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WATER ENVIRONMENT SUPPORT - BIODIVERSITY AND CLIMATE
IN THE NEIGHBOURHOOD SOUTH REGION

The "Water and Environment Support - Biodiversity and Climate Action (WES-BCA-BCA) in the ENI Neighbourhood South Region" project is a regional project funded by the European Union. Implemented in eight Countries in North Africa and the Middle East, WES-BCA aims to improve the protection of the environment, the restoration of biodiversity and the management of scarce water resources, while enhancing the resilience to climate change in the Mediterranean region, strengthening the formulation and enforcement of the relevant policies of the Partner Countries and the two regional political frameworks, namely the Union for the Mediterranean (UfM) and the Barcelona Convention.
The project will build on the experience and achievements of its predecessor projects (WES, SWIM-H2020 SM, SWIM SM, and Horizon 2020 CB/MEP) and provide continuity, further integrating new elements and institutional, scientific and technical developments. The “integration” concept will be coupled with regional exchanges of good practices and lessons learned (regional activities) and the adapted, more focused, continuation of the WES work at the national level (country-specific activities).
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[bookmark: _Toc225872946]Introduction to the project
The Mediterranean region is increasingly exposed to the impacts of climate change, notably to more frequent and intense floods, flash floods and extreme rainfall events, which cause severe human, environmental and economic losses. These hazards threaten both urban/peri-urban infrastructure and natural ecosystems, particularly in densely populated coastal zones and fragile inland catchments of the Southern Mediterranean. The accelerated urbanisation, sealed surfaces, inadequate drainage systems and loss of natural retention areas further exacerbate flood and stormwater risks.[footnoteRef:1] [1:  UNEP/MAP – Plan Bleu (2020). State of the Environment and Development in the Mediterranean (SoED 2020.  https://planbleu.org/wp-content/uploads/2020/11/SoED-Full-Report.pdf] 

According to the Climate and Environmental Change in the Mediterranean Basin (MedECC) First Mediterranean Assessment Report (MAR1), the region has already warmed by 1.5 °C above pre-industrial levels, compared with a global mean of 1 °C, and experiences a marked increase in extreme precipitation events leading to floods and landslides, especially during autumn and winter[footnoteRef:2]. This combination of higher temperatures, longer dry periods and heavier rainfall defines what MedECC describes as the “Mediterranean paradox”—the simultaneous intensification of droughts and floods, with Southern and Eastern Mediterranean countries being among the most vulnerable not only because of natural geomorphological and climate conditions but also due to limited adaptive capacity and rapid urban expansion[footnoteRef:3]. [2:  MedECC (2020). Climate and Environmental Change in the Mediterranean Basin – Current Situation and Risks for the Future. First Mediterranean Assessment Reprt. Summary for Policymakers (MAR1 SPM). https://www.medecc.org/wp-content/uploads/2021/05/MedECC_MAR1_SPM_ENG.pdf]  [3:  MedECC (2020). Climate and Environmental Change in the Mediterranean Basin – Current Situation and Risks for the Future. First Mediterranean Assessment Reprt. https://zenodo.org/records/4768833.] 

The chronic water scarcity and the augmented frequency of severe floods makes the capture, storage and controlled infiltration of stormwater a key adaptation practice that needs to be further studied and developed throughout the region. Integrating engineering measures (e.g. retention and detention basins, controlled drainage, flood-protection infrastructure) with Nature-Based Solutions (NBS) (e.g. restored wetlands, vegetated buffers, infiltration zones and green urban/peri-urban spaces) offer valuable practical, cost-effective approaches to enhance resilience while delivering multiple co-benefits for ecosystems, groundwater recharge and biodiversity[footnoteRef:4]. Evidence from the State of the Environment and Development in the Mediterranean (SoED) 20201 highlights that such hybrid approaches contribute simultaneously to climate adaptation and ecosystem restoration across Mediterranean catchments. [4:  European Environment Agency (2021). Nature-based solutions in Europe: Policy, knowledge and practice for climate change adaptation and disaster risk reduction (EEA Report No 01/2021). https://www.eea.europa.eu/publications/nature-based-solutions-in-europe] 

In parallel to Nature-Based and hybrid solutions, recent experience in the Mediterranean also highlights the role of adaptive engineering infrastructure designed to enhance flood retention while reducing downstream flood peaks. Such approaches include dams and flood-control structures equipped with removable or collapsible gates, which temporarily increase storage capacity during storm events and allow for a controlled, staged release of excess water. In cases of extreme floods, the sequential collapse or opening of gates can slow down the runoff, reducing downstream impacts while keeping stormwater temporarily stored. An example of this approach is the flood-management infrastructure implemented in Alexandroupolis by Global Water Partnership – Mediterranean, where flood protection measures were designed to both manage extreme rainfall events and improve the use of available water resources[footnoteRef:5]. Such infrastructure-based measures, when appropriately integrated with catchment-scale planning and complementary Nature-Based Solutions, form an important component of modern Integrated Flood Management under Mediterranean climate-change scenarios. [5:  Global Water Partnership – Mediterranean (GWP-Med), “Water Day Zero for cities – not for Alexandroupolis, a Mediterranean coastal town”, https://www.gwp.org/en/GWP-Mediterranean/WE-ACT/News-List-Page/water-day-zero-for-cities-not-for-alexandroupolis-a-mediterranean-coastal-town/] 

Despite progress under national and regional initiatives, including those of UNEP/MAP, UfM, and EU-funded projects such as WES, SWIM-H2020 SM and the Partnership for Research and Innovation in the Mediterranean Area (PRIMA) WEFE4MED, the replication and up-scaling of such integrated flood-management approaches remain limited across the region. Partner Countries continue to require targeted capacity building and South–North exchange on planning methods, as well as on tools used for hydrological analysis, flood-risk assessment, and stormwater planning, together with practical exposure to demonstration sites illustrating the integration of Nature-Based and engineering solutions in flood-adaptation design and implementation.
Against this background, the present regional activity (C1_REG/ST-6) entitled “Adaptation Measures for Floods and Storms Management” aims to strengthen technical and institutional capacities in the WES-VCA partner countries through an intensive 4-day regional workshop and study tour to be held in a Northern Mediterranean country. Building on the outputs of the desk study and Guidelines developed under the activity, the event will present and illustrate planning approaches, tools, and on the ground applications of flood and stormwater adaptation interventions, including engineering, Nature-Based, and hybrid measures. It will promote peer learning and experience exchange among practitioners and decision-makers from the PCs and support the dissemination and uptake of practical guidance and recommendations for flood and stormwater adaptation under Mediterranean climatic and socio-economic conditions.
The activity is consistent with the guiding principles of the EU Strategy on Adaptation to Climate Change[footnoteRef:6], the European Green Deal, and the EU Floods Directive, which provide reference frameworks for integrated and nature-based flood management. It also contributes to the implementation of national adaptation strategies and Nature-Based Solutions initiatives in WES-BCA Partner Countries, in synergy with the UNEP/MAP Regional Climate Change Adaptation Framework (RCCAF)[footnoteRef:7] and the UfM Water Agenda[footnoteRef:8]. [6:  European Commission (2021). Forging a Climate-Resilient Europe – The New EU Strategy on Adaptation to Climate Change (COM (2021) 82 final). https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52021DC0082]  [7:  UNEP/MAP (2016). Regional Climate Change Adaptation Framework for the Mediterranean Marine and Coastal Areas (RCCAF). https://wedocs.unep.org/handle/20.500.11822/22182]  [8:  Union for the Mediterranean (2017). UfM Water Agenda. https://ufmsecretariat.org/what-we-do/environment-water/] 

The activity contributes primarily to the horizontal topics on Promoting Circular/Blue/Green Economy and Enhancing the Dissemination of Information and Knowledge, through the integration of Nature-Based and hybrid flood-management solutions that optimise water resources and ecosystem services, and through structured regional knowledge exchange among North and South Mediterranean experts and institutions; respectively.
The activity falls under Sub-Topic 1: “Promoting the use of Non-Conventional Water Resources (NCWR) in combination with renewable energies.” It builds upon previous WES regional activities and capacity-building actions implemented under WES-BCA predecessor projects which addressed NCWR, Nature-Based Solutions (NBS) including Natural Water Retention Measures (NWRMs) as effective tools to reduce flood risk and increase water-storage potential, both at the surface and through aquifer recharge, in support of climate-resilient planning and infrastructure[footnoteRef:9].  These earlier activities addressed and presented shared examples of the capture, storage and management of variable water flows under Mediterranean conditions, together with related planning and management considerations. REG-6 capitalises on these foundations and broadens the scope to flood and stormwater adaptation, examining how extreme rainfall events can be managed through retention, detention and controlled release measures—combining engineering, Nature-Based and hybrid approaches, integrated flood-management concepts, planning tools and real-world applications, as reflected in the structure and content of the training and study-tour programme. [9:  https://www.wes-med.eu/activities_type/rw-4-reg-regional-training-on-water-harvesting] 

The activity also contributes to addressing key aspects of the WEFE Nexus approach and the Strategy for the Water-Energy-Food-Ecosystems Nexus in the Mediterranean Source to Sea Continuum). The present activity ensures continuity and capitalisation of lessons learned, extending earlier WES regional efforts on NBS, including NWRM, into practical, experience-sharing and site-based learning through a regional workshop and study tour dedicated to flood and storm management-adaptation solutions.

[bookmark: _Toc203482530][bookmark: _Ref220681483][bookmark: _Ref220681488]

[bookmark: _Toc225872947]objectives of the activity
[bookmark: _Toc225872948]objectives
This regional activity (C1_REG/ST-6) aims to strengthen the capacity of Partner Countries to plan, prioritise, and implement effective flood and stormwater adaptation measures under Mediterranean conditions, through the review of international good practices, development of practical guidance, and regional knowledge exchange.
The specific objectives of the regional activity are to:
1. Review and synthesize existing international frameworks, planning approaches, and methodological references relevant to flood and stormwater adaptation (e.g. Integrated Flood Management frameworks, APFM tools, and the EU Floods Directive[footnoteRef:10]), as orientation references for sound flood-risk management and storm water utilisation in the Mediterranean context. [10:  Directive 2007/60/EC] 

2. Review and summarise commonly used software and models for hydrological analysis, flood-risk assessment, and stormwater planning/design of flood-adaptation solutions, including their typical use cases (storage, recharge of aquifers, etc.), data requirements, limitations, user complexity, and capacity-building implications, with a focus on tools that are accessible and transferable under Mediterranean conditions.
3. Compile and assess representative engineering, Nature-Based, and hybrid flood and stormwater adaptation approaches through a structured desk study, describing their typical application contexts (urban/peri-urban, rural/river-basin/agricultural, coastal), implementation prerequisites, qualitative suitability under Mediterranean conditions, and indicative benefits and limitations.
4. Document and synthesise existing, documented Mediterranean site- and country-specific examples of representative engineering, Nature-Based, and hybrid flood and stormwater adaptation measures, in order to illustrate their practical application under Mediterranean conditions and to ground the analytical typology in real-world practice.
5. Translate the findings of the desk study into practical, example-based Guidelines on best practices of implementation techniques, enabling conditions and operational considerations for flood and stormwater adaptation measures, structured by application contexts (urban/peri-urban, rural/river-basin/agricultural, coastal), and type of measure (engineering, Nature-Based, hybrid), and tailored to Mediterranean conditions.
6. Strengthen the knowledge and practical understanding of the Partner Countries through a regional training workshop and study tour, using the reviewed frameworks, methods and Guidelines as the main learning resources.
7. Facilitate regional exchange of experience and lessons learned, gather participant feedback, and support the dissemination of validated key findings and recommendations among public authorities, technical agencies, and relevant institutions in Partner Countries.
In order to achieve the above objectives, the WES-BCA project is planning to use the knowledge and services of LDK Consultants SA (hereinafter referred to as the Consultant). All the subtasks assigned to the Consultant will be undertaken in consultation with the WES-BCA Key Water Expert, Ms. Suzan Taha (based in Amman, Jordan), and in coordination with the Team Leader (TL) Professor Michael Scoullos (based in Athens, Greece). The project’s Key Water Expert will review all deliverables and will also participate (eventually together with the TL) in the events. 

[bookmark: _Toc220058160][bookmark: _Toc225872949]TARGET GROUP
The primary target group of the activity includes public authorities and technical institutions from WES-BCA Partner Countries that are involved in the planning, management, and implementation of flood and stormwater adaptation measures. This includes, in particular:
· National and local water authorities responsible for flood risk management, stormwater management, and water resources planning;
· River basin organisations and catchment-level agencies involved in flood-risk assessment and basin-scale planning;
· Urban and municipal authorities and technical services responsible for urban drainage, stormwater management, and resilience planning;
· Environmental and climate-change focal institutions involved in adaptation planning and the application of Nature-Based and hybrid solutions;
· Technical agencies and public utilities engaged in the operation and maintenance of flood and stormwater infrastructure.
[bookmark: _Toc225872950]TASK 2 OBJECTIVE
Task 2 translates the findings of Task 1 into concise, example-based guidance on best practices and implementation techniques for flood and stormwater adaptation, suitable for practitioners and decision-makers. The Guidelines focus on key decision and implementation considerations for practitioners, highlighting what should be taken into account when considering the application of different types of measures under Mediterranean conditions. They support practitioners in understanding under which general conditions specific approaches may be appropriate, and what typical issues may need to be anticipated at an early planning stage under Mediterranean conditions including, as relevant: 
· typical preconditions for implementation including land availability, spatial scale, and the distinction between interventions within existing urban or peri-urban settlements and those implemented in rural setting or less-developed catchment areas;
· institutional and coordination aspects (e.g. roles of municipalities, basin authorities and sectoral agencies);
· indicative data and information needed at a screening or concept level (without detailed modelling or analysis);
· indicative cost considerations, expressed at a qualitative level (e.g. low/medium/high cost categories and main cost drivers such as land needs or maintenance intensity), without detailed cost estimation;
· basic operation and maintenance considerations, at a general level (e.g. need for routine inspection, vegetation management, or periodic cleaning) (without technical specifications);
· capacity and responsibility considerations, including the type of institutional or operational capacity typically required for implementation and long-term operation including maintenance;
· common implementation challenges and pitfalls (e.g. land ownership constraints, unclear operation or maintenance responsibilities);
· sequencing and integration considerations (e.g. complementarity with upstream or downstream measures); and
· planning and policy linkages (e.g. links to urban development plans, flood-risk management plans, or sectoral strategies).
The guidelines are including references in emerging digital and AI-supported tools and smart water-management applications reported in recent international studies and initiatives, solely to illustrate innovative directions that can complement conventional and Nature-Based measures in flood and stormwater adaptation planning.
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[bookmark: _Ref223193198]As discussed in Task 1, different types of flood management approaches exist in international literature and applications. They can be divided into three separate categories: Conventional (grey) measures, Natural Based Retention Measures and non-structural approaches. Hereafter some practical guidelines will be provided in order to describe under which general conditions each approach may be appropriate under Mediterranean conditions.
Conventional (grey) measures are engineered, infrastructure‑based interventions designed to control, convey and/or store floods. For many centuries human societies relied on physical interventions near river flood plains to redirect, route or store flooding. The most commonly used large scale conventional (grey) measure are:
· Levee and Embankments, which are used to store excess water during heavy rainfall. Dams provide a highly efficient way to protect from flooding. However, their environmental impact is significant.
· Dams, which are used to store excess water during heavy rainfall. Dams provide a highly efficient way to protect from flooding. However, their environmental impact is significant.
· Diversions and bypass channels, which are used to redirect flood away from populated areas. Diversion channels mitigate the impacts of a flood by offering an alternative route for excess water. Normally, diversion channels are built around major cities and towns to mitigate the effects of flooding in communities and urban centres (e.g. the Plan Sur in Valencia, the New Danube in Vienna, or the Red River Diversion Channel in Manitoba). 
· Flood walls and seawalls, which are concrete, steel or from other material structures that are protecting urban areas or coastlines. Though they are expensive and have significant ecological footprint, they are highly effective. 

[bookmark: _Ref224890131][bookmark: _Toc225872952]INSTITUTIONAL capacity and COORDINATION 
Conventional (grey) infrastructure only performs as intended when governing systems are clear, coherent and well‑coordinated. According to OECD (2024) conventional infrastructure systems requires robust institutional capacity and clearly allocated responsibilities across the project lifecycle. Effective flood management requires:
(a) capacity building and 
(b) explicit allocation of responsibilities (OCDE, 2019) for the entire project life cycle.
Capacity refers to the institutional, technical, financial and operational ability of all shareholders involved in order to plan, deliver and manage infrastructure. Technical capacity consists in ensuring design expertise and emergency preparedness, while operational capacity involves asset management in terms of monitoring, maintenance, risk assessment and performance tracking.
Financial capacity is defined by the institution’s ability to evaluate project’s viability, their competence in procurement, contract and cost management, as well as ensuring sustainable funding for O&M. Lastly, institutional capacity is critical for strategic planning and project implementation as it encompasses clear frameworks and responsibilities, ensures transparency and accountability and integrates social and environmental considerations. 

