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ABSTRACT

Extreme rainstorms increasingly threaten cross-border metro systems whose interdependencies may amplify
localized disruptions into systemic failures. This study proposes a network-based cascading vulnerability
assessment framework for cross-border metro networks, motivated by the Shenzhen-Hong Kong system. The
model integrates rainstorm-induced initial failures, probabilistic structural interdependency, dynamic load
redistribution, and overload-driven cascading dynamics. A multidimensional vulnerability metric system
quantifies structural, functional, and cascading impacts, together with a coupling-induced amplification factor.
Conceptual validation on a dual-layer simplified network shows that cross-border coupling significantly amplifies
system-wide degradation and exhibits threshold-like redundancy behavior. Compared with existing studies, this
study identifies cross-border connectors as systemic vulnerability amplifiers and underscores the need for
coordinated redundancy planning. Future work will extend the model to empirically grounded network data and
spatially explicit rainfall scenarios. This study contributes to interdependent infrastructure risk modeling and
provides a decision-support foundation for coordinated cross-border crisis management and resilience planning
under extreme climate events.
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INTRODUCTION

In the context of global climate change, extreme rainstorm events are exhibiting increasing intensity, higher
frequency, and greater spatial uncertainty (Yang et al., 2025; D.-M. Zhang et al., 2025), particularly in coastal
regions. Shenzhen and Hong Kong, as highly urbanized coastal cities, rely heavily on underground rail transit
systems characterized by deep alignments and limited drainage capacity, rendering them especially vulnerable to
short-duration, high-intensity rainfall (Liang et al., 2026; Liang & Guan, 2025). Recently, multiple extreme
rainstorm events have significantly disrupted transportation networks in both cities. For example, in September
2023, Shenzhen experienced a historically unprecedented rainstorm that led to severe urban flooding, forcing
several metro lines to suspend or restrict operations. Meanwhile, Hong Kong issued the black rainstorm warning
signal, and several underground stations were temporarily closed due to inundation (Liang et al., 2026; Liang &
Guan, 2025). The event completely paralyzed cross-border transportation between Shenzhen and Hong Kong and
resulted in substantial economic losses. More importantly, it exposes the systemic vulnerability of cross-border
rail systems under extreme rainfall conditions: beyond isolated infrastructure damage, cascading failures can
propagate across interconnected networks, potentially triggering the breakdown of the entire cross-border coupled
system (Chen et al., 2024; Wang et al., 2025).

The metro systems of Shenzhen and Hong Kong are physically interconnected through multiple border stations
and cross-border rail links, forming a complex infrastructure network that spans administrative jurisdictions. This
network exhibits the distinctive feature of high physical coupling with institutionally segmented governance.
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While such a structure enhances connectivity and mobility integration, it also increases systemic interdependence.
As aresult, extreme rainstorm hazards may trigger cross-boundary cascading effects within the coupled network,
undermining overall system resilience and constraining coordinated emergency response capacity (Borghetti &
Marchionni, 2023). Accordingly, there is a pressing need to develop a vulnerability assessment framework for
cross-border metro systems under extreme rainstorm scenarios, drawing on an integrated perspective that bridges
complex systems theory and crisis management.

In recent years, the study of vulnerability and resilience in urban rail transit systems under disaster scenarios has
become an important topic in the fields of complex networks and infrastructure risk analysis (Huang & Loo, 2023;
Jiao et al., 2023; Jing et al., 2025; Liang et al., 2026; Rinaldi et al., 2001). Early research (Hong et al., 2022; Meng,
2024; Qi et al., 2022; J. Zhang et al., 2018) was largely grounded in complex network robustness theory,
simulating node failures through random or targeted attacks and evaluating system degradation using structural
indicators such as the proportion of the largest connected component and network efficiency. While these studies
laid the foundation for understanding the topological characteristics of metro networks, they often overlooked the
actual triggering mechanisms of real-world disasters. Subsequent research (Gao et al., 2024; Ma et al., 2023; Y.
Zhang et al., 2020) incorporated passenger flow data and functional performance metrics, shifting attention toward
service continuity and employing load-capacity models to characterize cascading failures (Wang et al., 2025).
More recently, in the context of extreme climate events, some studies (Ansari et al., 2024; Li et al., 2025; Tian et
al., 2024) have introduced hazard models (e.g., floods and earthquakes) into rail transit risk analysis to construct
disaster-driven failure scenarios. However, existing research remains predominantly focused on single-city or
single-layer network structures, with limited attention to the vulnerability of cross-border coupled systems.

