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We used the EPA SWMM-5. 1 model to evaluate the relative impact of neighborhood design and constructed Low Impact Development (LID) features on infiltration, evaporation, and runoff for three future scenarios. In the Current Course (CC) future, current regulations and policies remain in place under lower rates of climate change and population growth. In the Stressed Resources (SR) future, rapid rates of population growth and climate change stress water systems, and conventional development patterns and management actions fail to keep pace with a changing environment. In the Integrated Water (IW) future, with the same rapid rates of climate change and population growth as the SR future, informed water management anticipates and adapts to expected changes. The IW scenario retains public open space, extensive use of constructed LID features, and has the lowest proportion of impervious surface. Neighborhood designs varied in the number of dwelling units, density of development, and spatial extent of nature-based solutions and constructed LID features used for stormwater management. We compared the scenarios using SWMM-5.1 for a set of NRCS Type 1a design storms (2-yr, 25-yr, 20% increase over 25-yr, 30% increase over 25-yr) with precipitation input at 6-min time steps as well as a set of 10-year continuous runs. Results illustrate the importance of neighborhood design in urban hydrology. The design with the highest proportion of impervious surface (SR future) produced runoff of up to 45–50% of precipitation for all variations of the 25-year storm, compared to 34–44 and 23–39% for the CC and IW futures, respectively. Evaporation accounted for only 2–3% of precipitation in the 25-year design storm simulations for any scenario. Results of continuous 10-year simulations were similar to the results of design storms. The proportion of precipitation that became runoff was highest in the SR future (33%), intermediate in the CC (16%), and lowest in the IW future (9%). Evaporation accounted for 6, 11, and 14 of precipitation in the SR, CC, and IW futures with LID, respectively. Infiltration was higher in scenarios with LID than for the same scenario without LID, and varied with the extent of LID employed, accounting for 59, 71, and 74% of precipitation in the SR, CC, and IW scenarios with LID. In addition to differences in performance for stormwater management, the alternative scenarios also provide different sets of co-benefits. The IW and SR future designs both provide more housing than the CC, and the IW future has the lowest cost of development per dwelling unit.
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INTRODUCTION

The demands on urban water systems have become increasingly complex as cities seek to provide housing for larger populations, plan for and adapt to climate change, and comply with environmental regulations, while maintaining the livability and community identity sought by their residents (Wu, 2014; Childers et al., 2015). Recently, landscape architects, urban planners, and others have promoted the potential for a nexus approach (Liu et al., 2018), including use of nature-based solutions (such as riparian buffers, flood plain restoration, parks, and public open spaces) to help solve many of the problems posed by urbanization in the context of an uncertain future climate (Andersson et al., 2014; Meerow and Newell, 2017). Examples include the development of “sponge cities” in China and Southeast Asia (Jiang et al., 2018), as well as efforts in cities such as Portland, OR to reduce overflows from combined sewer systems through both sewer system redesign (Adderley and Mandilag, 2002), and installation and incorporation of multiple types of green infrastructure (City of Portland Bureau of Environmental Services, 2021). Numerous studies [e.g., those reviewed by Jefferson et al. (2017) and Bell et al. (2020)] have explored the impact of constructed Low Impact Development (LID) features such as bioretention cells, rain gardens and bioswales, rain barrels and green roofs on reducing stormwater runoff in cities.

However, relatively few studies have specifically assessed the relative impact of neighborhood design and constructed LID features for meeting multiple objectives during urban development. This project used a stakeholder-guided process to design alternative future scenarios representing contrasting approaches to development that would accommodate population growth, climate change, and meet current construction and design standards, and assessed the performance of each scenario at the scale of an urbanizing neighborhood. This work was part of a larger project to investigate the effectiveness of multiscale planning efforts to mitigate the impacts of both population growth and climate change in the Willamette Valley, Oregon (Santelmann et al., 2019; Wright et al., 2021). Here, we focused at the neighborhood scale to explore the impacts of different approaches to urbanization and stormwater management on catchment hydrology and other metrics reflecting co-benefits such as spatial extent of public open space and cost per dwelling unit. Our stakeholders were interested in exploring the extent to which retention of riparian forest and development designs that vary housing density and preserve public open space might contribute to the achievement of desired stormwater management goals, and the magnitude of these effects as compared to the impact of constructed LID features.

This work addresses the following research questions about the hydrologic effects of urbanization at the scale of an urbanizing neighborhood:

• Can nature-based solutions as part of neighborhood development design effectively manage stormwater while meeting other objectives for urban residents?

• How do differences in development patterns that result from different policies affect the response to storms, the overall water balance of the neighborhood, and the degree to which the pre-development flow regime is altered?

• What is the relative magnitude of impact of LID features (such as bioretention cells, bioswales, green roofs, rain barrels, and pervious pavement) compared to neighborhood designs that incorporate nature-based solutions (riparian buffers, parks, and public open space) for stormwater management?

We used the Stormwater Management Model (SWMM v 5.1) to evaluate the performance of three alternative future scenarios for neighborhood development pattern, with and without additional constructed LID features (Rossman, 2015). SWMM is an open-source model designed to calculate urban storm water runoff in urban catchments. The model has been effective in hydrologic assessment for urban planning (Jang et al., 2007). Studies have used SWMM to apply projected future climate data to assess runoff for future climate scenarios (Moghadas et al., 2018). SWMM has also been used to predict LID performance regarding water quantity and quality to further understand the impacts of land-use and development (Palla and Gnecco, 2015; Kong et al., 2017; Baek et al., 2020; Hamedani et al., 2021). Our objective in this modeling effort was to better understand the relative impacts of both innovative neighborhood design and constructed LID features associated with each design (such as rain barrels, bioretention cells, bioswales, and detention ponds) used to manage stormwater on site.

