
ABSTRACT 
 
DEGAETANO, SHANE THOMAS. Field-Scale Evaluation of the Water Quantity and 
Quality Benefits of Blue Roofs Compared to Green and Conventional Roofs (under the 
direction of Dr. William Hunt) 
 

Green roofs have shown promise in delaying and retaining stormwater, allowing 

developers to meet low impact development standards. While research consistently 

demonstrates the hydrologic and environmental benefits of green roofs, the expense of 

implementation has limited their widespread application. Consequently, stormwater 

professionals have developed a substitute, known as blue roofs, which potentially offer 

similar hydrologic benefits at a minimized cost. Blue roofs are designed to temporarily detain 

stormwater on the rooftop by regulating outflow. Unlike green roofs, blue roofs do not have 

soil or vegetation, substantially decreasing construction and maintenance costs. 

This study compared blue and green roof performance utilizing adjacent blue roof, 

green roof and control roof plots. Nine plots (1.5m x 1.5m) were constructed: three of each 

surface type. Blue and green roof treatments used modular trays. Green roof trays had 

drainage holes on the bottom, and were filled with standard lightweight expanded shale 

media. Green roof trays were vegetated with several types of Sedum selected for optimal 

growth in mid-Atlantic climates. Blue roof trays had holes drilled on the tray sidewalls, and 

were filled with Stalite®, a lightweight, coarse, expanded slate aggregate. Internal drains 

routed outflow into collection bins underneath the plots. Bins were outfitted with HOBO® 

water level loggers to record water depth to ultimately compute outflow volume, peak flow 

and peak flow delay. Water quality samples were manually collected from the bins after each 

precipitation event. Samples were tested for total suspended solids (TSS), nitrate/nitrite-N 

(NO3+NO2), total kjeldahl nitrogen (TKN), total ammoniacal nitrogen (NH3), 



orthophosphate-P (OP), and total phosphorus (TP). Precipitation data were collected onsite 

by both a manual and tipping bucket rain gauge. Additional climatological parameters 

measured at a nearby weather station allowed for the calculation of potential 

evapotranspiration.  

Blue and green roof precipitation retention and peak discharge rates were similar. 

Peak flow delay was also similar for blue, green and control roofs, probably due to the small 

scale of the plot design. Furthermore, blue roof evaporation rates were significantly greater 

than estimated crop coefficient evapotranspiration rates computed for the green roofs, 

suggesting that blue roofs may be more effective at regenerating storage capacity. 

Blue roofs had lower nitrogen concentrations in outflow, than those of the green 

roofs; average green roof TN = 5.9 mg/l and average blue roof TN = 2.9 mg/l. Similarly, TP 

concentrations in outflow were greater for the green roof (2.7 mg/L) compared to the blue 

roof (0.3 mg/l). Blue roof nutrient loadings and concentrations were not significantly 

different from those of the control, while green roof nutrient loading and concentrations were 

significantly higher than those of the control and the blue roof.  

The results of this study suggest that blue roofs may be a viable alternative to green 

roofs. The hydrologic benefits of blue roofs are comparable to those of green roofs, and blue 

roofs discharged lower nutrient loads. Additionally, material cost for blue roofs was 

approximately one-third that of green roofs. Lower maintenance needs, reduced structural 

loading concerns, and ease of implementation further underscore why blue roofs are an 

emerging rooftop stormwater control measure.   
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CHAPTER 1: REVIEW OF LITERATURE  
 
1.1 Introduction 
 

It is well documented that urbanization adversely impacts the environment. Impervious 

surfaces, like pavement and rooftops, constitute a particularly drastic alteration to the 

hydrological system. This coverage hinders drainage and transpiration, increases storm 

runoff volume and rate, and increases nonpoint source (NPS) pollutant loads (Paul and Myer, 

2001). Increasingly, stormwater professionals seek to improve water quality by designing 

stormwater control measures (SCMs) that simulate the natural conditions prior to 

development. While these practices have been shown to effectively treat and reduce 

stormwater, they take up a considerable amount of surface area -- posing difficulty in densely 

populated urban areas where runoff issues are the most problematic. Stormwater engineers 

recognized that rooftops compose 40-50% of impermeable area in cities (Dunnett & 

Kingsbury, 2004). In response, rooftop SCMs, known as green roofs, were developed.   

Green roofs are vegetated roof systems designed to detain and retain rainfall by 

regulating outflow and evaporating stored water (Czemiel Berndtsson, 2010). The overall 

objective is to improve urban water balance to more closely mimic that of a natural 

hydrologic system. The performance of a SCM is generally measured by its ability to reduce 

runoff volume and to delay and mitigate the peak flow. These components of runoff are 

closely linked to numerous adverse impacts like channel widening, bank failure, habitat loss 

and pollution (Paul and Meyer, 2001); by controlling stormwater runoff, these impacts can be 

lessened. Published studies consistently show that green roofs are able to effectively regulate 

stormwater and accomplish such benefits (Czemiel Berndtsson, 2010). However, green roof 

construction and maintenance costs are much higher than conventional roofs (Carter and 
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Keeler, 2008; Clark et al., 2008), deterring potential consumers from implementing these 

systems. Some studies have attempted to calm economic concerns by showing that, despite 

high initial costs, the overall benefits associated with green roofs yield a positive net present 

value (Clark et al., 2008; Niu et al., 2010). Contradictory studies have shown that despite the 

advantages of living roofs they are still more costly than conventional roofs (Bianchini et al., 

2012; Carter and Keeler, 2008; Sproul et al., 2012). Additional disagreement regarding water 

quality of green roof runoff further promotes the need for a green roof alternative (Berghage 

et al., 2009; Berndtsson et al., 2006; Gong et al., 2014; Hathaway et al., 2008).  

Recently, blue roofs have emerged has a promising alternative to the well-studied 

benefits that green roofs provide over conventional roof systems (NYCDEP, 2011). While 

blue roof design can vary slightly, the general principles remain constant: temporarily detain 

precipitation using flow control to regulate water leaving via roof drains. Blue roofs, like 

green roofs, have the potential for use in low impact development, as they appear to be able 

to reduce runoff volumes and rates (NYCDEP, 2011). There are currently no peer-reviewed 

blue roof monitoring results. Although blue roofs cannot match the aesthetic appeal of green 

roofs, less frequent maintenance and less expensive material may result in a cost effective 

substitute to green roofs. 

1.2 Stormwater 
 

Global water quality has degraded severely since the onset of the industrial age. The 

importance of protecting national water resources was not recognized until the late 20th 

century when the US Congress passed the Clean Water Act: signed into law by President 

Nixon in 1972. This effectively regulated point source pollution by prohibiting the discharge 

of polluted waters into streams, rivers and other water bodies (U.S.  EPA, 1996). 
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Nevertheless, by the 1980's, professionals recognized that focusing solely on point source 

pollution insufficiently improved water quality; non-point source pollution (including 

stormwater runoff) needed treatment as well. This claim is supported by EPA studies that 

found urban stormwater runoff to be the second leading source of water quality degradation 

in lakes and estuaries and the third leading source in streams and rivers (U.S. EPA. 1994).  

Runoff is generated from precipitation falling on impervious surfaces. Considering 

urbanization and development increase impervious land cover, such land use changes have 

elevated concerns associated with stormwater runoff. As development rates trend upwards, 

the resulting hydrologic alterations will cause dramatic increases in urban runoff. According 

to the United Nations Development Project (2014) the number of urban dwellers will rise 

from 3.8 billion in 2014 to 7.4 billion in 2050. From 1950 to 2050, it is expected that the 

worldwide urban population will increase by 33% (UNDP, 2014). The resulting urban 

growth is expected to increase developed lands by 19%-23% by 2100 (Bierwagen et al., 

2010), promoting further hydrologic alteration and causing a myriad of stormwater related 

issues.  

It is well documented that impervious land coverage disrupts the hydrologic regime in 

urban areas, ultimately impairing nearby water resources.  (Arnold and Gibbons, 1996; 

Carlson and Arthur, 2000; Carlson, 2004). Elevated impermeable coverage diminishes water 

quality through several functions. Traditional stormwater sewer system design emphasized 

commuter safety, routing stormwater away as quickly as possible. While this system may 

have been effective in the past, increased impermeable coverage produces more runoff 

potentially overwhelming the capacity of established sewer systems (Montalto et al., 2007). 

Sewer overflows are particularly problematic in communities that do not have separate sewer 
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and stormwater systems (Rowe, 2011). Rain events can trigger combined sewer overflows 

(CSO) when runoff volume exceeds sewer capacity. These events are relatively common -- 

they can be caused by precipitation events as small as 30 mm (Montalto et al., 2007). In New 

York City, CSOs dump 40 billion gallons of untreated wastewater into surface waters every 

year (Cheney, 2005). The EPA designates CSOs as the leading cause of pollution in national 

lakes rivers and estuaries, estimating an abatement cost of 44 billion dollars (U.S. EPA, 

2002b). 

Aside from CSOs, increased runoff from urbanization can deteriorate water quality 

through several other functions. As the surface area covered by impermeable surfaces 

increases, the velocity and volume of surface runoff rises accordingly. Consequently, 

receiving rivers and streams are subject to increased watershed flashiness causing faster rates 

of erosion coupled with crippling habitat loss (Paul and Meyer, 2001).  Additionally, elevated 

concentrations of nutrients, metals and other contaminants are commonly linked to runoff 

from urban areas (Dunne and Leopold, 1978; Paul and Meyer, 2001). Stormwater engineers 

developed SCMs to control runoff in highly impervious areas and combat the adverse 

impacts of urban runoff. 

When designing an SCM, the engineer’s goal is to address both water quantity and 

quality concerns. Water quality goals include reducing concentrations of known 

environmental contaminants like nitrogen, phosphorus and heavy metals. Water quantity 

goals generally focus on not only reducing total runoff and peak flow volume but also 

delaying the start of runoff, and when the peak flow occurs. The overall objective of 

controlling water quantity is to reduce the volume of collective downstream flow.  
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Large-scale stormwater control systems are land-intensive, posing a problem in dense 

urban areas where available land is already limited. In response, stormwater engineers turned 

to rooftops as potential SCM sites. In highly urbanized regions, rooftops compose a large 

fraction of the total impervious area (Dunnett and Kingsbury, 2004); generally, these 

rooftops are unutilized. Green roofs have recently emerged as the most common technology 

to capitalize on the opportunity for stormwater control that rooftops offer.  

1.3 Green Roof Design and Function 
 

Green roof practices are divided into two classifications, extensive and intensive. The 

main difference between the treatments is the depth of the media layer: extensive roofs have 

shallower media relative to intensive roofs. The shallower media depth in extensive roofs 

limits the type and biodiversity of vegetation that can be established. Therefore, an intensive 

treatment is the more aesthetically pleasing option, as it can support large plants like trees 

and shrubs. The visual differences between these two treatments can be seen in Figure 1-1 (a) 

and (b). While both offer effective stormwater quantity and quality control, the magnitude of 

the benefits and cost effectiveness vary with each practice. 

 

(a) 
 

(b) 
 Figure 1-1 (a) Extensive Green Roof in Muncie, IN. (b) Intensive Green Roof in Houston, TX. (Retrieved 

from GreenGrid) 
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Extensive Green Roofs 

Of the two green roof designs, extensive green roofs are implemented more frequently 

than their intensive counterpart (Carson et al., 2013). A variety of factors can be attributed to 

the relative ubiquity of extensive compared to intensive. Generally, extensive systems are 

used to retrofit existing roofs because of their lighter weight requirements (Voyde et al., 

2010).  

The North Carolina State Department of Environmental and Natural Resources 

(NCDENR) stormwater BMP manual specifies a minimum media depth of 4 in (NCDENR, 

2007), which is consistent with alternative media depth specifications provided in other 

sources (Voyde et al., 2010; Carson et al., 2013; Gregoire and Clausen, 2011). A thinner 

substrate layer substantially decreases the weight of the system, ultimately reducing loading 

concerns allowing for widespread implementation. The NCDENR limits extensive green roof 

loading to 35 psf (NCDENR, 2007). To meet this criterion, rooftop gardens use lightweight 

substrate composed primarily of expanded shale.  

Because of the thinner media layer, extensive green roofs feature short rooting depth, 

drought resistant plants able to withstand the harsh rooftop conditions. Low-growing 

succulents, predominantly Sedums are the established vegetation for extensive vegetated 

roofs (Berghage et al., 2007; Durhman et al., 2006; Maclvor and Lundholm, 2011; Snodgrass 

and Snodgrass, 2006). Sedums are ideal for green roof application because they exhibit 

crassulacean acid metabolism (CAM), allowing them to readily adapt to water stress 

conditions (Durhman et al., 2006). CAM plants reduce transpirational water losses by 

conducting gas exchange at night permitting stomata to stay closed during the day (Sayed, 

2001). While Sedum has been widely effective for green roof applications, Maclvor and 
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Lundholm (2011) stress the importance of not overusing sedum monocultures, claiming that 

overemployment may cause challenges with insects and disease. Additionally, overall 

ecosystem health would be affected by the limited diversity (Nagase and Dunnett, 2012). 

Intensive Green Roofs 

Converse to extensive green roofs, intensive systems have a deeper substrate allowing for 

vegetated roofs with greater diversity and plant biomass (Speak et al., 2013). Larger plants 

and more substrate are accompanied by greater loading concerns.  Intensive green roofs are 

almost exclusively built-in-place (Morgan et al., 2013), meaning the green roof is built as a 

single unit on top of the roof membrane. Because of structural considerations, intensive green 

roofs are typically included in plans when a building is being constructed; retrofitting an 

existing roof with an intensive system is rare.  Although intensive green roofs can be more 

aesthetically pleasing, heightened structural concerns (80+ psf) coupled with high 

maintenance costs make intensive systems the more expensive and less utilized option 

(Bianchini and Hewage, 2012). 

Design  

While structure and vegetation varies, the design of intensive and extensive roofs is 

relatively similar. A typical layering schematic can be seen in Figure 1-2 (a). The bottom 

layer of a green roof is the roof construction. The existing roof must have a waterproofing 

layer so that water cannot penetrate into the roofing material. Above the membrane is the 

retention and protection layer, which acts as a root barrier. Protection layers often contain 

copper sulfate, a known plant growth retardant, to further protect the water proofing 

membrane from root penetration. On top of the protection layer is the drainage layer. This 

layer in generally composed of a series of “cups”, see Figure 1-2 (b), that initially fill with 
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rainwater, and then allow excess water to flow away once the cup capacity has been reached. 

Once precipitation has ceased, these cups act as water storage units allowing for uptake by 

vegetation during dry periods. 

  A filter fabric mat is placed on top of the drainage layer. This layer ensures that the 

drainage mat remains unclogged so water can flow freely from the system. Next is the media 

layer. Depending on the practice being used, the media thickness is typically less than 10 cm 

(≈4 in) for extensive roofs and ranges up to 120 cm (≈50 in) for intensive practices (Kosareo 

and Ries, 2007); although there are not definitive criteria. Media is designed to be a suitable 

physiochemical environment for root growth, and yet be sufficiently lightweight to meet 

rooftop-loading requirements (Berghage et al., 2007). Expanded shale is commonly used 

because it has a high volume of pore space, allowing inflowing rainfall to be retained within 

the substrate (Berghage et al., 2007). The vegetation layer also differs between the two 

treatments. As discussed previously, extensive roofs can support shallow rooting plants, 

mainly Sedums, while intensive roofs can support a larger array of vegetation. 

 

 

(a) (b) 
Figure 1-2 (a) Green Roof Layer schematic (Retrieved from Restoration Gardens Inc.) (b) Typical 

drainage layer (Retrieved from Urbanscape) 
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Function 

The ideas behind green roof function are not complex. Outflow occurs when both the soil 

media reaches field capacity and the drainage layer has been filled. Depending on the design, 

the amount of precipitation necessary to initiate outflow varies. In some cases, smaller storms 

will not generate any outflow as the entirety of the rain is retained in the roof layers (Carter 

and Jackson, 2007). Conversely, when the precipitation event exceeds the system’s storage 

capacity, a few key benefits can be achieved: overall outflow and peak flow volume are 

reduced and the timing of peak flow is delayed (Denardo et al, 2005; Hathaway et al., 2008; 

Voyde et al., 2010). By doing so, green roofs limit the adverse effects of an urbanized 

watershed (Carter and Jackson, 2007).  

Precipitation that remains on the roof once rainfall has ceased either returns to the natural 

water cycle via evapotranspiration or becomes outflow at the onset of the next storm event 

(Berghage et al., 2007; Bliss et al., 2009; Hathaway et al., 2008). Evidently, the number of 

days between rainfall events plays a considerable role in the hydrologic performance of green 

roofs (Wadzuk, 2013). Even a small rainfall event, closely following precipitation that 

initiated outflow, will readily trigger outflow because the roof will be at (or close to) its 

water storage capacity. Systems that are able to quickly evaporate and transpire excess storm 

water will more readily store new water; bolstering their overall hydrologic performance 

through higher rates of stormwater retention (Poë et al. 2015). 

