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Abstract

The beneficial utilization of small and medium floods requires a clear flood-control safety
boundary before floodwater can be moderately stored and regulated as a water resource.
For the Three Gorges Reservoir, a large river-type reservoir with long-distance backwa-
ter effects and tributary blocking, this boundary cannot be determined solely from the
dam-front water level. This study developed a one-dimensional unsteady hydrodynamic
model with dynamic roughness calibration to investigate the risk-constrained flood-season
operating water level of the Three Gorges Reservoir. Typical flood events and the 20-year
return period design flood were used to examine the responses of the maximum dam-
front flood-regulation water level, excess flood volume, longitudinal water levels, and
exceedance risk at key reservoir-area sections under different initial regulation water levels
and release-discharge conditions. The results show that the Changshou reach is the main
control section for high-water-level inundation risk under the study scenarios. When the
initial regulation water level is at or below 155 m, the dam-front flood-regulation water
level, the peak water level at Changshou, and the exceedance duration generally vary only
slightly. When the initial regulation water level exceeds 155 m, these risk indicators increase
markedly, indicating a reduced flood-control safety margin. Perturbation analysis further
shows that the dam-front flood-regulation indicators are relatively insensitive to small
roughness and dam-front boundary perturbations, whereas the Changshou water level
and exceedance duration are more sensitive to roughness and flood-volume perturbations.
Therefore, 155 m should be interpreted as a conservative operational reference boundary
under the current design-flood framework, existing operation rules, and the assumption
of no forecast-based pre-release, rather than as an absolute safety threshold. Increasing
release discharge can reduce high-water-level risk in the reservoir area under preset release
limits, but its practical application must remain conditional on downstream flood-control
constraints and real-time flood-conveyance capacity. The results provide a hydrodynamic
basis for risk-constrained flood-season operation of large river-type reservoirs.

Keywords: Three Gorges Reservoir; utilization of small and medium floods as water
resources; flood-season operating water level; flood-control safety; release discharge
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1. Introduction

The Three Gorges Project is a key regulating project in the Yangtze River Basin. In
addition to its primary role in flood control, it also serves multiple functions, including
hydropower generation, navigation, water supply, and ecological replenishment. Main-
taining a persistently low operating water level during the flood season helps reserve
flood-control storage capacity, but it also substantially constrains power generation effi-
ciency and the reservoir’s capacity to supplement water supply in the later period. This
issue is particularly pronounced in dry years, when the failure to effectively utilize small
and medium floods may reduce the overall benefits of water resources management. In
this study, the “beneficial utilization of small and medium floods” refers to the regulation
of flood events that do not reach the defense level of large or extreme floods and that have
a certain degree of forecastability and controllability. Under the premise of not lowering
the reservoir flood-control safety standards or increasing unacceptable flood risks in the
reservoir area and downstream reaches, part of the floodwater can be converted into usable
water resources for hydropower generation, navigation, water supply, ecological water
replenishment, or end-of-flood-season storage by moderately raising the flood-season
operating water level, optimizing the outflow process, and making use of the reservoir
storage capacity. As transitions between floods and droughts become increasingly frequent
under a changing climate, the traditional strategy of keeping the reservoir at a low level
throughout the flood season in anticipation of incoming floods is no longer sufficient to
simultaneously meet the needs of flood-control safety and resource utilization. Against
the backdrop of intensifying extreme rainfall, accelerating flood—drought alternation, and
growing demands for both basin-scale flood control and integrated water resources utiliza-
tion, how to further exploit the operational potential of the Three Gorges Reservoir during
the flood season while ensuring flood-control safety has become an important issue that
warrants renewed investigation.

At present, considerable uncertainty still exists in flood discharge prediction and
design flood estimation. Sen et al. [1] predicted current and future flood discharges in data-
scarce basins and analyzed changes in flood discharge under different future periods using
a GIS-based hydrological modeling approach. They reported that peak discharge is highly
sensitive to changes in precipitation. Their study indicates that, under the combined effects
of climate change and hydrological data uncertainty, the response of medium-frequency
flood processes may become more complex. Therefore, reservoir operating water-level
decisions should not rely solely on a single deterministic flood scenario, but should be
supported by robustness analyses under different hydrological conditions and model
assumptions. For the Three Gorges Reservoir, the key issue in the beneficial utilization
of small and medium floods is not only whether the flood-season operating water level
can be raised, but also whether the increased operating water level can still satisfy flood-
control safety constraints under different flood compositions, operational boundaries, and
model-parameter conditions.

In recent years, studies on the operation management and comprehensive benefits
of the Three Gorges Project in the new stage have further indicated that the operation
mode of the Three Gorges Reservoir has gradually shifted from static control under a single
flood-control constraint to refined dynamic operation that accounts for multiple objectives,
including flood control, hydropower generation, navigation, water supply, ecology, and
sediment management. Guo et al. [2] pointed out that, with the completion and operation
of reservoir groups in the upper Yangtze River, changes in inflow and sediment conditions,
and the increasing demand for efficient water-resource utilization and ecological protection,
the original 175-155-145 m operation scheme can no longer fully meet the requirements of
the new stage. They proposed an adjusted operation strategy in which the water level of
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the Three Gorges Reservoir during the main flood season could be dynamically controlled
within the range of 155-160 m, with early impoundment at the end of the flood season. From
the perspective of ensuring the “ten major safety aspects” of the Three Gorges Project, Li [3]
emphasized the need to further improve the joint operation mechanism of water projects in
the Yangtze River Basin with the Three Gorges Project as the core, continuously enhance its
comprehensive benefits in flood control, hydropower generation, navigation, water supply,
and ecological regulation, and promote the construction of a digital-twin Three Gorges
system and the improvement of rainfall, runoff, and flood monitoring and forecasting
systems. These studies and management requirements indicate that the optimization of the
flood-season operating water level of the Three Gorges Reservoir is no longer a simple issue
of water-level adjustment, but a comprehensive operation problem involving flood-control
safety, resource utilization, ecological protection, and engineering safety.

Research on dynamic control of the flood-limited water level provides an important
theoretical basis for addressing this issue. Existing studies generally agree that the flood-
limited water level is not a single fixed control value, but rather an operational parameter
that can be adjusted dynamically under the combined constraints of forecast accuracy,
operational capability, risk tolerance, and multiple water-use objectives [1-18]. Previous
work has mainly focused on theories and methods for dynamic control, identification
of control domains, risk-benefit analysis of raising the flood-limited water level, and
optimization of operating water levels under staged, zoned, and joint operation scenarios
in cascade reservoir systems [1,6,9,12-18]. Wang et al. [19] further discussed this issue
from the perspective of flood-season division. They pointed out that, after the completion
and operation of upstream reservoirs such as Lianghekou, Wudongde, and Baihetan, the
inflow, sediment regime, and hydrological conditions of the Three Gorges Reservoir have
changed markedly, and the current operation mode needs to be adapted to these new
requirements. Their study suggested that the flood season of the Three Gorges Reservoir
should be further divided into the pre-flood drawdown period, the plum-rain main flood
season, the transition period, and the autumn-rain impoundment period in West China.
They also recommended dynamic control of the operating water level based on 1-5-day
flood forecasting processes. These studies indicate that, given the availability of flood
forecasting, pre-release operations, and joint reservoir scheduling, there is potential to
optimize flood-season operating water levels. However, for a mega-reservoir such as the
Three Gorges Reservoir, which plays a pivotal role in basin-wide flood control, whether
adjustments to the operating water level can improve water-resource utilization while
maintaining flood-control safety in both the reservoir area and downstream reaches still
needs to be evaluated in light of specific engineering conditions and flood-regulation
responses [13-21].

Considerable research has examined how the operation of the Three Gorges Project
affects flood-control conditions at both the basin and downstream scales. This body of
work has generated substantial understanding, focusing mainly on topics such as the
estimation of design floods during the operational period, the application conditions of
flood-season control water levels, flood encounter patterns, the effects of joint operation
of cascade reservoirs, and hydrological responses in the middle and lower reaches of the
Yangtze River [20-30]. Chen et al. [31] systematically reviewed the research and practice
of flood-control operation of the Three Gorges Project. They pointed out that the flood-
control operation scheme of the Three Gorges Reservoir has undergone a gradual process
of improvement, from the preliminary design stage and optimized operation schemes to
the cascade operation regulations for the normal operation period and their 2019 revised
version. In the 2019 operation regulations, the flood-control storage capacity of the Three
Gorges Reservoir was further divided into different zones for flood-control compensation
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at Chenglingji and in the Jingjiang reach. Meanwhile, with the successive completion
and operation of upstream controlling reservoir groups, the influence of joint operation
between the Three Gorges Reservoir and upstream reservoirs on the basin-scale flood-
control pattern has become increasingly prominent. Based on daily discharge series of the
mainstream and tributaries in the middle and lower reaches of the Yangtze River from 2003
to 2022, Zhang et al. [32] analyzed the spatial sources of mainstream floods in the middle
and lower Yangtze River after the construction of the Three Gorges Dam. They indicated
that mainstream floods in the middle and lower reaches are jointly affected by tributary
inflows, lake contributions, and intervening catchment runoff, and that flood sources
show clear spatial combination characteristics. Existing studies indicate that operational
analyses of the Three Gorges Reservoir should not be limited to controlling the flood peak
in front of the dam, but should also account for flood volume over the event duration, the
hydrograph characteristics of typical flood events, and the reshaping of inflow processes
by upstream cascade regulation [22,23,29]. Meanwhile, the flood-season control water level
of the Three Gorges Reservoir and its applicable operating conditions are jointly influenced
by multiple factors, including flood magnitude, flood encounter scenarios, the flood-
peak reduction capacity of upstream reservoirs, and downstream channel flood-control
constraints [20,21,24-28]. In addition, the effects of Three Gorges operation can propagate
across a broader spatial scale through water exchange between Dongting Lake and the
Yangtze River, changes in water-level processes in the middle reaches, and variations
in channel conveyance conditions [27-30]. Although these studies have highlighted the
close linkage between the operating regime of the Three Gorges Reservoir and basin-wide
flood-control conditions, there is still a lack of systematic, targeted analysis of how the
operational boundaries of flood-season water levels, under the objective of utilizing small
and medium floods as water resources, may further affect flood-control safety in both the
reservoir area and downstream reaches through the flood-regulation process.

In terms of high-precision simulation and operational assessment for river-type reser-
voir areas, existing studies have increasingly recognized that the Three Gorges Reservoir
differs fundamentally from conventional lake-type reservoirs. It is characterized by long-
distance backwater effects, tributary flow blocking, uneven longitudinal distribution of
storage capacity, and significant influences from uncontrolled interval inflows. As a re-
sult, operational assessment cannot rely solely on single-point control at the dam site
or simplified storage-water level relationships, but instead requires more refined hydro-
dynamic modeling approaches [21,30-36]. Previous studies have commonly employed
one-dimensional or quasi-two-dimensional models to simulate unsteady-flow processes in
the mainstream and tributaries, while improving model accuracy through cross-section
refinement, river-network coupling, parameter calibration, and dynamic roughness correc-
tion [33-36]. Meanwhile, sediment transport and river-channel evolution are also important
factors affecting the optimization of the operating water level of the Three Gorges Reservoir.
Hu et al. [37] pointed out that sediment deposition in the Three Gorges Reservoir and chan-
nel erosion downstream of the dam are long-term processes. The operation of small and
medium floods not only affects sediment flushing and the long-term effective storage capac-
ity of the reservoir, but also influences vegetation development on downstream floodplains
and flood-conveyance capacity. Their study also indicated that a dam-front water level of
approximately 150 m is an important critical level for controlling the loss of flood-control
storage capacity. When the dam-front water level rises to 155 m, the proportion of sediment
deposition within the flood-control storage zone begins to increase. These findings indicate
that adjustment of the operating water level of the Three Gorges Reservoir involves not
only dam-front flood-routing safety and water-level responses in the reservoir area, but
also sediment deposition, downstream channel erosion, downstream flood-conveyance
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capacity, and the maintenance of long-term effective storage capacity. Therefore, accurate
calculation of longitudinal water-level processes and local high-water-level responses is a
prerequisite for discussing the operating water-level boundary and its flood-control safety
effects. However, from the perspective of utilizing small and medium floods as water
resources, further efforts are still needed to strengthen the identification of key control
sections, to clarify the quantitative relationship between dam-front operating conditions
and water levels in critical reaches of the reservoir area, and to define the corresponding
operational boundaries [20,21,33,36].

