Journal of Hydrology 615 (2022) 128578

Contents lists available at ScienceDirect

L JOURNAL OF
HYDROLOGY

Journal of Hydrology

journal homepage: www.elsevier.com/locate/jhydrol

Research papers ' :.)

Check for

The effect of natural and engineered hydraulic conditions on o
river-floodplain connectivity using hydrodynamic modeling and particle
tracking analysis

40647 " Jjaming Liu ™9, Carlo Gualtieri ®, Jun Fu®, Ran Gu¢, Zixuan Wang

a,c

Yang Xiao
Taotao Zhang‘, Jian Zhou

@ State Key Laboratory of Hydrology, Water Resources and Hydraulic Engineering, Hohai University, Nanjing, China
Y Yangtze Institute for Conservation and Development, Hohai University, Nanjing, China

¢ College of Water Conservancy and Hydropower Engineering, Hohai University, Nanjing, China

4 Institute of Water Science and Technology, Hohai University, Nanjing, China

€ Department of Structures for Engineering and Architecture, University of Napoli Federico II, Italy

ARTICLE INFO ABSTRACT

This manuscript was handled by marco borga,
Editor-in-Chief, with the assistance of George
Constantinescu, Associate Editor

Hydraulic conditions and water resources management projects can significantly alter river-floodplain connec-
tivity, which in turn can alter hydrologic and biogeochemical processes in river corridors. In this study, the
hydrodynamics of river-floodplain connectivity under different flood conditions and the effect of the Nanchang
Water Resources Project Group (NWRPG) in the middle branch of the Ganjang River were investigated using a
combination of two-dimensional hydrodynamic simulations and particle tracking. The hydrodynamic model was
calibrated and validated using data from several gauging stations and field measurements. Floods in the Ganjang
River can be limited to the river itself (“River Flood”, flood with normal lake level) or further extended to the
Poyang Lake (“Lake Flood”, flood with high lake level). The results show that compared with “River Flood”
scenarios, “Lake Flood” scenarios increased the water level flooding a larger area. The flow velocity decreased
and the residence time (RT) of particles increased. The particle travel distance (PTD) of “River Flood” was larger
than that of “Lake Flood”. The larger the flood, the greater the transboundary flux between the river and the
floodplain, and the shorter the RT and PTD. The effect of NWRPG was the permanent flooding of part of the river
floodplain, causing some habitat loss. Due to the increase in discharge, the implementation of the NWRPG results
in a shorter RT with a smaller standard deviation, which has little effect on the PTD distribution. These findings
can facilitate river connectivity restoration efforts in the Ganjang River and also provide a reference for assessing
the impact of barrage projects.
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1. Introduction

The compound cross-section rivers, comprised of a river’s main
channel and its floodplains, are the most common type of lowland river
system (Rowinski and Radecki-Pawlik, 2015). River-floodplain con-
nectivity is a typical part of hydrologic connectivity (Gooseff et al.,
2017). During the dry season, water flow is limited to the main channel,
while during flooding seasons, floodplains are filled by water perform-
ing important environmental (Mahl et al., 2015) and biological func-
tions (Covino, 2017; Kang and Choi, 2005).

The interaction between the river channel and its floodplains has

long been recognized as a key process in maintaining riverine ecosys-
tems because it facilitates the exchange of large amounts of water,
sediment or organic matter, and nutrients between rivers, floodplains,
and riparian wetlands (Harvey and Gooseff, 2015; Shuai et al., 2017).
Quantitative analysis of hydrologic connectivity between rivers and
their floodplains in response to different hydrological conditions and to
the implementation of water resources management projects is impor-
tant to identify how the river-floodplain connectivity could affect water
quality and ecological processes in river systems (Fu et al., 2020; Tan
et al., 2021). The lateral exchange of water, sediment, nutrients, and
contaminants between a river and its floodplain is dependent on
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hydrodynamics and river morphology. Water resources management
projects could drastically modify the hydrological conditions and impact
the rivers’ hydrodynamics, sediment transport, and morphology.

In a compound channel, momentum exchange occurs at the interface
between the rivers and the floodplains (Dupuis et al., 2017; Proust et al.,
2017) due to the velocity difference between the main channel and the
floodplains. At the interface between the floodplain and the main
channel, Kelvin-Helmholtz (KH) instability causes a complex turbulent
structure related to a series of vertically orientated vortices and
streamwise orientated vortices located both in the floodplain and the
main channel (Proust and Nikora, 2020). Spiral vortices (Lai et al.,
2008) and coherent structures of various time and length scales (Xiao
and Wang, 2007) are observed. Past studies on compound channels
(Ding et al., 2022; Knight and Demetriou, 1983; Shiono and Knight,
1991), focused on the impact of changes in the depth ratio and flood-
plain characteristics on hydrodynamic properties such as flow velocity
distribution, turbulent flow structure, and boundary shear stress.

