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ABSTRACT

Watershed flood management requires a systematic assessment
of disaster-related risks and the application of resilience-oriented
design to reduce exposure and vulnerability. However, how to
enhance basin resilience by integrating land use planning for
stormwater regulation, while balancing the interests of upstream,
midstream, and downstream regions, remains a key challenge.
To address this issue, this study constructs a basin-wide flood-
mitigation resilience framework considering allocation efficiency
and equity. First, a two-stage data envelopment analysis model

is established to evaluate the economic efficiency and runoff
management efficiency, forming an efficiency-oriented stormwater
allocation method. Second, near—far telecoupling relationships
are identified and a multi-regional input—-output model is used to
examine regional development imbalances, thereby developing

an equity-oriented method. Finally, the allocation proportions

are adjusted according to decision-makers’ preferences. The
results show that: 1) under the efficiency-oriented scheme, the
upstream region is required to undertake 88.80% of stormwater
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runoff; 2) under the equity-oriented scheme, the downstream
bears 78.25% of the rainstorm runoff; and 3) when the decision
makers’ preference is set to 0.2 (i.e., indicating greater emphasis
on equity), inter-regional allocation disparities within the basin are
minimized. This study responses to the challenges of spatial runoff
allocation and cross-regional compensation, providing a practical
and instructive approach for improving basin-wide flood-mitigation
resilience.
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HIGHLIGHTS

« Develops a basin-wide flood-mitigation resilience framework that
incorporates efficiency and equity

+ Clarifies the runoff compensation mechanism, enhancing the
basin’s overall flood prevention resilience

« Addresses key technical challenges of spatial runoff allocation in
water-land integrated basin planning
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1 Introduction

In recent years, rapid urbanization has led to a sharp increase in
the amount of impervious surfaces. Meanwhile, climate change

has further intensified the severity of stormwater runoff in terms
of its magnitude, intensity, and frequency', resulting in an annual
increase in flood disasters triggered by typhoons and heavy rainfall
worldwide. As the impacts of stormwater runoff on cities and
basins become more pronounced, enhancing the resilience of these
systems to future environmental challenges has become ever more
critical®™. With the growing recognition of the resilience concept,
the Rockefeller Foundation launched the “100 Resilient Cities”
initiative!, while Europe and the USA subsequently advanced the

notion of “Planning for Resilient Cities and Regions”"’

, aiming to
strengthen cities’ adaptive capacity to acute shocks and chronic
stresses'®. Accordingly, resilient city building and basin-wide risk
management urgently require systemic approaches to assessing
disaster risks, coupled with design-oriented measures to reduce
disaster exposure and lower the vulnerability of both cities and
basins.

The flood risk induced by changes in stormwater runoff is
characterized by significant uncertainty. Despite substantial
investment, the structural efficiency and environmental impacts of
traditional flood control projects are increasingly questioned. For
example, the elevation of upstream levees may generate negative
externalities for downstream areas. Since disaster losses often
become apparent only ex post, controlling risks at the source has
become a crucial pathway for reducing potential losses”,

At present, basin governance is shifting toward a resilience-
oriented paradigm that emphasizes the coordination between
hydraulic engineering and spatial planning. International practice
in this field has exhibited multi-dimensional innovations. For
example, the USA has adopted low impact development (LID)
techniques to replace conventional pipe networks with small-scale
water treatment facilities®; Australia promotes water sensitive
urban design (WSUD) to integrate urban water-land systems and
to optimize flood detention™; the sponge city program in Chinese
mainland focuses on multi-scale stormwater management'"” and the
“runoff sharing-outflow control” strategy in Taiwan, China regulates
land development and reserve flood storage space''"). Although
these policy frameworks have established a dual framework
compromising macro-scale total runoff control and micro-scale
construction codes, two major gaps remain at the meso-scale within
the cross-subcatchment runoff allocation mechanism"?: first, the
lack of operational criteria to address distributive equity issues