Although previous studies have provided an important basis for flood-season opera-
tion and dynamic control of the flood-limited water level of the Three Gorges Reservoir,
several limitations remain from the perspective of the beneficial utilization of small and
medium floods. First, existing studies have mostly focused on the theory of dynamic
control of the flood-limited water level, the control domain of the flood-limited water
level, the trade-off between flood-control risk and utilization benefits, or the optimal joint
operation of cascade reservoirs. However, for large river-type reservoirs such as the Three
Gorges Reservoir, systematic analysis is still lacking on how to determine the flood-season
operating water-level boundary for the beneficial utilization of small and medium floods
under the conditions of long-distance backwater effects, tributary backwater influence,
and non-uniform variations in the reservoir water-surface profile. Second, existing studies
on the operational effects of the Three Gorges Reservoir have mainly emphasized the
maximum dam-front water level, flood-peak attenuation, or downstream flood-control
regulation. However, it remains unclear which river reach should be selected as the unified
key control section for inundation-risk control within the reservoir area. Third, although
one-dimensional or quasi-two-dimensional hydrodynamic models have been widely used
to simulate water-level processes in the Three Gorges Reservoir area, previous studies have
not sufficiently established the quantitative relationship among the dam-front water level,
reservoir inflow, and the water level at the key control section. Nor has this relationship
been further transformed into an operating water-level boundary for the beneficial utiliza-
tion of small and medium floods. Therefore, under the premise of ensuring controllable
inundation risk in the reservoir area, whether the flood-season operating water level of
the Three Gorges Reservoir can be moderately raised, to what extent it can be raised, and
which key sections and risk indicators should be used as constraints remain issues that
require further investigation.

Based on this, this study focuses on the beneficial utilization of small and medium
floods. A one-dimensional unsteady hydrodynamic model of the Three Gorges Reservoir
area was developed and optimized using a dynamic roughness calibration method. By
combining typical flood processes with 20-year design floods, this study systematically
analyzes the maximum flood-routing water level of the Three Gorges Reservoir, excess
flood volume, and longitudinal water-level response characteristics under different initial
operating water levels and outflow discharge conditions. Here, the initial operating water
level refers to the dam-front water level at the beginning of flood-routing calculation
for a design flood or a typical flood. The maximum flood-routing water level refers to
the maximum dam-front water level reached during flood routing under a given initial
operating water level, inflow flood process, and outflow rule. The excess flood volume
refers to the cumulative outflow volume corresponding to the portion of outflow discharge
exceeding the control discharge of 55,000 m?/s. The main objectives of this study are to
identify the key control section in the reservoir area, reveal the mechanisms by which
changes in flood-season operating water level and outflow discharge affect flood-control
safety in the reservoir area, and further examine the robustness of the operating boundary
through parameter and scenario perturbation analyses. The results provide a basis for
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optimizing the flood-season operation of the Three Gorges Reservoir and for studying the
operation of similar large river-type reservoirs.

2. Materials and Methods
2.1. Study Area Overview

The Three Gorges Reservoir is located in the transitional reach from the upper to
the middle Yangtze River and is a typical large river-type reservoir. Its reservoir area is
characterized by a long backwater reach along the main stem, a large longitudinal river
scale, and substantial hydraulic influences from major tributaries such as the Jialing River
and the Wu River. As a result, hydraulic conditions vary markedly along the reservoir,
giving rise to typical features such as long-distance backwater effects, tributary blocking,
and spatially heterogeneous responses. Unlike lake-type reservoirs, the operational safety
of the Three Gorges Reservoir during the flood season depends not only on the maximum
flood-regulation water level in front of the dam, but also on local high water levels along
the reservoir and the corresponding flood-inundation control limits. Therefore, when
investigating flood-season operating water levels under the objective of utilizing small and
medium floods as water resources, it is necessary to jointly consider the flood-regulation
process at the dam site and the water-level risks in key reaches of the reservoir area.

According to flood-control management requirements in the reservoir area, different
river reaches are constrained by specific control elevations, such as the land acquisition
line (the control water-level line used in the inundation impact assessment of the reservoir
area to determine the scope of land acquisition) and the resettlement relocation line (the
control water-level line used in the inundation impact assessment of the reservoir area to
determine the scope of resident relocation and resettlement impacts). As the water level in
front of the dam rises and reservoir inflow increases, water levels along the reservoir do
not change synchronously or with uniform magnitude. Instead, they exhibit pronounced
spatial variability under the combined effects of topographic conditions, tributary inflows,
and backwater propagation. In this context, identifying the key reach that first approaches
its control limit under the utilization of small and medium floods, and establishing the
critical relationship among the dam-front water level, reservoir inflow, and the water level
at the key hydrological station, are prerequisites for determining the operational boundaries
during the flood season. The study area and the key control stations considered in this
paper are shown in Figure 1.
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Figure 1. Study area and key control stations.
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To more intuitively illustrate the relationships among reservoir operation, mainstream
backwater formation, and tributary confluence response in the Three Gorges Reservoir
area, a conceptual schematic diagram (Figure 2) has been added in this study. Under
dam-operation conditions, the hydrodynamic regime of the mainstream from the dam front
to the upstream reservoir area can be conceptually divided into the perennial backwater
zone, the transition zone, and the fluctuating backwater zone. The perennial backwater
zone is located near the dam front, where the water-level process is mainly controlled by
the downstream boundary at the dam front. This zone is characterized by a relatively small
water-surface slope and exhibits pronounced reservoir-type hydraulic characteristics. The
fluctuating backwater zone is located farther upstream, where the water-level process is
jointly affected by the upstream flood process, the backwater effect from the dam front, and
tributary confluence, thus showing marked temporal variability and spatial heterogeneity.
The transition zone lies between these two zones and exhibits both river-type and reservoir-
type hydrodynamic characteristics.

i masion fe

Figure 2. Schematic diagram of the upstream and downstream regions of the reservoir.

Tributary confluences are among the areas where the coupling between backwater
effects and local flood responses is most pronounced. When the mainstream water level
is high, backwater effects can weaken the ability of tributary floods to discharge into the
mainstream and may lead to local water-level impoundment near the tributary confluence.
When tributary floods coincide with high mainstream water levels, this interaction can
further raise the water levels at the confluence and in adjacent river reaches. Therefore,
the high-water-level risk at key sections in the reservoir area is not controlled solely by
the dam-front water level, but is jointly determined by dam operation, mainstream flood
propagation, tributary confluence, and backwater effects.

2.2. Development of the One-Dimensional Hydrodynamic Model
2.2.1. Governing Equations of the Hydrodynamic Model

Given that the Three Gorges Reservoir is a typical river-type reservoir and that interac-
tions between the main stem and tributaries are pronounced, a one-dimensional unsteady
hydrodynamic model was employed in this study to simulate flood routing within the reser-
voir area. The governing equations for an individual channel are based on the Saint-Venant
equations, including the continuity equation and the momentum equation:

04; | 9Q;

ot + dx =qLi (1)
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where 7 denotes the cross-section index; A is the flow area; Q is the discharge at the cross-
section; Z is the water level; g; is the lateral inflow per unit channel length; ¢ is time; x is
the longitudinal coordinate; g is the gravitational acceleration; and K is the conveyance
modulus. The above equations represent the conservation of mass and momentum in
the channel, respectively, and can be used to describe the propagation, deformation, and
backwater rise of flood waves in the river channel.

The model domain extends along the mainstream from Zhutuo to the Three Gorges
Dam site, with a total length of 756.9 km, the simplified schematic is shown in Figure 3. The
topographic data used in the model were obtained from the measured cross-sectional data
of the Three Gorges Reservoir area in 2020, which are the most recent available topographic
data. More than 400 cross-sections were included, with cross-section spacing ranging
from 1 to 3 km. The model comprehensively considers the segmented storage capacity
of the Yangtze River mainstream, as well as the storage capacities of major tributaries,
including the Jialing River, Yulin River, Longxi River, Wujiang River, Quxi River, Long
River, Xiaojiang River, Tangxi River, Modao Stream, Meixi River, Daning River, Yandu
River, Qinggang River, and Xiangxi River. The entire reservoir area was divided into
19 sub-reaches, as shown in the corresponding figure. Discharge boundary conditions were
specified at the mainstream inlet, the Wujiang River, and the Jialing River. The Qijiang River
was represented by an independent lateral inflow boundary, while the inflows from the
remaining tributaries were collectively assigned to a lateral inflow boundary located 100 km
upstream of the dam. The one-dimensional hydrodynamic model was established based
on the Saint-Venant equations. An explicit finite-volume scheme was adopted, in which
the fluxes at cell interfaces were calculated using the Roe approximate Riemann solver. The
numerical stability of the scheme is constrained by the Courant-Friedrichs-Lewy condition:

At
max(|A1],|A2]) P Cop—— <05 3)

i=2,N-1"

(1 3 La] s se])7

4

S

®\
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Figure 3. Schematic diagram of the model domain and boundary conditions.

Although a more conservative Courant number limit of 0.5 is commonly recommended
for numerical stability, the Courant number in the practical simulations was controlled
below 0.9 according to the stability setting of the model. CASIER was implicitly coupled
with the river channel through a state transition matrix.
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2.2.2. Generalization of the Mainstream-Tributary River Network

According to the river-type characteristics of the Three Gorges Reservoir, the model
generalizes the reservoir reach of the Yangtze River main stem together with major tribu-
taries, including the Jialing River and the Wu River, into a one-dimensional river-network
system. Computational cross-sections were arranged along the main stem from the reser-
voir tail to the dam site, with particular emphasis on representative stations such as Cuntan,
Changshou, Qingxichang, Zhongxian, Wanxian, Fengjie, Wushan, Badong, and Zigui, so
as to improve the simulation of longitudinal water-level variations and localized high-
water-level processes. The tributaries were incorporated into the river network according
to their confluence locations and topographic influences, allowing the model to capture
the effects of tributary backwater and flood encounters on water levels in the main chan-
nel. This river-network generalization balances simulation accuracy and computational
efficiency, and is capable of meeting the analytical requirements for longitudinal backwater
processes and key control sections in studies on the utilization of small and medium floods
as water resources.

2.2.3. Boundary Conditions

The upstream boundary of the model was specified using discharge hydrographs
at the control stations, while the downstream boundary was defined as either a water-
level boundary in front of the dam or an outflow-control boundary, depending on the
specific simulation objective. For lateral inflows within the reservoir area, major tributaries
were incorporated explicitly, whereas the remaining interval inflows were represented
as lateral inflow terms in the continuity equation. The initial condition was defined by
the longitudinal water-level profile in the reservoir at the start of the simulation, together
with the corresponding discharge boundaries to determine the initial water-surface profile
and flow state. By consistently specifying the upstream boundary, downstream boundary,
and initial conditions, the model can simultaneously account for the combined effects of
upstream inflow, tributary confluences, and dam-front control conditions on water-level
variations within the reservoir area.

2.2.4. Numerical Solution Method

To improve the stability of unsteady-flow computation in long river reaches with
multiple cross-sections, the Saint-Venant equations were discretized in this study using the
Preissmann four-point implicit scheme. This method applies weighted finite differences
over two adjacent spatial sections and two successive time levels, using a forward-averaged
difference for the temporal derivatives and a weighted-averaged difference for the spatial
derivatives. It is well suited to the numerical solution of unsteady flow in the Three
Gorges Reservoir, where long-distance backwater effects, multiple tributary inflows, and
high-water-level conditions must be simultaneously represented.

For an arbitrary variable f, its finite-difference form can be expressed as

o UM +A) - (A+7la)

ot 2At @
+1 +l
ax - Ax  Ax

where j denotes the time-level index; At and Ax are the time step and spatial step, respec-
tively; and 0 is the weighting coefficient, with 0 < 6 < 1. When 6 is assigned an appropriate
value, the scheme can achieve a good balance between numerical stability and compu-
tational accuracy. Substituting Equations (4) and (5) into the continuity and momentum
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equations yields a system of algebraic difference equations for the unknown discharge and
water level at the two ends of each river reach.

Substituting the above finite-difference expressions into the continuity and momentum
equations yields a set of algebraic equations for the water level and discharge at adjacent
cross-sections in each river reach at the next time step. To solve the model for the dendritic
river-network structure of the Three Gorges Reservoir area, a procedure of “reach-by-reach
recursion, node coupling, and network-wide back substitution” was adopted. First, for
each individual channel, variables were eliminated successively from the downstream end,
so that the internal unknowns within a reach could be recursively expressed as functions of
the water level at the connecting section. Next, the common water level at the confluence
nodes of the main stem and tributaries were determined using the recursive relationships
derived at the downstream ends of the connected channels. Finally, back substitution
was performed in the upstream direction along each channel to obtain the discharge and
water-level hydrographs at any cross section throughout the entire river network. This
approach ensures consistency in the overall solution of the river-network system while
maintaining both numerical stability and computational efficiency.

It should be noted that the Three Gorges Reservoir is a typical river-type reservoir, in
which longitudinal water-level variations are highly sensitive to channel resistance parameters.
This sensitivity is particularly pronounced in the variable backwater zone, where errors in
flood-wave propagation speed and peak arrival time can directly affect the identification of
key control sections. Therefore, after establishing the basic numerical solution framework, this
study further introduced a dynamic roughness calibration method to correct the resistance
parameters in the variable backwater zone, thereby improving model accuracy under scenarios
involving the utilization of small and medium floods as water resources.

