
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Figure 9. The simulated flow and water levels at the SX] node during the 2022 flood. The incoming
and outgoing flow (a) and the flow fraction (b) of the West River and the North River, (c) the diversion
flow at Ganggen and water level difference (N-W) between the north mouth and west mouth of the
SX] waterway, and (d) water level changes with and without flood diversion, which were calculated
as the actual water levels with flood diversion minus the given water levels without flood diversion,
indicating that the discharge at Makou (Sanshui) is same as the incoming flow at Gaoyao (Shijiao)
from the West River (North River). The flood diversion in 2022 was divided into three phases (d).
Table 4. Comparisons of peak flow at Gaoyao (Shijiao) and discharge at Makou (Sanshui) in the West
(North) River after flood diversion via the SX] waterway during four flood events.
#
Flood Upstream  Peak Flow Ret.urn * Flow Downstream Peak Re‘turn * Discharge
. 3 Periods . . . Periods .
Events/Phases Stations (m°/s) Fraction Stations Discharge Fraction
(Years) (Years)
2005 Flood Gaoyao 56,667 200 84.7% Makou 52,601 60 76.9%
00 Shijiao 13,400 10 15.3% Sanshui 16,515 30 23.1%
Gaoyao 34,435 2 78.1% Makou 36,701 5 76.6%
2006 Flood Shijiao 18,245 60 21.9% Sanshui 12,166 5 23.4%
Gaoyao 49,157 20 86.0% Makou 43,058 10 76.8%
2017 Flood Shijiao 9603 2 14.0% Sanshui 13,205 10 23.2%
Gaoyao 37,366 5 79.7% Makou 35,308 3 76.2%
2022 Flood T Shijiao 10,109 2 20.3% Sanshui 11,061 3 23.8%
Gaoyao 42,415 10 75.6% Makou 43,850 10 76.0%
2022 Flood It Shijiao 15,372 20 24.4% Sanshui 13,849 10 24.0%
Gaoyao 39,381 5 68.9% Makou 43,516 10 75.6%
2022 Flood IIT Shijiao 19,768 100 31.1% Sanshui 14,122 10 24.4%

Notes: * Flow (discharge) fraction is the percentage of total incoming flow (discharge). # The return periods at
Makou (Sanshui) were assessed with the flow frequency distribution function at Gaoyao (Shijiao) and approxi-
mated to near values.
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4.2.2. Flood Event in 2006

The flood event in July 2006 consisted of three flood waves in the West River and two
flood waves in the North River (Figure 8a), and the flood diversion in the SXJ waterway
was alternatively controlled by the incoming flow from the West River and the North River
and was divided into four phases (Figure 8d). The return periods of peak flow at Gaoyao
and Shijiao were 1:2a and 1:60a and changed to nearly 1:5a after flood diversion (Table 4).
In phase I from 11 July to 16 July, the incoming flow was dominated by the West River
at Gaoyao, whose flow fraction varied by around 94% (Figure 8b), and the peak water
level at the north mouth was 28 cm lower than that at the west mouth, resulting in a peak
flood diversion of —4000 m3/s from the West River to the North River (Figure 8c), a peak
water-level reduction of 0.83 m at Makou, and an increase of 3.29 m at Sanshui (Figure 8d).

In phase II from 16 July to 20 July, the water levels at the SX] node were dominated
by the incoming flow from the North River at Shijiao, whose maximum flow fraction
increased from 7% to 42%, while it decreased from 94% to 58% at Gaoyao from the West
River (Figure 8b). The peak water level at the north mouth was 0.29 m higher than the peak
water level at the west mouth, resulting in a peak flood diversion of 6300 m®/s from the
North River to the West River (Figure 8c), a peak water-level reduction of 3.35 m at Sanshui,
and an increase of 1.34 m at Makou (Figure 8d). The peak flow rate (return periods) reduced
from 18,245 m3/s (1:60a) to 12,166 m3/s (1:5a) at Sanshui (Table 4).

In phase III from 20 July to 27 July, the flood flow from the North River retreated much
faster than the flood flow from the West River, and the incoming flow was dominated
by West River at Gaoyao, where the flow fraction increased from 58% to 91%, while it
decreased from 42% to 9% at Shijiao. The peak water level at the north mouth of the SXJ
waterway was 0.24 m lower than the peak water level at the west mouth, resulting in a peak
flood diversion of —4600 m3/s from the West River to the North River (Figure 8c), a peak
water level reduction of 0.75 m at Makou, and an increase of 3.4 m at Sanshui (Figure 8d).