Because investigating river-floodplain connections during flooding
conditions is extremely dangerous for instrumentation and researchers,
river-floodplain interaction field studies are uncommon. Models based
upon the shallow-water equations are widely used on large scale free
surface flow problems (Tan et al., 2021). Particle tracking methods have
proven to be effective in delineating flow fields (Wang et al., 2018),
determining flow paths (Li et al., 2008) and travel times (Jing et al.,
2021). These methods have also been used to study pollutant dispersion
(Salamon et al., 2006), sediment transport (Zhao et al., 2011), oil spills
(Goeury, 2012), algal movement (Joly, 2011) and connectivity patterns
in the northern Gulf of California (Marinone et al., 2008). Chen et al.
(2020) first proposed the use of a particle-tracking simulation method to
quantify flow dynamics between a river channel and its floodplains.
Particle tracking methods are also able to figure out the water travel
length and residence time inside the floodplains. Lowland rivers are
often located in areas with a large population, in which the conservation
of good water quality levels is challenging. This leads to the creation of
projects to manage water resources, which may change the way rivers
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and floodplains connect.

Using hydrodynamic modeling and particle tracking analysis, the
present study investigates the hydrological connectivity of river-
floodplain systems under changing natural and engineered hydraulic
conditions. The Ganjiang River is the largest tributary of the Poyang
Lake Basin and the fourth largest tributary of the Yangtze River. It flows
from south to north through the entire territory of Jiangxi Province,
China. The management of the Ganjiang River is crucial to the hydrol-
ogy and ecology of the Poyang Lake Basin and even of the Yangtze River
Basin. To raise the water level during the low flow season, the Nanchang
Water Resources Project Group (NWRPG) is being planned. The main
scientific objectives addressed in this study are to:

analyze the characteristics of river-floodplain interactions under
different flood characteristics;

evaluate the impact of the implementation of the NWRPG on river-
floodplain connectivity.

2. Method
2.1. Study site: The lower middle branch of Ganjiang river

The study was conducted at the lower middle branch of the Ganjiang
River in Jiangxi, China. The Ganjiang River flows north through the
western part of Jiangxi Province before entering Poyang Lake and, later,
the Yangtze River (Fig. 1 a). This river provides water resources to the
city of Nanchang as well as acts as an ecological corridor for fish and
other aquatic species. Floods in the Ganjiang River can be generally
divided into two types: “River Flood” and “Lake Flood”. They have a
different frequency. The “River Flood” refers to the flood in the Ganjiang
River but not in the Poyang Lake. The “Lake Flood” means both the
Ganjiang River, and the Poyang Lake are under flood conditions. How-
ever, due to uncontrolled river sand mining, the low flow water level in
the lower Ganjiang River is lower than before. Water utilization condi-
tions have deteriorated, and the water resources for urban water supply
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Fig. 1. (a) Map of the Ganjiang River, the red trapezoids are the NWRPG; (b) the validation model area, the yellow triangles are the gauging stations, the red lines are
the survey sections in 2019; (c) the survey sections in 2020; (d) the study site the lower middle branch of Ganjiang River. Illustrated in (d) is the entire river reach for
flood simulation. Arrows that illustrating the flow exchange behaviors are sketched based upon the flow vectors.
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and agricultural irrigation in the region are scarce. In recent years,
several water resources management projects, such as for flood control,
waterway management, and environmental management, have been
implemented or planned in the Ganjiang River Basin (Liu, 2018). The
Nanchang Water Resources Project Group (NWRPG) is being planned
with four individual projects to raise the water level in the downstream
Ganjiang River during the low flow season (the Xiangshan Project, the
Lianxin Project, the Nanxin Project, and the Jili Project; see Fig. 1a for
the positions of the corresponding projects). The main hydraulic struc-
tures used in the NWRPG include gates, ship locks, and fish tunnels, etc.
From April to July (i.e., the flood season), the gates will be fully open;
from August to March of the following year, the river level will be
controlled. After the completion of these projects, it is anticipated that
the water level will rise and the discharge will increase during the dry
season, while the water level will remain stable during the flood season.