arising from unbalanced regional development; and second, the
insufficient use of land-use planning to effectively balance disaster-
prevention needs with development rights. In response to these
challenges, an incremental stormwater runoff allocation mechanism
can be established to realize in-situ risk control. By clearly defining
runoff quotas for each subarea and setting up a compensation
scheme for stormwater runoff management, this mechanism can
provide quantitative guidance for engineering measures such as the
construction of flood detention basins, thereby enhancing disaster-
prevention resilience across the entire basin. Among these tasks,
accurately determining the runoff quota for each subarea is not
only a prerequisite for implementing stormwater management
measures, but also a critical foundation for constructing a systemic
flood control regime.

The core of establishing an incremental stormwater runoff
allocation mechanism lies in integrating spatial planning and water
resource management concepts to develop a resilience-oriented,
water-land integrated risk prevention and control model. However,
commonly applied approaches to water-land integrated runoff
allocation still face several limitations. For example, the cost-
benefit analysis (CBA) method is highly subjective in evaluation,
requires the unification of indicator dimensions, and has difficulty
in specifying concrete allocation schemes'"*. Hydrological-
hydrodynamic modelling methods are mainly employed to simulate
the spatial distribution of stormwater runoff and to reveal rainfall-
runoff processes and flood routing characteristics in river channels,
but they overlook economic and social factors, which may lead
to inequitable runoff allocation and insufficient incentives for
governance''*, By contrast, the data envelopment analysis (DEA)
method overcomes the shortcomings of CBA and can serve as an
alternative tool to evaluate the efficiency of water-land integrated
runoff allocation; the near-far coupling approach helps clarify
land-use transformation relationships among different areas
within a basin, thereby explaining inequities in stormwater runoff
allocation; meanwhile, multi-regional input-output (MRIO) models
can further quantify the coupling between urbanization and the
ecological environment, providing a quantitative basis for runoff
allocation'*™°/,

Ideally, stormwater runoff should be allocated by identifying
its underlying causes and then assigning flow volumes to the
corresponding areas. However, its allocation and the assignment
of governance responsibilities within a basin are often shaped by
spatially uneven development, e.g., excessive urbanization in the
middle and lower reaches heightens the demand for ecosystem
services provided by upstream areas. Consequently, trade-offs
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between efficiency and equity are difficult to avoid in the allocation
process''’”). Given the complexity of basin governance, allocation
approaches that emphasize only one aspect are overly reductive
and hard to effectively balance the interests of all subareas across
the entire basin.

Thus, this study aims to construct a basin-wide flood-mitigation
resilience framework with quantifiable flood-mitigation targets
by integrating allocation efficiency and equity considerations and
incorporating decision-makers’ preferences in adjusting allocation
ratios. This framework addresses the issues of allocation and
compensation in basin-wide flood mitigation.

2 Allocation Efficiency and Equity

Over the long term, economic development has relied heavily
on intensive ecological resource inputs, which has not only placed
tremendous pressure on resource supply but also caused severe
environmental degradation. Existing studies have attempted to
apply ecological efficiency to measure the degree of coordination
between economic development and environmental protection,
thereby alleviating the conflict between human development and
the environment!®. This study seeks to employ the DEA model for
calculating ecological efficiency to explore uneven development
within the basin"?. Then, it takes the results as the basis for
allocating stormwater runoff, aiming to enhance the basin’s
regulatory resilience to floods. Related research has applied DEA to
integrate the economic and environmental governance dimensions
of ecological efficiency. Specifically, economic efficiency refers
to the economic output generated per unit of resource input in
economic activities (e.g., land use, economic resource allocation)
of a basin; whereas environmental governance efficiency denotes
the effectiveness of environmental governance per unit of
environmental resource consumption (e.g., occupation of ecological

)21 Building on this approach,

space, increase in runoff volume
this study takes the economic production and runoff governance
efficiency of a basin as the basis for runoff allocation (Fig. 1),
according to factors such as land-use patterns, current economic
conditions, expected runoff increments, and disaster losses in
upstream and downstream sub-catchments. Areas exhibiting lower
efficiency imply that resources have not been fully utilized and
therefore possess greater potential to undertake flood-mitigation
responsibilities.

