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ABSTRACT

Green roof research is beginning in the United States, with one goal being the development of design guidelines for use by stormwater authorities and by green roof designers. Because these guidelines have important implications for green roof design and performance in the field, the experiments on which they are based should be well-designed and statistically capable of detecting differences, if they exist, between treatment levels such as media depth, roof slope, and presence or absence of vegetation. This study used published estimates of treatment means and their variation to evaluate the relationship between the power of the experiment and the number of treatment replicates. Analyses indicated a robustly high probability of correctly detecting differences between treatments until the standard deviation approached six times the baseline amount. When treatment effect sizes declined, power was negatively affected for the slope main effect. Power was also negatively affected by increasing the number of factors.
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Introduction

Best management practices to reduce stormwater loads to urban environments include green roof systems. However, design standards have yet to be developed in the United States to assist both stormwater authorities and building owners to select appropriate designs that deliver expected performance while optimizing material usage.  Research in the USA on the stormwater performance of green roofs has only recently begun (DeNardo et al. 2003, Hutchinson 2003, Moran 2004, VanWoert et al. in press), which is reflected in the many terms used to describe green roofs in the literature (living roof, eco-roof, greenroof, green-roof, garden roof, applied rooftop greening, and vegetative roof). The major findings of this research is that green roofs reduce stormwater runoff and increase the time to peak runoff quantities compared to conventional roofs.


To develop design standards needed to optimize the implementation of green roof systems, factorial experiments with adequate replication are necessary. Ideally, a design standard would provide a cookbook method for estimating stormwater performance by choosing, for example, a particular media depth for a given roof slope, rainfall amount, evapotranspiration potential, and degree of prior saturation. A factorial experiment statistically capable of detecting differences in stormwater performance between levels within a factor (e.g., retention of 2" thick media vs 4" vs 6") would support development of design standards for green roof stormwater performance. 


Green roof field experiments to date have primarily focused upon demonstrating the value of green roofs as compared to conventional membrane or gravel roofs, and effect sizes have been large (50-69% retention, DeNardo et al. 2003, Hutchinson et al. 2003, Moran 2004), thus easily providing significant results. Only one study (VanWoert et al. in press) has included replication and examined the effect of media depth on percent stormwater retention over 14 months of rainfall events, and found just 0.9% average overall difference in retention between media depths of 2.5 and 4.0 cm (69.8% vs 70.7% at 2% roof slope). However, retention was calculated from repeated measurements of the same subjects, which are not independent sampling units; in addition, the amount of prior saturation was not controlled. By selecting particular rainfall events and prior media saturation levels (or by controlling rainfall amount and frequency in a laboratory setting), and analyzing treatment effects within those events, a more accurate assessment of the difference between treatments could be determined.


Stormwater performance studies thus far appear to have included pseudoreplication (Hurlbert 1984) by statistically treating combinations of treatment and rainfall events as independent sampling units. Repeated measurements over time of the same subject (in this case a green roof treatment replicate) are not statistically independent, even if the rainfall amount varies. Treating these data points as independent in the analysis artificially inflates the degrees of freedom, making it easier to find statistical significance where it may not exist. True replication has been lacking because of the scarcity of existing green roofs and the expense of constructing them for field experiments. Smaller scale experiments with adequate replication are needed. In addition, reporting and analyzing actual depths of runoff retained rather than percentages may also improve the quality and utility of the results.


Prospective power analysis can help assure that experiments are sufficiently replicated to allow detection of a treatment effect at a given confidence level.  Power refers to the probability of detecting a false null hypothesis (Zar 1999). Power, sample size, and within-group variation are inter-related. If two of the three quantities are known or assumed, the other can be calculated as a result. Variation alone is not sufficient to determine the required sample size; power must be assumed or calculated as one minus the acceptable Type II error (or ß). When differences between treatments are small, or variance is large, a large sample size may be necessary to discern whether differences between treatments are significant (Fig. 1 and 2). 
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Figure 1. Factors Affecting Power When Comparing Null and Alternative Hypotheses.
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Figure 2. Impact of Sample Size, Variation, and Effect Size on Power.


Given estimates of effect size and variance, the number of replicates required to provide a specified confidence level can be calculated for a given power level.  The present study uses published sources to estimate the expected difference in retention between levels of the experiment and to estimate the expected variance (standard deviation). The analysis includes sensitivity by calculating the number of replicates required with a range of estimates of means and standard deviations. 


Applying analytical methods used in prior studies to those informing design guides may result in reporting non-existent, spurious differences between treatment levels, leading to unnecessary expense incurred by users. The second issue relating to sample size is that if insufficient replication (power) is included in the experiment, and no difference is found among treatments, it is possible that a real difference between treatments went undetected (type II error), leading to lost opportunities for stormwater reduction in the field. Whether or not a given amount of statistically significant difference in performance among levels is economically or functionally worthwhile to users of that data is a separate issue left to the user's judgment.


