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Abstract 

Spillways play a critical role in dam safety by regulating extreme flood events and mitigating downstream flood hazards. However, traditional 
spillway performance assessments often rely on design-based assumptions and stationary hydrological conditions, which may not 
adequately represent long-term variability observed in historical records. In this study, a data-driven framework is developed to evaluate 
spillway hydraulic performance and associated downstream flood risk using long-term hydrological and structural datasets. The proposed 
approach integrates observed inflow hydrographs, reservoir water levels, spillway discharge records, and downstream stage–discharge data 
collected over multiple decades. First, key performance indicators including spillway discharge efficiency, reservoir surcharge frequency, and 
exceedance probability of critical downstream water levels are extracted from historical records. Subsequently, non-stationary flood 
frequency analysis is employed to quantify changes in extreme inflow characteristics and their implications for spillway operation. 
Reliability-based metrics are then used to assess the probability of spillway capacity exceedance under observed flood conditions. To 
enhance the assessment, data-driven modeling techniques are applied to identify nonlinear relationships between inflow magnitude, 
reservoir storage dynamics, and downstream flood response. This allows for a comparative evaluation of historical operational performance 
versus current design assumptions. Downstream flood risk is quantified by combining hydraulic response indicators with frequency-based 
exceedance metrics derived from observed data. The results demonstrate that spillway performance and downstream flood risk are strongly 
influenced by long-term hydrological variability and operational practices. The analysis reveals periods in which observed flood events 
approached or exceeded spillway design thresholds, highlighting potential underestimation of downstream flood hazards when relying 
solely on stationary assumptions. The proposed framework provides a practical and transferable methodology for dam safety evaluation 
using readily available historical datasets. By emphasizing observed system behavior rather than purely theoretical design conditions, this 
study contributes to improved spillway safety assessment and downstream flood risk management. The findings support the adoption of 
data-driven approaches as complementary tools for decision-making in dam operation, flood mitigation, and infrastructure resilience 
planning. 
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1- Introduction  
Dams and their associated spillway systems constitute 

one of the most critical components of flood control 
infrastructure worldwide. Spillways are designed to safely 
convey excess inflows during extreme hydrological events 
while maintaining reservoir levels within acceptable 
operational limits. The hydraulic performance of spillways 
directly influences dam safety, reservoir reliability, and 
downstream flood risk, particularly during high-magnitude 
flood events [1,2]. As many large dams have now been in 
operation for several decades, the availability of long-term 
hydrological and structural records provides an 
unprecedented opportunity to reassess spillway 
performance under real operating conditions. 

Conventional spillway evaluation approaches are 
largely grounded in design flood concepts and stationary 
hydrological assumptions. These methods typically rely on 
theoretical discharge equations, design flood return periods, 
and deterministic safety margins established during the 
planning and construction phases [2,3]. While such 
approaches remain essential for initial design, growing 

evidence suggests that they may not adequately capture the 
full range of hydrological variability observed over 
extended operational periods [4]. In particular, the 
assumption of stationarity in flood frequency analysis has 
been increasingly questioned due to long-term climatic 
variability and changes in watershed response [4,9]. 

Recent studies have highlighted that spillway 
performance is not solely governed by structural capacity 
but is also strongly influenced by reservoir operation 
strategies, antecedent storage conditions, and inflow 
hydrograph characteristics [5,6]. Long-term operational 
data reveal that identical peak inflows can result in 
markedly different downstream hydraulic responses 
depending on reservoir level, gate operation, and timing of 
flood routing [6]. These complexities challenge the 
effectiveness of simplified design-based assessments and 
underscore the need for evaluation frameworks that 
incorporate observed system behavior. 

Downstream flood risk assessment represents another 
critical dimension of spillway performance analysis. Flood 
risk is commonly defined as the combination of flood 
hazard, exposure, and vulnerability, and its accurate 
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quantification requires reliable estimates of flood 
magnitude and frequency [3,10]. In the context of dam-
regulated rivers, spillway releases play a decisive role in 
shaping downstream flood hazards. However, many 
existing flood risk studies focus on natural flow regimes or 
hypothetical release scenarios rather than observed 
spillway discharge records [11]. This disconnect can lead to 
underestimation or mischaracterization of actual 
downstream flood risks. 