At the same time, much of the complex network literature (Meng, 2024; Qi et al., 2022) lacks explicit modeling
of exogenous shocks based on specific hazard scenarios, making it difficult to capture the spatial heterogeneity
and physical triggering mechanisms of natural disasters such as extreme rainstorms. Although multidimensional
resilience metrics, encompassing structural robustness, functional performance, and recovery capacity, have
gradually evolved, a comprehensive evaluation framework tailored to cross-border coupled systems is still
lacking. In particular, under cross-border infrastructure contexts characterized by physical interdependence but
institutional separation, quantitative research on how disaster impacts are amplified into systemic risks through
interdependent mechanisms remains limited. Therefore, it is necessary to develop an integrated analytical
framework for cross-border metro systems that combine hazard-trigger modeling, interdependent cascading
propagation mechanisms, and multidimensional vulnerability assessment, thereby addressing current gaps in
cross-border risk transmission analysis and coordinated emergency response support.

Focusing on the risk propagation and system degradation processes of the Shenzhen-Hong Kong (SZ-HK) cross-
border metro system under extreme rainstorms, this paper proposes a modeling framework oriented toward crisis
management of cross-border infrastructure systems. The main contributions are as follows:

® A dual-layer cross-border coupled metro network model of the SZ-HK system is constructed, representing
the two metro systems as interdependent complex networks and explicitly characterizing structural
dependencies and flow-coupling mechanisms.

® A disaster-driven initial failure modeling approach is proposed based on scenario-specific extreme rainstorm
parameters and station exposure indices, enabling the mapping of environmental shocks to network
perturbations.

® A cascading failure dynamics model is developed by integrating load-capacity mechanisms with
interdependent propagation rules, capturing the nonlinear diffusion processes within the cross-border coupled
system.

® A multidimensional vulnerability assessment framework is established, combining structural vulnerability,
functional vulnerability, and cascading vulnerability. In addition, a cross-border coupling amplification factor
is introduced to quantify the amplifying effect of cross-border nodes during cascading processes.

This study develops a cross-border interdependency modeling framework to stress-test metro systems under
extreme rainstorm scenarios. It provides a theoretical foundation for understanding systemic risks in cross-border
critical infrastructure under extreme climate conditions and offers analytical and decision-making support for
coordinated cross-border crisis management and resilience planning.

MODELING THE SZ-HK CROSS-BORDER METRO NETWORK

Complex Network Modeling of SZ Metro and HK MTR
As of June 2022, the Shenzhen Metro network (SZMN) comprised 12 lines, covering 240 stations, including 42
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transfer stations (one four-line transfer station, four three-line transfer stations, and 37 two-line transfer stations).
Meanwhile, the Hong Kong MTR network (MTRN) consisted of 10 lines and 97 stations, including 21 transfer
stations (one four-line transfer station and 20 two-line transfer stations). As illustrated in Figure 1, all stations in
the two metro networks are numbered sequentially by line. For transfer stations, their station /D is assigned
according to the line with the smaller numerical label.

Based on complex network theory, this study adopts the Space L representation to construct the metro network
models of Shenzhen and Hong Kong, denoted as G4 and G, respectively. Specifically, G, = (V,, E,) represents
the SZMN, and Gz = (Vj, E) represents the MTRN. The node set is definedas V = {v; | i = 1,2, ..., N}, and the
edge set is defined as E = {e;; | i,j = 1,2,...,N; i # j}, where e;; = (v;, V;) denotes a connection between two
adjacent stations iand j. Figure 1 presents the spatial distribution of the two networks under the Space L modeling
framework.

Figure 1. The encoded metro networks: SZMN (G 4) and MTRN (Gp).

Coupled Metro Network Modeling

Dual-Layer Network Representation

Although the SZMN and MTRN differ in operational management, regulatory frameworks, and infrastructure
configurations, they are physically interconnected through a limited number of cross-border nodes (e.g., transfer
stations and control points). To capture this hybrid structure, we abstract the SZMN and MTRN as a dual-layer
interdependent network (as illustrated in Figure 2). Formally, the coupled system can be represented as G =
(G4, Gg, D), where D € V, X Vy denotes the set of cross-border coupling links. The overall node set is defined as
V =V, U Vg, with each node v; € V, U V corresponding to a metro station, and each edge representing a physical
connection between adjacent stations.