The power of an experiment is also affected by the number of factors and levels in the experiment. Generally, the more factors and levels, the more replicates are required for a given power (Zar 1996). The present study included sensitivity to number of levels and factors by calculating the number of replicates required for both three factor analysis of variance (ANOVA) (media depth, slope, and vegetation presence/absence), and for two factor ANOVA (media depth and vegetation or media depth and slope). Experiments with more than three factors are possible, but become difficult to interpret because of the number of possible interactions between factors.

Methods

Using estimates of means and standard deviation where available from the literature (VanWoert et al in press, Moran 2004), for a 10 mm rainfall event collected over three to four hours, a prospective power analysis was conducted (Appendix A, Appendix B, PROC GLMPOWER, SAS Institutes, v9.1, Cary, North Carolina) for a series of factorial experiments with runoff (mm) as the response variable. The rainfall amount of 10 mm was selected because it was the heaviest rainfall for which data was available. Factors included media depth (2.5, 5.1, 10.2, and 15.2 cm), slope (2% and 6.5%), and presence or absence of vegetation. For media depths of 5.1 and 10.2 cm, means from VanWoert et al. (in press, figs. 5 and 8) media depth 4 and 6 cm were adjusted for the media depths chosen for this study. Moran (2004, Kingston data average of August 10, 16, 22, 2003 runoff) provided the mean for the 10.2 cm media depth. When published means were unavailable, an estimate was based upon trends in published means. The effect of vegetation present/absent was interpolated from VanWoert et al. results at media thickness of 2.5 cm.

The estimate of standard deviation was developed from VanWoert et al. (in press, figs. 6 and 9, heavy rainfall category). Van Woert et al. standard errors, given in percent of rainfall retained, were based upon replicates of three for each treatment, averaged over 26 rainfall events. The reported standard errors were converted to mm runoff by multiplying percent retained by amount of rainfall for the average and maximum, then taking the difference between the two as the standard error in mm runoff. Standard error of the mean was converted to standard deviation by squaring the standard error, multiplying by the number of replicates, then taking the square root (Zar 1996). Because VanWoert et al. standard error was based on repeated measurements of the same replicates over multiple rainfall events (possibly pseudoreplication), this value was used as a minimum in a range of standard deviations used for the prospective power analyses. 

Prospective power was analyzed for three-way ANOVA, with factors of media depth, vegetation presence/absence, and slope. To explore the effect of the number of factors on power, analyses were also conducted for two-way ANOVA, one with factors media depth and vegetation, and another with factors media depth and slope. To test the sensitivity of power to changes in means, the dataset for the three-way ANOVA was adjusted to reduce the effect size among treatments. The acceptable limit of type I error (α) was set at 0.05. Initial sample size was set at three per cell for three-way ANOVA and four per cell for two-way ANOVA.
Results


The three-way ANOVA main effect of slope is sensitive to high (six times the lowest) levels of standard deviation (power 0.589, Table 1), while all other main effects had high power throughout the range. Reducing the effect sizes decreased the power to detect the main effect of slope even further to 0.162 (Table 1). Additional replicates increased the power to detect differences in the main effect slope (Fig. 5), but with reduced effect size and high variance, power for the slope effect did not respond well to increasing sample sizes (Fig. 6).
Table 1. Prospective Power for Three-way ANOVA, baseline and reduced effect size.
[image: image3.emf]                                     Fixed Scenario Elements

                             Dependent Variable                Runoff

                             Total Sample Size                     48

                             Alpha                               0.05

                             Error Degrees of Freedom              32

                                          Computed Power

                                                       Std    Test

Index Source Dev DF Power Power

reduced effect size

1 Veg 0.25 1 >.999 >.999

2 Veg 1.5 1 >.999 >.999

3 Depth 0.25 3 >.999 >.999

4 Depth 1.5 3 0.979 0.851

5 Veg*Depth 0.25 3 >.999 >.999

6 Veg*Depth 1.5 3 0.514 0.376

7 Slope 0.25 1 >.999 >.999

8 Slope 1.5 1 0.589 0.162

9 Veg*Slope 0.25 1 0.959 0.422

10 Veg*Slope 1.5 1 0.095 0.06

11 Depth*Slope 0.25 3 0.995 0.574

12 Depth*Slope 1.5 3 0.096 0.061

13 Veg*Depth*Slope 0.25 3 0.423 0.11

14 Veg*Depth*Slope 1.5 3 0.058 0.052
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Figure 3. Baseline Vegetation x Depth x Slope. Sample Size Increases Power, Increasing Standard Deviation Reduces Power.
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Figure 4. Reduced Effect Size, Vegetation x Depth x Slope. Sample Size Increases Power, Increasing Standard Deviation Reduces Power.