We compared the performance of the neighborhood designs with and without constructed LID features at two temporal scales. We ran a set of simulations of four different 24-h NRCS Type 1a design storms; the 2-year storm, 25-year storm, and the 25-year design storm with an increase of 20 and 30% in total precipitation and intensity. Recent future climate projections indicate that storm intensity in the Pacific Northwest may increase by 20–30% in the twenty-first century (Trenberth, 1998; Dominguez et al., 2012). These simulations were intended to investigate whether development that meets current construction and design standards might not perform as well in the future if the region experiences storms of greater intensity. We also ran four different 10-year continuous simulations, across a range of historic and future climate inputs, described in more detail below.



METHODS


Study Area

The West Sherwood Neighborhood is a neighborhood of about 187 ha in area, located along the Portland, Oregon Metropolitan Urban Growth Boundary (UGB). Land use in the modeled neighborhood for our baseline date of 2010 was primarily rural residential and agricultural. These land use data were available at a 10 m resolution and represent the most accurate LULC coverage available for the Willamette River Basin, and were also used for the larger project at the basin and watershed scale (Santelmann et al., 2019; Wright et al., 2021). Local city planning is expecting further development with the construction of a new school in the northeast section of the neighborhood (Figure 1). The climate of the region is characterized as a Mediterranean climate with cool, wet winters and warm, dry summers. The regional average annual temperature is 11.3°C and annual precipitation ranges from 100 to 130 cm (Hulse et al., 2002).
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FIGURE 1. Map showing the location of the West Sherwood neighborhood within the Chicken Creek Watershed, which is located within the Willamette River Basin in the state of Oregon. The three alternative future scenarios are shown for the West Sherwood neighborhood, from left to right: Current Course, Stressed Resources, and Integrated Water future scenarios (Supplementary Figure 1 illustrates the delineation of the sub-catchments used in the SWMM simulations and detailed land use information).




Alternative Future Scenarios

Our research team collaborated with a Stakeholder Advisory Committee (SAC) consisting of local water managers, regional water experts, and agency professionals in the development of three alternative future scenarios that would explore plausible outcomes of different choices for development circa 2060 in the urban reserves surrounding the city of Portland. Stakeholders were interested in having the research team explore the landscapes that would emerge given three different sets of policy priorities. The process of scenario development and neighborhood design is described in detail in Santelmann et al. (2019). We met at 3- to 4-month intervals between 2015 and 2019 to develop three alternative future scenarios that we named the Current Course Future, Stressed Resources Future, and Integrated Water Future. In the Current Course (CC), current trends, policies and regulations remain in place with no anticipation of a changing environment. Development patterns in this scenario reflect the assumption of lower rates of climate change and population growth in the region. The Stressed Resources (SR) alternative future is characterized by higher rates of population growth and changing climate, placing increasing stress on water systems with mitigation actions falling behind a changing environment. This scenario has the greatest proportion of impervious surfaces in the neighborhood design. In the Integrated Water Future (IW), policies of informed and pro-active water management anticipate and adapt rapidly to the same high rates of climate change and population growth as in the SR future. The IW future conserves riparian areas and public green space and has the lowest proportion of impervious surface. The IW future with LID also employs the most extensive use of constructed LID. The three scenarios thus compare development patterns that our SAC envisioned as plausible outcomes by the year 2060, in response to two different rates of climate change and population increase.

Each scenario developed with the SAC was then translated into maps of the watershed-scale land cover at 10 m resolution as well as neighborhood-scale maps for the West Sherwood neighborhood, as an example of how policies in each scenario might be manifested on the same urbanizing area (Figure 1). The sub-catchments in the SWMM input files were hand-delineated using the existing land cover and scenario designs draped over a DEM with a 5 m contour interval as a backdrop. A general assumption was made that lots would be graded so that any building would be located at the highpoint and runoff would then flow from the back of lot to the front of lot and into the public right of way. Storm sewer pipes were assumed to run parallel to the street and it was also assumed that each block would include an inlet that would allow water to enter the separate storm sewer system.

The models were developed using design standards and parameters defined by Clean Water Services (Clean Water Services, 2019). Additionally, as is typical for many urban modeling applications when calibration data are not available, the physical characteristics of each sub-catchment (area divided by the average overland flow length) was used for the initial estimate of width, which is the most sensitive parameter of SWMM applications. When designing the detention ponds, a general assumption was made that the detention ponds were constructed as rectangles with 2:1 length to width ratio. For neighborhood topography, we used Digital Elevation Maps at 5 m contour intervals that restricted height to what was available given existing topography. The detention ponds were then sized to treat the water quality rainfall event (0.76 cm), the 25-year storm (9.9 cm), and the 10-year storm (11.4 cm) according to design criteria. The design of each detention basin was then assessed using region-specific design storms to ensure that the initial input files met construction and design standards for stormwater management (Clean Water Services, 2019) using detention ponds (water storage units which were open to the air) for managing stormwater runoff.

We then generated versions of each neighborhood design with added constructed LID features such as bioswales, infiltration trenches, rain barrels, green roofs, and permeable pavement incorporated into the SWMM input files (Rossman, 2010, 2015). These GI elements are described for each neighborhood design in Table 1. For the scenarios with the more extensive LID features added (CC and IW), the size of detention ponds was reduced by the volume of water that would be removed through infiltration by GI. However, because the design of the SR future included few constructed LID features, the detention ponds in this scenario remained the same size as in the scenario without LID, in order to meet the regional construction and design standards. The resulting sub-catchments as delineated and modeled here are shown for the CC future in Supplementary Figure 1.


