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Abstract

:

This paper presents the advantages and opportunities for rapid preliminary intervention screening to enhance inclusion of green infrastructures in regional scale stormwater management. Stormwater flooding is widely recognised as a significant and worsening natural hazard across the globe; however, current management approaches aimed at the site scale do not adequately explore opportunities for integrated management at the regional scale at which decisions are made. This research addresses this gap through supporting the development of stormwater management strategies, including green infrastructure, at a regional scale. This is achieved through upscaling a modelling approach using a spatially explicit inundation model (CADDIES) coupled with an economic model of inundation loss (OpenProFIA) to support widescale evaluation of green infrastructure during the informative early-stage development of stormwater management strategies. This novel regional scale approach is demonstrated across a case study of the San Francisco Bay Area, spanning 8300 sq km. The main opportunity from this regional approach is to identify spatial and temporal trends which are used to inform regional planning and direct future detailed modelling efforts. The study highlights several limitations of the new method, suggesting it should be applied as part of a suite of landscape management approaches; however, highlights that it has the potential to complement existing stormwater management toolkits.
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1. Introduction


Cities are facing unprecedented shocks from natural hazards, such as floods, droughts and heat-waves [1,2,3,4,5]. The convergence of people, economic activity and social function makes cities uniquely vulnerable to the challenges of a changing climate, growing population and urban expansion [6,7]. Managing environmental hazards is necessary and urgent to prevent major future disruption to social and economic functions in cities [8], but assessing and implementing management strategies at the regional scale is complicated and expensive, particularly in the case of managing large conurbations. New approaches and methodologies are required for the effective future management of urban environments and mitigation of natural hazards [9]. In particular, recent studies emphasise a need to manage stormwater flood hazards [1,2,10,11,12].



Stormwater flooding is a global issue, with many international government reports and academic studies emphasising the need for management strategies to be implemented [5,10,12,13]. Need for action is evidenced through growth of international surface and storm water management agendas such as sustainable drainage systems (SuDS) [14], sponge cities [15], water sensitive urban design (WSUD) [5] and low impact development (LID) [16], to name a few [17].



It has long been understood that climate change, population growth and urban expansion are increasing future stormwater risks to cities [7]. However, recent advances in research highlight that the magnitude of these hazards has been systematically underestimated [12]. Even in low impact climate change scenarios, cities are likely to face far greater hazards from flooding than previously recognised [2]. A changing climate is predicted to increase the seasonality and variability of weather patterns, influencing the occurrence and characteristics of extreme weather events [1,7,18]. The most relevant impact to stormwater management is the increase in intensity and duration of extreme precipitation which may result in surface water flooding as a result of exceeding the capacity of existing drainage systems [19]. Studies have highlighted that it is these extreme events, and not gradual change, which pose the most risk to humans [20]. This is of particular concern where climate changes could also exacerbate other anthropogenic pressures such as urban sprawl and changes in land use [21]. Therefore, it is crucial that future urban and landscape management accommodates mechanisms to plan for extreme events.



A promising approach for managing urban stormwater relies on green infrastructure; also referred to as natural infrastructure, blue-green systems, nature-based solutions and a variety of related concepts described in Fletcher et al. [17]. The terminology relating to green infrastructure, and synonymous concepts, is diverse and cross-disciplinary. Terminology is also differentiated geographically, with different terminologies preferred in different regions. For example, but not limited to, SuDS (UK), WSUD (Australia), LID (USA) and sponge cities (China) [17]. For this study we use the terms ‘green infrastructure’ and ‘urban greening’ to represent nature based, decentralised and above ground stormwater management practices, such as rain gardens, green roofs and permeable paving, among many other measures [17,22,23,24]. We have applied these terms within our paper as they are increasingly common within the international stormwater vernacular and capture the essence of many other significant synonymous terminologies [17,25]. In addition to this, the term is accessible to multidisciplinary stakeholders involved in the regional planning process and reflects the multiple ecosystem services which green stormwater infrastructure can develop, such as benefits to air quality, recreation, biodiversity and water provision, to name a few [15,26,27,28,29].



Research indicates that green infrastructure is particularly promising when distributed at a catchment scale [30,31,32]. Recent interest in green infrastructure stems from the recognition that they can provide a range of services, for example, heat mitigation or flood risk mitigation, and that proper management of these assets can help enhance services across landscapes. However, despite a wealth of models and approaches designed to evaluate ecosystem services, many current approaches do not adequately represent stormwater runoff mitigation within these frameworks.



Ecosystem services models for stormwater runoff mitigation are often simplistic, focusing on runoff reduction at a site or small catchment scale, but failing to examine the actual benefits at a coordinated regional scale [16,22,33,34]: in the case of flood risk mitigation, for example, they rarely estimate where and how much inundation may be reduced due to investment in green infrastructure [30]. Yet, to understand where green infrastructure has the highest benefits, this spatial understanding is necessary [35], highlighting the need for spatially-explicit but parsimonious stormwater ecosystem services models.



