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Abstract Climate change, urbanization, and inadequate infrastructure exacerbate urban flood risks, yet one
critical factor remains largely overlooked: hazardous debris such as cars, construction materials, wood, plastic
containers among others. In the Valencia 2024 flood alone, the Spanish Insurance Compensation Consortium
reported about 144,000 vehicles damaged or destroyed, many of them mobilized by the flow, which
demonstrates the scale of large-debris impacts during floods. Debris alters and intensifies flooding impacts by
clogging drainage systems and streets, decreasing flow conveyance, and causing direct damage to infrastructure,
lives, and ecosystems. Nevertheless, debris dynamics are largely absent from flood risk assessments and
management strategies. This Commentary highlights the urgent need to integrate debris considerations into
urban flood planning and emergency response. Using case studies from recent catastrophic floods, we illustrate
how debris amplifies hazard. We explore emerging scientific insights into the influence of debris in different
flood types (flash, fluvial, coastal, tsunamis), and discuss why current management strategies fail to incorporate
this factor. A solution-oriented roadmap is possible and we propose an actionable strategy toward the integration
of debris into flood risk management, contributing to adapting cities toward higher levels of safety and
resilience.

Plain Language Summary Combined with climate change, increasing urbanization and inadequate
infrastructure, hazardous debris such as cars, construction material, wood, plastic containers among other urban
elements, are contributing to more complex and destructive floods. The debris intensifies flooding impacts by
clogging drainage systems and streets, increasing flow resistance, and causing direct damage to infrastructure,
lives, and ecosystems. In the Valencia 2024 flood alone, the Spanish Insurance Compensation Consortium
reported about 144,000 vehicles damaged or destroyed, many of them mobilized by the flow, which
demonstrates the scale of large-debris impacts during floods. Despite this evidence, authorities and consultants
do not consider debris when assessing flood risk and when preparing flood management strategies. With this
Commentary, using documentation from recent catastrophic floods, we illustrate how debris amplifies hazard,
we explore emerging scientific insights which can help, and we propose a solution-oriented roadmap for
integrating debris into flood resilience strategies, thus contributing to bridge the implementation gap toward
cities with higher levels of safety and resilience.

1. Introduction

Extreme weather events, including floods, are the second most perceived immediate risk (WEF, 2025). Every
year, floods affect about 250 million people and cause roughly USD 40 billion in damages and, according to the
OECD (2016), there is a growing insurance gap and fiscal burden on governments in the aftermath of increasingly
frequent severe floods. Despite a decline in flood-related fatalities (Paprotny et al., 2018), annually inundated
areas continue to increase, and exposure remains uneven. Low- and middle-income countries are most heavily
affected (Khan, 2005), and even within high-income countries, income inequalities correlate with higher fatality
rates (Lindersson et al., 2023). This vulnerability will likely increase driven by (a) climate-change-induced shifts
in rainfall frequency and intensity (Alfieri et al., 2015; Liu et al., 2014), and (b) urbanization (Venegas-Cordero
et al., 2024).

Whilst a changing climate is clearly increasing flood risk, urbanization may induce even sharper changes in
catchment responses. In the metropolitan area of Valencia, Spain, heavily impacted by the extreme flood event of
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October 2024, soil sealing by intensive urbanization, which increases peak flows and flood volumes, has more
than tripled in area from 1957 to 2012 (Alemany Martinez & Lépez Garcia, 2016; Valera Lozano et al., 2019).
While these factors are well recognized, another significant yet understudied consequence of urbanization is the
role of debris in urban floods.

In mountain catchments, extreme floods can be responsible for the transport of large amounts of sediment and
natural wood (Ruiz-Villanueva et al., 2016), often blocking bridges and causing backwater flooding (Schalko
et al., 2018) or direct infrastructure damage through impact (Jalayer et al., 2018; Sturm et al., 2018; Zhang
et al., 2018). In densely urbanized areas, debris sources are more varied (Bayon et al., 2024). In their comparative
analysis with historical events, Ludwig et al. (2023) concluded that post-industrial debris had a fundamental role
on the increased impact of the July 2021 Ahr and Erft floods, Germany. Bridge blockages due to debris were
largely made up of anthropogenic objects (Erpicum et al., 2024; Burghardt et al., 2025).