Table 1. Descriptive features of scenarios.
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Simulations using SWMM 5.1 for 24-h design storms at a 6-min time step were run to evaluate performance metrics such as storm-based runoff ratios, peak flows, node surcharge and flooding, and deficient links. We used results from the continuous 10-year runs to evaluate how well each alternative scenario performed with respect to maintaining the pre-development hydrologic regime (proportion of annual rainfall lost through runoff, infiltration, and evapotranspiration).

Researchers and the SAC developed neighborhood designs for the IW future to emphasize innovation in street design (green boulevards), lot sizes, and housing patterns. The term green infrastructure is often used to refer to low impact development (LID) features that are both natural and built. Examples of natural LID features include parks, wetlands, urban riparian forest, and unpaved open spaces that are capable of infiltration and retention without being explicitly designed for stormwater management. Here, we consider these natural features as aspects of the neighborhood designs, and use the term constructed LID features to refer to neighborhood features that are explicitly designed and constructed to capture and store stormwater (such as permeable pavement, bioswales, green roofs, infiltration trenches, rain barrels, rain gardens, and bioretention cells).

We ran simulations for each of the three alternative future scenarios both (a) with only detention ponds for stormwater storage (to compare the scenarios based on the impact of neighborhood design only), and (b) with all LID features prescribed for the scenario by the design team (to allow comparison among scenarios of the relative impact of more extensive LID features). Table 1 displays the parameters of GI (natural and constructed) for each scenario within the modeled area. Figure 1 illustrates the different development patterns that characterize each scenario and the proportion of impervious surface in each scenario.


Model Inputs

The EPA Storm Water Management Model (SWMM) is a dynamic rainfall-runoff simulation model designed for use in primarily urban areas. It can be used to model single storm events or for long-term (continuous) simulation of runoff quantity and quality (US EPA, 2017). The runoff component of SWMM operates on a set of subcatchment areas that receive precipitation and generate runoff, with the remainder of the precipitation partitioned into evapotranspiration and infiltration. While SWMM can also model pollutant loads, we did not use this feature, since water quantity rather than water quality was the focus of our study.

The SWMM model uses a routing component that transports runoff through a system of pipes, channels, storage/treatment devices, pumps, and regulators, as defined by the input file used to run the model. Flow routing and infiltration parameters were kept consistent across all design storm and continuous models. Dynamic wave was applied as the routing method and the force main junction was set to the Hazen-Williams equation. To capture heavy rainfall that would exceed the capacity of the designed stormwater drainage system, surface ponding was allowed. Surface ponding allows the ponding volume at the respective junction to become an input parameter that reintroduces the volume back into the system within the time and design constraints of the model.

The output from SWMM reports the quantity of runoff generated within each subcatchment, and the flow rate, flow depth, and quality of water in each pipe and channel during the simulation period. The time steps used to run the model are user-defined. Parameters used in the SWMM simulations are presented in Supplementary Table 1.


Input for Simulations Using Design Storms

For this project, we ran simulations with 24-h NRCS Type 1a design storms for both the 2-year (6.4 cm rainfall) and 25-year (9.9 cm rainfall) storm. In addition, we simulated the 25-year storm with a 20 and 30% increase in precipitation (11.9 and 12.9 cm, respectively) to explore the potential effects of storms of greater intensity projected for the future. Although we ran simulations for the 100-year storm, we do not present those results here since they were nearly identical to the 25-year storm with a 20% increase in intensity of precipitation (the precipitation total for the 100-year storm for the region is 11.4 cm). The Green-Ampt model was used for infiltration calculations for each alternative future scenario where infiltration is calculated from precipitation and ponded water. The Green-Ampt equation is expressed as:
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Where I is the infiltration rate expressed as [L/T], Kv is the vertical saturated hydraulic conductivity expressed as [L/T], H is the initial ponding depth from the surface expressed as [L], S is the suction at the wetting front expressed as [L/T] and L is the distance between the surface to wetting front expressed as [L].Evaporation was based on the addition of monthly factor values for the region to the SWMM model. Detention ponds have an open, non-inhibited evaporation factor of 1 so that evaporation can occur easily from any stored volume.

Several gage stations are placed within the West Sherwood model for assessment of hydrologic response to the design storms and 10-year continuous simulations. Each design storm has a 6-min time interval using the Soil Conservation Service (SCS) curve number method using local data from the National Weather Service (NWS).

Design criteria require post-development runoff rates to not exceed pre-development conditions. Pervious area and LID features pre- and post-development are used to calculate infiltration in SWMM and to size the stormwater management features.

For example, for subcatchments which use bioretention cells for stormwater treatment, the size of the bioretention cell is based on the impervious area treated. Bioretention cell size is expressed as:

[image: image]

The placement of LID features derives from attributes of ArcGIS shapefiles developed by our research group and the SAC. Table 1 shows the total area in natural green infrastructure as well as the area devoted to specific LID features in each scenario. Details on the placement of LID features in the scenarios and description of the preparation of the SWMM input files are provided in Supplementary Materials.