Several review articles specifically focus on assessing the tools available to quantitatively assess green infrastructure interventions. Elliott and Trowsdale [36] conducted a review of a broad spectrum of urban stormwater models specialised to include green infrastructure techniques. The authors identified 40 models and found the majority of models were not well suited to modelling high spatial resolution of individual interventions or their effects on catchment scale surface flood dynamics. Jayasooriya and Ng [37] conducted an updated review of current stormwater flood models by advancing the scope to assess incorporating economic analysis within models. The study identified several key challenges in developing green infrastructure modelling, in particular finding that research gaps exist regarding inclusion of a wider range of green infrastructure practices, applicability to a range of regions using easily obtainable input data, engaging stakeholders and using new technologies to advance capabilities of decision support systems. This finding is supported by recent analysis from the urban stormwater planning community, where it is highlighted that achieving flood management at local, regional and national levels requires significant developments in urban planning [26,34,38,39,40]. In particular, research calls for a need to address an ‘implementation gap’ in applying green infrastructure, where, although appropriate technical understanding for designing interventions is well-understood, a lack of early and effective multi-disciplinary integration, planning and evidence of success at a landscape scale has held back regional stormwater policies.



Another limitation of current regional scale modelling is that many frameworks assume an ‘instrumental’ use of information, requiring a high-level of confidence to inform site-specific decisions [41]. This includes, for example cost benefit analyses of interventions [42]; however, many applications, particularly those at the outset of regional management, only require the understanding of general trends to orient policies, support collaborations or inform next steps, such as prioritising areas to direct more resource intensive detailed modelling or identifying and connecting stakeholders [5,26,38]. This use of modelling information, referred to as ‘strategic’ [41,43], is particularly useful for integrated regional planning, where flood risk is coupled with other ecosystem services or socio-economic data [16,38,39,40,44]. Consequently, this research explores the application of a rapid and straightforward approach for initial stage decision support, with a key focus on developing a method applicable with easily accessible open data and capable of facilitating scenario exploration and collaborating diverse multi-disciplinary stakeholder engagement at the informative and influential preliminary stage of flood management.



This study responds to these challenges through exploring the benefits and limitations of applying a rapid screening tool to investigate, evidence and engage the potential of green infrastructure at a regional scale when developing stormwater management strategies. This is presented relative to a case study in San Francisco Bay, USA. The paper presents a method for rapid screening, illustrates the relevance of spatial information for regional landscape management, and presents specific findings regarding potential regional stormwater management in the San Francisco Bay Area.




2. Materials and Methods


This section describes the rapid assessment tools applied to represent and evaluate regional landscape management and introduces an example case study where these are applied to San Francisco Bay Area in the US.



2.1. Rapid Flood Modelling Using Cellular Automata


A rise in availability of high-resolution data has encouraged the development of a new series of models that apply novel cellular automata for modelling stormwater flooding. Cellular automata are grid-based systems that apply water routing rules based on simplified hydraulic equations to achieve speed increases versus traditional 2D models. The simplicity of this model structure is suited to computational parallelisation, providing the possibility of further speed increases [45].



A range of cellular automata flood models have been developed. Caviedes-Voullième et al. [46] carried out a review of current cellular automata flood models, identifying the relatively new development of the methodology, with the majority of advances made in the past 10 years. Early examples of these models were applied to simulate fluvial dynamics [47]. The approach has been applied to stormwater flood dynamics across flood plains [48,49,50,51,52]. Recent approaches have refined this application towards detailed simulation of urban environments, although so far this has been undertaken at limited scale [25,53,54,55].



This study applies the ‘CADDIES’ flood model (www.cafloodpro.com (accessed on 22 July 2021)) to develop a representation of the study region. CADDIES applies a cellular automata flood model to simulate overland flow across a 2D domain structured using a regular grid. Movement of runoff across the domain is calculated through a set of cell transition rules that calculate water movement between adjacent cells to specify changes in water level. Water level is calculated through adding an ‘input’ volume and subtracting an ‘output’ volume from water levels in each cell. The direction of runoff is then determined by ranking water levels between adjacent cells and smoothing out the water surface. The rate at which water is distributed between cells is a function of the cell roughness parameter. Full details, equations and validation of the CADDIES flood model are available across a range of previous studies [54,55,56,57,58,59]. Figure 1 presents a simplified version of this model architecture.



A key requirement in rapid modelling is the ability to efficiently set up and evaluate preliminary models to steer and enhance understanding. As such, the model is setup using efficient simplification of parameters to facilitate a streamlined analytical tool, suitable for early-stage option development.



Parameters are adapted on a cell-by-cell basis to alter the rate and quantity of runoff. These are cell elevation, roughness, input and output. Elevation (in m) represents topography and is specified using a Digital Elevation Model (DEM). Roughness (in Manning’s n coefficient) represents surface roughness and is used to calculate runoff speed through adapting the model time step. This value remains constant throughout a simulation. Input (in mm/hour) represents incoming water at each time step, typically through rainfall, although other inputs can also be included. This value is also time variable so that rainfall hyetographs can be included within the model. Output (in mm/hour) represents the rate of water removed from each cell at each time step. This value encapsulates the sum of infiltration, drainage, evapotranspiration and pumping. The value of potential maximum output remains consistent throughout the simulation. Manipulation of these four simple parameters is used to represent a wide range of potential surfaces and interventions [25,60].