1.4 Green Roof Benefits 
 

Living roofs offer widespread environmental benefits ranging from stormwater 

management, to aesthetic appeal (Czmiel Berndtsson, 2010). While these advantages are 

numerous, some are difficult to quantify leading to inconsistencies in published findings. The 
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following section reviews currently available knowledge regarding the environmental 

benefits of green roofs.  

Runoff Quantity Reduction 

The hydrologic performance of a green roof is measured by the amount of 

precipitation it retains. Other hydrologic goals are also used to quantify green roof 

performance, including peak flow volume reduction and peak flow delay. By achieving these 

objectives, green roofs can curb the negative hydrologic effects of urbanization and limit 

CSO occurrences.  

Runoff Volume Reduction 

 The percent of annual rainfall retained is usually reported as the principal measure of 

green roof performance. The more precipitation that is retained; the less roof runoff can 

occur. While the magnitude of retention varies, a majority of studies show that vegetated 

roofs are an effective method to reduce rooftop runoff (Czemiel Berndtsson, 2010, 

Vijayaraghavan, 2016). Table 1-1 summarizes runoff reduction findings presented in 

reviewed literature. Annual retention ranges from 34% to 80.2%. The disparity among 

reported values stems from experimental differences including climatological and design 

factors. Because project set-ups can be drastically different, direct study comparisons are 

difficult. Nevertheless, there is collective agreement among studies that green roofs do 

reduce runoff.  

Ability to retain moisture is closely linked to weather conditions and green roof 

characteristics. From a design standpoint, depth and type of substrate play the largest role in 

stormwater retention (VanWoert et al., 2005). Climatologically speaking, antecedent dry 

days (influencing initial soil moisture) and storm size have the most impact on retention 
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(Czemiel Berndtsson, 2010). If green roof layers are saturated from a previous storm, new 

precipitation will rapidly generate runoff. Conversely, during dry periods, smaller storms can 

be totally retained.  It is accepted that as rainfall increases, the percent of stormwater retained 

decreases (Carson et al., 2013; Carter and Rasmussen, 2006; Hathaway et al., 2008; 

VanWoert et al., 2005). Therefore, green roofs with larger retention capacities (deeper media 

and more pore space) that are able to effectively evapotranspire will perform better. Building 

on these fundamental ideas, researchers are exploring other sources of discrepancy among 

reported retentions in order to establish better models and more accurate results.   

Some studies reported seasonal stormwater quantity reduction findings. The reviewed 

literature agrees that temporal rainfall reduction patterns exist: higher reduction in the 

summer, lower reduction during the winter (Berghage et al., 2009; Carson et al., 2013; 

Hathaway et al., 2008, Stovin et al., 2012). The warm season has higher evapotranspiration 

rates and, therefore, regenerates roof retention capacity faster (Carter and Rassmussen, 2006; 

Mentens et al., 2006; Speak et al., 2013). Evidently, seasonal trends influence reported 

annual retention rates – as sampling periods occur over different seasonal spans.  

Similarly, Carson et al. (2013) introduced another climatological bias that contributes 

to disparity in stormwater volume reduction. This study illustrated the idea that differences in 

rainfall distributions during sampling would impact overall green roof rainfall retention. 

During “wetter” years, compared to the normal, vegetated roofs would have a higher 

probability of saturation, and in these cases, would be unable to retain rainfall. Modeled 

green roof performance, adjusting for rainfall distribution bias, yielded higher retention rates 

than measured (Carson et al. 2013). In “drier” years modeled retention would likely be lower 

than measured rates. Rainfall distribution has a large impact on annual green roof retention 
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and should not only be accounted for when modeling green roof performance but also be 

considered when reporting measured results. 

Peak Flow Rate Reduction 

 Peak flow rate is the largest flow rate on the hydrograph of a storm event. Peak flow 

is commonly used as a measure of stormwater impact because maximum erosion is typically 

correlated to peak flow (Dunne and Leopold, 1978). High peak flows caused by intense 

precipitation can cause amplified stream flow velocities, which can increase stream bank 

erosion (Paul and Meyer, 2001). Numerous studies (Denardo et al., 2005; Hathaway at al., 

2008; Stovin, 2010; Voyde et al., 2010; Carpenter and Kaluvakolanu, 2011; Stovin et al., 

2012; Fassman-Beck et al., 2013) have explored green roof ability to reduce peak flow rate; 

the reported percent reductions can be seen in Table 1-1. Analogous to overall retention, 

although the magnitude of reduction varies, the reduction trend is consistent throughout the 

literature. By detaining rainfall, green roofs reduce collective downstream flow. Substantial 

peak flow reduction curbs flash flooding events in highly impervious areas thereby aiding in 

lessening stream bank erosion due to decreased runoff flow velocities from green roofs.  

Reported percent peak flow rate reduction ranges from 44% to 89%. Similar to 

rainfall retention, peak flow reduction is heavily dependent on the antecedent dry period 

(Stovin, 2010) and storm size (Carpenter and Kaluvakolanu, 2011). However, parameters 

known to influence rainfall retention do not necessarily have a comparable impact on peak 

flow reduction. Voyde et al. (2010) showed that successive rainfall events do not influence 

peak flow reduction.  Fassman- Beck et al. (2013) demonstrated that, unlike rainfall 

retention, peak flow reduction does not follow seasonal trends, claiming that peak flow is 

controlled by substrate permeability and travel time through the drainage. The researchers 
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propose that a more flow resistant drainage media may promote better green roof 

performance in terms of peak flow reduction. 

Bengtsson (2005) conducted a study in which green roofs with and without a drainage 

layer were monitored to determine the effect that absence of a drainage layer has on peak 

flow rate. Interestingly, it was found that the roof without a drainage mat, actually generated 

runoff more slowly resulting in a lower peak flow. From this Bengtsson (2005) suggested 

that green roofs without drainage layers could significantly reduce runoff peak flow rates. 

This result seemingly contrasts conclusions made by Fassman-Beck et al. This contradiction 

underscores the need for further research into the dynamics of green of drainage layers 

pertaining to peak flow reduction.  

Peak Flow Delay 

 In addition to peak flow rate reduction, green roofs can delay the occurrence of peak 

runoff, potentially helping to alleviate the negative impacts related to urbanized watersheds. 

Green roofs act as detention basins by delaying the conveyance of water. As a result, green 

roofs are able to reduce the cumulative peak flow downstream effectively diminishing 

erosional effects and minimizing the potential for CSOs (Li and Babcock, 2014). Several 

studies (Denardo et al., 2005; Carter et al., 2006; Voyde et al., 2010; Carpenter and 

Kaluvakolanu, 2011; Stovin et al., 2012; Speak et al., 2013) have explored green roof’s 

ability to delay peak flow; reported findings are presented in Table 1-1. 
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Table 1-1  Summary of commonly reported green roof hydrologic performance measures 

 Reductions  

 
Runoff 
Volume 

Range of 
Volume  

Peak 
Flow  

Peak Flow 
Delay 

References (%) (%) (%) (hours) 

DeNardo et al. (2005) 45 19 - 98 44 2 
VanWoert et al. (2005) 60.6 - - - 
Carter et al. (2006) 78 39 - 100 - 0.6 
Mentens et al.  (2006) 45 - - - 
Getter et al. (2007) 80.2 63.3 - 94.2 - - 
Hathaway et al.  (2008) 64 - 75 - 
Van Seters et al.  (2009) 63 - - - 
Stovin (2010) 34 - 57 - 
Voyde et al. (2010) 72 59 - 100 92 1.25 
Caprenter et al. (2011) 68.25 - 88.86 2.16 
Gregoire et al. (2011) 51.4 - - - 
Stovin et al. (2012) 42.74 30.30 - 99.95 60 0.9 
Fassman et al. (2013) 56 - 62 - 90 - 
Morgan et al. (2013) 50 - - - 
Speak et al. (2013) 65.7 - - 0.3 

 

Unsurprisingly, like overall runoff volume and peak flow rate reduction, the magnitude of 

peak flow delay varies among the studies. Despite the variation, all studies demonstrated that 

green roofs delay peak flow and, therefore, have the capability to address the concerns that 

accompany increased runoff. Seemingly, the factors that influence peak flow reduction and 

peak flow delay should be interdependent. However, there is a lack of studies exploring the 

mechanisms of peak runoff delay (Li and Babcock, 2014). While many studies have shown 

that green roofs delay peak flow, little research has been done to isolate the variables 

affecting peak flow delay.  
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1.5 Runoff Quality  
 

Like hydrologic performance, reported water quality results vary among studies. Yet, in 

the case of water quality, there is no clear agreement on whether green roofs provide water 

quality improvements. Numerous studies point to green roofs as a potential source of nutrient 

pollution (Czemiel Berndtsson, 2010). Elevated TP concentrations in green roof outflow is 

commonly reported (Berghage et al., 2009; Berndtsson et al., 2009; Bliss et al., 2009; 

Berndtsson et al., 2006; Gong et al., 2014; Gregoire and Clausen, 2011; Harper et al. 2013; 

Hathaway et al., 2008; Razzagamanesh et al., 2014; Van Seters et al, 2009, Wang et al., 

2013). Reported TN concentrations are more variable. Of the eleven studies showing 

elevated TP concentrations, Harper et al. (2013), Hathaway et al. (2008) and Razzaghmanesh 

et al. (2014) reported higher TN concentrations in green roof outflow. However, some studies 

showed that while TN concentrations may be lower, outflow had elevated concentrations of 

other nitrogen species (Gregoire and Clausen, 2011). Moran et al. (2003), found that outflow 

from green roofs had significantly higher TN and TP concentrations, 3.9 mg/l and 0.7 mg/l 

respectively.  

In 2009, Berghage et al. published an EPA report demonstrating that although green 

roofs contributed more phosphorus, potassium, hardness, salts and other ions, they do not act 

as a nitrogen source. This report concluded that green roofs were beneficial for the removal 

of atmospheric nitrate. It is important to note that the nitrogen results from the EPA study are 

different than TN, NH4-N, NO3-N published elsewhere. The EPA recognized the need for 

these parameters to be studied in future research.  

Analogous to Berghage et al. (2009), Berndtsson et al. (2006) published water quality 

results supporting green roofs as a pollutant source, with the exception of nitrogen. 
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Concentrations of the following nutrients and metals were found to be higher in runoff than 

rainfall: Cd, Cr, Cu, Fe, K, Mn, Pb, Zn, PO4–P, and TP– leading to the conclusion that green 

roofs do not effectively treat rain water (Berndtsson et al. 2006). In a subsequent project, 

Berndtsson et al. (2009) solidified previous findings establishing extensive green roofs as a 

sink for NO3-N and NH4-N.  

Green roof nutrient leaching is closely linked to fertilizer application. While some 

systems did not require fertilization for maintenance, green roof substrate often contains 

organic matter to help establish plant cover. Authors that observed high nutrient 

concentrations in runoff universally attribute it to fertilizer and media incorporated organic 

matter (Berndtsson et al., 2006; Berndtsson et al., 2009; Hathaway et al., 2008; Rowe, 2011). 

It follows that overtime the magnitude of nutrient pollution will lessen as it is removed from 

the system, introducing green roof age as a necessary parameter to assess green roof water 

quality performance. Kohler et al. (2002) confirmed this idea, showing that phosphorus loads 

in runoff were reduced by 26%, 61%, 64% and 81% in four consecutive years.  

While literature does not agree on the dynamics of nitrogen in green roofs, 

phosphorus concentrations are consistently higher in green roof runoff. Elevated phosphorus 

concentrations coupled with increased concentrations of other heavy metals and nutrients, 

suggest that green roofs may be detrimental to water quality. Further research is necessary to 

establish green roof contribution to water treatment and/or explore green roof alternatives. 

1.6 Ancillary Benefits 
 

Aside from stormwater management, the advantages of living roofs have drawn the 

attention of many different research disciplines. While research findings are dispersed among 
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various publications and fields of study, green roof impacts can be grouped into the broad 

field of building sustainability (Berardi et al., 2014). 

Energy Consumption Reduction 

Multiple studies have shown that green roofs effectively lower indoor temperature 

variation in turn decreasing building energy demands for heating and cooling (Casetlton et 

al., 2010; Jaffal et al, 2012; Niachou et al., 2001). Depending on the climate, the green roof 

function to promote energy savings will be different. In cold climates, vegetated roofs act as 

an additionally layer of insulation on the building, retarding the rate of heat loss through the 

roof (Getter et al., 2014). Getter at al. (2014) showed that in the winter, extensive green roofs 

reduced heat flux by 13% on average. The same study further demonstrated that heat flux 

was reduced by 167% on average during the summer. Other literature reports similar 

temporal heat flux differences (Castleton et al., 2010; Jaffal et al, 2011). During the summer, 

green roofs act a passive cooling method, preventing solar radiation from hitting the roof 

(Castleton et al., 2010), essentially shading the surface from the sun. Niachou et al. (2001) 

showed that protection from solar radiation resulted in a 2% - 48% reduction in energy used 

for cooling. Another study performed in the hot-humid Mediterranean climate reported 60% 

reduced cooling consumption (Olivieri et al., 2013). 

Urban Heat Island  

Urban heat island (UHI) effect is a phenomenon where temperatures in densely 

populated urban areas are significantly warmer than surrounding ‘non-city’ areas. Higher 

temperatures in the city are often attributed to heat absorbing materials, like asphalt, which 

constitute a significant portion of land cover in cities (Liu and Baskaran, 2003). Increased 

urbanization will exacerbate this issue. Several studies have explored green roof’s potential 
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to curb UHI. Susca et al. (2011), showed that temperature on vegetated roofs in New York 

City could be up to 2 °C cooler than conventional roofs. Other studies apply micro-scale 

findings to determine macro-scale effects. One such study, performed by Santamouris 

(2012), claims that large-scale application of green roofs in Chicago, IL could reduce 

ambient temperatures by 0.3°C - 3°C. Smith and Roeber (2010) also reported 3°C reductions 

when modeling green roof’s UHI mitigation potential in Chicago. Curbing the effects of UHI 

will provide additional reductions in energy consumption, indirectly reducing citywide 

energy demand on top of the direct savings associated with green roof implementation. At 

current rates of vegetated roof construction and retrofits, UHI mitigation benefits will be 

limited to the distant future. Ambient temperature decreases will not be measured until green 

roof use is widespread. For this to happen, living roofs must overcome complexity and 

economic barriers currently preventing ubiquitous application.  

Air Pollution Reduction  

Intensive green roof’s ability to reduce air pollution is well studied. Air pollution 

impacts are more substantial from intensive systems, compared to extensive roofs, as trees 

have the biggest impact on reducing air pollution (Currie and Bass, 2008). Yang et al. (2008) 

modeled contaminant (Ozone, NO2, PM10 and SO2) removal in Chicago; they found that 

green roofs removed 85 kg ha-1yr-1. In Washington D.C. assuming macro-scale extensive 

green roof implementation, Duetsch et al. (2002) reported contaminant reductions of 83 kg 

ha-1yr-1, which is remarkably close to the findings of Yang et al.  (2008). Comparable results, 

supporting green roofs as air pollution sinks, were reported in the United Kingdom by Speak 

et al. (2012). Although pollution reduction findings are promising, intensive green roofs are 

expensive. Therefore, the cost of green roof reductions is high. Yang et al. (2008) concluded 
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that green roofs are not an economically feasible option for regulating air pollution citing a 

$35.2 billion cost to remove 2047 metric tons of air pollution in Washington D.C. Yet, 

considering the multiple drivers that motivate green roof use may lessen the economic 

concerns.   

To fully evaluate the impact of vegetated roofs on air pollution mitigation, their 

capability to reduce building energy consumption and UHI must be considered. As 

previously discussed, green roof practices can reduce building heat flux, ultimately lowering 

energy demands (Casetlton et al., 2010; Jaffal et al, 2012; Niachou et al., 2001).  

Additionally, by lowering roof surface temperatures, green roofs have shown ability to 

reduce the effects of UHI, which would further decrease building energy consumed for 

heating and cooling (Santamouris, 2012; Smith and Roeber, 2010). These combined 

influences on energy demand, could significantly reduce emissions associated with fossil fuel 

burning (Rowe, 2011). Castleton (2010) outlines building energy benefits, but does not link 

consumption reductions to pollution mitigation.  