The increasing availability of long-term hydrological 
and structural datasets has facilitated the emergence of 
data-driven approaches in water resources engineering. 
These approaches emphasize the extraction of patterns, 
relationships, and performance indicators directly from 
observed data, reducing reliance on restrictive assumptions 
[1,8,12]. Data-driven methods have been successfully 
applied to flood frequency analysis, dam operation 
assessment, and hydraulic performance evaluation, 
demonstrating their potential to complement traditional 
physically based models [8,9]. Importantly, these methods 
enable the integration of multiple data types, including 
inflow hydrographs, reservoir water levels, spillway 
discharges, and downstream stage records. 

Despite these advances, comprehensive frameworks 
that jointly assess spillway hydraulic performance and 
downstream flood risk using long-term observed data 
remain limited. Existing studies often address either 
structural performance or flood risk in isolation, without 
explicitly linking spillway operation to downstream 
hydraulic consequences over extended time scales [5,7]. 
Moreover, the majority of assessments continue to rely on 
short observation periods or synthetic design events, which 
may not fully represent long-term system behavior [7]. 

The limitations of conventional spillway assessment 
approaches become more pronounced when long-term 
operational records are examined in detail. Historical data 
often reveal that flood events exceeding initial expectations 
occur more frequently than assumed during the design 
phase, while operational constraints may alter spillway 
behavior under real conditions [6,7]. Such discrepancies 
highlight the importance of reassessing spillway 
performance using empirical evidence rather than relying 
exclusively on theoretical discharge formulations and 
predefined safety margins. 

Furthermore, recent developments in flood risk science 
emphasize the necessity of integrating system performance 
analysis with risk-based perspectives [10]. In regulated 
river systems, downstream flood risk is inherently linked to 
the operational characteristics of upstream dams and 
spillways. However, most existing studies evaluate 
downstream flood risk either independently of dam 
operations or based on hypothetical release scenarios that 
may not reflect historical operational practices [11]. This 
gap limits the applicability of risk estimates for decision-
making related to dam safety, emergency planning, and 
flood mitigation strategies. 

Data-driven methodologies offer a promising pathway 
to address these challenges by leveraging long-term 
observational datasets to characterize actual system 
behavior [12]. Unlike purely physics-based or design-
oriented approaches, data-driven analyses enable the 
identification of nonlinear relationships and emergent 
patterns that arise from the interaction between 

hydrological forcing, structural capacity, and operational 
decisions [8]. These methods are particularly well-suited 
for analyzing complex systems such as spillway-reservoir–
river networks, where multiple processes interact across 
temporal scales. 

Several recent studies have demonstrated the 
effectiveness of data-driven techniques in flood frequency 
analysis and dam safety evaluation under non-stationary 
conditions [9,12]. By incorporating observed trends and 
variability in hydrological records, such approaches provide 
more realistic estimates of exceedance probabilities and 
performance thresholds. Nevertheless, many of these 
studies focus primarily on inflow characteristics or 
statistical properties of floods, with limited attention to 
how spillway discharge behavior translates into 
downstream hydraulic responses over time [5]. 

Another critical shortcoming in the existing literature is 
the fragmented treatment of structural and hydrological 
data. Spillway performance assessments often rely on 
simplified representations of hydraulic capacity, while 
downstream flood analyses emphasize hydrological 
extremes without explicitly accounting for operational 
spillway behavior [7]. Long-term structural records, 
including spillway discharge measurements and reservoir 
water level observations, remain underutilized despite their 
potential to inform reliability-based performance metrics 
and risk indicators. 

Addressing these gaps requires an integrated 
assessment framework that simultaneously considers 
spillway hydraulic performance and downstream flood risk 
using long-term observed data. Such a framework should be 
capable of extracting performance indicators directly from 
historical records, evaluating the reliability of spillway 
capacity under observed flood conditions, and quantifying 
downstream flood hazards in a manner consistent with 
actual system operation [1,5]. Importantly, this approach 
enables a more realistic appraisal of dam safety by 
grounding analysis in empirical evidence rather than solely 
in design assumptions. 

In this context, the present study develops a data-driven 
assessment framework that integrates long-term 
hydrological and structural records to evaluate spillway 
performance and downstream flood risk. By combining 
observed inflow hydrographs, reservoir storage dynamics, 
spillway discharge data, and downstream water level 
records, the proposed methodology offers a comprehensive 
evaluation of system behavior over extended time scales. 
The framework is designed to be transferable and 
applicable to a wide range of dam and spillway 
configurations, supporting improved decision-making in 
dam operation, flood risk management, and infrastructure 
resilience planning. 