2.2. Governing equations for fluid flow and particle transport

The two-dimensional shallow water equations (SWEs) are imple-
mented for hydrodynamic modeling because of their ability to accu-
rately simulate surface hydraulics in river-floodplain systems. They have
achieved widespread application in a variety of complex free-surface
flows (Cao et al., 2020; He et al., 2018; Lim et al., 2019; Tang et al.,
2020):

oh

5 TV ) +hdivie) =, @
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where h is the water depth; t is the time, u and v are depth-integrated
velocity components in the x- and y-directions, respectively; S is the
source or sink of fluid; g is the gravity acceleration, Z is the free surface
elevation; Sy and Sy are source terms that represent the bottom friction,
the Coriolis force and the influence of wind; v is the molecular viscosity.
¢ is the momentum diffusion coefficient (turbulent viscosity) which is
estimated through the standard k —e turbulence model(Launder and
Spalding, 1983):

k2
v, = Cﬂ; (4)

where k is the turbulent kinetic energy; ¢ is the dissipation rate of tur-
bulent energy; C, is a constant, experimentally found to be 0.09
(Launder et al., 1973; Rodi, 1972).

The quantities k and ¢ are obtained by solving the following depth-
averaged two-dimensional transport equations (Rastogi and Rodi,
1978):

ok 1. v,
% L ue) = Laiv(nYeve) +E (crP— cae) + P 6)
o u-Ve = 1V P € kcls Coe€ ev

where P is the production term, Py, and P,, are due to the shear force of
flow along the vertical, c;. is a constant being 1.44, cy. is 1.92, o is 1.0,
o, is 1.3 (Hervouet, 2007).

During the dry season, the flow in the Ganjiang River is limited inside
the main channel having a curved planform. In a curved channel, the
flow speeds up in the direction of the curve, and centrifugal forces act in
proportion to the average speed (Blankaert et al., 2006). The develop-
ment and decay processes of secondary flows in curved channels can be
accounted for with the transport equation for streamwise vorticity
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(Bernard and Schneider, 1992; Wang and Tassi, 2014):
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where Q is the streamwise vorticity, Cr is a friction coefficient, R is the
local radius of curvature, A; and D; are empirical coefficients that
determine the rate of vorticity production and dissipation, respectively.
The solution of Equation (7) provides the streamwise stresses that result
from the deviation of velocity from the depth-averaged velocity:

7, = phlu|Q./C; (8)

where p is the water density. In a Cartesian coordinate system, the ac-
celerations induced by secondary currents are computed as follows:
\u
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R

where n is unit vector normal to the depth-averaged velocity vector u.
The term n-V(hr,) can be written as:

v(ht,), — u(hrs)y

n-V(hty) = (10)
|
and the local radius of curvature is determined by the expression:
juf*
R— an
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2.3. Particle tracking model

To better understand the details of flow dynamics, we conducted a
two-dimensional Lagrangian particle tracking study to examine how
flow parcels move through the study region. Here, we consider obser-
vations of passive particles transported by the river flow. The state of the
flow is described in Eulerian coordinates by the shallow water equa-
tions. The link between the Lagrangian data and the classical Eulerian
variables of the shallow water model is made by the following two-
dimensional transport model:

dx

o= U(x(1),1) (12)

where x is the coordinate vector of a particle as a function of time, U is
the velocity vector at time t. Integrating (12) yields:

x(t+ Ar) = x(1) + /”Al U(x(r),t)dt 13)

The numerical integration was performed with a fourth-order Runge-
Kutta algorithm:

a=U(x,t)At a4
b=U(x,a/2)At 15)
¢ = U(xy, b/2)At (16)
d = U(xy,c)At an
x(t+At) =x()+ (a+2b+2c+d)/6 (18)

A MATLAB code that uses the fourth order of the Runge-Kutta
method to track particles was prepared in-house. In a depth-averaged
shallow water flow field, each 2-D particle emitted at a given horizon-
tal plane point is associated with the scalar property flow depth, which
corresponds to a vertical line or water column in the flow domain.
Therefore, statistics for a large number of two-dimensional particles
weighted by their flow depths are thus capable of representing the actual
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dynamics of the water body in the two-dimensional plane. Integrating
along the depth shows the properties of a two-dimensional particle that
represents a body of water (Chen et al., 2020):

h
F, = . 19
/sz 19)

where i is the particle number, F is the property for a water column that
can be calculated by integrating f along the depth of the column (e.g. F is
the mass flux and f is the velocity magnitude).

Using the particle method, such a property can be expressed by:

Ni
Fi= ZfiJHiJ = hf; (20)
=

where f;; is the property f of the j th unit volume in the domain, f; is the
average value of the property f for the water column, H;; is the height of
the j th unit volume. This weighted analysis approach applies to the
statistical properties of 2-D particles.