At present, the top three cross-border checkpoints between Shenzhen and Hong Kong in terms of passenger flow
are Luohu Port, Shenzhen Bay Port, and Futian Port. However, since there is no directly connected MTR station
at Shenzhen Bay Port, cross-border travelers must transfer to shuttle buses, this study defines the cross-border
coupling channels in the SZ-HK metro network as: (1) Luohu-SZ connected to Lo Wu Station-HK; and (2) Futian
Port-SZ connected to Lok Ma Chau Station-HK (as indicated by the red double arrows in Figure 2). This dual-
layer structure captures three key characteristics relevant to crisis management: administrative separation,
physical interconnectivity, and functional interdependence. Unlike single-layer network models, the dual-layer
structure explicitly captures cross-border interdependencies, enabling the analysis of interlayer cascading failures
under extreme hazard conditions.
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Figure 2. The SZ-HK coupled metro network.

Coupling Mechanisms

The interaction between the SZMN and the MTRN operates through two complementary coupling mechanisms:
structural dependency and flow coupling. These mechanisms represent distinct pathways through which failures
may propagate across the border.

Structural dependency captures the functional interconnections between adjacent cross-border stations. Let i €
V,yand j € Vg denote two stations linked via a cross-border interface. Their relationship is defined as P(j fails |
[ fails) = q;;, where q;; € [0,1] represents the dependency strength. When q;; = 1, the two stations are fully
interdependent, meaning that the closure of a station on one side necessarily results in functional failure of the
corresponding station on the other side. Partial dependency (0 < g;; < 1) reflects situations in which limited
operations may still be maintained under constrained conditions. From a crisis management perspective, such
structural dependency may arise from shared border inspection facilities, coordinated train dispatching constraints,
or interoperability between control systems. This mechanism allows localized disruptions to directly trigger
interlayer failures.

Flow coupling can capture indirect propagation driven by passenger flow redistribution. When a cross-border
station becomes unavailable, displaced travel demand may shift to alternative cross-border nodes or parallel
routes. Let ¢ denote the proportion of cross-border functional load relative to the total system load. If a cross-
border node i fails, part of its load is redistributed to an alternative node k as L;, « Ly + 6¢L;, where L; denotes
the load proxy of node i and § € [0,1] represents the absorption ratio of alternative nodes. Flow coupling thus
reflects a congestion amplification effect rather than direct structural failure. Even when structural dependency is
relatively weak, load redistribution may still induce cascading failures through overload dynamics.

Topological Structure Measurement

In graph theory (Ermagun et al., 2023) and complex network analysis (Meng, 2024), node centrality measures
constitute essential tools for examining topological characteristics and evaluating node importance within a
network. In rail transit networks, node centrality reflects the extent to which a station is structurally connected to
and interacts with other stations in the overall system. To date, numerous topological indicators have been
developed to characterize the role of nodes from different analytical perspectives, and these measures have been
extensively studied (Li et al., 2025). Commonly used centrality metrics include Degree Centrality, Eigenvector
Centrality, Betweenness Centrality, Closeness Centrality, and PageRank. In this study, node centrality measures
are employed to compare the structural importance of different stations within the SZMN and MTRN.

EXTREME RAINSTORM-DRIVEN CASCADING FAILURE FRAMEWORK
Extreme Rainstorm and Initial Failure Modeling

Hazard Scenario Construction

This study adopts a parameterized extreme rainstorm scenario modeling approach. By constructing a standardized
rainfall process and multidimensional hazard intensity indicators, extreme rainstorms are represented as
exogenous shock variables that can be directly input into the complex network cascading model. This approach
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enables controlled comparisons of system responses under different hazard intensities, which is particularly
valuable for emergency preparedness planning.