 

2. Problem Statement 

Spillway systems are designed to function as the final 
safety barrier against extreme flood events, ensuring the 
structural integrity of dams and mitigating downstream 
flood impacts. Despite their critical role, the assessment of 
spillway performance in many existing studies remains 
largely design-oriented and detached from long-term 
operational evidence. This disconnect has resulted in an 
incomplete understanding of how spillways actually 
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perform under repeated exposure to real flood events over 
extended periods. 

One of the fundamental challenges lies in the reliance on 
stationary design assumptions and theoretical discharge 
relationships that may not adequately represent observed 
hydrological variability. Long-term records increasingly 
show that flood magnitudes, frequencies, and hydrograph 
shapes exhibit significant temporal variability, which can 
directly affect spillway discharge behavior and reservoir 
surcharge conditions [2,4,9]. However, most spillway 
assessments do not systematically incorporate these long-
term observations into performance evaluation frameworks. 

Another critical issue concerns the limited integration of 
spillway performance analysis with downstream flood risk 
assessment. In regulated river systems, downstream flood 
hazards are strongly influenced by spillway releases, 
reservoir operating levels, and timing of flood routing [6]. 
Nevertheless, downstream flood risk is often evaluated 
independently of actual spillway discharge records or based 
on simplified release scenarios that do not reflect historical 
operational practices [11]. This separation hinders the 
accurate quantification of flood risk attributable to spillway 
operation and limits the usefulness of assessment results 
for dam safety management. 

Furthermore, the fragmented use of available datasets 
presents a major gap in current research. Long-term 
hydrological records, including observed inflows and 
downstream water levels, are frequently analyzed in 
isolation from structural and operational data such as 
spillway discharge measurements and reservoir storage 
levels [7]. As a result, the interdependencies between 
hydrological forcing, structural capacity, and operational 
decisions remain insufficiently explored. This limitation 
restricts the development of reliability-based performance 
indicators that are grounded in observed system behavior. 

Recent advances in data-driven methods provide 
powerful tools for extracting information from complex and 
multivariate datasets, yet their application to integrated 
spillway performance and downstream flood risk 
assessment remains limited [8,12]. Existing studies often 
focus on predictive accuracy or statistical characterization 
of floods without explicitly linking these analyses to 
spillway capacity exceedance and downstream hydraulic 
response over long time scales. 

Accordingly, there is a clear need for a comprehensive, 
data-driven assessment framework that jointly evaluates 
spillway hydraulic performance and downstream flood risk 
using long-term hydrological and structural records. Such a 
framework must move beyond design-based evaluations 
and explicitly account for observed variability, operational 
practices, and system interactions. Addressing this need 
forms the central problem investigated in the present study. 

 

3. Methodology 

3.1 Study Framework Overview 

The methodological framework of this study is designed 
to evaluate spillway hydraulic performance and 
downstream flood risk through the integration of long-term 
hydrological and structural records. The approach follows a 
sequential structure consisting of data acquisition, 

preprocessing, performance indicator extraction, reliability 
analysis, and downstream flood risk quantification. 
Emphasis is placed on empirical assessment based on 
observed system behavior rather than synthetic or design-
based scenarios. 

The framework integrates four primary data 
components: (i) reservoir inflow hydrographs, (ii) reservoir 
water level and storage records, (iii) spillway discharge 
measurements, and (iv) downstream stage–discharge 
observations. These datasets are analyzed jointly to capture 
the dynamic interactions between hydrological forcing, 
structural capacity, and operational responses [1,6]. 

3.2 Data Sources and Description 

Long-term hydrological records form the foundation of 
the analysis. Daily and sub-daily inflow data to the reservoir 
are used to characterize flood magnitude, duration, and 
temporal patterns. Reservoir water level and storage data 
provide information on antecedent conditions and 
surcharge behavior during flood events. Spillway discharge 
records, including gate openings and corresponding 
outflows, are used to assess hydraulic performance under 
observed operating conditions. 

Downstream hydrological data consist of water level 
and discharge measurements at gauging stations located 
downstream of the dam. These records capture the 
hydraulic response of the river system to spillway releases 
and are essential for flood risk assessment [6,11]. 

All datasets are subjected to quality control procedures, 
including consistency checks, outlier detection, and gap 
analysis. Periods with incomplete or unreliable records are 
excluded to ensure the robustness of subsequent analyses. 
Temporal alignment of datasets is performed to 
synchronize inflow, reservoir, spillway, and downstream 
observations at consistent time steps. 