2.4. Boundary settings and equations solving

The boundary conditions for the numerical domain are set as steady
flow, which are presented in Fig. 2b. On the upstream boundary, a
specified discharge is prescribed, while the corresponding water level is
assigned on the downstream boundary. The right or left boundary
conditions (relative to the flow direction) of the model domain are
considered no flow boundary conditions.

The system of partial differential equations represented in Eq. (1-11)
was solved with TELEMAC-2D (a shallow water equations finite element
model (FEM) solver of the integrated free-surface flow suite TELEMAC-
MASCARET), which was developed initially by the National Hydraulics
and Environment Laboratory (LNHE) of the Research and Development
Directorate of the French Electricity Board (EDF R&D, France). A con-
jugate gradient method was used to solve the hydrodynamic propaga-
tion step and the standard k —e model system (Hervouet, 2007).

The Surface water Modeling System (SMS) was used for triangle
mesh generation. After format conversion with Blue Kenue, Telemac2d
can use the meshes generated by SMS. A higher density of elements was
constructed in the vicinity of the main channel to obtain a more accurate
solution (Fig. 2b). The model domain is ~ 21,000 m in length and 420 ~
1250 m in width. A grid refinement was first conducted to ensure mesh
independence of the results (Blocken and Gualtieri, 2012). Three meshes
with element nodes of 4846, 6460, and 24,959 were generated,
respectively. Table 1 compares the surface level and velocity of P1
(Fig. 2b). Results with a mesh of ~ 7000 nodes and above were mesh-
independent. Finally, a mesh with 48,818 cells and 24,959 nodes was

(a) (b)
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T Num. of elements: 48818
' Num. of nodes: 24959

% Max element size: 45 m
ll Min element size: 25 m

Journal of Hydrology 615 (2022) 128578

Table 1
Grid size sensitivity analysis in hydraulic model.
Average grid Node Grid Surface Velocity
size [m] number [-] number [-] level [m] magnitude [m/s]
58.9 4,846 9,121 15.36 0.17
50.8 6,460 12,280 15.35 0.19
25.5 24,959 48,818 15.33 0.17

used to provide a more realistic flow structure and smooth particle
trajectories. In the channel, the minimum element size was 25 m, and as
this length gradually increased from channel to floodplain, the
maximum size was 45 m.

The simulation was carried out over one year for a wider range of the
river reach and included the upper part of the study area and other
branches of the Ganjiang River to use the data from more gauging sta-
tions for validation (Fig. 2a). As shown in Fig. 1d, the left upstream
floodplain is larger than the right downstream floodplain, and the
downstream floodplain on the right was found to be permanently floo-
ded after the implementation of the NWRPG in the subsequent study.
Therefore, we conducted the particle tracking analysis in the area up-
stream of the left upstream floodplain.

Different hydrological conditions and different effects from the
“River Flood”, the “Lake Flood”, and from the NWRPG were considered
as scenarios (Table 1). According to the historical hydrological series,
the average January runoff representing the dry season flow is 151.97
m3/s, the annual average runoff is 491.168 m®/s, and the 5 yr flood, 10
yr flood, and 20 yr flood discharges are 4,338.68, 4,898.08, and
5,338.53 m>/s, respectively. The “River Flood” effects are considered for
a 10 yr flood and 20 yr flood. The discharge is the same as in the “Lake
Flood”, while the water level is lower. Due to the implementation of
NWRPG, the corresponding flows change at different frequencies. From
the perspective of water resource availability, the dry season and
average annual flows are lower than before, but water levels are higher.
During the flood season, the water level is controlled at the same level as
the “Lake Flood”, but the discharge increases. The model scenarios are
introduced for the setup of model scenarios (Table 2), and 12 runs were
carried out. For each flood event, we released a total of 3,000 particles
from the upstream section of the left upstream floodplain.

3. Results
3.1. Model calibration and validation
The 2013 hydrological data was used for model calibration. The

model was calibrated by changing bed roughness, Manning coefficient
(n). After validation, the manning coefficient was set to 0.024, which is

Bottom Elevation [m]  /#7, i,

: 1 '/ L. "G
oy
£ 0 8 16

Fig. 2. (a) The model domain used for validation, and the distribution of gauging stations. (b)The boundary settings and the mesh of the modeling domain, the
surface level and the velocity magnitude of point P1 was used in sensitivity analysis.
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Table 2
Model scenarios of the numerical simulations.