[bookmark: _Ref224742603][bookmark: _Toc225873013]Table 1 : INTERGRATED CAPACITY MATRIX for conventional measures
	Lifecycle Stage
	Key Capacity Needs
	Primary Responsibilities

	Strategic Planning
	Policy analysis, forecasting, fiscal evaluation
	National/regional authorities

	Project Preparation
	Technical design, feasibility, risk assessment
	Ministries, Regional Authorities

	Procurement
	Contracting expertise, integrity systems
	Ministries, Regional/ Local Authorities Procurement - technical services

	Construction
	Supervision, quality control, contract management
	Ministries, Regional/ Local Authorities, Contractors

	Operation & Maintenance
	Asset management, service delivery, monitoring, forecasting systems
	Operators (public/private), regulators

	Evaluation & Oversight
	Data systems, audit capacity, stakeholder engagement
	Independent oversight bodies, regulators

	Emergency Response
	organisational power, emergency protocols, forecasting systems,
	Civil Protection, Local Authorities



As underlined previously, clear responsibilities refer simply to who does what across the infrastructure lifecycle—planning, preparation, construction, operation and maintenance. When ambiguity exists, it often leads to overlaps (e.g. conflicting operational rules) and gaps (e.g. maintenance not performed). Many countries lose up to one‑third of infrastructure spending due to governance inefficiencies (World Bank, 2021). To this end clear definitions on both vertical and horizontal coordination are critical.
Specifically, Vertical coordination involves communication from national down to regional /local level. National authorities define long‑term strategic visions and priorities. Specifically, they ensure the alignment of national framework (e.g. flood risk directives) with regional/ local policies (e.g. basin plans and municipal constrains), while guarding project’s sustainability and affordability. Furthermore, national authorities must guarantee transparent decision-making and ensure public participation 
In the case of conventional flood management measures, strategic planning by national authorities on a river basin scale, can be more efficient in design and less costly in implementation and maintenance. On the contrary, interventions planted from municipal authorities can be only locally efficient and potentially worsen conditions downstream. Furthermore, conventional measures when planned and operated on a basin scale can use shared hydrological models / forecasting systems and emergency protocols.
On the other hand, horizontal coordination involves coordination across government sectors / departments. Responsibilities must be clearly allocated to avoid duplication, gaps or accountability failures. For example, the oversight of project preparation, procurement, contract management and construction should be clearly attributed. Similarly, responsibilities related to operation, maintenance and compliance with regulation should be well defined throughout project’s lifecycle. Furthermore, clear cost-sharing mechanisms should be defined.
Internal fragmentation within local authorities can be a major barrier (de Boer et al., 2025). OECD emphasizes that policy coherence is essential to avoid contradictory decisions, when flood management intersects with different uses (e.g. agriculture, urban development, environment protection, etc). For example, in terms of data sharing major inconsistencies can arise or different services might work in silos or have limited cross‑departmental collaboration. 
To this end, capacity building and training exchanges are essential in order for all authorities involved to understand infrastructure design, construction and maintenance requirements. Moreover, stakeholder engagement is also critical and achieved through consultation with communities, landowners, insurance companies, etc.
Table 1 presents an integrated (technical-operational-financial-institutional) capacity and responsibilities matrix for the entire project life cycle from: policy‑making, planning and permitting to construction, operation, maintenance and emergency response.


[bookmark: _Toc225872953]Implementation preconditions
For the construction of conventional (grey) measures, several steps should be taken before choosing and conceptualizing the most adequate measure:
(A). a comprehensive site investigation, is required before designing or building in order to fully understand site conditions.
(B). topographical survey is required before designing or building in form of detailed survey or high‑resolution terrain model (LiDAR, etc). The aim is to obtain a representation of local geometry and to identify all existing constraints (e.g. infrastructure, property boundaries, utilities)
(C). geotechnical/ geological investigation conditions in order to evaluate soil conditions, including soil type, stratigraphy, permeability and seepage characteristics, the presence of weak layers (e.g. collapsible layers), groundwater level, as well as potential piping, liquefaction, etc.
(D). hydrological conditions should be evaluated in order to estimate design flood (return periods, climate scenarios, etc), as well as sediment transport dynamics, while
(E). hydraulic conditions are required in order to estimate flow depth/ velocities, flooding extents, crest freeboards, potential erosion areas, etc.
(F). design phase which in order to be complete the projects’ general geometry should be described (cross‑sections, slopes, crest width and zoning defined) and material required should be defined (filter, drainage layers, revetments, vegetation, etc). Furthermore, a monitoring and instrumentation plan should be prepared as early as the design phase.
(G). material availability and suitability are key for the feasibility of different approaches. Material testing and selection are mandatory steps in many grey infrastructure measure design (embankments, levees, dams, etc), as well as their compatibility with the design guidelines (impermeable, drainage layers, filters, etc). Specifically, the availability of suitable borrow materials (granular, cohesive, rock fill) should be examined, as well as the proximity to authorized mines. The material suitability should be evaluated through laboratory testing (grain size, plasticity, moisture content, compaction curves, etc). 
(H). constructability and access requirements are critical to a project’s techno-economical viability. The construction site should be physically accessible and constructible with available access routes, possibility of temporary works construction (cofferdams, diversions) and space for stockpiles and staging areas. Seasonal constraints should also be considered, like high groundwater or flooding extends.
(I). regulatory, environmental and land preconditions are always present and the project’s implementation depends on them. From the feasibility phase, the environmental footprint of a project should be evaluated, in terms of biodiversity, habitat, water quality, etc. An Environmental Impact Assessment (EIA) should take then into account mitigation measures. Furthermore, compliance with national water laws, flood protection regulations and planning codes should be respected. For project implementation to take place land acquisition should be completed. To this end, stakeholder engagement is essential.
(J). risk assessment and safety considerations as the project must demonstrate acceptable risk assessment. Risk analysis is done through failure mode analysis, like overtopping, piping, slope instability, etc. In addition, emergency planning should be incorporated in coordination with civil protection, as well as its compatibility with national flood risk management plans/ strategies.
(K). financial and operational considerations should be evaluated jointly with constructability, as a project requires long‑term viability, not just construction feasibility. To this end, the techno-economical analysis should include lifecycle construction and maintenance costs, take account of the required maintenance/ inspection and define asset operator.
[bookmark: _Toc225873014]Table 2 : data requirements
	Hydrological Data Needed
	Hydraulic / Structural Data Needed
	Geotechnical Data Needed
	Land‑Use / Planning Data Needed
	Operational Data

	Data from local gauges (rain, temperature, evaporation, etc)
Radar/ Satellite data 
Sediment yield
Land cover data
	River cross‑sections
Channel geometry 
Water levels 
Roughness coefficients 
Foundation requirements  Freeboard criteria
Storage–discharge curves
	Foundation geology 
Bearing capacity  Permeability  Groundwater levels
Soil infiltration
Seismic considerations
Erosion potential
	Existing infrastructure & critical assets 
Space constraints
Environmental constraints
Land ownership 
Utility crossings
	Maintenance, inspection and monitoring records
Asset condition assessments
Emergency response protocols
Inter‑agency coordination protocols



[bookmark: _Toc225872954]DATA REQUIREMENTS AND COST ESTIMATION 
[bookmark: _Toc225872955]data requirements
Conventional (grey) measures require different multi-disciplinary data (hydrological, hydraulic, geotechnical/ geological, land‑use and maintenance data) for a proper design, permitting and maintenance. An indicative, non-exhaustive, list is presented in 
. Data accumulation can be time consuming, especially in a Mediterranean context where data can be spattered in different authorities. For this reason, communications and coordination between shareholders and authorities.
[bookmark: _Ref224811933]
[bookmark: _Toc225872956]cOST ESTIMATION
Cost estimation is critical part of project’s planning, construction and operation. Every project’s viability depends on its cost and based on the combined cost/ benefit analysis different alternatives are explored and compared. 
When estimating a project’s cost different cost the following cost categories should be considered: (a) Capital Expenditure (CAPEX), (b) Operational Expenditure (OPEX) and (c) Indirect Costs. Specifically, Capital Expenditure (CAPEX) may include indicatively engineering design and permitting, earthworks, ecological interventions, hydraulic structures, land acquisition compensation and monitoring equipment. As for the operational expenditures (OPEX) comprise on one hand of the cost of routine inspections, monitoring and maintenance, on the other hand urgent repairs and replacements. Finally, indirect costs should be considered, and they include costs related to training and capacity building, stakeholder consultation and administrative/ legal procedures.
Furthermore, cost estimation is conducted at three levels depending on project maturity:
· Preliminary Cost Estimation (Feasibility Level) is conducted through:
· Use of typical unit costs 
· Estimation of cost ranges (low–medium–high)
· Identification of key physical parameters (area, volume, length)
· Detailed Cost Estimation (Preliminary Design Level) includes:
· Detailed bill of quantities (BoQ)
· Pricing of materials, labour, and equipment
· Estimation of land acquisition and compensation costs
· Inclusion of monitoring and maintenance costs
· Life‑Cycle Cost Assessment (LCCA) takes into account:
· Total cost (CAPEX + OPEX) over the project’s life span (btw 20–50 years),
· Discounting to Net Present Value (NPV) using an appropriate rate
· Inclusion of replacement, operation, and maintenance costs
Conventional measures capital cost should consider construction cost including access constraints, land-acquisition/ permitting and operation/ maintenance. For this reason, initial capital cost can vary widely. Capital costs per type of measures are indicatively presented in Table 3.

Grey flood‑protection systems often fail not because of design flaws, but because operational and maintenance cost (O&M) is underfunded or poorly coordinated. International studies show that O&M can represent 30–60% of initial investment cost for flood‑management infrastructure, while annual operational and maintenance cost can be up to 1-5% of initial capital cost. However, emergency repairs can prove extremely costly. For this reason, the definition of clear inspection and maintenance protocols with smooth inter-agency coordination is extremely critical.

[bookmark: _Ref224729406][bookmark: _Toc225873015][bookmark: _Ref224654285]Table 3 : INDICATIVE Capital and o&m costs BASED ON INTERNATIONAL BENCHMARKS (EU, USACE, OECD)
	Measure
	Typical Capital Cost (Indicative)
	Indicative Annual O&M Cost

	Levees / Dikes / Embankments
	€1–5 million per km (depending on height, materials, land acquisition)
	1–3% of capital cost per year

	Dams / Flood‑Control Reservoirs
	€20–300+ million (highly variable)
	1–4% of capital cost per year 
(large structures vary widely)

	Floodwalls / Barriers
	€3–10 millions per km
	1–2% of capital cost per year

	Retention / Detention Basins
	€50,000–€500,000 per ha (earth basins) €0.5–5 million (engineered basins)
	€5,000–€50,000 per basin per year depending on size

	Diversion Channels
	€5–50 million (length & width dependent)
	€10,000–€200,000 per km per year

	Channelization / River Training Works
	€0.5–5 million per km
	€5,000–€100,000 per km per year

	Stormwater Pipe Networks
	€300–€1,200 per meter (diameter‑dependent)
	€2–€10 per meter per year



[bookmark: _Toc225872957]OPERATIONAL AND MAINTENANCE CONSIDERATIONS 
[bookmark: _Toc225872958]Operational Considerations 
Conventional works must operate safely under rapidly changing climate conditions. Furthermore, conventional works performance degrades over time due to hydraulic stress, erosion and structures’ ageing. For this reason, clear and concise Operational and Maintenance (O&M) protocols should be established.  These protocols should include:
· regular verification of structure’s design flood, especially following upstream works construction or land-use changes.
· hydraulic capacity checks, in terms of debris blockage, vegetation management, etc
· real‑time hydrological monitoring, with integrated datasets and early‑warning systems to anticipate flash‑flood peaks.
· clear operation rules for gates, reservoirs, etc (e.g. threshold for gates opening/ closing, downstream structure coordination, etc)
· sediment management and erosion control, including reservoir flushing or dredging, culverts/ intakes checks, upstream catchment management, channel aggradation, revetments and rip-rap repair, etc. 
· routine inspections, checking for cracks, seepage, foundation scour, joint deterioration, etc.
· inspections schedule (regular, periodic and post-event), 
· adequate instrumentation with the installation of piezometers, inclinometers, pressure sensors, etc.
· backup power systems in cases of extreme with generators regular checks.
· backup pumps and gates in order to ensure operation during failure.
· emergency preparedness protocols for urgent events, such as overtopping, structural distress, or gate malfunction.
These protocols should be updated and approved by competent authorities. All structural and mechanical systems must be certified annually by licensed engineers/ institutions. Operational protocols should include Emergency Action Plans (EAPs) in coordination with Civil Protection and all relative authorities and in agreement with Water Management and Flood Plans.

[bookmark: _Toc225872959]maintenance Considerations 
Conventional measures’ performance may be reduced due to vegetation growth; sediment loads and debris. To avoid that, inspections must be frequent and systematic. For this reason, maintenance protocols should be established and should include:
· inspection protocols (regular, periodic and post-event), as extreme events, like flash floods, can drastically alter channel geometry, lead to debris accumulation, etc. Inspections should check also for structural defects (cracks, seepage, joints) and scour signs (displaced wall, rip-rap, eroded embankment etc).
· routine maintenance protocols are key preventive actions in order to extend a project’s life cycle (e.g. sediment, vegetation and debris removal through dredging, cleaning, desilting, pump maintenance through seal replacement, impeller cleaning, etc). 
· urgent repairs (e.g. joints, pumps, gate opening), following an event or according to monitoring indications.
· emergency preparedness should include emergency stockpiles, redundancy checks (e.g. backup pumps, generators, etc), training exercises (e.g.machinery operation, pump switching or emergency protocols).
Established frameworks regarding conventional measures require thorough documentation of all maintenance actions in form of maintenance logs (e.g. inspections records, repair records, etc). Furthermore, maintenance protocols should be communicated to relevant authorities and updated regularly in order to include new equipment, procedural or regulatory changes. Table 4 presents indicative maintenance frequency for conventional measures.
[bookmark: _Ref225851546][bookmark: _Ref225871169][bookmark: _Toc225873016]Table 4 : Indicative maintenance task frequency
	Maintenance Task
	Typical Frequency
	Typical example

	Visual inspection of inlets/outlets
	Monthly–Quarterly
	Critical for blockage prevention

	Removal of debris & litter
	Monthly–Quarterly
	Higher frequency in autumn/winter

	Sediment removal (minor)
	Quarterly–Biannual
	Depends on catchment sediment load

	Mechanical servicing of gates/valves
	Annual
	Lubrication, calibration, operability

	CCTV inspection of pipes/culverts
	Annual–Biennial
	Detects cracks, root intrusion, blockages

	Major desilting of detention basins
	Every 5–10 years
	When storage loss exceeds 20–30% 

	Structural rehabilitation
	Every 10–20 years
	Concrete, steel, erosion protection

	Renewal of mechanical/electrical systems
	Every 20–30 years
	Pumps, actuators, sensors



[bookmark: _Toc225872960]monitoring and performance assessment
Monitoring is essential to ensure structural integrity, hydraulic and environmental performance and operational preparedness. To this end, adequate instrumentation is required with the installation of piezometers, inclinometers, pressure/ water level sensors, etc. Continuous monitoring is recommended for installed instruments and apparels, combined with integrated remote monitoring system (SCADA). Table 5 presents a typical monitoring frequency for different parameters.
Furthermore, real‑time hydrological monitoring, with integrated datasets from local rain gauges and/ or radar rainfall sets, is required. Similarly, mechanical systems performance should be monitored, like pump performance, gate/ valve operation, generator state. Their performance should be incorporated into a SCADA system.
Water quality and environmental status should be monitored through sampling on a regular basis (quarterly) and on post-event basis. Annual environmental status assessment should be issued. 
Monitoring also includes periodic or post-event surveys (e.g. channel cross sections) in order to verify the project’s geometry and assess its capacity. Visual inspections are equally critical both routinely and post-event.
Existing frameworks require detailed monitoring logs (daily/weekly/monthly depending on the type of project). These logs should include maintenance and intervention records. Annual monitoring assessment should be produced, while post-event reports are necessary. These assessments help ensuring regulatory compliancy, maintenance planning and enable adaptive management.
[bookmark: _Ref225853983][bookmark: _Toc225873017]                       Table 5 : monitoring frequency
	Inspection
	Frequency

	Water levels, rainfall, flows
	Continuous & monthly & post‑event

	Structural cracks, settlement, scour
	Monthly & annual & post‑event

	Blockage, sediment depth
	Weekly–monthly & post‑event

	Pumps, gates, SCADA
	Continuous & monthly–quarterly

	Vegetation, water quality
	Seasonal–quarterly

	Stockpiles, redundancy, training
	Quarterly–annual



[bookmark: _Toc225872961]risk management 
Conventional measures face risks linked to structural failure, hydraulic overload, sediment/debris blockage, mechanical malfunction and operational or institutional gaps. Effective risk management requires a systematic, multi‑layered approach, based on risk identification (inspections, modelling, etc), risk assessment (likelihood and impact), risk mitigation and monitoring (maintenance and inspection protocols, instrumentation, etc), annual and post-event review and update of all relevant protocols and risk registers. Table 6 presents the summary of risks related to conventional measures as a function of their potential likelihood and impact. 
Risk mitigation in the case of conventional measures might include: 
· design capacity verification every 5 years or after major land‑use changes,
· routine hydraulic capacity assessments,
· pre‑season channel clearance,
· redundant conveyance paths, pumps and backup generators where feasible,
· early‑warning system integration in project’s operation, 
· scour protection upgrades (riprap, toe protection),
· manual override capability for gates,
· emergency drills for mechanical failure scenarios,
· annual (environnemental and other) compliance audits,
· yearly updated Emergency Action Plans (EAPs) with integration with civil protection frameworks,
· communication protocols for extreme events,
· update O&M manuals and monitoring plans,
· detailed record‑keeping (inspections, interventions, incidents).