The extreme rainstorm hazard input vector is defined as:

H = {lyuo T, P,7, 5,10} (1)

where [, denotes peak rainfall intensity (mm/h), T denotes rainfall duration (h), P denotes cumulative
precipitation (mm), r denotes relative timing of the peak intensity (0~1), S denotes spatial rainfall heterogeneity
coefficient (dimensionless), and 7 denotes drainage system capacity attenuation coefficient (compound hazard
parameter, 0~1). Among them, I, and T characterize short-duration high-intensity impacts, reflecting the
strength of the rainstorm; P captures system saturation and prolonged inundation effects; r describes the temporal
structure of the rainfall process; S represents spatial heterogeneity; and 7 accounts for drainage capacity
degradation under compound disaster scenarios. To ensure comparability across scenarios, continuous variables
are normalized as follows:

(2)

To systematically characterize the impacts of different extreme rainfall patterns on the cross-border coupled
system, a multidimensional composite scenario set § is constructed, where I;, T}, 73 correspond to hazard, S,
corresponds to exposure, and 1,, corresponds to absorption capacity.

3 _ Imax = Imi

Imax— m’T:T_Tmin ’pZP_Pmin
Imax - Imin Tref - Tmin Pref - Pmin

S ={I; XT; X 13 X Sy X 11} (3)

Four intensity levels are defined: §; (50-year return period), S, (100-year return period), S5 (200-year return
period), and S, (500-year return period). These intensity levels are defined in relative terms and do not rely on
specific city-based IDF (Intensity-Duration-Frequency) curve values, thereby preserving model generality. In
addition, a standardized triangular rainfall hyetograph is adopted:

21
:}a" ¢, 0<t< rT\
I®) =1 2I,., Fop T<i<T (4)
aopr T~ 1T=ts

The parameter r € (0,1) controls the timing of peak intensity. Specifically, r = 0.3 (early peak), r = 0.5 (mid-
peak), and r = 0.7 (late peak) are selected to reflect how different rainfall temporal structures influence drainage
system response and, consequently, system vulnerability.

Station Exposure and Vulnerability Function

This study adopts a three-stage hazard-exposure-vulnerability mapping framework (Guo et al., 2025; Wu et al.,
2024) to translate rainstorm scenarios into the initial failure probabilities of metro stations.

Relevant station-level indicators are considered, including: underground & elevated station status Und; € {0,1},
transfer station status Hub; € {0,1} , entrance number Ent; € {1,2,3} , topographic classification (low-
lying/normal/elevated) Low; € {1,2,3}, and proximity to flood-prone areas Wat; € {1,2,3}. After normalization,
these indicators are linearly aggregated to construct the exposure-sensitivity index for station i:

E; = Z Br Xk (5)
k=1

where X;;, denotes the normalized station attribute indicators, and [, represents the corresponding weights,
satisfying '8, = 1. The weights are determined using a weighted TOPSIS method (Meng, 2024), and their
robustness is examined through sensitivity analysis.

The scenario intensity is then coupled with the station exposure index E;to define the composite hazard level of
station i under scenario s, denoted as X;(s). Let w represent the weights of different hazard factors, and X;(s)
captures the disaster intensity experienced by station i under a specific scenario. The hazard level is formulated
as:

Xi(s) = E; - (0ifnax+wpPtwrT) - (1 + wsS) - (1 + wyn) (6)
A Logistic vulnerability function is employed to describe the relationship between hazard intensity and failure

probability:
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: (7)
1+ exp [—a(X;(s) — b)]

pi(s) =

where a denotes the slope parameter, reflecting the uncertainty of station failure, and b represents the median
failure threshold, indicating the overall flood protection capacity of the system. This probabilistic formulation
captures the inherent uncertainty in infrastructure response and enables scenario-based Monte Carlo simulations.
Under intense rainfall conditions, stations with higher exposure levels exhibit a greater likelihood of failure.

For each scenario, Monte Carlo sampling is applied to generate the initial failure state of each station FL.(O) ~

Bernoulli(p; (s)), yielding the initial failure set Fy(s) = {i | FL-(O) = 1} under scenario s. This set serves as the
exogenous trigger node set for subsequent cascading failure simulations.

Cascading Failure Dynamics in Cross-Border Coupled Systems

Load-Capacity Mechanism

In metro systems, the functionality of a station depends on its ability to handle passenger flows and coordinate
operations. When a station becomes inoperative, passenger demand is redistributed to adjacent stations, potentially
increasing operational pressure. In this study, betweenness centrality (BC) is adopted as a proxy variable for node
load:

1° = BC; (8)

where BC; = Z U:(l), o, denotes the total number of shortest paths between nodes sand t, and oy (i)
s#izt st
represents the number of those paths that pass through node i. To avoid scale effects, the load is normalized as
- 0 . . .
0=—2 5. This approach captures the structural importance and potential load level of nodes in the absence of
t m?x L

observed origin-destination passenger flow data.