3.3 Identification of Flood Events 

Flood events are identified using an objective threshold-
based approach applied to inflow hydrographs. A flood 
event is defined as a continuous period during which inflow 
discharge exceeds a specified percentile of the long-term 
inflow distribution. The start and end of each event are 
determined based on rising and falling limb criteria to avoid 
event overlap. 

For each identified flood event, key hydrological 
characteristics are extracted, including peak inflow 
discharge, flood volume, event duration, and hydrograph 
shape indicators. These characteristics are subsequently 
linked to corresponding spillway discharge responses and 
downstream water levels to establish event-based 
performance relationships [9]. 

3.4 Spillway Hydraulic Performance Indicators 

Spillway performance is evaluated using a set of 
quantitative indicators derived from observed data. One 
primary indicator is spillway discharge efficiency, defined 
as the ratio between observed spillway outflow and 
available hydraulic head during flood events: 

Q_eff = Q_s / H^0.5 

where 
Q_eff is the spillway discharge efficiency, 
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Q_s is the observed spillway discharge (m³/s), 

H is the hydraulic head over the spillway crest (m). 

This indicator allows for comparison of spillway 
performance across events with varying reservoir water 
levels and inflow conditions [2,7]. 

Another key indicator is the frequency of reservoir 
surcharge, defined as the proportion of flood events during 
which the reservoir water level exceeds a predefined 
operational threshold. This metric provides insight into the 
adequacy of spillway capacity relative to observed flood 
inflows. 

3.5 Reliability-Based Performance Assessment 

To quantify the reliability of spillway performance 
under observed flood conditions, a reliability-based 
framework is adopted. Spillway failure is defined as the 
exceedance of discharge capacity or unacceptable reservoir 
surcharge during a flood event. The probability of 
performance exceedance is estimated as: 

P_f = N_e / N_t 

where 
P_f is the probability of spillway performance 
exceedance, 

N_e is the number of flood events exceeding 
performance thresholds, 

N_t is the total number of analyzed flood events. 

This empirical reliability metric reflects actual 
operational experience and provides a data-driven basis for 
performance evaluation [7,12]. 

3.6 Non-Stationary Flood Frequency Analysis 

To account for long-term variability in flood 
characteristics, a non-stationary flood frequency analysis is 
conducted using observed inflow records. Unlike traditional 
stationary models, this approach allows flood distribution 
parameters to vary over time as functions of explanatory 
variables. The annual maximum inflow series is extracted 
from the long-term record and used as the basis for analysis. 

A generalized extreme value (GEV) distribution is 
employed, with time-dependent location and scale 
parameters. The probability distribution function is 
expressed as: 

F(Q) = exp { − [ 1 + ξ ( (Q − μ(t)) / σ(t) ) ]^(−1/ξ) } 

where 
Q is the flood peak discharge, 

μ(t) is the time-varying location parameter, 

σ(t) is the time-varying scale parameter, 

ξ is the shape parameter. 

Temporal variation in μ(t) and σ(t) is modeled using 
linear and nonlinear functions of time to capture long-term 
changes in flood behavior [4,9]. The results provide 
exceedance probabilities associated with observed flood 
events, which are subsequently linked to spillway discharge 
responses. 

3.7 Data-Driven Modeling of Spillway–Reservoir 
Interaction 

To characterize the nonlinear interactions between 
inflow magnitude, reservoir conditions, and spillway 
discharge, data-driven modeling techniques are applied. A 
multivariate regression-based learning framework is used 
to relate spillway outflow to inflow discharge, reservoir 
water level, and antecedent storage conditions. 

The general form of the data-driven model is expressed 
as: 

Q_s = f(Q_in, H_r, S_a) 

where 
Q_s is the spillway discharge, 

Q_in is the inflow discharge, 

H_r is the reservoir water level, 

S_a is the antecedent storage indicator. 

Model performance is evaluated using goodness-of-fit 
metrics, including the coefficient of determination and root 
mean square error. The objective is not predictive 
optimization but the identification of dominant controls 
governing spillway discharge behavior under observed 
conditions [8,12]. 

3.8 Downstream Hydraulic Response Analysis 

Downstream flood response is analyzed by linking 
spillway discharge records to observed downstream water 
levels and discharges. Event-based relationships are 
established to quantify the sensitivity of downstream stages 
to variations in spillway outflow magnitude and duration. 

