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This study proposes guiding principles for flood risk mitigation by integrating Nature-
based Solutions with the concept of Hydrological Interest Areas as a background for urban
interventions. The methodological framework provides a matrix of joint urban and
environmental planning recommendations, considering both physiographic characteristics and
urban settlement patterns, along with a final program of necessities. Using the Bambu River
Watershed in Maricd, Rio de Janeiro, Brazil, as a case study, the research evaluates three
urban planning scenarios against the current situation. The Uchronic Scenario represents an
idealized flood-free urban development, whereas the Current Situation reveals that nearly 21%
of properties are in flood-prone areas. The Desirable Scenario involves extensive relocations,
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while the Realistic Scenario applies feasible open-space interventions, protecting 2,243 lots
during a 25-year event. The findings confirm that integrating Hydrological Interest Areas and
Nature-based Solutions is an effective strategy to enhance flood resilience while addressing
social and environmental challenges.
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INTRODUCTION

increasingly evident in the form of hydrological disturbances. Globally, floodg
most critical consequences of these imbalances, capable of disrupting essentis
systems in cities and causing significant financial damage to vulneralfl snadcfuately
prepared areas [1]. In developing countries, the uncontrolled urban expa [
pressures often occurs in floodplains and hillslope landslide risk
challenges to drainage systems and exacerbating the populatio
[3]. Consequently, inadequate housing conditions and the pr¢@
areas are key factors limiting the ability to address urban flg
lack of comprehensive land use planning and the unres
within the territory impede effective decision-makj
efforts to implement multifunctional drainage@
improve the quality of urban areas. Rathegtha
drainage solutions that improve flo
downstream), a more effective strate
potential of landscape design, incorp

O tatalities [2],
ation of irregular

On maximizing the multifunctional
rol strategies while integrating urban-

gly being adopted in urban areas to address the
growing impacts of climate change, including
ly defined as a multidisciplinary and integrated
, and restoring natural or modified ecosystems, while
ellbeing and biodiversity gains [5]-[7]. NbS are a
mpose multifunctional landscapes to offer environmental
g mitigation When green and blue spaces are integrated with gray

services, includifie {

infrastructu ag gpproach, new opportunities arise to recognize the complementarity

between Jbullt and feaffl environments [7]. This approach provides a viable means of

restorjng drafllic and ecological functions of a watershed, aiming to re-establish, as
ibM®ts natural characteristics prior to urbanization. In reference to this,

ourchgoNgt al'$8] developed a hypothetical alternative historic growth scenario applied to

urban flooding. The co
approach aimed at protggti

simultaneously promn 4@7
practical and proges )

plan, with the drainage network interacting with urban open spaces as a central element. The
results indicated that the alternative scenario could have led to a nearly flood-free situation in
the present. Similarly, Oliveira et al. [9] developed and simulated an uchronic scenario for the
Acari River Watershed, another vulnerable region in Rio de Janeiro, to assess the capacity of
natural drainage systems in managing urban floods. Their results confirmed that sustainable
urban development would significantly reduce the consequences of flooding and enhance
resilience to climate change.

Additionally, promoting NbS in expanding cities can deliver a wide range of ecosystem
services while enhancing environmental quality [10]. These interventions can be applied
across multiple scales, from local settings to broader watershed extents [6], [11], [12]. Most



importantly, NbS can be integrated with ecological management zoning and territorial
planning, taking into account the impacts of human activities on ecological functions [13].
However, mapping demand and identifying priority areas for implementing NbS as a
watershed management alternative remains a gap in the literature, as discussed by a limited
number of authors, including Longato et al. [10], Alves et al. [14], Pan et al. [15], and
Dagenais, Thomas and Paquette [16]. Addressing the urban drainage challenges in cities
requires identifying and defining the types of NbS interventions suitable for implementation
at the watershed scale, considering its physiographic characteristics and specific
requirements. In this regard, it is important to emphasize that in natural settings, topography
plays a crucial role in runoff patterns and significantly influence the hydrological response of a

Therefore, in urban areas, preserving natural spaces is critical for providing
areas that integrate recreational spaces with stormwater retention [

typically align with
stem. The river and its

the upstream, midstream, and downstream stretches o
tributaries serve as a unifying element, integratinggih

b arch, a summarizing concept
was proposed. The upstream arch is associatedgi iple of conservation, as it is often

critical role in sustaining the water cyc
downstream areas. The middle arch i

g the impacts of flow generation on
the concept of integration between the

natural environment and urban d presenting a transition between these two
landscapes. These zones requirg i¢s thdt preserve permeable space, create opportunities
for water storage, and intera, tions. Finally, the downstream arch — the usually
most urbanized watershe quires careful consideration of natural systems,

ing, and guarantee water quality before it reaches subsequent
water bodies, bu ng floods downstream. Moreover, Miguez et al. [20] argue
that a water-orie an Planning must incorporate the delimitation of a Hydrological Interest
Area (HIA zoning category designed to integrate the natural behaviour of
planning process. This zoning seeks to preserve critical areas from
ow® quality of life. In this context, the HIA delimitation primarily consists of
rone open spaces in mild slope areas.