Passenger vehicles, that is, cars, are abundant and are easily swept away (Martinez-Gomariz et al., 2018), posing
risks to both passengers and bystanders, and also leading to clogging of urban infrastructure by vehicles (Erpicum
et al., 2024). On the other hand, smaller debris such as plastics and other litter are ubiquitous and can cause
obstructions on the drainage infrastructure. It is estimated that over 200 million people—mainly in low-income
countries—face increased flood risk due to plastic-clogged drainage (Cooper & Letsinger, 2023). Clogging re-
duces drainage efficiency, causing deeper and longer floods, and greater risks to people and infrastructure.

Here, we advocate for a forward-thinking approach to urban flood management—one that builds on existing
practices and leverages the knowledge available within the scientific and technical community. While hydraulic
modeling of flood propagation based on depth and flow velocity has been a valuable foundation, it is now
necessary to go further. The step we advocate is to consider the mobilization and transport of debris generated
within the urban network in flood management.

2. Impact of Urban Flood Drifters in Floods

Debris here refers to objects that are not moored or fixed and can become mobile under extreme flow conditions,
posing significant hazards; in urban environments, such debris is often termed Urban Flood Drifters (UFDs) in
Bayon et al. (2024) and it includes, for example, plastic, vegetation, household items, construction materials, cars,
bins, woody debris (tree trunks, logs, root wads) and garden sheds.

The presence of debris during floods increases flow resistance and causes a substantial increase in danger to lives,
property, and infrastructure. On a survey conducted on mortality induced by flash floods across the USA, during
the period 1996-2014, Tertin et al. (2017) concluded that more than 63% of the casualties were associated to
incidents with vehicles, which according to Bayon et al. (2024) have a prevalence of about 11% in post-flood
imagery; in their analysis, Yari et al. (2022) found that flood-induced mortality rates increased by 6% with the
presence of debris.

Direct impact from objects transported by the flood can cause significant structural damage to buildings and
houses (Pasha et al., 2024) and they obstruct transport networks, compromise hydraulic infrastructures and
damage the built environment (Erpicum et al., 2024; Furlan et al., 2021; Wiithrich et al., 2025).

Debris can also block drainage systems and bridge openings, and form temporary dams, endangering downstream
communities if suddenly released. During the October 2024 floods in Valencia and the July 2021 floods in central
Europe (Mohr et al., 2022), witnesses reported the formation of “little tsunamis” (flow bursts), likely caused by
debris jams collapsing upstream, catching flood victims by surprise. In 2018, a flash flood in Sant Lloreng des
Cardassar, Spain, transported considerable amounts of woody debris and sediment which contributed to 13 ca-
sualties and damaged over 300 homes (Lorenzo-Lacruz et al., 2019). Similarly, in 2019, a flash flood in the
Francoli River, Spain, uprooted over 20,000 trees which accumulated at bridges and exacerbated flooding effects
(Martin-Vide et al., 2023); the debris contributed to the failure of three bridges, six casualties and estimated 44
million euros of damages.

More recently, in the 2024 Rio Grande do Sul floods, in Southern Brazil, debris exacerbated the disaster impact
and severity by damaging infrastructure (Egas et al., 2024; Riickert et al., 2024) and acted as a vector of envi-
ronmental pollution (Caleffi et al., 2024). Through a discourse analysis of semi-structured interviews with re-
searchers in France and Quebec, Genouel et al. (2024) showed that debris is referred as one of the main types of
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Figure 1. UFDs block a street of Catarroja municipality after the October 2024 Valencia floods, Spain. Author: Arnau Bayon.

pollution in urban flooding. Further debris can collide with people trapped in the water (Bocanegra & Fran-
cés, 2021; Yari et al., 2022) and may pose health risks (Jonkman & Kelman, 2005).