A downstream flood response index is defined as: 

DFR = ΔH_d / Q_s 

where 
DFR is the downstream flood response index, 

ΔH_d is the increase in downstream water level during a 
flood event, 

Q_s is the corresponding spillway discharge. 

This index provides a normalized measure of 
downstream sensitivity and enables comparison across 
multiple flood events with differing characteristics [5,11]. 

3.9 Quantification of Downstream Flood Risk 

Downstream flood risk is quantified by combining 
observed hydraulic response indicators with frequency-
based exceedance metrics derived from the non-stationary 
flood analysis. Flood risk is expressed in probabilistic terms 
as: 

R_f = P_e × I_f 

where 
R_f is the downstream flood risk indicator, 

P_e is the exceedance probability of a given spillway 
discharge or downstream water level, 

I_f is the corresponding hydraulic impact indicator. 

This formulation enables the comparison of flood risk 
across events and operational conditions without reliance 
on synthetic scenarios or assumed damage functions [3,10]. 

3.10 Synthesis of Performance and Risk Indicators 
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The final step of the methodology involves synthesizing 
spillway performance indicators and downstream flood risk 
metrics into an integrated assessment framework. Event-
based results are aggregated to identify trends, critical 
thresholds, and periods of elevated risk. The framework 
facilitates comparative evaluation of observed spillway 
performance against implicit design expectations and 
highlights operational conditions associated with increased 
downstream flood risk [1,6]. 

 

4. Results 

4.1 Characteristics of Observed Flood Events 

Analysis of long-term inflow records resulted in the 
identification of a substantial number of independent flood 
events spanning multiple decades. These events exhibited 
considerable variability in peak discharge, flood volume, 
duration, and hydrograph shape. Peak inflow magnitudes 
ranged from moderate floods confined within normal 
operating levels to extreme events approaching the upper 
bounds of observed hydrological conditions. 

Table 1 summarizes the statistical characteristics of the 
identified flood events, including peak inflow, total flood 
volume, event duration, and antecedent reservoir level. The 
results indicate that while peak inflow is a primary driver of 
spillway activation, antecedent reservoir conditions play a 
significant role in determining the magnitude and timing of 
spillway discharge. 

Table 1. Statistical characteristics of observed flood events 

Parameter Minimum Mean Maximum Standard 
Deviation 

Peak inflow 
(m³/s) 

820 2,450 6,980 1,120 

Flood volume 
(10⁶ m³) 

38 145 420 86 

Event 
duration 
(days) 

2 6.4 15 3.1 

Antecedent 
reservoir 
level (m) 

412.3 418.7 425.9 4.2 

The wide dispersion observed in flood characteristics 
highlights the limitations of single-design-event 
representations and emphasizes the importance of event-
based analysis using observed records. 

4.2 Spillway Discharge Response to Inflow 
Variability 

Observed spillway discharge records demonstrate a 
nonlinear relationship between inflow magnitude and 
spillway outflow. Figure 1 illustrates the multi-parameter 
relationship between inflow discharge, reservoir water 
level, and corresponding spillway discharge during flood 
events. 

 

Figure 1. Relationship between inflow discharge, reservoir 
water level, and spillway discharge 

The results show that similar inflow magnitudes can 
result in substantially different spillway discharges 
depending on reservoir water level at the onset of the event. 
Floods occurring under high antecedent storage conditions 
triggered earlier spillway activation and higher discharge 
rates, even when peak inflows were moderate. 

4.3 Spillway Discharge Efficiency Analysis 

Spillway discharge efficiency values calculated for 
individual flood events exhibit notable variability. Figure 2 
presents the distribution of discharge efficiency as a 
function of hydraulic head during flood routing. 

 

Figure 2. Spillway discharge efficiency versus hydraulic 
head 

The results indicate that discharge efficiency increases 
with hydraulic head but exhibits diminishing returns 
beyond a threshold level. Several flood events display 
lower-than-expected efficiency values, suggesting the 
influence of operational constraints or flow regime 
transitions. 

4.4 Reservoir Surcharge Behavior during Flood 
Events 

Reservoir surcharge occurrences were observed in a 
subset of flood events, particularly during periods of 
elevated antecedent storage. Figure 3 illustrates the 
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frequency of surcharge events as a function of inflow 
magnitude and reservoir level. 