[bookmark: _Ref225854784]

[bookmark: _Ref225871206][bookmark: _Toc225873018]Table 6 : a risk matrix of typical hazards and THEIR POTENTIAL impact
	Typical Hazards
	Likelihood
	Impact
	Priority

	Overtopping, capacity loss
	High
	High
	Critical

	Scour, cracking, seepage
	Medium
	High
	High

	Blockage, aggradation
	High
	Medium
	High

	Pump/gate failure
	Medium
	High
	High

	Vegetation, water quality
	Medium
	Medium
	Moderate

	Coordination, training gaps
	Medium
	High
	High

	Non‑compliance
	Low–Medium
	High
	Moderate–High



[bookmark: _Toc225872962]Implementation challenges in the mediterranean
When it comes to conventional (grey) measures’ implementation in the Mediterranean basin, specific challenges have to be taken into account, such as:
· Mediterranean basins seasonal flood regime, which is characterized by long dry seasons combined with intense storms. This often leads to flash floods, occurring in small/steep catchments with short response times. This phenomenon will most likely intensify for all climate-change scenarios. Moreover, frequently flash floods are combined with increased sediment loads coming from erosion prone areas.
· Mediterranean basins are often erosion prone with steep upstream terrain and erosion sensitive soils (collapsible, alluvial, etc). Furthermore, groundwater fluctuations between wet/dry seasons, combined with flash flooding event accelerate erosion. Wildfires contribute drastically to an increased runoff and sediment loads. For this reason, sediment management strategy should be included in design phase.
· Mediterranean basins consist often sensitive ecosystems with priority habitats, migratory bird corridors and plenty of Natura 2000 sites (commonly along water bodies) to ecologically protect. 
· Mediterranean basins often characterized by fragmented ownership and land-use constraints. For this reason, land acquisition is often an obstacle (small parcels, fragmented ownership, agricultural land impact). Given the historical importance of the region, protection of archaeological sites and compliance with relevant authorities.
· Mediterranean basins often face constraints in material availability, which limits access to high‑quality material (e.g.  clay). Moreover, a quarry ’s environmental permitting, as well as its distance affects significantly construction cost and project’s viability. 
· Mediterranean coastal areas will be increasingly experiencing sea level rise, which will be interacting with lagoons, deltas and coastal wetlands. Due to this, Mediterranean coasts are highly vulnerable to storm surges and long‑term erosion.
· Mediterranean basins are densely populated and increasingly urbanized which in return makes flood management both delicate and critical. To this, transboundary constrains are often imposed.
· Long-term maintenance is often challenging due to unclear responsibilities between different stakeholders and difficulty securing funding.

[image: A black background with a black square

Description automatically generated with medium confidence] Guidelines on Best Practices and Implementation Techniques for Flood- and Stormwater-Adaptation Measures


	[image: ]
	LDK CONSULTANTS  S.A.
	

	[image: Blue text on a black background

Description automatically generated]


- 2 -

[bookmark: _Toc225872963][bookmark: _Ref223185363]Practical guidelines for NWR MEASURES
As discussed in Task 1, nature-based solutions (NbS) emerged mid-2000s by the International Union for Conservation of Nature (IUCN) and the European Commission (EC) as an effective combination of measures to addressing climate and disaster risks. It is an umbrella term covering a range of ecosystem-based sustainable development approaches targeting different societal and environmental challenges.
Natural Water Retention Measures (NWRM) can be divided into five main measure categories: Hydro- morphological, Agricultural, Forestry, Wetland and Urban (Figure 1). 
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[bookmark: _Ref222332533][bookmark: _Ref222332519][bookmark: _Toc225873041]Figure 1: DIFFERENT APPLICATIONS OF Natural Water Retention Measures IN A CATCHMENT SCALE (a) source: eu guide on nwrm, 2014 (b) Source: Gonzalez-Garcia et al., 2025

NWRM implementation require enabling policy, institutional, technical, financial and social conditions before can proceed effectively. Institutional, technical, financial and operational capacity is required in order to plan, deliver and manage NWR measures.


[bookmark: _Ref224890151][bookmark: _Toc225872964]INSTITUTIONAL capacity and COORDINATION 
[bookmark: _Toc225872965]Institutional Capacity
NWRM succeed only when institutions have the capacities and coordination mechanisms to plan, implement and operate them adequately (institutional capacity). Because NWRM cut across water, agriculture, forestry, environment and urban planning, they require multi‑level, cross‑sector governance. NWRM are multi‑benefit measures, but without strategic alignment, they could remain isolated pilot projects. Institutions must have the capacity to:
· integrate NWRM into broader planning frameworks, like River Basin Management Plans (RBMPs), Flood Risk Management Plans, land‑use plans, etc.
· translate high‑level objectives (flood mitigation, water quality, biodiversity) into operational targets.
· ensure coherence with regional and municipal constraints (urban planning, etc),
· promote acceptance among shareholders and resolve potential conflicts.
Furthermore, NWRM require interdisciplinary expertise, in order to:
· evaluate projects suitability, 
· prepare technical designs and supervise technical consultants,
· understand interactions with existing and conventional infrastructure,
· conduct cost-benefit and multi-criteria analysis
· manage contracts and procurement,
· secure long-term O&M plan and funding.
NWRM require adaptive administration, as NWR measures often evolve during conception and implementation stage. NWRM performance is site‑specific, so learning and adaptation are essential. This might impact the entire chain from permitting, procurement, construction up to monitoring. 

[bookmark: _Toc225872966]Institutional Coordination
To this end, NWRM succeed only when these barriers are addressed through structured coordination. NWR measures are multi-benefit measures and they require multi‑level (vertical) and cross‑sector (horizontal) coordination in order to be more effective. Common institutional mis-coordination barriers can be limited data sharing between agencies, fragmented mandates, unclear definition of responsibilities in terms of maintenance and weak integration into existing planning.
Vertical coordination involves agencies from national level down to local authorities and landowners. National authorities define national frameworks, policy and regulation and they set strategic planning and priorities. On the other hand, regional and local authorities deal with permitting, land-use planning and implementation/ maintenance. 
When ambiguity exists, it often leads to overlaps (e.g. conflicting operational rules) and gaps (e.g. maintenance not performed). So clear division of responsibilities is essential, as well as consistent guidance from national to local levels.  
NWRM are at the intersection of different sectors (water authorities, agricultural/ forestry/ urban planning agencies, etc). So, horizontal coordination requires cross sector agencies cooperation through joint planning committees and working groups, shared data platforms, integrated permitting procedures and common monitoring protocols. 
Furthermore, in the case of NWR measures public involvement and coordination with local shareholders is essential. For example changes in agricultural/ forestry practices or long-term maintenance agreements can only be achieved through public acceptance and awareness. To this end, special incentives (like EU eco-schemes), co-financing agreements, stewardship contracts (like the “End Results” Stewardship Project of the U.S. Forest Service and Bureau of Land Management) are essential.
Table 7 presents a non-exhaustive coordination matrix for the NWR measures implementation.

[bookmark: _Ref224834901][bookmark: _Toc225873019]Table 7 : NWRM INSTITUTIONAL COORDINATION MATRIX
	Function
	Key Actors
	Coordination Needs

	Strategic planning
	Ministries, River Basin Authorities
	Policy alignment, prioritization

	Technical assessment
	River Basin Authorities, technical agencies, consultants
	Data sharing, modelling integration

	Permitting
	Regional authorities, environmental agencies
	Streamlined procedures

	Implementation
	Municipalities, landowners, contractors
	Agreements, supervision

	Maintenance
	Municipalities, landowners, utilities
	Long‑term financing, monitoring

	Monitoring & reporting
	River Basin Authorities, environmental agencies
	Harmonized indicators, shared platforms



[bookmark: _Toc225872967]Implementation preconditions
NWRM effective implementation requires a set of institutional, technical and socia-economical preconditions to be in place. These ensure feasibility, viability and long‑term performance.
[bookmark: _Toc225872968]INSTITUTIONAL PRECONDITIONS
A major milestone in the implementation of NWR measures is permitting. Often multiple permits are required before a project’s implementation, such as environmental, land-use, special authorization for interventions in forest areas, etc. These procedures could be extremely time-consuming, especially when gaps in communication and coordination exist between the different services involved. Furthermore, given that a lot of services are unfamiliar with NWRMs, institutional flexibility and capacity are often required. Similarly, clear incentives and rule for landowners and local communities should be set.
Moreover, since NWRM are multi‑benefit measures and for this reason they should not be treated as standalone projects, but they must be embedded in national/ regional strategic planning (e.g. River Basin & Flood Risk Management Plans, agricultural and forestry strategies, urban planning, etc).
Through their insertion into the national/ regional strategic planning, clear goals for each NWR measures should be defined. For this different NWR measures and conventional alternatives should be considered and compared. By their inclusion in a broader strategic planning (national/ regional), clear objectives and project prioritization should be set.
These goals might include: 
· hydrological objectives, like peak flow reduction, water retention, infiltration, etc
· ecological goals, like water quality and biodiversity enhancement, habitat creation, etc
· social objectives, like local microclimate improvement, recreation, etc
Once these clear objectives is linked to the NWRMs interaction with the existing conventional or NWR measures should be evaluated and taken into account, like interaction with existing or under-planning flood protection works, farming areas, drainage networks.
In order to achieve all of the above, an efficient institutional coordination and capacity is key, similarly to §4.1.

[bookmark: _Toc225872969]Technical preconditions
Site selection is critical in NWRMs implementation, as measures effectiveness depend on site’s suitability. In deliverable 1 the wide range of different NWRMs types was presented. In order to choose among this wide range of measures, it essential to investigate first the in-situ conditions. More specifically, the following should be examined:
· geomorphological conditions, as they define the suitability of certain NWRMs like slope terrain, storage potential, floodplain width, etc.
· geological soil characteristics, as they strongly influence the NWRMs choice, like soil permeability, erosion risk and long‑term stability, etc,
· hydrological conditions, as they determine the NWRMs’ type and feasibility, like water availability, appropriate groundwater levels, etc
· land availability, as they define the feasibility and often the dimensions of NWRMs, like stakeholder acceptance, compatibility with agricultural practices, lower urban disturbance pressures, etc.
In order to evaluate NWRMs performance, certain indicators are established. These indicators are divided into core indicators, which are widely applicable across different NWRM types, and optional indicators, which are measure‑specific. Performance indicators cover a range of different dimensions (hydrological, ecological, socio‑economic, etc). These performance indicators are used in EU Policy Context and more specifically in the:
· WFD (Water Framework Directive): groundwater recharge, baseflow support, hydromorphological improvements.
· FD (Floods Directive): peak flow reduction, storage capacity, lag time.
· RBMPs & FRMPs: indicators feed into cost‑effectiveness and multi‑criteria analyses.

Hydrological performance indicators
Hydrological performance indicators aim to evaluate the effectiveness of NWRMs to retain, store, infiltrate or redistribute water (see: European NWRMs + platform). The core indicators describe the way NWRMs affect runoff, groundwater recharge, erosion control, low-flow support and climate resilience.
Runoff indicators evaluate the way NWRMs modify runoff in terms of magnitude and timing (Table 8). The most common core runoff indicators are:
· peak flow reduction (m³/s or %),
· runoff volume reduction (mm or %),
· time‑to‑peak delay (minutes/hours),
· water storage capacity created (m³),
· retention time (hrs/ days).
On the other hand, drainage load reduction is a typical example of a site-specific optional hydrological indicator with application exclusively in urban NWRM. Similar optional indicators exist for other type of NWRMs.

[bookmark: _Ref224894270][bookmark: _Toc225873020]Table 8 : NWRM core runoff indicators
	Indicator
	Description
	Relevance

	Peak flow reduction (%)
	Reduction of maximum discharge during storm events
	Core indicator for flood mitigation and Floods Directive compliance

	Runoff volume reduction (%)
	Total stormwater volume retained or delayed
	Shows effectiveness in reducing downstream hydraulic load

	Runoff coefficient change
	Ratio of runoff to rainfall before/after NWRM
	Useful for catchment‑scale modelling and scenario comparison

	Hydrograph lag time (min–hrs)
	Delay in peak discharge
	Critical for flash‑flood‑prone Mediterranean basins

	Storage capacity (m3)
	Volume stored in wetlands, ponds, floodplains
	Shows effectiveness in reducing downstream hydraulic load

	Retention time (hrs–days)
	Duration water is held before release
	Useful for flood management and groundwater recharge


Infiltration and groundwater recharge indicators evaluate the way NWRMs enhance soil-water interactions (Table 9). The most common core infiltration indicators are:
· groundwater recharge rate (mm/year)
· infiltration rate (mm/h)
· soil moisture increase (% or volumetric water content)
Optional infiltration and groundwater recharge indicators may include soil-water interaction indicators (such as soil hydraulic conductivity, unsaturated zone storage, etc), infiltration dynamics indicators (such as infiltration efficiency, time to infiltration saturation, etc), aquifer response indicators (such as seasonal groundwater table rise, residence time shift, etc) and recharge pathway indicators (such as percolation rate, recharge lag time, etc).
[bookmark: _Ref224895147][bookmark: _Toc225873021]Table 9 : NWRM core infiltration & groundwater indicators
	Indicator
	Description
	Relevance

	Infiltration rate increase (mm/h)
	Improvement in soil infiltration capacity
	Key for drought mitigation and WFD quantitative status

	Groundwater recharge contribution (mm/year)
	Additional recharge attributed to the measure
	Supports aquifer management and climate adaptation

	Soil moisture retention (%)
	Water stored in the root zone
	Important for agriculture and ecosystem resilience



Low-flow support indicators evaluate the way NWRMs enhance baseflow, stabilize seasonal flows and mitigate drought impacts (Table 10). EU studies (JRC, 2012) highlight that NWRMs can increase low flows by up to 20% in some regions. The most common core infiltration indicators are:
· Baseflow‑Related Indicators, that capture the was NWRMs contribute to sustaining streamflow during dry periods. They include baseflow Index (BFI), the Q95 (or Q90) augmentation (%), minimum flow duration extension (days) and dry‑season discharge increase (L/s or %).
· Groundwater–Surface Water Interaction Indicators, that represent the way NWRMs enhance groundwater contributions to streams. Indicatively they include groundwater contribution ratio (%), lag time between recharge and baseflow response, seasonal groundwater storage change (m³) and water table stabilization index.
· Flow Regime Stabilization Indicators describe the way NWRMs reduce hydrological variability. They include the coefficient of variation of low flows (CV‑Q95), interannual low‑flow variability reduction (%), seasonal flow persistence index.
[bookmark: _Ref224900812][bookmark: _Toc225873022]Table 10 : NWRM core low-flow support indicators
	Indicator
	Description

	Baseflow index (BFI) change
	Proportion of streamflow sustained by groundwater

	Minimum flow augmentation (%)
	Increase in Q95 or similar low‑flow metrics

	Seasonal flow stabilization
	Reduction in seasonal variability

	Minimum flow duration extension (days) 
	The duration minimum ecological flows are maintained.

	Water table stabilization index 
	Reduction in seasonal groundwater fluctuations.

	Groundwater contribution ratio (%) 
	Fraction of streamflow sustained by groundwater during low‑flow periods.

	Lag time between recharge and baseflow 
	Response time especially important for karst and fractured systems.

	Seasonal groundwater storage change (m³) 
	Indicates whether NWRMs help buffer seasonal deficits.

	Interannual low‑flow variability reduction (%)
	Reduction in low flow variability. Useful for climate change evaluation analysis.

	Low flows variation coefficient
	Lower values indicate more stable low‑flow conditions.