Input Specific to 10-Year Continuous Simulations

Both historic and future climate data were used to test the relative performance of the output for each neighborhood designs. One set of runs used daily precipitation inputs for 2060–2069 from downscaled, bias corrected climate projections (MACAv1) from the HadGEM-ES Global Climate Model (GCM) and the RCP 8.5 greenhouse gas concentration pathway (Abatzoglou, 2013). This dataset was selected so that SWMM output for the West Sherwood neighborhood could be compared with a companion study of climate and development effects on the future water balance in the surrounding Chicken Creek Watershed (Wright et al., 2021), and to results from a previous project investigating impacts of climate change and population growth in the Willamette River Basin (Jaeger et al., 2017). Modeling in the companion study generated monthly average evaporation data for the years 2010-2059, and that input was used in the continuous simulations reported here. Under the basin-scale project (Jaeger et al., 2017), the HadGEM-ES RCP 8.5 future climate scenario was selected to represent a “high change” scenario from 41 different GCM climate projections using a sensitivity analysis of the regional hydrologic response to precipitation and temperature changes. The comparison and selection processes for the climate scenarios are presented in Rupp et al. (2013) and Vano et al. (2015).

In addition to the simulation with the HadGEM-ES model, we also ran three sets of simulations with hourly historic precipitation data from the REX 1S OR US (45.3033°N,−122.9133°W; Network ID GHCND:USC00357127) station located near Chehalem, Oregon. We selected three time periods from this dataset for continuous runs, the wettest decade (October 1, 1966—September 30, 1976; average annual precipitation 110 cm), the driest decade (October 1, 1956—September 3, 1966; average annual precipitation 98 cm) and an average decade (October 1, 1975—September 30, 1985; average annual precipitation 104 cm). The finer temporal resolution of the historical data set (hourly) provided a way to compare neighborhood performance under precipitation intensity with greater variability than possible with the future climate data.

Comparison of the annual precipitation for the historic data to the simulated precipitation from the downscaled, bias-corrected HadGEM-ES projection for 2060–2069 showed that the modeled precipitation data for the 2060's lie within the range of the wettest decade in the historic precipitation data (Supplementary Figure 2). The GCM produced annual precipitation ranging from 84 to 134 cm, with an average annual precipitation of 114 cm for 2060–2069. For comparison, annual precipitation ranged from 83 to 134 cm for the 1966–1976 decade, with average annual precipitation of 110 cm.

In summary, three of the 10-year continuous runs use hourly precipitation input from the historic data to explore the performance of each of the neighborhood designs for the wettest, driest, and average decades in the historic past, and the fourth projects performance under the HadGEM-ES future climate scenario for the period 2060–2069.




Comparison of Simulation Results

To evaluate the impacts of different development patterns and LID features in the future scenarios, we compared a number of stormwater performance indicators based on simulation output. For the design storms, we compared the following metrics across scenarios: runoff, infiltration (from pervious surface and LID features), evapotranspiration, number of deficient links, maximum storage unit volume, and peak system runoff. For the continuous simulations, we calculated annual values for the following metrics: surface runoff, total system infiltration volume, evaporation, maximum storage unit volume, and peak system runoff. Because the neighborhoods envisioned in our scenarios do not yet exist, we could not use traditional validation methods comparing simulated and observed results (Rosa David et al., 2015; Wright et al., 2021). We did, however, perform sensitivity analyses of the key parameters used in SWMM to help provide context for the SWMM results. Methods used for sensitivity analyses as well as the results of the sensitivity analyses (Jewell et al., 1978) are further described in Supplementary Materials.



Evaluating Scenario Co-benefits

Two co-benefits of the different alternative futures were evaluated in this study; provision of housing and cost of stormwater management infrastructure per dwelling unit. Although many more co-benefits of the green infrastructure incorporated into the neighborhood designs could be assessed (Entrix, 2010), exhaustive assessment of co-benefits was beyond the scope of this analysis. The number of dwelling units in each scenario provide a direct measure of the ability of the neighborhood to provide housing for urban residents. Estimates of the cost of stormwater management infrastructure were based on data from the City of Portland Bureau of Environmental Services website (City of Portland Bureau of Environmental Services, 2008) as well as data from RS Means Site Work and Landscaping costs (Spencer et al., 2009).





RESULTS


Design Storms

The IW scenario outperformed both the CC and SR scenarios for all design storm performance metrics (Table 2), with the lowest percent runoff, highest rates of infiltration, lowest peak flows, and fewest node flooding events and deficient links. The proportion of rainfall that is removed as runoff is lowest in the IW future with LID, highest in the SR future that relies on detention ponds alone for stormwater management, and intermediate in the CC future (Figure 2, Table 2).


Table 2. Performance indicators for 2 year and all versions of the 25 year design storms for scenarios, both without and with LID.
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FIGURE 2. Results of design storm simulations showing the fate of precipitation (infiltration, runoff, and evaporation) for each 24-h design storm; 2-year storm, 25-year storm, 25-yeatr + 20%, and 25-year + 30%.


Results of all design storm simulations show that for all scenarios, development patterns that include LID have less runoff and greater infiltration. Incorporation of LID features also leads to lower peak flows (Figure 3) relative to the same scenario with stormwater managed using detention ponds only.
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FIGURE 3. Rainfall-runoff relationships from the design storms; included here are results from simulations for the 2-year storm (6.4 cm), 25-year storm (9.9 cm), 25-year storm +20% (11.9 cm), and 25-year storm + 30% (12.9 cm). Solid symbols are for the scenarios with LID incorporated, open symbols are for scenarios without LID features. Symbols used are circles for the IW future results, squares for the CC results, and triangles for the SR results. Note that in all cases, the IW future has the lowest proportion of rainfall as runoff, whereas the SR future has the highest runoff ratio. The addition of constructed LID features decreases runoff for the IW and CC futures.