However, allocation schemes based solely on efficiency tend
to overlook distributive inequities arising from spatially uneven
development. To achieve allocation equity, it is first necessary
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Fig. 1 Schematic diagram of the allocation efficiency and equity of stormwater runoff.

to clarify the mechanisms through which various elements

within the basin interact with and to identify the root causes of
inequity'®. For instance, the middle and lower reaches depend

on upstream areas for the supply of water, food, forest products,
and other resources, while upstream areas, by obtaining industrial
goods and daily necessities produced in the middle and lower
reaches, can alleviate the pressure on the exploitation of their

own resources"®. Accordingly, this study employs MRIO-based
telecoupling relationships to capture the direct and indirect
environmental impacts induced by land resource consumption
embedded in production processes?. This uncovers intra-basin
development imbalances and provides a basis for stormwater
runoff allocation (Fig. 1). Under this equity-oriented allocation
approach, the governance responsibility for stormwater runoff will
not shift away from its area of generation: resource-consuming
areas are required to compensate resource-supplying areas, so as
to balance development needs and, in turn, promote equity in basin
governance.

Overall, the efficiency-oriented allocation approach distributes
runoff according to the actual efficiency of economic production
and runoff management in each region, resulting in a shift of
treatment responsibility away from the locations where the runoff
is generated. In contrast, the equity-oriented allocation approach
enables runoff to be handled locally through a compensation
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mechanism, without shifting the management responsibility away
from the generating location.

3 Methodology

3.1 Study Area and Data Sources

According to the Comprehensive Governance Master Plan for the
Dajia River Basin, the Dajia River Basin is located in the central-
western part of Taiwan, China, with a drainage area of 1,244 km?
and a main channel length of 124 km. Land development is primarily
concentrated in the middle and lower reaches. The basin has an
average channel gradient of 1/60 and is classified as a steep, high-
energy river. The Dajia River Basin passes through 13 management
units and, based on geographical conditions and governance
boundaries, can be divided into upstream, midstream, and
downstream (Fig. 2). The data used in this study were derived from
the following sources: 1) temperature and precipitation data for
2018 obtained from the CODiS climate observation data inquiry
service; 2) land use data for 2008 and 2018 taken from the Current
Land Use Survey of Taiwan, China ; 3) records of flood disaster
losses compiled from the White Paper on Disaster Prevention and
Protection (2015-2019); and 4) other socio-economic indicators
(i.e., labor force, energy use, changes in investment, GDP, and
governance financial inputs) extracted from the 2018 Statistical
Bulletin of each unit.

Fig. 2 Reaches of the study area.
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3.2 Research Framework

To address flood risk prevention and control in water-land
integrated basin planning, this study develops a basin-wide
flood-mitigation resilience framework that jointly considers
efficiency and equity (Fig. 3). The framework consists of three
main components: 1) incremental stormwater runoff simulation,
2) allocation efficiency and fairness, and 3) decision-makers’
preferences.

For incremental stormwater runoff simulation, temperature
and precipitation data were first processed using a downscaling
method (to a grid resolution of 5 km) in conjunction with different
Representative Concentration Pathways (RCPs) proposed by the

Fig. 3 Basin-wide flood-mitigation resilience framework.

Climate change

Intergovernmental Panel on Climate Change (IPCC), to obtain
temperature and precipitation projections for the next 200 years.
Second, by comparing land use changes between 2008 and 2018,
the incremental stormwater runoff induced by urbanization was
estimated. Subsequently, the combined incremental stormwater
runoff resulting from both climate change and urbanization was
used as the basis for the subsequent model analysis.