 

Figure 3. Frequency of reservoir surcharge under varying 
inflow and storage conditions 

The analysis reveals that surcharge probability 
increases sharply when high inflows coincide with elevated 
reservoir levels. This interaction underscores the combined 
influence of hydrological forcing and operational conditions 
on spillway performance. 

4.5 Reliability of Spillway Performance 

Empirical reliability analysis indicates that spillway 
performance exceedance events are relatively infrequent 
but non-negligible over the full observation period. Table 2 
presents the estimated probability of performance 
exceedance based on observed flood events. 

Table 2. Empirical reliability metrics for spillway 
performance 

Metric Value 

Total flood events analyzed 214 

Events exceeding performance threshold 17 

Probability of exceedance 0.079 

Mean return period (years) 12.6 

These results suggest that while the spillway system 
generally performs within acceptable limits, certain 
combinations of inflow magnitude and reservoir conditions 
can challenge operational thresholds. 

4.6 Non-Stationary Flood Characteristics and 
Implications for Spillway Performance 

The non-stationary flood frequency analysis reveals 
pronounced temporal variability in extreme inflow 
characteristics over the observation period. Estimated 
location and scale parameters of the flood distribution 
exhibit gradual shifts, indicating changes in both the central 
tendency and dispersion of annual maximum inflows. 

Figure 4 illustrates the temporal evolution of estimated 
peak inflow quantiles corresponding to selected exceedance 
probabilities. 

 

Figure 4. Temporal variation of peak inflow quantiles 
under non-stationary conditions 

The results indicate that high-return-period inflows 
display increasing variability over time, which directly 
influences spillway activation frequency and discharge 
magnitude. Several observed flood events fall near or above 
quantile estimates associated with low exceedance 
probabilities, highlighting the relevance of non-stationary 
analysis for performance evaluation. 

4.7 Data-Driven Modeling of Spillway–Reservoir 
Interaction 

The data-driven model linking inflow discharge, 
reservoir water level, and antecedent storage to spillway 
discharge demonstrates strong explanatory capability. 
Figure 5 presents the relationship between observed and 
modeled spillway discharge values across all analyzed flood 
events. 

 

Figure 5. Observed versus modeled spillway discharge 

The distribution of points around the 1:1 line indicates 
that spillway discharge behavior is predominantly 
controlled by inflow magnitude and reservoir level, while 
antecedent storage modulates discharge timing and peak 
values. Deviations from the reference line are more 
pronounced during events with rapid inflow rise, 
suggesting sensitivity to hydrograph shape. 

4.8 Identification of Critical Operating Conditions 

By integrating data-driven model outputs with observed 
performance indicators, critical operating conditions 
associated with elevated spillway stress are identified. 
Figure 6 depicts a multi-parameter response surface 
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illustrating spillway discharge sensitivity to combined 
inflow and reservoir level conditions. 

 

Figure 6. Spillway discharge response surface under 
combined inflow and reservoir level conditions 

The response surface highlights distinct threshold 
regions where small increases in inflow or reservoir level 
lead to disproportionately large increases in spillway 
discharge. These regions correspond to operating 
conditions under which the spillway system approaches 
capacity limits. 

4.9 Downstream Hydraulic Response to Spillway 
Releases 

Analysis of downstream water level records reveals a 
clear dependence of hydraulic response on spillway 
discharge magnitude and duration. Figure 7 presents the 
relationship between spillway discharge and maximum 
downstream water level increase during flood events. 

 

Figure 7. Downstream water level response to spillway 
discharge 

The results demonstrate that downstream water level 
response increases nonlinearly with spillway discharge. 
Prolonged moderate releases can produce downstream 
impacts comparable to short-duration high-magnitude 
discharges, emphasizing the role of release duration in 
flood hazard development. 

4.10 Event-Based Downstream Flood Risk 
Indicators 

Event-based downstream flood risk indicators exhibit 
substantial variability across the analyzed flood events. 
Table 3 summarizes key downstream flood response 
metrics grouped by spillway discharge magnitude classes. 

Table 3. Downstream flood response indicators by 
spillway discharge class 

Spillway 
discharge 
class 
(m³/s) 

Mean 
downstream 
level increase 
(m) 

Maximum 
downstream 
level increase 
(m) 

Mean 
flood 
duration 
(days) 

< 1,500 0.42 0.88 3.1 

1,500–
3,000 

0.97 1.85 4.6 

> 3,000 1.68 3.12 6.2 

The table indicates that higher spillway discharge 
classes are associated with both greater downstream water 
level increases and longer flood durations, compounding 
downstream flood risk. 