This approach affords simulation speed, but at a trade-off versus detailed representation of the urban environment. Previous research has highlighted the utility of this approach for conceptual and strategic modelling, but cautions against relying on this level of screening to imply detailed high resolution flood dynamics [58]. In particular, the method includes simplifications of the urban drainage system through cell output parametrisation. This approach is acceptable in terms of urban flooding during extreme stormwater runoff, where an over capacity drainage network is unable to contain flows and so overland runoff becomes the predominant flood route but should not be applied to simulate sewer flows during routine events which require a much more detailed breakdown of pipe flow, achievable using a coupled 1D network simulation. As the aim of this study is preliminary analysis and facilitating scenario exploration, it is deemed acceptable to use this high-level approach in this case.




2.2. San Francisco Bay Area Case Study


The San Francisco Bay Area is a large conurbation located in Northern California, United States. The area includes the nine counties surrounding the Bay: Alameda, Contra Costa, Marin, Napa, San Mateo, Santa Clara, Solano, Sonoma and San Francisco. The 2010 United States census approximates the population of the area as 7.15 million [61]. The study area investigated in this paper is the 8342 square km region representing the watersheds within the Bay Area (Figure 2). This area is represented using an open-source digital elevation model and land use classification. The DEM applies a 30 m by 30 m cell resolution representing broad elevation changes across a regional scale [62]. Land use is sampled at the same 30 m by 30 m resolution applied using the DEM and split into 25 possible classes [63], with 20 being present across the watershed study area (Figure 2). The water balance associated with each land use class modelled through adjusting the input, output and roughness parameters (Figure 1).



Model input parameters are used to specify the temporally and spatially variable rainfall intensity applied to the model surface (Figure 1). Rainfall intensities have been specified using the NOAA ‘Atlas 14′ point precipitation estimates for San Francisco [64]. Atlas 14 provides the intensity-duration-frequency (IDF) relationship applicable to the region. This IDF was constructed into design storms to represent a range of different rainfall events. The critical design rainfall associated with this region was found to be the two-hour rainfall event, therefore a rainfall distribution was created through mapping this event onto the six-hour rainfall characterised by NOAA.



Roughness parameters were specified using Manning’s roughness coefficients for flood plains in the United States Geological Survey Scientific Investigations Report [65,66]. This report provides estimated value ranges for coefficients based on land use types, form and vegetation density, based on modified parameters linked to land use types from literature [67,68,69].



Output rates represent the water losses caused by infiltration through soils and drainage through surface and sub-surface infrastructure. Infiltration was defined based on the SWMM soil categories. Soils across the San Francisco Bay region are generally classified into Hydrological Soil Group C [70]. Group C soils have limited infiltration rates, leading to a moderately high runoff potential when wetted. The mid-range value for this group (2.6 mm/h) is applied to non-urban land uses across the Bay scale model. It was assumed that palustrine and estuarine environments will likely already be saturated, therefore an infiltration rate of 0 mm/hour has been defined.



Output rates describing the urban drainage system across urban land use are difficult to characterise due to a wide range of drainage network capacities. For this study, the assumption of 15 mm/hour has been applied across all urban cells, representing the average intensity of a 10-year, 2-hour design storm event, suggested to be indicative of broad scale design standards for stormwater drainage. This assumption is in line with similar broad scale modelling applied across the UK Environment Agencies ‘Risk of Flooding from Surface Water’ methodology [71].




2.3. Developing Intervention Scenarios for the Bay Area


Intervention scenarios were developed to explore the role of a regional-scale flood risk assessment and the potential for stormwater management strategies at that scale. The study also aims to respond to a gap in knowledge regarding application of distributed green infrastructure. In response to this, a range of scenarios were evaluated, including a baseline for relative comparison, distributed rainwater capture and intensive urban greening through landscape management. Scenarios were implemented through developing characteristics of the intervention across each cell and then representing these through adjusting cell parameters.



The baseline scenario represented the study area with land uses as described in the previous section. The baseline was evaluated across 10, 25, 50, 100, 200 and 1000-year return period design storms.



The rainwater capture intervention represented implementation of tanks collecting runoff from roofs [72]. This was modelled through reducing the effective rainfall in each cell through manipulating the cell input parameter indicative of this input being captured before it reaches the cell surface [73]. The study included two variants of this scenario: moderate capture volume of 10 000 l of storage in each cell and an intensive scenario with 20,000 L of storage in each cell. This equates to approximately two and four domestic rainwater harvesting tanks within each 30 × 30 m cell, respectively. The assumption was applied uniformly across all urban cells in the model and as such represents an aspirational long-term future for the Bay Area.



The urban greening intervention scenario represents the implementation of green infrastructure to capture runoff and adapt land surfaces to slow and retain runoff. The intervention was modelled in moderate and intensive variants, represented through the same assumptions outlined for rainwater tanks, plus the altering the cell roughness in urban areas to represent slowing runoff with greened surfaces. Developed urban land was attributed a Manning’s value of 0.030 and open urban land was attributed 0.050. These values are indicative of low and high values for high grass [67,68,69].



