
npj | urban sustainability Article
Published in partnership with RMIT University

https://doi.org/10.1038/s42949-026-00353-w

Modeling urban planning contributions to
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socioeconomic pathways
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Flooding from short-duration extreme rainfall poses growing risks to rapidly urbanizing regions under
climate change. This study integrates2035urbanplanning into simulationsof extreme rainfall-induced
flooding in the Pearl River Delta Metropolitan region. Results show that while urban planning has
limited impact on reducing overall hazard, it plays a critical role in redistributing it spatially. Flood
hazard and exposure in 2035 were assessed under four Shared Socioeconomic Pathways (SSPs).
Hazard decreases by about 10% in SSP1, remains stable in SSP2, and rises in SSP3 and SSP5, with
SSP5 showing a 12% increase. Population exposure grows across all scenarios, with increases of
21% in SSP1, 25% in SSP2, 13% in SSP3, and 56% in SSP5. Asset exposure shows even larger
increases, from 29% in SSP3 to more than 100% in SSP5. These results highlight that while urban
planning can alleviate hazard locally, long-term resilience is dominated by socioeconomic
development trajectories.

One of the key tasks of current climate action is to evaluate existing adap-
tation practices and integrate them into policy-making to effectively guide
future climate strategies1–4. In response, the scientific community has pro-
duced a number of comprehensive reviews based on large-scale analyses of
the academic literature3,5–7. These efforts provide a holistic perspective on
how adaptation is understood and discussed in scientific research.

However, such studies often lack direct evidence from government
planning and reports. The disconnect between scholars and policymakers
has been long evident and is particularly pronounced in the field of urban
planning8. Traditional urban planning is rooted in architecture and design,
involving a largenumberof practitioners, engineers, anddesignerswho tend
to operate outside of academic discourse. This has led to a gap between
urban planning practice and scholarly narratives in scientific literature. For
example, despite increasing academic advocacy for nature-based solutions,
decision-makers in practice often prioritize pragmatic factors, such as reg-
ulatory obligations, budget constraints, and implementation capacity, over
insights fromscientific research9–11. Thismismatchhighlights howacademic
recommendations may overlook the institutional and operational realities
faced by planning agencies12,13.

Two main research approaches have partially addressed this gap: (1)
conceptual analyses of policy documents, which focus on text-based policy
assessment14–16, and (2) quantitative evaluations of specific adaptation
measures(e.g., green infrastructure) that assess feasibility and effectiveness at
localized scales17–20. The former offers conceptual insights on broader scales
but often lacks detailed consideration of localized practices, particularly in
terms of the spatial configuration of adaptationmeasures. The latter helps to
fill this gap but typically relies on hypothetical or expert-defined adaptation
scenarios that may not fully reflect real-world governance contexts. Con-
sequently, a systematic assessment of how actual governance systems and
planning practices influence future climate risks remains absent.

The rapid increase in flood risk driven by climate change and urba-
nization is widely acknowledged. At the same time, systems of social gov-
ernance continue to evolve rather than remain static, reflecting the long-
term resilience of human societies21–23. Despite differing political cultures
and traditions across countries, there is a commonunderstanding that it is a
governmental responsibility to safeguard public welfare7,24,25. Governments
at different levels around the globe are taking active steps to address esca-
lating flood risks26. The urban planning system (including master plans,
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land use plans, and various types of infrastructure-focused sectoral plans)
reflects governmental visions for the future and embeds targeted risk
management strategies27.

In most current climate change impact and adaptation modeling,
future risks are simulated without incorporating existing planning frame-
works, and studiesoftenconcludewithbroad recommendations to integrate
climate adaptation into urban planning28–30. This overlooks the fact that
many planning systems already include risk reduction and adaptation
measures with clear policy implications31–33. For example, regional flood
control masterplans and ecological restoration projects are widely imple-
mented in Chinese cities but remain largely absent in quantitative climate-
risk models.

In the absence of consideration for government planning strategies,
regions such as the Netherlands, the United Kingdom, the southeastern
United States, and central China are often projected to experience large
increases in risk34, whereas actual loss data trends in those regions often
paint a more nuanced picture35. While these areas are expected to maintain
high population densities, which is a major driver of risk increase, local
governments are continuously advancing flood adaptation plans and
investments, which themselves serve as important sources of safety andmay
partially explain continued population concentration27. Understanding
whether such safety provisions are sufficient, how they can be improved, or
whether gaps in implementation exist is a far more practical question.
Therefore, rather than simply providing vague warnings, it is necessary to
assess these safety mechanisms quantitatively.

Furthermore, Shared Socioeconomic Pathway (SSP), as a core fra-
mework in global change research, has increasingly been applied to local
and regional studies in recent years36,37. These applications are often
achieved throughdownscalingmethods that link global SSP scenarioswith
local socioeconomic characteristics, urban development trends, and
governance capacities to better reflect regional heterogeneity and dynamic
processes36,38,39. However,most SSP-based downscaling studies tend to use
current conditions or land usemodeling results as the simulation basis and
often lack explicit consideration of actual governmental planning40–42. This
is often due to a combination of limited access to urban planning data,
difficulty in translatingpolicy intentions into spatial parameters, and a lack
of interdisciplinary collaboration between urban planners and modeling
communities. As a result, the underlying spatial impacts of planning
measures are often underestimated. There is a growing need for inter-
disciplinary efforts to integrate urban planning into future scenario
modeling and to systematically assess its potential contributions to climate
risk reduction.

The Pearl River Delta Metropolitan (PRDM) region offers a particu-
larly relevant case for this inquiry. As one of the most rapidly urbanizing
areas in theworld, the PRDM faces intense land development pressures and
increasing exposure to short-duration extreme rainfall events. At the same
time, it has a relatively comprehensive urban planning system, including
proactive ecological, hydrological, and infrastructural measures that aim to
reduce flood risks. These characteristics make the PRDM an insightful
example for assessing how planning interventions interact with broader
socioeconomic trajectories in shaping future flood resilience.

Bear these concerns in mind, we investigate whether, and to what
extent, urban planning can help mitigate future flood risks under the
assumption of effective implementation. Focusing on the PRDM region in
China, we collected and synthesized a comprehensive set of existing local
planning measures, including ecological restoration projects, hydrological
modifications, and flood storage and drainage infrastructure.We simulated
flood hazard and associated population and asset exposure under four SSP
scenarios in the year 2035, comparing these results with current conditions.
Through this spatial assessment, we evaluated the effectiveness of urban
planning in the PRDM and provided policy-relevant insights.