In terms of allocation efficiency and equity, an improved two-
stage DEA model was first employed to link the basin’s economic
efficiency with its runoff management efficiency to derive a
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were used to allocate the reduction in stormwater runoff. Then,
after identifying near- and far-distance coupling relationships,
the MRIO model was applied for quantitative analysis to obtain
multi-regional inequity in ecological space. The land consumption
patterns of each analytical unit generated from the MRIO analysis
served as the compensation basis for promoting allocation equity.

Finally, drawing on the results of allocation efficiency and
equity, the study weighed the runoff allocation volumes derived
from different orientations from the perspective of decision-
makers’ preferences, and treated the resulting trade-offs as
decision references. By further integrating the two sets of allocation
results, the study clarified the attribution of runoff-management
responsibilities and the associated compensation relationships,
thereby informing an optimal allocation scheme for stormwater
runoff that enhances regional flood-mitigation resilience.

3.3 Research Methods
3.3.1 Efficiency-Oriented Allocation Method
3.3.1.1 Two-Stage DEA Model

DEA model evaluates the relative efficiency among multiple
decision-making units (DMUs), which in this study refer to the
management units, under multiple inputs and outputs. This
method has the advantage of being free from subjective weighting,
is unaffected by correlations or multicollinearity among input
and output variables. It is therefore suitable for comprehensive
indicator evaluation and efficiency comparisons across decision-
making units™®’), In this study, the two-stage DEA model (Fig. 3) was
implemented and solved using Lingo software.

In this two-stage DEA model, the first-stage economic-efficiency
subsystem and the second-stage runoff management efficiency
subsystem were each specified with their own sets of input and
output indicators. The incremental stormwater runoff outputted
in the first stage was taken as an input indicator in the second
stage. The weight assigned to this intermediate unexpected output
(i.e., the incremental stormwater runoff) is kept consistent across
the two stages. Imposing a unified set of weights established
an internal connection within the model, preventing the overall
system efficiency from being decoupled from the efficiencies of the
individual subsystems. Since the economic-efficiency subsystem
constitutes a prerequisite for the whole model, its efficiency scores
must be held constant when solving the runoff management-
efficiency subsystem, and are incorporated as constraints in the
latter. The output indicators in the second stage were used to
measure flood-related losses, and the corresponding efficiency
scores were negatively related to resilience: when the DEA-derived
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efficiency value is higher, the losses increase, reflecting relatively
poorer runoff management performance; conversely, when the
efficiency value is lower, disaster losses decrease, indicating that the
DUM exhibits stronger resilience. In the two-stage DEA efficiency
analysis, this study, for the first time, introduced a division model
(see supplementary material for the detailed equations).

3.3.1.2 Stormwater Runoff Allocation

Building on the two-stage DEA model, this study developed a
dynamic allocation mechanism under which the temporal linkage
of production technology parameters (i.e., technical parameters
related to resource conversion capacity and production processes)
is explicitly specified, and the first-stage technology parameters
are used to characterize the efficiency frontier of the second

(2 Within the flood-resource allocation framework, this

stage
study assumed that the adjustment capacity of each management
unit can only be adjusted through proportional scaling of its
existing production level. Under the condition that unexpected
inputs are freely disposable, a bi-objective optimization model

was constructed: Objective 1 was to maximize desirable outputs
(i.e., GDP growth, control of disaster losses), and Objective 2 was

to minimize input variables (i.e., resource input, governance cost).
The constraints included: 1) a total-balance constraint that ensured
the full allocation of the total amount of flood reduction; and 2)
unit-level equity constraints that prevented excessive allocation to
specific units. A stepwise solution strategy was adopted, whereby
the efficiency threshold associated with Objective 1 was achieved
first, followed by the optimization of Objective 2. In this way, a
resilience-oriented allocation scheme for each basin subregion

was quantitatively derived (see supplementary material for the
equation).