Intervention scenarios were evaluated using 25-year and 100-year return period design storms, indicative of a design standard and an extreme event, respectively.




2.4. Valuing the Flood Management Benefits of Interventions


Flood management valuation was undertaken using the open-source probabilistic flood impact analysis software (OpenProFIA) [74]. This software monetises the flood mitigation value of interventions through calculating Direct Economic Losses (DEL) caused by each flood scenario and then generates a comparison in losses between a baseline and each intervention scenario. Reduced damages attributed to interventions are valued as a positive outcome of the flood management scenario.



DEL are losses associated to the direct action of flooding on assets and people [75]. Other literature classifies this type of damage assessment as direct and tangible [76,77]. DEL can be further disaggregated into buildings, contents and inventory. ‘Building’ losses are the costs of damage to components that are permanently attached to the building (both structural and non-structural). ‘Contents’ losses are damages to elements inside the building that are not permanently attached to it. ‘Inventory’ losses are damages to stocks, and most relevant when examining impact to commerce and industry [78].



This study restricts calculation of DEL to ‘Structural’ and ‘Contents’ components, due to a need to provide an effective and high-level comparative metric, achievable using initial and exploratory modelling [79]. Indirect (i.e., cascading interruption of economic processes), intangible (i.e., health outcomes) and highly variable (i.e., stock) losses are not taken into account due to the complexity and lack of data to support such analysis at this high-level initial screening.



To analyse the impact of a particular hazard to the urban environment, the OpenProFIA tool combines three components to calculate DEL: hazard, exposure and vulnerability. Hazard refers to the likelihood and spatially distributed intensity of a potentially destructive phenomenon, here represented as a flood-depth map from CADDIES. Exposure refers to the location, attributes and value of assets potentially damaged. Vulnerability refers to the reaction of the assets when exposed to the forces produced by the hazard, for example a depth-damage function (also termed vulnerability curve). The flood-depth hazard map is transformed into a damage map through overlaying the exposure maps and corresponding vulnerability functions. DEL is then computed as the sum of damage times the total cost of each exposure object. Further details can be found in the documentation of the tool [74].



The hazard model used in the analysis is the CADDIES flood model, as described in previous sections of this paper. The maps of flood-depth peaks generated by this model are used as input in the OpenProFIA tool.



The exposure model, including the economic values of buildings, contents and inventories per occupancy type, was extracted from Hazard U.S. (HAZUS) software, developed by the U.S. Federal Emergency Management Agency (FEMA), which contains a United States wide database of General Building Stock characteristics aggregated at the census-block-level [78].



The vulnerability model is represented by a deterministic depth-damage curve, relating the flood depth at a building site with the percentage of the total asset value that would be needed to replace/repair the building or its contents. Depth-damage curves are extracted from the FEMA and US Army Corps of Engineers (USACE) historic flood database using empirical data from past floods [80,81]. Total damage (DEL) is calculated through the sum of census block damages from each flood and intervention scenario.





3. Results


3.1. Evaluating Flood Depths Across a Range of Storm Return Periods


To evaluate the change in flood extents resulting from increasing magnitude, Figure 3 presents peak flood depths during the 25, 100 and 1000-year return period events. Panels A–C show zoomed in flood depths across all return periods for four areas of interest. Panel D presents the full extent of the study area and spatial relationship of these four areas of interest. The relationship between each panel and the full spatial extent is shown through the same colour used for the borders of Panels A–C being used to indicate scale of cut outs in Panel D.



The model indicates depths of 0.3 m to 0.9 m in all highlighted catchments. As expected, flooding increases in line with the return period, with depths approaching 1.5 m to 2.0 m in the 100 and 1000-year return period events. Very high flood depths of up to 3.0 m are observed in localised regions during the 1000-year flood events, typically at the confluence of several flood routes intersecting in depressions in the DEM.




3.2. Evaluating Flood Depths Across Scenarios


Figure 4 presents peak flood depths predicted for the four interventions across the four highlighted areas during the 100-year return period, two-hour design storm. This indicates that the extent of deep flooding reduces as more intensive interventions are installed across the urban area. The best performing intervention in terms of achieving this flood reduction is the intensive urban greening through landscape management; however, even in this scenario deep flooding is still observed across the catchments.




3.3. Valuing the Flood Management Benefits of Interventions


Actual impacts of regional scale flooding are challenging to observe over the large-scale maps; therefore, the different interventions can be better compared through examining summary metrics which encapsulate the effect of strategies across the full study area. We have chosen to present our county level stormwater hazard evaluation for both return periods through the DEL metric. This is due to the potential for inundation extent to be potentially misleading when presented independently of context, as extent only captures the hazard coverage, irrespective of any spatial relationship of that coverage to hazard receptors. On the other hand, DEL captures both the inundation extent and likely damage, providing a metric encapsulating extent, depth and location into one impact value. This is of pertinence when considering a strategic regional scale assessment, such as ours, where large areas of stormwater flooding may be apparent, but are less significant to policy makers than understanding where flooding creates impacts. Table 1 presents DEL and ecosystem service valuation across in all scenarios through the 25 and 100-year return periods.