In phase IV from 27 July to 31 July, the water levels at the SXJ node were again
dominated by the flood wave from the North River at Shijiao, whose maximum flow fraction
increased from 9% to 40%, while it decreased from 91% to 60% at Gaoyao (Figure 8b). The
peak water level at the north mouth was 0.18 m higher than the peak water level at the
west mouth, resulting in a peak flood diversion of 3300 m?/s from the North River to the
West River (Figure 8c), a peak water level reduction of 2.2 m at Sanshui, and an increase of
0.9 m at Makou (Figure 8d). After flood diversion, the discharge fractions at Makou and
Sanshui were quite stable—around 76.8% and 23.2%, respectively (Figure 7b).

Moreover, the asynchronous flood waves from the two rivers were synchronized
by flood diversion in the downstream discharge at Makou and Sanshui (Figure 8a). The
average diversion rate during the flood from 11 to 31 July was —448 m3/s (West -> North).

4.2.3. Flood Event in 2022

The flood event in 2022 consisted of three flood waves in both rivers (Figure 9a), and the
flood diversions in the SX] waterway were alternatively controlled by the incoming flows
from the West River and the North River and were divided into three phases (Figure 9d).
In phase I from 5 June to 14 June, the water levels at the SXJ node were dominated by the
incoming flow from the West River at Gaoyao, where the flow fraction varied by around
81% (Figure 9b), and the peak water level at the north mouth of the SXJ waterway was
nearly 0.05 m lower than the peak water level at the west mouth, resulting in a peak flood
diversion of —2100 m3/s from the West River to the North River (Figure 9¢c), a peak water
level reduction of 0.30 m at Makou, and an increase of 1.46 m at Sanshui (Figure 9d).

In phase II from 14 June to 19 June, the averages of the incoming flow fraction at
Gaoyao from the West River and at Shijiao from the North River were 75.6% and 24.4%
(Figure 9b), respectively, which presented a near equilibrium state with similar water levels
at the north and west mouths of the SXJ waterway (Figure 9c). The flood diversion switched
direction three times and had an average flow rate of only —182 m3/s (Figure 9¢).
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In phase III from June 19 to 26, the water levels at the SX] node were dominated by the
incoming flow from the North River at Shijiao, where the maximum flow fraction increased
from 24% to 35%, while it decreased from 76% to 65% at Gaoyao (Figure 9b). The peak
water level at the north mouth of the SX] waterway was 0.16 m higher than the peak water
level at the west mouth, resulting in a peak flood diversion of 5700 m3/s from the North
River to the West River (Figure 9c) and a peak water level reduction at Sanshui of 2.8 m,
while the peak water level at Makou increased by 1.1 m due to flood diversion (Figure 8d).
With flood diversion, the discharge fractions at Makou and Sanshui were nearly constant
at around 75.6% and 24.4%, respectively (Figure 9b), and the return periods of peak flow
at Shijiao reduced from 1:100a to 1:10a (Table 4). The average rate of flood diversion from
5 June to 30 June was 574 m3 /s (North ->West).

In summary, the SXJ waterway played a significant role in mutually diverting flood
water from (to) the West River and the North River. The flood diversion synchronized the
downstream discharge at Makou and Sanshui, although the flood waves from both rivers
were asynchronous. The diversion rates were controlled by the water level differences at
the west and north mouths of the SX] waterway. The event-mean diversion rates were
—2512 m3/s (West -> North) in 2005, —448 m3/s (West -> North) in 2006, —2921 m3/s
(West -> North) in 2017, and 574 m3/s (North -> West) in 2022. The discharge fraction at
Makou and Sanshui in the downstream branches remained nearly constant during those
floods after flood diversion (Table 4).