3.3.2 Equity-Oriented Allocation Method
3.3.2.1 Near-Far Coupling

Based on the resource services provided by land, this
study constructed near-far coupling relationships (Fig. 4) and
converted these resource-service linkages into land-consumption
relationships'®®. Near coupling refers to the consumption of various
land resources within a management unit by its built-up areas; far
coupling denotes the situation that when a management unit’s land
supply cannot meet local demand, it must obtain resource services
from other units within the basin; and spillover effect describes
cases where certain management units possess sufficient supplies
of various resources and, beyond satisfying their own development
needs, are able to export resources to external systems. Drawing
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Fig. 4 The near-far coupling relationship within the basin.

on the per capita land use conditions in Taiwan, China, this study
estimated the land consumption status of each management unit
within the Dajia River Basin.

3.3.2.2 MRIO Model

On the basis of clarifying land-consumption relationships
within the basin, this study employed the MRIO model for
quantitative analysis. The MRIO model can capture the economic

261 and the main

interdependencies among sectors and regions
advantage lies in its ability to trace the direct and indirect
environmental impacts caused by the final consumption of goods

and services. The specific formulation is given in Eq. (1):

AL:ZLT‘S_ZLS?”

T#S T#S

(1)

where Y,..L"” denotes the amount of land required in region r to
satisfy the consumption of other regions, i.e., the outflow, and
Y...L°" denotes the inflow. When AL > 0, region r is characterized
by a net outflow of land resources, meaning that it must provide
services for other regions and bear the transferred stormwater
runoff burden. Conversely, when AL < 0, region r experiences a

net inflow of land resources, indicating that it depends on other
regions to support its development and should therefore assume
compensatory responsibilities toward those regions. In this way,
the MRIO model clarifies the runoff management responsibilities of
each management unit (including both local runoff and the portion
associated with external compensation), which are not reallocated
among management units. This helps reduce the downstream flood
management pressure and supports the enhancement of basin-wide
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flood-mitigation resilience under the equity-oriented allocation
scheme.

3.3.3 Allocation Method Incorporating Decision-Makers’ Preferences

Efficiency-oriented allocation generally places greater emphasis
on market-based mechanisms, whereas equity-oriented allocation
reflects a stronger role of government intervention. To balance
the two, this study constructed an allocation model from the
perspective of decision-makers’ preferences. The overall runoff
allocation in the Dajia River Basin is expressed as follows:

fUx1, Uy = X(a1Uyq + xUy2), x=12,...,n, (2)
where a; and a, represent the weights assigned to allocation equity
and allocation efficiency, respectively, with a, also serving as the
decision-makers’ preference parameter in this study, while U,, and
U,, denote the allocation volumes derived from the equity-oriented
and efficiency-oriented methods, respectively.

On the left-hand side of Fig. 5 is the utility function of decision-
makers’ preferences, where «,/a, represents the slope of the utility
curve. When a, < a, (e.g., Point B), allocation efficiency dominates;
in this case, the allocation outcome may promote the development
of a given region at the expense of others, thereby leading to
inequitable allocation. When a, > a, (e.g., Point C), the government
strengthens equity in runoff allocation, but this may come at the
cost of overall basin development and result in reduced efficiency.
When a, = a, (i.e., Point A), allocation efficiency and allocation
equity are considered equally important. In addition, the closer
the allocation point lies to a, = 0.5, the smaller the divergence
in runoff allocation. By adopting different settings of decision-
makers’ preferences, effective technical support can be provided for
constructing resilient basins and cities.