Debris may interfere with emergency actions and relief efforts, both of which are essential services in the im-
mediate aftermath and during post-event recovery (Arrighi et al., 2019; Kameshwar et al., 2021). After the
Valencia event, significant debris remained scattered across the landscape for months, extending the distress for
victims and the impacts of the disaster (Figure 1). In the aftermath of Typhoon Haiyan (2013), in Tacloban City,
Philippines, debris-laden flood waters prolonged stagnation, increasing risk of disease outbreaks and compli-
cating the relief effort. Martins-Filho et al. (2024), in reflecting on the 2024 Rio do Grande do Sul floods, suggests
that contact with contaminated objects and debris increases the risk of tetanus.

In countries such as Pakistan, debris can have a greater impact where a large proportion of the country's popu-
lation live in earthen houses (Pasha et al., 2024). In 2010, floods in Pakistan resulted in more than 1,700 deaths,
and over 1.5 million houses were damaged or destroyed, mostly by impacting debris (Pasha et al., 2024). The
floods in Pakistan demonstrate how communities in areas with informally built housing, as well as densely
populated areas are especially vulnerable to the impacts of debris during floods.

Debris also pose significant hazards also during tsunamis, hurricanes, and coastal floods. The amount of debris
mobilized during extreme events is astonishing; the 2011 Tohoku tsunami in Japan washed an estimated 5 million
tons of debris into the Pacific Ocean (Japanese Ministry of the Environment, 2012), a volume on par with or even
exceeding global plastic loads (0.8-2.7 million tons) carried from rivers to the sea over the entire year (Meijer
et al., 2021).

Nistor et al. (2017) and Kaida et al. (2024) highlight the hazardous role of debris collision during the Indian Ocean
Tsunami (26 December 2004), the 2010 Chilean Tsunami (24 February 2010), the Japanese Tohoku tsunami (11
March 2011) and the Indonesian Sulawesi tsunami (28 September 2018). During the 2011 Tohoku tsunami, the
debris impact triggered the destruction of 17 LPG tanks at the Chiba refinery (Krausmann & Cruz, 2013), leading
to asphalt leaks into the ocean; a domino effect of infrastructure failure, inducing secondary hazards such as fires,
electrocution and chemical spills.

In coastal areas, debris, including boats, vehicles, and construction materials, intensifies wave action during
storms and further compromises flood defenses (Stolle et al., 2018). During Hurricane Katrina (2005), debris
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impacts caused the rupture of a large oil storage tank, and the Mississippi River was closed to navigation due to
the high storm surge and the debris carried by the storm (Cruz & Krausmann, 2013).

Each type of flood presents unique challenges in managing the additional risk brought by debris. Although debris
is ubiquitous in all floods and it is difficult to attribute specific categories of debris to a particular flood type, we
can still observe that certain types are more prevalent in specific flood events.

3. Leveraging Existing Knowledge for Practice: A Roadmap

Current flood management and emergency strategies lack integration of sediment and debris dynamics despite the
evidence of their devastating impacts. Protection against sediment-based debris flow in urban areas is typically
managed by installation of sediment traps (Lucas-Borja et al., 2021). While there are no consolidated design
guidelines, there is extensive practical experience available for the construction of these. Regarding other types of
debris affecting urban areas however, there are few examples of implementation, and the EU Water Framework
Directive (EPC, 2000) does not mention this at all.

Nevertheless, some cities around the world have begun integrating debris management into their flood resilience
strategies. In Jakarta, the government has installed trash booms—solid waste barriers in key waterways—and
promoted community-based waste management programs to reduce the volume of debris clogging drainage
canals and rivers (UNFCCC, 2023). Similarly, Tokyo, developed an advanced urban flood infrastructure with the
Metropolitan Area Outer Underground Discharge Channel (G-Cans Project) (Writer, 2022), which includes trash
screens to filter floating debris. In Bangkok, the authorities equipped pumping stations with debris filtering
mechanisms, combined with floating trash barriers and community clean-up initiatives to reduce plastic pollution
in the drainage canal system (OECD, 2015). In Zurich, a wood retention system upstream of the urban area was
implemented to intercept large wood before it reaches the city (Schmocker & Weitbrecht, 2013).