2.3. Dynamic Roughness Calibration Method
2.3.1. Calibration Principle Based on Peak-Timing Phase Difference

Channel roughness plays a key role in the accurate simulation of water level and
discharge. For large river-type reservoirs such as the Three Gorges Reservoir, roughness
calibration faces three main challenges. First, roughness varies continuously with changing
water levels, while in large-scale river-network models even small adjustments may affect
the overall simulation. Second, in the lacustrine zone near the dam, water-level fluctuations
are controlled mainly by the dam-front water level, so roughness has only a limited effect on
the timing of water-level propagation. Third, observed water levels are often disturbed by
waves, wind, and other factors, and traditional calibration methods based on minimizing
the sum of squared water-level errors may fail to converge when sensitivity is weak,
especially when different roughness values produce similar fitting errors.

To address these issues, this study adopted a dynamic roughness calibration method
based on peak-timing differences. The core idea is to capture the phase shift of the water-
level hydrograph. By establishing the direct physical relationship between flood-wave
travel time and channel resistance, the roughness value is inferred from the difference
between observed and simulated peak arrival times. This method can effectively reduce
the influence of observational disturbances, while improving computational efficiency and
calibration stability. It is particularly suitable for reservoir reaches with high dam-front
water levels, extensive lacustrine zones, and pronounced water-level fluctuations.

2.3.2. Calibration Procedure

The overall calibration procedure includes data preparation, reach division, calibration
sequence design, parameter constraint setting, selection of calibration periods and scenarios,
and reach-by-reach calibration based on minimizing peak-timing errors.
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First, observed inflow and outflow discharges, water levels at multiple stations, and
channel cross-section data were collected to establish the unsteady hydrodynamic model.
Using water-level stations as nodes, the river-type reservoir was divided into roughness
zones according to channel width and curvature. When stations were too closely spaced,
reaches with similar hydraulic characteristics were merged; when stations were too sparse,
the reaches were reasonably subdivided, and each reach was assigned an initial roughness
value with physical meaning.

For the calibration sequence, riverine reaches were calibrated first from upstream to
downstream, followed by lacustrine reaches from the dam toward the upstream direction.
Reaches excluded from roughness calibration could also be specified when needed.

The roughness constraints were set as follows: for natural channels, roughness gen-
erally ranges from 0.025 to 0.070. Considering additional head losses caused by abrupt
cross-sectional changes and flow-direction variations, the allowable range was extended to
0.020-0.100, with a minimum calibration step of 0.0025.

According to the study objective, a calibration period was selected, and the observed
inflow, outflow, and dam-front water level during that period were used as model boundary
conditions. Calibration scenarios were then defined based on the computing environment.
In a multi-core environment, parallel scenarios were arranged according to the number of
CPU cores; in a single-core environment, the bisection method was applied. Roughness
values were adjusted upward and downward from a selected median value within the
allowable range using the prescribed step size, and the number of scenarios was set
according to available computational resources.

For each target reach, the unsteady hydrodynamic model was used to simulate water-
level hydrographs under different roughness scenarios, and the simulated and observed
peak timings were compared through phase-difference analysis. The optimal roughness
value was determined by minimizing the sum of squared peak-timing errors. If the optimal
value fell at the scenario boundary without reaching the parameter limit, the scenarios were
adjusted and recalculated until the calibrated value no longer lay at the upper or lower
boundary, or until the roughness limit was reached.

After one reach was calibrated, the same procedure was applied sequentially to
the remaining reaches according to the predefined order. This process was repeated
iteratively until the roughness values in all reaches became stable, or the differences
between two consecutive calibration rounds fell within the preset error tolerance, thereby
completing the dynamic roughness calibration.

2.4. Model Verification
2.4.1. Performance of the Dynamic Roughness Calibration

To evaluate the performance of the dynamic roughness calibration method, historical
hydrological observations from July 2016 and September 2021 were used to simulate
the hydrodynamic processes in the Three Gorges Reservoir. In the simulation, the river
discharge time series was specified as the upstream inflow boundary, and the water-level
time series was used as the downstream boundary. Using the proposed dynamic roughness
calibration method, roughness values were calibrated for 19 key cross-sections in the
reservoir area. The results of roughness calibration are presented in Table 1.

The hydrodynamic characteristics of the Three Gorges Reservoir show clear spatial het-
erogeneity. The upstream reaches are closer to natural river channels, while the downstream
reaches behave more like lacustrine waters; in both areas, hydraulic conditions are relatively
stable and roughness varies only slightly. In contrast, the middle variable backwater zone
is jointly affected by upstream inflow processes and dam-front water-level fluctuations,
resulting in more complex hydraulic conditions and more pronounced temporal variation
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in roughness. Therefore, a dynamic roughness calibration strategy was adopted in this
study to improve the simulation accuracy of water-level processes in the variable backwater
zone. For the July 2016 case, a uniform initial roughness of 0.05 was used as the starting
value for reach-by-reach calibration in the one-dimensional hydrodynamic model of the
Three Gorges Reservoir.

Table 1. Manning’s roughness coefficients n at key cross-sections of the hydrodynamic model for the
Three Gorges Reservoir area under different operating conditions.

Cross-Section No. Distance from Reservoir Tail/m July 2016 September 2021

0 0 0.0300 0.0300
251 100,000 0.0300 0.0300
504 201,370 0.0275 0.0275
786 314,431 0.0300 0.0300
788 315,119 0.0500 0.0500
805 322,201 0.0500 0.0475
815 326,070 0.0600 0.0600
1006 402,342 0.0350 0.0375
1317 526,837 0.0600 0.0600
1320 528,043 0.0500 0.0500
1330 531,954 0.0300 0.0400
1346 538,625 0.0275 0.0400
1354 541,672 0.0500 0.0525
1366 546,552 0.0400 0.0275
1383 553,323 0.0400 0.0600
1398 559,023 0.0825 0.0725
1409 563,274 0.0700 0.0775
1420 567,950 0.0650 0.0750
1429 571,759 0.0650 0.0650

Taking Wanxian Station as an example, before roughness calibration, the maximum
water-level error at Wanxian Station reached 1.4 m under the July 2016 flood condition,
as shown in Figure 4. After dynamic roughness calibration, the simulated water-level
process agreed much better with the observed process, and the calculation error was
markedly reduced. For the September 2021 flood event, after dynamic calibration based
on the roughness values obtained from the July 2016 flood, the simulation accuracy was
substantially improved, with the mean absolute error reduced to within 0.1 m, as shown
in Figure 5. These results indicate that the proposed method can effectively improve the
accuracy of water-level simulation at key stations in the fluctuating backwater region.

T T T T T
160 - —— Observed value 1
- = = Prior to roughness calibration
158 - After roughness calibration p
=156 F .
o
>
=
= 154 h
2
]
Z152F .
150 | L |
148 . L
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Figure 4. Simulated and observed water levels at Wanxian Station before and after roughness
calibration in July 2016.
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Figure 5. Simulated and observed water levels at Wanxian Station before and after roughness
calibration in September 2021.

2.4.2. Overall Validation of the Hydrodynamic Model for the Three Gorges Reservoir

Using the independently developed hydrodynamic model for the Three Gorges Reser-
voir, flood-season simulations were conducted for 2014 and 2016. The simulated water-level
hydrographs at representative stations along the main stem in the reservoir area are shown
in Figure 6. The results indicate that the mean water-level simulation error was generally
within 0.1 m, with the maximum mean error remaining below 0.3 m, demonstrating a high
overall modeling accuracy.
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Figure 6. Comparison between simulated and observed values. (a) 1 September 2014 to 6 October
2014; (b) 1 July 2016 to 5 August 2016.

2.4.3. Uncertainty Analysis of Residuals from Multi-Event Flood Validation

To further evaluate the simulation stability of the one-dimensional hydrodynamic
model under different flood processes and hydraulic conditions in the reservoir area, and
to quantitatively characterize the uncertainty of the simulated water levels, this study
conducted a residual uncertainty analysis based on observed and simulated water-level
series from multiple flood events.

Hourly water-level data from several representative flood events were used in this
analysis, covering different periods including 2014, 2016, 2017, 2019, 2020, 2021, and 2024.
The stations included in the statistical analysis were representative water-level stations
in the reservoir area, including Cuntan, Changshou, Beigong, Qingxichang, Baishatuo,
Zhongxian, Shibaozhai, Wanxian, Yunyang, Fengjie, Wushan, Badong, and Zigui. Since
the dam-front water level is usually used as the downstream boundary condition of the
model, its simulated value is highly correlated with the observed value. Including the dam-
front water level in the overall error statistics may therefore underestimate the simulation
uncertainty at internal sections of the reservoir area. Therefore, this section mainly focuses
on the uncertainty analysis of internal stations in the reservoir area.
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The residual is defined as
e = Zsim - Zobs (6)

where e is the water-level simulation residual, Zg;,, is the simulated water level, and Z g,

is the observed water level. When (e > 0), the simulated water level is higher than the

observed value; when (e < 0), the simulated water level is lower than the observed value.
The related indicators are calculated as follows:

1 N

ME = N;ei 7)
i=1
1 N

MAE = 1) lei (®)
i=1

where N is the number of valid samples, and e; is the water-level simulation residual at the
i-time step.

Table 2 presents the uncertainty statistics of water-level residuals at internal stations in
the reservoir area. As shown in the table, the mean error of the internal reservoir stations is
—0.042 m, indicating that the model has a slight tendency to underestimate water levels overall.
The mean absolute error is 0.173 m, and the root mean square error is 0.340 m, indicating that
the model achieves good simulation accuracy for water-level processes in the reservoir area.

Table 2. Statistical results of water-level residual uncertainty at internal stations in the reservoir area.

Indicator Result
Mean error (ME)/m —0.042
Mean absolute error (MAE)/m 0.173
Root mean square error (RMSE)/m 0.340
Standard deviation (STD)/m 0.337
5th percentile of residuals/m —0.501
95th percentile of residuals/m 0.321
90% empirical uncertainty interval /m [—0.501, 0.321]
Width of the 90% empirical uncertainty interval/m 0.822
2.5th percentile of residuals/m —0.962
97.5th percentile of residuals/m 0.470
95% empirical uncertainty interval/m [—0.962, 0.470]

2.5. Design Floods and Scenario Settings
2.5.1. Selection of Typical Flood Years

A key step in studying the operational design floods and flood-season operating water
levels of the Three Gorges Reservoir is to characterize the composition of typical floods
upstream of the dam and then carry out flood-routing simulations. The selection of typical
flood years depends on flood source, hydrograph characteristics, reservoir regulation
behavior, and downstream flood-control requirements. Because flood-peak shape strongly
affects routing results, representative flood events should be classified and analyzed to
fully capture the impacts of different flood types on reservoir operation.

According to flood source and composition, floods upstream of the Three Gorges Dam
can generally be grouped into three types: (1) floods mainly originating from the controlled
basin upstream of Cuntan; (2) floods with relatively small inflow from upstream of Cuntan
but a large contribution from the reach between Cuntan and Yichang; and (3) floods mainly
generated within the reach from Cuntan to Yichang. In terms of hydrograph shape, they
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can be divided into two categories: single-peak floods, which are characterized by high
peaks, short duration, concentrated flood volume, and relatively sharp hydrographs; and
broad floods, which usually show double-peak or multi-peak patterns, with large peak
discharge and flood volume, short intervals between peaks, and a tendency for continuous
rise. Floods with different source compositions and hydrograph shapes can have markedly
different effects on reservoir routing and operating water levels and should therefore be
considered together in design flood analysis.

Considering flood composition, peak shape, and representativeness, seven typical years:
1954, 1966, 1981, 1982, 1998, 2012, and 2020, were selected as representative design flood
years. The selection of the seven typical years was based on a comprehensive consideration of
flood-source composition, mainstream—tributary encounter relationships, contributions from
intervening catchment inflows, flood-peak hydrograph shapes, and historical representative-
ness. Flood inflow to the Three Gorges Reservoir is not generated from a single source, but
consists of inflows from the upper Yangtze River mainstream, the Jialing River, the Wujiang
River, and the intervening catchment between Cuntan and Yichang. Floods from different
sources differ in peak arrival time, flood-volume proportion, and encounter relationship,
which can substantially affect the flood-routing process of the Three Gorges Reservoir and
the water-level response in the reservoir area. Therefore, the selection of typical years should
consider not only flood-peak magnitude, but also flood composition and hydrograph shape.