Int a¥ (HIA) can act as a strategic framework for setting up the spatial arches concept
g urban restructuring principles to mitigate flood risks, enhance ecological
functions and improve urban spatial quality. To assess this hypothesis, the contribution of this
research lies in exploring innovative planning approaches that incorporate NbS within
hydrologically sensitive areas, particularly through the distinctive identification of functional
spatial arches that exhibit unique urban-environmental interactions throughout the watershed.
The Bambu River Watershed, located in Marica, Rio de Janeiro, Brazil, serves as a case
study, where hypothetical urban planning scenarios, including an uchronic one, are developed
to assess the effectiveness of various spatial planning strategies incorporating NbS. Through
this process, this study establishes a correlation matrix, termed Guidelines for Territorial
Reorganization, to simultaneously analyse physiographic characteristics and urban



occupation patterns coexisting within the same watershed, based on the spatial arches concept
[20]. Methodologically, this approach addresses a critical gap in the literature by identifying
priority areas for NbS implementation in urban watersheds while accounting for urban
development pressures. Furthermore, it not only facilitates a balance between urban
expansion and flood risk mitigation but also underscores the socio-environmental value of
urban parks within an integrated planning framework. By demonstrating how the functional
interpretation of spatial arches and the HIA framework can inform sustainable territorial
reorganization, this study presents a decision-support tool for policymakers and urban
planners, offering a transferable model for urban watersheds facing similar hydrological
challenges.

MATERIALS AND METHODS

The methodological framework proposed in this work provides a matrix o
environmental planning recommendations, integrating the original physiog
and the urban settlement patterns of the interest area. The method follows
step approach, beginning with the creation of a uchronic scenario j 10k ban growth

attributes and urban occupation patterns. This matrix serggfas aWasis for future planning
guidelines. Following this analysis, two distinct dgg#® dgives are formulated: a realistic

constraints, whereas the desirable scena iSi Optimal yet aspirational approach - one
that remains feasible but represents itiouS vision for urban development and flood
resilience.

The next step involves 1den
foundation for future pla
Miguez et al. [20], are: (i
(ii1) mild to almost

logical Interest Area (HIA), which serves as the
e criteria for delineating the HIA, as detailed in

and (iv) riverine flood-prone regions. The HIA ignoring
ase for the uchronic scenario, resulting in a broader area, as it
s composed of open spaces (in the starting point of its
¥at arcas. In contrast, the current HIA, based on the existing urban
the flat open spaces that remain in their natural state under present
nic HIA represents the HIA that could have been defined prior to the
ent, preserving all areas critical to the water cycle and those prone to

ecisions might have shaped its current state. A mathematical hydrodynamic model is
then employed to map flood patterns associated to this scenario and to the current conditions of
the watershed. The Urban Flood Cell Model-MODCEL [22] was selected for this application,
although other models could have also been used — the model choice is a user decision. The
results of the two simulations are expected to reveal a more favorable outcome for the Uchronic
Scenario when compared to the current flooding patterns, likely demonstrating reduced flood
risks. This comparison underscores the potential benefits of integrating hydrological
preservation into urban planning strategies.

The Uchronic Scenario reveals lost opportunities, highlighting the need to address the
challenges of the current urban setup. By considering the lessons learned from the uchronic



results, the current HIA —although reduced when compared to the uchronic HIA — remains
feasible to guide proper future urban planning, serving as a foundation for implementing blue
and green actions aligned with proper land use management.

Through the lessons learned from simulation of the Uchronic Scenario and the subsequent
comprehension of the Current Situation, it is possible to propose a Desirable Scenario and a
Realistic Scenario. In both cases, the preservation of remaining open green spaces is prioritized.
However, the Realistic Scenario acknowledges the spatial constraints of the watershed, offering
more practical and probably more feasible guidelines for urban development, even if not
completely solving alone all the flooding problems, while the Desirable Scenario aims to get the
closest possible to the Uchronic Scenario, probably loosing part of its feasibility.

The core idea in both scenarios is to use the urban open space system to struc

individualized to each stretch of the watershed, according to its natural functiong
them with the urban needs. Therefore, at the same time the proposed mgg
flood mitigation, they would also create opportunities to enhance ur
greenways, squares, local parks, fluvial parks and environmenta units. This
approach establishes environmental capillarity within the urb ; gViding both
environmental and urban services. The extent of this conceptu aries between the
Desirable to the Realistic Scenarios.

To support this discussion, another conceptual approa; pthe watershed spatial
arches. This concept emphasizes that different sections of a emand distinct hydraulic
and urban solutlons due to the1r varying topo h gurations and usual levels of

gbrating

sections: the upper arch, the middle arch and t

The guidelines for designing realistic
matrix of joint urban and environment
provide intervention guidelines for th
portion of the watershed — that 1
watershed functions interacting

The upper reaches of the g
spatial arch of the waters
regarding the quality

enarios are established through a
mendations. This matrix intends to
m using the HIA as background, in each
three spatial arches that individualizes the

est slopes in the watershed, are tied to the upper
focus is on environmental preservation, especially
green cover. However since downstream areas are

0 improve water retention, to compensate for downstream
be obtained by generating storage opportunities on the way to the

itfes. In the downstream reaches, the respect concept applies, unfolded in two main
ion: the watershed capacity discharge has to be guaranteed, to avoid backwater
effects and flooding, but it cannot affect downstream neighborhoods by transferring floods
downstream.

Therefore, the guidelines matrix combines physical traits and land use patterns to offer
specific recommendations crossing the watershed arches as defined in the previous lines. This
matrix is structured around two primary axes: the physiographic characteristics of the watershed,
linked to the concept of Hydrological Interest Areas (HIA), and the urban settlement
characteristics, categorized from upstream to downstream. The physiographic characteristics of
the watershed were defined by features that influence drainage patterns and directly respond to
precipitation events. These features included geological formations with varying elevations,



slopes and reliefs, such as hilltops, mountain slopes, foothills, riverine flood-prone areas, flat
areas, and coastal lowlands. These topographical features are intricately associated with the
characteristics that constitute the spatial arches.

