[image: ][image: baker_logoPadded]
[image: ]
Supplemental Material G
Fire Station 10 Green Roof in Seattle, Washington
Dataset Description

The Fire Station 10 Green Roof is located on the top of the Fire Station 10 (FS10) building complex in Seattle, WA. The vegetated area of the FS10 green roof is 6400 ft2 (595 m2) (Taylor Associates, 2012). The roof only intercepts precipitation that falls on it; no additional runoff is received from adjacent areas. Outflow moves through the granular storage layer along the bottom of the green roof and, ultimately, out through a roof drain, where flow was measured during the 2008-2011monitoring study (Cardno TEC, 2012). All water from the roof that is not captured by the vegetation leaves the installation through the roof drains and drainage system. A flow monitoring station measured flow using a Unidata tipping bucket gauge for low flow rates and an electromagnetic flowmeter (a 2-in [5.08-cm) Unimag magmeter) for higher flow rates. Precipitation was measured by a tipping bucket rain gauge on the fire station roof.

The green roof is filled with 2 in of granular stone and 4 in of growing media. Vegetation types are listed in Taylor Associates (2012). The media for the 2-in drainage layer is Roofmeadow Type A Granular Drainage Media. The growing media is Roofmeadow Type M3, a proprietary soil mix described as moderately coarse with low silt content and moderately high moisture content at field capacity (Roofmeadow, 2013). The underlying drainage layer is described as a granular media with a high permeability and porosity greater than 0.2.

LID Photograph and Schematic
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Figure SG1. Photograph of the FS10 Seattle Green Roof (Taylor Associates, 2012).
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Figure SG2. Schematic of a Green Roof (Taylor, 2008).

Model Configuration

The model configuration used to represent this low impact development (LID) device included a single subcatchment with the same area as the green roof. In the LID Usage Editor, the green roof was allocated to occupy the entire subcatchment. Rainfall was modeled with a rain gage using a 5-min intensity time series derived from tipping bucket rainfall data (Wang et al., 2008). Rainfall was the only inflow received by the LID. The drainage from the drainage mat was routed to an outfall where it could be compared with the measured drain flow values. Figure SG3 depicts this model configuration.
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Figure SG3. Typical EPA Stormwater Management Model 5 (SWMM5) model configuration.



Data Transformations

SWMM version 5.1.10 was used to complete this analysis. The rainfall events were provided in a tipping bucket rain data format (inches) that was converted to inches per hour by dividing each measurement by the 5-min time step. This inches per hour file data then were input into SWMM via a rain gauge. The provided outflow data was in 5-min time series format; therefore, all SWMM simulations also were reported in a 5-min time step. All drainage outflow comparisons were completed in inches per hour. The measured runoff values were reported in gallons per minute (GPM); therefore, to compare measured values to the SWMM-generated outflow, the measured values were normalized by the area of the roof (6400 ft2) and converted to inches per hour. Lastly, to calculate the total measured outflow from the green roof (inches), the measured outflow time series (inches per hour) was summed, multiplied by the 5-min time step, and divided by 60 min, resulting in inches of outflow.

Model Inputs

Table SG1. SWMM 5 Input Parameters
	Type
	Value
	Range
(if estimated)
	Data Source