The years 1954 and 1998 represent typical major flood events jointly affected by
mainstream and tributary inflows, characterized by broad flood hydrographs and large
flood volumes. The years 1966 and 1981 represent flood types dominated by mainstream
inflow, in which the mainstream contribution plays a leading role in determining the flood
peak and flood volume at the Yichang control section. The year 1982 represents a flood type
with a large contribution from intervening catchment inflow, and can be used to analyze
the influence of floods generated between Cuntan and Yichang on reservoir water levels
and the flood-routing process. The year 2012 represents a flood process with a relatively
pronounced encounter between the mainstream flood and tributary floods such as those
from the Wujiang River. The year 2020 represents a recent observed major flood process
jointly affected by mainstream inflow, tributary inflow, and intervening catchment inflow.

By selecting these typical years, the study can more comprehensively cover different
hydrological scenarios of Three Gorges Reservoir inflow floods, including mainstream-
dominated floods, tributary-contribution floods, intervening-catchment-dominated floods,
and mainstream-tributary encounter floods.

The flood characteristics at Yichang are listed in Table 3. In general, major floods
at Yichang were mainly caused by one of the following conditions: large mainstream
inflow coinciding with tributary floods, large tributary inflow coinciding with mainstream
floods, large interval inflow, or simultaneous large inflows from both the mainstream and
tributaries. As a result, the hydrographs of typical major floods were mostly broad in shape.
Based on historical observations, the proportions of different inflow components in each
typical year were further quantified, as shown in Table 4.

Table 3. Classification of typical flood years at Yichang Station.

Flood Source Peak Type
No. Type Year Coinc. Broad
M T I Sharp
F L
1 Mainstream + moderate Wu 2012 * * *
1954 * * * *
2 Mainstream + large Wu
1998 * * * *
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Table 3. Cont.
Flood Source Peak Type
No. Type Year Coinc. Broad
M T I Sharp
F L
1966 * *

3 Mainstream-dominant 1981 * *

2020 * * * *

4 Interval-dominant 1982 * *
Note: Coinc., mainstream~tributary flood coincidence; M, large mainstream inflow; T, large tributary inflow; I,
large interval inflow; Broad-F, broad hydrograph with the main peak first; Broad-L, broad hydrograph with the
main peak later; *, indicates that this item is met.

Table 4. Flood composition of the typical years.
No. Year Period Zhutuo Beipei Wulong Interval Yichang

1 1954 7.20~8.18 56.3% 13.1% 14.5% 16.1% 100%

2 1966 8.27~9.27 76.7% 16.2% 1.6% 5.5% 100%

3 1981 6.26~7.25 61.7% 27.9% 5.2% 5.2% 100%

4 1982 7.12~8.10 48.7% 21.3% 7.4% 22.6% 100%

5 1998 8.4~9.2 55.8% 15.4% 9.7% 19.1% 100%

6 2012 7.4~8.2 63.3% 22.8% 7.1% 6.8% 100%

7 2020 8.2~8.31 62.7% 28.7% 3.9% 4.7% 100%
2.5.2. Design Flood Calculation Method

In this study, the design flood results listed in Table 5 were adopted as the control

standard, and the design flood hydrographs for each typical year were derived using
the same-frequency scaling method. During scaling, the hydrographs were adjusted in
segments using peak discharge and flood volumes over different durations as control
indices, so that the scaled peak discharge and flood volumes for each period matched the
corresponding design values.
Table 5. Statistical parameters and design values of peak discharge and cumulative flood volume.

Station Indicator Unit Mean Cv Cs/Cv 5% 1% 0.10% 0.01%

Cuntan Om 103 m3/s 51.6 0.25 3.0 65 76 91 105

Cuntan Wsq 108 m?3 124 0.25 25 180 210 248 282

Cuntan Wrg 108 m3 244 0.22 25 340 390 452 509

Cuntan Wisg 108 m?3 450 0.21 25 618 705 814 911

Yichang Om 103 m3/s 52.0 0.21 4.0 62 72 86 98

Yichang Wsq 108 m? 275 0.19 35 370 421 487 546
Yichang Worg 108 m?3 524 0.19 3.0 702 796 914 1020
Yichang Wisg 108 m3 935 0.18 3.0 1235 1392 1586 1762

After the typical flood processes were determined, the same-frequency scaling method
was adopted in this study to construct 20-year design flood processes. The basic idea of
same-frequency scaling is to preserve the temporal structure, peak arrival relationships,
mainstream-tributary encounter relationships, and flood-source composition of typical
historical flood processes, while segmentally scaling the flood volumes from different
sources and over different durations. In this way, the synthesized design flood process
can satisfy the control indicators of flood peak and flood volume under the corresponding
design frequency.
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Specifically, the observed flood process of each typical year was first used as the basic
hydrograph, including the hydrographs at control stations on the upper Yangtze River
mainstream, major tributary control stations, and intervening catchment inflows. This
study mainly considers the components from Zhutuo, Beibei, Wulong, and the intervening
inflow between Cuntan and Yichang. Among them, Zhutuo and Beibei reflect the inflow
processes from the upper Yangtze River mainstream and the Jialing River, respectively;
Wulong mainly represents the inflow process from the Wujiang River; and the intervening
inflow represents the uncontrolled runoff contribution from the Cuntan—Yichang interval.
Then, based on the statistical results of design floods at Cuntan and Yichang stations, the
flood peak discharge and flood volumes over key durations, suchas1d,7d, 15d, and 30d,
were selected as control indicators, and each component hydrograph was scaled segment
by segment.

For the mainstream control components, the scaling factors for the Zhutuo and Beibei
hydrographs were mainly determined according to the design flood peak and flood-volume
control values at Cuntan Station under the corresponding frequency, so as to ensure
that the scaled mainstream inflow is consistent with the design frequency at the Cuntan
control section. For the Wulong hydrograph and the intervening inflow process, scaling
and coordination were performed according to the design flood-volume requirements at
Yichang Station over the corresponding durations, so that the synthesized flood process
at the Yichang control section satisfies the overall peak-volume constraints of a 20-year
design flood. For single-peak floods, two-stage control or control using a few key durations
can be adopted. For broad-peaked, double-peaked, or multi-peaked floods, a multi-stage
control approach is used to ensure that the flood volumes during different concentration
periods meet the corresponding design flood-volume requirements.

In the specific processing procedure, the scaling factors mainly act on the discharge
magnitude of the corresponding component hydrographs, without changing their temporal
sequence or peak arrival times. Therefore, the original rising and falling processes, peak
shape characteristics, and mainstream-tributary encounter relationships of the typical
floods are largely preserved. The synthesized inflow processes were then input into the one-
dimensional unsteady hydrodynamic model to calculate indicators such as the maximum
flood-routing water level in front of the dam, the water level at Changshou Station, and the
exceedance duration under different operation scenarios. The advantage of this method
is that it can satisfy the peak—volume control requirements of the design frequency while
preserving, as far as possible, the hydrological structure and engineering representativeness
of the typical floods.

Based on this, the observed flood hydrographs of the typical years were input into
the one-dimensional hydrodynamic model of the Three Gorges Reservoir, and the model
was further improved using the dynamic roughness calibration technique. The same-
frequency scaling method was then applied to derive the 20-year return period design
flood hydrographs with Yichang Station as the control point. The resulting design flood
hydrographs for all typical years are shown in Figure 7.

2.5.3. Operating Scenario Design and Operation Rules

To analyze the effects of different operation rules on flood-control safety under the
beneficial utilization of small and medium floods, three operating scenarios were designed
based on the current operation rules, as shown in Table 6. To clearly describe the outflow-
control logic under different scenarios, H(f) denotes the dam-front water level at time
t, Qin(t) denotes the reservoir inflow discharge, Qout(t) denotes the reservoir outflow
discharge, and Qg denotes the maximum controlled outflow discharge in the medium- to
high-water-level interval. In this study, Qg4 was set within the range of 50,000-55,000 m?/s,
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with an interval of 1000 m3/s, to analyze the responses of the maximum flood-routing
water level in front of the dam, the water level at Changshou Station, the exceedance
duration, and the excess flood volume under different discharge-capacity conditions.
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Figure 7. Typical hydrographs of the 20-year return period (5%) design flood. (a) 1954 typical year;
(b) 1966 typical year; (c) 1981 typical year; (d) 1982 typical year; (e) 1998 typical year; (f) 2012 typical
year; (g) 2020 typical year.
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Table 6. Release-discharge rules under the three operating scenarios.

. Dam-Front Mathematical . ..
Scenario Water-Level Interval Release Rule Expression Operational Implication
Low-water-level utilization
Scenario 1 145 <H <155 m Fixed release Qout = 30,000 m3/s stage; release is limited to
retain part of the floodwater
. Release follows inflow but . Medium-water-level
Scenario 1 15 <H<17lm is constrained by Qg Qout = min(Qin, Q) flood-regulation stage
. Release follows inflow but Qout = min(Qjp, High-water-level
<
Scenario 1 I71sH<175m is capped at 78,000 m3/s 78,000) m3/s flood-regulation stage
. Release follows inflow but Qout = min(Qjn, Extreme high-water-level
>
Scenario 1 H2175m is capped at 106,700 m3/s 106,700) m3/s control stage
. . 3 Extended low-release
Scenario 2 145 <H<165m Fixed release Qout = 30,000 m° /s e
utilization stage
. Release follows inflow but . Transition to enhanced
< = .
Scenario 2 165<H<17lm is constrained by Qq Qout = min(Qin, Q) release control
. Release follows inflow but Qout = min(Qjn, High-release flood-
>
Scenario 2 H2171m is capped at 78,000 m3/s 78,000) m3/s control stage
Scenario 3 145 <H<165m Fixed release Qout = 30,000 m3/s Low-release utilization stage
. Release follows inflow but . Extended medium-release
< = ;
Scenario 3 1656 <H<175m is constrained by Qq Qout = min(Qin, Qa) control stage
Scenario 3 H>175m Release follows inflow but Qout = min(Qjp,, High-water-level

is capped at 78,000 m3/s

78,000) m3/s

control stage

In each scenario, when the rule is described as “discharge according to inflow subject

to an upper limit,” it can be expressed as Qout(f) = min[Qjn(t), Qrmit], where Qjym;t is the
maximum allowable outflow discharge in the corresponding water-level interval. When
Qin(f) < Qlimit, the outflow discharge is equal to the inflow discharge. When Qin (#) > Qlimit.
the outflow discharge is constrained by Qjimit- This expression prevents “discharge accord-
ing to inflow” from being misinterpreted as unconstrained discharge.

In Scenario 1, when 145 m < H(t) < 155 m, Qout(t) is fixed at 30,000 m3/s. When
155 m < H(t) < 171 m, Qout(t) is determined according to the inflow discharge and con-
strained by Q4, namely Qout(t) = min[Qjn(f), Qql- When 171 m < H(t) < 175 m, Qout(t) is
determined according to the inflow discharge, but does not exceed 78,000 m®/s. When
H(t) > 175 m, Qout(t) is determined according to the inflow discharge, but does not
exceed 106,700 m3/s.

In Scenario 2, when 145 m < H(t) < 165 m, Qout(f) is fixed at 30,000 m3/s. When
165 m < H(t) <171 m, Qout(t) is determined according to the inflow discharge and con-
strained by Qq, namely Qout(f) = min[Qjin (), Qq]- When H(t) > 171 m, Qout(t) is determined
according to the inflow discharge, but does not exceed 78,000 m?/s.

In Scenario 3, when 145 m < H(t) < 165 m, Qout(f) is fixed at 30,000 m3/s. When
165 m < H(t) <175 m, Qout(t) is determined according to the inflow discharge and con-
strained by Qg, namely Qout(f) = min[Qjin (), Qq]- When H(t) > 175 m, Qout(t) is determined
according to the inflow discharge, but does not exceed 78,000 m?/s.

The main differences among the three scenarios lie in the settings of the low-discharge
operation interval and the medium-discharge control interval. In Scenario 1, the reser-
voir enters the Q4-controlled interval once the water level reaches 155 m, representing a
relatively conservative scheme for the beneficial utilization of small and medium floods.
In Scenario 2, the low-discharge interval with a fixed outflow of 30,000 m3/s is extended
to 165 m, and the 78,000 m3/s control is applied when the water level exceeds 171 m. In
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Scenario 3, the low-discharge interval is also extended to 165 m, but the Q4-controlled
interval is further extended to 175 m. Therefore, Scenarios 2 and 3 represent stronger
tendencies toward the beneficial utilization of small and medium floods, but they may
also increase the high-water-level risk in the reservoir area and the inundation risk in the
Changshou reach.

2.6. Uncertainty Analysis Methods and Scenario Design

To evaluate the responses of the model results and the 155 m operating water-level
boundary to uncertainties in key parameters and input conditions, this study further
adopted a deterministic perturbation-envelope method for sensitivity and uncertainty anal-
ysis. Four sources of uncertainty were considered, including roughness parameters, initial
operating water level, maximum outflow discharge, and design flood volume, which repre-
sent model-parameter uncertainty, downstream boundary-condition uncertainty, operation-
control parameter uncertainty, and hydrological-input uncertainty, respectively.