Increasing precipitation inputs by 20% in the 25-year design storm (to mimic potential increases in storm intensity in the future) resulted in an increase in runoff of 2.5, 2.8, and 3.1%, respectively for the CC, IW, and SR future scenarios without LID (scenarios relying on detention ponds only for stormwater management), and by 3.4, 3.4, and 4.2% for the CC, IW, and SR futures that incorporated LID features for stormwater management. Infiltration decrease was inversely proportional to the increased runoff in each scenario. The change in proportion lost by evaporation was negligible (decreased by 0.2% in all scenarios).

Increasing precipitation inputs by 30% in the 6-h storm resulted in an increase in runoff of 4.4, 4.2, and 4.7%, respectively for the CC, IW, and SR future scenarios (i.e., for the versions of the designs with detention ponds only for stormwater management), and by 5.6, 6.2, and 5.1% for the CC, IW, and SR futures that incorporated LID features (bioretention cells, bioswales, rain barrels, infiltration trenches, etc.) for stormwater management. Infiltration decrease was inversely proportional to the increased runoff in each scenario, and changes in evaporation were negligible (decreased by 0.3% in all scenarios).

The peak flows from the 25-year design storm illustrate the differences among scenarios in rates of runoff generation (Figure 3), with peak runoff from the IW+LID reaching only 4.6 cms, whereas in both the SR and CC, peak flows reach ~6.5 cms. In addition, whereas there were no deficient links (pipe segments in which Maximum flow/Full flow > 1.2) in the IW future with or without LID, both the CC and SR futures had deficient links (3 and 5, respectively) under the 25-year storm conditions. In addition, by concentrating development in areas of higher dwelling units within the neighborhood, and retaining more public open space and pervious surface, the IW future has the lowest cost per dwelling unit for stormwater management.



Continuous 10-Year Simulations

In continuous runs, each future scenario demonstrates similar trends across all decades. The IW scenario outperforms the CC and SR future scenarios with higher infiltration loss, higher evaporation loss, and low surface runoff (Table 3, Figure 4). Within both the CC and IW scenarios, addition of LID features increases evaporation and infiltration, and decreases surface runoff. In the SR future, while the addition of LID features in the forms of bioretention cells and rain barrels increases infiltration, the limited amount of LID in this scenario (0.4 ha of bioretention cells and rain barrels with only 155 m3 storage capacity, Table 1) are not sufficient to reduce surface runoff (Figure 5), which reaches highest proportions in the SR future with LID.


Table 3. Fate of precipitation as a percentage of total precipitation from 10-year continuous simulations for scenarios without LID (first three columns) and with LID (three columns at right).
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FIGURE 4. Results of SWMM simulation for the 25-year design storm illustrating the lower peak flows associated with the IW future, and high peak flows in the SR future.



[image: Figure 5]
FIGURE 5. Sankey diagrams for each scenario both without LID (left side) and with LID (right side). These diagrams show the fate of precipitation in the 10-year continuous simulations. The width of each of the bars and arrows is proportional to the volume of precipitation or flow in that portion of the hydrologic cycle.


The CC with LID scenario has low surface runoff, ranging between 15 and 18 cm yr−1. In the CC future scenario, across all decades simulated, surface runoff accounts for 22–23% of precipitation. Runoff decreases to only 16% of precipitation with LID. The SR with LID scenario produces the highest surface runoff across all scenarios, with values ranging between 31 and 37 cm yr−1. In the SR future scenario without LID, surface runoff accounts for 30–31% of precipitation. That proportion increases to 33% for the SR future with LID. Across all scenarios, the IW future scenario with LID has the lowest surface runoff, ranging between 8 and 10 cm yr−1 across all decades. In the IW future scenario, surface runoff accounts for 22% of precipitation; that proportion decreases to 9% of precipitation when the extensive LID features that characterize this future are implemented (Table 3, Figures 6, 7).


[image: Figure 6]
FIGURE 6. Rainfall-runoff relationships from the 10-year continuous simulations. The values on the X-axis are the average annual precipitation for the decade. Included here are results from simulations of future climate projected by the HadGEM-ES for 2060–2069 (114 cm, at the far right) as well as results from simulations of historic data for 1956–1966 (dry decade with average annual precipitation of 98 cm), 1966–1977 (wet decade, average annual precipitation 110 cm), and 1975–1985 (average decade, average annual precipitation 104 cm). All 10-year periods start on October 1. Solid symbols are for the scenarios with LID incorporated, open symbols are for scenarios without LID features. Symbols used are circles for the IW future results, squares for the CC results, and triangles for the SR results.



[image: Figure 7]
FIGURE 7. Results of 10-year simulations showing fate of precipitation for each decade modeled. Within all decades, there is an increase in infiltration loss for scenarios with LID features compared to those without LID features (relying on detention ponds only to manage stormwater). In this region, goals for stormwater management include reducing runoff by increasing infiltration and/or increasing evapotranspiration, so scenarios with the lowest runoff represent the desired alternative.


Infiltration tends to be highest in scenarios with less impervious area, and increases when LID features are added to the scenarios in all cases. The CC with LID scenario has high infiltration loss ranging between 68 and 79 cm yr−1. In the CC, infiltration loss makes up 65–66% of precipitation and increases to 71% with LID included. The SR with LID scenario has infiltration loss ranging between 57 and 65 cm yr−1. The SR future scenario has an infiltration loss that makes up 57% of precipitation and increases to 59% of precipitation with LID. The IW with LID scenario has the highest infiltration loss ranging between 71 and 82 cm yr−1. Infiltration loss in the IW future accounts for 66% of precipitation, infiltration increases to 74% of precipitation in with LID included.