4.3. Flood Scenario Simulation

A total of 121 combinations of steady flow representing various upstream flow con-
ditions were applied to simulate the flood diversion and discharge division at the SX]
node (Table 3 and Figure 10). The flood diversion was driven by the water level difference
between the west mouth and the north mouth of the SXJ waterway, where the water levels
were mainly determined by the incoming flow from the West River and the North River
and modulated by the flow diversion via the SX] waterway (Figure 10a). Under different
incoming flow rates, a flow fraction threshold of 75.9% (Gaoyao/[Gaoyao + Shijiao]) exists
when there is a common flood over 20,000 m3/s at Gaoyao from the West River (Figure 11a).
Above this threshold or below the dashed line in Figure 10a,b, the water level at the north
mouth is lower than the water level at the west mouth (Figure 10a), and the flood water
will divert from the West River to the North River (W->N) with a maximum flow rate
of 11,900 m?/s (Figure 10b), reducing the peak water level by up to 1.48 m at Makou
and escalating the peak water level by up to 8.02 m at Sanshui (Figure 10c). Below this
threshold or above the dashed line in Figure 10a,b, the water level at the north mouth is
higher than the water level at the west mouth (Figure 10a), and the flood water will divert
from the North River to the West River (N->W) with a maximum flow rate of 11,990 m3/s
(Figure 10b), reducing the peak water level by up to 6.63 m at Sanshui and escalating the
peak water level by up to 2.95 m at Makou (Figure 10c). After the flood diversion, the
division fraction of discharge at Makou (Makou/[Makou + Sanshui]) varied from 74.3%
to 77.6% (Figure 10d). Even under different incoming flow rates from both rivers, the
discharge fractions at Makou (or Sanshui) remained relatively stable during a flood and
varied by around a mean value of 76.6% when the discharge rate (water level) at Makou
was over 20 000 m3/s (3.0 m) and when the tidal force on flow diversion became secondary
(Figure 11b).

The SX] waterway plays a crucial role on diverting flood water from either the North
River or the West River and significantly reduces the peak water levels at Makou and
Sanshui (Figure 12). The diversion flow is up to 55% of the North River’s peak flow and
can reduce the peak water level by up to 6.63 m at Sanshui. In contrast, the diversion flow
is only 20% of the West River’s peak flow and reduces the peak water level by 1.48 m at
Makou (Figure 10b,c). In other words, the flood diversion has larger influence on the North
River than on the West River. Meanwhile, the flood diversion significantly reduces the
water level difference and increases the hydraulic equilibrium between the two rivers.
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5. Discussion

In this section we discuss the driving forces of flood diversion and the hydraulic
equilibrium modulated by the H-shaped compound river node and explore the influence
of mutual flood diversion on peak water levels and discharge fractions at and beyond the
SX]J node.

5.1. Diversion Force and Hydraulic Equilibrium

The SX] waterway connects the West River and the North River and forms a unique
H-shaped compound river node, which redistributes water/mass (flood hazards) to the
downstream river network and often creates a hydraulic unstable state [44].

The H-shaped compound river node is usually in a near-hydraulic equilibrium mod-
ulated by flow diversion via the SX] waterway, which acts like a seesaw driven by the
hydraulic head (water levels) between its north mouth and west mouth; it is often disrupted
by the unbalanced upstream flood waves and the asynchronous tidal force in downstream
branches [29,44] Here, we discuss only the diversion force during flood season when the
flood waves from both rivers are the main driving forces for flood diversion via the lateral
SX] waterway and the asynchronous tidal force becomes secondary or even negligible with
high water levels at the SX]J river node [45].

During a single-wave flood, the flood diversion is determined by the relative mag-
nitude of the upstream flood waves from the West River and the North River (Figure 7).
During the 2005 flood, the relatively larger flood wave from the West River raised the
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water level up to 4 m higher at the west mouth than at the north mouth if there was no
flood diversion (Figure 13a). Such a large water level difference dramatically disrupts the
hydraulic equilibrium and compels the SX] river node into an unstable state, which might
cause a levee breach or a river avulsion [44]. With flood diversion, the water level difference
between the two rivers reduced to 0.5-1.0 m at the 8 km upper SX] waterway, reduced to
below 0.2 m between the north mouth and west mouth of the SXJ waterway, and recovered
to near zero (equilibrium) on 10 July 2005 after the flood water retreated (Figure 7c,d and
Figure 13a). The flood water was diverted from the West River to the North River with a
peak rate of —5 630 m?/s, reducing the peak water level at Makou by 0.70 m and increasing
the peak water level at Sanshui by 3.30 m, thereby reducing the water level difference to
below 0.2 m and causing the rivers to approach hydraulic equilibrium (Figure 7c,d).
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Figure 13. Water level differences (N-W) between the North River and the West River at the 8 km
upper (blue) and at the SX] waterway (orange solid) with flood diversion during the floods in
(a) 2005, (b) 2006, (c) 2017 and (d) 2022. The green dotted line represents the given water level
differences between both rivers at the SX] waterway when there is no flood diversion.