For the uncertainty analysis of roughness parameters, the calibrated roughness values
were taken as the baseline, and two perturbation scenarios of £5% were uniformly applied
to all roughness zones, while other hydrological boundaries and operation rules remained
unchanged. For the uncertainty analysis of the dam-front water-level boundary, perturba-
tions in the dam-front water level within the range of 154-155 m were selected to examine
the influence of small boundary-condition variations near 155 m on the results. For the
uncertainty analysis of maximum outflow discharge, 55,000 m3/s was taken as the refer-
ence value, and the maximum outflow discharge was set to 52,250 m3/s and 57,750 m?/s,
corresponding to —5% and +5% perturbations, respectively. For the uncertainty analysis of
design flood volume, under unchanged initial operating water level and operation rules,
the flood volume of the 5.0% frequency design flood based on the 2020 typical year was
adjusted to three scenarios: —5%, baseline, and +5%.

For any output indicator Y, if only high- and low-perturbation scenarios were set,
the difference between the high-perturbation result and the low-perturbation result was
used to represent the variation range of the indicator, and half of the absolute difference
was used to represent the uncertainty half-width. For the £5% flood-volume analysis,
the results under the flood-volume —5%, baseline, and flood-volume +5% scenarios were
denoted as Y0, Y1, and Y2, respectively. The envelope width caused by flood-volume
perturbation was expressed as |1 Y2 — YOI, and the uncertainty half-width was expressed
as 1Y2 — YOI /2. The evaluation indicators included the maximum flood-routing water
level in front of the dam, maximum outflow discharge, flood diversion volume, maximum
water level at Changshou, the Cuntan discharge and dam-front water level corresponding
to the maximum water level at Changshou, and the durations for which the water level at
Changshou Station exceeded the land acquisition line and the resettlement line.

3. Results
3.1. Identification of Key Control Stations for Flood-Inundation Risk in the Reservoir Area

Operation of the Three Gorges Reservoir significantly alters the water-surface profile
within the reservoir area. The extent of backwater influence, the longitudinal water-level
gradient, and flood-wave propagation characteristics all vary markedly under different
operating stages. For precise control of flood-inundation risk, the selection of control
sections should not rely solely on the earliest local response, but should also consider
their ability to consistently represent changes in the reservoir water-surface profile under
different operating stages, control objectives, and hydrological conditions. Because water-
level responses in the reservoir-tail reaches are jointly affected by channel slope, cross-
sectional geometry, mainstream—tributary interactions, and reservoir storage regulation,
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they show clear spatial and temporal variability. It is therefore necessary to identify key
control sections from both hydrodynamic and engineering perspectives.

From a hydrodynamic perspective, the Changshou reach lies in a critical zone near
the reservoir tail where backwater effects are pronounced and water-level responses are
concentrated. It is highly sensitive to elevated dam-front water levels, inflow variations, and
longitudinal backwater propagation. This reach can reflect both the upstream transmission
of backwater rise under high dam-front water levels and the main features of water-
level fluctuations caused by the combined effects of flood inflow and reservoir operation.
Compared with sections that only show local short-term sensitivity, the Changshou reach
provides a more integrated representation of overall water-surface evolution, peak water-
level formation, and the accumulation of inundation risk, making it more suitable as an
operational control section.

Under the constraint of the land acquisition line, the response of the reservoir water-
surface profile to operation mode and inflow composition shows clear stage dependence,
and the most sensitive local section may vary over time. Therefore, identifying the key
control section solely by the first section to reach the control line in a given stage is insuffi-
cient for whole-process risk control. Located in a zone of strong high-water-level response
near the reservoir tail, the Changshou reach can better capture the overall evolution of
risk as the water surface approaches the control threshold. When the water level at this
reach approaches or exceeds the control line, it usually indicates that the reservoir-tail area
has entered a risk state requiring focused management. In other words, the Changshou
reach reflects not only local water-level change, but also the overall inundation risk of the
reservoir-tail reach under the land acquisition line constraint, giving it strong engineering
relevance and representativeness.

Under the constraint of the resettlement relocation line, the control objective corre-
sponds to a higher level of inundation risk and thus places stricter requirements on the
control section. The key section should not only identify the occurrence of exceedance risk,
but also sensitively reflect its rate of development, magnitude, and duration. Because the
Changshou reach is strongly affected by both backwater and flood processes, it responds
more directly to risk growth under high-water-level conditions and can effectively rep-
resent the formation and evolution of high-level inundation risk. Therefore, under the
resettlement relocation line constraint, the Changshou reach is also technically suitable as
the key control section.

In summary, although the sensitivity of control sections in the reservoir-tail reach
may vary with operating stage and control objective, the Changshou reach shows stronger
overall representativeness in terms of hydrodynamic response, risk characterization, and
operational consistency. It can effectively reflect the evolution of inundation risk un-
der the dual constraints of the land acquisition line and the resettlement relocation line.
Therefore, the Changshou reach is identified in this study as the key control section for
flood-inundation risk management in the Three Gorges Reservoir area.

3.2. Critical Condition Analysis for the Changshou Reach

Using the one-dimensional hydrodynamic model of the Three Gorges Reservoir, the
water level in front of the dam was varied from 145 to 178 m at 1 m intervals, and the
inflow discharge from 10,000 to 100,000 m3/s at 1000 m?/s intervals. The water level
at Changshou was calculated for all combinations of dam-front water level and inflow
discharge, and a contour map showing the response of Changshou water level to these
two variables was obtained, as shown in Figure 8. Based on this, the 175.7 m and 178.0 m
contours were extracted to derive the interpolated threshold lines corresponding to the
land acquisition line and the resettlement relocation line at Changshou Station.
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Figure 8. Relationship of water level at Changshou with inflow discharge and dam-front water level.

Figure 9 further shows the warning inflow discharge corresponding to the two control
lines, namely 178.0 m for the resettlement line and 175.7 m for the land acquisition line,
under different dam-front water levels. These threshold curves can clearly distinguish all
historical exceedance and non-exceedance events. The resulting boundary represents a
conservative upper limit of inflow discharge: when a given water level-discharge point lies
within the region enclosed by the boundary and the coordinate axes, water-level exceedance
will not occur; otherwise, there is a risk of inundation in the reservoir area.
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Figure 9. Warning discharge thresholds for the Changshou reach under different dam-front
water levels.

As shown in Figure 9, under current conditions, if the land acquisition line is taken as
the limiting criterion, the maximum discharge that can safely pass through the Changshou
reach is about 65,000 m3/s; under a 20-year return period flood at Cuntan, the dam-front
water level should not exceed 152.5 m. If the resettlement relocation line is used as the
limiting criterion, the maximum safe discharge through the Changshou reach increases
to about 72,000 m?/s; under the same flood condition, the dam-front water level should
not exceed 161 m. In addition, a higher dam-front water level leads to a stronger response
of water level at Changshou to dam-front water-level fluctuations. For example, when
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the dam-front water level is 165 m, a 1 m fluctuation in dam-front water level causes a
change of about 1500 m?/s in the discharge limit defined by the land acquisition line at
Changshou. When the dam-front water level rises to 174.5 m, a 1 m fluctuation causes
the corresponding discharge limit to change by about 6300 m?/s for the land acquisition
line and about 4000 m3/s for the resettlement relocation line. These results indicate that
the land acquisition line in the Changshou reach may become one of the key constraints
on the utilization of flood resources and therefore deserves particular attention in actual
reservoir operation.

3.3. Impacts of Small- and Medium-Flood Utilization on Flood-Control Safety in the
Reservoir Area

3.3.1. Effect of the Initial Regulation Water Level

To identify how the initial regulation water level affects flood-control risk, this study
examined the flood-routing results of Scenarios 1, 2, and 3 under maximum release-capacity
control, with a focus on the 20-year return period (5%) design flood. The results are shown
in Figure 10.
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Figure 10. Variation in the maximum flood-regulation water level with the initial regulation water
level under different scenarios. (a) Scenario 1; (b) Scenario 2; (c) Scenario 3.

As shown in Figure 10, under the 20-year design flood, the response of the maximum
flood-regulation water level to the initial regulation water level exhibits a clear nonlinear,
segmented pattern. Within the lower range of initial regulation water levels, the maximum
flood-regulation water level changes only slightly. Once the initial regulation water level
exceeds a certain threshold, however, its influence becomes much more pronounced. This
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indicates that the effect of the initial regulation water level on flood-routing results is not
simply cumulative and linear, but is jointly governed by the available flood-control storage,
the characteristics of the flood hydrograph, and the maximum release capacity. When the
initial regulation water level is low, the reservoir still retains sufficient storage for flood
regulation, allowing additional inflow to be absorbed through flood detention and peak
reduction; as a result, the maximum water level in front of the dam remains relatively stable.
As the initial regulation water level rises, the remaining flood-control storage gradually
decreases, the capacity for flood detention weakens, and the maximum water level becomes
increasingly sensitive to further increases in the initial regulation water level.

More specifically, the maximum flood-regulation water level remains nearly stable
when the initial regulation water level is relatively low, but increases noticeably once the
initial regulation water level exceeds 155 m. This suggests that, for Scenario 1, 155 m is
a critical threshold. Below this level, the reservoir still has sufficient regulating capacity,
and increasing the initial regulation water level has only a limited effect on the maximum
flood-regulation water level. Above this level, however, flood-control storage is further
compressed, and the maximum flood-regulation water level becomes much more sensitive
to changes in the initial regulation water level.

Although the exact response differs somewhat between Scenarios 2 and 3, the overall
pattern is consistent with that of Scenario 1: the effect is limited below 155 m and becomes
increasingly significant above 155 m. This indicates that 155 m is not only the turning
point for changes in the maximum flood-regulation water level in Scenario 1, but can also
serve as a common reference level for identifying risk changes associated with the initial
regulation water level under different scenarios. In other words, when the initial regulation
water level is controlled at 155 m or below, the reservoir still retains relatively strong flood-
regulation capacity under the 20-year design flood, and the maximum flood-regulation
water level remains generally stable. Once it exceeds 155 m, however, the continued loss
of flood-control storage makes a rise in the maximum flood-regulation water level much
more likely, thereby reducing the margin of flood-control safety.

Therefore, based on the flood-routing results for the 20-year design flood, 155 m can
be identified as the critical threshold at which the initial regulation water level begins
to significantly affect the maximum flood-regulation water level. This suggests that any
increase in the flood-season operating water level should be kept within a reasonable range.
When the initial regulation water level is below or close to 155 m, the maximum flood-
regulation water level generally does not increase markedly. However, once it exceeds
155 m, the maximum water level in front of the dam may rise substantially, leading to
higher flood-control risk. The underlying reason is that, below 155 m, the reservoir still
retains sufficient effective flood-control storage to absorb flood peaks through detention and
routing. Once the initial regulation water level rises above 155 m, the remaining storage is
rapidly reduced, and the amplifying effect of further water-level increase on the maximum
dam-front water level becomes dominant. Therefore, when balancing flood-control safety
and flood-resource utilization, it is reasonable to take 155 m as an important reference value
for optimizing the initial regulation water level. This also provides a basis for adjusting
flood-season operating rules.

Compared with the maximum flood-regulation water level in front of the dam, changes
in water level at the Changshou reach more directly reflect the effect of a higher initial
regulation water level on flood risk within the reservoir area. Figure 11 shows the variation
in peak water level at Changshou with initial regulation water level for different typical
years under different scenarios. Under Scenario 1, when the initial regulation water level is
below 155 m, the peak water level at Changshou remains generally stable for all typical
years, and the exceedance duration changes little. Once the initial regulation water level
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exceeds 155 m, both the peak water level and the exceedance duration at Changshou
increase significantly. This indicates that, as the initial regulation water level rises, the
backwater effect in the reservoir becomes stronger, and flood risk is transmitted from the
dam area further into the reservoir.
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Figure 11. Variation in peak water level at Changshou with the initial regulation water level for
different typical years under different scenarios. (a) Scenario 1; (b) Scenario 2; (c) Scenario 3.

More specifically, in 2012, the water level at Changshou remained below the land
acquisition line when the initial regulation water level was below 161 m. In 1966 and 1998,
the resettlement relocation line began to be exceeded when the initial regulation water level
reached 159 m and 163 m, respectively. In contrast, for 1981, 1982, and 2020, the resettlement
relocation line was exceeded under all tested initial regulation water levels. These results
indicate that the response of the Changshou reach to changes in the initial regulation water
level differs markedly among flood events. For flood processes with relatively lower risk, a
higher initial regulation water level mainly leads to a gradual increase in both water level
and exceedance duration at Changshou. For floods already close to or above the control
line, however, the Changshou reach remains in a high-risk state throughout and is more
sensitive to further increases in the initial regulation water level.