In simulations of the CC with LID scenario, evaporation loss ranges between 11.8 and 12.8 cm yr−1. In the CC future scenario, evaporation loss accounts for 12% of precipitation; that proportion decreases to 11% when LID features are included. The SR scenario has relatively low evaporation loss, ranging from ~11.8 cm yr−1 in the future (in which detention ponds alone are used for stormwater management) to 6.7 cm yr−1 in the SR future with LID features added (evaporation can occur from the detention ponds in our simulations). The SR future scenario has an evaporation loss of 13% of the precipitation that decreases to 6–7% of precipitation in the SR future with LID as a higher proportion of precipitation goes to infiltration. The IW scenario with LID has the highest evaporation loss (Figures 4, 6) ranging from ~14 to 15.5 cm yr−1. Evaporation loss for the IW future accounts for 12% of the precipitation; that proportion increases to 15% of precipitation with LID included.




DISCUSSION

The key finding from this research is that neighborhood development design (here manifested in the conservation of open space and riparian forest, and the use of nature-based solutions for stormwater management) can have a greater impact on urban hydrology than the incorporation of built LID features. The neighborhood designs with a higher proportion of impervious surfaces had increased runoff, whereas designs that preserved open space and riparian areas had the lowest runoff. Built green infrastructure increased infiltration in all scenarios, but had less impact than preservation of open space and riparian protection, especially under the more intense precipitation events predicted under climate change.


Can Development Design Help to Effectively Manage Stormwater?

All scenarios between continuous and design storms models have demonstrated similar trends regarding runoff. Scenarios with relatively high impervious surfaces such as SR produce higher surface runoff compared to CC and IW in both models. Our results have also demonstrated that scenarios with more LID and permeable surfaces such as the IW have relatively high evaporation and infiltration rates.

Results from our simulations indicate that neighborhood designs that reduce imperviousness can play a major role in managing stormwater, especially for the more intense rainfall events anticipated under future climate change. For example, the results of the simulations for the design storms demonstrate the potential impact of design alone on runoff (Figure 2) and peak flows (Figure 3). Even for designs without LID features, in which detention ponds are the only means of stormwater management (open symbols in Figures 2, 5), the hydrologic response of the IW future to storm events outperforms the CC and SR futures. Adding LID features enhances this impact for the CC and IW futures, which both incorporate more extensive LID features than the SR scenario. The IW future with LID (Figure 2, solid circles) has the lowest peak flows, lowest runoff, and greatest amount of infiltration, whereas the performance of the CC future with LID (Figure 2, solid squares) is similar to that of the IW future without LID (open circles). The SR future, with and without LID features, has the highest runoff and highest peak flows.

The IW future also performs best under the more intense design storms intended to mimic the storms of the future. While under the most intense design storms (25-year +30%) one node experiences a surcharge for the IW future, there are still no node flooding events, and no deficient links. In contrast, the same storm produced two and three node surcharge events, two node flooding events, as well as 12 and 8 deficient links, for the CC and SR futures, respectively.

The decadal continuous runs demonstrate that the implementation of LID features is effective in managing stormwater by increasing infiltration across all scenarios. The effect of LID features on infiltration loss varies substantially between scenarios, however (Table 3, Figure 6). For example, the IW has four-fold increase in infiltration loss when LID is added relative to the increase in infiltration observed with the addition of LID features in the SR future.

The addition of constructed LID features is also effective in decreasing the surface runoff in CC and IW future scenarios. The extensive implementation of LID in the IW future (Table 1) results in the IW future producing nearly half of the surface runoff compared to the CC future. The increase in surface runoff in SR with LID demonstrates that while LID features can increase infiltration, if the spatial extent of LID is insufficient, these features may be ineffective in reducing runoff, particularly in areas with extensive impervious surfaces.



How Do Differences in Development Patterns Affect Neighborhood Hydrologic Response?

The CC and SR scenarios demonstrate similar patterns in evaporation loss. A difference across scenarios can be seen in the IW future, in which LID has the highest evaporation loss due to the nature of the extensive LID features implemented in the scenario design (e.g., vegetated bioswales, green roofs, permeable pavement) relative to CC and SR future scenarios. Relative magnitude of impact of LID features vs. neighborhood design

Results of the simulations for both the design storms and the 10-year continuous simulations indicate that neighborhood development design can have a substantial impact on the urban water system. Designing developments with lower impervious area can be at least as important as incorporating constructed LID features into developments to manage stormwater. Results from the 25-year design storms for the scenarios without LID (in which all stormwater management is done using detention ponds) show a 10% decrease in runoff between the SR future (with 72% impervious surface) and the IW future (in which impervious surfaces cover only 55% of the neighborhood), whereas runoff from the CC (63% impervious) is 6% less than the SR future.

Incorporation of constructed LID features into a neighborhood design can increase infiltration and further reduce runoff. These impacts increase with more extensive implementation of LID features. For example, the addition of extensive LID features in the IW future (see Table 1) reduces runoff from the 25-year storm from 35.2 to 22.6%, and from 39.8 to 34.3% in the CC future (which incorporates moderate levels of LID features) for the same storm. For the SR future, in which LID features are relatively sparse (0.5 ha of bioretention cells and 155 m3 of storage in rain barrels), the reduction in runoff from the 25-year storm with the addition of LID is only 2%, from 45.9 to 43.9%.