	Seasonal flow persistence index 
	Measures continuity of flow during dry months



Erosion prevention indicators evaluate the way NWRMs reduce soil loss, stabilize slopes and improve sediment dynamics (Table 11). These indicators may quantify the amount of soil erosion prevented by NWRMs (soil loss reduction indicators), capture the way NWRMs modify erosion drivers (runoff-erosion interaction indicators), reflects the way NWRMS stabilized soil (vegetation-based erosion indicators), describe the way NWRMs influence sediment path (sediment transport & deposition indicators) and evaluates the way NWRMs improve slope stability (slope stability and mass movement indicators).
[bookmark: _Ref224901018][bookmark: _Toc225873023]Table 11 : NWRM erosion preventions indicators
	Indicator
	Description

	Soil loss reduction (t/ha/year)
	Evaluates direct comparison of pre‑ and post‑implementation erosion rates 


	Sediment yield reduction (%)
	Measures how much sediment decreases at any given scale

	Event‑based soil loss (kg/event)
	Quantifies soil loss after significant events, like intense‑storm 

	Erosion hotspot suppression index
	Reduction in the number or intensity of critical erosion zones

	Runoff coefficient reduction
	Evaluation reduction rate based on the amount of runoff (Lower runoff → lower detachment and transport capacity)

	Peak shear stress reduction (N/m²)
	Indicates reduced erosive power of overland flow

	Overland flow velocity reduction (%)
	Evaluates the way NWRMs slow flow and reduce sedimentation

	Vegetation cover increase (%)
	Offers an estimation of reduced erosion

	Root density / root depth improvement
	Indicates enhanced soil cohesion and slope stability

	Ground cover continuity index
	Measures the effectiveness of buffer strips, hedgerows, and riparian zones

	Sediment trapping efficiency (%)
	Measures the effectiveness of NWRMs (wetlands, ponds, floodplains, vegetated buffers, etc)

	Sediment deposition volume (m³/year)
	Indicates how much material is retained upstream

	Channel sediment load reduction (mg/L or t/year)
	Useful for WFD hydromorphology and water quality evaluation

	Suspended sediment concentration (SSC) reduction (%)
	Indicates improvement in turbidity and downstream sediment stress

	Factor of safety (FoS) improvement
	Indicates reduced risk of shallow landslides

	Soil cohesion increase (kPa)
	Reflects structural improvements from vegetation and organic matter


Climate-Resilience Indicators

The climate resilience indicators are derived from European scenario modelling (JRC, 2012) and they are increasingly used in adaptation planning. Typical core climate resilience indicators include recharge sensitivity under climate scenarios (%), drought buffering capacity, interannual recharge variability reduction (%), low‑flow sensitivity under climate scenarios (%), erosion sensitivity under climate scenarios (%), extreme‑event sediment yield reduction (%) and interannual erosion variability reduction (%).
[bookmark: _Toc225873024]Table 12 : NWRM climate resilience indicators
	Indicator
	Description

	Recharge sensitivity under climate scenarios (%)
	Quantifies how long NWRMs delay critical low‑flow thresholds.

	Drought buffering capacity (days of extended low‑flow support) 
	Describe the capacity of NWRMs to recharge with ecological flow maintenance.

	Interannual recharge variability reduction (%) 
	Describe stabilisation of groundwater inputs

	Change in extreme flow frequency
	Reduction in frequency of Q1 or Q99 events

	Drought vulnerability index change
	Improvement in water availability under climate scenarios

	Low‑flow sensitivity under climate scenarios (%)
	Shows robustness of NWRMs under RCP/SSP rainfall patterns

	Hydrological response under land‑use/climate scenarios
	Sensitivity of NWRM performance to future conditions

	Erosion sensitivity under climate scenarios (%)
	Shows how erosion risk changes under RCP/SSP rainfall patterns.

	Extreme‑event sediment yield reduction (%) 
	Quantifies the reduction in sediment yield through NWRMs in for flash‑flood event for example

	Interannual erosion variability reduction (%) 
	Indicates stabilization of sediment dynamics



Land-Use Indicators

Land‑use conflicts during permitting phase are one of the main reasons NWRMs fail to be implemented. For this reason, the land‑use context can determine critically a NWRM’s feasibility. To this end, land-use indicators are among the most critical performance indicators during a NWRM’s evaluation (Table 13). They include land availability, compatibility with agricultural practices, stakeholder acceptance and disturbance pressure.

[bookmark: _Ref224916432][bookmark: _Toc225873025]Table 13 : NWRM land use indicators
	Indicator
	Description

	Availability of land
	Quantifies the area expansion possible (e.g. buffer zones, wetlands, etc) 

	Compatibility with agricultural practices
	Detemines the constrains between different practices (forestry, agricultural, etc)

	Stakeholder acceptance
	Preparation of local communities and public to accept for example land-use changes.

	Disturbance pressure
	Determine the pressure applied by a NWRM in an urban setting or a farming area.



[bookmark: _Toc225872970]ECOLOGICAL preconditions
The environmental conditions are a prerequisite in order for NWRMs to be able to deliver ecological and climate‑resilience benefits. These conditions are critical drivers both for the feasibility and the success of NWR measures, as they can amplify hydrological benefits and ensure long‑term resilience. In short ecological preconditions ensure that NWRMs are not just installed, but actually function. More specifically, ecological preconditions include:
· biodiversity and habitat preconditions, such as the connectivity of ecological corridors, the presence of specific target species, the existence of a functional aquatic habitat, etc.
· vegetation preconditions are key especially for those relying on infiltration and erosion control. Vegetation drives infiltration reduces erosion and supports biodiversity. Indicatively some of these preconditions include adequate native vegetation cover, presence of riparian vegetation, absence of invasive species, sufficient organic matter, etc.
· climate preconditions set the climate boundary conditions for NWRM performance, as climate determines significantly the feasibility and expected performance of NWRMs. Seasonal rainfall and temperature patterns, storm intensities, drought frequency are some of major climate preconditions that must be taken under consideration when designing NWRMs.
· Water quality preconditions set the baseline for the enhancement of ecological status, as poor water quality can undermine ecological restoration and reduce infiltration capacity. For example, nutrient levels must be compatible with wetland vegetation, toxicity should be low for infiltration bases measures, sediment load should not overburden retention structures.
Similarly to technical preconditions, NWRMs’ evaluation in terms of ecological performance is achieved via performance indicators. Core ecological indicators capture habitat quality, biodiversity, water quality and ecosystem functioning. They include species and vegetation diversity, area restored, nutrient and suspended solids reduction, organic matter increase, low flow performance.
Depending on the type of NWR measure to be implemented, the following optional indicators might be evaluated, like carbon sequestration, riparian corridor continuity, wetland functionality index and floodplain reconnection length.
[bookmark: _Toc225873026]Table 14 : ecological indicators
	Indicator
	Description

	Species & vegetation diversity
	In terms of plants, macroinvertebrates, birds, amphibians

	Habitat area created or restored (ha)

	

	Nutrient reduction
	Quantifies the amount of nutrient (N, P concentrations) reduction

	Suspended solids reduction (mg/L)
	Quantifies the amount of suspended solids reduction

	Soil organic matter increase (%)
	Mesures the % of organic matter concentration increase

	Carbon sequestration (t CO₂e/year)
	Quantifies the amount of carbon sequestration

	Floodplain reconnection length (km)
	Extent of restored lateral connectivity

	Channel roughness increase (Manning’s n)
	Slows flow, increases retention

	Wetland area restored (ha)
	Proxy for storage and evapotranspiration effects

	Ecological flow compliance days (days/year)
	Number of days ecological thresholds are met

	Habitat availability during low flows (m² or %)
	Relevant for restored floodplains and wetlands



[bookmark: _Toc225872971]Socio-economic preconditions
Adequate socio‑economic conditions create the enabling environment within which NWRMs can transition from conceptual solutions to operational, resilient components of integrated water management. To this end economic preconditions play an important role in NWRMs success. For example, a project’s economic viability depends on stable funding mechanisms and transparent cost–benefit evaluations. More specifically, the main economic preconditions include: 
(a) Capital funding availability in terms of investment (National, regional or other funds) and/ or necessary incentives for private shareholders (landowners, farmers, etc).
(b) Operational and Maintenance funding (O&M) regarding the necessary budget for project operation, as well as the financing of regular and emergency maintenance. 
A useful tool for the methodological costs and benefits evaluation is provided in the Cost benefit analysis. This type of analysis are based on a variety of criteria in order to evaluate a project’s viability (EU NWRM Synthesis Document on economic assessment). This analysis will include both costs and potential benefits from NWRMs implementation. It is critical to emphasize that NWRMs generate multiple ecosystem benefits that should be monetized in order to capture their full value. When this is achieved, NWRMs tend to show favourable cost–benefit ratios, especially when their multiple co‑benefits (flood mitigation, water quality, biodiversity, carbon sequestration) are taken into account.
Specifically, cost–benefit analyses compare construction and operational costs with benefits per cubic metre of water retained. As a result, the cost benefit ratio (CBR) improves significantly in flood‑prone areas where avoided damages are high. Recent reviews highlight that NWRMs deliver a wide range of benefits, including reduced flood peaks, improved water quality, groundwater recharge, soil fertility, and biodiversity gains. All these benefits substantially improve the cost–benefit ratio when properly accounted for. 
Typical range based on EU studies (EU NWRM Synthesis Document on economic assessment) show:
· CBR > 1 for most NWRMs when co‑benefits are included.
· CBR between 2 and 5 for measures with strong flood‑mitigation effects (e.g., floodplain restoration).
· CBR < 1 only when:
· land acquisition costs are very high,
· benefits are narrowly defined (e.g., only water retention),
· or maintenance is not secured.

Table 15 presents indicative CBR ranges on NWRMs projects in the EU.
[bookmark: _Ref225868853][bookmark: _Toc225873027]Table 15 : Comparative Cost–Benefit Ratios Across NWRM Categories
	NWRM Category
	Typical CBR Range (inferred)
	Why This Range?
	Key Drivers

	Urban NWRMs (green roofs, permeable pavements, rain gardens)
	0.8 – 2.0
	Benefits often localized; high installation/maintenance costs; strong co‑benefits (heat mitigation, amenity) improve CBR.
	Urban land prices, avoided stormwater costs, heat‑island reduction, maintenance intensity.

	Agricultural NWRMs (buffer strips, contour farming, hedgerows, soil conservation)
	1.5 – 4.0
	Low implementation cost + strong soil, water quality, and productivity benefits.
	Soil fertility gains, erosion reduction, CAP incentives, low capital cost.

	Hydromorphological & Wetland NWRMs (floodplain reconnection, wetland restoration, re‑meandering)
	2.0 – 5.0+
	Highest avoided‑damage benefits in flood‑prone basins; strong biodiversity and groundwater recharge co‑benefits.
	Flood‑risk reduction, land acquisition cost, ecosystem service valuation.

	Forest NWRMs (afforestation, riparian forest buffers, wildfire‑resilient management)
	1.2 – 3.5
	Moderate costs with long‑term hydrological and carbon benefits; strong performance in erosion‑prone basins.
	Carbon sequestration valuation, erosion control, wildfire risk reduction, long time horizon.



Equally critical are the social preconditions, as trust in public authorities and in a broader social contract determine the public acceptance of NWRMs. Local communities should perceive NWRMs as beneficial interventions for all, rather than externally imposed constraints. To this end, social preconditions involve both stakeholder engagement and social acceptance. Stakeholder engagement includes local stakeholders’ involvement from an early stage in order to participate in the NWRMs co-design and to resolve any potential conflicts early on. In this way social acceptance is slowing built as communities become aware of NWRMs benefits and their concerned are addressed. 

NWRMs performance regarding the social-economic preconditions is similarly evaluated based on indicators. These indicators evaluate economic and societal benefits of NWRM. Indicatively social-economic core indicators include cost benefit ratio, value of ecosystem services, avoided damage costs, maintenance cost savings, public acceptance, agricultural productivity impacts, local employment benefits and insurance cost reduction.

[bookmark: _Toc225873028]Table 16 : social-economic indicators
	Indicator
	Description

	Cost–benefit ratio

	Multiple NWRMs co‑benefits included (flood mitigation, water quality, biodiversity, carbon sequestration)

	Value of ecosystem services (€/year)

	Provides an monetized estimation of the added value a NWRM brings in the ecosystem

	Avoided damage costs 
	Monetizes the costs of floods, drought, etc avoided through NWRMs 

	Maintenance cost savings vs. grey alternatives
	Quantifies the cost of NWRMs’ O&M with respect to other type of measures (conventional)

	Public acceptance 
	Measures the survey-based acceptance/ satisfaction of a community through NWRMs

	Recreation area created (ha)
	Quantifies the recreational benefits in an area through the implementation of NWRMs

	Urban cooling effect (°C )

	The temperature reduction due to NWRMs implementation

	Agricultural productivity impacts

	Measures the difference in agricultural productivity related to the implemented NWRMs practices.

	Local employment generated 
	Measures jobs created during implementation

	Insurance premium reductions

	Quantifies the reduction in insurance costs due to the NWRMs implementation.


[bookmark: _Toc225872972]DATA REQUIREMENTS AND COST ESTIMATION 
[bookmark: _Toc225872973]data requirements
NWR measures implementation from as early as strategic planning phase up to the detailed design and operation/ maintenance depends on the availability of required data and data collection facility. NWRMs implementation rely on site‑specific and multi‑disciplinary datasets. The following data (per category) are required indicatively (non-exclusively): 
· Hydrological and Hydraulic Data and more specifically:
· Time series of precipitation, temperature, evapotranspiration
· Runoff coefficients and curve numbers
· Design flood hydrographs and extreme event statistics
· River water levels, discharges, baseflow and low‑flow statistics
· Infiltration rates, hydraulic conductivity, soil moisture,
· Groundwater levels and recharge rates
· Existing hydraulic structures and conveyance capacities
· Flood/drought risk data
· Geospatial & Morphological Data
· High‑resolution DEM (≤5 m for Mediterranean catchments; ≤1 m for urban NWRMs)
· Land cover (Corine + local orthophotos)
· Slope, aspect and terrain roughness
· River morphology (cross‑sections, longitudinal profiles, bank stability)
· Soil maps (texture, permeability, depth to bedrock)
· Erosion risk maps (RUSLE factors)
· Environmental & Ecosystem Data
· Habitat types and ecological status
· Riparian vegetation structure
· Biodiversity indicators (species presence, protected areas)
· Water quality parameters (nutrients, sediments, pollutants)
· Socio‑Economic & Land‑Use Data
· Land ownership and cadastral boundaries
· Agricultural practices and irrigation systems
· Infrastructure networks (roads, utilities)
· Local development plans and zoning restrictions
· Stakeholder mapping (municipalities, farmers, water utilities)
· Forest and archaeological monuments’ location maps
· Climate & Risk Data
· Climate change scenarios (RCP/SSP)
· Flood hazard and vulnerability maps
· Erosion risk maps
· Drought indices (SPI, SPEI)
Table 17 presents an indicative summary of the datasets required for the planning and implementation of each NWRM category. 

[bookmark: _Ref225257346][bookmark: _Toc225873029]Table 17 : Data Requirements by NWRM Category
	NWRM Category
	Typical Measures
	Key Data Requirements

	Forest & Land Management
	Afforestation, contour farming, mulching
	Soil texture, slope, erosion risk, land ownership

	Agricultural Measures
	Buffer strips, cover crops, reduced tillage
	Crop types, irrigation, soil moisture, nutrient loads

	River & Floodplain Restoration
	Re‑meandering, floodplain reconnection
	DEM, cross‑sections, hydrology, habitat data

	Urban NWRMs
	Green roofs, permeable pavements, rain gardens
	Imperviousness, drainage networks, stormwater flows

	Runoff & Infiltration Measures
	Check dams, infiltration basins, terraces
	Soil infiltration, rainfall extremes, sediment load



Data collection shall be in compliance with national and international standards (INSPIRE Directive, Water Framework Directive, Floods Directive). Data will be collected through national monitoring networks (meteorological and/ or hydrological). European, regional or international datasets can also be used (like Copernicus, NOAA, etc). In areas with scares data remote sensing, satellite data and aerial imaging will complement missing data. When possible, field measurements and surveys will be used to complement or calibrate existing datasets.
Data cross validation from multiple sources is often required. Data statistical analysis is frequently used in order to check time series continuity and screen for inconsistencies. In any case dataset limitations and/ or uncertainties must be identified and reported. 