Subsequently, the physiographic characteristics of the watershed were correlated with urban
occupation patterns, specifically the level of territorial density, which directly impacts natural
hydrological processes that contribute to water retention and soil permeability. This study
considered five density categories: non-occupation, rural areas, low-density occupation,
medium-density occupation, and high-density occupation. The Guidelines for Territorial
Reorganization were developed to support the implementation of both the Desirable and
Realistic Scenarios. In the Desirable Scenario, interventions outlined in the matrix are intended
to be applied across the entire HIA, regardless of their current land use. In contrast, i
Scenario focuses strictly on utilizing available open spaces within the HIA The

Table 1. Guidelines for Territorial Reorganization fd P cenario.

Spatial Physical
Arch  aspects Non-occupation Rural zones

High-density

occupation occupation
Hilltops If vegetated,
Ist - preserve; if not Remove and reforest.
arch vegetated,
Mountain reforest.
slopes
. not vegetated, reforest; Relocate, reforest, and create flood
Foothill .
e flood buffer zones. attenuation areas.

Remove
built-up areas
and replace
them with
n rural parks.

Relocate and create a multifunctional park to prevent
occupation.

Rural park ~ Multifunctional

Flood and/or areas park and/or

attenuation areas Multifunctional park, allowing the

to encourage areas to . . .
and/or areas to maintenance of existing occupations,
at urban encourage . .
encourage urban . provided that the available free area
areas : . expansion urban . .
expansion with . . . is sufficient to protect these
. with expansion with .
sustainable . . occupations.
sustainable sustainable
management.

management. management.




Gomes, M. V. R., Amback, B., et al. Year 2025
Territorial Ordering Through Hydrological Interest Areas Volume 13, Issue 2, 1130561
and...

Coastal park
and/or areas to

Maintain as vegetated open
g p encourage Coastal park and/or areas to promote

3rd Coastal space and/or areas to encourage . . .
. . . urban urban expansion with sustainable
arch Lowlands urban expansion with sustainable . .
expansion with management.
management. .
sustainable
management.

Table 2. Guidelines for Territorial Reorganization for the Realistic Scenario

REALISTIC SCENARIO
Land and Use O ti
Spatial Physical Ane 4t se' ceupa 1o‘n -
Non- Low-density Medium-dens

Arch aspects . Rural zones . .
occupation occupation occupation

Hilltops If vegetated, If the settlements are forma

ISth _— preservte;tlgnot If the settlements are informal: g getation of the
arel " Mountain Vegfe ated,
slopes reforest.

If vegetated, preserve; if not veg8@

Foothill
ootht revegetate and create flood b
- ttlements are formal: create multifunctional
Riverine If vegetated, . .
- park in the available open spaces.
Flood- preserve; if not .
If the settlements are informal: relocate and
2nd Prone vegetated, . . . . .
. incorporate the area into the multifunctional linear
arch Region reforest
park.
park  Multifunctional
and/or areas buffer park Multifunctional buffer park,
romoting and/or areas allowing for the maintenance and
Flat promoting even expansion of settlements with
expansion urban sustainable management, as long as
with expansion with the available open space is sufficient
sustainable sustainable to protect these settlements.

management. management.

Coastal park

and/or areas Coastal park, allowing for the

Maintain as a vegetated open maintenance and even expansion of

. romotin . .
3rd stal area and/or areas promoting P urban £ settlements with sustainable
arch owlands urban expansion with expansion with management, as long as the available
sustainable management. panst open space is sufficient to protect
sustainable
these settlements.
management.

Figure 1 presents the logical flowchart showing the articulation of the general procedures
composing the proposed method.
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Definition of a Hydrological
Interest Area (HIA)

l

Functional interpretation:
Spatial Arches

l

Analysis of open BGI programmatic
—
spaces approach

|
l l

Proposition of

Proposition of

——»| guidelines for a gu1-d‘elmes ‘

Desirable Scenario recognizing spatial
limitations
Territorial Reorganization
to Preserve the HIA
Y

Proposition of an Proposition of a

Uchronic Scenario Realistic Scenario
Simulation of the Simulation of the Simulation of the

Uchronic Scenario Current Situation Realistic Scenario

Hydrodynamic modelling

g
1§e 1. Flowchart of the main stages of the research.

Data e Q«mnipulation
{

a ction process integrates hydrological, environmental, and urban parameters

icial datasets [23], including topographic and hydrological maps, land use
clasSificatlbns, and census data. Additionally, the hydrodynamic modelling accounts for
historica®tlood records and rainfall data to calibrate and validate flood risk dynamics in the
study area. Geographic Information System (GIS) tools were then employed to analyze the
data collected.

Analysis Techniques

Hydrological Interest Area (HIA)

This is a novel and formal type of land use class that recognizes that an urban system based
on Nature-based Solutions is essential for fostering sustainable development and improving
flood resilience in cities. This study adopts the concept of HIA — introduced by Miguez et
al. [20] - as background for planning and design of combined urban flood control and urban
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landscape measures. It serves environmental preservation purposes and supports design
propositions by identifying floodable areas and open green spaces. These are potential areas for
accommodating design solutions that maintain a harmonious balance between environmental
preservation and urban expansion, while preventing future occupation of flood prone areas.
Moreover, these areas should be under strict land use management to guarantee available space
for water dynamics. The delimitation of a HIA is based on the intersection of four criteria, as
previously described in Miguez et al. [20]: legally protected areas, coastal lowlands,
predominantly flat open spaces, and riverine flood-prone regions.