A classical load-capacity model (Wang et al., 2025) is employed:
€ =1+l )

where a € [0.1,0.5] is a redundancy coefficient representing the overall buffering capacity of the system.
Considering that underground stations may experience capacity degradation under extreme rainfall conditions,
the effective capacity is defined as:

CM=(1-p)C (10)

where p; denotes the rainstorm-induced capacity reduction coefficient, determined by station type and equipment
exposure conditions.

Cascade Failure Propagation Mechanism

The cascading failure process of the metro network under extreme rainstorm scenarios is divided into two stages:
exogenous triggering and endogenous diffusion. For each scenario s, the cascading process is modeled as Table
1. This iterative process captures the nonlinear cascading dynamics arising from load redistribution and capacity
constraints under extreme rainfall disturbances.

Table 1. The cascading failure propagation process

Start
Step 0: Initial Disaster-Induced Failures
e For each station i, determine whether a disaster-triggered failure occurs by
sampling according to p;(s).
e Remove the failed nodes in the initial failure set F,(s) from the network.
Step 1: Load Redistribution
e After node removals, the remaining stations must absorb the redistributed
flow pressure.

e Recalculate the proxy load in the residual network: Z(it) = BCL@, where t
denotes the cascade iteration step, and betweenness centrality is recomputed
at each round based on the current remaining network structure.
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Step 2: Overload Criterion
e Ifanode satisfies th) > Cf™, it is deemed to experience overload failure at
iteration ¢.

e The newly failed node set is defined as F, = {i | L > ¢f™}
Step 3: Iteration Until Convergence
e Repeat Steps 1~2 until no additional failures occur (i.e., F; = @) or the
network collapses.

End

Modeling of Cross-Border Coupling Effects

To model the cross-border coupling effects in the SZ-HK dual-layer metro network, this study introduces two key
parameters: structural interdependence strength q and flow coupling proportion ¢. It should be emphasized that
q and ¢ are control parameters within the cascading propagation dynamics model, rather than endogenous system
state variables.

For each cross-border coupled node pair (i € Vy, j € Vp), the dependency strength is denoted as g;;. If node ifails,
the effective capacity of node jis reduced according to Cjeff «(1-gq; ]-)Cjeff, when g;; = 1, the two nodes are fully
interdependent, implying complete functional reliance across the border.

In addition, a cross-border flow proportion parameter ¢ is defined. When a cross-border node fails, a portion of

its load is redistributed to alternative nodes according to Zg) « ng) + 6¢ZEH), where & denotes the flow

absorption ratio of substitute nodes. This mechanism captures the risk of secondary overload arising from cross-
border alternative routes.

The coexistence of load redistribution and structural interdependence gives rise to nonlinear amplification effects.
Depending on system redundancy, dependency strength, and cross-border flow proportion, the coupled system
may exhibit localized containment, progressive degradation, or systemic collapse. Such regime-shift behavior is
particularly significant for crisis management, as small variations in coupling strength can lead to fundamentally
different systemic outcomes.

MULTIDIMENSIONAL VULNERABILITY ASSESSMENT

Vulnerability Assessment Framework

Although cascading mechanisms describe how disruptions propagate, decision-makers require interpretable
metrics to quantify the extent of system damage (Lu et al., 2022). We construct a multidimensional vulnerability
assessment framework, encompassing topological structural vulnerability, network functional vulnerability, and
cascading propagation vulnerability, to evaluate the impacts of extreme rainstorm-induced cascading failures in
the cross-border metro system. This framework further enables identification of the vulnerability amplifier effect
associated with cross-border nodes.

Let scenario s € §. After the cascading process converges, the post-disruption network is denoted as GP*'(s), and
the initial intact network as GP. The three-dimensional vulnerability vector is defined as

V(s) = (Vs(s), Ve(s), Ve(s)) (11)

Where structural vulnerability Vs measures the degradation of connectivity and topological efficiency in the cross-
border network; functional vulnerability V. quantifies the decline in functional performance and service
efficiency; cascading vulnerability V. evaluates the scale, depth, and threshold sensitivity of failure diffusion
triggered by extreme rainstorms. The quantitative indicators and corresponding computational methods for these
three dimensions are summarized in Table 2.