Fig. 5 The utility function of decision-makers’ preferences (left] and runoff allocation
results under different decision-makers’ preferences (right).
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4 Empirical Analysis

4.1 Quantifying Incremental Stormwater Runoff

Drawing on existing research!'®), this study employed the TCCIP-
AR5 model developed by the Disaster Prevention and Protection
Technology Center in Taiwan, China to simulate the mean daily
precipitation over the next 200 years (baseline year 2018) under
different development scenarios, including RCP2.6 (mitigation
scenario), RCP4.5 and RCP6.0 (stabilization scenarios), and RCP8.5
(high-emission scenario), to obtain the mean change in stormwater
runoff. Subsequently, based on land use changes between 2008 and
2018, the incremental stormwater runoff induced by urbanization
is further calculated”®. The calculation is given by:

Q= (4 — A) x g x (55% — 10%) , (3)

where Q denotes the total increase in stormwater runoff, A, and

A, represent the imperviousness before and after land use change,
respectively, and g denotes the runoff volume per hectare of land
under natural conditions. The simulated results of incremental
stormwater runoff (Table 1) show that climate change is the
dominant factor driving its increase. Among the upstream areas,
Unit 1, Unit 12, and Unit 13 exhibit the largest increments, whereas
the midstream and downstream areas of Unit 2 and Unit 11 show
relatively slighter increases. If the runoff generated in the upstream
areas is not effectively managed, it is likely to concentrate in the
middle and lower reaches along topographic gradients, thereby
exacerbating the overall difficulty of runoff management.

4.2 Equity-Oriented Runoff Allocation and Compensation
Mechanism

Based on the near-far coupling and MRIO analysis (Tables 2,
3), this study finds that the total land-service outflow provided by
the Dajia River Basin to external systems amounts to 246,504 hm?.
Under the equity-oriented allocation assumption, the proportional
shares of runoff management responsibility differ across river
sections: the upstream region undertakes only 1.39%, the midstream
region 4.88%, while the downstream region bears the highest share,
reaching 23.44%. Overall, the Dajia River Basin functions as a net
provider of land services to external systems; accordingly, external
systems should compensate 70.29% of the incremental runoff,
with this portion to be coordinated by the higher-level or central
governments. The remaining share is allocated within the basin
according to each management unit’s local responsibility and its
proportion of land inflows.

VOLUME 13/ ISSUE 6 / DECEMBER 2025

Table 1: Rainstorm runoff increments across management units

Unit Stormwater runoff increment
No.
Increment due to Increment due to Total increment
climate change (10* m®) urbanization (10* m3) (10*m?3)
1 2,493.7 -211.3 2,282.4
2 86.3 -14.7 71.6
3 105.3 -3.4 101.9
4 187.1 -54.1 133.0
5 115.7 2.4 118.1
6 159.6 -2.5 157.1
7 170.1 16.7 186.8
8 258.9 -0.1 258.8
9 96.6 51.8 148.4
10 328.9 -6.5 322.4
11 58.2 -1.0 57.2
12 2,950.5 -79.4 2,871.1
13 1,722.8 60.7 1,783.5
NOTE

For details of the calculation procedure, see Ref. [15].

4.3 Efficiency-Oriented Runoff Allocation

The DEA efficiency analysis (Table 4) shows that the
mean economic efficiency is 0.890, indicating relatively high
resource utilization efficiency within the basin. The mean runoff
management efficiency is relatively low at 0.61, implying a low
overall natural disaster risk and a comparatively safe state in
the basin. The average values of composite ecological efficiency
in the midstream and downstream regions are markedly higher
than that in the upstream region, exhibiting an overall pattern of
“midstream > downstream > upstream.” Assuming that 29.7% of
the incremental stormwater runoff needs to be allocated in the
second stage of the DEA model (based on the preceding equity-
oriented analysis), Unit 12 bears the largest share of runoff
treatment, followed by Unit 1 and Unit 13. These results indicate
that the management units differ in terms of economic efficiency,



Table 2: The runoff volume across management units under the equity-oriented allocation method

Unit Change in land Total runoff Local Internal Intra-basin runoff External-system Runoff
No. area (hm?) generated locally responsibility exchange management compensation management compensation
(10*m®) (10*m®) ratio (10*m?) (10* m3)