Aesthetic Green Space 

The social and aesthetic benefits of green roofs are challenging to empirically 

measure.  Nonetheless, proponents of green roofs often point to the visual appeal and other 

amenities when describing the advantages of living roofs. Czemiel Berndtsson (2010) 

remarked that green roofs are regularly viewed as art, and sometimes are established for 

purely aesthetic reasons. Because intensive roofs can support a diversity of larger and more 

complex plants, they tend to be the more visually appealing option. Enhancing property 

attractiveness through green roof implementation can also increase property prices (Czemiel 

Berndtsson, 2010) and improve return on investment compared to conventional roofs (Rowe, 
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2011). Living roofs also create amenity value by providing habitats that increase urban 

biodiversity, adding recreational space and improving work environments (Rowe, 2011).  

1.7 Green Roof Concerns  
 

Despite the numerous benefits, green roofs are not a panacea for the issues facing an 

urbanizing world. Currently economic concerns are the primary factor preventing widespread 

green roof use (Berghage et al., 2007). Other barriers stem from discrepancy among the 

published quantifiable benefits of vegetated roofs on outflow water quality. 

Economics 

Several studies have attempted to determine whether green roofs are economically 

feasible compared to conventional roofs. The objective of green roof economic analysis is 

generally to calculate the net present value (NPV) of the living system, and compare it to that 

of a conventional roof. Studies rely on environmental benefits to offset high construction 

costs, reducing the NPV to a level more comparable to conventional roofs. Accurately 

determining the net present value requires consideration of a myriad of factors and therefore 

is inherently complex. For instance, Carter and Keeler (2008) used a benefit cost analysis that 

accounted for benefits including improved air quality, reduced energy consumption and 

stormwater management. Clark et al. (2008) used a similar set of benefits in their economic 

models.  In addition to the core three benefits used by Carter and Keller (2008) and Clark 

(2008), Sproul et al. (2014) included white roofs in their economic comparison and 

introduced carbon offsets, and disposal costs into the benefit analysis.  Bianchini and 

Hewage (2012) accounted for a wider range of economic influences including social benefits, 

tax reductions and longevity benefits. The NPV results of these findings are highly variable 

(Table 1-2). Stated NPV are understandably highly dependent on the factors which the 
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authors choose to incorporate in their analysis. The large number of economic considerations 

associated with green roof operation makes it nearly impossible to develop a full 

understanding of green roof economics. Consumer uncertainty over receiving a return on 

their investment slowed green roof implementation. In many cases, economically beneficial 

impacts are not directly felt by the private or public entity building the roof. So, although 

economically the green roof may be more cost effective, the savings are seemingly intangible 

to the consumer. High implementation costs combined with consumer hesitation emphasize 

the need to find less expensive rooftop SCMs that offer comparable benefits.  

 
Table 1-2 Summary of reported green roof NPV compared to conventional roofs 

 Net Present Value Green Roof Conventional Roof 
References (%) $/m2 $/m3 

Carter et al. (2008) 10 to 14 145.04 122.02 
Clark et al.  (2008) -24.5 to -25.2 234.18 306.98 
Sproul et al.  (2014) 26.5 369.00 291.00 
Niu et al. (2010) -30 to -40 416.66 311.81 
Wong et al. (2003) 8.5 289.56 316.56 

 *Negative NPV represents overall savings  
 

1.8 Water Quality  
 

Many studies have shown that green roofs function as a source of pollution (Berghage et 

al., 2009; Berndtsson et al., 2006; Berndtsson et al., 2009; Gong et al, 2013; Hathaway et al., 

2008). While the extent of contamination and the type of pollutant vary, there is a clear trend 

that links green roofs to water quality degradation. A summary of published water quality 

findings can be seen in Table 1-3. Elevated nutrient concentrations in green roof runoff pose 

the biggest threat to surround aquatic systems (U.S. EPA, 1994). The most visually appealing 

green roofs usually require fertilization to establish plant communities. Unfortunately, 
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achieving aesthetic objectives comes at the expense of runoff quality. Green roof runoff 

pollution further highlights the demand for two paths for future research: addressing 

vegetated roof runoff and exploring alternative rooftop SCMs. 

Table 1-3 Summary of water quality results in green roof literature 
Reference Water Quality Result 
Berghage et al, (2009) 
Pennsylvannia, USA 

Green roofs act as a source of metals and nutrients except for 
nitrogen.  

Berndtsson et al. (2009) 
Japan and Sweden 

Intensive roofs acted as sinks for nitrate, ammonium and TN. 
Extensive roofs did not significantly reduce TN and released 
phosphorus. Conversely, intensive roofs showed no phosphorus 
leaching. Green roofs were determined to not be a significant 
source of heavy metals. 

Bliss et al. (2009) 
Pittsburgh, USA 

Green roof had higher phosphorus. No significant difference 
was observed between the control and the green roof outflow 
with respect to sulfate, nitrogen or heavy metals. 

Carpenter & Kaluvakolanu (2011) 
Michigan, USA 

No significant difference in TP or TN concentrations among the 
control and green roof; results deemed runoff results to be 
inconclusive due to small number of sampled storms 

Czemiel Berndtsson et al. (2006) 
Southern Sweden 

Green roofs acted as source of Cd, Cr, Cu, Fe, K, Mn, Pb, Zn, 
PO4-P and TP. Conversely, the roofs acted as nitrogen sinks. 
Nitrate it retained by the vegetation and/or soil. 

Gong et al. (2014) 
Tianjin, China 

Elevated TP concentrations from all plots. All treatments acted 
as ammonia sinks. The two treatments with shallower substrate 
acted as nitrate sources, while the two deeper treatments sunk 
nitrate. Outflow TN was lower from all but one plot. 

Gregoire & Clausen (2011) 
Connecticut, USA 

Green roof outflow TP and phosphate Concentrations were 
higher than rainfall but lower than the control. The green roof 
acted as a sink for TN, TKN, and NH3. Nitrate-Nitrite 
concentrations were higher in green roof outflow. 

Harper et al. (2015) 
Missouri, USA 

Reported very high TN and TP concentrations well outside the 
range established in literature:  >60 mg/L and >30 mg/L 
respectively. These concentrations decreased over the course of 
the study, consistent with previously reported trends 

Hathaway et al. (2008) 
North Carolina, USA 

TN concentrations significantly greater than rainfall, but not 
control. TP concentrations significantly higher in green roof 
outflow than rainfall and control. Researchers concluded that 
media acted as contaminant source. 

Razzaghmanesh et al. (2014) 
Adelaide, Australia 

Significantly higher Nitrate and phosphorus concentrations in 
extensive and intensive green roof outflow compared to asphalt 
and aluminum control roofs.  

Teemusk& Mander (2007) 
Tartu, Estonia 

During moderate rainfall events, TN and TP concentrations 
were higher from the control roof. The opposite occurred during 
periods of heavy rainfall, as more nutrients were removed. 
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Table 1-3 continued 

Van Seters (2009) 
Toronto, Canada 

Reported phosphorus and nitrate concentrations were lower than 
those of Hathaway et al. (2008). Nitrate concentrations were 
very low. Conversely, phosphorus concentrations in green roof 
outflow were significantly higher than the control roof resulting 
phosphorus loads exceeding regulated water guidelines. 

Wang et al. (2013) 
Tianjin, China 

Green roofs acted as a source for TP and as a sink for TN and 
NH3. Authors concluded that the larger the media depth the 
better water quality treatment achieved. 

 
 
1.9 Blue Roofs 
 

Blue roofs are a newly introduced rooftop SCM that function similarly to green roofs. 

Like green roofs, blue roofs can be built in place or modular and layering in the system also 

contains filter fabric and a drainage mat. The main difference between green and blue roofs is 

that blue roofs contain no vegetation (Figure 1-3(a)). In place of the vegetation and media 

layer, blue roofs have a thin layer of gravel that acts as ballast, keeping the layers below in 

place. The schematic is illustrated in Figure 1-3 (b).  

Without vegetation, blue roof construction and maintenance costs are considerably 

lower (NYCDEP, 2011). Blue roof advantages are limited compared to green roofs. Without 

vegetation, blue roofs lack the aesthetic appeal and amenity value provided by green roofs. 

Additionally, blue roofs cannot offer the environmental benefits like air pollution mitigation 

(a) (b) 
Figure 1-3 (a) Modular tray blue roof system (b) Typical blue roof layers (Retrieved from 

NYCDEP) 
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and increase urban biodiversity demonstrated by green roofs. Currently, it appears that the 

advantages of blue roofs are solely hydrologic.  

Stormwater control function in blue roofs is relatively simple: small outlet orifices 

slow the rate of release, forcing rainwater water to pond on the roof. Outlet control can be 

achieved through several methods. The New York City Department of Environmental 

Protection (NYCDEP) conducted a study that explored three blue roof setups. On one roof, 4 

plots were established: one control, and three different blue roof treatments. The first blue 

roof plot, has no roof alterations but the roof drain was altered to slow water drainage. The 

second blue roof plot contained a series of check dams that slowed runoff flow to the drain. 

The third plot was outfitted with modular blue roof trays, shown previously in Figure 1-3(a). 

The hydrologic performance of each practice varied substantially. The modified drain plot 

effectively slowed drainage at the beginning of storm events, but was overwhelmed when 

precipitation became heavy. Likewise, the check dams, which had a large storage volume, 

performed well at the onset of storms but became ineffective during intense rainfall. In this 

case, runoff was able to flow over the check dams, rendering the small flow regulating 

orifices useless. Ultimately, the modular trays showed the best hydrologic performance 

relative to the other systems. Most significantly, the NYCDEP found that blue roof tray 

systems not only delayed peak runoff but also reduced runoff volume; these reductions were 

“comparable” to reductions observed in green roofs (NYCDEP, 2011). The capability of blue 

roofs to reduce runoff volume was unexpected. While green roofs are designed to detain and 

retain water (through ET), blue roofs are designed solely as detention systems. The authors 

remark that this discrepancy indicates possible errors in the study, suggesting that clogging 

within the system or equipment malfunction could be to blame. Higher than expected rates of 
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evapotranspiration could also produce previously observed runoff volume reduction. The 

authors emphasize that further research into rooftop microclimate’s role in evapotranspiration 

from the blue roof trays is necessary.  

Accordingly, the NYCDEP (2011) performed a green/blue roof comparison study to 

build upon their previous findings. Both treatments significantly delayed peak runoff, and the 

green roof reduced runoff volume. However, in this study, the blue roof did not reduce runoff 

volume, directly contradicting the previous results. Isolating the cause of volume reduction 

differences and establishing blue roof volume reduction capabilities is imperative to 

determine whether blue roofs are a plausible green roof alternative. These apparent 

knowledge gaps must be filled for blue roofs to become an established SCM.  

No published data or peer-reviewed literature exists to determine the hydrologic 

benefits of blue roofs. Additionally, the NYCDEP did not monitor runoff water quality from 

the blue roofs. While their results are encouraging, the limited data stress the need for 

comprehensive research to not only address shortcomings of the NYCDEP studies but also 

establish reviewed and reliable blue roof results.  
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CHAPTER 2: FIELD SCALE EVALUATION OF THE WATER QUANTITY 
BENEFITS OF BLUE ROOFS COMPARED TO GREEN AND CONVENTIONAL 

ROOFS 
 
2.1 Abstract 
 

Green roofs detain and retain rainwater, allowing developers to meet low impact 

development standards. While research has demonstrated the hydrologic benefits of green 

roofs, high installation and maintenance costs have limited their widespread use. 

Consequently, a substitute, known as blue roofs, has been developed to offer similar 

hydrologic benefits at lower cost. Unlike green roofs, blue roofs have neither soil nor 

vegetation, substantially decreasing construction and maintenance costs. This study 

compared blue and green roof hydrologic performance (volume reduction, peak flow 

mitigation and peak flow delay) by establishing adjacent blue, green and control plots at the 

plot scale. Green roofs were constructed using prevegetated modular trays filled with a 

lightweight media blend of organic matter and expanded shale. Blue roofs were constructed 

using the same modular trays with drainage holes drilled on the sidewalls, rather than the 

bottom, and were filled with Stalite®, a lightweight, coarse, expanded slate aggregate. Using 

centralized drains to imitate internal roof drains, runoff was routed to a storage bin so that 

runoff flow measurements could be collected. Precipitation retention and peak discharge 

rates were similar for green and blue roofs, and both were different than the control. Blue and 

green roof peak flow mitigation was dependent on timing of maximum precipitation intensity 

and antecedent tray moisture. Peak flow delay was similar for the blue, green and control 

roofs, probably due to the small scale of the plot design. A comparison of blue roof 

evaporation rates suggested that this design may be more effective at regenerating storage 
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capacity than green roofs. While blue roofs may lack the aesthetic appeal of green roofs, this 

study suggests that they are a relatively cost-effective option for stormwater management.  

2.2 Introduction 
 

Impervious land cover disrupts the hydrologic regime in urban areas, ultimately 

impairing nearby water resources. (Arnold and Gibbons, 1996; Carlson and Arthur, 2000; 

Carlson, 2004). Increased impermeable coverage produces more runoff, potentially 

overwhelming the capacity of established sewer systems (Montalto et al., 2007). Sewer 

overflows are particularly problematic in communities that do not separate sewer and 

stormwater systems (Rowe, 2011), where intense rain events can trigger Combined Sewage 

Overflows (CSOs) when runoff volume exceeds sewer capacity. These events are relatively 

common -- they can be caused by precipitation events as small as 30 mm (Montalto et al., 

2007). In New York City, CSOs dump 40 billion gallons of untreated wastewater into surface 

waters every year (Cheney, 2005). The EPA designates CSOs as the leading cause of 

pollution in national lakes rivers and estuaries, estimating an abatement cost of 44 billion 

dollars (U.S. EPA, 2002b).  

Imperviousness leads to elevated velocities and volumes of surface runoff; 

consequently, receiving rivers and streams are subject to increased watershed flashiness 

causing faster rates of erosion coupled with crippling habitat loss (Paul and Meyer, 2001). 

Increasingly, stormwater professionals seek to improve hydrologic conditions and water 

quality by designing stormwater control measures (SCMs) that simulate the natural 

hydrologic conditions to mitigate the impacts of urbanization. 

While SCMs have been shown to effectively treat and reduce stormwater runoff, they 

occupy a considerable amount of surface area -- posing difficulty in densely populated urban 
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areas with high value real estate. Rooftops comprise 40-50% of impermeable area in cities 

(Dunnet and Kingsbury, 2004). In response, rooftop SCMs, known as green roofs, were 

developed.  

Green roofs, or living roofs, are vegetated roof systems designed to detain then retain 

rainfall by regulating runoff and evapotranspiring stored water (Czemiel Berndtsson, 2010); 

green roofs improve the urban water balance. The water quantity performance of a SCM is 

generally measured by its ability to reduce runoff volume, delay the peak flow and mitigate 

peak discharge. Discharge rates are closely linked to erosive flows causing channel widening, 

bank failure, habitat loss and pollution (Paul and Meyer, 2001). Published studies 

consistently show that green roofs are able to effectively regulate stormwater and accomplish 

such benefits, as summarized in Czemiel Berndtsson (2010). However, green roof 

construction and maintenance costs are much higher than those of conventional roofs (Carter 

and Keeler, 2008; Clark et al., 2008), deterring implementation. Some studies have attempted 

to ease economic concerns by showing that despite high initial costs; the overall benefits 

associated with green roofs yield a positive net present value (Clark et al., 2008; Niu et al., 

2010). Contradictory studies have shown that despite the advantages of living roofs, they are 

still more costly than conventional roofs (Bianchini et al., 2012; Carter and Keeler, 2008; 

Sproul et al., 2012). Green roof outflow nutrient water quality is also variable (Berghage et 

al., 2009; Bliss et al., 2009; Gong et al., 2014; Hathaway et al., 2008; Teemusk& Mander, 

2007), promoting the need for a green roof alternative.   

Recently, blue roofs have emerged has a promising alternative technology to green 

roofs (NYCDEP, 2011). While blue roof design can vary, the general principle remains 

constant: temporarily detain then retain precipitation using flow control. Blue roofs, like 
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green roofs, have the potential for use in low impact development, as they are able to reduce 

runoff volumes and rates (NYCDEP, 2011). No published blue roof monitoring results exist. 

Although blue roofs cannot match the aesthetic appeal of green roofs, less frequent 

maintenance and less expensive material may result in a cost-effective alternative for green 

roofs. This study examined the hydrologic performance of blue roofs compared to that of 

green and conventional roofs, with a focus on runoff volume reduction, peak discharge 

reduction and peak discharge delay.  

2.3 Site Description 
 

This field scale study was conducted at the North Carolina State University (NCSU) 

Sediment and Erosion Control Research and Education Facility (SECREF) (Appendix A). 

The area was open and surrounded by mowed grass to eliminate overhead obstructions and 

shading. 