Neighborhood design plays a key role in provision of housing and managing development cost. The scenario designs specified that both the SR and IW futures would need to house more people than the CC future given the expectation that the population in the Willamette River Basin (WRB) would increase to 6.2 million people by 2060 in the SR and IW futures, but only reach 4.5 million in the CC future. As a result, the neighborhood designs included 1610, 1494, and 1218 dwelling units, respectively for the SR, IW and CC futures. Affordable housing is becoming increasingly scarce in the region (Ellis, 2021). The scenarios that assume relatively rapid rates of climate change (IW and SR) also assume that there will be even greater demand for housingin the region in the future. The juxtaposition of public open space with moderate- and high-density housing that characterizes the IW future is a design that could optimize onsite stormwater management while at the same time providing public green space and amenities that make a neighborhood with relatively dense housing more attractive to live in. The IW future design also provides the most riparian habitat for wildlife as well as shade and vegetation to mitigate urban heat (e.g., Ibsen et al., 2021).

Even without adjusting for the number of dwelling units, the lowest overall cost for stormwater management was calculated for the IW future without LID (Table 2). Adding LID features increases the efficacy of the neighborhood design in managing stormwater, but the improvement comes at a cost. However, because the IW future also adds a large number of dwelling units to the neighborhood, the cost per dwelling unit is lowest among all scenarios. The costs presented here represent only construction costs. The authors recognize that a more complete economic analysis should include annualized costs of construction (with contingencies), maintenance, and other costs, ideally representing a life cycle analysis comparing the conventional construction with the constructed LID features. However, an economic analysis at this level of detail was beyond the scope of this paper.

In sum, while both the SR and IW futures house more people, the IW future preserves more open space at a lower cost per dwelling unit. The co-benefits of public open space are well-documented by Zhang et al. (2020).



Comparison of Our Results With Those of Similar Studies

Numerous studies have been conducted using models such as SWMM to investigate the impact of LID features on urban development, summarized in reviews by Jefferson et al. (2017). They found that studies of peak flows and flow volume were relatively common, whereas studies of baseflow, groundwater recharge and evapotranspiration are less well-studied. Lack of treatment of stormwater generated from all impervious surfaces (an attribute of our SR future) was associated with lower success in achieving goals of mitigating impacts of development to restore watershed function to pre-development conditions. For example, simulations of stormwater runoff from a redevelopment project (Pyke et al., 2011) indicated that stormwater runoff was most sensitive to changes in impervious cover, with lesser effects of precipitation volume and event intensity. These findings are consistent with the results of our simulations, particularly the versions of the SR future.

More recently, Bell et al. (2020) conducted a meta-analysis of watershed modeling studies. Based on their review of 52 modeling studies selected as suitable for their meta-analysis, Bell et al. (2020) estimated that for each additional 1% of impervious area in a watershed mitigated by stormwater control measures (what we call constructed LID features in this paper), there is a reduction of 0.43% in runoff and 0.6% reduction in peak flows. They also noted that as mitigated impervious surface decreases (as in our SR future) the probability of reaching reduction targets also decreases. Inadequate treatment of impervious surfaces with LID in a development can result in higher costs without a detectable improvement in overall water system performance.

Our results, including both 10-year simulations and design storms, provide an additional opportunity to observe the effects of neighborhood design and proportion of impervious surface, as well as the impact of LID on a suite of responses, including losses to evaporation and infiltration, processes whose importance to simulation results differs depending on the time scale used.

Modeling of these same future scenarios at the scale of the Chicken Creek watershed containing this neighborhood (Wright et al., 2021) produced similar rankings of the scenarios with respect to their performance in retaining pre-development hydrology (IW> CC > SR). In that study, SWMM was used to model the hydrologic response of the developed portions of the watershed and HBV was used for areas in natural vegetation and agriculture. In addition, a factorial design was used to explore not only different scenarios, but also effects of forest harvest, spatial extent of development, alternative climate scenarios, and addition of LID. Spatial extent of development as well as scenario design were the most important factors influencing hydrologic response at the watershed scale; incorporation of LID had the least impact of the factors varied at the watershed scale. At the watershed scale, evapotranspiration became a much more important part of the hydrologic system. These results, as well as the differences between the 10-year simulations and the design storm simulations, highlight the importance of considering spatial and temporal scale in hydrologic modeling (Baffaut et al., 2015). Processes that are important for large spatial extents over longer time periods (such as evapotranspiration) may not emerge as key processes in modeling much smaller areas over shorter time periods (e.g., modeling the West Sherwood neighborhood using 24-h design storms).

The results of the simulations presented here exemplify the application of SWMM as a tool to inform planning and design of urban developments. Our stakeholders had specific questions that they wanted to have our research team explore through the modeling of the future scenarios, all of them seen as potentially plausible outcomes by 2060. These stakeholders were interested in comparing scenarios with the lowest anticipated rates of climate change and development (such as the Current Course) with those in which rates of climate change and urban development were much higher (e.g., the Stressed Resources and Integrated Water futures). In addition, they wanted us to explore the outcomes of different human responses to the high rates of change; contrasting a scenario (SR) in which more conventional approaches were used in stormwater management and low and moderate density housing were the predominant choices of developers with a scenario (IW) in which planners and developers collaborate to anticipate and adapt to the challenges posed by rapid rates of climate change and concomitant urban development. These are not the only future scenarios possible for the region, but they are the ones our stakeholder group was interested in investigating.

Relatively few studies have used a stakeholder guided approach to design and evaluate urban development at the scale of the study presented here. A search of the Web of Science from 1980 to 2021 using search terms “urban runoff SWMM” produced 453 references, whereas filtering these results by adding the term “scenario” reduced the number of references to 63, most of which used the term scenario in reference to future climate scenarios. When a scenario-based approach is used to contrast future alternatives, scenario development is often done through simulations as well (e.g., Wang et al., 2018; Raei et al., 2019).