This paper offers four main contributions:
1. It incorporates real-world planningmeasures into the SSP framework,

quantifying the coupled effects of local governance, policy intervention,
and socioeconomic development on future flood risk.

2. It develops a multi-scale modeling framework that bridges the gap
between policy texts and on-the-ground adaptation practices, from
grid-level to metropolitan scale.

3. It integrates diverse open-source datasets and spatial analytical
methods to propose a systematic approach for including planning
interventions in SSP-based downscaled flood exposure assessments.

4. It provides a spatially explicit evaluation of how actual urban planning
affects flood hazard and exposure across scenarios, enriching the
representation of projected adaptation measures and their effects.

Results
Governance structures for flood-related urban planning in China
In the PRDM, flood-related urban planning involves multiple local gov-
ernment departments, requiring coordination and interdepartmental
collaboration (Fig. 1). At the county or district level, agencies responsible
for areas such as urban development, watermanagement, spatial planning,
ecological protection, economic strategy, and disaster response jointly
form a multi-sectoral governance network. The planning system operates
at three levels: (1) overarching comprehensive plans that set general
development and adaptation goals; (2) sectoral plans targeting specific
areas like flood control, sponge city construction, and emergency man-
agement; and (3) technical guidelines that provide design standards to
support implementation.

These three levels of planning are coordinated both vertically and
horizontally. Comprehensive plans typically provide guidance and con-
straints for sectoral plans, while the latter must be mutually consistent in
their spatial content and policy objectives. Within this structure, the 14th
Five-Year Plan plays a particularly influential role. It is not only a central
document guiding regional development but is also frequently used as the
basis or justification for other plans (as shownby the blue line in Fig. 1). This
structure helps connect broad development strategies with specific adap-
tation actions.

However, in practice, the implementation of such multi-level plans
often faces challenges due to overlapping departmental responsibilities and
fragmented governance structures.Multiple agencies, such as those inwater
management, land use, and ecological protection, often operate under
separate mandates and funding arrangements. This can hinder effective
coordination. Misalignments may arise when one department’s flood
control objectives conflict with another department’s environmental or
spatial development goals. Despite these coordination challenges, existing
planning documents still provide a valuable basis for understanding the
spatial strategies adopted for flood governance.

We compiled flood governance measures with explicit spatial refer-
ences from the urban planning documents outlined in Fig. 1, covering cities
across the PRDM, as summarized in Fig. 2. These measures span a range of
domains, including hydraulic engineering, urban drainage systems, green
infrastructure, and ecological protection. They reflect how different sectoral
plans are translated into spatial strategies and interventions.

Specifically, reservoirs, pumping stations, drainage channels, and
newly constructed rivers are mainly concentrated in low-lying or flood-
prone areas such as the western bank of the Pearl River and core urban
districts. This distribution indicates that flood prevention and drainage
plans prioritize regional water discharge safety in these zones. Drainage
system upgrades are primarily located in older urban centers and are
closely tied to underground space utilization and urban renewal plans,
aiming to improve runoff capacity in densely built-up areas. In terms of
green infrastructure, infiltration-enhanced zones for sponge city con-
struction are concentrated in pilot areas of Guangzhou, Shenzhen, and
Foshan City. These interventions are designed to reduce peak runoff
through increased surface permeability and temporary water storage.
Wetland parks, urban greenways, and ecological corridors are widely
distributed across urban–rural interfaces and ecological control zones.
They serve as core components of ecological restoration and urban
renewal strategies while providing natural buffer zones against extreme
precipitation events.
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These measures vary in type and institutional origin, illustrating their
functional complementarity and serving as spatial expressions of the gov-
ernance structure. Together, they represent the main planning foundation
forflood riskmanagement in thePRDMandprovide essential inputs for the
scenario simulations and risk assessments in this study.

The role of urban planning
Wefirst analyzedfloodhazard for 2035under the SSP2 scenario, comparing
conditions with and without urban planning measures. We used a simu-
lation based on 2022 land-cover and SSP2 climate, population, and socio-
economic inputs as the baseline scenario, against which the two
2035 scenarioswere compared. The two2035 scenarios share the sameSSP2
projections and differ only in land-cover inputs.We evaluated flood hazard
usingmaximum inundation depth, and Fig. 3 presents hazard ratios relative
to the baseline. A hazard ratio of 1 indicates no change, and values above 1
indicate increases.

Figure 3a shows the hazard ratio distribution at the grid-cell level. In
the absence of planning, themedian hazard ratio is 1.008, indicating a slight
upward trend.Withplanning, themedian remainsunchanged, but the share
of cells with hazard ratios > 1 is slightly smaller, suggesting that while the
overall trend remains unchanged, the increase in risk has beenmitigated in
some areas. This is further reflected in the cumulative statistics in Fig. 3b,
which compares the proportions of areas where hazard ratio is≤ 1 (reduced
or unchanged) and > 1. Although the reduction is limited, it shows that
urban planning has produced a localized buffering effect.

Subtracting the hazard values of the no-planning scenario from those
of the planning scenario, each grid cell was categorized into one of three
groups: “greater hazardunder planning,” “nodifference,” and “lowerhazard
under planning,” as illustrated in Fig. 4.

Most areas in the PRDM (shown in yellow) exhibit no significant
difference in simulated flood hazard between the two scenarios. These
are primarily located in non-urbanized or higher-elevation
regions. Areas that are better protected under the planning scenario
(shown in blue) are concentrated in core or sub-core urban districts.

These locations are typically covered by a variety of planning inter-
ventions, including drainage infrastructure upgrades, permeable pave-
ment, and greenway construction.

In addition, certain areas (shown in red) experience greater simulated
inundation under the planning scenario, primarily located in urban
expansion zones.A comparison between the highhazard ratio areas in Fig. 4
and the spatial layout of greenways and ecological restoration zones in Fig. 2
reveals that some of the newly inundated locations coincide with areas of
high infiltration capacity, such as the ecological buffer zone in northern
Guangzhou, the greenway corridor in central Dongguan, and the ecological
restoration zone in northwestern Shenzhen. These zones are intended to
capture and temporarily store excess surface runoff during extreme rainfall
events, which helps relieve flood pressure on adjacent built-up areas.
Therefore, although hazard levels may rise in some locations, more densely
developed regions benefit from a buffering effect provided by these spatial
interventions.