Three categories of land use zoning emerged from the original HIA application: (1)
Environmental Full Protected Areas, which already exist and were identified by the first

Management” permits urbamzatlon, but only under preventive reg
construction standards defined in Environmental Management Plans.
can shelter a blue-green infrastructure approach, including extensiv
downstream lowlands, flat open spaces, and connecting floodplaj

aims to optimize potential interventions acros as of the watershed, taking
arches. In this context, the social
emphasis of the strategies is highlighted,
with the quality of life improvement f
organized into six main categories, #PH
These include: Sustainable Urb
Education, Culture, Entertai
Infrastructure and Services.
The "Sustainable Urb
that can be incorporateg ; pologies. These include the creation of multifunctional

r subdivided into additional categories.
ustainable Mobility; Sports and Leisure;
Environmental Preservation; and Other

open public spaces, such as parking lots with low to medium traffic, is
e surface runoff.

tdckles the opportunities for active mobility. In regions within the downstream arch,
mobility strategies may also involve the creation of inland waterway terminals,
potentially integrated with local transportation systems or tourism initiatives, if the fluvial
system is connected to navigable lagoons or other large waters bodies.

The "Sports and Leisure" category encompasses various elements designed to serve local
populations and enhance quality of life by promoting outdoor physical activities and other
leisure opportunities. These elements may include, for example, sports courts for a range of
activities; fitness areas; tracks for athletics; equestrian routes linked to stables or facilities for
housing horses; playgrounds; and infrastructures that support water sports, such as rental
stations for boards, canoes, and other equipment. Additionally, observation areas should be
strategically placed at the territory to offer views of significant landscape features, including



natural elements or cultural landmarks. This element plays a crucial role in connecting the
population with its natural landscape.

The "Education, Culture, Entertainment, and Art" category proposes general institutional
facilities associated with the spatial arches. In this regard, amphitheatres could serve as a
venue for hosting a wide range of events and performances for the community, as well as
outdoor movie projection areas, that should be placed in large open spaces and accommodate
diverse uses. Additionally, spaces for cultural and recreational events, as well as venues for
art exhibitions, are suggested. These areas, designed to host a variety of cultural activities,
should be in accessible locations. Furthermore, the creation of spaces dedicated to landscape
art or site-specific installations is also recommended, supporting the placement of art
installations or sculptures within the landscape, thus establishing new landmarks.

The restoration of riparian vegetation is another key focus; espet ,
undergone significant urbanization. This measure is essgtig environmental
Nglige activity. Finally,
»lagoons, wetlands or
great ponds, is proposed to support aquatic plant specie gibute to improved water
quality and provide rehabilitated habitats.

In the "Other Infrastructure and Services" cafg ycveradfacilities can be proposed to
enhance user experience and encourage great with the parks and project areas.
These include coffee shops and kiosks offe for park visitors; shading structures
that encourage visitors to spend time rking lots with permeable surfaces,
incorporating permeable pavements cre infiltration and reduce surface runoff.
Efficient and informative signage 4 0 propose® not only to outline the multifunctional roles
of the parks but also to serve iondll tools, fostering a greater public connection to
environmental resources.

Considering the possib e program of necessities, it becomes clear that most
parks located in the fewer leisure support facilities and assume a role of

more natural elemen §)is Bgcause the construction of large-scale structures could attract a

are focusgd\n comge
i t

¥ition, enabling contemplative activities with minimal environmental
e park typologies located in the Middle and Downstream Arches can offer

Table 3. Program of necessities associated with the spatial arches.

PROGRAM OF NECESSITIES SPATIAL ARCHES
Ist ARCH 2nd ARCH 3rd ARCH
CATEGORY SUBCATEGORY Conservation ) )
Storage and Rural Multifunctional Coastal
Parks  Reforestation Parks Parks Park

arcas

Sustainable  Multifunctional floodable
Urban area Vv v N4




Gomes, M. V. R., Amback, B., et al. Year 2025

Territorial Ordering Through Hydrological Interest Areas Volume 13, Issue 2, 1130561
and...
Drainage Artificial lagoons or
wetland v
Permeable pavements v v v
Cycle paths v v v v
Sustainable Walking trails v v v v
Mobility Bicycle parking v v v
Hydroviary station v
Sport courts v v v
Athletics running tracks
Horseback riding trails v
Spor'ts and Observation area v
Leisure
Fitness area
Playground
Support for lake sports
Amphitheater for events
and performances
. Outdoor movie screening
Education,
Culture, A
Entertainment  Spaces for cultural and
and Art educational events
Space for art exhibitions
Landscape art or site
specific v
Zones to the preservation
of local fauna and flora v v v
. Areas for agroforestry v v v
Environmental
Preservation Riparian vegetation
restoration v v v
Lagoon recover v
Ecological island v
v v v
v v
Other v v v
Infrastructure
and Services
v v
and informative
signage v v v v v