1 -95,413 2,383.4 40.1 — 0 2,343.3

2 6,468 96.8 96.8 2.23% 159.8 0

3 20,603 104.9 104.9 7.12% 509.2 0

4 6,272 201.5 2015 2.17% 155.0 0

5 691 119.7 119.7 0.24% 17.1 0

6 2,695 163.4 163.4 0.93% 66.6 0

7 5,787 175.1 175.1 1.99% 142.4 0

8 -4,298 257.4 117.7 — 0 139.7

9 -107 123.1 118.7 — 0 4.5

10 -2,789 321.7 233.9 — 0 87.9

11 535 57.5 57.5 0.18% 13.2 0

12 -113,730 2,905.3 58.6 — 0 2,846.7

13 -73,218 1,754.6 21.4 — 0 1,733.2
Total -246,504 8,664.4 1,509.3 14.9% — —

Table 3: The runoff volume shared by upstream, midstream, downstream,
and the external system under the equity-oriented method

Region Shared runoff Total runoff Intra-basin
volume (10* m?) management share share
External system 5,838.4 70.29% —
Upstream 118.1 1.39% 4.75%
Midstream 4229 4.88% 17.00%
Downstream 1,946.7 23.44% 78.25%

runoff management efficiency, and composite ecological efficiency,
and therefore exhibit heterogeneous capacities in stormwater-
runoff allocation.

From the perspective of the stormwater runoff allocation results
(Table 5), there are pronounced differences in runoff management
shares among the regions. The upstream region undertakes the
primary management tasks, whereas the downstream region
receives the smallest allocation. The main reason is that the
upstream region exhibits a relatively higher efficiency value of the
DEA stage 2 and greater disaster losses, indicating low performance
in runoff management and more residual runoff. Consequently,
it shows a higher potential for flood mitigation. Meanwhile, the
incremental stormwater runoff is predominantly concentrated
in the upstream region, making it the key zone for absorbing and
regulating runoff.

4.4 Decision-Makers’ Preferences
According to the analysis results (Table 6), the upstream region
bears the majority of the efficiency-oriented share of stormwater
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Table 4: DEA efficiency analysis results and the reduction of runoff
across management units

Table 5: The runoff volume shared by upstream, midstream, downstream, and
the external system under the efficiency-oriented method

Unit Economic Runoff Composite stormwater
No. efficiency management ecological runoff
(DEA stage 1) efficiency efficiency (overall reduction
(DEA stage 2) DEA efficiency) (10*m?)
1 0.981 0.1390 7.077 913.0
2 0.848 0.0311 27.640 7.2
3 0.873 1.0000 0.873 10.2
4 0.814 0.0276 29.153 13.3
5 0.800 0.0643 12.566 11.8
6 0.823 0.0201 40.960 20.5
7 0.715 0.0402 17.864 18.7
8 1.000 0.0579 17.121 103.5
9 0.824 0.0528 15.584 59.4
10 1.000 0.1121 8.938 32.2
11 0.999 0.0243 41.102 5.7
12 0.893 0.0003 2,762.823 1,148.4
13 1.000 0.5278 1.895 178.3
Average 0.890 0.1613 229.507 194.0

runoff, whereas the downstream region bears the majority of the
equity-oriented share. The marked differences between these two
allocation methods across upstream and downstream regions

Region Shared runoff Total runoff Intra-basin
volume (10* m?3) management share share
External system 2,092.7 30.17% —
Upstream 2,239.7 32.29% 88.80%
Midstream 141.5 22.16% 5.61%
Downstream 141.0 15.38% 5.59%

indicate that focusing on a single objective is insufficient for
balancing the interests of all management units within the basin. As
shown in Fig. 6, when the decision-makers’ preference parameter a,
ranges from 0.2 to 0.3 (i.e., when equity is given greater emphasis),
the allocation disparities among management units are minimized,
enabling overall optimal allocation for the entire basin. At the same
time, aside from a slight decline in the standard deviation when «a,
lies between 0.1 and 0.2, the standard deviation increases with the
rising weight on allocation efficiency in all other cases, implying
that an excessive emphasis on efficiency exacerbates intra-basin
inequity. Specifically, as a, increases, the runoff volume undertaken
by Unit 1 and Unit 12 rises markedly, whereas that of Unit 3 and
Unit 4 correspondingly decreases. Therefore, decision-makers

need to flexibly adjust their strategies in light of the basin’s actual
development needs and the interests of different stakeholders.