To further investigate the relationship betweenplanningmeasures and
changes infloodhazard,weanalyzed the correlationbetween theproportion
of areas exhibiting smaller or larger hazard under the planning scenario
(relative to the no-planning scenario) and the spatial coverage of planning
interventions within each county or district. In Fig. 5, blue points represent
areas with smaller hazard under the planning scenario, while red points
represent areas with larger hazard.

Regression analysis reveals statistically significant positive correlations
in both cases. For zoneswith larger hazard, the slope is 0.85, indicating that a
10% increase in planning coverage is associatedwith an 8.5% increase in the
proportion of affected zones. R² = 0.51 indicates that planning coverage
explains about half of the variance, and the p-value (<0.001; p = 3.01 × 10⁻⁸)
confirms the significance of this relationship. For zoneswith smaller hazard,
the slope is 0.67, with R² = 0.42 and p < 0.001 (p = 1.25 × 10⁻5), also indi-
cating a significant association.

These findings suggest that as planning coverage increases, the pro-
portions of both larger- and smaller-hazard zones tend to rise, reflecting a
hydrological redistribution effect. It can be inferred that planning measures

Fig. 1 | Urban planning system for flood governance in the PRDM. This figure shows the multi-sectoral planning system for flood governance in the PRDM.
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Fig. 2 | Flood-related urban planning measures in the PRDM by 2035. This figure shows the spatially referenced flood-related urban planning measures across PRDM
cities projected for 2035.

Fig. 3 | Hazard differences between planning and no-planning scenarios. This
figure shows the comparison of hazard ratios under planning and no-planning
scenarios relative to the 2022 baseline: a histogram of hazard ratio distribution at the

grid-cell level, and b cumulative statistics comparing the proportions of areas with
hazard ratio ≤1 and >1.
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may reducefloodhazard in some areaswhile unintentionally increasing it in
others, resulting in spatial trade-offs that need to be considered in adaptive
planning. Whether such redistribution is beneficial depends on whether
excess water is directed to absorptive zones or to vulnerable areas. None-
theless, the fitted regression for zones with smaller hazard shows a higher
slope and intercept than that for zoneswith larger hazard, indicating that the
proportion of zones with smaller hazard consistently exceeds that of zones
with larger hazard. This suggests that planning interventions produce a net

mitigation effect. Moreover, this effect becomes more pronounced as
planning coverage increases.

Overall, urban planning shows mitigation potential, though with
uneven spatial effects due to hydrological reconfiguration. This adjustment
does not equate directly to risk reduction, but rather involves internal
structural reorganization and the redistribution of localized trade-offs. The
magnitude of this effect increases with the extent of implemented planning
measures.

Fig. 4 | Spatial distribution of hazard differences between planning and no-planning scenarios. This figure shows the spatial distribution of grid cells classified as greater
hazard, no difference, or lower hazard under planning compared to the no-planning scenario.

Fig. 5 | Relationship between planning coverage
and flood hazard changes. This figure shows the
correlations between planning coverage and the
proportions of areas with smaller hazard (blue
points) and larger hazard (red points) under the
planning scenario compared to the no-planning
scenario.
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SSPscenariosimulationsof futurehazardandexposurechanges
with urban planning
We assessed future flood hazard and exposure under four SSP scenarios
with urban planning included. The 2022 SSP2 scenario was used as the
baseline. Hazard, population exposure, and asset exposure are expressed as
cell-level ratios of 2035 values relative to the baseline.

Figure 6a presents histograms of hazard ratio values at the grid-cell
level for each scenario. The results show clear differences across scenarios.
Under SSP1, which reflects a pathway of green transition and reduced
resource-intensive development, flood hazard decreases by approximately
10.5% (median: 0.895). SSP2 remains largely stable, with only a slight
increase of about 0.8% (median: 1.008). In contrast, SSP3 and SSP5 show
rising trends, with increases of 2.7% (median: 1.027) and 12.1% (median:
1.121), respectively, suggesting that scenarios characterized by high emis-
sions, rapid urban expansion, and limited governance capacity are asso-
ciated with greater flood hazard intensification.

The dispersion of hazard ratios also differs across scenarios. The
distribution of grid cell values in SSP3 is the most concentrated, followed
by SSP2, whereas SSP1 and SSP5 exhibit more dispersed patterns. Figure
6b shows that most SSP1 grid cells have hazard ratios ≤ 1, suggesting that
flood risk has decreased across many areas relative to 2022. In contrast,
SSP2, SSP3, and SSP5 show a clear dominance of areas with increasing
hazard levels.

Figure 6c–f show the spatial patterns of hazard changes. In SSP1,many
areas exhibit significant reductions in flood hazard, particularly in the
northernmountainous zones and theoutskirts of urban areas. In SSP2,most
urban areas show hazard ratio values between 1 and 1.15, indicating a slight
overall increase. In SSP3 and SSP5, the spatial spread of flood hazard is
noticeably more severe. This is particularly evident in SSP5, where large
portions of the region are covered by orange and red zones, reflecting
widespread increases in hazard. This pattern illustrates that under the
combined effects of intensified climate change and accelerated urban
development, the effectiveness of current planning measures in mitigating
flood hazard is limited.

Figure 7 illustrates the changes in flood population exposure in 2035
under the four SSP scenarios, relative to the baseline. Population exposure is
expressedas the ratio of 2035 to 2022values.As shown inFig. 7a, themedian
population exposure ratio exhibits a systematic upward trend across all SSP
scenarios, with notable differences between them: SSP1 shows an increase of
21.3% (median: 1.213); SSP2 rises by 24.8% (median: 1.248); SSP3 increases
by 12.9% (median: 1.129); and SSP5 shows the highest growth at 55.7%
(median: 1.557). It is worth noting that although flood hazard ratio in SSP3
(as seen in Fig. 6) is slightly higher than in SSP2, its median population
exposure ratio is lower, suggesting that population clustering in high-hazard
areas is relatively less pronounced in SSP3 compared to SSP2. This reflects
the influence of socioeconomic pathways on population distribution.

Figure 7b shows the proportion of grid cells with increased (exposure
ratio > 1) or reduced (≤1) exposure across scenarios. In SSP1, over 30% of
cells show reduced exposure, whereas in SSP5 more than 90% show
increases. Additionally, although SSP1 contains the largest number of cells
with reduced population exposure, the values arewidely dispersed, resulting
in a higher median than the more concentrated SSP3.

The spatial maps in Fig. 7c–f further reveal the geographic dis-
tribution of exposure changes. In SSP1 (Fig. 7c), increased population
exposure is primarily located at the urban fringes in the central and eastern
parts of the region, with limited change in core urban areas. In SSP2 (Fig.
7d) and SSP3 (Fig. 7e), the extent of population exposure expands to cover
more urban areas, but the overall intensity in peripheral zones is weaker
compared to SSP1. In SSP5 (Fig. 7f), high population exposure areas are
widely distributed.