WiP Paper — Networked Approaches to Crisis and Risk Management
Proceedings of the 23st ISCRAM Conference — The Hague, the Netherlands June 2026
Caroline Rizza, Apoorva Chauhan, Amy Matser, Joyce Kox, Willem Treurniet & Jeroen Wolbers eds.



Meng et al. Cascading Vulnerability in Cross-Border Metro Networks
Table 2. The scoring standard of emergency capability evaluation
Dimension Index Calculation Explanation
The loss rate of | LCCPOst (s) | It measures the
largest connected Vsr(s) =1— e extent of network
component Vg LLCcPre | fragmentation.
E(G) = 1 1
The loss rate of NN -1) d;j It captures the
network =y decline in overall
fFici v . network
Structural  CHICIENCY Vs2 Ve (s) = 1— E(GP***(s)) accessibility.
vulnerability S2\°) = E(GP™®)
It measures the
The increase of | LCCPOSt(s) | degree of increase
average path Vsi(8) =1 = ———— in the rerouting
length Vg, LecPre | cost of the
network.
It reflects the
The loss rate of |{(i,j):i £, dgr;ost(s)<Oo | availability of
OD connectivity Vpi(s) =1- —
pair |€Ciyi =+, <oo | cross-border
F1 services.
Functional The loss rate of V2 (s) g[ mrdl(;:attiesnth;
unctiona cross-border |{(i,j):i €A jEB, dp.o“(s) < 00}| cgracation o
vulnerability bilitv V =1— 2l cross-border
accessibility Vg, [AI'lB | mobility.
It represents the
The 10s§ of KPSt (s) redurc):tion in
alternative path Vis(s) =1— —re network
o K
capability Ve redundancy.
| Veair(s) | It measures the
Final failure scale Vei(s) = ML system's ability to
Ver N resist chain
reactions.
. Cascade . T.(s) It reflects the
Cascading  propagation depth Vea(s) = 'S diffusi
vulnerability V, max SyStem s diffusion
cz capability.
It measures the
Endogenous v N Fo(s) I =1 Fo(s) | additional failures
diffusion gain V4 c3(s) = N caused by
cascading.

To ensure comparability across indicators with different units and magnitudes, min-max normalization is applied:

Vi (s) — min Vi (s)
: (12)

Vi(s) = max Vi(s) — msin Vi (s)

The overall composite vulnerability index is then defined using a vector norm form to avoid introducing subjective
weighting uncertainty. This formulation enables a quantitative assessment of vulnerability in the SZ-HK cross-

border coupled metro system.
Var(s) = V(s) lly= V2 + V7 + V2 (13)

Coupling Amplifier Effect
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To clarify the role of cross-border coupling, we compare system vulnerability under coupled and decoupled
configurations. The amplification factor induced by coupling is defined as:

coupled __ y,decoupled
AF = Vall Vall (1 4)
- Vdecoupled
all

A positive AF indicates that cross-border coupling amplifies overall system vulnerability beyond that observed in
isolated metro systems. This metric quantitatively captures the vulnerability amplification effect of cross-border
nodes and provides a basis for identifying critical cross-jurisdictional coordination requirements in crisis
management.

PRELIMINARY INSIGHTS, IMPLICATIONS AND FUTURE WORK
Conceptual Validation and Preliminary Results

Simplified Network Design

To validate the internal consistency of the proposed cascading failure model and to illustrate the cross-border
amplification mechanism in a transparent manner, we construct a synthetic 14-node dual-layer metro network. As
shown in Figure 3, the network consists of two layers, with seven stations in each layer (SZ layer: A1~A7 and
HK layer B1~B7). Within each layer, stations are arranged into two intersecting lines connected by a central hub
(A3 and B3), forming a small but non-trivial multi-line structure capable of supporting alternative routing and
load redistribution.

Two cross-border physical connectors are introduced: a primary cross-border hub (A3~B3) and a secondary
connector (A7~B7). These connectors represent major and auxiliary cross-border interchange channels. Structural
interdependency is imposed on both cross-border station pairs, such that failure of one station may
probabilistically trigger failure of its counterpart with strength g. In addition, cross-border flow coupling is
modeled through a redirection mechanism: when one cross-border connector fails, a proportion of its load is
transferred to the alternative connector, potentially inducing overload.