The two-way ANOVA Vegetation x Depth main effect of media depth has lower power at high standard deviation and low sample size, while power to detect differences between vegetation presence/absence is insensitive to standard deviation and sample size (Table 2, Fig. 5). For Slope x Depth, power is slightly higher for media depth than slope at low sample sizes (Table 3, Fig. 6). The three-way ANOVA (Fig. 3) had less power to detect differences due to the slope treatment than did the two-way ANOVA (Fig. 4). 
Table 2. Prospective Power for Two-way ANOVA, Vegetation x Depth.
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                             Dependent Variable                Runoff

                             Total Sample Size                     32

                             Alpha                               0.05

                             Error Degrees of Freedom              24

                                          Computed Power

                                                    Std    Test

Index Source Dev DF Power

1 Veg 0.25 1 >.999

2 Veg 1.5 1 0.998

3 Depth 0.25 3 >.999

4 Depth 1.5 3 0.699

5 Veg*Depth 0.25 3 >.999

6 Veg*Depth 1.5 3 0.255
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Figure 5. Vegetation x Depth. Sample Size Increases Power, Increasing Standard Deviation Reduces Power.

Table 3. Prospective Power for Two-way ANOVA, Slope x Depth.
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                             Dependent Variable                Runoff

                             Total Sample Size                     32

                             Alpha                               0.05

                             Error Degrees of Freedom              24

                                          Computed Power

                                                     Std    Test

Index Source Dev DF Power

1 Slope 0.25 1 >.999

2 Slope 0.75 1 0.717

3 Depth 0.25 3 >.999

4 Depth 0.75 3 0.82

5 Slope*Depth 0.25 3 0.476

6 Slope*Depth 0.75 3 0.088
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Figure 6. Slope x Depth. Sample Size Increases Power, Increasing Standard Deviation Reduces Power.

Discussion


Based on published means and standard deviation for a rainfall event of 10 mm, power to detect differences among treatments is high for all scenarios at minimal sample sizes. However, if standard deviation is up to six times higher than expected, replication of five per cell is required in order for power to be 80% or more. Consequences of smaller effect size may be severe in detecting differences among slope treatments in the three-way analysis; at six replicates per cell, power was approximately 30%. Although the three-way ANOVA takes into consideration all treatments in one experiment, power to detect differences due to slope is lower than in an equivalent two-way ANOVA.

These prospective power analyses depend upon realistic estimates of treatment group means and standard deviations which could be obtained during trial runs with the proposed experimental units. Controlling measurement error and other variables may reduce variation and improve the power of the test to detect differences among treatments. The standard deviation and differences in treatment means may vary with rainfall amount, so that a prospective power analysis is needed for each desired storm amount and intensity. Because of assumptions of normality required by ANOVA, all data should be tested for normality before analysis, and if found non-normal, a transformation should be attempted and the test for normality repeated.

Particulars of the experimental design could influence within-group variation, and thus the power of the experiment. The method for collecting the runoff data could affect the amount of within-group variation. Methods used in research thus far include automated tipping buckets (VanWoert et al. in press), weirs (Moran 2004), and pressure transducers (DeNardo et al. 2003). Smaller sized platforms could increase the amount of variation by reducing the total volume of water collected, thus making errors a larger percentage of the total volume. Smaller rain amounts might also increase variation in runoff because less water will be collected. Smaller increments between levels of the experiment might reduce power by reducing the effect size. Other general factors that could influence the outcome of the power analysis might include media composition, drainage layer design, plant species, climate, and time to end of runoff.
Recommendations


Because the outcome is dependent on the specific situation and experimental design, this analysis should be repeated after trial run data is collected, and means and variances are estimated for each rainfall event of interest. If power is low, this presents an opportunity to evaluate and optimize the experimental design, by adding replicates, increasing the effect size, or by reducing within-cell variation. Experimental methods should be scrutinized with the goal of reducing within-group variation. If covariates, such as moisture level of media, can be measured, they may help compensate for differences between replicates. A balanced design, with equal numbers of replicates in each cell, will help to reduce the statistical complexity of analyses. 
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APPENDIX A: example SAS code for prospective power analyses
data Exemplary;

      do Veg = 1 to 2;

         do Depth = 1 to 4;



 
do Slope = 1 to 2;

            
input Runoff @@;

            
output;




end;

         end;

      end;

      datalines;

         5.6 7.6 4 5.5 3 4 2 2.5

         1.5 2.5 1 1.8 0.7 1.3 0.5 0.9

      ;


proc print;

   run;

proc glmpower data=Exemplary;

      class Veg Depth Slope;

      model Runoff = Veg | Depth | Slope;

      power

         stddev = 0.875
         ntotal = 48
         power  = .;

   run;

proc glmpower data=Exemplary;

      class Veg Depth Slope;

      model Runoff = Veg | Depth | Slope;

      power

         stddev = 0.25 1.5
         ntotal = 48
         power  = .;

      plot x=n min=48 max=96;

   run;

APPENDIX B: datasets, mm cumulative runoff three to four hours after initial rainfall.
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two-way ANOVA, depth x veg factor A depth, cm

2.5 5.1 10.2 15.2

Veg level 1 2 3 4

no plants 1 5.6 4 3 2

plants 2 1.5 1 0.7 0.5

two way ANOVA, depth x slope factor A depth, cm

2.5 5.1 10.2 15.2

slope level 1 2 3 4
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