2.4 Materials and Methods 
 
Project Setup 

Nine separate plots were constructed using lumber supports (Figure 2-1). Plots were 

designed to simulate rooftop conditions as closely as possible. Plots were elevated 1.5 meters 

above the ground to minimize any effects that the ground surface may have on the treatments 

(wind, heat, radiation, etc.). Tarps were installed around the plot supports to eliminate wind 

flow underneath the trays. Waterproof roof membranes were applied to the plot surfaces and 

centralized drains were installed, mirroring an actual rooftop. Plots were randomly assigned 

treatments: three green roof plots, three blue roof plots, and three conventional (control) roof 

plots (Figure 2-2). 
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Conventional roof plots utilized a 45 mil ethylene propylene diene monomer (EPDM) 

pond liner as the roof membrane. EPDM is a highly durable synthetic rubber commonly used 

for roofing applications on low-slope buildings. A single piece of 1.5 m x 1.5 m liner with a 

150-mm hole cut in the center was placed on the plot surface. The oversized cut extended 

over the plot walls where it was affixed to the outside edges using 8 mm staples (Figure 

2-3a).   

Figure 2-1 Constructed nine plot replicates with tarps for wind control 
 

Figure 2-2  Roof plot layout showing three replicates of the three treatments 
 
 



 

38 

A 100-mm drainage hole with a slight bevel was cut in the center of the plywood plot 

surface. A 0.3 m x 0.3 m piece of liner was affixed to a standard 100 mm PVC slip coupling 

using caulk and an internal PVC ring (Figure 2-3b). The coupling was then mounted in the 

hole by caulking the excess liner to the plot surface so that the PVC extended underneath the 

surface (Figure 2-4a). The plot liner was then sealed to the PVC affixed liner using caulk, 

and a 100 mm PVC drainage pipe was glued into the coupling (Figure 2-4b). This design 

intentionally required no holes or punctures to the membrane to preserve a water tight 

surface.  This membrane/drain configuration was applied to all plots.  

Figure 2-3 a) Control roof. b) PVC slip coupling and square liner pieces pre-and post-assembly 
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Green roof plots were constructed using pre-vegetated modular trays purchased from 

GreenGrid® Roofs (Hartford, CT). Trays are made with a 100% pre-consumer high 

molecular weight polyethylene with UV inhibitors and stabilizers to increase material 

lifespan (GreenGrid Roofs, 2015a). GreenGrid ® fourth generation extensive module 

dimensions were 0.61 m x 0.61 m x 0.11 mm (WxLxD) (Figure 2-5) and have a maximum 

saturated weight of 146 kg/m2 when filled with company recommended mid-Atlantic media.  

Figure 2-5 Shop drawings of GreenGrid G4 green roof modules (provided by GreenGrid ®) 
 

Figure 2-4 a) PVC affixed liner placed in plot surface hole prior to being covered with plot liner. b) 
Centralized PVC drain extended below the roof surface attached to PVC coupling extending through 

drainage hole 
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Trays were filled with rooflite® extensive MC media specifically designed for mid-

Atlantic regions per GreenGrid’s® recommendations (Jared Markham, Personal 

communication).  This engineered blend of organic and inorganic components meets 

Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau (FLL) (Philippi, 2005) 

green roofing guidelines. The FLL is a German company, known for setting standards in the 

green roof industry. The substrate is a proprietary blend composed of 30-45 g/L composted 

organic matter (made primarily from aged mushrooms) and aggregate from the expanded 

shale family. Green roof media is designed to be lightweight and conducive to plant growth 

(Hathahway et al., 2008). Full substrate specifications are included in Appendix B. 

Green roof vegetation was established using GreenGrid’s® standard mid-Atlantic 

sedum mats (GreenGrid Roofs, 2015). Plants were grown to maturity at Sunny Brook 

Nurseries in Kensington, CT., then incorporated into the substrate-filled trays and shipped to 

the project site as fully-vegetated modules. The vegetation mix was comprised of 20% Sedum 

album, Sedum sexagulare, and Sedum acre. The remaining 80% was composed of the 

following Sedum species: spurium, kamtschaticum, takesimensis, floriferum, stefco, reflexum, 

rupestre, immergrunchen (Figure 2-6).  

Figure 2-6 Sedum at full maturity in Mid-July 
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Mature plant heights range from 60 mm – 150 mm and are proven to be hardy and 

reliable in mid-Atlantic climates (GreenGrid Roofs, 2015). Sedum mat vegetation was 

chosen to provide immediate 100% coverage, reducing hydrologic performance variation that 

would otherwise occur during the time it would have taken for the Sedum to mature.  

Blue roof plots were constructed using the same modular trays as the green roof 

treatments, with some modification. In addition to having neither soil nor vegetation, the 

modules of the blue roof had drainage holes altered to promote more water retention (Figure 

2-7). Rather than having holes drilled at the bottom of the tray, drainage holes were drilled in 

the sides of the tray walls forcing water to pond in the trays. Eight drainage holes were 

drilled into the tray walls at 64 mm from the bottom (to the hole center) and spaced evenly 

around the perimeter (Figure 2-7). After the aggregate was added, this hole design allows for 

20 mm of stormwater storage before outflow begins. Blue roof design was intended to match 

green roof precipitation storage.  

Green roof media allows for approximately 25 mm of rainfall storage, with orifices 

drilled in the bottom of the tray. Although moving drainage holes to the side walls of the 

green roof trays would promote additional precipitation storage, a few issues would arise. 

Prolonged media saturation is not ideal for sedum; planted species would have to tolerant to 

Figure 2-7 Schematic drawing of modified drainage holes for blue roof application 
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frequently wet conditions. Such plants generally have deeper rooting depths than sedum, 

posing an issue with design green roof media depth. Additional precipitation storage on a 

green roof would increase structural loading on the building.     

Rather than being filled with the organic/inorganic substrate blend used in the green 

roof treatments, blue roof trays were filled with 19 mm Stalite®; an expanded slate aggregate 

commonly used in stormwater applications (Stinger et al, 2014) (Figure 2-8).  

For a blue roof, the aggregate not only acts as a ballast but may also adsorb phosphorus 

(Stringer et al., 2014). An ideal blue roof aggregate is lightweight and porous, thereby 

reducing roof loading and increasing water storage. Stalite ® had a porosity of 49% and a 

density of 0.8 kg/m2. Complete Stalite specifications are included in Appendix C. Table 2-1 

summarizes several key differences between the treatments.  

 

 

 

 

Figure 2-8 Stalite® in blue roof trays 
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Table 2-1 Treatment materials used to construct plots 

  Blue  Green 
Trays GreeGrid® G4 GreeGrid® G4 
Dimensions (m) 0.61 W x 0.61 L x 0.11 D 0.61 W x 0.61 L x 0.11 D 
Hole Position Side Bottom 
Hole Count 8 40 
Hole Diameter (mm) 12.7 6.4 
Media Stalite® 3/4" Aggregate  rooflite® extenive MC 

Density (kg/m3) 800 880 

Saturated Weight (kg/m3) 1.36 1.28 
Porosity 49% 36% 
Supplier Location Salisbury, NC New Milford, CT 
Vegetation None Sedum Mix 
Supplier N/A Kensington, CT 

 

Water Quantity Monitoring   

Runoff from each plot was routed from the central drain into a 106-liter 

Rubbermaid® linear low-density polyethylene (LLDPE) bin stored directly beneath the plots 

(Figure 2-9). ONSET® HOBO® U20L-04 water level loggers were installed at the bottom of 

each bin in order to calculate flow times and rates. 

Figure 2-9 Central drain emptying into storage bin. HOBO® logger is stored in 
a 3.8 cm PVC resting at the bottom of the bin 
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Prior to field deployment, a stage-storage equation was developed by incrementally 

adding a known volume of water to the bin (with logger installed), then recording the time 

and water depth (Appendix D). Manual measurements were used to verify the HOBO® data.  

To ensure accuracy of water head readings, bins were placed on a leveled wooden platform, 

underneath the simulated roofs. The developed stage-storage relationship was used to 

correlate change in depth to an increase in water volume allowing outflow rate (volume/time) 

to be determined. One designated logger was deployed onsite to record and correct for 

atmospheric pressure during the sampling period. 

In addition to the blue roof plots, a single blue roof tray was placed on an isolated 

stand located near the plots. This tray was used to explore the evaporation dynamics of the 

rainfall stored in blue roof trays. The tray was outfitted with a ONSET® HOBO® U20L-04 

water level logger (Evap1) to measure water level in the (Figure 2-10a). The purpose of 

isolating a single tray was to allow for manual manipulation of the water level, without 

impacting the plot study.  A second logger (Evap2) was placed in a tray located in a blue roof 

plot to corroborate the recorded evaporation rates (Figure 2-10b). 

Climate Monitoring  

Climatological data were collected at the Lake Wheeler Field Lab Station of the 

North Carolina Climate Retrieval and Observations Network of the Southeast Database 

(CRONOS). The station was located approximately 600 meters NNE from the roof plots. 

Data for wind speed, air temperature, relative humidity, solar radiation, reference 

evapotranspiration (ET), crop ET, open water evaporation (E) and precipitation were all 

logged and collected. A summary of instruments used to measure climatological parameters 

is included in Appendix E. 
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 CRONOS did not provide 2-minute precipitation readings commonly used for 

stormwater research; therefore, rainfall measurements were collected manually and with a 

Davis Rain Collector II tipping bucket rain gauge, equipped with a HOBO® pendant event 

logger, installed on a post 3 m from the roof plots at a height of 1.5 m (Figure 2-11).  A 

summary of the monitoring equipment used is shown in Table 2-2. 

Table 2-2 Treatment materials used to construct plots 

 	 Brand	 Model	 Interval	 Location	
Bins	 Rubbermaid®	 H-3492	 N/A	 On-site	

Water	Level	Loggers	 HOBO®	 U20L-04	 2-minute	 On-site	

Precipitation		 	    
			Rain	Gauge	 Davis	 7852	 0.25	mm		 On-site	

			Data	Logger	 HOBO®		 UA-003-64	 tip	 On-site	

			Rain	Gauge	 Texas	Electronics	®		 TE525	 0.25	mm		 CRONOS	

			Data	Logger	 Campbell	Scientific	®		 CR-10X	 tip	 CRONOS	
 

 

Figure 2-10 (a) Stand-alone blue roof tray equipped with Water level logger (Evap1) (b) Water level 
logger installed on blue roof plot (Evap2) 
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Locally collected climatological data was used to estimate green roof ET. Daily Crop 

Penman-Monteith evapotranspiration depths (Allen et al., 1998) were retrieved from 

CRONOS (site ID: LAKE). Crop evapotranspiration is calculated by multiplying reference 

crop evapotranspiration by a crop coefficient. On these green roofs, sedum was the only 

plant. Green roof literature suggests that sedum crop coefficient under optimal conditions 

should be ~0.5 (Lazzarin et al., 2005; Sherrard and Jacobs, 2012). Because CRONOS crop 

data were only provided for common agricultural crops like wheat and vegetables, a 

surrogate crop coefficient (perennial vegetables, early growth stages) was used to represent 

sedum (Allen et al. 1998). 

Data Processing  

 Hydrologic data were initially processed using ONSET HOBOWARE ® version 

3.7.10. This software was used to offload loggers and correct pressure data to account for 

atmospheric pressure. Atmospheric data were subtracted from the water level logger data to 

adjust for the barometric pressure. The resulting data were then exported into comma 

separated value files for further analysis.  

Figure 2-11 Green roof plot with manual and tipping bucket rain gauge in 
the background 
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Precipitation depths greater than 2.5 mm and an antecedent dry period (ADP) longer 

than 6 hours were considered individual storms (Driscoll et al., 1989). Tipping bucket rainfall 

data were adjusted to account for discrepancies between the logged depth and the manually 

measured depth. Generally, intense rainfalls were undervalued the tipping mechanism. To 

account for this, a correction factor was calculated by dividing the manual depth by the 

tipping bucket depth. Each 0.25 mm tip was multiplied by the correction factor, so when 

summed the total from the tipping bucket gauge matched that of the manual gauge. 

Statistical Analyses 

SAS version 9.4TM was used for all statistical analyses. Descriptive statistics were 

produced to characterize runoff volume, peak discharge and peak flow delay for each 

treatment and each individual replicate. Three mixed linear models were fit to the runoff 

data. In SAS, the mixed procedure uses the restricted maximum likelihood (REML) to fit a 

model to the data. The hydrologic parameter of interest (runoff volume, peak discharge, 

delay) was set as the dependent variable. Treatment type was included in the model as a fixed 

effect, while replicate (nested within treatment) and storm date, treated as a blocking 

variable, were included as random variables. Mixed linear modeling was chosen for this 

analysis because it is useful in studies where repeated measurements (storm events) are made 

on the same statistical units (plots). Additionally, mixed linear models are better at handling 

missing values (missed storm events) compared to more traditional approaches like repeated 

measure Analysis of Variance. Pairwise comparisons were performed using Tukey’s 

Procedure to adjust P-Values. The level of significance was set at 5%. Plots illustrating 

residual values versus predicted values and residual distribution were generated to verify the 

legitimacy of the models. 
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2.5 Results and Discussion 
 
Precipitation 

The monitoring period spanned from August 1, 2016, to May 10, 2017. During this 

period, 31 hydrologic events were recorded. Rainfall from these storms ranged from 2.8 mm 

to 59.2 mm. During the monitoring period, data from some extreme events were not 

collected. Storms larger than 63.5 mm would result in control roof runoff volumes that 

exceeded bin storage capacity. Events large enough to overwhelm the collection bins 

occurred twice during the collection period: 208 mm on 10/8/16 (Hurricane Matthew) and 

215 mm on 4/24/17. Table 2-3 summarizes precipitation event data. Observed depth is the 

amount of precipitation that occurred (obtained from CRONOS), captured depth is the 

corresponding depth for which data were collected and sampled (manually collected). In a 

few cases, observed depth slightly exceeds captured depth. This discrepancy can be attributed 

to measurement differences between CRONOS and manual collection. 

Table 2-3 Monthly precipitation totals, comparing monthly normal to observed and captured totals  
Month 30-yr Normal (mm) Observed (mm)  Captured (mm) 

August 2016 107 71 80 
September 2016 112 194 199 

October 2016 91 212 0 
November 2016 81 14 7 
December 2016 82 56 56 
January 2017 113 104 19 
February 2017 91 26 21 
March 2017 113 74 75 
April 2017 76 223 26 
May 2017* 34 37 26 

Total 899 1011 509 
*Data only collected until 5/10/17, 30-yr Normal reported accordingly   	
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While the total captured rainfall is only 50%, this number does not accurately 

demonstrate the comprehensiveness of the data collected. Of the unaccounted-for rainfall, 

423 mm came from the two previously mentioned extreme events. Generally, stormwater 

control measures are not designed to mitigate rainfall events of that magnitude. However, by 

not including these two large events in the hydrologic analysis, cumulative precipitation 

retention rates overestimated (Fassman et al., 2013). Conversely, normal precipitation over 

the monitoring period is 899 mm, observed rainfall was 11% higher; wetter than normal 

conditions reduces cumulative retention in green roofs (Carson et al., 2013). The number of 

storm events was similar in winter and fall (Table 2-4). Spring had the most events, while 

summer had the least (Table 2-4).  

Table 2-4 Descriptive statistics of Seasonal storm distribution 

 

Reported ADPs are higher than expected, on account that storms less than 2.5 mm 

where not treated as storm events. An analysis of the 30-yr normal ADP data obtained from 

the NOAA Regional Climate Centers, revealed that the typical period is 3 days. Low storm 

frequency and its effects on the study are discussed further in the following section.  

Spring Mean 10.9 5.2
n=12 Median 9.1 3.6

Range 2.8-24.1 0.5 - 14.4
Summer Mean 20.1 7.9

n=4 Median 17.9 6.0
Range 6.1-38.4 0.9-18.9

Fall Mean 29.4 9.8
n=7 Median 24.9 5.1

Range 4.8-59.2 0.7-35.0
Winter Mean 11.9 9.7

n=8 Median 13.0 9.6
Range 4.8-18.3 1.2-20.8

Season Variable Rainfall (mm) ADP (day)
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Precipitation frequency, volume and temporal patterns influence blue and green roof 

hydrologic performance (Berghage et al., 2009; Bliss et al., 2009; Hathaway et al., 2008; 

Voyde et al., 2010a). Wetter, warmer months have climatic conditions that amplify 

evapotranspiration, thus elevating retention rates by rapidly regenerating storage via ET 

(Berghage et al., 2007; Mentens et al., 2006; Voyde et al., 2010b; Wadzuk et al., 2013).   

Runoff Volume 

 Runoff depth reduction by the plots is defined by Equation 1. The retention depth is 

converted into volume (L) by multiplying by the plot surface area in mm2 (148400 mm2) then 

dividing by 1000000.  