To Stulate urban flooding dynamics and assess the impact of different planning strategies,
this study used the Urban Flow Cell Model (MODCEL) [22], a hydrological-hydrodynamic tool
that represents surface runoff produced during flood events in urban spaces, as well as its
interaction with storm drains and open channels, which are also represented in an integrated
computational system. Furthermore, this model has been used in several previous works [1],
[24]-[26] also including watersheds in the Municipality of Maricé [20], [27], which will be
used in the case study application, demonstrating its reliability for this analysis. However, the
proposed method does not depend on this choice — any other convenient hydrodynamic
model, providing flood simulation features, could be used by the modeler.
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For comparison purposes, all simulations of urban occupation scenarios were performed for
a 25-year return period event, as this represents the standard criterion typically adopted for major
drainage projects in Brazil. Simulation results were processed using GIS tools, generating flood
hazard maps to compare scenario effectiveness. The Desirable Scenario was not simulated with
MODCEL since it represents an aspirational target that combines significant population
relocations and comprehensive environmental interventions. These characteristics make it less
suitable for practical purposes, as it assumes conditions that targets the uchronic scenario results
(that will be simulated) and it is not immediately implementable without extensive socio-
political and infrastructural changes. Instead, its primary purpose is to guide strategic planning
and inform the development of feasible scenarios, such as the Realistic Scenarig, which
incorporates practical already existing constraints.

Scenario Development

This study analyses four distinct scenarios to explore guiding principle
of sustainable and resilient cities. The Bambu Watershed, located in
Marica, Rio de Janeiro, Brazil, was selected as case study to evakaa enarios and
validate the proposed approach. The scenarios include: (1) ario, as an
hypothetical alternative development path where the HIA is i 8 befor@ urbanization and
fully preserved; (2) Current Scenario, depicting the existing | ¥, their impacts on
i i i ble Scenario, seeking
io while addressing the

beween urban expansion and
sity of protecting some already

Realistic Scenario, representing a feasible
maintaining natural dynamics, acknowledgj
consolidated settlements. Details of the an

Uchronic Scenario. This scenari isiomya hyPothetical development path and plans an
alternative urban growth, imagigin itgatio® where time could be turned back, and
development occurs with full r IA boundaries. It represents the most favorable
condition for urban developimg the protection of ecological zones and natural
flood-prone areas, thereby @ i ation exposure to floods. Unlike approaches that rely
on m1t1gat10n strateg1 ad i i

the HIA. From a modelling perspective, in addition to modifying runoff
to reflect changes in land use, it was assumed that the original hydraulic
capacities of watercourses were preserved, with no obstructions or artificial constraints on
flow paths.

Current Situation. The analysis of the Current Situation highlights existing occupation
patterns in the watershed, serving as a benchmark for comparison with the most favourable
urban development proposed in the Uchronic Scenario. More importantly, it facilitates
identifying the constraints needed to formulate future scenarios that reorganize urban spaces
while ballancing urban and environmental needs.




The Current Situation was modelled using MODCEL, incorporating data on topography,
hydrography, land use, and occupation. The model was calibrated and validated by
comparing flood extents from simulations with historical flood records and observed water
depths. The results serve as a reference for assessing the effectiveness of the proposed
interventions.

Desirable Scenario. Building on the concept of the Uchronic Scenario, the Desirable
Scenario envisions restoring and preserving the HIA from the outset of the city's development
within a framework of low-risk urban occupation. Its focus lies in recovering the hydrological
and environmental functions of an already-occupied watershed by relocating emdents
currently residing within the HIA to (nearly) replicate the conditions outlined in t
Scenario. While this scenario is aspirational and not directly simulated in this
as a guide for identifying optimal intervention strategies, but represents
economic costs. The proposed interventions include:

e Storage Parks: Located upstream of the watershed, these parks can % e, eIvVOi

to store significant water volumes using dams, which cangalsoNb ke i
recreational amenities. Storage parks can also be constructed tlrougieXegy i
of natural depressions, lower elevations, or river conflue Wams afg recommended to
contain large water volumes and protect surrounding u cI®paafhts, but they have
ation or operartional
ycularly in less urbanized

to be carefully planned, to avoid other types of envf
risks. Additionally, open spaces with dense vegel®
areas, should be preserved or restored if alre )
foc®es on preserving the original
physical characteristics of specific w : 5, enhancing stormwater retention,
filtration, natural infiltration, and ] onservation and reforestation also
help control urban sprawl, preve
biodiversity by maintaining or
Rural Parks: Situated pre

®ocated in areas with higher population density, these parks
bd along water bodies to support the drainage network storage

tween the population and natural resources. Ideally, multifunctional parks
ted in urbanized areas with medium to high population density, allowing

ntions may include urban reservoirs or smaller detention basins to improve their
capgcity for capturing and storing rainwater.

J stal Parks: At the end of the drainage system, if the fluvial system drains to sea,
coastal parks offer spaces for community gathering and recreation while accommodating
social-use facilities and improving connectivity. These parks can enhance hydrological
dynamics by facilitating channel dredging or restoring water bodies, enabling direct
interaction with coastal lagoon systems and other aquatic environments. When the
ultimately destination of the interest watershed is the sea, improving the conveyance
of the final river reaches can offer better upstream conditions facilitating reservoir
discharges

The proposed interventions represent the potential for implementing transformative

projects in the watershed, assuming that all necessary relocations could be realized.



Realistic Scenario. Recognizing the unfeasibility of widespread relocations, as proposed in
the Desirable Scenario, the Realistic Scenario focuses on implementing the minimum necessary
actions to restore degraded environmental and hydrological functions using similar individual
actions, as presented in the previous scenarios, but with greater parcimony. This approach
prioritizes urban reorganization through interventions in open or irregularly occupied spaces that
can be reversed (mainly because high risks demand people relocation). While it aspires to move
toward the Desirable Scenario, the Realistic Scenario acknowledges spatial constraints present
in the Current Situation.