Journal of Hydrology 615 (2022) 128578

River Flood Lake Flood

Implementation of NWRPG

Upstream Discharge Downstream Water Level

Upstream Discharge

Downstream Water Level Upstream Discharge Downstream Water Level

[m®/s] [m] [m®/s] [m] [m®/s] [m]
January - - 151.97 12.87 122 15.49
Average - - 496.168 13.81 438 15.27
5 yr Flood - - 4338.68 19.65 5122.36 19.65
10 yr 4898.08 17.45 4898.08 20.28 6037.04 20.28
Flood
20 yr 5338.53 17.62 5338.53 20.78 6824.79 20.78
Flood

similar to the one used in the Poyang Lake model (Xiao et al., 2022). The
trends of the numerical model and the measured water level in four
gauging stations are basically consistent, the Nash coefficients are above
0.99, and the maximum water level error does not exceed 0.1 m (Fig. 3).
The results show reasonable agreement between the model results and
measured data.

For model validation, three hydrological tests were conducted in
July 2019 (Waizhou discharge 3,780 m®/s), September 2020 (Waizhou
discharge 2,800 m3/s) and October 2020 (Waizhou discharge 470 m3/s)
at thirteen survey sections (Fig. 1b and c). There are 12 or 13 mea-
surement points available for each survey section. The cross-sectional
average water levels and the vertically averaged streamwise velocity
were measured. The hydrodynamic processes in July 2019 and
September-October 2020 were calculated by the large model, and the
results were compared with the measured cross-sectional average water
levels and vertically averaged streamwise velocity (Fig. 4). Both the
calculated water level and velocity show reasonable agreement with the
measured data. The difference between the calculated and measured
values of individual measurement points is mostly due to the time and
topography of the tests.

3.2. Flood inundation and flow velocity distribution.

The map of the water depth and the flooded area, where gray in-
dicates areas not flooded and color indicates the water depth of the
inundation area, is presented in Fig. 5. In January scenarios, the flow
passes in the main channel below the left upstream floodplain and in the
upper and lower main channels of the right downstream floodplain
(Fig. 5b1). The left upstream floodplain has some obvious isolated
patches in January scenarios. These small wetland areas can play a vital
role in preserving the ecological quality of rivers. At the average annual
flow, the flow overflows the two main channels above and below the left
floodplain, and the right downstream floodplain is mostly inundated
(Fig. 5b2). The whole model domain is covered by water flow under the
flood action of “Lake Flood” (Fig. 5 b3-5). Under the action of “River
Flood”, the left upstream floodplain still has partial outcropping (Fig. 5
al-2), which could be a refuge for organisms. After the implementation
of the NWRPG, water depth is increased for all conditions (Fig. 5 c¢). The

main channel above the left upstream floodplain and the right down-
stream are always flooded. The river loses some of the upland areas that
can be exposed during January.

The velocity field is displayed in Fig. 6. The implementation of the
NWRPG reduces the velocity in January and the average annual flow
(Fig. 6 c1-2). During floods, the main channel above the left upstream
floodplain becomes the main overflow channel as the flood water tends
to straighten out (Figs. 6 al-2, b3-5, ¢3-5). Due to the much lower water
level, the velocity under “River Flood” conditions is generally greater
than under “Lake Flood” conditions (Fig. 6 al-2). From the perspective
of the January and average annual flow, the implementation of NWRPG
results in increased water depth (Fig. 5 c¢1-2) and lower velocity (Fig. 6
c1-2). Due to the increased discharge in the middle branch under the
NWRPG, the velocity becomes larger in the flood season (Fig. 6 ¢3-4).

3.3. Effect of the hydraulic conditions on lateral flow exchange

The transboundary flux is calculated by integrating unit discharge uh
along riverbank lines:

Gint = /uhndl

where u is the velocity vector, h is the water depth, and n is the normal
vector of bank line [ pointing to the floodplain side.

Since the right downstream floodplain is permanently inundated,
only the transboundary fluxes of the left upstream floodplain were
analyzed in the present study. The transboundary flux of river-
floodplain is presented in Fig. 7. The bank line of the left upstream
floodplain is marked on Fig. 1d. The ratios of the transboundary fluxes to
the upstream discharges are listed in Table 3. The total transboundary
flux (total discharge from the river-floodplain boundary into or out of
the river) is comparable to the upstream discharge, and the imple-
mentation of the NWRPG will cause all transboundary fluxes to rise
(Fig. 7). This indicates that as the flow increases, the river-floodplain
transboundary flux also increases. Under the average January
discharge and average annual discharge, the transboundary fluxes and
the ratio rise together. The ratios rise 3-17 times (Fig. 7 a). The con-
nectivity of January was significantly enhanced. In contrast, during the
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flood season, the transboundary fluxes, although rising, decline in pro-
portion. In “River Flood” scenarios, the water level was lower and the
water flow path is not as smooth and straight as in the “Lake Flood”
scenarios. So, the transboundary flux and the ratio of “River Flood” are
lower than both under “Lake Flood” and after the implementation of
NWRPG.