Table 1 indicates that the structural component of DEL is more than double the contents component of the calculation in all events, highlighting the importance of building fabric in determining damages and highlighting opportunities for advanced construction techniques to manage future losses. Flood resilient buildings are an emerging technology which may be able to reduce recovery time and minimise the structural damage mechanisms in future analysis [82,83].



All interventions provide flood management benefits across both the design standard and extreme return periods. However, the mitigated losses are similar when comparing the same intervention scenario for the 25 and the 100-year event, indicating that the intervention approaches a peak performance at which it is utilised at full capacity.



The intensive intervention application is the more effective measure in all scenarios. Doubling the storage size from 10,000 to 20,000 L per cell is shown to boost benefits by 732 and 573 million USD for urban greening and rainwater capture, respectively, in the 25-year return period event. This benefit is calculated to be 631 and 610 million USD for the 100-year return period storm.



Urban greening is the most effective intervention during the 25-year event, providing an estimated ecosystem service of 832 million USD; However, during the extreme 100-year return period event urban greening declines in effectiveness and rainwater capture becomes the most effective intervention, delivering an ecosystem service valued at 871 million USD. This is due to the slower runoff associated with urban greening leading to more ponding during very high intensity rainfall. In practice this could likely be mitigated through providing space for water to temporarily pond when designing urban greening interventions, such as parks, rain gardens and swales. This would ensure ponding is manageable, however it should be noted that there is always the potential for very intense storms to overwhelm storage capacities and so complementary flood resilience and recovery interventions should be considered alongside green infrastructure [8,22,60]. The change in intervention effectiveness ranking as the return period increases demonstrates the value of exploring a range of interventions and their responses to increasing return periods.



Despite large improvements attributed to interventions, significant damage costs remain across all scenarios, indicating that no strategy is able to entirely mitigate flood impacts independently.



The figures in Table 1 provide a synthesis of results, however, miss the spatial element observed in the flood maps. From these maps it can be seen that while the effective mitigation produced by the green infrastructure is widespread over the census blocks, there are many places where the baseline scenario actually yields less losses. This is due to an increment of very shallow inundation depths over a larger area due to ponding generated by the green infrastructure holding water in the upper catchment. However, this phenomenon of widespread ponding water does not appear in the less intense 25-year event, likely due to the intervention capacity managing a large amount of the rainfall. It is likely that this effect is a model artefact, since in practice due green infrastructure would be designed to ensure shallow water ponds away from properties.



Table 2 presents mitigated losses per county (absolute) and Table 3 presents this same value relative to the baseline. These tables highlight that benefits vary widely spatially across the case study, with a range of up to above 200 million from the highest to lowest benefiting county. As interventions are applied uniformly across all urban areas, this range is attributed to counties with a larger urban area receiving a larger benefit, however it also highlights the spatial effectiveness of interventions, which should be considered when evaluating large scale opportunities.



Table 2 and Table 3 also show that all interventions provide benefits across all counties, bar small dis-benefits seen in Marin and Solano created by the moderate urban greening intervention during the 100-year flood event. This dis-benefit is associated with the aforementioned mechanism of urban greening slowing water in the upper catchment and leading to accumulation of shallow inundation depths which lead to more damage. This highlights the importance of spatial analysis over multiple return periods; however, it is noted that this effect is only seen in two counties, with all others indicating a benefit.





4. Discussion


4.1. Rapid Modelling as a Component of Regional Scale Stormwater Management


This research highlights several key advantages of rapid modelling as a component of scenario exploration. The primary novelty of the work is the ability to integrate regional scale simulation of stormwater flooding and interventions within decision support processes during the informative early stages of strategy consideration and preliminary design. This is facilitated through application of a cellular automata, run with easily accessible and open access data, representing an approach replicable by stakeholders with limited resource (time and financial) for expensive licensing, processing or monitoring. The method therefore provides a useful means to engage stakeholders, explore options at the regional scale investment decisions are made and direct further actions, such as data gathering, model acquisition and strategic targeting.



The regional scale perspective of our study also responds to a growing narrative in green infrastructure research that isolated conventional solutions are not sufficient to manage the increasing demands on infrastructure created by increasing hazards and limited resources. Instead, this study highlights that catchment-scale flooding requires management through distributed, diverse and novel technologies such as green infrastructure [5,14,17,23,84,85]. The methodology supports analysis at the regional scale and connects the various stakeholders who can play a role in the development of aspirational landscape strategies, advancing from a historic paradigm of isolated site-based measures which do not always connect at the catchment scale [16,22,27,34].



The approach also enables a spatial consideration of benefits, integrating analysis at across regional, catchment and sub-catchment scales. This resolution provides valuable insight into spatial disaggregation of hazards and helps stakeholders to orient policy accordingly by applying spatial understanding and scenario exploration to target interventions, data gathering and engagement where the potential benefits are most required.