The Realistic Scenario was simulated using MODCEL, incorporating a set of interventions

strategies contributed to enhancing infiltration and reorganizing runoff through 1
capacity.
CASE STUDY

A case study in a rapidly developing and environmentally fragile @rea is llustrate the
application of the scenarios. This case corresponds to the Bamb chyvaterghed, in the city of
Marica, at the Metropolitan Region of Rio de Janeiro, Brazi IS a C@8tal city that covers
Pan expansion, largely
aviyprogressively contributed
to its socio-economic development. It also has a &S onomy, mainly resulting from
petroleum royalties. According to the latest ¢ censSus [23], the population has
increased by 54.87% over the past twelve 127,461 to 197,277 inhabitants.
Marica is also recognized for its significa,
cultural, and environmental value, such"as
named Maricéd-Guarapina. The lo pograghy '1s characterized by a distinct natural
"amphitheatre" formation [20], wigere\the mauntathous terrain features steep slopes over short
distances followed by coastal p . eomlorphological structure facilitates the rapid runoff
of rainwater and riverine g ons toward the floodplain areas. In these regions, the

of urban flooding. Currently, only 19.85% of the
municipality is clagsit Ay area, with medium-density occupation along the highways

particularly t eidon riverine floodplain areas, the preservation of open green spaces
has emerged as ] priority. This is especially urgent given that flooding is already a

recurring in seYeral neighbourhoods, including the city center.

the Bambu River Watershed, the interest area of this case study, has an
area ately 109 km?, and 18.7 km of extension along the main river. The local
any s a variation from 0 to 870 meters, where most of the urban areas are located in
coa lowlands, at elevations lower than 50 meters. In this sense, the upstream areas of the
waters are composed of higher slopes, characterized as “mountainous”, “scarped” or

“corrugated” areas, where average slopes can vary from 50% to over 75%; while the
downstream areas are comprised of “plain” and “soft-corrugated” areas, where average slopes
are close to 0% and argisol are the predominant type of soil. Due to the level variation from
upstream to downstream, which is characterized by short stretches in high gradients and long
stretches in plain areas, rainwater is rapidly concentrated in the urban areas, leading to urban
flooding. The Bambu River flows to the Marica Lagoon. The average annual precipitation is
nearly 1150 mm and the rainy season occurs in summer.

The current land use shows that 37.80% of the territory is occupied by urban areas,
characterized by residential and commercial sectors. On the other hand, green open spaces



(field/pasture or vegetation) comprise 60.37% of area, blue spaces (wetlands, areas of
fluvial/lagoon dynamics) represent 1.13% of the watershed, and 0,7% represent other
elements (sand, rocks, etc.). In general, the selected area has a consolidated urban fabric near
the lagoon borderlines, and a dispersed occupation near the urban northern limit. Most of the
open spaces correspond to areas of environmental interest, such as conservation units;
vulnerable areas subjected to flooding; rougher terrains, generating difficulties for
occupation; and rural areas, where the occupation is incipient and urban development is not
allowed by the city master plan. Figure 2 shows the delimitation of the Bambu River
Watershed.

[ maricd

—— Hydrography

[J Bambu Watershed
T Z1 Modelled area

mbuRiver Watershed in Marica Municipality.

RESULTS

The following sub ¢ the results by scenario. The Uchronic Scenario
outlines the delinea chromc HIA and the simulated water depths. The Current
Scenario present s as observed under present-day conditions. The Desirable
Scenario presen urdgosed matrix with guidelines for an ideal, although currently
unfea&ble put hydrodynamic simulation outcomes. In contrast, the Realistic
Scenari des thcred#¥lts from a practical design alternative developed in accordance with

the gy thefrealistic matrix.
chr io
o acRiew the setup of this scenario, the boundary of the original HIA was superimposed

onto Sgghing lots, leading to excluding buildings located within the interest area. To
accommodate the current population in the remaining areas, the excess population was
redistributed across vacant lots in less environmentally vulnerable regions. Furthermore, the
hydrodynamic simulation model considered that, under a development planning that prioritizes
ecological preservation and natural floodplain dynamics, rivers would follow their natural
courses without obstructions such as low bridges, rectifications, constrictions, or other elements
that increase flow velocity or reduce the flow cross-sections.

Figure 4 illustrates the results of the Uchronic Scenario. Under ideal urban planning
conditions that respect water dynamics, the majority of the Bambu River Watershed would be
included in the HIA, with the most extensive urbanization occurring in the downstream regions,



where the largest portion of the municipality's population is currently concentrated. By
prioritizing the preservation of water spaces, this scenario enhances ecological benefits for the
region, with green corridors strengthening connections to natural parks and the lagoon system.
In this scenario, 65% of the territory is allocated as HIA, while only 35% is designated for urban
areas. Despite the reduced percentage of land outside the HIA, it remains sufficient to
accommodate the entire current population, with additional capacity still available. Furthermore,
by restoring the system original discharge capacity, flooding is limited to a maximum depth of
30 cm during a 25-year return period in most areas. In this watershed, water depths of up to 30
cm do not affect buildings due to the elevation of the house sills. With sufficient space for
population distribution outside the HIA, the Uchronic Scenario ensures that 100% of the local

inhabitants could be housed in non-impacted areas in this hypothetical situation. s, urban
planning incorporating the HIA concept from the outset enables a city to develop w ced
flood risks without additional protective measures and consequent costs. ‘Q