	Subcatchment

	Total Area (acres)
	0.147
	
	LID Study

	Percent Slope
	4.1
	
	LID Study

	Percent Impervious
	0.0
	
	LID Study

	Green Roof Usage

	Area (square feet)
	6400
	
	LID Study

	Width (feet)
	90.1
	30-110
	Estimated

	Initial Saturation (%)
	1.07
	0.01-25
	Estimated

	Surface Layer

	Berm Height (inches)
	1.00
	0.10-1.0
	Estimated

	Vegetation Volume Fraction
	0.05
	0.01-0.5
	Estimated

	Surface Roughness
	0.41
	0.01-0.70
	Estimated

	Surface Slope (%)
	4.17
	1.0-5.0
	Estimated

	Soil Layer

	Thickness (inches)
	4.00
	
	LID Study

	Porosity (void fraction)
	0.47
	0.34-0.70
	Estimated

	Field Capacity (void fraction)
	0.33
	0.15-0.33
	Estimated

	Wilting Point (void fraction)
	0.09
	0.09-0.14
	Estimated

	Conductivity (inches per hour)
	3.00
	0.60-45.0
	Estimated

	Conductivity Slope
	0.50
	0.01-20.0
	Estimated

	Suction Head (inches)
	4.00
	3.0-8.0
	Estimated

	Drainage Mat Layer

	Drain Mat Thickness (inches)
	3.00
	
	LID Study

	Drain Mat Void Ratio
	0.30
	0.30-0.50
	Estimated

	Drain Mat Roughness
	3.75
	0.01-10.0
	Estimated



Table SG1 lists the parameters required by the SWMM model unique to the green roof. Parameters used in this evaluation either were listed in the original study or were estimated using PEST (a nonlinear parameter estimation tool that uses the Gauss-Marquardt-Levenberg method to estimate parameters of a given model [Doherty, 2005]). The best fit parameters determined using PEST are listed in Table SG1.
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In this analysis, two calendar quarters of hydraulic data were used to analyze SWMM’s performance over longer periods of time, rather than single storm events. The first dataset was collected in the first quarter of 2009, covering storms occurring in early January through the end of March of that year. The second dataset was recorded in the third quarter of 2010, representing hydraulic activity from mid-July through the end of September.

To identify the best fit parameters, an iterative PEST calibration was completed for the unknown variables for each chosen time frame. During a calibration trial, PEST was executed for the desired quarter using the originally estimated parameter values as a start point. When an optimal set of parameters was converged, PEST stopped running SWMM and the new parameter estimations were produced. These output parameters then were indicated as the new start baseline, and PEST was executed again. If the second PEST trial generated the same numbers as were input, then it could be concluded that an optimal set of parameters was attained. To prohibit overcalibrating to any one storm, a limit of three PEST iterations was put in place for a given set of baseline parameters. For each calibration, several varying baseline sets of parameters were used, enabling PEST to explore a wide range of estimation space. The Nash-Sutcliffe value was calculated for each calibration iteration. The estimated parameter set with the highest obtained Nash-Sutcliffe value was selected as the overall optimal set of parameters for that quarter.

The estimated optimal parameters then were substituted into the other storm simulation to complete a testing trial. All variables, excluding initial saturation, were held constant for the testings to see how SWMM would perform under the conditions determined in the calibration. Because the initial saturation of the LID was unique to each quarter, it was not possible for this value to be held constant among all four storm events. The Nash-Sutcliffe values for the testing trials were calculated and recorded in Table SG2.

Table SG2. Calibration Method
	Calibration Storm
	2009Q1
	2010Q3
	Average

	2009Q1
	0.978
	0.805
	0.892

	2010Q3
	0.967
	0.901
	0.934



Nash-Sutcliffe values were used as an indicator of goodness of fit between the modeled output and the measured output. The calibration/testing that produced the highest overall average Nash-Sutcliffe value was selected as the true optimum set of parameters. The selected calibration was the 2010 third-quarter events, which generated an overall Nash-Sutcliffe value average of 0.934. Table SG3 gives a performance summary for the calibration run and three testing trials.

Figures SG4A, SG4B, SG5A, and SG5B are calibration and testing hydrograph plots and correlations plots. The hydrograph plots depict the inflow hydrograph to the LID practice, the actual outflow as documented in the study research, and the outflow as reported by the SWMM 5.1.10 program. Inflow is presented in inches per hour on the left axis, whereas outflow appears on the right axis, also in inches per hour. The correlation plots compare the observed outflow to the SWMM 5.1.10 simulated outflow.



Table SG3. Calibration and Testing Performance Summary
	Run
	Storm ID
	Storm Date
	Total Inflow (inches)
	Total Observed Outflow (inches)
	Total Simulated Outflow (inches)
	Nash-Sutcliffe Value
	R2 Value
	Percent Change Outflow Volume
	Initial Deficit

	Calibration
	2010Q3
	7/15/2010 -9/30/2010
	4.77
	3.00
	3.84
	0.901
	0.94
	28.0
	1.07

	Test 1
	2009Q1
	1/6/2009 -3/31/2009
	7.31
	6.32
	6.71
	0.967
	0.74
	6.17
	15.1






Figure SG4A. Calibration Hydrograph.