[bookmark: _Toc225872974]cost estimation
As described previously, the following cost categories should be considered: (a) Capital Expenditure (CAPEX), (b) Operational Expenditure (OPEX) and (c) Indirect Costs. Furthermore, cost estimation is conducted at three levels depending on project maturity:
· Preliminary Cost Estimation (Feasibility Level) is conducted through:
· Use of typical unit costs per NWRM type
· Estimation of cost ranges (low–medium–high)
· Identification of key physical parameters (area, volume, length)
· Detailed Cost Estimation (Preliminary Design Level) includes:
· Detailed bill of quantities (BoQ)
· Pricing of materials, labour, and equipment
· Estimation of land acquisition and compensation costs
· Inclusion of monitoring and maintenance costs
· Life‑Cycle Cost Assessment (LCCA) takes into account:
· Total cost (CAPEX + OPEX) over the project’s life span (btw 20–50 years),
· Discounting to Net Present Value (NPV) using an appropriate rate
· Inclusion of replacement, operation, and maintenance costs
NWRMs cost estimation is inherently site‑specific, but a structured approach throughout all NWRMs ensures transparency and comparability. For this reason, cost-effectiveness indicators help comparison between different alternatives. For example, for comparison purposes unit cost per m³ of runoff reduction or unit cost per area (hectare) of restored area or unt cost per kg of sediment retained can be used.
[bookmark: _Ref225260623][bookmark: _Toc225873030]Table 18 : TYPICAL COST RANGES FOR DIFFERNT NWR MEASURES
	NWRM Type
	Typical Cost Range

	Buffer strips
	500–3,000 €/ha

	Re‑meandering
	50,000–300,000 €/km

	Floodplain reconnection
	20,000–150,000 €/ha

	Check dams
	1,000–10,000 € per structure

	Infiltration basins
	10–40 €/m³ of storage

	Green roofs
	50–150 €/m²

	Permeable pavements
	40–120 €/m²


Table 18 presents indicatively a typical cost range for different (non-exhaustive) NWR measures. This range is drawn from different European projects and should be adapted for each site and location. 
However, in order to evaluate the overall viability of NWR measures a complete joint analysis of costs and benefits should be undertaken. This Cost-Benefit Analysis should include benefits from flood risk reduction, water quality improvements, carbon sequestration and biodiversity and recreational gains. 
These ranges help with benchmarking but must be adapted to Greek/Mediterranean conditions.
[bookmark: _Toc225872975]OPERATIONAL AND MAINTENANCE CONSIDERATIONS 
Operational and maintenance (O&M) frameworks ensure that implemented NWR measures remain functional, safe and effective throughout their life cycle. These frameworks include operational protocols, maintenance procedures, monitoring and long‑term management needs associated with NWRMs. Generally, operational and maintenance (O&M) frameworks should include following parameters:
· Functionality, which ensures the project’s good operation in terms of delivering hydrological, ecological and other benefits.
· Safety, which aims at preventing structural failure, climate disasters or other impacts.
· Adaptiveness, which allows adjustments based on monitoring and climate variability.
· Cost‑effectiveness, which translates in optimization of project’s lifecycle costs through preventive maintenance.
· Environmental integrity, which ensures ecological processes and biodiversity preservation.
In order to define the required O&M frameworks, a baseline monitoring plan should be developed in the beginning of NWRM’s operation. In this way, through post-implementation monitoring plans changes or shifts from baseline plan can be identified and dealt with. To this end the use of hydrological, ecological and socio‑economic performance indicator is essential. 
[bookmark: _Toc225872976]Operational Considerations 
When it comes to NWRM’s operation, the established framework shall include both management and inspections. 
Specifically, inspections consist of pre- and post-season checks or checks following extreme events. These inspections will include the totality of a NWR project based on the baseline monitoring plan. Operational checks will ensure among others adequate storage capacity, absence of blockages and embankment/ soil stability.
In terms of management, a typical framework should include among others vegetation management by preventing obstruction of pipes/ channels, invasive species establishment, summer drought management, etc. Another critical parameter is sediment management, as sediment accumulation can reduce storage and infiltration capacity. Regular inspection and removal of potentially accumulated sediments in retentions basins, check dams, urban trenches can drastically influence a NWRM’s performance and operation. In measures such as wetlands or buffer strips, water quality is essential. Thus water quality management, through monitoring nutrient and pollutant retention, prevent anaerobic conditions or algal blooms and ensure adequate vegetation for filtration is critical during operation.

[bookmark: _Toc225872977]Maintenance Considerations  
Maintenance is integral to a NWRM’s performance, as in general NWRMs degrade faster than conventional measure. Insufficient maintenance may lead in performance decline, overloading during extreme events or even in creating conflictual situations among different uses (agricultural, urban, forest, etc). For example, flood attenuation or infiltration rates can be significantly reduced if not maintained properly.  
For this reason, the establishment of a structured maintenance protocol is critical. The protocol should include:
· clear assignment of responsibilities (municipality, landowner, water authority)
· annual maintenance budget considering margin for contingency
· standardized inspection sheets and reporting formats
· community engagement to reduce misuse, vandalism, etc 
Maintenance protocols should be structured in terms of regular, periodic and urgent/ post-event maintenance tasks. 
Regular maintenance is scheduled on a routine basis (weekly, monthly or other), as vegetation, soils and natural materials require periodic interventions. However, maintenance frequency should be adapted to NWR project’s characteristics and should respond to climate variability and local conditions (land‑use pressures, vegetation, sedimentation rate, etc). Some of the most commonly required regular maintenance tasks are related to:
· debris clearing from inlets, outlets, etc
· vegetation trimming and/ or replanting
· sediment removal from basins, swales, check dams, etc
· repair of erosion features and minor structural defects
· Monitoring equipment inspection.
Periodic maintenance is related to the NWRM’s reshaping or structural repair. It might be triggered by inspections or monitoring or it can be scheduled on a period basis from the beginning of operation. Periodic maintenance may include:
· repairs of embankments, terraces, etc
· replacement of vegetation, drainage pipes, permeable pavements, etc
· stabilization of eroded banks, slopes, etc
· sediment dredging
Post event maintenance takes place after major events, like storms and earthquakes. Urgent maintenance might be indicated by monitoring data and/ or in situ inspection. In situ inspections will be required following an extreme event, based on the NWR measure’s vulnerability. Urgent maintenance may include:
· debris and sediment removal, 
· assess changes in channel morphology,
· NWRM’s structural integrity repair.
Any impact following an extreme event should be documented, including the failure mode. Following a major event, maintenance schedules should be updated. Table 19 represents indicatively the type of maintenance required for different types of NWRMs.

[bookmark: _Ref225430999][bookmark: _Toc225873031]Table 19 : Indicative maintenance task frequency
	NWRM Category
	Regular Maintenance (monthly–seasonal)
	Periodic Maintenance (annual–multi‑annual)
	Post‑Event Maintenance (after heavy rainfall, floods, storms)

	Hydromorphological (e.g., check dams, riverbank stabilization, floodplain reconnection, re‑meandering)
	Remove debris/ sediment 
Inspect bank stability Vegetation trimming
Monitor flow paths
	Repack stones / repair check dams
Re‑anchor bioengineering materials
Sediment redistribution Bank reinforcement
	Remove storm‑deposited sediment
Repair erosion and bank failures
Restore damaged check dams or log barriers
Clear large obstructing debris

	Wetlands (constructed wetlands, retention ponds, wet meadows)
	Remove litter and floating debris
Inspect water levels 
Monitor vegetation 
Control mosquito breeding 
	Sediment removal (3–5 years)
Dredging of forebays Bank stabilization and reshaping
	Inspect embankments Remove flood‑deposited debris
Repair erosion around inlets/outlets 

	Agricultural (buffer strips, contour bunds, terraces, grassed waterways)
	Mow buffer strips
Remove weeds and invasive species
Inspect for breaches
Check for animal burrows
	Rebuild terraces
Restore/ Replanting vegetation
Soil replenishment and reshaping

	Repair overtopped bunds
Remove sediment 
Stabilize eroded slopes
Restore damaged vegetation

	Forest (afforestation, riparian forest restoration, forest floor retention measures)
	Watering during establishment
Weed control
Inspect for pests/diseases Maintain firebreaks
	Thinning (3–7 years)
Soil aeration
Replanting failed trees

	Replace damaged trees
Assess fire/drought impacts
Stabilize slopes after landslides
Remove fallen trees blocking flow paths

	Urban (bioswales, permeable pavements, rain gardens, green roofs)
	Remove litter and debris
Inspect for clogging Vegetation trimming
Vacuum of permeable pavements
	Regrade swales
Replace infiltration media
Flush underdrains
Structural repairs to edges, curbs, or inlets
	Remove sediment from inlets/outlets
Repair erosion or scouring
Restore infiltration capacity
Check for blockages in drainage structures



[bookmark: _Toc225872978]Monitoring and Performance Assessment   
An inherent part of maintenance is related to monitoring. Monitoring can be equipment based or by visual inspection. Monitoring should be conducted both on a frequent and/ or post-event basis. When monitoring is performed through instrumentation, data should be automatically recorded and collected in a server database. Integrated statistical assessment of these datasets should be undertaken. 
Monitoring data assessment includes also adequate performance indicators. These performance indicators are adapted to each project ‘characteristics and should be defined from the beginning of a project’s operation. To this end baseline indicators values should be set when operation starts. Indicatively, some typical performance indicators may include: 
· hydrological indicators, such as peak flow reduction, infiltration increase, flow velocities, etc,
· geomorphological indicators, such are sedimentation rates, depositions patterns, etc.
· ecological indicators, such as vegetation cover, ecological status enhancement, species composition, etc.
· social indicators, such as access issues, vandalism, etc.
A clear monitoring protocol should be conceived once the detailed design is completed. This protocol should be updated based on local and/or project conditions once construction is completed. Finally, the established protocol should be updated every time local or climate or other conditions change significantly. 

[bookmark: _Toc225872979]Risk Management    
NWRMs are subjected to climate variability, which makes risk management essential for the smooth operation, in terms of assessing and controlling risks of NWRMs. Identifying risk helps reducing the negative impacts and ensure a reliable NWRMs’ performance. More specifically risk management ensures:
· hydraulic performance is ensured,
· ecological status is maintained,
· structures remain safe,
· unexpected failures are minimized.
Risk management should involve the following protocol:
· Identify hazards or vulnerabilities that may affect system performance, such as excessive erosion, embankment failure, pipe or trench clogging, invasive species proliferation, etc
· Analyse hazard probability of occurrence and potential consequences. Hazard occurrence probability is evaluated as low/medium/ high, based on climate, land-use, sediment load, etc. Similarly potential consequences can be characterized as minor (e.g. with local impact), moderate (e.g. reduced performance) or major (e.g. system failure).
· Evaluate hazard significance and prioritize intervention urgency. For example, high risk hazards require an immediate intervention, while simple monitoring is acceptable for low-risk events.
· Implement mitigation or prevention measures,
· Monitor local conditions and evaluate performance indicators.
· Adapt management actions based on new information, events, or system changes
Applying a clear risk management protocol supports evidence‑based decision‑making, improves resilience and ensures NWRMs long‑term functionality.

[bookmark: _Toc225872980][bookmark: _Toc223450239]Implementation challenges in the mediterranean
[bookmark: _Ref223180260][bookmark: _Toc203482533]The Mediterranean region represents unique and complex climatic, ecological, socio‑economic and governing conditions. Because of that the implementation and operation of NWRMs presents certain challenges. Specifically, these challenges can be linked to climatic, geomorphological, environmental, technical, socio-economic, institutional and O&M constrains.
Climatic challenges include:
· the region’s strong climatic seasonality that can affect NWRMs performance. For example, long dry summers followed by short wet periods can reduce vegetation establishment or/and increase erosion risk.
· the high intensity storm events occurring in the Mediterranean basin, as they can be challenging for a typical NWRM. For example, they can fail during high peak flows or face intense sedimentation.
· climate change amplifies drought–flood cycles.
· drought and water scarcity, that can affect vegetation‑based NWRMs performance or reduce infiltration performance.
· water scarcity increases competition between sectors.
· wildfire frequency represents an important risk as burned areas produce debris that overwhelm a NWRM.
Geomorphological challenges include:
· steep terrain existing in many mediterranean basins can make terraces and check dams more difficult to implement and more vulnerable to fail.
· highly erodible soils, that make NWRMs’ maintenance more demanding and costly.
· limited topsoil depth, that reduces infiltration capacity and vegetation rooting depth.
Environnemental challenges include:
· slow vegetation establishment, due droughts and heatwaves.
· native species selection.
· invasive species pressure.
· free‑ranging livestock.
Technical challenges include:
· limited guidelines adapted for the Mediterranean region.
· lack of long-term monitoring data.
· integration with existing infrastructure (conventional ou autre).
Socio-economical challenges include:
· fragmented land ownership.
· competing land uses.
· low public awareness.
· rural depopulation reduces local capacity for land stewardship.
· tourism pressures reshape land use and water demand.
Institutional challenges include:
· complex permitting procedures.
· lack or limited funding opportunities.
· limited institutional capacity.
· weak integration into planning instruments.
O&M challenges include:
· lack of O&M guidelines and maintenance protocols specific for the Mediterranean region.
· unclear and overlapping operation maintenance responsibilities.
· scarce monitoring data.
· maintenance needs may be high, especially in the early stages, due to strong climatic seasonality (drought-flood/ heatwaves-intense rainfalls).
Given all these challenges, the implementation of NWRMs in the Mediterranean region requires (a) tailored designs to context specific conditions, (b) strong governance and coordination from all authorities/ institutions involved, (c) public awareness and community engagement and (d) adaptive management in order to succeed. 
However, NWRMs in the Mediterranean region often are characterized by a higher Cost Benefit Ratio (CBR). This is explained by the fact that avoided damages or mitigated effects can lead in a more significant benefit value for the mediterranean projects. For example, given that flash flood damages are very high in the region, avoiding part of this damage can lead to significant benefits. Similarly, soil erosion control can provide additional economic benefits for existing infrastructure downstream, increase agricultural productivity, prolong a project’s life cycle and delay major maintenance. 






[bookmark: _Toc225872981]guidelines for HYBRID MEASURES
Hybrid measures in flood management are combining conventional (grey), NWRMs (green) and non‑structural measures within an integrated framework. In this context, conventional measures tend to have a predictable hydraulic performance and perform well for medium to low frequency floods, but they show limited adaptability under climate change. 
At the same time, NWRMs reduce peak flows through storage, infiltration and hydrograph lagging. NWRMs improve an area’s ecological status, but perform poorly in medium to low frequency floods and might require extensive land acquisition.
When it comes to hybrid measures, they combine predictable hydraulic performance with natural attenuation (Table 20). As a result, hybrid works tend to provide a design optimisation, as the combination of measures provides smaller and thus cheaper measures while improving hydraulic and ecological performance. 
[bookmark: _Ref225792873][bookmark: _Toc225873032]Table 20 : typical hybrid measures
	Dimension
	Hybrid meaures
	Typical examples

	Measures
	Mix of conventional (grey), NWRMs (green) and non-structural (soft tools)
	Dikes + retention basins + NBS + zoning + insurance

	Scales
	Catchment–reach–site
	Basin plans + municipal works + property‑level

	Institutions
	State + local + private + civil society
	Water authority, municipality, civil protection, NGOs



Specifically, the combined use of NWRMs and conventional measures can show indicatively:
· 10 to 40% reduction in required conventional measure capacity for the same design storm,
· 20 to 60% attenuation volume reduction when paired with distributed Sustainable Drainage Systems (SuDS),
· 0.2 to 0.8 m levee height reduction when floodplain reconnection is included
· Pipe diameters reduced by 1–2 nominal sizes
· Pumping station capasity reduced by 15–40%
· Overflow structures downsized or eliminated
Typical strengths and weaknesses of hybrid measures are presented in Table 21. Hybrid measures are especially adapted for peri‑urban catchments with space availability for floodplain reconnection, urban areas with distributed SuDS, river reaches with re‑meandering possibilities to increases storage, coastal where wetlands can reduce surge levels or retention basins in areas with high land acquisition prices.  
The term “hybrid” doesn’t refer only in engineering types, but also concerns hybrid governance, in terms of multiple institutions, mandates and systems, as it will be described in the following paragraphs.
[bookmark: _Ref225792710][bookmark: _Toc225873033]Table 21 : different type flood management strengths and weaknesses.
	Measure Type 
	Strengths
	Weaknesses

	Conventional measures (dikes, culverts, tanks, levees, channels)
	Predictable hydraulic performance
High reliability for extreme events
Potentially more compact footprint
Clear design standards & regulation

	High CAPEX & OPEX
Limited co‑benefits 
Residual risk from mechanical failure
Low adaptability to climate change
Environnemental impacts 

	NWRMs 
(floodplain restoration, wetlands, re‑meandering, infiltration, SuDS)
	High co‑benefits 
Low lifecycle cost
Distributed attenuation reduces downstream loads
Improves ecological status 
Enhances climate resilience through natural processes
Flexible to climate variability,
low-tech
	Land‑intensive
Limited performance for extreme events 
Seasonal variability (soil moisture, vegetation)
Slower permitting in protected areas 
Lower predictability under drought or saturated conditions

	Hybrid 
(engineered storage & floodplain, wetlands & control structures, SuDS & tanks)
	High hydraulic performance across full event spectrum
Allows conventional measures downsizing 
Strong co‑benefits
lifecycle cost than conventional
High climate‑change robustness
Reduced residual risk 
Suitable for urban/peri‑urban areas with mixed land availability
	Higher CAPEX than NWRMs 
More complex design & modelling 
Interdisciplinary permitting OPEX higher than NWRMs Requires coordination across agencies and landowners



[bookmark: _Toc225872982]INSTITUTIONAL capacity and COORDINATION 
[bookmark: _Toc225872983]Institutional Capacity
Hybrid measures, similarly to conventional and NWR measures, require solid institutional capacity in order to be implemented successfully. For this reason, the minimum institutional capacity requirements for hybrid flood management measures include:
· a clearly structure institutional landscape, that will describe who does what for the design, construction, permitting, land acquisition and O&M.
· integrated flood risk management plan, which will specify the hybrid measures related responsibilities, funding and monitoring.
· a common and shared datasets and modelling framework, which will include datasets, models and indicators used by all key institutions.
Furthermore, institutional capacity for hybrid measures should include:
Strategic and analytical capacity, in terms of:
· multi-Criteria Decision Analysis (MCDA) in order to compare single‑type vs hybrid strategies.
· combined hybrid design (conventional + non‑structural + NWRMs) based on both hydrological/hydraulic modelling and socio‑economic/ environmental analysis.
· sensitivity analysis in terms of climate variability scenarios, land‑use practices and socio‑economic trajectories in order to test hybrid measures.
Regulatory and planning capacity, which refers to:
· the coexistence of conventional (grey), NWRMs and non-structural works, in terms of land‑use plans, building codes, etc.
· legal tools to secure retention areas, riparian buffers, controlled flooding zones and their combination with existing or planned conventional and non-structural measures.
· the creation of a single hybrid flood‑risk plan, aligned with existing frameworks, that require coherent implementation of flood directives, climate adaptation strategies and civil protection planning. 