Under Scenarios 2 and 3, the peak water level at Changshou exceeds the resettlement
relocation line in all typical years. This indicates that if 145-165 m is maintained as a fixed
low-release operating range for an extended period, it may improve the utilization of small
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and medium floods and increase storage by the end of the flood season, but it will also raise
water-level risk within the reservoir area and significantly increase flood-control pressure
in the Changshou reach. This is mainly reflected in a stronger backwater effect, longer
exceedance duration, and a reduced flood-control safety margin along the reservoir banks.
These results show that raising the flood-season operating water level can improve storage
benefits, but at the same time intensifies high-water-level responses within the reservoir
area, indicating a clear trade-off between the two.

The durations for which the peak water level at Changshou exceeded the land acquisi-
tion line and the resettlement relocation line were further calculated, as shown in Figure 12.
Because the peak water level at Changshou under Scenarios 2 and 3 already exceeds the
resettlement relocation line, the analysis of inundation duration was carried out only for
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Figure 12. Variation in inundation duration above the land acquisition line and the resettle-

ment relocation line at Changshou under Scenario 1 with changing initial regulation water level:
(a) inundation duration above the land acquisition line; (b) inundation duration above the resettle-
ment relocation line (under maximum release capacity).

The results show that the exceedance duration in the Changshou reach responds
differently to the initial regulation water level under different control lines. For the land
acquisition line, in 1954, 1981, 1982, 1998, and 2020, the duration above the line remained
almost unchanged when the initial regulation water level was below 155 m, indicating
that the Changshou reach was generally insensitive to changes in the initial regulation
water level within this range. In 1966, when the initial regulation water level was below
155 m, the duration above the land acquisition line increased slowly with increasing initial
regulation water level; once it exceeded 155 m, the increase became much more rapid.
In 2012, exceedance of the land acquisition line occurred only when the initial regulation
water level reached 163 m and 165 m, with durations of 15 h and 30 h, respectively.

For the resettlement relocation line, no exceedance occurred in 1954 or 2012 under
any tested initial regulation water level. In 1966, no exceedance was observed when the
initial regulation water level was below 161 m; once it exceeded 161 m, however, the
exceedance duration increased rapidly. In 1998, exceedance occurred only when the initial
regulation water level reached 165 m, with a duration of 42 h. By contrast, in 1981, 1982,
and 2020, the resettlement relocation line was exceeded under all tested initial regulation
water levels. In these cases, when the initial regulation water level was below 155 m, the
exceedance duration changed little overall; once it exceeded 155 m, the duration increased
to varying degrees.
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Overall, the durations above both the land acquisition line and the resettlement
relocation line in the Changshou reach show a clear threshold response to the initial
regulation water level. In most cases, when the initial regulation water level is below
155 m, the exceedance duration changes only slightly. Once it exceeds 155 m, however, the
duration generally increases, with particularly sharp growth in some years. This indicates
that raising the initial regulation water level affects not only the peak water level, but
also the duration of high-water conditions. For flood-inundation risk management in
the reservoir area, prolonged duration is as important as higher peak levels. Therefore,
the identification of operational boundaries should not be based solely on the maximum
water level.

3.3.2. Effect of Release Discharge

Under different operating rules, the maximum flood-regulation water levels for each
typical year under different release discharges and initial regulation water levels are
shown in Figure 13. Since the results for Scenario 3 fully cover those for Scenario 2, only
Scenarios 1 and 3 are presented for the maximum flood-regulation water level analysis. In
addition, because Scenario 3 produces no excess flood volume, the analysis of excess flood
volume focuses on Scenarios 1 and 2.
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Figure 13. Maximum flood-regulation water levels of the typical years under different release
discharges and initial regulation water levels: (a) Scenario 1, Q4 = 50,000 m3/s; (b) Scenario 1,
Q4 = 55,000 m3/s; () Scenario 3, Qq = 50,000 m3/s; (d) Scenario 3, Qg = 55,000 m3/s.

Overall, under both Scenario 1 and Scenario 3, the maximum flood-regulation water
level decreases as release discharge increases for all typical years. This indicates that, under
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a given flood hydrograph and initial condition, increasing the release capacity enhances
flood release, reduces the reservoir’s detention pressure on the flood peak, and thus effec-
tively lowers the maximum water level in front of the dam. In essence, increasing release
discharge means “releasing instead of storing,” which directly weakens the accumulation
of the flood peak within the reservoir. As a result, the maximum flood-regulation water
level shows an overall downward trend.

Under Scenario 1, this pattern is particularly clear, although the response to changes in
the initial regulation water level still differs among typical years. In 1954, 1981, 1982, 1998,
2012, and 2020, the maximum flood-regulation water level remains nearly stable under
different release discharges when the initial regulation water level is below 155 m. Once it
exceeds 155 m, however, the maximum flood-regulation water level increases markedly
with further increases in the initial regulation water level. This again indicates that 155 m
is a critical threshold under Scenario 1. Below this level, the reservoir retains sufficient
flood-regulation storage, so the maximum water level in front of the dam changes little
even under different release discharges. Once the initial regulation water level exceeds
155 m, the available flood-control storage is further reduced, and the sensitivity of the
maximum flood-regulation water level to the initial regulation water level increases rapidly.
In 1966, the response is more gradual: the maximum flood-regulation water level rises
continuously with increasing initial regulation water level, but the rate of increase is small
below 155 m and becomes much greater above 155 m. This suggests that, for this type of
flood event, the influence of the initial regulation water level does not appear abruptly,
but strengthens significantly near 155 m, further confirming that 155 m is an important
threshold for identifying risk changes.

Under Scenario 3, the maximum flood-regulation water level in all typical years also
decreases as release discharge increases, indicating that the lowering effect of higher release
discharge on the maximum dam-front water level remains robust regardless of changes in
operating boundaries. However, compared with Scenario 1, the maximum flood-regulation
water level in Scenario 3 becomes less sensitive to the initial regulation water level in
some typical years. Specifically, in 1954, 1982, 1998, 2012, and 2020, the maximum flood-
regulation water level is almost unaffected by changes in the initial regulation water level,
suggesting that under these conditions it is controlled mainly by the flood hydrograph
itself and the release capacity, rather than by the initial regulation water level. In 1966, the
maximum flood-regulation water level still increases with the initial regulation water level.
In 1981, it rises with the initial regulation water level when the latter is below 159 m, and
then becomes nearly stable above this level. Although the detailed response varies among
typical years, the overall pattern is consistent: increasing release discharge always helps
reduce the maximum flood-regulation water level.

In summary, the response of the maximum flood-regulation water level to release
discharge is clear: the larger the release discharge, the lower the maximum flood-regulation
water level. This indicates that appropriately increasing release discharge during flood-
season operation is an effective way to lower the dam-front high water level and reduce
flood-regulation pressure. However, these operational benefits must be balanced against
backwater effects within the reservoir area and downstream flood-control constraints.

Figure 14 further shows how excess flood volume responds to release discharge and
initial regulation water level under different operating rules. Overall, the excess flood
volume generally decreases as release discharge increases. This indicates that increasing
release discharge not only lowers the maximum water level in front of the dam, but also
helps reduce the flood volume exceeding the control standard, thereby lowering risk
exposure during flood regulation.
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Figure 14. Excess flood volumes of the typical years under different release discharges and ini-
tial regulation water levels: (a) Scenario 1, Q4 = 50,000 m3/s; (b) Scenario 1, Q4 = 55,000 m3/s;
(¢) Scenario 2, Qg = 50,000 m3/s; (d) Scenario 2, Qg4 = 55,000 m3/s.

Under Scenario 1, the overall risk is low for most typical years. No excess flood volume
occurs in 1954, 1981, 1982, 1998, or 2012, indicating that these flood events can still be
effectively controlled under the existing flood-regulation capacity. In 1966 and 2020, excess
flood volume appears only when the initial regulation water level is relatively high (above
159 m) and the release discharge is low, and it decreases as release discharge increases.
This suggests that, under such unfavorable conditions, increasing release discharge can
effectively relieve flood-regulation pressure. 1998 shows a special case: excess flood volume
of 0.39 billion m> occurs only when the release discharge is 50,000 m3/s and the initial
regulation water level is 165 m. This indicates that when a high initial regulation water
level coincides with a low release discharge, even a flood event with otherwise low risk
may produce local excess storage.

Under Scenario 2, the pattern of excess flood volume is more evident. No excess
flood volume occurs in 2012, indicating that its flood process still does not reach the risk
boundary under this scenario. In 1954, 1998, and 2020, excess flood volume decreases with
increasing release discharge and is essentially unaffected by the initial regulation water
level, suggesting that it is controlled mainly by release capacity. In contrast, in 1966, 1981,
and 1982, excess flood volume not only decreases with increasing release discharge, but
also increases as the initial regulation water level rises, indicating that both factors jointly
determine its magnitude in these years. Although 1982 shows the same increasing trend
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with initial regulation water level, the increase is relatively small, suggesting that it is less
sensitive to the initial regulation water level than 1966 and 1981.

In summary, increasing release discharge reduces flood-control risk in two main
ways: it lowers the maximum flood-regulation water level and decreases the excess flood
volume. Compared with the initial regulation water level, release discharge has a more
direct and consistent effect on improving flood-routing performance. From an engineering
perspective, raising the initial regulation water level reduces the available flood-control
storage, whereas appropriately increasing release discharge helps relieve flood-regulation
pressure. The two therefore act as a trade-off in reservoir operation. To balance flood-
control safety with the utilization of small and medium floods as water resources, it is
not sufficient to rely solely on a higher initial regulation water level to increase storage;
reasonable increases in release discharge must also be considered to avoid simultaneous
increases in both the maximum dam-front water level and excess flood volume.

Furthermore, Figure 15 shows the peak water levels at Changshou for different typical
years under different release discharges and operating rules. Overall, the peak water
level at Changshou decreases as release discharge increases, indicating that higher release
discharge can effectively weaken the backwater effect in the reservoir area and thus reduce
the high-water-level risk in the Changshou reach. This pattern is generally consistent across
different scenarios and typical years, suggesting that release discharge is a key control
factor affecting water-level variations in the Changshou reach.

Under Scenario 1, the peak water level at Changshou decreases markedly with in-
creasing release discharge in 1954, 1966, and 1998, indicating a relatively high sensitivity
of the Changshou reach to release discharge during these flood events. In contrast, the
change is much smaller in 1981, 1982, 2012, and 2020, suggesting that although increasing
release discharge still has some mitigating effect, its influence on the peak water level at
Changshou is limited in these cases.

Under Scenarios 2 and 3, the peak water levels at Changshou are generally similar.
Only in 1954, 1966, and 2020, under relatively low release discharge, is the peak water level
in Scenario 2 slightly lower than that in Scenario 3. Combined with the previous analysis of
the maximum flood-regulation water level in front of the dam, this indicates that the water
level in the Changshou reach is affected not only directly by release discharge, but also to
some extent by the flood-regulation process at the dam site. Even so, the overall pattern
remains consistent: under both scenarios, the peak water level at Changshou decreases as
release discharge increases for all typical years. This shows that, regardless of the operating
rule, increasing release discharge consistently helps reduce high-water-level risk in the
Changshou reach.

Overall, increasing release discharge helps lower the peak water level at Changshou
by enhancing flood-release capacity and weakening both reservoir impoundment and
backwater effects, thereby reducing high water levels in key reaches of the reservoir area.
From an engineering perspective, this suggests that, during flood-season operation, a
reasonable increase in release discharge can not only relieve flood-regulation pressure in
front of the dam, but also help control water-level risk within the reservoir area.

Because the peak water level at Changshou exceeds the resettlement relocation line
under both Scenarios 2 and 3, the inundation duration at Changshou was evaluated only
for Scenario 1, as shown in Figure 16. The results indicate that both the duration above the
land acquisition line and the duration above the resettlement relocation line decrease as
release discharge increases. This suggests that increasing release discharge not only lowers
the peak water level at Changshou, but also shortens the duration of high water levels,
thereby reducing inundation risk in the reservoir area to some extent.
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Figure 15. Peak water levels at Changshou for the typical years under different release discharges
and initial regulation water levels: (a) Scenario 1, Qq = 50,000 m?3/s; (b) Scenario 1, Qq =54,000 m3/s;
(¢) Scenario 2, Qg4 = 50,000 m3/s; (d) Scenario 2, Qq = 54,000 m3/s; (e) Scenario 3, Q4 = 50,000 m3/s;
(f) Scenario 3, Qg4 = 54,000 m3/s.