The simplified network is intentionally minimal to ensure interpretability while preserving essential mechanisms
of intra-layer routing, cross-layer physical connectivity, probabilistic interdependency, and overload-driven
cascading. This design enables controlled exploration of how extreme rainstorm-induced disruption at a critical
cross-border hub propagates across layers and amplifies systemic vulnerability.

Figure 3. The dual-layer simplified network structure.

Experimental Setup

The conceptual validation experiment is designed to examine whether the proposed model can reproduce cross-
border amplification effects and redundancy threshold behavior under controlled conditions.

An extreme rainfall scenario is represented by the initial failure of the primary cross-border hub (A3), reflecting
a localized but strategically important disruption. Cascading dynamics then unfold according to the proposed
mechanism: dependency-triggered failures, cross-border load redistribution, dynamic betweenness-based load
recalculation, and overload-induced node removal. To quantify amplification, we compare a coupled
configuration (including cross-border physical edges, interdependency, and flow coupling) with a decoupled
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baseline in which cross-border physical connectors are removed and both dependency and flow coupling are
disabled. The amplification factor AF is computed as the relative increase in composite vulnerability between the
two configurations.

The parameter settings are specified as follows. The dependency strength q is defined over the interval [0,1] and
is systematically varied to represent different levels of inter-system coupling between cross-border stations,
enabling analysis of its influence on the amplification factor (i.e., the AF~q relationship). The flow coupling
parameters ¢ and § are assigned relatively high values (e.g., ¢ = 0.9, § = 1.0) to emulate stress conditions in
which disrupted passenger flows are predominantly redirected to alternative connectors with minimal dissipation.
The redundancy parameter a serves as a control variable governing node capacity and is varied over a wide range
to identify threshold behavior in cascading failures (i.e., the V. ~a relationship). For each parameter
configuration, Monte Carlo simulations with multiple random seeds are conducted to capture stochastic
interdependency effects, and the averaged multidimensional vulnerability metrics (Vs, Vg, and V) are reported.

Key Observations

The conceptual validation results for the 14-node dual-layer simplified network under dynamic load redistribution
are presented in Figures 4~6.

As shown in Figure 4, the comparison of Vs, Vi, and V- indicates that the coupled cross-border configuration
produces substantially greater multidimensional degradation than the decoupled baseline. Specifically, the
coupled case exhibits pronounced structural vulnerability (Vs = 0.834), functional vulnerability (V; = 0.798),
and cascading vulnerability (V, = 0.213), whereas the decoupled configuration remains markedly less affected
(Vs =0.161, Vp = 0.558, V, = 0.035). This gap indicates that localized rainfall-induced disruption at the
primary cross-border hub can escalate into system-wide fragmentation and service loss when cross-border
physical connectivity, interdependency, and load-transfer mechanisms are present.
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0.834 [ Decoupled

Average vulnerability
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Figure 4. The simulation results of Vg, Vg, and V.
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Figure 5. The simulation results of AF and q.
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Figure 6. The simulation results of V-, and a.

Figure 5 illustrates the AF~q relationship, further confirming a robust cross-border amplification effect. The
amplification factor AF remains strongly positive across the entire range of dependency strength (AF =
1.42~1.50), suggesting that neglecting cross-border coupling would lead to a substantial underestimation of
systemic vulnerability. The slight decrease of AF with increasing q reflects a diminishing marginal effect of
interdependency strength under this simulation environment, where the dominant amplification is driven by cross-
border connectivity and overload-mediated redistribution rather than by interdependency alone.

The Vg1 ~a curve shown in Figure 6 reveals threshold-like redundancy behavior. The final failure ratio Vi,
remains on a high plateau under low-to-moderate redundancy (¢ < 1.0; V; = 0.31), but drops to a lower plateau
once redundancy exceeds a critical level (& = 1.2; V; = 0.26). This pattern is consistent with a regime shift from
overload-prone cascading dynamics to a mitigated propagation state.

Overall, these preliminary results demonstrate that cross-border connectors can act as systemic vulnerability
amplifiers through the combined pathways of interdependency-triggered failures and overload-driven load
redistribution, and that sufficient redundancy at key cross-border nodes is crucial for containing cascading risks
under extreme rainstorms.