Figure 8 illustrates the changes in flood asset exposure in 2035 under
the four SSP scenarios,with urbanplanning considered.As shown inFig. 8a,
the median asset exposure ratio across all scenarios is clearly greater than 1,
indicating a systemic increase in flood asset exposure under future socio-
economic expansion. The increases are 45.6% (median: 1.456) for SSP1,

40.2% (median: 1.402) for SSP2, and 29.2% (median: 1.292) for SSP3, while
SSP5 shows the highest increase at 104.6% (median: 2.046), significantly
exceeding the other scenarios. Although SSP1 involves reduced hazard
levels due to mitigation and sustainability goals (as seen in Fig. 6), its rapid
projected GDP growth still leads to a substantial increase in asset exposure.
Conversely, SSP3has the lowestmedian asset exposure ratio, indicating that
despite elevated flood hazard, slower economic growth under this scenario
limits the overall rise in asset exposure. In all scenarios, areas with reduced
asset exposure are very limited (Fig. 8b).

Figure 8c–f present the spatial distribution of asset exposure ratios for
each scenario. In SSP1 (Fig. 8c), areas with high asset exposure growth
(>50%) are widely distributed across urban regions, while some mountai-
nous areas remain at original asset exposure levels. In SSP2 and SSP3 (Fig.
8d, e), high asset exposure growth is observed only in urban peripheries and
ecological restoration zones, highlighting potential conflicts between eco-
logical conservation and economic development.Under SSP5 (Fig. 8f), asset
exposure ratios exceed 2 across almost the entire PRDM, forming a clear
pattern of widespread exposure accumulation.

The regulatory capacity of urban planning on exposure is relatively
limited. Even with the inclusion of green infrastructure and risk reduction
measures, the total increase in exposure is difficult to constrain. This is
evident even under SSP1, where hazard ratio levels are generally lower, but
the spatial extent of hazard-affected areas won't be substantially reduced. As
long as people and assets continue to occupy these areas, exposure remains
considerable. The challenge becomes even more pronounced under SSP5,
where rapid economic expansion is coupled with a substantial increase in
flood hazard, highlighting the need for urban planning to be more closely
aligned with broader development trajectories in order to support effective
disaster risk management. Therefore, the simulation results suggest that
urban planning has some potential to counteract the increasing trend of
flood hazard. However, its effectiveness strongly depends on the broader
socioeconomic context.

Discussion
The preceding analysis shows that under future scenarios, sustainability-
oriented pathways such as SSP1 are associated with relatively lower levels of
risk and exposure, highlighting their potential for long-term risk reduction.
However, the prospect of achieving such pathways is becoming increasingly
uncertain. Beyond our model findings, recent assessments indicate a high
likelihood that global temperatures will temporarily exceed the 1.5 °C
threshold within the next few years43, raising doubts about the feasibility of
low-emission scenarios such as SSP144. Nevertheless, across different
development trajectories, urban planning still demonstrates potential to
mitigate flood risks, thereby further substantiating the critical role of gov-
ernment policies in enhancing urban resilience45,46.

In our simulations, urban planning has helpedmitigate the rising trend
of flood hazards in some high-density built-up areas by reshaping local
hydrodynamics. Although some of these high-infiltration zones display
locally increased water accumulation, this is primarily a result of flow
redistribution. Floodwaters are redirected to temporarily absorptive areas,
thereby indirectly relieving the pressure on surrounding built-up zones.
These simulation-based patterns are consistent with the growing consensus
in the literature that ecological spaces embedded in the planning, such as
greenway systems, ecological restoration zones, and wetland parks, serve
significant hydrological buffering functions47–49.

As highlighted in the broader literature, this mechanism reduces risk
in densely built zones by diverting floodwater to planned absorptive
spaces, aligningwith the concept offloodable areas proposed by Liao50 as a
surrogate measure of urban flood resilience. These areas are intentionally
designed to tolerate and store excess water, enabling cities to manage
floods through controlled inundation and ecological adaptation. This
spatial strategy resonates with broader nature-based approaches to flood
risk reduction. In this regard,Chen et al.51 further emphasize that reducing
the interconnection of flood risk patches through nature-based solutions,
as illustrated by China’s sponge city initiatives, is critical for
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Fig. 6 | Hazard changes under four SSP scenarios in 2035 with urban planning
considered. This figure shows flood hazard changes relative to the baseline:
a histograms of hazard ratio values for each SSP scenario, b cumulative distributions

of hazard ratios, and (c–f) spatial distributions of hazard ratios for SSP1, SSP2, SSP3,
and SSP5, respectively.
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Fig. 7 | Changes in flood population exposure in 2035 under four SSP scenarios
with urban planning considered.Thisfigure shows changes in population exposure
relative to the baseline: a histograms of exposure ratio values, b proportions of grid

cells with increased or reduced exposure, and (c–f) spatial distributions of popula-
tion exposure ratios for SSP1, SSP2, SSP3, and SSP5, respectively.
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Fig. 8 | Changes inflood asset exposure in 2035 under the four SSP scenarios with
urban planning considered. This figure shows changes in asset exposure relative to
the baseline: a histograms of asset exposure ratios, b proportions of grid cells with

increased or reduced exposure, and (c–f) spatial distributions of asset exposure ratios
for SSP1, SSP2, SSP3, and SSP5, respectively.
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compartmentalizingflood impacts. Evidence fromAsianmega-deltas also
highlights the cost-effectiveness of nature-based solutions in addressing
urban flood risk1.

However, recent studies have reminded us that the spatial redistribu-
tion of hydrological processes may also lead to new forms of risk inequality.
Kumar et al.52, in their latest study of Surat, India, found that while certain
embankments reduced flood damage in the urban core, they intensified
flood severity in downstream areas and significantly increased disparities in
exposure and losses. It is therefore essential for planning processes to
carefully account for such potential trade-offs.

In the scenario-based analysis of future SSPs, our simulations show
that the rapid increase in both asset and population exposure significantly
undermines the mitigating effects of urban planning. This simulation-
based finding aligns with earlier studies, which underscore the need for
intervention measures that are integrated with broader socioeconomic
development pathways53–57. Nevertheless, by incorporating urban plan-
ning, our simulation results indicate a more optimistic outlook compared
to previous studies.