[bookmark: _Toc225872984]Institutional Coordination
As described previously, institutions coordination is critical for the implementation of all types of flood management measures. The minimum institutional coordination requirements for hybrid flood management measures include:
· a formal coordination body, on basin or regional level with mandate to align conventional, NWR and non-structural measures.
· hybrid governance recognition, which will define the implicated, state and non-state, stakeholders in flood governance (e.g. landowners, utilities, community groups).
· multi‑level vertical coordination for planning, permitting and emergency response, from national and basin to regional/local level, including civil protection.
· cross‑sector horizontal integration, using formal mechanisms/ committees/ between different services (water, spatial planning, environment, infrastructure, civil protection, etc).
· routine joint coordination meetings and emergency protocols, in order to clearly define combined hybrid infrastructure operation, maintenance and emergency response.

[bookmark: _Toc225872985]Implementation preconditions
Similarly to NWRMs, the effective implementation of hybrid measures requires a set of institutional, technical and social-economical preconditions to be in place. These ensure feasibility, viability and long‑term performance.
[bookmark: _Toc225872986]INSTITUTIONAL PRECONDITIONS
In the case of hybrid measures, agencies must have the technical and administrative capacity to implement all three types of measures (conventional, NWRMs and non-structural). Furthermore, joint committees/ task forces should be organized in order to provide a smoother planning, permitting, construction, O&M, etc. These committees should set clear mandates in order to avoid overlaps and miscommunications and define mechanisms for conflict resolution.

[bookmark: _Toc225872987]technical PRECONDITIONS
A frequent obstacle is linked to data availability and sharing. Often the same (or overlapping) datasets are required for the design of all three types of measures. Thus, datasets sharing is essential, while data homogeneity and modelling assumption have to be ensured. Data sharing might include among others: shared data and GIS platforms, real-time hydrometeorological data exchange, existing infrastructure and flood risk maps.
Furthermore, common modelling assumptions, and if possible, common modelling methodology (or even software) among all three types of flood management measures is key for a coordinated design and operation. Hybrid works should be included and designed in accordance with the existing Water and Flood Framework Directives, national and regional strategic planning, etc. Hybrid works, even more than the other type of flood management measures, have to be planned and design on a catchment scale in order to ensure efficient performance.
Apart from that, technical preconditions that concern individually conventional or NWR measures, apply jointly to hybrid measures. Moreover, in order to evaluate hybrid measures’ performance, several indicators are established. Hybrid measures may use performance indicators from both conventional and NWR measures. These performance indicators should cover a range of different dimensions, such hydrological, ecological, socio‑economic, etc. 
Finally, a major precondition of hybrid measures is the definition of a hybrid optimization methodology. To this end the establishment of an adequate – project specific- workflow is important. The workflow includes indicatively the following steps: 
· modelling NWRMs individually, by quantifying peak attenuation, volume reduction, lag time,
· check conventional measures sized based on modified hydrographs and modify conventional measures dimensions and design (e.g. pipes, tanks, levees, culverts, etc).
· CAPEX/OPEX calculations based on modified conventional measures design, 
· calculate CBR, by adding all individual co-benefits in order to capture full hybrid value.
· Run sensitivity analysis based on different climate variability scenarios and performance levels.

[bookmark: _Toc225872988]SOCIAL-ECONOMIC PRECONDITIONS
Similarly to conventional and NWR measures, adequate socio‑economic conditions create the enabling environment within which hybrid measure can function properly and can provide an integrated water management.
Hybrid portfolios require blended financing. To this end economic preconditions play should be included in the strategic planning of hybrid works. More specifically, the main economic preconditions include: 
(a) Capital funding availability for the financing of structural conventional measures,
(b) Funding in terms of CAPEX for NWRMs design, construction and public awareness,
(c) Operational and Maintenance funding (O&M) regarding the necessary budget for both convention and NWR measures’ operation, as well as the financing of regular and emergency maintenance. 
(d) Incentives for land acquisition, new practices adoption, other property level measures,
(e) Risk sharing mechanisms among the different authorities and stakeholders involved.
It must be underlined that, similarly to other type of flood management works, long-term funding commitments should be established (National, regional or other). Thus, a common multi‑year funding stream, not one‑off project budget, should be established.
The overall economic viability should be evaluated through transparent cost–benefit evaluation, which will include all related hybrid sub-projects. This evaluation will be done through Cost benefit analysis, based on a variety of criteria including both costs and potential benefits. Similarly to the other type of flood management measures, the cost benefit ratio (CBR) will be used, comparing construction and operational costs with benefits per cubic metre of water retained. 
Benefits related to hybrid measures include reduced probability of flooding with minimal storage, slower routing, reduced flow velocity, etc. Similarly, benefits include ecosystem enhancement, water quality improvement, erosion control, etc.
The most typical example of hybrid measures usually combines conventional measures for flood control (e.g. controlled reservoir, outlet works) and NWR measures river restoration, erosion control or urban drainage (e.g. floodplain restoration, vegetated surfaces, terracing).
It is important to note that for the same protection level, hybrid measures lower total lifecycle cost (smaller dikes, smaller culverts, smaller tanks) while adding ecosystem benefits. When you monetize these benefits, hybrid CBR often exceeds CBR of individual conventional and NWRM alternatives (Table 22). 
Equally critical for hybrid measures are the social preconditions, such as stakeholder acceptance, public preparedness and local concerns inclusion. Specifically, key parameters to be considered:
· stakeholder acceptance include local understanding of hybrid systems’ logic (e.g., controlled flooding, residual risk),
· transparent communication about limitations and benefits.
· Local stakeholders early involvement (farmers, landowners, etc).
· Incentives, compensation, land-use and maintenance agreements with local communities.
· Local communities’ flood awareness, emergency protocols and evacuation familiarization.
Similarly to NWRMs a broader social contract will define hybrid measures’ public acceptance. Local communities should perceive hybrid measures as beneficial interventions for all, rather than externally imposed constraints. 

[bookmark: _Ref225766758][bookmark: _Toc225873034]Table 22 : Typica cost-benefit ratios for hybrid measures
	Measure type
	Typical costs
	Typical benefits
	Cost–benefit pattern

	Conventional measures (dikes, reservoirs, etc)
	High CAPEX, moderate OPEX, long design life
	Strong reduction of frequent–moderate floods; limited co‑benefits
	Good CBR where exposure is high and space is limited; weak when co‑benefits matter

	NWRMs (floodplain, re‑meandering, wetlands)
	Moderate CAPEX, low–moderate OPEX, land-opportunity costs
	Flood attenuation + ecosystem services, climate and biodiversity gains
	CBR often rises when co‑benefits are monetized; may underperform for extreme design levels alone

	Hybrid (reservoirs + restored floodplain, green roofs + storage, vegetated basins)
	Medium–high CAPEX, diversified OPEX
	Combined hydraulic performance + ecosystem services + urban amenity
	Frequently higher CBR than individual conventional 
benefits and avoided residual risk are included



Hybrid works performance regarding social-economic preconditions is also evaluated based on indicators. These indicators evaluate economic and societal benefits of NWRM. Indicatively social-economic core indicators include public acceptance, agricultural productivity impacts, local employment benefits and insurance cost reduction.

[bookmark: _Toc225872989]DATA REQUIREMENTS AND COST ESTIMATION 
[bookmark: _Toc225872990]data requirements
The availability of required data, as well as data sharing and collection are critical for hybrid measures’ implementation. Data might be site‑specific and/ or multi‑disciplinary. Occasionally, hybrid measures consist of a combination of existing and new measures. In this case, data from existing infrastructure should be provided, such as project’s dimensions, hydraulic characteristics, design standards, condition assessment and maintenance, etc.
Moreover, hybrid measures require data for combined conventional and NWR measures, such as hydraulic measurements, common hydrological data, routing data, gate operation or reservoir management rules, etc. Furthermore, in the case of hybrid measures, their joint performance under extreme scenarios (e.g. droughts, storm 1/200 or 1/500 years return period) should be evaluated. Similarly, scenarios of failure cascades (e.g. dam overtopping with simultaneous floodplain inundation) should also be analysed.

[bookmark: _Toc225872991]cost estimation
When estimating a project’s cost the following cost categories should be considered: (a) Capital Expenditure (CAPEX), (b) Operational Expenditure (OPEX) and (c) Indirect Costs. In the case of hybrid projects, a project’s cost can be divided into conventional and NWRMs’ components, related to the individual costs of each “sub-measure” (e.g. construction cost, land acquisition, sediment management, monitoring and maintenance, etc). 
It is worth noting that the overall cost of hybrid measures is not a direct addition of individual projects. As mentioned previously, usually the combination of conventional and NWRMs leads to smaller works (approximately 20-60% downsizing). As a result, hybrid measures often cost less that conventional and NWRMs combined.
Furthermore, hybrid measures tend to also show lower lifecycle cost, due for example to better attenuation, reduced sedimentation, etc. At the same time, hybrid measures demonstrate improved hydraulic/ environmental performance and better adaptation to climate change. 
In the following table, costs of different project’s components are presented indicatively according to the type of measure (Table 23). These costs are qualitative and are estimated with reference to a Mediterranean catchment with an area of 10km2 and for a design storm of 1/100 years return period.

[bookmark: _Ref225785885][bookmark: _Toc225873035]                 Table 23 : TYPICAL COST RANGES FOR DIFFERNT hybrid MEASURES
	Cost Component
	Conventional
	NWRMs
	Hybrid

	Earthworks
	€1.5–3M
	€0.3–1M
	€1–2M

	Structures (culverts, tanks, levees)
	€3–7M
	€0.1–0.5M
	€1–3M

	Land acquisition
	€0.5–1.5M
	€1–3M
	€1–2M

	Ecological works
	€0.1–0.3M
	€0.5–1.5M
	€0.5–1M

	Monitoring & O&M (30 yrs)
	€1–3M
	€0.3–1M
	€0.8–2M

	Total lifecycle cost
	€6–14M
	€2–6M
	€4–9M



Similarly, combined benefits from both conventional and NWRMs should be considered. The most significant benefits come from flood risk reduction and can be calculated through historical damage data and flood exposure datasets (in terms of population, assets, etc). Furthermore, co-benefits through cardon sequestration monetisation (€/tCO₂), water‑quality improvements, biodiversity enhancement, related projects’ life cycle expansions, urban heat-island mitigation, etc (Table 25).

[bookmark: _Ref225785874]                 


[bookmark: _Toc225873036]Table 24 : TYPICAL COST RANGES FOR DIFFERNT hybrid MEASURES
	Hybrid Measure Type
	Typical CAPEX Range
	Typical OPEX Range
	Key Cost Drivers
	Potential CBR

	Hybrid Retention/Detention Basin & Ecological Floodplain
	€0.5–3M per ha; excavation €8–20/m³; outlet works €150k–€1.2M
	€10k–60k/yr
	Excavation volume, outlet complexity, land acquisition, liners
	High
Storage upstream, reduces project’s dimension downstream; strong co‑benefits

	Floodplain Restoration & Set‑Back Embankments
	Floodplain reconnection €50k–300k/ha; embankments €0.8–3M/km; ecological works €20k–200k/ha
	€5k–25k/km/yr
	Land price, utilities relocation, sediment
	High 
Often cheaper than raising existing levees; strong biodiversity benefits

	Urban Blue‑Green Roofs (Vegetation & Storage & Controlled Outlets)
	Extensive €40–120/m²; blue‑green €80–180/m²
	€5–15/m²/yr
	Structural reinforcement, access, irrigation
	Medium–High
heat‑island mitigation, air quality improvement; moderate hydraulic benefit

	Tree Trenches & Subsurface Storage (Hybrid SuDS)
	€500–2,500/m
	€10–40/m/yr
	Depth, utilities, soil replacement
	Medium
Good for distributed attenuation; problematic for densely urban areas

	Hybrid Wetlands & Engineered Flow Control
	€150k–600k/ha; flow control €50k–300k
	€5k–20k/ha/yr
	Excavation, liners, water‑quality standards
	High
High ecological co‑benefits; useful for baseflow & water‑quality regulation

	River Re‑meandering & Local Bank Protection
	€0.3–1.5M/km
	€5k–20k/km/yr
	Earthworks, land acquisition, sediment
	Medium–High
Reduces peak flows, increases storage; strong habitat uplift

	Urban Hybrid Storage (Tanks & Green Space Integration)
	€0.3–1.5M per 1,000 m³
	€10k–40k/yr
	Tank depth, access, mechanical systems
	Medium–High 
Allows smaller tank size when paired with green attenuation




[bookmark: _Toc225872992]OPERATIONAL AND MAINTENANCE CONSIDERATIONS 
Hybrid measures effectiveness requires the establishment of operational protocols, maintenance procedures, monitoring and long‑term management. Similarly to NWRMs, operational and maintenance (O&M) frameworks should consider the following parameters in a hybrid system level:
· Functionality, which ensures the system’s good operation in terms of delivering hydrological, ecological and other benefits.
· Safety, which aims at preventing structural failure, climate disasters or other impacts.
· Adaptiveness, which allows adjustments based on monitoring and climate variability.
· Cost‑effectiveness, which translates in optimization of project’s lifecycle costs through preventive maintenance.
· Environmental integrity, which ensures ecological processes and biodiversity preservation.

[bookmark: _Toc225872993]Operational Considerations 
In the case of hybrid projects’ operation, it is critical to establish Integrated Standard Operating Procedures (SOP) for all measures. The Integrated Standard Operating Procedures (SOP) must include:
· operation rules for conventional measures (e.g. seasonal gate settings for reservoirs, pumps, diversion systems, climate‑adjusted operation etc),
· operation rules for NWRMs, such as controlled flooding, retention timing, etc.
Operational rules should be clear with well-defined responsibilities across agencies. Operating rules differs according to the level of alert (normal, pre-storm, emergency). Hence, different operation protocols should be in place, based on the level of alert (e.g. pre-storm drawdown protocol, gate opening level, etc).
In cases when operation rules are not followed or updated, hybrid systems may even fail. For this reason, adaptive management is essential in order to efficiently operate under climate variability co or changing conditions. However, in the case of hybrid measures, adaptive management may represent additional challenges, so their management should be based on observed performance. Hence the necessity of a monitoring network. Furthermore, the existence of operational early warning forecasting systems, will significantly improve hybrid measure performance and expand their life span.
For this reason, operational forecasting systems’ application is essential in order to optimise hybrid measures performance, adapt operational rules during climate variability and avoid potential damages. Forecasting systems should include the entire catchment area. 
Table 25 represents an indicative OPEX cost for each individual component of a hybrid system, as well as the integrated hybrid system’s cost.
[bookmark: _Ref225871557][bookmark: _Toc225873037]Table 25 : Indicative OPEX FOR HYBRID MEASURES FOR A CATCHMENT OF APPRX 10KM2
	Hybrid Component
	Typical OPEX

	Convetional structures (gates, tanks, culverts)
	€10k–60k/yr

	Floodplain/wetland maintenance
	€5k–20k/ha/yr

	SuDS (bioretention, swales, permeable surfaces)
	€1–15/m²/yr

	Monitoring & sensors
	€2k–10k/yr

	Integrated hybrid system 
	€30k–150k/yr


[bookmark: _Toc225872994]maintenance Considerations 
As it is the case for both conventional and NWRMs, maintenance is integral to a hybrid system’s performance, as insufficient maintenance may lead in performance decline. Hybrid system’s interface is often a failure prone zone, requiring special attention during maintenance. Most hybrid systems fail either because NWRMs have blocked inlets or because conventional measures receive unexpected sediment loads. For this reason, hybrid system’s maintenance should:
· ensure hydraulic connectivity between floodplain/wetland and conventional inlets, 
· keep undisturbed controlled outlets (orifices, weirs) that regulate NWRM retention,
· monitor sediment deposition at system’s interface (e.g. from wetland to culvert),
· inspect overflow paths to ensure safe bypass during extreme events,
· maintain an adequate monitoring sensor network (e.g. water levels, soil moisture, gate status), as it significantly improves O&M 
For this reason, conventional and NWRMs should be considered as a one unified system (hybrid system), not as separate assets. Thus, a structured maintenance protocol should be established, that will include:
· clear assignment of responsibilities (municipality, landowner, water authority),
· annual maintenance budget considering margin for contingency,
· standardized inspection sheets and reporting formats,
· community engagement to reduce misuse, vandalism, etc.
Maintenance protocols should include regular, periodic and urgent/ post-event maintenance tasks. Post event maintenance will take place after major events, like storms and earthquakes. Urgent maintenance might be indicated by monitoring data and/ or in situ inspection. In situ inspections will be required following an extreme event or when indicated by monitoring performance. Table 26 presents regular and periodic maintenance frequency for the most typical hybrid measures.
[bookmark: _Ref225796607][bookmark: _Toc225873038]Table 26 : Indicative maintenance task frequency
	Maintenance Task
	Typical Frequency
	Notes

	Inspection of hydraulic connectivity
	Monthly–Quarterly
	Most common failure point

	Clearing sediment at transitions
	Quarterly–Annual
	Prevents bypassing of green storage

	Inspection of controlled outlets (orifices, weirs)
	Quarterly
	Ensures green storage is fully utilised

	Overflow path inspection
	Annual
	Critical for extreme events

	Sensor calibration (water level, soil moisture)
	Annual
	Ensures operational reliability



[bookmark: _Toc225872995]monitoring and performance assessement 
Since the conventional-NWRM interface is the most prone to failure part of the hybrid system, hybrid interface monitoring is the most critical. Typical monitoring tools for this are:
· water‑level sensors upstream/downstream of transitions,
· SCADA monitoring for gates, pumps, valves
· sediment depth measurements,
· flow‑metering at controlled outlets,
· visual inspections during/after events,
In the case of hybrid measure, monitoring includes both structural assets and NWRM’s performance. All collected data from monitoring should be stored and statistically analysed. Based on observed data, operating rules and management plans are validated or updated. Operational rules, through monitoring data, support decision‑making through baseline observation set according to:
· gate settings as a function of rainfall
· pre‑storm drawdown levels
· soil moisture thresholds
· performance under climate‑extreme events
· trigger conditions for maintenance (e.g. storage loss >20%)

[bookmark: _Toc225872996]risk management 
Hybrid systems are more robust in terms of risk than individual conventional or NWRMs, under the condition that risk management is integrated. As analysed previously conventional/ NWRMs interface is the most risk prone area. Typical failure mechanisms in this area are analysed previously and presented in Table 27. Through maintenance and monitoring, risk mitigation can be achieved (e.g. sediment traps upstream, inlet/ outlet frequent cleaning, distributed SuDs, manual override capability, redundant mechanical components for critical assets, invasive species control, sediment management, etc).
In order to reduce residual risk, the hybrid systems resilience should be evaluated against climate change, urbanisation, infrastructure failure scenarios, etc. For these scenarios, a sensitivity analysis should be perfomed in order to shield the hybrid system under different scenarios (e.g. rain and storm surge). This sensitivity analysis shoudl be communicated with the existing emergency protocols and early warning systems.  