For the long-term flood events with multiple flood waves that occurred in both
basins, such as in July 2006 and in June 2022 (Figures 8, 9 and 13), the flood diversions
in the SXJ waterway were controlled alternatively by the flood waves from the West
River and the North River. There is a critical incoming flow fraction that presents a sim-
ilar water level at the west mouth and north mouth, resulting in hydraulic equilibrium
and little flood diversion [35]. When the incoming flow fraction from the West River
is larger than the critical value, the flood water will divert from the West River to the
North River; otherwise, the flood diversion reverses direction. The critical flow frac-
tion (Gaoyao/[Gaoyao + Shijiao] = 75.9%) fitted with steady flow simulations using the
121 flow combinations was similar to those observed during the 2006 (76.1%) and 2022
(75.6%) flood events for an unsteady flow when the diversion rates fluctuated about +200
m?3/s (Figures 10a,b and 11a), while being much larger than that (72.3%) fitted using the
incoming flow ratio and the diversion rates estimated by a 1D numerical model of the
river network [35].
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Unlike the man-made and one-way flood diversion channel in a river network [22,23],
the mutual flood diversion via the natural SX] waterway synchronized the downstream
discharge and greatly reduced the water level difference (i.e., flood hazards), which caused
both rivers to reach hydraulic equilibrium and maintain a near-constant discharge fraction
(Figure 13) [27,35,46].

5.2. Diversion Influence on Peak Water Levels

The flood diversion via the SX] waterway had larger implications in reducing or
raising the peak water levels at Sanshui for the North River than at Makou for the West
River (Figures 7d, 8d, 9d, 10c and 12). The largest diversion flow (—6930 m3/s) in the SXJ
waterway was observed on 22 July 1996, which reduced the peak water levels in the West
River at the downstream Makou by 0.96 m and at the upstream Gaoyao by 0.79 m [46]. As
summarized in Figure 13, the flood diversion in the SXJ waterway not only reduced the
downstream peak water levels, but also reduced the upstream peak water levels near the
SXJ node, since the declined water levels in the downstream increased the water surface
slope and flow velocity of flood waves [46].

During the 2005 floods that were dominated by the flood waves from the West River,
the peak diversion flows was —5730 m®/s and the diversion flows were 33.8% of the total
discharge at Sanshui in the downstream North River branch (Figure 7). The flood diversion
from the West River to the North River not only dramatically increased the peak water
level at the downstream Sanshui by 3.41 m in 2005, but also increased the peak water
levels at the upstream Shijiao, showing a strong backwater effect in the lower part of the
North River [35].

In order to reduce the flood hazards by flood diversion from the West River and
to control water allocation during a dry period, a sluice gate in the SXJ waterway was
proposed in the 1990s and again in recent years to modulate the diversion rates. Our
analysis suggests that any engineering project that reduces the diversion rates would
decrease the natural modulating function of the SX]J waterway and push the H-shaped SX]
node into a more vibrating and unstable state [44].

5.3. Diversion Impact on Discharge Fraction

The discharge fraction at the downstream Makou and Sanshui approached a near
constant value during individual flood events (Figures 7b, 8b and 9b) and fluctuated around
a critical value for the scenario simulations of the 121 incoming flow combinations once
the discharge rate at Makou was larger than 20,000 m? /s (Figure 10d), or the water level at
Makou was higher than 3.0 m when the influence of tidal force on flow diversion became
secondary or even negligible, with higher water levels [45]. The fitted critical discharge
fractions (76.6%, 74.3-77.6%) at Makou were consistent with the event-total discharge
fractions observed during the flood events in 2005 (76.9%), 2006 (76.6%), 2017 (76.8%), and
2022 (75.9%) (Figures 7b, 8b, 9b, 10d and 11b, Table 4) and fell within the range of the annual
discharge fraction, such as 76.8% during 1993-2005 [27], 77.25% during 1989-2013 [34], and
75.1% in June during 2001-2005 [45].