The broader governance literature highlights that a more pressing
challenge lies in the inability to translate high-level goals into spatially and
institutionally grounded actions58,59. The existing planning for flood resi-
lience remains limited to abstract goal-setting and indicator constraints,
lacking concrete implementation and incentive mechanisms, technical
standards, as well as platforms for cross-sectoral coordination and
dialogue60,61. Additionally, the absence of monitoring and feedback
mechanisms in implementation processes makes it difficult for planning to
adjust and correct itself in response to changes. Under fiscal constraints,
economic growth imperatives, and rigid performance evaluation systems,
adaptation planning is frequently sidelined in day-to-day governance62.
Functional fragmentation has also weakened the authority of planning
agencies, making it difficult to generate the sustained political commitment
and operational momentum required for transformative adaptation13,62.
Against this backdrop, for urban planning to truly fulfill its regulatory and
adaptive functions, it must be re-envisioned not merely as a regulatory tool
for static spatial control but as a governance instrument that possesses
temporal sequencing, responsiveness, and systemic nesting capacities.

Drawing on both our simulation results and insights from the broader
literature, we propose policy recommendations to strengthen the regulatory
capacity of urban planning for future flood riskmanagement. First, aligning
riskmanagement with broader socioeconomic development paths is crucial
to prevent planning from being sidelined amid rapid urbanization and
resource shifts28. Second, adaptive urban measures need clearer spatial
guidance, shifting from vision-based to operation-oriented planning. This
requires stronger cross-departmental coordination and policy integration
across ecological protection, urban renewal, and drainage to ensure spatial
alignment and complementarity63. Third, linking urban and regional scales
is vital, especially in the Pearl River Delta, where integrated catchment-scale
planning can coordinate upstream and downstream adaptive actions.
Finally, we recommend a dynamic feedback system using spatial data to
connect risk assessment, implementation monitoring, and planning
updates. Remote sensing, waterlogging records, and more sophisticated
inclusion of risk-reduction measures can track adaptation progress and
flood risk changes, supporting evidence-based plan revisions and bridging
gaps between planning on paper and real-world outcomes64. This will
strengthen planning as a tool for resilient governance.

Our modeling approach contributes to bridging the evaluation divide
between policy intent and actual spatial outcomes, particularly through
integrating multi-source data and simulating the effects of extreme climate
scenarios and policy interventions. Moving forward, it is necessary to fur-
ther develop such models into feedback-enabled tools that incorporate
policy implementation progress and environmental changes, thereby more
accurately portraying the evolution of risks and adaptation pathways in
complex urban systems. In addition, our simulations do not explicitly
account for socioeconomic planning measures such as urban renewal
programs, slum upgrading initiatives, prioritizing vulnerable groups, or

directing interventions toward high-exposure areas. Future research should
aim to integrate socioeconomic dimensions more explicitly into modeling
frameworks to improve the accuracy of risk evaluations.

It should be noted that some of the findings discussed in this section
are directly derived from our simulation results. For instance, the
importance of rapid drainage infrastructure, the hydrological buffering
function of ecological spaces, the redistribution of runoff through spatial
planning, and themitigating effect of planning strategies on rising hazard
and exposurewere tested and visualized through scenario-based analysis.
These results demonstrate how specific spatial planning interventions
can influence local flood dynamics and future risks. In contrast, chal-
lenges such as the absence of feedback mechanisms and the gap between
policy goals and on-the-ground implementation are primarily drawn
from the literature and were not explicitly modeled in this study. While
our analysis highlights the importance of addressing these governance
and institutional issues, their changing relationship with planning pro-
cesses and flood resilience outcomes still requires further exploration in
future research.

In conclusion, by incorporating actual planning measures and con-
ductingmulti-scenario simulation assessments, this study demonstrates the
technical capacity of urban planning to reduce flood risks. While urban
planning can spatially mitigate hazard and exposure, its effectiveness ulti-
mately depends on broader socioeconomic development pathways and the
extent to which planned spatial strategies are implemented in practice. The
study also underscores the value of policy-integratedmodeling in advancing
adaptation assessment and improving the linkage between planning
intentions and on-the-ground outcomes.

Methods
Methodological framework
This study establishes an integrated modeling framework to assess future
urban flood hazard and exposure under different climate and planning
scenarios. As shown in Fig. 9, the framework combines climate scenario
design, hydrological modeling, and spatial parameterization of urban
planning strategies. Rainfall scenarios are constructed based on bias-
corrected CMIP6 data and regional Intensity-Duration-Frequency (IDF)
curves, providing input to the hydrological simulation. The CADDIES
(Cellular Automata Dual-Drainage Simulation)-2D model is employed to
simulate flood dynamics, incorporating surface characteristics such as land
use, elevation, and buildings. Planning interventions, identified through a
review of planning documents, are grouped into functional categories and
translated into modified land use layers with assigned hydrological para-
meters. This parameterization bridges policy intent and hydrological
behavior, enabling the simulation of planning effects on flood hazards.
Future hazardmaps are generated formultiple SSP scenarios, bothwith and
without planning considerations.

The study area is thePRDMregion in southernChina, oneof themost
densely urbanized and economically dynamic regions worldwide. The
region is situated on extensive low-lying floodplains and is subject to a
subtropical monsoon climate that produces frequent episodes of short-
duration extreme rainfall, rendering it highly susceptible to pluvial
flooding. In recent years, the PRDM has implemented a portfolio of
planningmeasures, including ecological restorationprojects,flood-control
infrastructure, and sponge city initiatives, providing an ideal context to
assess how planning strategies interact with climate change and socio-
economic development pathways.

The following sections detail all components within the modeling
framework.

Parameterization of urban planning strategies
The parameterization of urban planning strategies forms the basis of the
model’s scenario design and analysis, as it relies directly on the processing of
land-cover data. For the baseline, land-cover information was obtained
from the Esri Sentinel-2 Land Cover Explorer. The dataset comprises nine
classes, including water, forest, cropland, and built-up areas. The
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hydrological parameters associated with these land use types were refer-
enced from Xu et al.65 (Table 1). The 2035 scenario incorporates spatial
adjustments derived from planning measures.