𝑹 = 𝑫𝑷𝒓𝒆𝒄𝒊𝒑 − 𝑫𝑶𝒖𝒕𝒇𝒍𝒐𝒘         Equation 1 
 
Where, 
 
R = Precipitation Retention (mm) 
Dprecip = Precipitation depth of rainfall event (mm) 
Doutflow = Total outflow volume divided by plot surface area (mm) 
 
 
The retention depth is converted into volume (L) by multiplying by the plot surface area 

(148400 mm2) then dividing by 1000000. In the green roofs, the retained precipitation is 

temporarily stored in the soil media, and is then either removed via evapotranspiration or 

plant uptake. In the blue roofs, precipitation was retained in the Stalite® aggregate and lost to 

evaporation. Water retention data for the individual plots are presented in Appendix F. Figure 

2-12 shows cumulative runoff from each treatment.  
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Cumulatively green roof treatments retained 56% of precipitation; blue roof 

treatments retained 55%. Outflow volume reduction is consistent with values reported in 

green roof literature, which range from 34% to 80% (Caprenter and Kaluvakolanu, 2011; 

Carter and Rasmussen, 2006; DeNardo et al. 2005; Fassman et al., 2013; Getter et al., 2007; 

Gregoire and Clausen, 2011; Hathaway et al., 2008; Mentens et al. 2006; Morgan et al., 

2013; Speak et al., 2013; Stovin et al., 2010; Stovin et al., 2012; Van Seters et al., 2009; 

VanWoert et al., 2005; Voyde et al., 2010a).  

Cumulative retention rates reported for this study do not account for the two extreme 

events that occurred during the study, and therefore, have over predicted reduction rates. 

Outflow from extreme events can be estimated by correlating precipitation depth to observed 

outflow volume (Appendix K). For the green roof, estimated outflow from Hurricane 

Mathew (208 mm) was 816 L, for the 4/25/17 event (215 mm) estimated outflow was 846 L. 

Including these storms in the cumulative outflow analysis reduced green roof retention from 

Figure 2-12 Cumulative outflow from each treatment over the sampling period 
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56% to 37%. Similarly, blue roof precipitation retention would be reduced from 55% to 32%. 

Assessing SCM performance with these larger events provides insight into how these 

systems may perform in a changing climate. While two > 200 mm events during a 10-month 

period is not typical, research suggests that climate change may increase the frequency of 

such events (Gorman & Schneider, 2009; Trenberth, 2011). 

Precipitation retention descriptive statistics for all individual events are presented in 

Table 2-5. Retention is reported as a decimal, retention depth divided by outflow depth. 

Complete storm retention, meaning 100% of precipitation is retained, results is a 1.00 

retention value. If no precipitation is a retained, 0%, then a zero is reported.  

Table 2-5 Descriptive statistics for individual storm event precipitation retention data separated by 
treatment and replicate, reported as a decimal fraction   

Treatment Replicate N Mean  Std 
Dev Minimum Maximum 

Blue 1 31 0.79 0.31 0.09 1.00 
  2 31 0.79 0.32 0.07 1.00 

  3 31 0.82 0.28 0.12 1.00 
  Mean   0.80       

Control 1 31 0.03 0.20 -0.30 0.70 
  2 31 0.45 0.33 0.10 1.00 
  3 31 0.13 0.25 -0.10 1.00 
  Mean   0.20       

Green 1 31 0.76 0.30 0.13 1.00 
  2 31 0.78 0.30 0.14 1.00 
  3 31 0.77 0.30 0.14 1.00 
  Mean   0.77       

 

The mixed linear model showed no significant difference between collected blue roof 

and green roof retention data (p=0.910). Conversely, both treatments demonstrated 

significantly greater retention than the control, p=0.011 and 0.013 for the blue and green 

roofs, respectively. Full SAS code and results are presented in Appendix G. Modeled vs. 
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Predicted Residuals showed both normality and homogeneity of variance, verifying that the 

model could be used to describe the treatment effects (Appendix H). Many other factors 

appeared to influence rainfall retention in both the blue and green plots. Smaller storms (<15 

mm) often did not produce outflow from the blue and green roofs. Precipitation events less 

than 15 mm did not exceed the roof media’s storage capacity and, therefore, generated little 

to no runoff. Larger storms resulted in lower retention in both treatments, and subsequently, 

lower outflow reduction (Figure 2-13).  

Once the initial abstraction of the system was exceeded, outflow would commence. 

The volume of outflow increased commensurately with storm size above storage capacity. 

This is consistent with the findings green roof literature (Carson et al., 2013; Fassman et al., 

Figure 2-13 Outflow volume reduction plotted against precipitation volume, which is the 
precipitation depth multiplied by the plot surface area 
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2013; Hathaway et al. 2008). Although the trend associated with the control plots appears be 

non-linear, this stems from the initial abstraction of the control roofs, which allowed small 

volumes of water to pond on the surface before draining. The inconsistency of the amount of 

initial abstraction and volume measurements also contributed to the variability of the control 

outflow reduction.  

The initial abstraction of control roof replicate two (C2) was considerably higher than 

the other control roofs. C2 ponded 5 mm of precipitation before runoff commenced assuming 

dry conditions. This meant, that smaller storms could be entirely held by the control roof, 

resulting in a mean retention rate of 0.45 (Table 2-5). Relatively high abstraction volumes in 

C2 were attributed to the subtle convex bend of the plot surface that developed over time. 

The modest ponding zone persisted throughout the study despite attempts to correct it.  

  Considering that storm size influences retention, it follows that storm frequency will 

affect hydrologic performance (Carson et al., 2013; Fassman et al., 2013). The precipitation 

distribution for the data collected herein effectively mirrored that of a normal year (Table 2-

6). June and July were excluded from sums because they were not included in the monitoring 

period.  
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Table 2-6 Rainfall distribution by storm size for study period and 30-year normal.  

 
 
While the number of storms during the monitoring period is lower than typical, the relative 

proportion of storm sizes is similar. Despite the decreased storm frequency, the cumulative 

precipitation depth during the monitoring period was 112 mm greater than normal; this can 

be attributed to the two >200 mm events -- both with return intervals exceeding 100 years. 

Decreased storm frequency and increased precipitation depth have opposing effects on 

rooftop SCM retention (Berghage et al., 2009; Bliss et al., 2009; Hathaway et al., 2008; 

Voyde et al., 2010a).  

Reported retention rates may be exaggerated due to low precipitation frequency, 

which allows more time for green/blue roofs to regenerate storage capacity between events, 

bolstering their ability to retain rain. Without a sufficient ADP, the roofs are unable to 

regenerate their storage capacity, before the next event. For example, one relatively large 

event (35mm, 9/21/2016), was preceded by a 57-mm event just 39 hours earlier. Outflow 

reduction for the first storm was 30-40% in the treatment plots, while the subsequent storm 

had outflow reduction decreased to 10-20% (Figure 2-14).  

Observed Normal Observed Normal Observed Normal Observed Normal Observed Normal Observed Normal Observed Normal 
Jan 1 3 1 1 0 1 0 0 0 1 0 0 0 0
Feb 1 3 1 2 0 1 0 0 0 0 0 0 0 0
Mar 2 3 0 2 3 1 0 1 0 0 0 0 0 0
Apr 2 3 1 1 0 0 0 1 0 0 0 0 0 0
May 4 3 0 2 0 1 0 0 0 0 0 0 0 0
Aug 1 3 2 2 0 1 1 0 0 0 0 1 0 0
Sep 1 2 1 1 1 1 1 1 0 0 2 0 0 0
Oct 0 2 0 1 0 1 0 1 0 0 0 0 0 0
Nov 1 2 0 2 0 0 0 1 0 0 0 0 0 0
Dec 0 3 4 1 0 1 0 0 0 0 0 0 0 0

Sum 13 27 10 15 4 8 2 5 0 1 2 1 0 0
Percentage* 42% 47% 32% 26% 13% 14% 6% 9% 0% 2% 6% 2% 0% 0%
*Percantage of total storms from specific depth range 
June and July were excluded because no monitoring occurred then

Rainfall (mm) 
2.54 to 10 10 to 20 20 to 30 30-40 40-50 50-60 >60
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Another example occurred on 9/30/16. An 18-mm storm (with outflow reduction 

exceeding 80%) was followed by a 25-mm storm separated by only 26 hours. The latter event 

reduced outflow by 15% (Figure 2-14).  In both cases insufficient ADP led to near saturation 

at the commencement of the second event.   

 Many studies have highlighted the effect that seasonal changes have on green roof 

performance (Kohler et al., 2001; Mentens et al., 2006; Van Seters et al., 2009). Reported 

runoff reduction is commonly lower in winter months compared to that of the summer. This 

is attributed to higher evapotranspiration rates in the summer, allowing systems to regenerate 

storage capacity more quickly (Berghage et al., 2007; Mentens et al., 2006; Voyde et al., 

Figure 2-14 Decreased rainfall retention resulting from short antecedent dry periods. Asterisk 
signifies significantly lower reduction than preceding event. 
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2010b; Wadzuk et al., 2013).  However, no significant relationships were observed (Figure 

2-15).  

 

 
Peak Flow Mitigation 

In this study because the treatment plots were designed to completely retain smaller 

storms, only 15 of the 31 precipitation events were large enough (>15 mm) to generate 

outflow (and therefore peak flow) from the blue and green treatments. The plot hydrographs 

illustrate that blue roofs, like green roofs, reduce the peak discharge from select events 

(Figure 2-16). 
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Figure 2-15 Seasonal precipitation retention of the three treatments  
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The mixed linear model showed no significant difference between blue roof and 

green roof peak discharge (p=0.4430). Conversely, both treatments demonstrated 

significantly lower peak discharge than the control, p=0.0029 and 0.0074 for the blue and 

green roofs, respectively. Diagnostic plots and complete SAS code and output are included in 

Appendix G and H. The distribution of the peak discharge data is shown in Figure 2-17. 

Mean peak flow was heavily influenced intense storm events. 
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Designers are generally concerned with mitigating the peak flow associated with the 

1-year, 5-minute (125 mm/hr, CRONOS Station: LAKE; Raleigh NC) or the 1-year, 10-

minute (99 mm/hr, CRONOS Station: LAKE; Raleigh, NC) rainfall intensity. During this 

study, no storm intensities exceed the 1-year 5-minute. Two late summer storm events 

(8/27/16 and 9/19/16) had rainfall intensities exceeding the 1-year 10-minute intensity. Both 

storms had maximum intensities of 106 mm/hr. While the intensities were the same the 

resulting peak flows were quite different. Assuming all precipitation becomes runoff, a 

rainfall intensity of 106 mm/hr falling on the 1.5 m2 plot surface, would result in a maximum 

peak flow rate of 0.044 L/s. The 8/27/16 storm had mean peak flow rates of 0.006 L/s, 0.052 

L/s and 0.013 L/s for the blue, control and green roofs, respectively. Theoretically, the 

Figure 2-17 Distribution of peak discharge data separated by treatment type. B = Blue, G = 
Green and C = Control. Lines represent median of the data set, dots represent the mean 
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control roof should approach the rainfall peak flow rate. Any discrepancy can be attributed to 

accuracy limitations of the water level logger readings at small intervals. For this storm, the 

blue and green treatments performed as expected, effectively mitigating the peak flow.  

 During the 9/19/16 storm, the blue and green roofs did not reduce the peak flow rate. 

The mean peak flow rates were 0.046 L/s, 0.055 L/s and 0.047 L/s, for the blue control and 

green roofs, respectively. Peak flow measurements are slightly overpredicted because 

measurement inaccuracy: peak flow rates from the plots should not exceed the peak flow rate 

computed using the rainfall intensity on a given surface area. Nevertheless, there was a clear 

difference in the peak flow mitigation demonstrated by the blue and green treatments 

compared to the control.  

 The timing of peak rainfall intensity affects the magnitude of the peak flow. The 

amount of outflow and peak flow is dependent on available storage capacity when max 

rainfall intensity occurs. For example, prior to the max intensity during the 8/27/16 storm, 

only 6 mm of rain had fallen. Therefore, when the max intensity arrived the plots had ample 

capacity to contain the precipitation. Conversely, during the 9/19/16 storm, the max intensity 

occurred after 15 mm of precipitation had fallen. Fifteen millimeters fully uses tray storage, 

so when the max intensity rainfall began, that water became outflow, resulting in a much 

higher peak flow than observed during the 8/27/16 event.  

Peak Flow Delay  

Several studies demonstrate how green roofs delay the time at which peak flow 

occurs (Carpenter and Kaluvakolanu, 2011; DeNardo et al. 2005; Speak et al., 2013; Stovin 

et al., 2012; VanWoert et al., 2005; Voyde et al., 2010a). Reported delays range from 0.3 

hours (Speak et al., 2013) to 2.16 hours (Carpenter and Kaluvakolanu, 2011). As with the 
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peak discharge analysis, approximately one half of the 31 precipitation events were 

sufficiently large to generate runoff from the blue and green treatments.  

Although a slight delay in peak flow timing seemed apparent (e.g., Figure 2-16), the 

mixed linear model showed no significant difference between the observed peak flow delay 

between any pairwise comparison of the plots: blue to green (p=0.4477), blue to control 

(p=0.5188) and control to green (p=0.0794). Modeled vs. Predicted Residuals showed both 

normality and homogeneity of variance, verifying that the model could be used to describe 

the treatment effects (Appendix H). Full SAS Coding and results are presented in Appendix 

G.  Descriptive statistics for peak flow delay data are presented in Table 2-7. 

Table 2-7 Peak flow delay as affected by roof treatment  
Treatment Replicate N Mean  Std Dev Minimum Maximum 

      (hrs) (hrs) (hrs) (hrs) 
B 1 13 0.31 0.27 0.01 0.83 
 2 13 0.30 0.28 0.01 0.84 
  3 12 0.35 0.31 0.01 0.80 
  Mean   0.32       
C 1 29 0.27 0.33 0.00 1.27 
 	 2 24 0.24 0.27 0.00 1.20 
 	 3 30 0.21 0.30 0.00 1.20 
 	 Mean   0.24       
G 1 16 0.28 0.26 0.01 0.90 
  2 15 0.29 0.28 0.01 0.99 
  3 15 0.36 0.41 0.00 1.56 
  Mean   0.31       

 

Although the statistics suggest that the treated plots do not significantly delay the 

peak flow, this speaks to the shortcomings of the experimental design rather than the plots 

themselves. Because the plot surface area was 1.5 m2 the time of concentration to the outlet 

was necessarily extremely small. Therefore, the blue and green treatments did not have an 
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opportunity to effectively slow the water for a long enough period to yield a significantly 

different result compared to the control. Had this been a field-scale project, it is likely that 

the observed delay would have been pronounced (Carter and Rasmussen, 2006; Denardo et 

al., 2005; Moran et al., 2003; Van Woert et al., 2004).  

Blue Roof Evaporation  

Evaporation from the blue trays was measured directly by recording the water level in 

the tray for 10 months. Complete evaporation data can be seen in Appendix I. Figure 2-18 

shows an example evaporation period after an 18-mm event on 9/29/16. 

 
Logger readings often drifted from calibrated bounds. In this data set, the logger was 

uniformly under predicting the water level by 10 mm: data were corrected to address this 

inaccuracy. Data show a distinct diurnal fluctuation. Water level remains the same overnight 

and then declines sharply during the day when the sun is out and radiation increases. 

Evaporation rates were calculated by subtracting the overnight stagnant level (Figure 2-19) 

from that of the previous day. Descriptive statistics characterizing evaporation rates 

(mm/day) from blue roof trays are shown in Table 2-8. 
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Table 2-8 Descriptive Statistics of evaporation rates for blue roof trays (mm/day)  

  Mean Median Std Dev Range Minimum Maximum Count 
Evap1 4.2 4.2 1.5 5.8 1.8 7.6 33 
Evap2 3.8 3.6 1.8 6.7 0.9 7.7 32 

 
Descriptive statistics appear to show similar evaporation rates between the two trays, 

as expected. To verify this, a t-test assuming unequal variance was performed. It was 

anticipated that no difference existed between the sample means (H0: µEvap1 = µEvap2). The 

null (p=0.30) was not rejected, demonstrating that no significant difference existed between 

the tray evaporation rates. Full t-test output is included in Appendix I.  

The average rate of evaporation of the two trays 4.0 mm per day. This was equivalent 

to 1700 ml per day. As designed, trays held 7500 ml of water when fully saturated; therefore, 

on average, it would take 4.5 days to fully empty the trays.  This is consistent with observed 

data (Figure 2-19). Stagnant water level was obtained by averaging overnight data, these 

values are displayed by the black lines.  