The approach used here has benefits in that we were able to investigate the outcomes of future scenarios that are of interest to the SAC. Because regional water providers and other professional stakeholders were involved in the design of these futures, we anticipate that they will be more likely to use our results to inform development and water management decisions. However, there are trade-offs in using designed alternative futures compared to approaches that use simulations to produce multiple scenarios. Studies using designed futures tend to produce fewer scenarios to compare, and more than one attribute of the future changes between the different scenarios. For example, in the scenarios that were the basis for this study, the amount and types of LID features vary among scenarios, making the comparison across futures with and without LID more complicated.

The confounding of multiple dynamic aspects of the scenarios (climate change as well as population growth) as well as the degree to which each neighborhood design conserves public open space and incorporates the use of green infrastructure in the neighborhood design is one of the limitations of designed alternative future scenarios. However, the advantage of the use of designed alternative future scenarios is in their realism and value for communication with stakeholders. The designed futures incorporate knowledge of regional development patterns, local land use regulations and place-based knowledge, making these designs more realistic than those that would be generated by a landscape-change simulation model. We discuss some of the trade-offs from this approach in the article by Santelmann et al. (2019). We explored the issue of multiple factors changing simultaneously in the paper by Wright et al. (2021) using a factorial design to explore watershed scale response to climate change and population growth varying only one factor at a time. In the Wright et al. (2021) paper, development pattern (which dictates the proportion of impervious surface in developing neighborhoods) and the spatial extent of development had by far the greatest impact on the hydrologic response of the watershed.

Simulated future alternatives can be highly useful in exploring a range of choices for development, and in developing systematic approaches to explore specific alternatives in a range of contexts. Our intent with the scenario-based approach employed here was to involve end-users of the information in the co-production of the knowledge that could be used to inform development choices. Involving regional water managers and experts in scenario development is intended to help us engage the professional community in using the results of our modeling efforts to inform planning and communicate with developers in the region.




CONCLUSION

Simulations using the SWMM model to investigate the influence of neighborhood design across three scenarios, in both design storms and 10-year simulations, demonstrated that reducing impervious surfaces can be highly effective in reducing surface runoff.

Results of our simulations with SWMM using 24-h design storms indicated that for all scenarios, development patterns that include LID have less runoff and greater infiltration. Incorporation of LID features also led to lower peak flows relative to the same scenario with stormwater managed using detention ponds only.

The continuous 10-year simulations produced similar results to the design storms, except that at the longer time periods, evaporation became a more important component of the hydrologic response. The impacts of high levels of imperviousness, coupled with insufficient treatment from impervious surfaces, combine to exacerbate the impacts of urbanization in the SR future. Development patterns with more pervious surfaces (CC and IW futures) and extensive use of LID features to treat stormwater (IW future with LID) can lower runoff and increase infiltration substantially, and may even be more cost-effective in the long run.

Designs such as the IW future scenario with low proportion of impervious cover and extensive implementation of LID features not only perform well in stormwater management, they can also provide desirable co-benefits in the form of affordable housing, preservation of public open space that residents enjoy as an amenity, and lower costs of development per dwelling unit.
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43.9%
47.3%
49.0%
56.9%
52.3%
49.3%
47.8%
3.5%
2.5%
2.3%
22%
0/0
0/0
0/0
212
$6,781

Integrated water future

Without LID

31.1%
35.2%
38.0%
39.4%
66.1%
62.8%
60.3%
58.9%
2.8%
2.0%
1.8%
1.7%
0/0
00
1/0
1/0
$4,361

With LID

16.3%
22.6%
26.8%
28.9%
74.5%
70.1%
67.0%
65.3%
2.1%
2.1%
1.9%
1.8%
0/0
0/0
2/0
5/0
$7.811
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Current course Stressed resources Integrated water

Without LID With LID Without LID With LID Without LID With LID
Residential development (ha) 429 429 53 53 312 312
Impervious surfaces (%) 63 63 72 72 55 55
Total dwelling units 1218 1218 1,610 1,610 1,494 1,494
Storage unit volume (1,000 m?) 2481.4 2202 784.7 7347 433 372
Natural Green Infrastructure

Utban civic open space (ha) 29 29 24 24 41 41
Parks/pervious open space (ha) 18 17 7 9 30 21
Utban riparian forest (ha) 12 12 8 8 16 16
Constructed Green Infrastructure

Bioretention cells (ha) ) 1 0 0.4 0 12
Permeable pavement (h) o 0 o 0 0 7
Green roof (ha) 0 0 0 0 0 2
Bioswales (ha) 0 14 0 0 0 4
Total RB storage capacity () 0 173 o 155 0 1078
Infitration trench length (m) 0 0 0 0 0 610

Total area of developed neighborhood (sum of subcatchments) is 115 ha, area within urban reserve UGB is 187 ha.
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cc SR IWR ccLp SRLID IWR LID

1956-1966

Surface runoff 223 29.9 215 15.9 328 89
Infiltration loss 655 56.7 66.2 70.8 589 738
Evaporation loss 122 135 12.4 o 6.9 14.6
1966-1976

Surface runoff 228 30.6 224 16 33.4 9
Infiltration loss 65.6 56.7 66.2 7 589 744
Evaporation loss 116 12.8 1.8 10.5 6.2 13.8
1975-1985

Surface runoff 226 30.2 21.7 16.1 333 9
Infiltration loss 855 56.7 66.2 70.8 589 738
Evaporation loss 12 181 122 108 65 14.4

Simulations used historical precipitation data for a relatively dry decade with mean annual precipitation of 97 cm (1956-1966); a relatively wet decade with mean annual precipitation of
108.cm (1966-1976), and an average decade with mean annual precipitation of 104 cm (1975-1985). Initial and final LID storage accounted for <1% of precipitation.
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