The planningmeasures were identified through an extensive review of
local planning documents. From these documents, we selected six planning
types thatmet two criteria: (1) clear spatial boundaries, and (2) explicitflood
mitigation functions. These planning measures encompass a range of eco-
logical and engineered strategies designed to mitigate urban flood risks.
Infiltration-enhancing interventions, such as urban green parks, greenways,
ecological restoration zones, and sponge city infrastructure, increase
permeable surface areas and reduce imperviousness, thereby lowering
surface runoff and delaying peak flows. Measures aimed at improving
drainage capacity, including newly planned floodways and runoff channels,
strengthen flow pathways during extreme rainfall events, particularly in
flood-prone zones. Engineering-based drainage upgrades, such as enhanced
pipelines, pumping stations, and storage basins, further expand short-term
drainage and retention capacity to alleviate pluvial flooding. In addition, the
expansion of conveyance zones through blue corridors, minor waterways,
and artificial wetlands enhances hydrological connectivity and flow con-
tinuity at key nodes within the urban system.

Based on the explicit spatial delineation of the six planning types, we
incorporated them as additional land-cover categories and overlaid them
onto the baseline land-cover map to produce the 2035 land-cover data.

Hydrological parameters, including infiltration rates and Manning’s
roughness coefficients, were determined for the six additional land use
categories through a structured range-based procedure. We first compiled
plausible parameter ranges fromhydrological experiments, designmanuals,
and previousmodelling studies for surface types comparable to the planned

measures12,20,66–70. Within these ranges, we then selected specific values that
reflect the relative permeability and surface roughness of each planned land
cover type in comparison with the classes reported in Table 1, ensuring
internal consistency across all land use categories.

For planned wetlands, green corridors, and ecological restoration
zones, the chosen infiltration and roughness values correspond to docu-
mented intervals for shallow retention areas and low disturbance vegetated
surfaces. In contrast, coefficients for urban storage areas, new drainage
channels, and sponge city zoneswere determinedwith reference to standard
design specifications for detention basins, engineered conveyance channels,
and low-impact development facilities, which provide established para-
meter ranges for infiltrationperformance andhydraulic resistance. Thefinal
numerical values and their justifications are reported in Table 2.

Scenario design for rainfall inputs
The rainfall inputs used in the flood simulations were developed through a
multi-stage procedure that integrates bias-corrected CMIP6 precipitation,
IDF calibration, and standardized design-storm generation. Daily pre-
cipitation from the BCC-CSM2-MR model was first corrected using the
Empirical Quantile Mapping (EQM) method to align modeled and
observed rainfall distributions. The corrected time series were then
assembled into baseline and future climate datasets and used to derive
scenario-specific IDF curves through nonlinear parameter fitting and sub-
sequent normalization to ensure comparability across scenarios. Finally, the
normalized IDF relationships were converted into high-resolution rainfall
time series using the Chicago Design Storm method, generating consistent
extreme rainfall inputs for all flood-model simulations. The specific process
is as follows.

Table 1 | Classification of planned land use types

Code Land use type Description (Including Representative Planning Measures)

101 Planned Wetland Newly planned wetland areas (e.g., wetland parks, flood retention wetlands)

102 Planned Green Corridor Linear infiltration zones, such as urban greenways and ecological corridors

103 New Drainage Channel Newly planned rivers or flood discharge channels for rapid runoff conveyance

104 Ecological Restoration Ecological restoration areas (e.g., reforestation, ecological buffer zones)

105 Urban Storage Area Areas designated for storage ponds or stormwater regulation facilities (area-based representation)

106 Sponge City Zone Areas with enhanced infiltration capacity through sponge city measures like permeable pavements and rain gardens

Fig. 9 | Workflow of the integrated modeling framework. This figure shows the integrated modeling framework combining climate scenario design, hydrological
simulation with CADDIES-2D, and spatial parameterization of urban planning strategies to assess future flood hazard and exposure.

https://doi.org/10.1038/s42949-026-00353-w Article

npj Urban Sustainability |            (2026) 6:45 11

www.nature.com/npjurbansustain


First, daily precipitation data from the BCC-CSM2-MR Earth System
Model were obtained for the study area from the Copernicus Climate Data
Store.Modelbiaseswere correctedusing theEQMmethod71,72. EQMadjusts
each quantile of the modeled rainfall distribution to match the corre-
sponding observed quantile, thereby correcting systematic biases while
preserving the temporal variability of the original series. This correctionwas
applied across the full rainfall distribution, ensuring consistency in mean,
variance, and extremes. The observed reference dataset was daily rainfall
from the China Meteorological Administration for 2004–2013.

Second, the EQM-corrected historical and future simulations were
assembled into two series:
1. Baseline period (2003–2022): Data before 2015 were taken from the

historical simulation, and data from 2015 onward were derived from
the SSP2-RCP4.5 pathway. This dataset represents the present-day
climate conditions.

2. Projection period (2016–2035): Data were derived from four SSP-RCP
pathways: SSP1-RCP1.26, SSP2-RCP2.45, SSP3-RCP3.70, and SSP5-
RCP5.85.

Third, the EQM-corrected daily rainfall series for each SSP scenario
was used to calibrate the corresponding IDF curve. Specifically, the annual
maximum daily precipitation was extracted to estimate the multi-year
average of 24-hour design rainfall (P24). Using an empirical ratio method,
rainfall depths for different durations (1, 2, 3, 6, 12, and 24 h) were scaled
relative to P24 based on a standard reference curve (the 2022 design for-
mula), as shown in Table 3. These ratios were used to construct the IDF
fitting functions as shown in Eq. (1).

i ðt;TÞ ¼ a � Tn

ðt þ bÞc ð1Þ

where T ¼ 100 years represents the return period. Parameters a, b, c, and n
were calibrated using nonlinear least squares fitting. This procedure links
the frequency of extreme rainfall to storm duration through a unified
functional form, enabling the calibrated parameters to capture both inten-
sity scaling with return period and the temporal structure of rainfall across
durations.

Fourth, to ensure comparability between future and current IDF
curves, the fitted parameters were further structurally aligned and scaled
using a linear normalization of the a Tn term. The normalization ensures
that differences among scenarios arise from climate-driven changes in
rainfall statistics rather than arbitrary shifts in fitted parameters, thereby
preserving the physical comparability of the IDF curves. The final 100-year
rainfall intensity equations for each SSP-RCP scenario are summarized in
Table 4.

Last, using the calibrated IDF formulas, the Chicago Design Storm
method was applied to generate rainfall intensity time series at 1-min
resolution for use as input in the flood simulationmodel. The peak intensity
was positioned at 40%of the total storm duration (i.e., r = 0.4), and the total
design duration was set to 60min.