[bookmark: _Ref225798935][bookmark: _Toc225873039]Table 27 : Indicative maintenance task frequency
	Risk
	Likelihood
	Consequence
	Priority
	Mitigation

	Blocked inlet to floodplain
	Medium
	High
	High
	Quarterly inspections, debris screening

	Gate malfunction
	Low–Medium
	High
	High
	Annual servicing, SCADA alarms

	Vegetation overgrowth
	High
	Medium
	High
	Seasonal mowing/pruning

	Bioretention clogging
	Medium
	Medium
	Medium
	Annual infiltration tests, media replacement

	Sediment accumulation at transitions
	Medium
	High
	High
	Quarterly sediment checks

	Incorrect gate settings
	Medium
	High
	High
	Operational training, seasonal protocols

	Wetland eutrophication
	Low–Medium
	Medium
	Medium
	Water‑quality monitoring

	Structural degradation
	Low
	High
	Medium
	5–10 year structural audits



[bookmark: _Toc225872997]Implementation challenges in the mediterranean
As mentioned previously, the Mediterranean region faces unique and complex climatic, ecological, socio‑economic and governing conditions. For this reason, hybrid measures often represent the highest‑value alternative in flood management for the region, due to land availability limitations and climate variability. However, certain challenges must be overcome in order to ensure smooth implementation and operation. Table 29 presents a synthesis of typical challenges observed in the Mediterranean basin.
Climate variability and geomorphological constraints
Mediterranean catchments are subject to intense storms, flash floods and important seasonality. Moreover, mediterranean catchments are often small, steep and prone to erosion. As a result:
· high-intensity storms and flash floods tend to overwhelm certain components (NWRMs) of hybrid measures. 
· increased sediment loads can clog infiltration structures and retention features.
· repetitive drought–flood cycles can stress vegetation and reduce long-term performance of NWRMs components.
· space limitations can restrict hybrid layouts in narrow valleys and densely built coastal zones.
To overcome these challenges, hybrid designs must be engineered with an adequate security freeboard for extreme events and adaptive to local sediment dynamics. As a result, engineering solutions imported from different climate contexts often prove less efficient or inappropriate.

Institutional and Regulatory Barriers
Mediterranean countries tend in some cases to have complex administrative procedures and overlapping or unclear responsibilities. For this reason, hybrid measures often fall into a regulatory “grey zone,” delaying or preventing implementation. More specifically, the most important challenges are linked to:
· fragmented responsibilities between water agencies, municipalities, forestry services and regional authorities.
· rigid frameworks that prioritize conventional (grey) infrastructure.
· lack of standardized design guidelines for hybrid/NWR measures in official technical specifications.
· complicated and time-consuming permitting for interventions in riparian, coastal or protected areas.
As a mitigation measure, it is essential to promote strong capacity building and institutional coordination among all authorities involved. Joint committees/ task forces with clear mandates should be organized and will help to provide a smoother planning, permitting, construction, O&M of hybrid works. Furthermore, the development of national/ region technical guidelines specialized in hybrid/ NWR measures and the integration hybrid measures into public works legislation will help local authorities accept these measures. In terms of permitting, fast-track permitting for pilot projects will help provide real time observations on the added value of this type of projects.

Social-economic challenges
Although hybrid solutions can be cost‑effective over the long term, they require space, time and community awareness.
Mediterranean procurement procedures are often unfamiliar with such measures, as they have to consider non‑traditional benefits. For this reason, hybrid measures are often undervalued in cost–benefit analyses and tend to appear less attractive financially than conventional grey alternatives. Some of most frequent challenges are:
· difficulty monetizing co‑benefits (ecosystem services, biodiversity, recreation).
· short project cycles incompatible with the long establishment time of NWRMs components.
· innovative hybrid designs can be discouraged, due to unfamiliarity of relevant authorities.
· vegetation management and sediment removal are rarely included in maintenance budgets. 
· Funding difficulties due to innovative character of these measures.
Hybrid measures require long-term thinking and recognition of co-benefits. As a result, their valorisation requires clear cost-benefit frameworks that will include valorisation of avoided damages, carbon sequestration, etc. Multi-year O&M funding should be included as early as the design phase (e.g. for vegetation management, sediment removal). Ideally clear guidelines should be issued providing a complete list of O&M considerations to be included. Finally, mobilize capital by a combination of international, national and local funding will help the establishment of hybrid measures’ philosophy among institution, technical communities and local stakeholders.
On the other hand, social challenges emerge during the implementation of hybrid measures, such as:
· land fragmentation complicate implementation (e.g. riparian restoration or floodplain reconnection).
· agricultural pressures (especially olives, vineyards, citrus) limit space for the NWRMs component.
· public misconception related to hybrid measures (e.g. “weak” flood protection, “invasive measures”, etc)
· tourism-driven development restricts space for hybrid measures.
For this reason, without strong public awareness campaigns, hybrid solutions face resistance or political pushback. Participatory planning will help promote hybrid measures added value for the communities. To this end communication of successful pilot projects might help shift public perceptions (e.g. “weak” flood protection etc). 
Furthermore, a clear compensation and incentive schemes will help communities minimize opposition to these measures. Projects aiming at land consolidation will indirectly facilitate hybrid measures implementation (e.g. riparian restoration and floodplain expansion).

Technical & Operational Uncertainties
Mediterranean basins require robust modelling and monitoring, yet due to their geomorphology and size, often lack long and complete datasets. Moreover, designers and authorities face uncertainty about hybrid measures ‘ long-term performance, which can slow measures’ adoption. Most common problem are linked to:
· sparse hydrometric networks limit calibration of hydrological and sediment models.
· limited NWRMs performance data under Mediterranean extremes.
· lack of integrated modelling frameworks that combine all components of hybrid measures and all related processes (e.g. hydraulic, ecological, sediment, etc).
· clear and combined operational protocols for hybrid systems (e.g., managing vegetated retention basins) are not standardized.
In order to mitigate these challenges, hydrometric and sediment monitoring networks should be strengthened and integrated modelling workflows, comprising all processes and infrastructures, should be established. Furthermore, a strategic long-term planning will help limit constraints related to land, modelling, etc.
In order to prove hybrid measures ‘ long-term performance, the establishment of pilot sites with long-term monitoring is required to generate Mediterranean-specific performance data. Furthermore, clear operational protocols should be developed specifically for hybrid systems, that will include all necessary operational tasks of each component (e.g. vegetation trimming, sediment removal schedules, emergency bypass procedures, etc).



[bookmark: _Ref225845213]

[bookmark: _Toc225873040]Table 28 : typical challenges related to hybrid measures implementation in mediterran region
	Challenge 
	Mediterranean-Specific Issues
	Impact on Hybrid Measures

	Hydro‑climatic
	Flash floods, drought–flood cycles, sediment pulses
	Overloading of NBS, high maintenance

	Institutional
	Fragmented governance, rigid public works law
	Slow permitting, design incompatibility

	Financial
	Hard-to-quantify co-benefits, short funding cycles
	Underinvestment, preference for grey

	Technical
	Sparse data, limited modelling tools
	High uncertainty in design/performance

	Social
	Land-use conflicts, perception issues
	Low acceptance, limited space

	Coastal
	Sediment deficits, tourism pressure
	Reduced effectiveness, spatial constraints


 