Figure 2-19 Water level over time in Evap2, illustrating daily evaporation loss 
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SCMs ideally regenerate design volume storage capacity during the expected 

antecedent dry period. For North Carolina, the average dry period is 3 days (Hunt & Doll, 

2000). Regulations generally dictate complete drawdown of water quality volume within the 

typical ADP. Although full storage regeneration exceeded this period, most of the water was 

evaporated in the first three days. Depending on the incoming precipitation depth, 

regenerated storage capacity, while not completely drawn down, may be sufficient to 

completely capture the event. In both Figure 2-18 and Figure 2-19, it is apparent that the rate 

of evaporation was initially rapid, then began to slow as water became less available. On 

average, during the first three days, Evap1 evaporated 72% of the retained water, while 

Evap2 evaporated 64%. Seasonally, evaporation rates were highest in the summer when the 

most energy was available to evaporate the water. Due to logger malfunction during cold 

periods, not enough data were collected for valid statistics. From the limited winter data 

available (10 days), the average daily evaporation rate from the blue roof trays was 3.0 

mm/day, compared to 4.1 mm/day during the remaining seasons, however the difference is 

not statistically significant. 

Estimated green roof evapotranspiration data are included alongside the blue roof 

evaporation data in Appendix I. Because evaporation data could only be collected for a few 

days post-rain, evapotranspiration data in the green roofs are reported for only these days. 

Post-rain plants are not water stressed and evapotranspire water at a relatively high rate 

(Sherrard and Jacobs, 2012), and the crop coefficient described by Lazzarin et al. (2005) is 

most applicable. The Penman-Monteith equation including a crop coefficient is shown in 

equation 2.  
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𝑬𝑻𝒄 = 𝑲𝒄
𝟎.𝟒𝟎𝟖∆ 𝑹𝒏;𝑮 =𝜸 𝟗𝟎𝟎

𝑻@𝟐𝟕𝟑𝒖
𝟐(𝒆𝒔;𝒆𝒂)

∆=𝜸(𝟏=𝟎.𝟑𝟒𝒖𝟐)
    Equation 2 

 
Where,  

ETc = Crop coefficient evapotranspiration (mm/day) 
Kc = Crop coefficient (unitless) 
Rn = net radiation at the crop surface (MJ/m2/day) 
G = soil heat flux density (MJ/m2/day) 
T = mean daily air temperature at 2 m height (°C) 
u2 = wind speed at 2 m height (m/s) 
es = saturation vapor pressure (kPa) 
ea = actual vapor pressure (kPa) 
D = slope vapor pressure curve (kPa/°C) 
g= psychrometric constant (kPa/°C) 
 
 

Estimated green roof evapotranspiration depths were significantly lower than 

measured blue roof evaporation depths (p=3.52E-9). While both evaporation and 

evapotranspiration rates were highest immediately following precipitation, increased rates 

were more notable from the blue roofs. This is constant with green roof evapotranspiration 

literature, which suggests that evapotranspiration rates are higher during saturated conditions 

(Voyde et al., 2010b; Wadzuk et al., 2013).  

The rate of evaporation from a surface is controlled by several factors: atmospheric 

conditions (temperature, wind speed and vapor pressure), available energy and wetness of the 

surface (McMahon et al., 2013). In the blue roofs, black plastic trays and slate aggregate 

would absorb and increase the available energy for evaporation. Blue roofs effectively act as 

evaporation pan, with additional energy input from the heated material.  Additionally, 

evaporation occurred at a free-water surface with water readily available for evaporation. 

When water is not limited, evaporation rates are higher (McMahon et al., 2013). Evaporation 

rates from the blue roof trays was also bolstered by windy conditions (Mentens, 2003). 
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Evaporation is also limited by atmospheric resistance (McMahon et al., 2013). Wind disrupts 

atmospheric resistance at the surface, allowing more water transfer (Penman, 1948). It is 

possible that in rooftop conditions, which are often subject to high wind speeds, blue roof 

evaporation would be higher than that observed in the field.  

Accuracy limitations of blue roof evaporation measurements may have caused slight 

overestimation of evaporation rates. Other dynamics occurring within the trays may have 

affected the water level in the trays and subsequent evaporation measurements. According to 

Stalite ®, the aggregate used in the blue roof trays has a 72-hour absorption of 5% by mass, 

this is equivalent to 680 ml of water being absorbed into the Stalite over three days in one 

tray. Each tray holds 7,500 ml of water when full; 9% of evaporative loss could be attributed 

to absorption during the first 3 days following rainfall. Although this water would eventually 

be evaporated away, absorption does impact the observed water level and thus the 

evaporation measurements are accordingly affected.  

The uncertainty of predictive evapotranspiration equations may have also contributed 

to the difference between estimated green roof evapotranspiration and measured blue roof 

evaporation (DiGiovanni et al., 2013; Wadzuk et al., 2013). Some researchers advocate using 

a crop coefficient of 0.5 (Lazzarin et al. 2005; Sherrad & Jacobs, 2012). Studies performed 

by Wadzuk et al. (2013) and Digiovani et al. (2013) directly compared green roof 

evapotranspiration to reference crop evapotranspiration. Under identical conditions, reference 

crop evapotranspiration would compute evapotranspiration rates double that of the crop 

coefficient computation. Additionally, variability even exists among the studies employing 

similar computation methods; Digiovani et al. (2013) concluded that the FAO Penman-

Monteith equation over predicted evapotranspiration, while Wadzuk et al. (2013) the 
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opposite. However, both sets of researchers identified Penman-Monteith as the most accurate 

evapotranspiration predictive equation. 

 For comparison, reference crop evapotranspiration values, blue roof evaporation 

rates and green roof crop coefficient evapotranspiration rates are included in Appendix I. 

Compared to reference evapotranspiration, no significant difference was observed between 

the evaporation rates from either blue roof tray, p=0.10 and p=0.06, for Evap1 and Evap2 

respectively. Using reference evapotranspiration for green roof ET estimation yields a very 

different result than the crop coefficient model, indicating that direct evapotranspiration 

measurements are needed to explain variation among the treatments. However, regardless of 

the evapotranspiration approach, blue roofs either improve or match green roof ability to 

remove water from the system.   

This study suggests that blue roofs may be more effective at regenerating storage 

capacity than green roofs. SCMs that readily remove stored water have improved retention 

rates (Berghage et al., 2007; Mentens et al., 2006; Voyde et al., 2010b; Wadzuk et al., 2013). 

The uncertainty associated with estimated green roof evapotranspiration underscored the 

need for future research to directly quantify and compare blue roof evaporation and green 

roof evapotranspiration. 

Blue Roof Potential  

Findings suggest that blue roof hydrologic performance is comparable to that of green 

roofs. Furthermore, blue roof rainfall retention could be increased by setting drainage hole 

height at a higher water storage level. If drainage hole height was moved up 25 mm, from 64 

mm to 89 mm, blue roof design storage would increase from 20 mm to 38 mm of 

precipitation. With the increased storage, blue roof saturated weight would only be 73.1 
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kg/m2 which is lower than saturated green roof weight 126.9 kg/m2 and the usual max 

loading for retrofitted roofs, 146.5 kg/m2. Enhancing blue roof storage capacity would result 

in more precipitation retention, suggesting that the system could outperform their green roof 

counterpart while having considerably lower loading concerns.  

Without the cost of vegetation and engineered soil, the blue roof materials for this 

project cost one third the price of the green roofs. Scaled up to a full-size roof, the savings 

associated with blue roof implementation over a green roof would be substantial. Assuming 

the aesthetic component of a green roof is not a primary concern, blue roofs offer a cost-

effective method for rooftop stormwater control. Reduced loading and cost concerns should 

allow for more ubiquitous use and therefore improved stormwater management benefits.  

2.6 Summary and Conclusions  
 

This study compared the hydrologic performance of blue roofs to that of green and 

conventional roofs. Outflow data was collected from nine plots which were each randomly 

assigned to one of the three treatments. Statistical models were used to explain variation in 

hydrologic variables. The following conclusions were drawn: 

1) Blue and green roof precipitation retention was not significantly different 

(p=0.9934). Cumulative retention was found to be 56% and 55% for the blue and 

green roofs, respectively. 

2) Peak discharge compared to the control was reduced significantly by both the blue 

(p=0.0029) and green (0.0074) roof treatments. Peak discharge mitigation 

between the two treatments was not significantly different (p=0.4430). Blue and 

green roof peak flow mitigation was dependent on the timing of maximum 
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intensity precipitation as well as the moisture conditions in the trays at the onset 

of the storm.  

3) No significant difference was observed between the peak flow delay for any 

pairwise comparison of the plots: blue to green (p=0.4477), blue to control 

(p=0.5188) and control to green (p=0.0794). Lack of significant difference was 

attributed to small plot area; the setup did not allow treatments to slow water flow 

for a period long enough to make a noticeable difference in the time at which the 

peak flow occurred. It is anticipated that a full-scale blue/green roof study would 

yield significant peak flow delay.  

4) Measured evaporation from the blue roofs either matches or exceeds that of the 

estimated evapotranspiration from the green roofs, suggesting that blue roofs may 

regenerate storage capacity more efficiently than green roofs. There is need for 

evaluation of blue and green roofs at full scale, and for direct comparison of 

measured blue roof evaporation and measured green roof evapotranspiration. 

5) Overall, this study indicates blue roofs can manage stormwater as effectively as 

green roofs.  Blue roof cost is one third that of green roofs. Blue roof design can 

be improved to promote greater stormwater retention while not exceeding loading 

constraints or increasing system costs. Future research should explore altered 

orifice patterns and optimized aggregate quantity.  
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CHAPTER 3: FIELD SCALE EVALUATION OF THE WATER QUALITY 
BENEFITS OF BLUE ROOFS COMPARED TO GREEN AND CONVENTIONAL 

ROOFS 
 
3.1 Abstract 
 

Impervious surfaces associated with urbanization alter hydrologic conditions. In ultra-

urban areas where space is limited, rooftop stormwater control measures (SCMs) exploit 

under or non-utilized rooftop space, which comprises up to 50% of the impervious surface 

area in cities. While green roofs reliably detain and retain rainwater, outflow water quality 

findings are not as consistent. This study explored an emerging technology, known as blue 

roofs, as an alternative to green roofs. Nine adjacent roof plots, three control roofs, three 

green roofs and three blue roofs, were constructed. Water quantity data were collected using 

water level loggers in underlying storage bins to record change in water depth over time. 

Water quality data was retrieved from the bins as representative samples after precipitation 

events. Results suggested that blue roofs had lower nitrogen and phosphorus concentrations; 

the mean total nitrogen concentration from the green and blue roofs was 5.9 mg/l and 2.9 

mg/l, respectively. Similarly, mean total phosphorus concentration from the green and blue 

roofs was 2.7 mg/L and 0.3 mg/l, respectively. Blue roof nutrient loadings and concentrations 

were not significantly different from those of the control, while green roof nutrient loading 

and concentrations were significantly higher than those of the control and the blue roof (α = 

0.05).  Annual TN loads were estimated to be 13.0, 7.4, and 41.8 kg/ha/yr discharged from 

the blue, control, and green roof, respectively.  Annual TP loads followed a similar trend, 1.0, 

0.5, and 11.7 kg/ha/yr discharged from the blue, control, and green roof, respectively. 

Compared to green roofs, blue roofs appear to be a better rooftop SCM, with respect to 

outflow water quality. 
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3.2 Introduction 
 

Impervious land cover adversely affects environmental health. As impervious 

surfaces replace natural areas, the hydrologic cycle is disrupted, leading to flooding and high 

pollutant loads discharged downstream (Hall and Ellis, 1985; Jennings and Jarnangin, 2002). 

The EPA recognizes urban nonpoint source pollution as the second leading source of national 

surface water impairment behind agricultural runoff (U.S. EPA, 2009). 

Crafted in Prince George’s County, MD, Low Impact Development (LID) is a design 

philosophy that mimics natural hydrologic conditions post-development (DER, 1999). LID 

designs attempt to maintain pre-development hydrology through evapotranspiration, reuse 

and/or infiltration (U.S. EPA, 2000; Holman-Dodds et al., 2003). Furthermore, LID provides 

water quality control by treating runoff, decreasing pollutant concentrations thereby reducing 

outflow pollutant loads (Ahiablame et al. 2012, DER, 1999; Dietz, 2007). 

Rooftops constitute a large portion (40-50%) of impervious area in cities (Dunnet and 

Kingsbury, 2004) and had been unutilized for stormwater treatment. Thus, green roofs, or 

living roofs, were developed as the first method of rooftop stormwater control. Numerous 

studies have established the hydrologic benefits of green roofs (Carpenter et al., 2011, 

DeNardo et al., 2005; Fassman et al., 2013a; Stovin et al., 2012). Vegetated roof treatments 

at least partially meet the criteria established for LID systems: delay the peak flow, mitigate 

the peak flow and reduce the overall runoff volume (Czemiel Berndtsson, 2010). 

Conversely, water quality findings are highly variable. Some studies suggest that 

green roofs act as a pollutant source, claiming that excess fertilizer and/or organic matter in 

the media to establish plant communities, can leach into runoff water (Harper et al., 2013; 

Hathaway et al., 2008). In a previous North Carolina study, Moran et al. (2003), found that 
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outflow from green roofs had TN concentrations between 0.8 mg/L and 8 mg/L with a mean 

of 3.6 mg/L. Harper et al., 2013 observed TN concentrations > 60 mg/L initially, reducing to 

~10 mg/L after nine months. Some studies report lower green roof TN concentrations 

(Berndtsson et al., 2013; Gregoire and Clausen, 2011; Teemusk and Mander, 2007). Other 

literature states that living roofs are pollutant sinks for common watershed contaminants, not 

only for nutrients (Berghage et al., 2009; Berndtsson et al., 2006; Berndtsson et al., 2009) but 

also for heavy metals like zinc, iron and lead (Berndtsson et al., 2006; Berndtsson et al., 

2009). Inconsistency among reported nutrient leaching stems from the several factors that 

influence nutrient leaching from green roofs (Czemiel Berndtsson, 2010). 

The seemingly expensive economics of green roofs compared to conventional roofs, 

has further prevented widespread adoption of green roofs (Clark et al. 2008). Some studies, 

however, show that despite high initial costs, the benefits (aesthetics, energy savings, 

stormwater management, roof longevity etc.) of green roofs yield a positive net present value 

(Clark et al. 2008; Niu et al, 2010). Contradictory studies show that the associated savings do 

not offset the initial construction cost (Carter and Keeler, 2008; Sproul et al., 2014). Without 

cost-effective rooftop SCMs, conventional roofing has remained the primary option in the 

free market. The economic and water quality concerns of vegetated roofs promote the need 

for an alternate rooftop SCM, namely blue roofs. 

Blue roofs detain precipitation using flow control to restrict the amount and rate of 

runoff discharged from the roof. Unlike green roofs, blue roofs have neither soil nor 

vegetation. While blue roofs may lack the aesthetic appeal of green roofs, a non-refereed 

pilot study conducted by the New York City Department of Environmental Protection 

(NYCDEP, 2011) demonstrated that blue roofs could provide comparable hydrologic 
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benefits to green roofs. NYCDEP (2011) showed that blue roofs reduce runoff volume and 

mitigate peak flow on par with green roof performance. Additionally, blue roofs appear to 

require less maintenance, have lower construction costs, and (because blue roofs do not have 

vegetation) have no need for fertilization or irrigation. Thus, no nutrient leaching occurs. 

The goal of this study is to provide direct, empirical quantification of the water 

quality benefits provided by blue roofs compared to those of green and conventional roofs. 

Project objectives include determining the nutrient concentrations and loads discharged from 

each treatment by collecting and analyzing runoff for total kjeldahl nitrogen (TKN), nitrate-

nitrite, (NO3-N, NO2-N), total nitrogen (TN), ammonia (NH3), total phosphorus (TP), 

orthophosphate (OP) and total suspended solids (TSS). Statistical analysis will be used to 

determine if significant differences exist among the treatments. 

3.3 Site Description 
 

This study was conducted at the North Carolina State University (NCSU) Sediment 

and Erosion Control Research and Education Facility (SECREF) in Raleigh, NC, (Appendix 

A). This site was free of overhead and adjacent obstructions, which mimics that of rooftops.  

3.4 Materials and Methods 
 
Project Setup 

Nine roof plots were established using lumber supports (Figure 3-1). Plot “roofs” 

were set at 1.5 meters from the ground; this allowed for ease of maintenance while also 

minimizing any influence from the ground (wind, heat, radiation, etc.). To prevent wind flow 

underneath the plots, tarp walls were mounted around each plot. Waterproof roof membranes 

were applied to the plot surfaces and centralized drains were installed, mirroring an actual 



 

79 

rooftop. Plots were randomly assigned to one of three treatments (blue, green or control) 

resulting in three replicates of each treatment (Figure 3-2).  

 

 

Figure 3-1 Roof plot layout showing constructed replicates of the three 
treatments 

 

Figure 3-2 Ariel view of roof plot layout showing three replicates of the three treatments 
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Control roofs were constructed using 45 mil ethylene propylene diene terpolymer 

(EPDM) pond liner as the roof membrane. EPDM is a highly durable synthetic rubber 

commonly used for roofing applications on low-slope buildings. A single piece of 1.5 m x 

1.5 m liner with a 15-cm hole cut in the center was placed on the plot surface. The oversized 

cut extended over the plot walls where it was affixed to the outside edges using 8 mm staples 

(Figure 3-3a).   