For example, under periods of high flood risk, efficiency-

oriented allocation should be prioritized to rapidly mitigate flood
peaks; during phases where ecological protection is prioritized,
emphasizing equity-oriented allocation is more appropriate to
safeguard upstream ecosystems.

Table 6: Efficiency- and equity-oriented runoff allocations of upstream, midstream, and downstream

Region Efficiency-oriented Equity-oriented Difference (10* m?)
Allocation volume (10* m?) Share Allocation volume (10* m?) Share
Upstream 2,239.7 88.80% 118.1 4.75% 2,121.6
Midstream 141.5 5.61% 422.9 17.00% -281.4
Downstream 141.0 5.59% 1,946.7 78.25% -1,805.7
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Fig. 6 Runoff allocation among management units under different decision-makers’
preferences (a,).

5 Conclusions and Prospects

Enhancing flood-mitigation resilience is an important strategy
for coping with flood risk; at its core, it aims to balance disaster-
prevention capacity across regions and promote sustainable
development through systematic planning and optimized
allocation. Integrating the perspectives of allocation efficiency and
equity, this study develops a basin-wide flood-mitigation resilience
framework, to address the problem of allocating incremental
stormwater runoff among upstream, midstream, and downstream
regions. The framework not only clarifies runoff compensation
mechanisms, but also provides an operational and quantitative
basis for flood risk management, thereby contributing to the
formation of more adaptive and sustainable resilience-oriented
models for urban and basin governance. Considering both the
efficiency and equity, this study proposes a total runoff volume
control and optimized allocation method for future stormwater risk
prevention. This method fills the gap in the quantitative allocation
of runoff at the meso-scale and provides important support for
subsequent floodplain zoning, the design of conveyance capacity
for flood-control infrastructures, and the allocation of stormwater
management responsibilities across various land use zones.

The conclusions are as follows: 1) Under different allocation
methods, the allocation of stormwater runoff increment varies.
Under the efficiency-oriented scheme, the upstream region is
required to undertake 88.80% of the incremental runoff, whereas
under the equity-oriented scheme, the upstream region only
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needs to undertake 1.39% of the total runoff volume. 2) When the
decision-makers’ preference parameter is set to 0.2, the standard
deviation within the basin is minimized, indicating the smallest
inter-regional development disparity. Overall, basin hydrological
processes are complex and dynamic, and urbanization introduces
additional uncertainties into the allocation of stormwater runoff.
Governments and relevant institutions should strengthen the
regulation of stormwater-runoff management and enhance the
coordination of spatial planning. These measures play a crucial
role in improving urban resilience and the capacity to cope with
flooding.

The following areas could be explored in future research. First,
while this study has addressed the equity issue of “who should
compensate,” it has not yet resolved the operational issue of
“how this should be done.” Follow-up research could establish a
compensation negotiation mechanism among management units
based on natural basin units, and translate the quantified ecological
responsibility of the MRIO model into actionable fiscal transfer
payments or ecological credit quotas. Second, although this study
quantifies runoff allocation at the meso-scale, a substantial gap
remains between this and the precise estimation of the volume
to be managed. Future work could develop a dynamic resilience-
based allocation model that couples climate change scenarios
with land use evolution forecasts, thereby enhancing the accuracy
and forward-looking nature of runoff allocation schemes. Third,
subsequent research may also explore pathways for stormwater
utilization. Through engineering measures such as flood detention
wetlands and groundwater recharge, runoff could be converted into
usable water resources, thereby improving the marginal benefits of
management interventions.
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