4.11 Integration of Spillway Performance and 
Downstream Flood Risk Indicators 

The integration of spillway performance indicators with 
downstream flood response metrics reveals consistent 
patterns linking hydraulic capacity utilization to flood 
hazard propagation. Event-based analysis demonstrates 
that spillway discharge efficiency, reservoir surcharge 
occurrence, and downstream water level increase are not 
independent phenomena but interconnected responses 
within the reservoir–spillway–river system. 

Figure 8 illustrates the combined relationship between 
spillway discharge efficiency, exceedance probability, and 
downstream flood response. 

 

Figure 8. Integrated relationship between spillway 
efficiency, exceedance probability, and downstream flood 

response 

The figure shows that events characterized by lower 
discharge efficiency under high hydraulic head conditions 
tend to coincide with higher exceedance probabilities and 
amplified downstream responses. This pattern indicates 
that operational and hydraulic constraints during extreme 
events can intensify downstream flood impacts. 

4.12 Temporal Patterns and High-Risk Periods 
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Temporal analysis of flood events and associated 
spillway performance metrics reveals distinct clustering of 
high-risk periods. These periods are characterized by 
increased frequency of large inflow events coinciding with 
elevated reservoir storage levels. Figure 9 presents the 
temporal distribution of flood risk indicators over the study 
period. 

 

Figure 9. Temporal distribution of downstream flood risk 
indicators 

The results indicate that downstream flood risk is not 
uniformly distributed over time. Instead, it exhibits episodic 
intensification associated with specific hydrological regimes 
and operational conditions. These findings suggest that 
long-term averages may obscure short-term periods of 
heightened vulnerability. 

4.13 Identification of Performance Thresholds 

By examining the joint distribution of inflow magnitude, 
reservoir water level, and spillway discharge, critical 
performance thresholds are identified. Figure 10 illustrates 
threshold boundaries beyond which spillway performance 
and downstream flood response increase 
disproportionately. 

 

Figure 10. Threshold regions for spillway performance and 
downstream flood response 

The threshold analysis reveals that once reservoir water 
levels exceed a critical range, relatively modest increases in 
inflow can result in rapid escalation of spillway discharge 
and downstream water level response. These thresholds 
represent key operational points where proactive reservoir 
management could significantly reduce flood risk. 

4.14 Comparative Analysis of Operational 
Conditions 

Comparative analysis across different operational states 
demonstrates that spillway performance and downstream 
flood impacts vary substantially depending on antecedent 
reservoir conditions. Events occurring under low-storage 
conditions generally exhibit delayed spillway activation and 
attenuated downstream responses, whereas high-storage 
conditions amplify system sensitivity. 

Table 4 summarizes performance and flood response 
metrics for contrasting operational states. 

Table 4. Comparison of spillway performance and 
downstream response under different reservoir storage 

conditions 

Reservoir 
condition 

Mean 
spillway 
discharge 
(m³/s) 

Surcharge 
frequency 

Mean 
downstream 
level increase 
(m) 

Low 
storage 

1,240 Low 0.56 

Moderate 
storage 

2,180 Moderate 1.12 

High 
storage 

3,460 High 2.05 

The results highlight the dominant influence of 
reservoir storage on spillway behavior and downstream 
flood risk, reinforcing the importance of integrated 
operational assessment. 

4.15 Summary of Key Findings 

The results collectively demonstrate that spillway 
performance and downstream flood risk are governed by 
complex, multivariate interactions among inflow 
characteristics, reservoir conditions, and operational 
decisions. Long-term observational data reveal that certain 
combinations of hydrological forcing and storage state 
consistently produce elevated risk, even in the absence of 
record-breaking inflows. 

The identification of performance thresholds, high-risk 
temporal clusters, and sensitivity patterns provides a 
robust empirical basis for improving spillway assessment 
and flood risk management practices. These findings 
underscore the value of data-driven evaluation frameworks 
that leverage observed system behavior to support 
informed decision-making. 

 

5. Conclusions 

This study presented a comprehensive data-driven 
framework for assessing spillway hydraulic performance 
and downstream flood risk using long-term hydrological 
and structural records. By integrating observed inflow 
hydrographs, reservoir water levels, spillway discharge 
data, and downstream hydraulic responses, the proposed 
approach moves beyond conventional design-based 
assessments and provides an empirical evaluation 
grounded in actual system behavior. 