Flood simulation model
CADDIES-2D is a two-dimensional pluvial flood simulation model devel-
oped by the University of Exeter, UK73–75. This model utilizes infiltration
rates and roughness of different land cover types to represent the urban
drainage system. It employs Cellular Automata (CA) technology instead of
solving shallow water equations, which significantly reduces computational
load and improves efficiency73. CA models represent space as discrete gridT
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Table 3 | Relative rainfall ratio for various durations

Duration (hours) 1 2 3 6 12 24

Rainfall Ratio (relative
to P24)

0.059 0.115 0.170 0.323 0.589 1.000
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cells and update their states based on simple local transition rules76–78. This
bottom-up approach has been widely applied in urban growth and
hydrological modeling because of its ability to capture complex spatial
dynamics with relatively low computational demand74.

Besides the fast computational speed, another advantage of using this
model is its lower requirement for accurate drainage network data, which is
often unavailable in many cities75,79. Despite the reduced dependency on
detailed drainage network information, the model maintains a high level of
accuracy,whichhasbeenvalidatedbynumerous studies across various cities
worldwide, such as in the UK80,81, China41,70,82, and Iran83.

The input data for CADDIES-2D model includes Digital Elevation
Model (DEM), land cover data, and designed rainfall scenarios. The 30-m
horizontal resolution DEM was obtained from FABDEM V1-2 data84. The
DEM data was further overlaid with CBRA building data85 to ensure that
floodwaters could not flow through building areas in the simulation. In the
model, the computational unit is set to 100 × 100m. All input datasets were
resampled accordingly to match the 100-m grid.

To evaluate the reliability of the flood model outputs, we conducted a
spatial comparison between the maximum water depth simulated by our
model and reference data from a representative 100-year return period
rainfall scenario provided in the UrbanFlood24 dataset developed by Cao
et al.86. The comparison was performed within the urban spatial extent
specified in the dataset.

UrbanFlood24 is a high-resolution urban flood simulation dataset
developed using a deep learning–based model. It operates on a 2-m spatial
resolution over 500 × 500 raster grids, enabling detailed representation of
surface water accumulation in complex urban environments. Due to the
mismatch in spatial resolution between our flood model outputs and the
UrbanFlood24 validation dataset, we employed a series of commonly used
raster resampling techniques, including cv2.INTER_AREA, cv2.INTER_-
LANCZOS4, pyrDown, block average, and average pooling, to harmonize
both outputs to a 30-m resolution. Performance was then assessed using
three standard metrics: pixel-level accuracy, Root Mean Square Error
(RMSE), and Mean Absolute Error (MAE).

Among allmethods tested, the block average approach yielded the best
validation results: Pixel-level accuracy reached 80.37%, indicating that over
80% of simulated grid cells deviated from the reference values by less than
±0.2m; RMSE was 0.2376m, suggesting limited deviation in high-error
zones; MAE was 0.1268m, implying an average per-pixel error of
approximately 13 cm. Validation results across all five resampling methods

are presented inTable 5.The slight differences amongmethods confirm that
the model results are robust to resampling choices.

Although the spatial resolution of our model is lower than that of the
U-RNN model used in UrbanFlood24, the high consistency in spatial
inundation structure and depth distribution confirms the robustness of our
flood model for scenario-based urban flood risk assessment.

Estimation of population distribution and exposure assessment
Following the IPCC AR6, flood risk arises from the interaction of hazard
(the potentially damaging physical event), exposure (people or assets in
harm’s way), and vulnerability (the propensity to be adversely affected)87.
Hazard is widely recognized as the most critical factor determining flood
damage88–90. Exposure is often quantified as the number of people or assets
intersecting the hazard extent34,91,92. At the same time, in some studies, it has
been subsumed under vulnerability, leading to risk being expressed as the
product of hazard and vulnerability44,90,93.

As this study does not explicitlymodel social or structural vulnerability
(e.g., vulnerability curves or socioeconomic sensitivity), we avoid labeling
our indicators as “risk” in the strict sense. We only use “hazard” and
“exposure” throughout the study. This is consistent with established fra-
meworkswhile acknowledging that a comprehensive risk assessmentwould
require explicit vulnerability modeling (e.g., indices or damage functions).

Specifically, we report (i) hazard, represented by simulated maximum
water depth, and (ii) exposure, represented as population or asset values
weighted by hazard intensity92,94,95. Population exposure is defined as the
product of population andflooddepth,while asset exposure is defined as the
product of GDP and flood depth. This method extends the common
practice of overlaying population or assets with hazard extent by explicitly
incorporating hazard intensity, thereby producing a more refined indicator
that captures not only howmany people are affected but also the severity of
their potential impacts92.

To evaluate population exposure undermultiple future scenarios, we
constructed high-resolution population and GDP grids for the study area
for the year 2035. For population, we followed the approach of Chen
et al.96. First, we directly adopted the total regional population projected
byChen et al. for each SSP scenario. Second, the projected populationwas
spatially redistributed across grid cells using a weighting scheme based on
grid-level urbanization potential, under the assumption that cells with
higher urbanization potential will attract a larger share of future popu-
lation. Third, the resulting weights were normalized to produce a com-
plete 100-m population surface for each scenario. For GDP, we applied a
resampling procedure to the gridded projections provided by Wang
and Sun97.

Chen et al.96 provide a valuable 1-km resolution population dataset for
China, which incorporates essential demographic parameters such as age
structure, fertility, mortality, and migration patterns. Following Chen et al.,
the SSP scenarios govern demographic processes such as age structure,
fertility, mortality, and migration, and therefore determine the total popu-
lation size rather than its spatial distribution. In contrast, spatial patterns of
population are shaped by the RCP-linked urban development pathways.
This distinction implies that SSP-projected population totals can be con-
sistently combined with alternative urbanization fractions to generate
population distributions aligned with the specific RCP scenarios. This
approach assumes that grid-level urbanization potential is the primary
driver of future population concentration.

Since the RCP pathways used in their allocation differ from those
employed in our rainfall scenario design based on the Earth system model,
directly using them would cause inconsistencies. Accordingly, we used the
regional population totals from Chen et al. together with the urbanization
data of He et al.98 to generate population distributions consistent with the
SSP–RCP scenarios required in this study. This also enables us to assess
population exposure at a finer 100-m resolution, aligning it with the outputs
of the flood model. To remain consistent with the SSP projections, we keep
the regional population totals fixed for each scenario and adjust only their
spatial distribution.