The US Federal Emergency Management Agency, recognizing that debris removal alone accounts for around
27% of total disaster recovery costs (FEMA, 2007), established guidelines that address urban debris management
during floods in the Public Assistance Program and Policy Guide (FEMA, 2020). Similarly, Australia's Flood
Emergency Plans include debris considerations, most often related to clearance of debris (AIDR, 2020). From a
planning perspective, the framework developed and applied to the Godelleta municipality (Valencia, Spain), by
Bocanegra and Francés (2021) is an excellent practical tool for the relevant authorities. In this framework, vehicle
stability is assessed at stream crossings during floods by combining hydrodynamic hazard analysis and vulner-
ability assessment.

We believe that the actual scientific and technological advances already offer practical opportunities to include
debris dynamics in urban flood management. We set out a structured roadmap (Figure 2), which combines
empirical practices with existing theoretical and modeling knowledge, with the following key steps:

1. As is commonly done by civil protection authorities, a first stage involves hydrodynamic analysis of inun-
dation in the urban area, often for steady state and based on a particular return period. This provides infor-
mation on flood extent and key indicators of hazard such as flow depth and velocity in the streets.

2. Surveys at street level should be carried out to map exposure of debris available across the urban fabric which
has the potential to be mobilized during a flood, adopting for example, a classification such as in Bayon
et al. (2024). These surveys can be done in various ways (field trips, drones, surveillance cameras, satellite
imagery, citizen science or social media analysis) and include debris source identification.

3. By combining the outputs of Step 1 and Step 2, a street scale assessment of the potential for debris mobilization
can be made (using e.g., Bocanegra et al., 2019; Martinez-Gomariz et al., 2018, 2020; Smith et al., 2019;
Valero et al., 2024; Xia et al., 2014). The results of the hydrodynamic analysis (Step 1) and of the urban
exposure to UFD mapping (Step 2) are often considered as being deterministic. However, in reality they are
stochastic as errors and uncertainties associated with the modeling process, and the spatial-temporal variability
of the surveyed quantities (e.g., number of cars in a street may depend on the time of the day, on the day of the
week and on the season or month of the year) introduces uncertainties in the mapping.

4. With the output from Step 3, identification of hotspots can be carried out to find those locations at highest risk.
In particular, this should focus on transport pathways, potential blockage (e.g., bridges and junctions), impacts
to evacuation routes, schools, hospitals and care homes, industrial sites, electrical distribution, and other
critical infrastructure.
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Figure 2. A roadmap to leverage existing knowledge to integrate urban debris dynamics in flood management.

5. The insights from Step 3 should also be incorporated into emergency planning and evacuation models to assist
in identifying emergency access corridors and possible problems.

6. Urban planning should incorporate the insights from the steps above, including debris-aware flood resilience
measures and planning regulations for urban areas (e.g., street sizing and arrangement, or utilization and
occupancy restrictions). Urban transport planning should also consider debris hazard when planning for the
early-warning and emergency phases (see discussion by Bocanegra & Francés, 2021).

4. Actionable Strategies for Enhancing Flood Management

Cities like Jakarta, Tokyo and Bangkok have successfully demonstrated commitment to strategies for debris
management, but large-scale adoption of measures to counteract debris-enhanced hazard during floods remains
restricted. This implementation gap calls for a comprehensive, multi-level strategy that combines technological,
institutional, and behavioral responses, which should prioritize fundamental research on a topic not yet mature
enough to produce concrete guidelines.