A 10-cm drainage hole with a slight bevel was cut in the center of the plywood plot 

surface. A 30-cm x 30-cm piece of liner was affixed to a standard 10 cm PVC slip coupling 

using caulk and an internal PVC ring (Figure 3-3b). The coupling was then mounted in the 

hole by caulking the excess liner to the plot surface so that the PVC extended underneath the 

surface (Figure 3-4a). The plot liner was then sealed to the PVC affixed liner using caulk, 

and a 10 cm PVC drainage pipe was glued into the coupling (Figure 3-4b). This design 

Figure 3-3 a) Control roof. b) PVC slip coupling and square liner pieces pre-and post-assembly 
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intentionally required no holes or punctures to the membrane to preserve a water tight 

surface.  This membrane/drain configuration was applied to all plots. 

 

Green roofs were constructed using pre-vegetated modular trays purchased from 

GreenGrid® Roofs. Pre-vegetated trays are commonly used in extensive green roof 

applications because they are relatively inexpensive and easy to implement. The GreenGrid® 

trays used in this project were made with 100% pre-consumer high molecular weight 

polyethylene with UV inhibitors and stabilizers (GreenGrid, 2015a). Durability and strength 

are crucial aspects of modular green roof trays. GreenGrid ® fourth generation extensive 

modules selected for the study were 61 cm x 61 cm x 11 cm (W x L x D) (Figure 3-5) and 

have a maximum saturated weight of 146 kg/m2, when filled with company recommended 

mid-Atlantic media. 

 

Figure 3-4 a) PVC affixed liner placed in plot surface hole prior to being covered 
with plot liner. b) Centralized PVC drain extended below the roof surface 

attached to PVC coupling extending through drainage hole 
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Green roof media (rooflite® extensive MC) was an engineered blend of organic and 

inorganic components specifically designed for mid-Atlantic climates per Rooflite® 

recommendations (Jared Markham, personal communication). The substrate is a propriety 

blend of lightweight mineral aggregates combined with 30-45 g/L composted organic matter 

to promote vegetation growth. The media meets guidelines published by 

Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau (FLL) (Philippi, 2005), a 

German standard setting company in the green roof industry. Full media specifications can be 

seen in Appendix B.  

Green roof vegetation was grown from GreenGrid’s ® standard mid-Atlantic sedum 

mat (GreenGrid, 2015). Plants were grown to maturity in at Sunny Brook Nurseries in 

Kensington, CT, then incorporated into the substrate-filled trays and shipped to the project 

site as fully-vegetated modules. The vegetation comprised entirely of these sedum species: 

Sedum album, sexangulare, acre, spurium, kamtschaticum, takesimensis, floriferum, stefco, 

reflexum, rupestre and immergrunchen. At full maturity, the plant height ranges from 5 to 15 

cm (Figure 3-6).  

 

 

Figure 3-5 Shop drawings of GreenGrid G4 green roof modules (provided by 
GreenGrid ®) 
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The sedum mat was selected for this study to provide immediate full coverage.  

This was done to reduce any variation in performance that would have potentially occurred 

as the Sedum matured. 

Blue roof plots were constructed using the same modular trays as the pre-vegetated 

green roof modules, with some modification. In addition to having neither soil nor 

vegetation, the blue roof modules did not have bottom holes, rather, eight (2 per side wall) 

0.63 cm radius side holes were drilled at 6.4 cm from the bottom of the tray (Figure 3-7), this 

allowed water to pond in the trays before draining. This hole height was designed to allow 20 

mm of stormwater storage before runoff begins (accounting for the aggregate), assuming dry 

conditions. Blue roof design was intended to match green roof precipitation storage. 

 

Figure 3-6 Sedum plant on green roof plot, shown at full maturity in Mid-July 
 

Figure 3-7 Schematic drawing of modified drainage holes for blue roof 
application 
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Green roof media allows for approximately 25 mm of rainfall storage, with orifices 

drilled in the bottom of the tray. Although moving drainage holes to the side walls of the 

green roof trays would promote additional precipitation storage, a few issues would arise. 

Prolonged media saturation is not ideal for sedum; planted species would have to tolerate 

frequently wet conditions. Such plants generally have deeper rooting depths than sedum, 

posing an issue with design green roof media depth. Additional precipitation storage on a 

green roof would increase structural loading on the building.      

The blue roof trays were filled with Stalite®; an expanded slate aggregate commonly 

used in stormwater applications (Stinger et al, 2014). Blue roof substrate serves two 

purposes: it acts a ballast and has the potential to sorb phosphorus (Baker et al., 2014). Ideal 

blue roof substrate is lightweight to reduce loading concerns on the roof and porous to 

maximize water storage. Satlite ® had a porosity of 49% and a density of 770 kg/m3. 

Complete Stalite® specifications are included in Appendix C. An example blue roof plot is 

show in Figure 3-8. Table 3-1 summarizes several key differences between the treatments.  

 

 
 
 

Figure 3-8 Stalite® substrate in blue roof trays on a roof plot 
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Table 3-1 Summary of materials used to construct the three treatment plots 

 Blue  Green 
Trays GreeGrid® G4 GreeGrid® G4 

Dimensions (cm) 61 W x 61 L x 11 D 61 W x 61 L x 11 D 

Hole Position Side Bottom 

Hole Count 8 40 

Hole Diameter (cm) 1.27 0.64 
Media Stalite® 3/4" Aggregate  Rooflite® extenive MC 

Density (g/cm3) 0.80 0.88 

Saturated Weight (kg/m3) 1.36 1.28 
Porosity 49% 36% 
Supplier Location Salisbury, NC New Milford, CT 

Vegetation None Sedum Mix 

Supplier N/A Kensington, CT 
 

Water Quality Monitoring  

Runoff from each plot was routed from the central drain into a 106-liter (28 gal.) 

Rubbermaid® container stored below the plots (Figure 3-9). Within 24 hours of a rainfall 

event, samples were collected from each bin. Prior to sample retrieval, bins were agitated to 

re-suspend particulates. 

Figure 3-9 Central drain, emptying into runoff storage bin 
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Aliquots were placed in individual bottles per pollutant analyte: 1000 mL plastic bottle for 

TSS, 125 mL amber glass bottle for phosphorus species, 125 mL pre-acidified (0.3 ml of 

50% sulfuric acid) plastic bottle for nitrogen species. Samples were placed on ice and 

transported 7 miles to the Center for Applied Aquatic Ecology at NCSU for analysis, and 

kept below 6 °C. The following laboratory analysis were performed on runoff samples: TKN, 

NO3+NO2-N, TN, NH3, TP, OP and TSS (Table 3-2). A value of one-half the reporting limit 

was used for measured concentrations below minimum detection (Clausen and Spooner, 

1993) for statistical analysis. Composite storm concentrations are reported. Loads were 

calculated by using equation 3.  

Table 3-2 Lab analytical methods and reporting limits 

Pollutant Pollutant Name Analytical Method Reporting Limit (µg/L) 
NO2,3-N Nitrate/Nitrite Nitrogen SM 4500-NO3-Fa 5.6b, 11.2 

NH3-N Total Ammoniacal 
Nitrogen SM 4500-NH3-Ga 7b, 17.5 

TKN Total Kjeldahl Nitrogen SM 4500 N Org Da 280 
TN Total Nitrogen TKN + NO2,3-N - 

O-PO4
3- Orthoposhpate SM 4500 P Fa 6b, 12 

TP Total Phosphorus SM 4500 P Fa 10 

TSS Total Suspended Solids SM 2540 Da ** 
a (APHA 2012)    
bPQL for sample analysis before 9/9/16   
**PQL is dependent upon the volume filtered, which varies due to the nature of the sample and volume available 

 

𝑳𝒐𝒂𝒅 = 𝑪𝒄𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒆	×	𝑽𝒐𝒖𝒕𝒇𝒍𝒐𝒘     Equation 3 
 
Where, 
 
Ccomposite = is the composite concentration obtained from the laboratory analysis of the 
representative storm sample for the parameter of interest (mg/L) 
Voutflow = volume of outflow (L) 
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Climate Monitoring 

Climatological data were collected at the Lake Wheeler Road Field Lab of the North 

Carolina Climate Retrieval and Observations Network of the Southeast Database 

(CRONOS). The station is located approximately 600 meters NNE from the roof plots. A 

summary of instruments used to measure climatological parameters is included in Appendix 

E. CRONOS did not provide 2-minute precipitation readings commonly used for stormwater 

research, therefore, rainfall measurements were collected onsite manually and with a Davis 

Rain Collector II tipping bucket rain gauge, equipped with a HOBO® pendant event logger, 

installed on a post 3 m from the roof plot at a height of 1.5 m (Figure 3-10).  

Data from, the two rain gauges were compared to ensure that minimal climatological 

variation occurred. A Summary of the monitoring equipment used is shown in Table 3-3. 

 

 

 
 

Figure 3-10 Green roof plot with manual and tipping bucket rain gauge in 
the background 
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Table 3-3 Monitoring equipment 

 Brand Model Interval Location 
Bins Rubbermaid® H-3492 N/A On-site 
Water Level 
Loggers HOBO® U20L-04 2-minute On-site 

Precipitation     

Rain Gauge Davis 7852 0.025 mm On-site 

Data Logger HOBO® UA-003-64 tip On-site 

Rain Gauge Texas Electronics ® TE525 0.025 mm CRONOS 

Data Logger Campbell Scientific ® CR-10X tip CRONOS 

 

Data Processing  

 Hydrologic data were initially processed using ONSET HOBOWARE ® version 

3.7.10. This software was used to offload loggers and correct pressure data to account for 

atmospheric pressure. The resulting data were then exported into comma separated value 

files for further analysis.  

Precipitation depths greater than 2.5 mm and an antecedent dry period longer than 6 

hours were considered individual storms (Dricsoll et al., 1989). Tipping bucket rainfall data 

were adjusted to account for discrepancies between the logged depth and the manually 

measured depth. Generally, intense rainfalls were undervalued by the tipping mechanism. To 

account for this, a correction factor was calculated by dividing the manual depth by the 

tipping bucket depth. Each 0.25 mm tip was multiplied by the correction factor, so when 

summed the total from the tipping bucket gauge matched that of the manual gauge. 

Statistical Analyses 

SAS version 9.4TM was used for all statistical analyses. Descriptive statistics were 

produced to characterize pollutants from each treatment and each individual replicate. Many 

of the water quality parameters exhibited variability that increased along with mean 
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concentrations. Residual diagnostics after log-transformation of these measurements 

indicated that the transformation was effective at stabilizing this variability, so that linear 

mixed effects models could be used to investigate treatment effects. In SAS, the mixed 

procedure uses the restricted maximum likelihood (REML) to fit a model to the data. The 

concentrations and loads for each individual pollutant were set as the dependent variable. The 

model included fixed treatment effects, random effects for the triplicate plots, nested within 

treatments and parameter-wise familywise error rate, Tukey's procedure was used to conduct 

all three pairwise comparisons for each parameter. The level of significance was set at 5%. 

Mixed linear modeling was chosen for this analysis because it is useful in studies where 

repeated measurements (storm events) are made on the same statistical units (plots). 

Additionally, mixed linear models are better at handling missing values (missed storm 

events) compared to more traditional approaches like repeated measure Analysis of Variance. 

Plots illustrating residual values versus predicted values and residual distribution were 

generated to verify the legitimacy of the models. Full SAS code can be viewed in Appendix 

G. 

3.5 Results and Discussion 
 
Precipitation 

The monitoring period spanned from August 1, 2016, to May 10, 2017. Fourteen 

water quality events were recorded and collected. Rainfall depths from the collected storms 

ranged from 10.9 mm to 59.2 mm (Table 3-4). Only storms exceeding 15 mm tended to 

generate outflow from all three treatments. Blue and green roof plots had 20 mm of potential 

storage. If no outflow was produced, no water quality samples could be collected. During the 

monitoring period, samples from two extreme events were uncollected. Storms exceeding 
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63.5 mm produced control roof runoff volumes that exceeded bin storage capacity. The 

events in question were: 208 mm on 10/8/16 (Hurricane Matthew) and 215 mm on 4/24/17. 

Abbreviated sampling periods in the summer and spring reduced the number of water quality 

events collected in those seasons (Table 3-5). 

Table 3-4 Descriptive statistics for rainfall events resulting in water quality samples (mm) 

Count Max Min < 21.2a > 21.2a Mean  Median  Total  
14 59 11 6 8 26 21 369 

a 21.2 mm was the 50th percentile event      
 
 
Table 3-5 Water quality events  

Event Date Rainfall  ADP Duration 
  (mm) (days) (hrs) 

8/9/16 38 3.0 1.1 
9/4/16 59 0.7 18.9 
9/19/16 57 17.0 4.3 
9/22/16 35 1.6 34.3 
9/29/16 18 7.7 11.5 
9/30/16 25 1.6 0.9 
12/5/16 18 20.8 12.4 
12/7/16 11 1.2 20.3 
12/19/16 14 12.8 - 
1/23/17 14 1.4 37.4 
2/15/17 13 6.2 2.7 
3/2/17 21 14.4 3.2 
3/14/17 24 11.6 16.8 
3/31/17 22 9.1 5.6 

 
 
 
Nitrogen  

Literature demonstrates that organic matter and nutrients incorporated into green roof 

media to aid plant growth elevate nitrogen concentrations in outflow (Gregoire and Clausen, 

2011; Harper et al., 2013; Moran et al., 2003; Razzaghmanesh et al. 2014).  The discrepancy 

among reported values is due to a multitude of nutrient-leaching factors: age (Berndtsson et 
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al., 2006; Harper et al., 2013; Hathaway et al., 2008; Speak et al., 2013), media composition 

(Berndtsson et al., 2006; Harper et al., 2013; Hathaway et al., 2008; Speak et al., 2013; 

Vijayagavan et al., 2012), and media depth (Monterusso et al., 2004). Czemiel Berndtsson 

(2010) hypothesized that maintenance, vegetation, wind, local pollution sources and the 

precipitation dynamics may also influence nitrogen release. 

Overall, green roof average nitrogen species concentrations were higher than those of 

the blue and control roofs. Blue roof concentrations were generally slightly higher than those 

of the control, except for blue roof replicate 3 (B3). This plot discharged high NH3-N and 

organic-N concentrations, which resulted in high TN and TKN (Table 3-6 to Table 3-9). Box 

plots illustrating distributions of nitrogen analytes are included in Appendix F. Elevated 

NO3-NO2 concentrations were observed in green roof replicate three, this was attributed to 

the lack of plant cover in the initial stages of the study. Without a thriving plant community 

NO3 uptake was reduced (Xu et al., 2012), resulting an increased leaching. Bare media 

exports NO3 at concentrations >10 times that of vegetated media (Aitkenhead-Peterson et al., 

2011; Emilsson et al., 2007; Vijayaragahavan et al., 2012). 
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Table 3-6 Total Kjeldahl Nitrogen concentration descriptive statistics by treatment and replicate (mg/L) 

 
 Replicate N Mean Std Dev Minimum Maximum 

B 1 14 1.6 1.3 0.1 4.0 

 2 14 3.1 3.0 0.3 10.1 

  3 14 11.1 10.7 0.3 27.6 

C 1 14 0.8 0.4 0.3 1.5 

 2 14 1.5 1.1 0.3 3.9 

 3 14 0.9 0.6 0.1 2.1 

G 1 14 3.8 0.9 1.9 5.3 

  2 14 4.2 1.8 2.2 9.7 

  3 14 6.0 1.4 4.0 8.4 

 
 
 
Table 3-7 Nitrate-Nitrite concentration descriptive statistics by treatment and replicate (mg/L) 

Treatment Replicate N Mean Std Dev Minimum Maximum 

B 1 14 0.6 0.3 0.2 1.0 
  2 14 0.6 0.4 0.1 1.2 
  3 14 0.7 0.4 0.2 1.6 

C 1 14 0.2 0.1 0.0 0.3 
  2 14 0.3 0.1 0.0 0.5 
  3 14 0.2 0.1 0.0 0.3 

G 1 14 0.8 0.5 0.1 1.6 
  2 14 0.3 0.2 0.1 0.6 
  3 14 2.7 2.0 0.7 6.9 
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Table 3-8 Ammoniacal Nitrogen concentration descriptive statistics by treatment and replicate (mg/L) 

Treatment Replicate N Mean Std Dev Minimum Maximum 

B 1 14 0.7 0.6 0.0 1.9 
  2 14 0.9 0.8 0.0 2.4 
  3 14 3.8 3.8 0.1 10.7 

C 1 14 0.4 0.3 0.1 0.8 
  2 14 0.8 0.5 0.1 2.1 
  3 14 0.5 0.3 0.1 1.0 

G 1 14 0.2 0.2 0.1 0.8 
  2 14 0.2 0.1 0.0 0.5 
  3 14 0.9 0.8 0.1 2.7 

 
 
 
Table 3-9 Total Nitrogen concentration descriptive statistics by treatment and replicate (mg/L) 

Treatment Replicate N Mean Std Dev Minimum Maximum 

B 1 14 2.1 1.5 0.4 4.8 
  2 14 3.8 3.3 0.4 11.1 
  3 14 11.8 11.1 0.6 28.8 

C 1 14 1.0 0.5 0.3 1.8 
  2 14 1.8 1.2 0.3 4.3 
  3 14 1.1 0.6 0.2 2.3 

G 1 14 4.6 1.1 2.3 6.4 
  2 14 4.5 1.9 2.4 10.4 
  3 14 8.7 2.7 4.7 14.6 

 
 

Mean blue roof concentrations were heavily influenced by replicate three; for each 

event, B3 concentrations exceeded the average of the other two replicates by 8.7 mg/L and 

2.9 mg/L for TKN and NH3, respectively. For the first six storm events (until 9/30/16), 

nitrogen levels among the blue roof replicates were similar (Appendix F). For the remaining 

8 storm events, B3 concentrations exceeded the average of the other two replicates by 15.1 
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mg/L and 5.1 mg/L for TKN and NH3, respectively. This bi-modal pattern suggests an 

external source of nutrients “appeared” mid-study. Even with the higher nutrient levels from 

B3, all forms of nitrogen in blue roof outflow were not significantly different than those of 

the control (p>0.05) (Table 3-10). However, pairwise comparisons between the green roof 

outflow and blue roof outflow were also not significantly different (p>0.05). Total nitrogen 

effluent mean concentration (EMC) for conventional rooftops determined by the NCDEQ is 

included for reference; the control roofs mean TN concentration was similar to the EMC 

established by the NCDEQ.  