Integration of ecosystem services, albeit in a simplified way, provides an opportunity for decision support to identify the value of interventions at an early stage of analysis and can start to develop evidence bridging the gap between green and conventional strategies. Among the most popular regional scale ecosystem services tools (e.g., InVEST, ARIES, MIMES, i-Tree, none, to our knowledge, provide a spatially explicit assessment of flood risk with inundation maps. New approaches such as the one presented here are valuable, as they provide a quantitative and spatial estimate of inundation risk that help engage with urban planners. This is of particular importance given the risk-averse nature of regional decision making being susceptible to the inertia of ‘tried and tested’ solutions with a historic evidence base at the expense of implementing new technologies [29,86].



Regional and rapid screening does have significant limitations which need to be acknowledged to ensure it is applied in an effective, useful and responsible manner. The most significant of these limitations is the uncertainty inherent to the rapid screening through simplifications to the DEM and parameterisations of physical processes. Representing the landscape-scale using this approach requires a relatively coarse grid scale of the underlying DEM which may not accurately represent the effects that urban micro-topographical features such as kerbs, walls, ditches and fences have on runoff flows [87,88,89]. Similarly, simplification of underlying physical processes through applying a set infiltration rate for each broad land use type and a lack of a full 1D pipe flow simulation means that the approach is not suitable for detailed design. However, literature highlights that detailed and high-resolution data is not always required, and that data should instead be aligned to the scope of decisions for which a model is intended [90,91]. In this case a broad regional representation of flood hazards using open source and easily accessible data is required to enable scenario exploration, data need identification and stakeholder engagement. Although it should also be noted that baseline simulations do still align with publicly available data sources [92] and liaison with regional expert stakeholders from the Bay Area, indicating that flood hotspots correlated between this rapid approach and available understanding and mapping. However, the authors do stress that this type of efficient modelling is only suitable for the initial screening of regional flood dynamics and does not fully represent the detail required for drainage design and high-resolution flood modelling.



Furthermore, the exploratory modelling here focuses on estimating the benefits of strategies and is too high level to accurately gauge the full design costs of implementing these, which would require comprehensive understanding and analysis of site-specific factors, better suited to latter stages of detailed design. It is recommended that future research further explore whether intervention installation, operation and maintenance costs, as well as sustainability criteria such as carbon footprints, can also be estimated at a similar exploratory scale. This understanding will likely develop as the evidence base for regional implementation of green infrastructure is advanced; However, it should be noted that existing site scale studies do already indicate that general application of urban greening and sustainable drainage retrofit is cost effective when applied to target design standard flood events [93,94].



The trade-off between data availability, cost, simulation speed and simplicity of regional design versus accuracy at the site scale means that this type of preliminary analysis should only be applied for initial regional exploratory modelling, rather than results at individual sites being used as the basis for detailed design decisions. This ensures that uncertainties regarding high-level data inputs and simplifications during the runoff simulation and cost evaluation are not over-sold to stakeholders. The place and utility of rapid regional models in the landscape planning discipline are therefore in terms of a complementary approach to existing models; to inform, co-ordinate and steer, rather than replace, existing detailed and site-specific approaches used widely across urban and landscape management.




4.2. What Do These Results Mean for Stormwater Interventions in the Bay Area?


The results of this study indicate that regional scale implementation of green infrastructure interventions can provide a valuable ecosystem service benefit in the context of reducing flood damages. This is particularly relevant in terms of managing design standard events, such as the 25-year flood in which intensive urban greening reduces direct economic losses by 66% over the baseline when considered across the full region. The benefit of intensive urban greening is even more pronounced in specific counties: for example, Alameda and Santa Clara, where it reduces damages by 73% and 80% relative to the baseline; and San Francisco, where this intervention realises a 92% damage reduction versus the baseline. Intensive rainwater capture also evidences a strong benefit to the region, with most effective application locations mirroring the most effective applications of urban greening, including realising up to a 88% damage reduction in San Francisco. These commonalities between where measures are most effective highlight the utility of this method for identifying priority counties to target regional scale intervention strategies across, and could be a useful tool in integrating understanding between multi-disciplinary regional stakeholders during preliminary design [26,34,38,39].



All interventions provide less benefits during extreme flooding. This supports other stormwater management literature which highlights that alternative coping mechanisms, such as resilience and recovery, are required when planning for extreme events [8,22,25,95]. Effectiveness of interventions also changes during the extreme event, with rainwater capture exhibiting a higher benefit in terms of damage reduction than urban greening. This is attributed to the aforementioned slowing of runoff caused by urban greening, leading to ponding. In practice it is likely that any disbenefits caused by runoff ponding can be mitigated through designing adequate storage as part of urban greening strategies; however, even with careful design, it is always possible for extreme rainfall to exceed the capacity of storage systems, regardless of whether these are based on grey or green infrastructure. As such, this finding supports use of capture-based interventions for managing design standard events and highlights the need to enhance community awareness, preparedness and resilience to extreme flood events.