Table 5 | Performance metrics for calibration of resampling
methods

Method name Pixel-level accuracy (%) RMSE MAE

Block_Average 80.37 0.2376 0.1268

INTER_AREA 79.08 0.2476 0.1348

INTER_LANCZOS4 76.96 0.2872 0.1533

PyrDown 78.99 0.2465 0.1342

Average_Pooling 79.63 0.2415 0.1307

Table 4 | IDFs of 100-year rainfall for various scenarios

Scenario IDF

Baseline iðt; 100Þ ¼ 104:92
ðtþ43:589Þ0:826

2035 SSP1-RCP1.26 iðt; 100Þ ¼ 97:62
ðtþ43:589Þ0:826

2035 SSP2-RCP2.45 iðt; 100Þ ¼ 105:48
ðtþ43:589Þ0:826

2035 SSP3-RCP3.70 iðt; 100Þ ¼ 106:80
ðtþ43:589Þ0:826

2035 SSP5-RCP5.85 iðt; 100Þ ¼ 113:31
ðtþ43:589Þ0:826
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Specifically, wefirst used the 2020population data fromWorldPop at a
resolution of 100 m as the spatial reference layer. In parallel, urbanization
ratios for 2035 under four SSP-RCP scenarios were obtained from the
dataset provided by He et al.98. These ratios represent the urbanization
potential of each grid cell on a scale from zero to one hundred percent. To
ensure spatial alignment between datasets, the urbanization data were
resampled to match the WorldPop grid resolution. When differences in
spatial referencing occurred, affine transformation and coordinate repro-
jection were applied.

A spatially weighted redistribution model was then constructed to
allocate the projected total provincial population to each raster cell. The
model accounted for both the original population density and the
urbanization potential of each cell using the weighting function shown
in Eq. (2).

Wi ¼ Pi � Ui ð2Þ

whereWi denotes the allocation weight for cell, Pi is the initial population
density from theWorldPop dataset, andUi is the normalized urbanization
potential ranging from zero to one. After normalization, the population
value for each cell was calculated as shown in Eq. (3).

pi ¼
WiP0
j Wj

� Ptotal ð3Þ

where Ptotal represents the total population projected for the corresponding
SSP scenario. Using this approach, we first generated a complete population
surface for the entire Guangdong province and subsequently extracted the
portion corresponding to the PRDM region. For the baseline scenario, we
used population projections for the year 2022 under SSP2.

To quantify population exposure, we overlaid the high-resolution
population grids for each scenario with the corresponding maximum flood
depth outputs from the simulation model. Population exposure was cal-
culated as the product of the water depth and the number of people affected
in each grid cell.

The GDP data used in this study is derived from the gridded global
GDP dataset under SSP scenarios developed by Wang and Sun97, covering
projections for the year 2035 under SSP1, SSP2, SSP3, and SSP5. The ori-
ginal spatial resolution is 1 km, and it was resampled using the nearest
neighbormethod tomatch the 100mresolution. To avoid artificial inflation
of total values during resampling, each original 1 km grid cell value was
evenly distributed across the corresponding 100 grid cells at 100m resolu-
tion. In this process, we retain the scenario-specific total GDP and adjust
only its spatial allocation. Asset exposure was calculated as the product of
water depth and GDP value in each grid cell.

For comparative analysis between future scenarios and the baseline,
we applied a ratio-based method: hazard, population exposure, and asset
exposure values under each future scenario were divided by the corre-
sponding values under the 2022 baseline scenario at the grid level. The
resulting ratios (hazard ratio, population exposure ratio, and asset expo-
sure ratio) indicate relative change: values greater than 1 denote an
increase, values less than 1 indicate a decrease, and values equal to 1 reflect
no change.

Methodological limitations
Despite efforts made to ensure the systematic and practical nature of the
methods in model construction, data integration, and spatial processing,
this study has several limitations. First, the parameterization of urban
planning relied primarily on plan types with clearly defined boundaries
and spatial representations, which limited the inclusion of policy mea-
sures that lacked geographic expression or existed only as abstract con-
cepts. In addition, to standardize land use processing, some planning
measures with composite functions or locally varying attributes were
simplified into single land use categories, whichmay not fully reflect their

actual hydrological response mechanisms or spatiotemporal hetero-
geneity of effects.

Second, although the overall hydrodynamic structure and spatial pat-
terns of the model were validated using high-resolution datasets, the simu-
lation’s resolution of 100meters remains insufficient to capture the influence
of micro-topography or drainage infrastructure layout, particularly in older
urban districts and newly developed high-density zones. The flood model
does not explicitly represent detailed underground drainage networks,
which may affect the accuracy of flow routing and localized inundation.

Lastly, in exposure assessment, the spatial redistribution of population
and GDP mainly relied on prior distributions and adjustments based on
urbanization potential. While this approach ensured consistency in total
quantity and spatial alignment, it did not capture dynamic processes such as
migration or functional transformation. Therefore, the resulting exposure
estimates are more suitable for structural comparisons than for fine-scale
quantification.

In summary, although this study developed an integrated spatial
simulation framework that combines climate, planning, and exposure data,
the results should be understood as identifying policy effects and trend
patterns under assumed constraints, rather than providing precise predic-
tions of future flood impacts.

Data availability
All datasets used in this study are publicly available from the sources listed
below. Land cover data is obtained from the Esri Sentinel-2 Land Cover
Explorer (https://livingatlas.arcgis.com/landcover/). Daily precipitation
data is obtained from the Copernicus Climate Data Store (https://cds.
climate.copernicus.eu/datasets). Observational daily precipitation data is
from the China Meteorological Data Service Centre (https://data.cma.cn/).
DEMdata is obtained from the FABDEMV1.2 dataset (https://data.bris.ac.
uk/data/dataset/s5hqmjcdj8yo2ibzi9b4ew3sn) and overlaid with CBRA
building data (https://zenodo.org/records/7500612). Model validation
reference data is from a representative 100-year return period rainfall sce-
nario provided in the UrbanFlood24 dataset (https://holmescao.github.io/
datasets/urbanflood24). Population distribution data is obtained from
WorldPop (https://hub.worldpop.org/project/categories?id=3). Future
population projections under SSP scenarios are sourced from Chen et al.
(2020) (https://doi.org/10.6084/m9.figshare.11898405). Urban fractional
change data for downscaling future population under SSP scenarios is
obtained from Yu et al. (2023) (https://doi.org/10.6084/m9.figshare.
20391117.v4). Gridded global GDP projections under SSP scenarios are
obtained Wang and Sun (https://zenodo.org/records/7898409). All pro-
cessed data and simulation outputs generated during this study are available
from the corresponding authors upon reasonable request.

Code availability
The code that supports the findings of this study is available upon request
from the corresponding authors.
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