3.4. Particles travel statistics in the river-floodplain system

The behavior of the deterministic particles is associated with the
hydraulic conditions. Fig. 8 represents the particle movement under
different hydraulic conditions. In January and under average annual
discharge, the NWRPG considerably slowed down the movement of
particles, which traveled a shorter distance during the same time in-
terval (Figs. 8 b1-2, c1-2). During flood season, the discharge increased
(Figs. 8 b3-5, ¢3-5) and the particles started to enter the river-floodplain
interface at the mid-channel bar. Under such circumstances, the
implementation of NWRPG will increase the discharge under every flood
scenario and particles will travel a longer distance during the same time
interval with respect to the pre-project situation (the particles in the
region show a shorter time elapsed). In the meantime, there are signif-
icant increases in the number of particles passing through the floodplain.
Under the “River Flood” scenarios, few particles passed over the mid-
channel bar of the left upstream floodplain because that in-stream bar
was only partially submerged (Fig. 5 al-2) and the water didn’t pass

significantly over the mid-channel bar (Fig. 6 al-2).

Additionally, the results of particle trajectory reveal certain critical
aspects of the river-floodplain exchange dynamics. Together with the
flow field (Fig. 6), the particle path lines (Fig. 8) demonstrate that
particles mostly crossed the river-floodplain barrier at a relatively small
angle, which shows that the river-floodplain exchange was mainly along
the upstream and downstream directions, rather than through the lateral
flow. This means that in this study, the river-floodplain exchange is
determined by longitudinal flow connection and that the floodplain does
not generally interact significantly with its immediate bordering stream
reach, but rather with reaches upstream and downstream. This result is
consistent with Chen et al. (2020), who did the particle analysis in a
different curved compound channel. Both of our results show that in
meandering compound channels, the main characteristics of the flood
flow path are controlled by the shortest path of the overbank flow (a
continuous line from upstream to downstream) and the main flood path
no longer follows the main channel. The river-floodplain exchange in all
flood scenarios was predominantly through the shortest flow path. The
river-floodplain exchange in high water situations is predominantly
through the straightened flow path.

Particle motions within the river-floodplain system are analyzed
using the particle travel distance (PTD), which is the total distance
traveled by a particle across the floodplain of a river reach (Chen et al.,
2020), and the residence time (RT) of particles, which is the amount of
time they spend in the floodplain (Defne and Ganju, 2015). These
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Fig. 5. Water depth under “River Flood”, “Lake Flood” and after the implementation of NWRPG. Black outlines represent the outlines of model domain. Thin black
solid lines represent the river-floodplain boundaries. Colors represent the water depth.

metrics describe how the river and its floodplain are connected from a
Lagrangian point of view.

To test the frequency of particle exchange between the main channel
and the floodplain, the distribution of particle residence time (RT) and
particle transport distance (PTD) on the left upstream floodplain (Fig. 1
d) was calculated. Since the river-floodplain exchange flux at the left
upstream floodplain is small in the January scenarios and at the average
annual flow scenarios (Fig. 7), only the flood inundation scenarios are
considered here. In the subsequent statistical analysis, only particles that
first entered and then left the floodplain were considered, which means
that those became stuck in the dry floodplains were excluded. Each
particle calculated in the following analysis was weighted by the orig-
inal water depth at the location where it was emitted to reflect the water
column’s properties.

The distributions of RT for 5-year, 10-year, and 20-year flood events
are presented in Fig. 9. The RTs for the different flood events follow an
approximately skewed right distribution. As the flow rate increases in
“Lake Flood”, the particle average residence time (MRT) decreases. For
instance, MRT decreased from 3,176 s at a 5-year flood to 2,933 s at a 20-
year flood. The standard deviation (SD) of RT also decreases signifi-
cantly with increasing flow, indicating an increase in the “uniformity” of
water mass movement under large floods. Due to the larger velocity of
“River Flood” scenarios, their MRTs are smaller than those of “Lake
Flood” scenarios, and the SDs are smaller as well. The “River Flood”
scenarios for 10-year and 20-year have similar RT distributions, with
MRTs of 1933 s and 1907 s as well as SDs of 433 s and 510 s, respec-
tively. The implementation of NWRPG results in greater velocity. The

particles moving with the water body show smaller MRTs and more
uniform velocities, as well as lower RT SDs.