For the duration above the land acquisition line, 1954, 1981, 1982, 1998, and 2020 show
a similar pattern: when the initial regulation water level is below 155 m, the exceedance
duration remains nearly unchanged; once it exceeds 155 m, the duration increases with
further increases in the initial regulation water level. 1966 is more sensitive: when the
initial regulation water level is below 155 m, the duration above the land acquisition line
increases slowly; once it exceeds 155 m, the increase becomes much more rapid. In 2012, the
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duration above the land acquisition line begins to increase only when the initial regulation
water level exceeds 163 m, indicating a relatively delayed response of the Changshou reach
to changes in the initial regulation water level in that year.
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Figure 16. Exceedance duration at Changshou under different release discharges and initial regulation
water levels (Scenario 1): (a) duration above the land acquisition line, Q4 = 50,000 m3/s; (b) duration
above the land acquisition line, Q4 = 55,000 m?3/s; (c) duration above the resettlement relocation line
Qg =50,000 m?3/s; (d) duration above the resettlement relocation line Qg = 55,000 m3/s.

For the duration above the resettlement relocation line, 1954, 1966, and 1998 show that
the critical initial regulation water level for exceedance increases gradually with release
discharge, indicating that larger release discharges help delay or avoid the transition of
the Changshou reach into a higher inundation-risk state. In 1981, 1982, and 2020, the
duration above the resettlement relocation line remains nearly unchanged when the initial
regulation water level is below 155 m, but increases once it exceeds 155 m. In 2012, the
resettlement relocation line is not exceeded under any combination of release discharge and
initial regulation water level, indicating a relatively low overall risk level in the Changshou
reach during this flood event.

Overall, the effects of the initial regulation water level on the peak water level at
Changshou and its exceedance duration are not uniform and can be grouped into three
response types. The first is a weak-response type, in which changes in the initial regulation
water level have little effect in most cases. This usually occurs for flood events with
relatively low peaks, short duration, or gradual inflow variation. Under such conditions,
flood evolution is mainly controlled by the inflow process, while the reservoir still retains
some regulating capacity. As a result, the additional influence of the initial regulation water
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level on both the dam-front high water level and reservoir backwater is limited, and the
changes in peak water level and exceedance duration at Changshou remain small. The
second is a threshold-response type, in which the effect becomes much more pronounced
once the initial regulation water level exceeds 155 m. This indicates that, above 155 m, the
remaining flood-control storage is further reduced, making it easier for high dam-front
water levels to propagate into the reservoir area. Consequently, both the backwater rise
and the exceedance duration at Changshou increase, suggesting that 155 m can be regarded
as an important threshold at which the influence of the initial regulation water level shifts
from weak to strong. The third is a persistent-sensitivity type, in which some influence
exists under all tested initial regulation water levels. This typically occurs for flood events
that are already close to or above the control line, often characterized by high flood peaks,
large flood volumes, long duration, or strong mainstream—tributary coincidence. Under
such conditions, the Changshou reach remains under a persistently strong backwater effect,
and thus stays highly sensitive to changes in the initial regulation water level even when
that level is relatively low. These results indicate that the strength of the initial regulation
water level effect is essentially determined by the relative dominance of three factors: the
inflow process, the remaining flood-control storage, and the backwater effect within the
reservoir area.

3.4. Parameter Uncertainty Analysis Results
3.4.1. Effects of Roughness Parameter Perturbations on Model Results

The effects of the +5% roughness perturbations are shown in Table 7. As can be seen
from the table, the dam-front flood-routing indicators are generally insensitive to changes
in roughness. In Scenario 2, the maximum flood-routing water level in front of the dam is
171.000 m in both the high-roughness and low-roughness groups, showing no change. In
Scenarios 3 and 1, the differences in the maximum flood-routing water level in front of the
dam are both only 0.007 m, corresponding to an uncertainty half-width of £0.0035 m.

Table 7. Changes in relevant hydrological indicators under £5% roughness perturbations.

Scenario Indicator Low-(I;{I(-)sug;ness nghg%tihness Change gg::.lxilgg
Scenariol  Flood-regulation high water level/m 165.526 165.533 0.007 +0.0035
Scenariol =~ Maximum water level at Changshou/m 179.359 179.994 0.635 +0.318
Scenario 1 Duration above the resettlement line/h 39 47 8 +4
Scenario 2 Flood-regulation high water level/m 171.000 171.000 0.000 +0.000
Scenario 2 ~ Maximum water level at Changshou/m 182.680 183.151 0.471 +0.236
Scenario 2 Duration above the land acquisition line/h 288 316 28 +14
Scenario 3  Flood-regulation high water level/m 173.504 173.511 0.007 +0.0035
Scenario 3 ~ Maximum water level at Changshou/m 182.680 183.151 0.471 +0.236
Scenario 3  Duration above the resettlement line/h 177 211 34 +17

In contrast, the maximum water level and exceedance duration at Changshou are more
sensitive to roughness perturbations. When the roughness increases from n — 5% to n + 5%,
the maximum water level at Changshou increases by 0.471 m in both Scenarios 2 and 3,
corresponding to an uncertainty half-width of £0.236 m. In Scenario 1, the maximum water
level at Changshou increases by 0.635 m, corresponding to an uncertainty half-width of
£0.318 m. The duration exceeding the land acquisition line at Changshou Station increases
by 6-28 h, while the duration exceeding the resettlement line increases by 6-34 h.

These results indicate that roughness uncertainty mainly affects the local water-level
response and high-water-level duration in the fluctuating backwater region of the Three
Gorges Reservoir area, rather than the maximum flood-routing water level in front of the
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dam. The greater sensitivity of the Changshou reach to roughness perturbations further
supports its rationality as the key control section for inundation risk in the reservoir area.

3.4.2. Effects of Dam-Front Water-Level Boundary Perturbations on Model Results

The effects of dam-front water-level variations within the range of 154.5-155.5 m on the
model results are shown in Table 8. Small variations in the dam-front boundary condition
near 155 m have only a limited influence on the key results. Under the three scenarios,
the variation in the maximum flood-routing water level in front of the dam ranges from
0 to 0.044 m. Specifically, no change occurs in Scenario 2, the increase is only 0.001 m in
Scenario 3, and the increase is 0.044 m in Scenario 1.

Table 8. Changes in relevant hydrological indicators under £0.5 m dam-front water-level

perturbations.
Scenari Indicat 154.5 155.5 Ch Uncertainty
cenario ndicator 5m Sm ange Lot Width
Scenario 1 Flood-regulation high water level/m 165.530 165.574 0.044 +0.022
Scenario 1 Maximum water level at Changshou/m 179.656 179.670 0.014 +0.007
. Duration above land acquisition/
Scenario 1 resettlement lines/h 72/43 72/43 0/0 0/0
Scenario 2 Flood-regulation high water level/m 171.000 171.000 0.000 £0.000
Scenario 2 Maximum water level at Changshou/m 182.899 182.900 0.001 £0.0005
. Duration above land acquisition/
Scenario 2 resettlement lines,/h 299/97 299/97 0/0 0/0
Scenario 3 Flood-regulation high water level/m 173.507 173.508 0.001 £0.0005
Scenario 3 Maximum water level at Changshou/m 182.899 182.900 0.001 £0.0005
Scenario 3 Duration above land acquisition/ 324/188 324/188 0/0 0/0

resettlement lines/h

The maximum water level at Changshou is also insensitive to small perturbations in
the dam-front water level. In Scenarios 2 and 3, the maximum water level at Changshou
increases by only 0.001 m, while in Scenario 1 it increases by 0.014 m. Under all three
scenarios, the durations for which the water level at Changshou Station exceeds the land
acquisition line and the resettlement line remain unchanged.

This indicates that, under the 5.0% frequency design flood based on the 2020 typical
year and a maximum outflow discharge of 55,000 m3/s, small perturbations in the dam-
front water level near 155 m do not change the main risk judgment.

3.4.3. Effects of Maximum Outflow Discharge Perturbations on Model Results

The effects of 5% variations in the maximum outflow discharge on the model results
are shown in Table 9. Discharge capacity is an important operation-control factor affecting
both the dam-front flood-routing water level and the water level at Changshou. When the
maximum outflow discharge increases from 52,250 m3/s to 57,750 m3/s, the maximum
flood-routing water level in front of the dam in Scenario 2 remains unchanged at 171.000 m.
In Scenario 3, the maximum flood-routing water level in front of the dam decreases from
175.000 m to 171.741 m, with a reduction of 3.259 m. In Scenario 1, it decreases from
168.066 m to 163.611 m, with a reduction of 4.455 m.

The maximum water level at Changshou also decreases as the maximum outflow
discharge increases. In Scenarios 2 and 3, the maximum water level at Changshou decreases
from 183.449 m to 182.613 m, with a reduction of 0.836 m. In Scenario 1, it decreases from
180.015 m to 179.530 m, with a reduction of 0.485 m. The exceedance duration at Changshou
is also markedly shortened, with the reduction reaching up to 145 h in some scenarios.
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Table 9. Changes in relevant hydrological indicators under £5% perturbations of the maximum

release.
Scenario Indicator 52,250 m3/s 57,750 m3/s Change Uncertainty
’ ’ & Half-Width
Scenario 1 Flood-regulation high water level/m 168.066 163.611 —4.455 +£2.228
Scenario 1 Maximum water level at Changshou/m 180.015 179.530 —0.485 +0.243
Scenario 1 Duration above land acquisition and 79./49 69/41 _10/-8 4544
resettlement lines/h
Scenario 2 Flood-regulation high water level/m 171.000 171.000 0.000 +0.000
Scenario 2 Maximum water level at Changshou/m 183.449 182.613 —0.836 +0.418
Scenario 2 Duration above land acquisition and 323/102 294/93 —29/-9 +145/445
resettlement lines/h
Scenario 3 Flood-regulation high water level/m 175.000 171.741 —3.259 +1.630
Scenario 3 Maximum water level at Changshou/m 183.449 182.613 —0.836 +0.418
Scenario 3 Duration above land acquisition and 423/238 294/93 —129/-145 +£64.5/+72.5
resettlement lines/h
These results indicate that the 155 m operating water-level boundary cannot be inter-
preted independently of discharge capacity. When discharge capacity decreases, the same
initial operating water level of 155 m may correspond to a higher high-water-level risk in
the reservoir area. Conversely, when downstream conditions allow an appropriate increase
in discharge capacity, both the dam-front flood-routing pressure and the inundation risk in
the Changshou reach can be considerably reduced.
3.4.4. Effects of Flood-Peak Perturbations on Model Results
The £5% perturbation analysis of the flood peak, represented by the 1-day peak
discharge, indicates that hydrological-input uncertainty is a major source affecting the
water level and exceedance duration at Changshou, as shown in Table 10. In Scenario 2, the
maximum flood-routing water level in front of the dam remains 171.000 m under the flood-
peak —5%, baseline, and flood-peak +5% scenarios, indicating that the maximum dam-front
water level in this scenario is controlled by the operation rules or water-level zoning. In
Scenario 3, the maximum flood-routing water level in front of the dam increases from
173.086 m to 173.508 m and 174.363 m, with an envelope width of 1.277 m. In Scenario 1, it
increases from 165.032 m to 165.574 m and 166.535 m, with an envelope width of 1.503 m.
Table 10. Changes in relevant hydrological indicators under +5% perturbations of the flood peak.
. . Flood Peak Baseline Flood Peak Envelope .
Scenario Indicator 5% Flood Peak +5% Width Half-Width
Scenario 1 Flood-regulation high water level/m 165.032 165.574 166.535 1.503 +0.752
Scenariol = Maximum water level at Changshou/m 179.049 179.670 181.049 2.000 +1.000
Scenario 1 Duration above land acquisition/ 70/38 72/43 75/49 5/11 +25/+55
resettlement lines/h
Scenario 2 Flood-regulation high water level/m 171.000 171.000 171.000 0.000 0.000
Scenario 2 ~ Maximum water level at Changshou/m 182.415 182.900 184.063 1.648 +0.824
Scenario 2 Duration above land acquisition/ 299/95 299/97 299,/99 0/4 0/42
resettlement lines/h
Scenario 3 Flood-regulation high water level/m 173.086 173.508 174.363 1.277 +0.639
Scenario3 ~ Maximum water level at Changshou/m 182.415 182.900 184.063 1.648 +0.824
Scenario 3 Duration above land acquisition/ 316/133 324/188 342/216 26/83  +13/+415

resettlement lines/h

The maximum water level at Changshou shows a more pronounced response to
flood-peak perturbations. In Scenarios 2 and 3, the maximum water level at Changshou
increases from 182.415 m under the flood-peak —5% scenario to 182.900 m under the
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baseline scenario, and further to 184.063 m under the flood-peak +5% scenario, with an
envelope width of 1.648 m. In Scenario 1, the maximum water level at Changshou increases
from 179.049 m to 179.670 m and 181.049 m, with an envelope width of 2.000 m.

Flood-peak perturbations also have a marked effect on exceedance duration. In
particular, in Scenario 3, the duration exceeding the resettlement line increases from 133 h
under the flood-peak —5% scenario to 188 h under the baseline scenario, and further to
216 h under the flood-peak +5% scenario, with an envelope width of 83 h. This indicates
that flood-peak uncertainty affects not only the peak water level, but also the exposure
duration to high water levels.