[bookmark: _Toc225872998]DIGITAL & AI SUPPORTED TOOLS
[bookmark: _Toc225872999]EMERGING DIGITAL AND AI-SUPPORTED TOOLS AND SMART WATER-MANAGEMENT APPLICATIONS – LOCAL/CATCHMENT-SCALE NATURE-BASED MANAGEMENT
[bookmark: _Toc225873000]DIGITAL MONITORING TOOLS FOR NBS ASSETS
As described previously, monitoring is an important component of NWRMs. Regular inspection and performance assessment are generally required at routine intervals. 
To this end, studies have examined the use of sensor-based monitoring, in addition to or instead of manual inspection, for rain gardens, bioswales, green roofs, permeable pavements, detention features, and wetlands. Common monitored parameters include soil moisture, surface-water level, piezometric head, inflow and outflow with some applications also covering infiltration and water quality. 
Recent EPA examples also point to the potential of low-cost flow and depth sensor packages and data loggers that can support event-based triggering of remotely operated samplers, offering a practical option for assessing pollutant capture in bioswales, wetlands, and treatment trains where continuous field presence is not feasible (EPA, 2026). Recent guidelines also recommend, the use of soil-moisture sensors together with piezometers and level sensors for rain gardens and bioretention systems, and soil-moisture sensors together with outflow metering for green roofs.
Another new practice is to use local rain sensing at the NBS site because urban rainfall is highly heterogeneous. Alongside classic tipping-bucket gauges, newer optical rain sensors are being used, and these can be paired with temperature, humidity, wind, and radiation data to improve event interpretation and maintenance decisions (O’Brien et al., 2024).
Typical preconditions, scale, data, and indicative cost: This type of monitoring is best suited to existing urban and peri-urban NBS assets where there are a clearly defined asset footprint and a need for repeated performance checks, such as rain gardens, bioretention cells, green streets, green roofs, parks, and wetlands. Practitioners should have basic information on the NBS type, approximate drainage area, probable inflow and outflow points, utility access, power or battery options, and whether baseline data are required before implementation. Recent monitoring guidance reports indicative cost ranges of approximately USD 2,000 to 8,000 for small green streetscapes, USD 5,000 to 15,000 for rain gardens, USD 8,000 to 20,000 for bioretention basins, and USD 5,000 to 30,000 for green roofs (O’Brien et al., 2024).
Institutions, operation and maintenance, capacity, pitfalls, sequencing, and policy: These systems typically require coordination among municipal stormwater or drainage departments, parks services, utilities, and, in some cases, building owners or community groups. Routine requirements include sensor inspection, cleaning, battery replacement or power checks, calibration and verification, and basic quality assurance and quality control of the data stream. The literature indicates that long-term monitoring often underperforms because of insufficient staffing, limited budgets for replacement and maintenance, and unclear responsibilities for data ownership, management, and analysis. In Mediterranean contexts, these monitoring networks are usually most useful after the NBS concept and site have been selected, but before detailed design optimization, ideally including some pre-implementation monitoring during the main flood season. At policy level, they are best aligned with municipal asset-management systems, flood-risk management plans, adaptation planning, and wider water-sensitive urban design programs. 
[bookmark: _Toc225873001]NBS MAINTENACE WITH DRONE-BASED INSPECTION WITH MULTISPECTRAL IMAGING AND MACHINE LEARNING
Recent work (Dupasquier & McDonald, 2025) shows that drone-based remote sensing can support condition assessment of green stormwater infrastructure by combining high-resolution multispectral imagery with machine-learning classification. This is a promising technology for NBS maintenance, particularly where assets are spatially dispersed and routine field inspection is time- and labour-intensive. Green stormwater infrastructure condition was classified into categories such as healthy plants, unhealthy plants, dead plants and organic material, and inorganic material, providing a faster way to detect vegetation stress, bare or degraded patches, sediment accumulation, and neglected zones across distributed assets. The study, conducted across 12 sites including bioswales, green roofs, rain gardens, and native planting areas, reported overall classification accuracies of approximately 87% for object-based methods and 88% for pixel-based methods, indicating that such approaches can provide useful operational information for maintenance planning.
It showed also that this type of workflow can use visible, red-edge, and near-infrared imagery together with vegetation indices to distinguish land-cover and condition-related patterns at very high spatial resolution. This is useful for urban NBS assets whose dimensions are often too small for reliable assessment using standard coarse satellite products. In practical terms, these tools can support rapid screening of asset portfolios, help identify which locations need site visits first, and improve consistency compared with inspection approaches that rely only on visual field observations (Dupasquier & McDonald, 2025).
Typical preconditions, scale, data, and indicative cost: This approach is most suitable for municipalities, utilities, or other organizations managing multiple visible-surface NBS assets such as bioswales, rain gardens, green roofs, detention landscapes, and planted treatment corridors. Basic requirements include drone access, suitable flight permissions/licenses, favourable weather and lighting, trained operators, georeferenced multispectral imagery, and at least some field-based validation data to support model training and interpretation. It is generally most useful where authorities already have an asset inventory and need periodic system-wide screening rather than only one-off inspection of a single small site. In cost terms, basic RGB drone packages can be obtained at relatively low cost, with standard 4K camera packages reported below USD 1,000, whereas multispectral and other advanced sensors involve higher expenditure and are therefore more appropriate where repeated use across multiple assets can justify the investment. Total implementation cost also depends on whether imagery processing uses commercial software, which may be relatively expensive, or open-source alternatives (Dupasquier & McDonald, 2025).
Institutions, O&M, capacity, pitfalls, sequencing, and policy: Effective deployment typically requires coordination between stormwater managers, GIS or remote-sensing specialists, drone operators, and maintenance teams. Key capacity needs include image acquisition, preprocessing, classification, interpretation, and translation of mapped outputs into practical maintenance actions. Important limitations should also be noted: classification performance can be affected by seasonality, clouds/shadows, spectral similarity between classes, and the quality of training data, while drone imagery primarily captures surface condition and cannot on its own replace checks for subsurface hydraulic performance or structural defects that are underground. This make this a complementary tool for screening, prioritisation, and maintenance targeting (Dupasquier & McDonald, 2025).
[bookmark: _Toc225873002]SATELLITE REMOTE SENSING, LIDAR, SAR, AND GIS-BASED MONITORING
 These tools are especially useful at catchment scale rather than for the detailed inspection of one small asset. Recent review evidence shows that monitoring practice for urban NBS is increasingly moving toward hybrid frameworks that combine field measurements, remote sensing, and real-time data acquisition. In this context, remote-sensing products such as SAR and DEM-based information are used to identify runoff pathways, pollutant accumulation zones, and broader flood-risk areas, while cloud-connected sensor networks can complement them with rainfall, flow, and water-quality observations. Taken together, these approaches support more spatially explicit monitoring and help move urban drainage management away from purely static assessment toward more responsive, data-informed practice (Cansian et al, 2025).
Typical preconditions, scale, data, and indicative cost: This type of approach is most suitable where municipalities or utilities need to understand NBS performance across multiple assets or across a wider drainage area, especially where field access is limited or where local monitoring networks alone do not provide enough spatial coverage. Screening-level requirements usually include topography and hydrology information, access derived terrain data, and at least some field data for interpretation and validation. In practice, these tools are most useful for identifying priority zones, comparing spatial patterns, and informing broader planning or modelling exercises, rather than replacing site-scale inspection of individual assets. In cost terms, it is more accurate here to speak of an investment profile rather than a standard unit cost, because the expenditure can range from relatively low-cost workflows based on publicly available Earth Observation products and in-house GIS processing to significantly higher-cost applications involving commissioned LiDAR, commercial very-high-resolution imagery, or specialist analytical support. Earth Observation reviews indicate strong potential for satellite-supported monitoring, but also make clear that these data are most effective when combined with complementary data sources and institutional capacity for interpretation.
Institutions, O&M, capacity, pitfalls, sequencing, and policy: Effective use requires coordination between drainage managers, GIS specialists, remote-sensing analysts, and teams responsible for field verification. Important capacity needs include geospatial data handling, terrain and image interpretation, integration with monitoring records, and translation of mapped outputs into planning or maintenance decisions. A key limitation is that remote-sensing products generally support indirect assessment: they are strong for identifying spatial patterns and risk zones, but less suited to diagnosing detailed internal hydraulic behaviour of individual NBS units without supporting field data. For this reason, they are best used after an initial asset inventory or drainage assessment has been established, and as part of broader flood-risk planning, urban catchment diagnostics, and municipal decision-support systems.
[bookmark: _Toc225873003]DIGITAL TWINS FOR URBAN FLOOD SYSTEMS
 A digital twin is a dynamic digital representation of the system that links incoming observations with simulation and decision support. Recent review (Hlal et al, 2025) evidence shows that urban flood digital twins are commonly structured around data-ingestion, processing, simulation, and decision-support layers. This enables real-time integration of multiple spatial and temporal datasets. Remote-sensing inputs play an important role in this, including Sentinel-1 SAR for flood mapping under cloudy conditions, optical satellites for vegetation and surface-state monitoring, UAVs for fine-scale urban assessment, and LiDAR for highly accurate terrain and drainage representation. When combined with IoT sensors, hydrodynamic models, and data-assimilation methods, these systems can support predictive and responsive flood management rather than only post-event analysis (Hlal et al, 2025).
The same review indicates that digital twins are increasingly being used for forecasting, early warning, operational support with user friendly visualization. This is presented as having strong potential when integrated with remote sensing and AI. Reported examples include systems using GIS, hydrological modelling, hydrodynamic simulation, SAR, and infrastructure data to improve real-time support, extreme-rain forecasting, and water-level forecasting. This makes the approach particularly relevant where authorities need to combine monitoring, modelling, and operational decision-making across complex urban systems rather than at the scale of a single NBS asset (Hlal et al, 2025).
Typical preconditions, scale, data, and indicative cost: This approach is best suited to city or catchment authorities that already have a reasonably developed digital base, including terrain and drainage data, sensor feeds, hydraulic or hydrologic models, and institutional demand for forecasting or scenario testing. Minimum requirements usually include consistent geospatial data, telemetry or near-real-time observations, model infrastructure, and sufficient computing capacity (Hlal et al, 2025).
Institutions, O&M, capacity, pitfalls, sequencing, and policy: Deployment typically requires coordination among flood-risk managers, drainage utilities, GIS and remote-sensing specialists, modelling teams, and IT units. Key capacity needs include data integration, model updating, platform interoperability, and operational interpretation. Important pitfalls remain: the review highlights fragmentation between satellite, sensor, and hydrodynamic data streams, lack of unified architectural standards, and persistent implementation and standardization challenges. In practical sequencing terms, digital twins are most useful once monitoring and modelling foundations already exist; they are usually not the first digital step, but rather an advanced integration layer that can support climate-resilience planning, early-warning systems, and operational flood management (Hlal et al, 2025).
[bookmark: _Toc225873004]REAL-TIME CONTROL (RTC) OF “SMART” NBS
Real-time control is the stage at which monitoring becomes active management and is the most advanced level of NBS management. EPA guidance describes smart stormwater systems as combinations of continuous monitoring, data analytics, weather forecasts, communication links, and control devices such as valves, weirs, and pumps, so that infrastructure can be adjusted automatically or remotely in response to expected conditions. In the NBS context, this makes it possible to operate storage and discharge dynamically, helping preserve detention volume before a storm, reduce runoff peaks during the event, and, if desirable, retain water afterward for reuse or irrigation.
Smart blue-green roofs (BGR) and smart cisterns are among the clearest examples of this approach. A 2025 field study comparing a conventional roof, a passive blue-green roof (BGR), and a smart BGR found that annual runoff per unit area was 1.115 m³/m² for the conventional roof, 0.547 m³/m² for the passive BGR, and 0.128 m³/m² for the smart BGR, corresponding to runoff reduction rates of 50.98% and 88.53% for the passive and smart systems, respectively. The same study also found that the smart system maintained much stronger performance in higher rainfall classes, indicating that active control becomes particularly valuable when passive storage alone would be insufficient.
Related EPA case evidence shows the same logic at cistern and distributed-storage scale. At EPA headquarters in Washington, D.C., an existing 6,000-gallon rainwater-harvesting system was retrofitted with cloud-based monitoring and control that used weather forecasts to pre-release water before storms and then close the system again to capture runoff for reuse. The system reportedly captured 100% of all 1-inch-and-smaller rain events and prevented about 100,000 gallons of wet-weather flow from entering the combined sewer each year, while also eliminating the need to install additional storage volume to meet competing stormwater and irrigation objectives.
EPA case studies further show that real-time control can produce strong hydraulic gains at broader system scale. In Albany, wet-weather flows were reduced 6.5 times more than with a traditional passive design, while project capital cost increased by only 6.5% through the addition of CMAC technology. In Falcon Heights, adaptive RTC reportedly doubled flood-control capacity in an existing wet pond. These examples suggest that smart operation can substantially increase the performance of existing blue-green or storage-based assets without requiring proportional expansion of physical infrastructure (U.S. Environmental Protection Agency [EPA], 2021).
Typical preconditions, scale, data, and indicative cost: This approach is most suitable where there is controllable storage or discharge volume, such as blue-green roofs, rainwater-harvesting systems, detention features, or other NBS assets that can be operated more intelligently than under fixed passive settings. Basic requirements include water-level or flow sensing, automated valves or equivalent control devices, weather-forecast inputs, communications infrastructure, and a digital platform able to receive data and execute or support control decisions. It is generally more appropriate for municipalities, campuses, utilities, or larger building portfolios than for isolated small assets, because the additional control logic and O&M burden are easier to justify where multiple events, multiple assets, or multiple objectives such as runoff reduction and water reuse are involved. The available sources do not provide a universal unit-cost range for smart roofs or smart cisterns, so it is more accurate to describe cost in terms of incremental smart-control investment rather than a standard capital cost per square metre or per cubic metre of storage. In the EPA case studies, CMAC or RTC additions represented relatively small extra capital shares in some systems, reported at 7.4%, 13.3%, 4.0%, and 6.5% across different sites or packages, while the Albany example reported passive solutions at about $4.60 million compared with a CMAC alternative of about $0.30 million; the Bordeaux example reported about €8 million for RTC across 15 sites versus about €222 million for an equivalent traditional-storage approach. These values should not be interpreted as direct NBS unit prices, but they do show that smart control may sometimes be a modest added investment compared with constructing new passive storage (Sweetapple et al., 2023).
Institutions, O&M, capacity, pitfalls, sequencing, and policy: Effective deployment requires coordination among drainage operators, building owners where relevant, controls specialists, IT and communications staff, and maintenance teams. Routine requirements include inspection and calibration of sensors, checking valve and actuator function, maintaining communications reliability, validating forecast inputs and control logic, and ensuring that data are actually translated into operational action. The broader implementation literature shows that the main constraints are often not purely technical: although evidence for smart stormwater efficacy is increasing and technical barriers are gradually reducing, real-world uptake remains low because socio-economic and institutional barriers remain significant. Reported concerns include expense, lack of knowledge and guidance, trust and confidence, resistance to change, and technical issues related to technology availability and reliability, physical limitations, decision-making, uncertainty, and security. In practical sequencing terms, this means RTC-based smart NBS is usually best introduced after the underlying asset and basic monitoring are already in place, and where the responsible institution can support long-term ownership of data, control rules, maintenance, and operational accountability. From a policy perspective, these systems fit best within wider smart stormwater, flood-risk, adaptation, or asset-management programmes rather than as stand-alone pilot technologies.
[bookmark: _Toc225873005]EMERGING DIGITAL AND AI-SUPPORTED TOOLS AND SMART WATER-MANAGEMENT APPLICATIONS – regional/large-scale flood risk and forecasting.
Nowadays there is rapid development of digital technologies for hydrological monitoring, forecasting and risk management. These developments include advances in artificial intelligence (AI), machine learning (ML), cloud computing and digital twin frameworks. Such tools increasingly complement traditional hydrological modelling and observation systems.
Machine learning methods are now widely used to improve forecasting skill, assimilate heterogeneous data sources and extract information from large Earth observation datasets. Applications include rainfall–runoff prediction, flood forecasting, drought monitoring and remote sensing data processing. Deep learning architectures such as recurrent neural networks and transformers have shown promising performance in rainfall–runoff modelling and streamflow prediction when large training datasets are available (Nearing et al., 2024). 
At the same time, caution is required when applying purely data-driven methods in hydrology. Many ML models operate as “black boxes” and may not preserve physical consistency or hydrological process understanding. Their performance may degrade when applied outside the range of training data or under uncertainty, which is the norm for hydrological procceses (parsimony issue). For this reason, hybrid approaches are increasingly explored. 
Another important development concerns digital twins of the Earth system. Digital twins integrate Earth observation data, numerical models and high-performance computing to create continuously updated digital representations of environmental systems. They aimsto simulate hydrological, climatic and environmental processes at high spatial and temporal resolution and support early warning services. Some operational systems already demonstrate how digital technologies can strengthen flood forecasting. 
The following sections briefly present some of the most relevant initiatives.
[bookmark: _Toc223538310][bookmark: _Toc223688870][bookmark: _Toc224301607][bookmark: _Toc225873006]EUROPEAN FLOOD AWARENESS SYSTEM (EFAS) 
The Copernicus Emergency Management Service (CEMS) is part of the Copernicus Program, the European Union’s Earth Observation Program. CEMS is managed directly by the European Commission via the Joint Research Centre. Its flagship in continental flood forecasting system is European Flood Awareness System (EFAS), operating under Copernicus Emergency Management Service (CEMS). 
EFAS operates at the European continental scale and provides hydrological and hydraulic forecasts tailored to European river systems. EFAS integrates multiple meteorological ensembles up to 10 days ahead, a calibrated version of LISFLOOD and a suite of hydrological indicators to deliver probabilistic flood forecasts, impact‑based warnings and rapid mapping. Its strengths include better spatial resolution, region‑specific calibration, and integration with national civil‑protection networks. EFAS is particularly effective for large river basins (e.g., Po, Ebro, Danube) and for cross‑border flood coordination, but it still struggles with flash‑flood dynamics, urban pluvial events, and very small Mediterranean torrents, where local processes dominate.
CEMS supports all actors involved in the management of natural or manmade disasters by providing geospatial data and images for informed decision making. CEMS constantly monitors Europe and the globe for signals of an impending disaster or evidence of one happening in real time. The service immediately notifies national authorities of their findings or can be activated on-demand and offers to provide them with maps, time-series or other relevant information to better manage disaster risk. CEMS products are created using satellite, in-situ (non-space) and model data.
From late 2025, EFAS integrates an AI-enhanced forecasting component (AIFS) developed by ECMWF to improve prediction skill and uncertainty representation in both EFAS and its global counterpart GloFAS.
[bookmark: _Toc223538312][bookmark: _Toc223688871][bookmark: _Toc224301608][bookmark: _Toc225873007][bookmark: _Toc223538311]DESTINATION EARTH (DESTINE) DIGITAL TWIN INITIATIVE
Destination Earth (DestinE) is a major European initiative led by the European Commission with the objective of developing high-precision digital twins of the Earth system. The program aims to integrate climate models, Earth observation data and advanced computing infrastructure to simulate environmental processes and support policy decisions related to climate change and disaster risk.
The DestinE platform combines data from the Copernicus program with advanced numerical models and high-performance computing resources available in Europe. The goal is to create continuously updated digital replicas of the Earth system that allow users to analyze future scenarios, assess climate impacts and explore mitigation and adaptation strategies.
The initiative is implemented through collaboration between several European organizations, including ECMWF, the European Space Agency (ESA), and EUMETSAT. The long-term objective is to provide an open digital infrastructure that can support scientific research, operational forecasting, and evidence-based policy development.
[bookmark: _Toc223688872][bookmark: _Toc224301609][bookmark: _Toc225873008]GLOBAL FLOOD AWARENESS SYSTEM
GloFAS is a global operational flood forecasting system that integrates ECMWF numerical weather prediction with the LISFLOOD hydrological model to provide probabilistic medium‑range and seasonal streamflow forecasts and flood hazard indicators. It supports early‑warning, risk management and humanitarian response across all major river basins worldwide. Its principal strength lies in its global consistency, open accessibility and ability to deliver forecasts in data‑scarce or transboundary basins.
However, despite its strategic importance, GloFAS also presents notable limitations. Its coarse spatial resolution and reliance on global datasets restrict its ability to capture local hydrological processes, especially in small, steep Mediterranean catchments where flash floods dominate. Furthermore, GloFAS does not provide 2D hydraulic inundation mapping and forecast skill varies significantly between basins depending on data availability, model calibration, and climatic regime. Consequently, while GloFAS is highly effective as a basin‑scale early‑warning trigger, it cannot substitute a local, high‑resolution hydraulic models such as HEC‑RAS, TUFLOW, etc, which are required for detailed floodplain analysis and operational civil‑protection planning.
[bookmark: _Toc223688873][bookmark: _Toc224301610][bookmark: _Toc225873009]OVERVIEW OF DIFFERENT Forecasting systemS IN eu
The Global Flood Awareness System (GloFAS), the European Flood Awareness System (EFAS), and national flood forecasting systems represent three complementary tiers of hydro‑meteorological forecasting, each designed for different spatial scales, data environments, and operational needs. 
National forecasting systems—typically operated by hydrological services, meteorological agencies, or civil‑protection authorities—offer the highest level of detail and operational relevance. These systems often combine high‑resolution numerical weather prediction, locally calibrated hydrological models (e.g., HEC‑HMS, MIKE HYDRO Basin, HBV), and 1D/2D hydraulic models (e.g., HEC‑RAS, TUFLOW, TELEMAC) to produce site‑specific water‑level forecasts, inundation maps, and real‑time alerts. Their major advantage is the ability to incorporate local data, in‑situ measurements, reservoir operations, urban drainage networks, and national emergency protocols. However, national systems can be heterogeneous in quality, dependent on data availability and sometimes lack the ensemble‑based uncertainty information provided by GloFAS and EFAS. 
In the Mediterranean context, national systems are indispensable for flash‑flood early warning, urban pluvial forecasting, and reservoir management, but they benefit significantly from the large‑scale boundary conditions and early‑warning lead times supplied by EFAS and GloFAS. Overall: 
· GloFAS provides global early‑warning signals and long‑lead probabilistic outlooks.
· EFAS refines these forecasts for Europe, offering improved resolution and regional calibration.
· National systems deliver local, high‑precision forecasts and operational decision support.
Their combined use is essential for robust flood risk management, particularly in the hydrologically complex and rapidly responding Mediterranean environment.
[bookmark: _Toc223688874][bookmark: _Toc224301611][bookmark: _Toc225873010]GOOGLE FLOOD FORECASTING SYSTEM
Another promising example is the Google Flood Forecasting system, developed by Google Research. It combines large-scale hydrological modelling with machine learning-based inundation mapping to provide real-time river flood forecasts and public warnings in several countries.
The system uses satellite observations, digital elevation data and historical hydrological records to produce forecasts several days ahead. Warnings are distributed through public platforms such as Flood Hub and mobile services. It operates in countries such as India and Bangladesh and continues to expand geographically. This shows that data-driven flood forecasting can operate on a national scale and support real-time public services (Nearing et al., 2024).
[bookmark: _Toc225873011]SELECTED MEDITERRANEAN EXAMPLES
To support the practicality of the Guidelines, some selected Mediterranean examples are referenced below in order to show how different flood- and stormwater-adaptation measures are applied under different climatic and hydrological conditions in the Mediterranean region.
The Dipotamos dam in Alexandroupolis, Greece case provides a useful Mediterranean example of adaptive water-management infrastructure that can support resilience to both drought and flood-related pressures in coastal towns. Through the “Water for the City” program, the optimisation of the Dipotamos dam using custom-made free-standing flood gates increased reservoir storage by 1.7 billion litres or about 14%, securing roughly one additional year of water availability for around 85,000 residents and water users. The intervention is particularly relevant as an example of how existing infrastructure can be upgraded to improve storage, support controlled flood discharge, and strengthen urban water security without expanding the dam’s environmental footprint, while being complemented by smart monitoring and broader integrated water-management actions (GWP-Med, 2019).
Another useful example is La Marjal floodable park in Alicante, Spain. It is a multifunctional urban green infrastructure designed to temporarily store excess stormwater during intense rainfall while serving as a public park under normal conditions. The park has a retention capacity of up to 45,000 m³, was created to reduce recurrent flooding in the San Juan Beach area. This innovative system, unlike traditional methods, avoids the construction of costly channels for direct discharge into the sea. The retained water is managed in a controlled manner, diverting it to the drainage network or the wastewater treatment plant once the intensity of the rain decreases. The large surface area of the park allows for a slow and controlled filling, minimizing the risk of overflow. The system includes a series of technological equipment, such as gates to control emptying, recirculation pumps, and alert systems, which guarantee its optimal performance. This illustrates how flood-risk reduction, water reuse, biodiversity enhancement, and public-space provision can be combined in a single adaptation measure. Also, the park has become an important habitat for local and stationary fauna, especially for birds. Lastly, "La Marjal" Park offers a green leisure space for the citizens of Alicante (Jódar-Abellán et al., 2018). 
The restoration of the River Cagne in Cagnes-sur-Mer, France provides a relevant Mediterranean example of river-restoration-based flood adaptation in a dense coastal urban setting. The initiative’s aim was to restore the river’s natural hydro-morphological and ecological functioning, reduce flood risk, recover space for the river, and reconnect the city and its residents with the river corridor through a longer-term master plan. The project combines flood prevention with biodiversity enhancement, landscape improvement, agricultural protection, and public-space regeneration, illustrating how river restoration can function as a hybrid adaptation approach that delivers both risk-reduction and wider environmental and social co-benefits (Maccario, 2022).
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