¢ Bridging the knowledge gap

Training programs for professionals in urban planning, flood management, and emergency services should
incorporate emerging techniques, which remain absent in engineering and planning curricula. Specifically, na-
tional and regional authorities should prioritize professional capacity-building through specialized training
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programs and certifications that focus on debris flood hazard. This should be incorporated in flood management
training. Finally, the application of existing findings must be systematically translated, and updated when needed,
into practical frameworks and guidelines.

o Integrating debris dynamics into policy and regulation

To ensure that debris dynamics are considered in all flood planning and response strategies, the creation of
technical guidelines updating international and national flood management policies is needed. A structured
approach involves prioritizing international and national guidelines for debris-aware planning, as is done in
flood zoning. Relevant government authorities should require, where relevant, the inclusion of debris sce-
narios in flood management including contingency planning and flood simulations. This may include rede-
signing the urban fabric, and adapting land-use planning and zoning, to account for areas prone to debris
transport and accumulation. An adaptive governance structure to implement comprehensive debris manage-
ment strategies is essential; this should include urban planners, emergency services, environmental agencies
and infrastructure managers. Finally, to ensure the long-term success of integration, indicators to measure the
effectiveness of policy and regulatory cycles should be developed. These can include metrics such as the
reduction in road blockages and improvements in evacuation times, providing a clear measure of the impact of
these interventions.

¢ Advancing structural and engineering measures

Structural interventions may be the only option for managing debris during flood events, but further research and
development are necessary to optimize the design and performance across diverse urban contexts and boundary
conditions. These should focus on research, design and pilot testing of urban-scale debris barriers, including trash
booms, flexible fences, and channel-side retention systems. Additionally, retrofitting susceptible critical infra-
structure to withstand debris impacts is essential. Structural measures must have regular maintenance plans to
ensure their long-term effectiveness and sustainability.

o Improvement of monitoring and early warning systems

Real-time debris monitoring using ground and remote sensing should be integrated into early warning systems
that advise residents on securing or removing movable assets and provide debris-aware behavioral guidance.
Urban control centers that combine hydrological data with information on locations in the urban grid where debris
may cause problems, can enhance situational awareness and support timely decision-making (e.g., guiding first
responders more efficiently). Creating open data platforms where cities share debris and flood information may
collaboratively improve overall preparedness and emergency response.

¢ Financial incentives and insurance innovation

Financial tools and insurance can play a significant role in encouraging better flood preparedness considering
debris dynamics, by incorporation of market-based instruments. The insurance industry can serve as a powerful
driver for changing practices and fostering a behavior culture by recognizing debris risks and encouraging
preventative actions. Insurers should take debris-related risks into account when setting flood insurance pre-
miums, and offer discounts or benefits for institutions, people and businesses that take steps to mitigate these
effects and protect their assets (e.g., regular clearing of drainage systems, secure moving of belongings, instal-
lation of debris barriers). Governments can also offer tax breaks or funding to support these actions, encouraging
property and businesses owners to implement preventative measures.

¢ Community engagement and equity

Authorities should run public awareness campaigns to inform people about how debris can make floods more
dangerous, and promote actions like securing loose items, joining clean-up efforts and collaborating in an effi-
cient trash management to reduce the amount of debris that can be mobilized during flood events. Reducing the
reliance on private cars and creating car-free areas, particularly during storm events, can contribute to lowering
debris risk. Citizen science projects can help track debris-prone areas and improve risk maps, while schools and
local groups can teach children and adults about flood resilience and reducing waste. Vulnerable communities,
such as those living in informal housing, low-income areas, or neighborhoods with many elderly residents, face
higher risks, hence policies must take these social inequalities into account.
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e Research and innovation

Priorities in research and innovation should include advancing debris transport modeling, especially in relation to
fluid-structure interactions, impact on evacuees, and cross-sector solutions that link mobility and traffic research
with flood risk management. A conceptual framework that incorporates debris dynamics into urban planning and
risk assessments is needed. Interdisciplinary and intersectoral research can contribute to debris-aware flood
management tools.
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