Another key message from our analysis is that decentralised regional strategies are most effective when they are deployed extensively across catchments. This can be observed through the disparity between relatively low benefits for moderate application versus significantly higher benefits for intensive applications. This is most apparent in the 25-year flood event, where moderate urban greening reduces damages versus the baseline of between 1.6% and 13.3%, whereas intensive urban greening reduces damages by between 34.9% and 92.2%. A similar result is observed with rainwater capture, where moderate capture leads to range of 7.9% to 22.2%, versus intensive capture achieving a 34.9% to 87.8% reduction in damages. This supports other literature highlighting that aspirational strategies implementing extensive decentralised application of green infrastructure are desirable across a catchment scale to maximise benefits and mitigate the increasing pressures of climate change and urbanisation [22,25,27,34].



It is of note that benefit values are likely to be an underestimate of the actual ecosystem service afforded by the intervention due to the damage model only taking into account direct and tangible losses to the building and contents, rather than including the direct and tangible costs to stocks, critical infrastructure and other vulnerable land uses. Furthermore, the method does not encapsulate the indirect or intangible losses attributed to impacts such as cascading effects of infrastructure disruption and negative outcomes to physical and mental health [76,96]. The flood reduction benefit of interventions is therefore likely to be underestimated relative to these outcomes. This provides strong support for further investigating intensive application of green infrastructure distributed across these counties. Similarly, our analysis focuses on the impact of single high impact events. Strong intervention performance observed during design standard events indicates that future research should further examine the benefits of interventions in terms of mitigating impacts from the frequent smaller but cumulative events which often receive less attention.



Furthermore, our method does not encapsulate the broad range of natural capital and ecosystem service benefits that various interventions, particularly urban greening, may provide [15,97]. Such efforts are currently undertaken regionally, for example through the Bay Area Greenprint [98] or efforts to develop adaptation strategies to sea-level rise [99]. They are particularly crucial for green infrastructure, which are widely recognised as providing multiple services such as health benefits (mental and physical), air quality improvements, public amenity, carbon sequestration, water supply resilience and managing urban heat islands [3,30,84,100,101,102]. Integration of flood risk mitigation benefits into broader ecosystem services assessments will provide a wider view of regional landscape management opportunities. This is of significance when evaluating the differences between urban greening, which is likely to have significant additional ecosystem service benefits to heat reduction, biodiversity and recreation, versus rainwater capture, which is less likely to exhibit these benefits typically associated with urban green space [3,26,29,100,103]. However, it should be noted that recent developments to urban rainwater capture infrastructure, such as community systems, active control and smart technology enabling real time catchment management may also enhance the effectiveness and benefits of capture technology [72,102,103,104,105,106,107,108], and subsequent research should explore this further.



Overall, consideration of additional ecosystem services suggests that interventions have a higher economic value than presented here. Nevertheless, the study supports that significant flood risk benefits can be realised with the intensive and distributed application of green infrastructure interventions at a regional scale.



One cautionary outcome from the study indicates that the green infrastructure effectiveness declines during the extreme flood events due to interventions exceeding capacity and water ponding upstream in catchments. In fact, despite large improvements attributed to interventions, it is apparent that significant damage costs remain across all scenarios. This emphasises the need for a variety of intervention options, including measures to mitigate hazards, such as those explored here, alongside adaption and coping mechanisms to boost resilience amongst affected communities, infrastructure and services [8]. This corroborates with literature supporting that green infrastructure, or by extension any medium volume distributed intervention, does have a finite capacity and therefore an effectiveness tipping point [25,60]. These tipping points are crucial to identify within flood management due to the likelihood of climate change increasing the intensity of future storms, thus reducing the level of protection identified during intervention design. The implication is that resistance based interventions alone are insufficient to guard against future flood damage [8]. Instead, these strategies should be considered as one component of an inclusive urban water management strategy which includes conventional infrastructure for everyday drainage, distributed and connected catchment wide solutions for managing design storms and community led flood resilience measures to cope with the inevitable events which exceed the capacities of even aspirational catchment wide intervention strategies.



In terms of translating these findings into actionable guidelines, our preliminary analysis indicates a strong potential for urban greening and rainwater capture to be integrated across the San Francisco Bay Area, in particular through targeting counties of Alameda, Santa Clara and San Francisco where benefits appear particularly high. Both strategies exhibit promise for managing design standard events, but should be complemented with additional community resilience strategies to prepare for extreme flooding which exceeds intervention capacities. All strategies present significant and similar benefits, however further research is recommended to examine whether novel technology can be developed to provide additional ecosystem services.



The consistency of these findings across the spatially diverse regional study area is promising for similar approaches to be investigated across other conurbations, however we caution that this kind of exploratory regional analysis should only be applied to inform and evidence next steps in coordinating decision support and is unsuitable to replace the detailed modelling and comprehensive cost benefit analysis which should form the basis of full strategy design.





5. Conclusions


This research successfully implements an approach for scenario exploration early in the landscape management design process. Application of easily accessible data and rapid modelling generates a methodology which can be applied to provide baseline information on regional stormwater flood risk mitigation, in combination with existing detailed approaches. The regional perspective connects catchment scale opportunities for water management, enhancing opportunities for distributed natural flood interventions, which research supports as effective measures to reduce urban flooding.