Figure SG4B. Correlation Plot for Calibration.


Figure SG5A. Test 1 Hydrograph.


Figure SG5B. Correlation Plot for Test 1.


Sensitivity Analysis

A sensitivity analysis was completed by PEST as part of the parameter estimation process. With each model run, PEST recorded the composite sensitivity of each parameter by calculating the magnitude of the Jacobian matrix column pertaining to a specific parameter, modulating it by the weight of the respective observation, and dividing that figure by the total number of observations.

The surface layer parameters (storage, vegetation volume, surface roughness, and surface slope) and three soil layer properties (conductivity, conductivity slope, and suction head) returned zero sensitivity figures, indicating that their values had no impact on the drainage outflow or total outflow. Therefore, these values were not included in the sensitivity analysis in Table SG4. The reported sensitivity analysis was obtained from the calibration event, using the optimal parameters converged in the calibration/testing process.

Table SG4. Parameter Sensitivity
	Parameter
	Estimated Value
	Sensitivity
	Rank

	LID Usage
	Width (feet)
	90.10
	3.37E-07
	7

	
	Initial Saturation
	1.07
	1.18E-06
	6

	Soil
	Porosity
	0.47
	3.04E-06
	5

	
	Field Capacity
	0.33
	3.14E-04
	1

	
	Wilting Point
	0.09
	2.81E-04
	2

	Drainage Mat
	Void Ratio
	0.30
	6.75E-05
	3

	
	Roughness
	3.75
	8.10E-06
	4



From Table SG4, it is clear that field capacity and wilting point parameters were the most sensitive, respectively, with the drainage mat parameters being the third and fourth most sensitive. The soil parameters were highly sensitive because they indicated how quickly water infiltrated through the medium to the drainage layer and how much water could be retained in the soil layer. The drainage mat void ratio had a similar effect on the results, as it dictated how quickly and how much water could flow to the outlet in the roof.

Discussion

Figure SG4A depicts the hydrograph for the calibration trial, the 2010 third-quarter rain events. This trial generated a Nash-Sutcliffe value of 0.901 and the higher of the two R2 values with 0.94. The R2 indicated a strong relationship between the measured and simulated outflow values, which is reflected in the relatively linear correlation plot in Figure SG4B. SWMM overpredicted the outflow experienced in the quarter by 28%, whereas the simulation underestimated the two major outflow rate peaks. From the correlation plot, the majority of the points can be seen under the line, indicating the simulated values of that data point exceeded that of the observed dataset, resulting in the excess simulated outflow volume. Despite inconsistencies in flow magnitude, the timing of peak flow rates occurred with high accuracy.

Figure SG5A represents the hydrograph of the 2009 first-quarter events. This analysis resulted in a Nash-Sutcliffe value of 0.967 and an R2 value of 0.74. SWMM consistently overestimated outflow rates for this event, as seen in the correlation plot in Figure SG5B. The majority of the points congregates on the underside of the line, indicating the simulated value for that point was larger than the observed value. The large spread of points in Figure SG5B corresponds to the lower R2 value attained, suggesting there was not as strong a relationship between the two outflow datasets as was seen in the calibration event. SWMM estimated a total outflow volume 6.17% higher than was observed for this quarter.

Conclusion

Both trials received extremely high Nash-Sutcliffe values, the lowest being 0.901, while attaining relatively high R2 values. SWMM consistently over-predicted the total outflow volume from the LID, suggesting more water was retained in the physical configuration than was simulated. The two analyses differed in their peak flow rate performances; however, from the correlation plots, it was clear that SWMM underpredicted outflow for the majority of modeled data points. Peak flow timing for both simulations was accurate despite differences in peak outflow magnitude. The two quarters received varying amounts of rainfall, with the 2009 rainfall being much more spread than was the 2010 inflow. The 2009 simulation, which received almost 3 in more rain than the 2010 quarter, was able to mimic the total outflow volume more closely than the 2009 storm, suggesting a reliable ability of SWMM to recalculate initial conditions of the LID during dry periods following storm events. From the analysis of the two quarterly events, SWMM’s overall performance in simulating the LID’s hydraulic activity over an extended time period was given a rating of “excellent.”
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Measured Outflow (in/hr)
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