The distribution of PTD for 5-year, 10-year, and 20-year flood events
is presented in Fig. 10. The PTDs for the different flood events approx-
imately follow the normal distribution closer than the RTs. In “Lake
Flood” scenarios, as the discharge increased, the flow path became
straight (Fig. 8 b3-5), and the particle travel distance decreased (Fig. 10
b1-3). In “River Flood” scenarios, the PTD was larger than that of “Lake
Flood” scenarios, but the SD was smaller. Like RT, “River Flood” sce-
narios for 10-yr and 20-yr showed close PTD distributions, which may be
due to the fact that the floodplains are still not fully inundated, and the
different “River Flood” scenarios have similar flow structures. The mean
PTD after the implementation of NWRPG and for “Lake Flood” scenarios
under different floods did not differ significantly. The implementation of
NWRPG results in a slight SD increase in PTD. Although the imple-
mentation of the NWRPG accelerated the velocity, the particle flow path
was as straight as for the “Lake Flood” scenarios, resulting in a PTD
distribution like that of the “Lake Flood” scenarios.

4. Discussion
4.1. Projected effects of NWRPG implementation

Flood pulses are a major driver of improved habitat heterogeneity
and diversity in floodplain hydrologic connectivity (Junk et al., 1989).

Systematic assessment of the effects of hydrodynamic conditions and
water resources management projects on river-floodplain hydrologic
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Fig. 6. Depth averaged velocity under “River Flood”, “Lake Flood” and after the implementation of NWRPG. Colors represent the velocity magnitude and vectors
represent the velocity magnitude and the direction.
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Fig. 7. The transboundary flux of left upstream floodplain of (a) average January discharge and average annual discharge, and (b) different frequencies flood of
River Flood, Lake Flood and the implementation of NWRPG.

connectivity is beneficial for understanding and improving the biodi- the implementation of the NWRPG. Regular flood events can effectively
versity of aquatic plants and animals. In this study, we found that the enhance the intensity of nutrient and organic matter exchange between
larger floods and the implementation of the NWRPG brought greater the main channel and the floodplain, and the connectivity of low-lying
streamwise discharge to the floodplain. This is expected to change the water bodies in the floodplain to the main stem is positively corre-
habitat heterogeneity of the floodplain. “Lake Flood” corresponds to lated with species abundance. Mouw et al. (2009) found that floodplain
elevated water levels, which enhances lateral connectivity during floods water and river water often interact and together serve as a river
but reduces potential biological refuges, which is further exacerbated by corridor where many invertebrates live (Mouw et al., 2009).
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Table 3
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The ratios of the left upstream floodplain transboundary fluxes and the upstream discharges.

River Flood Lake Flood Implementation of NWRPG
Ratio [-] Upstream Discharges[ms/s] Ratio [-] Upstream Discharges[mB/s] Ratio [-] Upstream Discharges [m3/s]
January - - 2.07 % 151.97 35.94 % 122
Average - - 6.61 % 496.168 2411 % 438
5 yr Flood - - 67.98 % 4338.68 65.05 % 5122.36
10 yr Flood 57.66 % 4898.08 66.67 % 4898.08 60.32 % 6037.04
20 yr Flood 62.84 % 5338.53 76.29 % 5338.53 68.61 % 6824.79
River Flood Lake Flood Implementation of NWRPG
Jan.
Average
5 flood
10°" flood

| S in: clapscd h]
Zz 3 4 5 6 7 8

0 1

Fig. 8. Particle trajectories. For visual clarity, only 40 particles were illustrated here. Colors of the lines represent the time elapsed.

The implementation of the NWRPG also results in the permanent
inundation of portions of the floodplain that would otherwise be
exposed during the dry season in January, which can also significantly
alter local habitats. Previous studies (Yi et al., 2017) indicated that the
implementation of the water resources management projects changed
the hydrological condition of the river; the flow in the upstream
(reservoir) area slows significantly, even to zero, resulting in sediment
deposition, and increases in phytoplankton and zooplankton. When
evaluating barrage structures such as gates, it is generally considered
necessary to ensure ecological baseflow to maintain upstream and
downstream connectivity, but some of the upstream river floodplains are
also permanently submerged. In this case, as floodplains are perma-
nently submerged, some biogeochemical reactions cannot occur and the
habitat for some organisms is missing. However, the aquatic environ-
ment can be maintained due to the elevated water level in the dry sea-
son. During the dry season, NWRPG tends to interfere with the natural
flow of water in upstream streams. This may be good for the riverine
environment in terms of increasing connectivity.