[ Bambu Watershed Hydrological Interest Area Water Depths (m)
Hydrography I Existing Full Protection ~ RP-25

Restored Lagoon | Existing Sustainable Use 0.00-0.15
Lots Proposed Sustainable Use 0.15-0.30
0.30 - 0.50
B 0.50-0.75 o 1 2w
Bl 0.75-1.00

Il > 1.00
~~

: (@) HIA boundary and available spaces for lot allocation; (b) Simulated
ood depths for a 25-year return period event.

urréfit Situation, presented in Figure 4, the land use pattern is characterized by a

rban fabric, with higher population density near the coastline and sparser
within the administrative boundaries of the watershed. This configuration is
primarily influenced by the region’s land parceling and land use characteristics, which
predominantly feature smaller single-family residential lots in the downstream areas, and
larger rural lots in the upstream zones. Additionally, areas adjacent to Environmental
Conservation Units show an urban fabric in the process of consolidation, while the remaining
open green spaces within the watershed correspond to environmentally sensitive areas at risk
of flooding. Notably, there is a significant encroachment in the riverine areas, which should
ideally be protected to allow the natural river overflows.

The mathematical simulations for a 25-year return period event reveal that urban areas
with higher population density are also the most prone to flooding. More specifically, on the




left bank of the Bambu River, a distinctive feature of the region results in a concentration of
drained volumes in the watershed area surrounding a low-income housing development, the
Carlos Marighella Residential Condominium. The drainage challenges in these floodplains
create a zone with significant flooding, where water depths exceed 1.0 m. Overall, nearly
21% of the existing lots are located in areas with water depths greater than 0.30 m, and 7%
are affected by floods exceeding 0.50 m. The water accumulation area has very low ground
elevations, ranging between 2.0 and 3.0 m, with the only outlet being a channel that flows
directly into the Vigario River.

[ Bambu Watershed Water Depths (m)
—— Hydrography RP-25
Lots 0.00-0.15
0.15-0.30
0.30 - 0.50
I 0.50 - 0.75 0 1 2km
Il 0.75-1.00 [

> 1.00

log® within the watershed; (b) Simulated flood depths for a

Figure 4. Current Situationg

Desirable Scenakgi

ined in the Uchronic Scenario. In addition to preserving the HIA, this
orporates the functional interpretation of the spatial arches to structurally
1 design of blue-green system components.

esirable Scenario, where natural dynamics coexist harmoniously with urban
development, the guidelines for hilltops and mountain slopes are identical. In areas
designated for non-occupation, the recommendation is to conserve the existing vegetation or
reforest degraded areas. Conversely, in regions ranging from rural zones to high-density
occupation on hilltops or mountain slopes, existing buildings should be vacated to allow for
reforestation. In foothill areas, where water flow rates can be higher, land use (ranging from
non-occupation to low-density development) should prioritize conserving existing vegetated
areas or reforesting bare zones, while also establishing flood-buffer zones. In riverine flood-
prone regions, which are most vulnerable to flooding, non-occupied areas must be preserved
with their natural vegetation or reforested.



In rural areas, existing structures should be removed to establish rural parks. Low to high-
density zones, should be vacated to facilitate the development of multifunctional linear parks.
This strategy is designed not only to mitigate flooding but also to prevent the emergence of
informal settlements along riverbanks. Flat areas, often prone to drainage challenges, should
be designated as flood-buffer zones or for urban expansion with sustainable management
practices. In low-density areas, the creation of multifunctional parks or zones for sustainable
urban growth is recommended, ensuring that these open spaces are integrated with necessary
urban infrastructure. In medium or high-density areas, multifunctional parks are also
advisable, if the available open space is adequate to maintain existing developments and
protect these settlements.

Finally, in coastal lowlands, both non-occupation areas and rural zones shoul
vegetated open spaces or be designated for sustainable urban expansion. Open
density occupation areas should be converted into waterfront parks or 4
expansion with sustainable management, while open spaces located 1
density occupation areas should be transformed into waterfront parks.

Although the Desirable Scenario offers a conceptually soungd
reorganization while preserving the HIA, its practical feasibility is
Current Situation reveals that approximately 9,480 lots would 4

png more than 20,000
people (which represents more than 10% of the total mu hulation). Additionally, the
Desirable Scenario would entail substantial costs ags
population. Given these constraints, the focus, 8§ more feasible proposals for
territorial reorganization that are limited to avaa irregularly occupied spaces in risky

areas within the watershed, ensuring a mor

Realistic Scenario

delimitation of the HIA and
prioritizing measures focu

preserved, and re-vegetation efforts should be undertaken in its
areas with varying occupation densities, formal settlements should

ntal and social risks. In foothill areas, if not occupied, vegetation should be
ished, accompanied by the creation of flood-buffer zones. Multifunctional

ended in open spaces across rural zones, from low to high-density occupation,
isk mitigation measures for formal settlements and relocation strategies for

y, in riverine flood-prone zones, non-occupied areas should be re-vegetated or
preserved, including the establishment of flood-buffer zones. Multifunctional parks are
recommended for both low and high-density occupied zones. In flat areas, flood-buffer zones
and sustainable urban expansion should be prioritized in non-occupied areas. In low-density
occupation areas, multifunctional parks and sustainable urban expansion areas should be
explored, while medium-density areas could benefit from multifunctional parks. High-density
areas, in turn, would require multifunctional parks to contain further urban sprawl. In coastal
lowlands, the focus should be on preserving vegetated open spaces and promoting sustainable
expansion in non-occupied and rural areas, while in low-density coastal zones, waterfront parks
should be proposed to support sustainable settlement growth. High-density coastal areas would
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also require waterfront parks to manage urban development effectively. This comprehensive
approach ensures a balance between environmental conservation, risk mitigation, and
sustainable urban development.