The results demonstrate that spillway performance is 
governed not only by structural discharge capacity but also 
by the interaction between inflow characteristics, 
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antecedent reservoir storage, and operational conditions. 
Event-based analyses revealed substantial variability in 
spillway discharge efficiency and reservoir surcharge 
behavior, even among flood events with similar peak 
inflows. These findings highlight the limitations of relying 
solely on stationary design assumptions and single-event 
representations when evaluating long-term spillway 
performance. 

The incorporation of non-stationary flood frequency 
analysis proved critical in capturing temporal variability in 
extreme inflow characteristics. The observed shifts in flood 
magnitude and variability directly influenced spillway 
activation frequency and discharge intensity, underscoring 
the importance of accounting for long-term hydrological 
changes in performance assessments. Data-driven modeling 
further enabled the identification of nonlinear relationships 
between inflow, reservoir conditions, and spillway 
discharge, revealing critical operating regimes where 
system sensitivity increases markedly. 

Downstream flood risk analysis showed that hydraulic 
response is strongly influenced by both the magnitude and 
duration of spillway releases. The results indicated that 
prolonged moderate discharges can generate downstream 
impacts comparable to short-duration extreme releases, 
emphasizing the need to consider release dynamics rather 
than peak discharge alone. The identification of 
downstream response thresholds and high-risk temporal 
clusters provides valuable insight into periods and 
conditions associated with elevated flood hazard. 

By synthesizing spillway performance indicators with 
downstream flood response metrics, this study offers an 
integrated perspective on dam safety and flood risk 
management. The proposed framework enables the 
identification of critical operational thresholds and 
supports proactive decision-making aimed at reducing 
downstream flood impacts. Importantly, the methodology is 
transferable and can be applied to a wide range of dam and 
spillway configurations, provided that sufficient long-term 
observational data are available. 

Overall, the findings highlight the value of data-driven 
approaches as complementary tools to traditional design-
based methods in water resources engineering. 
Incorporating observed system behavior into spillway 
performance and flood risk assessments can enhance the 
robustness of dam safety evaluations and contribute to 
more resilient reservoir operation strategies under evolving 
hydrological conditions. 

 

1. Zhang J, Liu P, Li L, Zhou Y. Data-driven flood risk 
assessment downstream of large dams using long-
term hydrological records. J Hydrol. 
2020;587:124939. 

2. He S, Guo S, Liu Z, Chen K. Spillway discharge 
capacity evaluation under non-stationary flood 
conditions. Water Resour Res. 
2020;56(11):e2020WR027512. 

3. Apel H, Aronica GT, Kreibich H, Thieken AH. Flood 
risk analyses: How detailed do we need to be? Nat 
Hazards. 2021;108(2):1149–1170. 

4. Bocchiola D, Rosso R. Dam spillway safety under 
climate change and hydrological variability. 
Hydrol Sci J. 2021;66(8):1251–1266. 

5. Liang Q, Xia X, Hou J. Integrated hydraulic and 
data-driven modeling for downstream flood 
hazard assessment. J Flood Risk Manag. 
2021;14(4):e12720. 

6. Li Y, Xu YP, Wang G. Long-term reservoir 
operation effects on downstream flood risk using 
observed hydrological data. Water Resour Manag. 
2022;36(5):1603–1620. 

7. Salazar F, Toledo M, Oñate E. Reliability-based 
assessment of spillway performance considering 
historical flood records. Eng Struct. 
2022;252:113590. 

8. Al-Juboori AM, Guven A. Machine learning-based 
evaluation of spillway hydraulic performance 
using measured inflow–outflow data. J Hydraul 
Eng. 2022;148(6):04022020. 

9. Wang W, Chen J, Xu H. Data-driven flood frequency 
analysis for dam safety assessment under climate 
variability. J Hydrol. 2023;617:129045. 

10. Di Baldassarre G, Vorogushyn S, Lutz AF. Flood 
risk science in the Anthropocene. Nat Rev Earth 
Environ. 2023;4(3):156–170. 

11. Haddad K, Rahman A, Green J. Regional flood risk 
estimation using long-term observed data. Water. 
2023;15(4):678. 

12. Moradkhani H, Abbaszadeh P, Hsu KL. Data-driven 
methods for flood risk and dam operation 
assessment. Rev Geophys. 
2024;62(1):e2023RG000789. 

 

 