Implications for Crisis Management

The conceptual validation results provide several implications for cross-border crisis management under extreme
rainstorm conditions, while highlighting the contributions of this study relative to existing interdependency
research.

o  First, the consistently positive amplification factor (AF > 0) indicates that cross-border coupling significantly
increases systemic vulnerability compared with isolated metro systems. While prior studies mainly classify
interdependencies, our results quantify how such coupling amplifies cascading impacts, suggesting that
independent risk assessments may underestimate system-wide disruptions and underscoring the need for joint
cross-border contingency planning.

e Second, the observed divergence between structural (Vs) and functional (Vy) degradation shows that
connectivity alone is insufficient to assess system performance under crisis conditions. This extends existing
studies by emphasizing functional indicators, such as cross-border accessibility and alternative routing
capacity, as critical metrics for operational decision-making.

e  Third, the threshold behavior in the V;~a curve reveals a transition between cascade-prone and cascade-
resistant regimes. This provides actionable insights beyond traditional interdependency analysis by
identifying minimum redundancy levels required to contain cascading failures, supporting targeted resilience
investments at key cross-border nodes.

¢ Finally, the results demonstrate that cross-border connectors act as systemic vulnerability amplifiers through
interdependency and load redistribution. From a crisis management perspective, these nodes should be treated
as critical coordination points rather than purely physical infrastructure. The proposed framework can
therefore support scenario-based risk assessment and cross-border coordination within crisis management
information systems.
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Ongoing and Future Work

While the simplified network validation confirms the internal consistency and theoretical plausibility of the
proposed modeling framework, several extensions are necessary to enhance empirical realism and decision
relevance. The ongoing and future work is summarized as follows:

e  Future work will incorporate detailed network data from the Shenzhen and Hong Kong metro systems to
construct a higher-resolution dual-layer network representation. This will enable the study of spatial
heterogeneity, multi-line redundancy patterns, and multiple cross-border interconnection structures beyond
the scope of the simplified model.

e  The current rainfall-induced failure modeling relies on abstract initial node removal. Ongoing research aims
to integrate spatially explicit rainfall scenarios and station-level exposure parameters, enabling more realistic
mapping from hazard intensity to initial disruption sets. This integration will support scenario-based stress
testing under varying rainfall return periods.

e  The present model uses betweenness centrality as a proxy for load in the absence of real passenger flow data.
Future work will explore the incorporation of empirical or synthetic demand matrices to refine overload
dynamics and improve functional performance evaluation.

o  Further sensitivity analysis is required to systematically explore the interaction between dependency strength,
flow coupling intensity, and redundancy levels. Identifying phase-transition boundaries in larger-scale
networks may provide more generalizable insights into critical resilience thresholds.

o Finally, subsequent research will examine governance-level coupling, including cross-border information
sharing, coordinated dispatching strategies, and adaptive control policies. Embedding such organizational
dimensions into the interdependent network framework may help bridge the gap between infrastructural
vulnerability modeling and operational crisis management practice.

Together, these extensions aim to transform the present conceptual validation into a comprehensive decision-
support framework for assessing and mitigating cascading risks in cross-border metro systems under extreme
climate events.

CONCLUSIONS

This study develops a network-based cascading vulnerability assessment framework for cross-border metro
systems under extreme rainstorm, focusing on the Shenzhen-Hong Kong context. Building on interdependency
theory, the model integrates structural dependency and dynamic load redistribution to capture both dependency-
triggered and overload-driven cascading mechanisms. Conceptual validation on a dual-layer simplified network
shows that cross-border coupling amplifies system-wide degradation and exhibits threshold-like behavior with
respect to redundancy. These results indicate that cross-border connectors act as vulnerability amplifiers and that
sufficient redundancy at key hubs is critical for cascading failures. Compared with existing interdependency
studies, this study links interdependency structures with dynamic cascading processes and provides quantitative
indicators (e.g., amplification effects and resilience thresholds) relevant for crisis management. The framework
can support scenario-based risk assessment and cross-border coordination within crisis management information
systems. As a work-in-progress study, this research establishes a theoretical foundation. Future work will
incorporate empirical metro data and rainfall scenarios to enable calibrated analysis and actionable decision-
making support for coordinated cross-border crisis management under extreme climate events.
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