4. Discussion
4.1. Mechanism Underlying the Identification of the Changshou Reach as the Key Control Section

The identification of the Changshou reach as the unified key control section is not
based on a single statistical result, but rather on the combined effects of channel topography,
the spatial configuration of control lines, and tributary inflow. First, from a topographic
perspective, a pronounced constricted section exists near Baishatuo, making the Zhongxian—
Qingxichang reach prone to local backwater under high-water conditions. This provides the
geometric basis for the non-uniform rise of the water surface at Changshou and its adjacent
reaches. Second, in terms of control-line geometry, the elevation difference between the
land acquisition line and the resettlement relocation line at Changshou Station is only
about 2.2 m, whereas the corresponding difference at Shantuo Station reaches 4.2 m. This
means that, once the water surface rises above the land acquisition line, it is more likely
to approach the resettlement relocation line first at Changshou, making this section more
sensitive to higher-level risk. Third, from a hydrodynamic perspective, the Wu River joins
the Yangtze main stem near Qingxichang, which is closer to Changshou than to Shantuo. As
a result, the attenuation distance of the tributary backwater effect is shorter, and Changshou
is therefore more sensitive to local water-level rise when mainstream and tributary floods
coincide or when tributary inflow is large.

Taken together, these three factors explain why “Shantuo and Baishatuo reach the land
acquisition line earlier” and “Changshou is more sensitive under the resettlement relocation
line constraint” are not contradictory. The former shows that some local stations in different
reaches may indeed be the first to approach the control line. The latter indicates that,
when the focus shifts from local exceedance to overall flood-risk control in the reservoir
area, Changshou Station better captures the most unfavorable and management-relevant
water-level response. For reservoir operation, what is truly needed is not the locally earliest
station to exceed the line in each individual flood event, but a key control section that
can stably represent multiple types of risk and support unified management. Overall,
Changshou Station meets this requirement well.

Because Changshou Station is identified in this study as the key control section for
inundation risk in the reservoir area, the water-level residuals at Changshou Station were
further analyzed separately. The results are shown in Table 11. The mean error, mean
absolute error, and root mean square error are —0.051 m, 0.198 m, and 0.326 m, respectively.
The 5th and 95th percentiles of the residuals are —0.578 m and 0.385 m, respectively,
corresponding to a 90% empirical uncertainty interval of [—0.578, 0.385] m. These results
indicate that the simulated water levels at Changshou Station generally have relatively
high accuracy.

According to the residual definition, e = Zgjy, — Zgps, the observed water level can be
expressed as Zops = Zgim — €. Therefore, based on the 90% empirical uncertainty interval of
the residuals at Changshou Station, when a given simulated water level Zg, is obtained,
the actual water level can be approximately expressed as [Zgjym — 0.385, Zgim + 0.578] m.
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This means that, in the control-line judgment at Changshou Station, if the simulated
water level is close to the control line, relying only on a single deterministic simulation
value is insufficient. An upper-side uncertainty margin of approximately 0.6 m should
be considered.

Table 11. Statistical results of water-level residual uncertainty at Changshou Station.

Indicator Result
Mean error (ME)/m —0.051
Mean absolute error (MAE)/m 0.198
Root mean square error (RMSE)/m 0.326
5th percentile of residuals/m —0.578
95th percentile of residuals/m 0.385
90% empirical uncertainty interval/m [—0.578, 0.385]

For the land acquisition line of 175.7 m at Changshou Station, if the simulated water
level does not exceed 175.122 m, the upper bound of the actual water level remains below
the land acquisition line within the 90% empirical uncertainty range. If the simulated
water level reaches or exceeds 176.085 m, the actual water level is likely to exceed the land
acquisition line even when the lower bound of the error interval is considered. Therefore,
175.122-176.085 m can be regarded as the uncertainty transition zone for exceedance
judgment near the land acquisition line.

For the resettlement line of 178.0 m at Changshou Station, the 90% robust non-
exceedance simulated water level is 177.422 m, and the simulated water level at which
exceedance can be generally determined is 178.385 m. Therefore, 177.422-178.385 m can be
regarded as the uncertainty transition zone near the resettlement line.

4.2. Mechanism Analysis of the 155 m Initial Operating Water-Level Scheme
4.2.1. Flood-Control Role of the 155 m Initial Operating Water Level Under the Beneficial
Utilization of Small and Medium Floods

The 155 m threshold is supported by multiple lines of evidence. The results show
that when the initial regulation water level is kept at or below 155 m, the maximum flood-
regulation water level, the peak water level at Changshou, and its exceedance duration all
change only slightly, indicating that the reservoir still retains some regulation flexibility and
the overall system response remains relatively stable. Once the initial regulation water level
exceeds 155 m, however, these indicators generally begin to increase markedly, suggesting
that as the effective flood-control storage is further reduced, the risk of high water levels
both in front of the dam and within the reservoir area enters a stage of more rapid growth.
Therefore, 155 m is not an empirical value, but a critical threshold consistently identified by
multiple risk indicators under the 20-year return period flood condition.

It should be emphasized that 155 m does not mean conditions are absolutely safe
below it and absolutely unsafe above it. Rather, it represents an important threshold at
which system risk shifts from gradual to rapid growth. Below this level, the reservoir still
retains a certain margin of flood-control safety as well as some room for water-resource
utilization. Above it, the maximum flood-regulation water level, the water level in the
Changshou reach, and the corresponding exceedance duration are more likely to increase
simultaneously, leading to a clear rise in overall system risk. In this sense, 155 m is better
regarded as a preferred control boundary for optimizing flood-season operation, rather
than a rigid upper limit.

From an operational perspective, the practical value of 155 m lies in providing a clear
basis for scheduling decisions. Under the 20-year return period flood condition, if inflow
forecasts are uncertain, or if key sections such as Changshou are already close to their
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control thresholds, the dam-front operating water level should preferably be kept at or
below 155 m in order to preserve the necessary flood-regulation capacity. Only when inflow
conditions are relatively clear and operating conditions are favorable should cautious
adjustment above this level be considered, and only after adequate assessment. This further
demonstrates that using 155 m as an important reference boundary for optimizing flood-
season operating water levels under the 20-year return period flood condition has a clear
physical basis and practical engineering significance.

4.2.2. Uncertainty in the 155 m Operating Water-Level Boundary

The newly added sensitivity and uncertainty analyses indicate that 155 m should not
be interpreted as a precise and absolute safety threshold. Instead, it should be understood
as a relatively conservative operational reference boundary obtained under the current
model structure, calibrated parameters, design flood assumptions, dam-front boundary
conditions, and outflow rules.

Among the tested uncertainty sources, local perturbations in the dam-front water level
have the smallest influence on the key indicators. The maximum flood-routing water level
in front of the dam changes by 0-0.044 m, the maximum water level at Changshou changes
by 0.001-0.014 m, and the exceedance duration remains unchanged. The +5% roughness
perturbation has a more pronounced influence on the local water level and high-water-level
duration in the Changshou reach. The maximum water level at Changshou varies by
0.471-0.635 m, and the exceedance duration varies by 6-34 h. The £5% flood-volume
perturbation has the strongest influence on the maximum water level and exceedance
duration at Changshou. The envelope width of the maximum water level at Changshou
reaches 1.648-2.000 m, and the maximum envelope width of the exceedance duration
reaches 83 h. The +5% perturbation in maximum outflow discharge shows a clear risk-
mitigation effect. Increasing the maximum outflow discharge can reduce the maximum
water level at Changshou by 0.485-0.836 m and shorten the exceedance duration by 8-145 h.

These results indicate that the qualitative significance of 155 m as a relatively conser-
vative operational reference boundary remains valid. However, the actual risk level under
this boundary depends on incoming flood volume, roughness parameters, and available
discharge capacity. In practical operation, decisions should not be made mechanically
based only on the single water level of 155 m. Instead, dynamic verification should be
conducted by jointly considering real-time inflow forecasts, the dam-front water level,
discharge capacity, and the water-level response at Changshou Station. When the water
level at Changshou Station approaches the land acquisition line or the resettlement line, an
additional safety margin should be reserved, and the operation scheme should be adjusted
in a timely manner according to rolling forecasts and water-level responses.

4.3. Implications for Optimizing Flood-Season Operating Rules to Ensure Flood-Control Safety in
the Reservoir Area

The results of this study provide at least three implications for optimizing flood-
season operating rules for the Three Gorges Reservoir. First, the operational boundary
should shift from single dam-front water-level control to joint control of dam-front water
level, inflow, and water level at the key control station. For the utilization of small and
medium floods as water resources, the dam-front water level alone cannot fully represent
flood risk within the reservoir area; dynamic assessment must also incorporate inflow
magnitude and the warning discharge threshold at Changshou Station. Second, 155 m
can be regarded as a preferred flood-season operating water-level threshold for small- and
medium-flood utilization at the current stage. Under the relatively conservative assumption
that forecast-based pre-release is not considered, this threshold maintains consistency with
the current operating rules while avoiding a marked increase in flood-control risk in
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most typical years. Third, optimization of release discharge should be coordinated with
reassessment of downstream flood-conveyance capacity. In the future, if combined with
updated evaluations of the Jingjiang reach flood-conveyance capacity and more accurate
3-7 day forecast-based pre-release techniques, there may still be room for more refined
optimization of flood-season operation of the Three Gorges Reservoir.

It should be noted that the recommendations of this study are based on conservative
engineering judgment. Because forecast-based pre-release was not explicitly considered
in the scenarios, the identified 155 m threshold is closer to a static conservative upper
boundary. If forecast information, rolling pre-release, and joint operation of upstream
cascade reservoirs are incorporated into future analyses, the actual operational space may
expand. However, any such expansion must be based on simultaneous evaluation of
dynamic warning conditions at key control stations and downstream discharge capacity,
and should not be simply interpreted as allowing generally higher operating water levels.

5. Conclusions

This study investigated flood-season operating water levels of the Three Gorges
Reservoir for the utilization of small and medium floods as water resources under emerging
conditions. Based on a one-dimensional hydrodynamic model with dynamic roughness
calibration, and using both typical flood events and the 20-year return period (5% frequency)
design flood, the study systematically analyzed the key control section in the reservoir
area, the critical conditions at the Changshou reach, and the flood-risk responses under
different initial regulation water levels and release discharges. The results indicate that,
under controllable flood-inundation risk, the Three Gorges Reservoir still has some room
for utilizing small and medium floods as water resources during the flood season. The
main conclusions are as follows:

(1) The Changshou reach is the key control section for flood-inundation risk management
in the Three Gorges Reservoir area. The identification results show that, under the
constraint of the land acquisition line, different stations such as Baishatuo, Shantuo,
or Changshou may serve as representative control points at different stages. Under
the resettlement relocation line constraint, however, Changshou Station is the first
to reach the control limit and can simultaneously represent both flood-season and
end-of-impoundment high-water-risk scenarios. The critical relationship established
among dam-front water level, inflow discharge, and water level at Changshou further
confirms that the Changshou reach is not only the unified key control section for
flood-inundation risk in the reservoir area, but also the core constraint section for
defining the operational boundary of small- and medium-flood utilization.

(2) Under the 20-year return period design flood and the conservative assumption of no
forecast-based pre-release, an initial regulation water level of approximately 155 m can
be regarded as a conservative operational reference boundary for the risk-constrained
utilization of small and medium floods. When the initial regulation water level is at or
below 155 m, the maximum dam-front flood-regulation water level, the peak water
level at Changshou, and the corresponding exceedance duration generally remain
relatively stable in most typical flood years. Once the initial regulation water level
exceeds 155 m, the remaining flood-control storage is further compressed, and the
dam-front water level, Changshou water level, exceedance duration, and excess flood
volume tend to increase markedly, indicating a reduced flood-control safety margin.
The added perturbation analysis further shows that this boundary is relatively stable
under small dam-front water-level and roughness perturbations, but the Changshou
water level and exceedance duration are more sensitive to roughness and flood-
volume uncertainties. Therefore, 155 m should not be interpreted as an absolute safety
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threshold, but rather as a conservative operating reference boundary under the current
design-flood framework, existing operating rules, model assumptions, and tested
uncertainty ranges.

(3) A moderate increase in release discharge is beneficial to flood-control safety. The
results show that, as release discharge increases, the maximum flood-regulation water
level decreases, excess flood volume is reduced, and both the high water level and
the durations above the land acquisition line and resettlement relocation line in the
Changshou reach become shorter. This suggests that a reasonable increase in release
discharge can simultaneously relieve flood-regulation pressure in front of the dam and
reduce backwater risk within the reservoir area, making it an important operational
measure for improving flood-control safety. However, its role mainly lies in mitigating
risk within the existing operating boundary and cannot replace source control through
proper limitation of the initial regulation water level.
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