The near-constant discharge fraction during individual floods was modulated by
mutual flood diversion via the lateral SX] waterway. The mutual flood diversion synchro-
nized the downstream discharge and greatly reduced the peak water levels (flood hazards),
resulting in similar water levels and pushing both rivers back to hydraulic equilibrium
(Figures 7a and 9a). Consequently, the downstream discharge fraction was then mainly
determined by the channel dimensions and hydraulic roughness at Makou and Sanshui
when the tidal force turned negligible during the high flood stage [15,45].

Such a critical discharge fraction is significant for engineering design for flood control
and water resource allocation for downstream waterways and estuary management. In
the practical calculation of the flood design stage for downstream waterways, the flood
allocation at Makou and Sanshui was estimated using three empirical relations according
to the dominated flood waves in either river basin, resulting in mean discharge fractions



Water 2023, 15, 1970

18 of 20

at Makou of 75.8%, 74.3%, and 73.7%, respectively [37]. Our fitted value was consistent
with those values and confirmed the values of 75.8% and 74.3% estimated by the first two
empirical relations, but still needs further investigation, especially under the influence
of estuary tides and in unsteady flows, for a scenario simulation that considers the flood
processes and phase lags in both river basins, such as the three flood events illustrated in
Figures 7-9.

In addition, the flood diversion in the SX] waterway is also affected by tidal fluctuation,
especially during spring and neap tide or during strong storm surges in the estuary [47].
The modeling results of Liu (2016) suggested that higher tidal levels would reduce the
flood-discharge fraction at Makou [35]. Since Gaoyao and Shijiao were the upstream
boundary stations and Makou and Sanshui were the downstream end of our model’s
domain, this study did not investigate the estuary tidal influence on flood diversion via
the SX] waterway or on the discharge fraction at Makou or Sanshui, although the tidal
influence on flood diversion in the SXJ waterway becomes secondary as the water level
rises to higher than 3.0 m at Makou [45], or even negligible for a larger magnitude of flood,
such as that of the 1:5a return period, where the water level at Makou would be higher than
6.5 m. Those issues will be explored in our further studies by extending the downstream
model domain into the estuary and considering the coupled effect of flood discharge and
storm surges in the river network [47].

6. Conclusions

Both the West River and the North River have been separated and connected by the
nearly 3 km long and 200400 m wide SX] waterway, forming a unique H-shaped compound
river node and creating an unstable state mainly due to unbalanced or asynchronous flood
waves from upstream rivers, while always approaching hydraulic equilibrium by flood
diversion via the lateral SX] waterway.

When the stream flow is larger than 20,000 m3/s at Gaoyao, there exists a critical
flow fraction threshold of 75.9% (or 24.1% at Shijiao), where the incoming flow from both
rivers presents a similar water level at the west mouth and north mouth, resulting in
hydraulic equilibrium (i.e., small water level differences) and little flood diversion via the
SXJ waterway. Above the threshold, flood water will divert from the West River to the
North River with a maximum rate of —11,900 m3/s, accounting for 20% of the West River
and reducing the peak water level up to 1.48 m at Makou. Below the threshold, flood water
will divert from the North River to the West River with a maximum rate of 11,990 m3/s,
accounting for 55% of the North River flow and reducing the peak water level by up to
6.63 m at Sanshui.

The discharge fraction at downstream Makou and Sanshui approached a near-constant
value during a flood and fluctuated around 76.6% as the water level at Makou was larger
than 3.0 m, when the influence of tidal force on flow diversion became secondary, or even
negligible with higher water levels. This critical discharge fraction is consistent with those
observed during the four flood events and the annual discharge fractions after the late
1990s. This is significant for the engineering design of flood control and water resource
allocation for the downstream waterways and estuary management.

We propose a new type of H-shaped compound river node, which clearly elucidates
the driving force and the mechanism of flood diversion between two incoming rivers and
two downstream branches at the SX]J river node in the PRD, and which may work well at
similar compound river nodes in other river deltas around the world. In future work, the
hydrodynamic model can be coupled with the watershed hydrologic model to investigate
the response mechanism of the H-shaped compound river node to watershed runoff and
estuarine tides.
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