The general goal is to preserve and restore critical areas to mitigate flooding while
minimizing large-scale relocations. To this end, four major interventions are proposed in the
simulation, aligning with the spatial arches functions and the program of necessities
formulated for these areas.

In practical terms, a "Storage Park" is proposed in the upper arch, consisting of two
integrated reservoirs situated in a predominantly rural area. This park preserves the natural
characteristics of the site while providing space for equestrian activities, agroforestry, and

siltation and urban pressures. This intervention aims to restore this wate
natural structure, while providing leisure spaces, ecological island

lling results. In this
uently, in the number of

impacted by floods over 0.3 m. This means t
0.3 m are no longer at risk during a 25-yea
the proposed measures do not account
proposed measures could fit in the av
for interventions. The results
incorporating key HIA space

ent. It is important to highlight that
they were not needed, because the
s. This choice limits the available spaces
Scenario could be further improved by
tions, thus progressing toward the Desirable

(] Bambu Watershed Hydrological Interest Area Water Depths (m)

— Hydrography I Existing Full Protection ~ RP-25
EZ] Restored Lagoon [ Existing Sustainable Use 0.00 - 0.15
[ Floodable Parks Proposed Sustainable Use 0.15-0.30
I Lots inside HIA 0.30 - 0.50
Lots outside of HIA W 050 - 075 0 1 2km
— — Spatial Arches B 0.75 - 1.00
> 1.00
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Figure 5. Realistic Scenario: (a) HIA boundary, spatial arches, existing lots, and proposed
interventions; (b) Simulated flood depths for a 25-year return period event.

Territorial planning and reorganization strategies based on the HIA concept are adaptable
to other watersheds. For areas that are not yet urbanized, the Uchronic Scenario, as a
conceptually ideal framework for planning, can serve as a model for guiding development,
reducing the need for additional protective measures after urbanization. In densely populated
areas, the Guidelines for Territorial Reorganization of the Realistic Scenario offers principles
and guidelines that can assist decision-makers in implementing interventions with the
potential to mitigate risks while simultaneously delivering environmental and social benefits
to surrounding communities.

benefit analysis is required.

CONCLUSION

evident in cities, particularly through the heightened frequen8
However, strategically implementing NbS in remainin

benefits. In this context, this study proposed a framework jng guiding principles for
urban restructuring aimed at reducing flood risks ggsmag the @@ncept of Hydrological Interest
Areas and the functional arches interpretation, Qgate tie watershed behavior and the
interactions between natural and urban dema g process. To assess this proposal,
hypothetical urban planning scenarios w;: the Bambu River Watershed in

8paces offers multiple

across the watershed with different i iS¥process resulted in the development of a
correlation matrix, referred to e G 'de es for Territorial Reorganization, which
simultaneously examines physi ]
to downstream, linking the
preservation, the middle

arches concept, where the upper arch refers to
onment and urban integration and the downstream
discharge capacity to downstream.

positive reference situation, where a what-if condition is
» assess how the watershed could respond to flood challenges if

Ohe areas, whereas the simulation of Current Situation indicates that
ies are in zones with water depths exceeding 0.30 m, and 7% are exposed

, proposing four key interventions within still available green open spaces, resulting
in significant reductions in flood exposure. Under this scenario, 12% of lots remain vulnerable to
floods exceeding 0.30 m, and 2% to floods over 0.50 m, but 2,243 lots are protected from
flooding associated with a 25-year return period event.

These results confirmed that integrating Hydrological Interest Areas (HIA) and Nature-based
Solutions (NbS) can balance urban planning needs with flood risk mitigation, enhancing both
environmental resilience and social equity. Moreover, the study explored the social value of
parks within a program of necessities, complementing the matrix of integrated urban and
environmental planning recommendations. The functional interpretation of spatial arches in
urban planning, combined with the HIA framework, provides a methodological basis for



effectively defining a stage of action for incorporating Nature-based Solutions, ensuring a
synergy between social and environmental demands while aligning with flood risk mitigation
strategies. Therefore, the findings of this study have important implications for urban planning
and flood risk management, as they provide territorial organization strategies to effectively
reduce flood risks while maintaining socio-environmental balance. Notably, the Realistic
Scenario demonstrated substantial improvements without requiring relocations, highlighting its
practicability and feasibility. By preserving ecological zones and restoring the natural discharge
capacities of watercourses, the proposed measures effectively reduced flood impacts while
fostering safer and more resilient urban spaces.

In general, the strengths of this study lie in its novel integration of HIA and NbS within

t significant,
Territorial

image, but if the current situation is too degraded and available ope
reorganizing the urban watershed according to the proposed
Reorganization can be very difficult and economically unfeasiblg
atersheds facing
similar hydrological challenges and the next steps of this niciego test this proposal in
watersheds facing different stages of urbanization. T ition of spatial analysis,

fostering sustainable urban development
also further explore the long-term

rformance of the proposed solutions,
e resilience of NbS under future rainfall and
economic analyses, including a benefit-costs
e feasibility of population relocations to expand
efits to vulnerable population still residing in flood-
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Abbreviations

GIS Geographic Information System
HIA Hydrological Interest Areas
MODCEL  Urban Flow-Cell Model

NbS Nature-based Solutions
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