4.2. Effects of natural and engineered hydraulic conditions on river-
floodplain connectivity

The interactions between the river and the floodplain in a
meandering compound channel are considered here. The main channel-
floodplain exchange flux in the meandering compound channel is more

from the upstream river, midstream floodplain, and downstream river
connectivity due to the straight flow path (Fig. 11). This implies a more
intense and complex exchange between the main channel and the
floodplain in the meandering river section. The exchange during
flooding is actually the upstream-downstream connectivity that main-
tains the river-floodplain connectivity. This type of river morphology
may serve many functions, such as biogeochemical filters and the cre-
ation of favorable conditions for organisms (Matheus Carnevali et al.,
2021). However, artificial management of rivers, such as channel
straightening and extensive construction of embankments, often di-
minishes the strength of water exchange dynamics and hydrological
connectivity, leading to lower levels of biodiversity. Modern river
management has tried to restore lateral connectivity (Bolland et al.,
2012), but our work proves that it is also important to pay attention to
the main channel-floodplain longitudinal connectivity (Fig. 11) in
meandering channels during floods.

4.3. Limitations and future developments of this study

There are limitations to this study. The 2D approach for both the
hydrodynamic and the particle tracking models is less accurate than 3D
models in describing areas with large changes in riverbed elevation. A
3D hydrodynamic model and particle tracking analysis should be carried
out to obtain a more detailed picture of the river-floodplain connectivity
in the surface and bottom layers. The flood-driven submerged flow
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Fig. 11. Sketch of the interactions between river and floodplains in meandering rivers under (a) dry season, (b) dry season after projects, (c) River Flood, and (d)

flood after project (similar to Lake Flood).

exchange processes in the river-floodplain system also need to be further
explored. In addition, the unsteady flow condition was not considered.
The assessment of river-floodplain connectivity and the related material
exchange during the unsteady process of flood rising and fall still needs
further research. The NWRPG is still in a planning stage, in which it is
difficult to consider the unsteady flow. A post-evaluation analysis could
be carried out after the implementation of the NWRPG.

The study river reach is part of the Ganjiang Rive which feeds into
the Poyang Lake, which is the largest freshwater lake in the Yangtze
River Basin and even in China. Poyang Lake can be regarded as a
compound river system, which is a river in the dry season and a lake in
the flood season (Yuan et al., 2022; Yuan et al., 2021). After the
implementation of the Three Gorges Project, the hydrological cycle in
the middle and lower reaches of the Yangtze River underwent a dramatic
change (Fu et al., 2010; Xu et al., 2013). The sediment concentration was
sharply reduced (Yang et al., 2014), the undercutting of clear water and
other problems were initially highlighted (Zheng, 2016), and many
riverbanks collapsed (Chen et al., 2018). The Poyang Lake Hub Project
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(PLHP) is planned to be implemented in the Poyang Lake Basin (Wu
et al., 2019). This is a major project that focuses on protecting water
resources as well as the lake’s ecological quality and navigation. The
impact of the new hydrological cycle due to PLHP and NWRPG on the
whole Poyang Lake basin still needs to be carefully assessed, even
considering the effect from the Three Gorges. The PLHP and other
projects will increase the water level in the dry season, and the assess-
ment of the river-floodplain connectivity and its impact on biogeo-
chemistry still needs to be studied (Yao et al., 2019).

5. Conclusions

River channel-floodplain hydrological connectivity during floods has
an important role in flood control and river habitat assessment. Hy-
draulic projects often have a negative impact on hydrological connec-
tivity. Several steady flow conditions are considered in the study.
Changes in river hydrodynamics and particle motion due to the imple-
mentation of the NWRPG as well as to “River Flood” and “Lake Flood”
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conditions were comparatively analyzed. Compared to the “River Flood”
scenarios, during the “Lake Flood” scenarios the water level and inun-
dated areas were larger, whereas velocity decreased and the residence
time (RT) of particles increased. The particle travel distance (PTD)
during the “River Flood” scenarios was larger than during the “Lake
Flood” scenarios. The larger the flood, the greater the transboundary
flux between the river and the floodplain, and the shorter the RT and
PTD. The implementation of the NWRPG resulted in the permanent
inundation of part of the river floodplain, causing some habitat loss. Due
to the increase in discharge, those projects will reduce the RT and cause
a smaller SD of RT, with little effect on the PTD distribution.

This study has improved the understanding of the river-floodplain
connectivity and provided technical guidance for the assessment of
upstream hydrologic connectivity. Research on river-floodplain con-
nectivity and restoration methods that consider the effects of water re-
sources management projects should continue as human use of river
systems increases and standards for ecological restoration of rivers
become more demanding.
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