Even though a preliminary and exploratory approach, the study highlights the potential for significant stormwater benefits from regional application of green infrastructure, with application across some counties demonstrating up to a 92% reduction in flood damages during a 25-year flood event. Despite being a high-level analysis, understanding the potential of measures at a preliminary stage in design is a useful tool to motivate and engage multi-disciplinary stakeholders towards considering opportunities for regional scale stormwater management.



This study focuses on the stormwater element of ecosystem services, it is recommended that the next step is to integrate this approach within existing ecosystem services evaluation frameworks, with the aim of developing a comprehensive initial assessment of ecosystem benefits which can inform regional landscape planning. It is also recommended that future research evaluate uncertainties associated with the rapid modeling approach and how rapid screening and detailed site-scale models can be integrated to develop effective, inclusive and informed landscape management from initial regional scale screening through to site-focused implementation.
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Figure 1. CADDIES modelling architecture. Runoff is produced from each cell based on input rate and is routed between neighbouring cells depending on its output, elevation and roughness parameters. 
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Figure 2. Land use classification across the San Francisco Bay Study Area. 
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Figure 3. Peak flood depths with varying return periods during the two-hour event, with four highlighted watersheds in the: (A) 25-year; (B) 100-year; (C) 1000-year events; and (D) 1000-year across the entire Bay Area. 
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Figure 4. Comparing intervention effects on peak flood depth during 100-year return period, 2-h event. Reference scale regions set in Figure 3. 
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Table 1. Direct Economic Losses and ecosystem valuation (millions USD). RWC = Rainwater capture.
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	Scenario
	Structural
	Contents
	Total
	Losses Mitigated





	Baseline 25 years
	903
	361
	1264
	-



	Urban Greening Intensive 25 years
	312
	120
	432
	832



	Urban Greening Moderate 25 years
	830
	325
	1155
	109



	RWC Intensive 25 years
	357
	140
	497
	767



	RWC Moderate 25 years
	766
	304
	1070
	194



	Baseline 100 years
	1651
	703
	2354
	-



	Urban Greening Intensive 100 years
	1157
	460
	1617
	737



	Urban Greening Moderate 100 years
	1605
	643
	2248
	106



	RWC Intensive 100 years
	1055
	429
	1483
	871



	RWC Moderate 100 years
	1476
	617
	2093
	261
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Table 2. Spatial analysis of mitigated losses per county (millions USD). RWC = Rainwater capture.
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County

	
Urban Greening

(Intensive)

	
Urban Greening

(Moderate)

	
RWC

(Intensive)

	
RWC

(Moderate)




	
25 Years

	
100 Years

	
25 Years

	
100 Years

	
25 Years

	
100 Years

	
25 Years

	
100 Years






	
Alameda

	
207

	
196

	
30

	
30

	
186

	
224

	
47

	
69




	
Contra Costa

	
119

	
99

	
12

	
19

	
117

	
124

	
29

	
37




	
Marin

	
22

	
17

	
1

	
−1

	
22

	
24

	
5

	
7




	
Napa

	
19

	
14

	
3

	
4

	
18

	
16

	
5

	
5




	
San Francisco

	
83

	
75

	
12

	
21

	
79

	
89

	
20

	
26




	
San Mateo

	
83

	
72

	
10

	
9

	
79

	
87

	
20

	
25




	
Santa Clara

	
237

	
224

	
32

	
27

	
208

	
253

	
53

	
78




	
Solano

	
40

	
22

	
4

	
−4

	
39

	
32

	
10

	
9




	
Sonoma

	
18

	
18

	
1

	
2

	
17

	
22

	
4

	
6











[image: Table] 





Table 3. Spatial analysis of mitigated losses per county relative to baseline (%). RWC = Rainwater capture.
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County

	
Urban Greening

(Intensive)

	
Urban Greening (Moderate)

	
RWC

(Intensive)

	
RWC

(Moderate)




	
25 Years

	
100 Years

	
25 Years

	
100 Years

	
25 Years

	
100 Years

	
25 Years

	
100 Years






	
Alameda

	
72.9

	
35.7

	
10.6

	
5.5

	
65.5

	
40.8

	
16.5

	
12.6




	
Contra Costa

	
50.4

	
23.7

	
5.1

	
4.5

	
49.6

	
29.7

	
12.3

	
8.9




	
Marin

	
34.9

	
16.3

	
1.6

	
−1.0

	
34.9

	
23.1

	
7.9

	
6.7




	
Napa

	
42.2

	
19.4

	
6.7

	
5.6

	
40.0

	
22.2

	
11.1

	
6.9




	
San Francisco

	
92.2

	
40.1

	
13.3

	
11.2

	
87.8

	
47.6

	
22.2

	
13.9




	
San Mateo

	
61.9

	
29.5

	
7.5

	
3.7

	
59.0

	
35.7

	
14.9

	
10.2




	
Santa Clara

	
79.5

	
37.9

	
10.7

	
4.6

	
69.8

	
42.8

	
17.8

	
13.2




	
Solano

	
59.7

	
19.8

	
6.0

	
−3.6

	
58.2

	
28.8

	
14.9

	
8.1




	
Sonoma

	
40.0

	
23.1

	
2.2

	
2.6

	
37.8

	
28.2

	
8.9

	
7.7
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