Limited information is available to determine the cause of B3’s elevated nitrogen 

concentrations. Solid sample analysis of the Stalite®, performed at the NC State University 

Environmental Analysis Test Service Lab, revealed the following nitrogen levels: TKN = 3.1 

mg/kg, NH3 = 0.86 mg/kg and NO3 = 0.55 mg/kg. Analytical methods used for solid sample 

analysis are included in Appendix J. Stalite® representatives attributed nitrogen presence in 

the aggregate to rain, air contact while in the stockpile and blasting powder that is used at a 

nearby quarry (personal communication, Stringer, D.). Green roof media analysis revealed 

that, as expected, nitrogen species concentrations were much higher compared to the Stalite 

®: TKN = 940 mg/kg, NH3 = 3.43 mg/kg and NO3 = 36.4 mg/kg. If nitrogen leaching was 

attributed exclusively to the media, green roof outflow should have considerably higher 

nitrogen concentrations. This was not what was observed, and therefore, points to outside 

influence. B3 was located in the lower left corner of the plot setup, when viewing from 

above. Upon inspection, more bird feces were regularly found on B3. Because the 

contributing surface was relatively small, any fecal matter could cause a spike in outflow 

nutrient concentrations. When monitoring ended, Stalite® samples were taken from B3 for 
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solid sample analysis, no differences in nutrient concentrations were observed among the 

aggregate from each blue roof replicate –  suggesting the influence of outside nutrient input. 

Rooftop animal excreta are a concern for water quality (Czemiel Berndtsson, 2010; Hall and 

Ellis, 1985). However, if this had occurred on a larger roof, the effect would may have been 

diluted by the larger volume of outflow, though this is dependent on the number of birds 

contributing.  

 The uncertainty regarding increased nitrogen in B3 motivated re-performing 

statistical analysis without the data from B3. By omitting B3, the differences between the 

blue and green treatments were significant for TKN and TN concentrations (Table 3-10). 

Excluding B3 data supports the hypothesis that blue roof runoff would leach less N compared 

to the green roof.  

Table 3-10 Average pollutant concentrations (B3 excluded). Superscripts indicate significant differences 
among treatments  

  

Nitrogen Loading 

Over the ten-month monitoring period, green roof TN loading exceeded that of the 

blue roof by 1400 mg (Table 3-11). 

 
 
 
 
 

TKN NO3+NO2 NH3-N TN

Blue 5.2ab (2.3a) 0.6a (0.6a) 1.8a (0.8a) 5.9ab (2.9a)

Control 1.1a 0.2a 0.6a 1.2a

Green 4.6b 1.3a 0.4a 5.9b

NC Conventional Roof Representative Values* 1.18
*(NCDEQ, 2017)

Average Concentration (mg/L)
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Table 3-11 Total nitrogen loading from the plots 

  TN TN 

  Cumulative Load (mg) Load per Area (mg/m2) 

  Including B3 Excluding B3 Including B3 Excluding B3 

Blue 3600 700 7.0 1.4 
Control 1100 - 2.1 - 
Green 5000 - 9.7 - 

 

Figure 3-11 illustrates a decrease in the rate of TN load over time. Literature suggest that this 

may be the effect of age, as nutrients are eventually flushed from green roofs (Berndtsson et 

al., 2006; Harper et al., 2013; Hathaway et al., 2008; Speak et al., 2013). However, in this 

case, the TN concentration in the green roof outflow remains relatively constant; the lack of 

large storm events during the later portion of the monitoring period producing increased 

outflow volumes minimized the observed loads. A longer monitoring period is needed.  

 

Figure 3-11 TN cumulative load and concentrations over the course of the monitoring period (B3 
included) 
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Phosphorus 

Phosphorus leaching from green roofs is widely accepted in literature (Berndtsson et 

al., 2009; Bliss et al., 2009; Harper et al., 2013; Hathaway et al., 2008; Moran et al., 2003; 

Razzaghmanesh et al. 2014; Teemusk and Mander, 2007; Van Seters et al., 2009). Reported 

concentrations vary from <0.012 (Teemusk and Mander, 2007) to >15 mg/L (Harper et al., 

2013). This study produced average green roof TP concentrations herein were 2.7 mg/L. Blue 

roof replicate three discharged higher TP and OP than the other blue roof replicates (Table 3-

12 and 3-13). 

Table 3-12 Ortho-Phosphorus concentration descriptive statistics by treatment and replicate (mg/L) 

Treatment Replicate N Mean Std Dev Minimum Maximum 

B 1 14 0.1 0.1 0.0 0.4 
  2 14 0.3 0.4 0.0 1.6 
  3 14 2.1 2.4 0.0 7.2 

C 1 14 0.0 0.0 0.0 0.1 
  2 14 0.1 0.1 0.0 0.3 
  3 14 0.0 0.0 0.0 0.1 

G 1 14 2.6 2.3 1.0 10.0 
  2 14 4.0 5.1 1.3 20.8 
  3 14 1.1 0.4 0.5 2.0 
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Table 3-13 Total Phosphorus concentration descriptive statistics by treatment and replicate (mg/L) 

Treatment Replicate N Mean Std Dev Minimum Maximum 

B 1 14 0.1 0.1 0.0 0.4 
  2 14 0.4 0.5 0.0 1.8 
  3 14 2.0 2.4 0.0 7.3 

C 1 14 0.0 0.0 0.0 0.1 
  2 14 0.1 0.1 0.0 0.3 
  3 14 0.1 0.0 0.0 0.1 

G 1 14 2.6 2.3 1.1 10.1 
  2 14 4.2 5.6 1.3 22.8 
  3 14 1.2 0.4 0.7 2.2 

Some TP values are lower than OP values because the relatively considerable number of OP measurements 
which fell below the practical quantitation limit; resulting in potentially overestimated OP concentrations.  
 

Just as with N, the blue roof replicates yielded similar TP concentrations for the first 

six water quality events followed by a sustained spike during the remaining eight events; 

afterwards phosphorus concentrations were markedly higher for B3. Solid sample analysis of 

the Stalite® prior to use in the field and after sampling showed no differences among blue 

roof replicate’s phosphorus concentrations pre- and post-study. Again, excess nutrients were 

attributed to an external input and statistical analyses were performed twice, once including 

and once excluding B3 data (Table 3-14). Total phosphorus effluent mean concentration 

(EMC) for conventional rooftops determined by the NCDEQ is included for reference; the 

control roofs mean TP concentration was similar to the EMC established by the NCDEQ. 
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Table 3-14 Average pollutant concentrations (B3 excluded). Superscripts indicate significant differences 
among treatments  

 
 
Excluding B3 data decreased the observed average TP concentration to from 0.8 to 

0.3 mg/L. Omitting B3 did not affect the statistical differences among the treatments. Even 

with the excess nutrient input to B3, the TP concentration from the blue roof treatments was 

significantly less than that of the green roof. Blue roof concentrations were not significantly 

different from the control. Green roof TP loading exceeded that of the blue roof by 1140 mg 

(Table 3-15). 

Table 3-15 Total phosphorus loading from the plots 

 TP TP 

 Cumulative Load (mg) Load per Area (mg/m2) 

 Including B3 Excluding B3 Including B3 Excluding B3 

Blue 160 50 0.3 0.1 
Control 80 - 0.2 - 
Green 1300 - 2.5 - 

 

TP Ortho-P
Average Concentration (mg/L)

Blue 0.8a (0.3a) 0.9a (0.2a)
Control 0.1a 0.1a

Green 2.7b 2.7b

Representative * 0.11 -
*(NCDEQ, 2017)
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Figure 3-12 illustrates an apparent decreasing TP loading rate with time. Considering 

that concentrations remain relatively constant throughout, the lack of large storms toward the 

end of the monitoring period, yielded the decreasing rate of discharged load. 

 

Total Suspended Solids 

 Green roofs generally do not discharge high TSS concentrations and loads (Hathaway 

et al., 2008; Moran et al., 2003; Fassman et al., 2013). The concern is whether the rooftop or 

rooftop treatment, substantially increases suspended solids concentrations in the water before 

it becomes outflow. Atmospheric deposition of particulates is the most commonly cited 

source of rooftop TSS (Hopke et a., 1980; Taylor 2009). The primary source of TSS from the 

green roofs appeared to be Media erosion and organic matter breakdown. Blue roof TSS 

came predominantly from the fine particles/dust created during the Satlite® manufacturing 

Figure 3-12 Treatment’s cumulative TP load and concentration over time 
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process. The influence of these fine particles could have been reduced had the aggregate been 

washed more thoroughly prior to use. Mean TSS concentrations for each replicate are 

reported in Table 3-16.  

Table 3-16 Total Suspended Solids concentration descriptive statistics by treatment and replicate (mg/L) 

Treatment Replicate N Mean Std Dev Minimum Maximum 

B 1 14 9.2 7.9 2.8 31.0 
  2 13 7.8 5.7 2.6 20.8 
  3 14 20.1 21.5 2.8 75.4 

C 1 14 3.7 2.6 2.4 12.3 
  2 14 6.7 7.6 0.9 26.1 
  3 14 5.2 3.9 2.2 15.3 

G 1 14 6.4 4.7 0.7 17.7 
  2 13 10.9 13.8 0.6 53.6 
  3 13 30.9 32.5 7.1 103.1 

 

G3 had consistently higher TSS concentrations and subsequent loadings compared to 

the other green roof replicates.  G3 was the last replicate constructed, and planted modules 

were received about a month after the modules used in G1 and G2. Consequently, G3 had 

less time to establish vegetation before data collection commenced (Figure 3-13).  

As a result, G3 media was likely more exposed and displaced during intense storm events. As 

the growing season waned, vegetation on G1 and G2 went dormant, and soil exposure 

increased. Without vegetative cover during the winter, all three plots were susceptible to 

media displacement and the difference between resulting TSS concentrations was reduced. 

When the sedum began to reestablish in early spring, the loading difference among the 

treatments was less pronounced (Figure 3-14).  
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Figure 3-13 After construction in 8/16 G3 (background) shows significantly less 
sedum growth than G2 (foreground) 
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Figure 3-14 Green roof TSS load by storm 



 

103 

This trend is supported by green roof literature, which demonstrates that greater plant 

coverage yields lower discharged TSS concentrations (Alyaseri, 2010; Morgan et al., 2011; 

Morgan et al., 2013). Green roof TSS was not significantly different from that of either the 

blue roof or the control roof (Table 3-17). The color of green roof outflow was visibly tainted 

(Figure 3-15).  

Table 3-17 Average TSS concentrations and cumulative load from each treatment. Superscripts designate 
statistically significant differences   

 TSS 
 Average Concentration (mg/L) Cumulative Load (mg) 

Blue 11.8a 4459 

Control 4.4a 7126 

Green 15.8a 7110 
 
 

Annual Loading  

 No water quality or quantity data were collected during June or July of 2016. The 

methods outlined by Geosyntec and Wright Water Engineers (2009) were used to extrapolate 

loads for the missing months. Hourly precipitation data for June and July 2016 were obtained 

Figure 3-15 Control roof (left) and green roof (right) outflow color  
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from the local CRONOS station (Appendix K). Observed precipitation and outflow data were 

correlated to relate the variables. Hydrologic data from the monitoring period revealed that 

outflow from the blue and green roofs was essentially linear once storage capacity was 

exceeded (Appendix K): storms larger than 13 mm resulted in outflow and therefore nutrient 

loads.  The linear relationship was used to estimate outflow volumes for the June and July 

precipitation. Outflow volumes were then multiplied by the observed mean TN, TP and TSS 

concentrations (from the 10-month monitoring period) to determine the loads. Estimated 

loads are also included for the two extreme events (10/18/16 and 4/24/17) that were not 

sampled. Loads for these storms were calculated using nutrient concentrations obtained from 

storms >25 mm to account for nutrient dilutions that occurred with higher outflow volumes 

(Appendix K). To verify load calculations, the same methods were used on collected data, 

and the results were compared (Appendix K). Overall the calculations produced reasonable 

loads compared to what was observed, except for green roof TN, which was considerably 

over predicted by the calculations.  

 Green roof annual loads were relatively large compared those of other SCMs in North 

Carolina (Table 3-18). Both the blue and green roof plots exceeded the range of SCM TN 

loads found in other NC studies. Blue roof TP discharge was similar to that of other SCMs.  
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Table 3-18 Annual discharged loads of studied SCMs in North Carolina (kg/ha/yr)  

      Load  

Source Location  SCM TN TP TSS 

Hunt et al., 2006 Greensboro Bioretention Cell 1.51 0.44 48 
Passeport et al., 2009 Alamance Bioretention Cell 4.8, 5.9 0.4, 0.3  

Baird, 2014 Fayetteville Wet Retention Pond 2.3, 4.8 0.2, 0.8 66 
Koryto, 2015 Durham Regenerative SW Conveyance 4.7 1.0 270 

Merriman, 2015 River Bend Constructed SW Wetland 0.31 0.07  
Merriman et al., 2016 New Bern  Constructed SW Wetland 0.26 0.02 3 

Smolek, 2016 Fayetteville Permeable Pavement 5.4 0.3 4.3 
Smolek, 2016 Durham Permeable Pavement 0.5 0.02 7 

This Study Raleigh Control Roof 7.4 0.5 40 
This Study Raleigh Blue Roof 9.5 0.7 42 
This Study Raleigh Green Roof 41.8 11.7 64 

 
 
 
Results in Context 

 McNett et al. (2010) established benthos-based guidelines and set target effluent 

concentrations ratings to gauge best management practice performance with respect to 

improving downstream aquatic health from a benthic macroinvertebrate standpoint. The 

researchers collected benthos and water samples; depending on the presence, abundance, and 

diversity of the macroinvertebrates, the level of water quality impairment could be predicted.  

For the Piedmont region of NC, the researchers established TN and TP levels of 0.99 mg/l 

and 0.11 mg/l, respectively, as “good” effluent concentrations for benthos health. The mean 

TN concentrations for the blue, green and control roofs exceed this threshold.  According the 

ratings established in McNett et al. (2010), green and blue roof outflow would be rated “fair”, 

control roof outflow would be rated “good-fair” with respect to TN concentrations (Figure 

3-16).  
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TP outflow from the blue and the control roof would be considered “good”, while green roof 

TP outflow would be considered “poor”. Green roof mean TP concentration exceeds the 

“poor” rating limit by 4.5 times (Figure 3-17).  

 

 

 

 

 

 

 

 

Figure 3-16 Treatments TN concentration ranked in increasing order, with benthos based water quality 
thresholds 
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Compared to other green roof (and control roof) studies, the control plot 

concentrations fall within reported ranges (Table 3-19). Green roof nutrient concentrations 

are higher than other reported concentrations.  

 Table 3-19 Comparison of previous green and control roof studies TN and TP concentrations (mg/l)  

    Conventional Green 
Source Location TN TP TN TP 

Moran et al., 2003 Goldsboro, NC 2.4 0.1 3.7 1.0 
Moran et al., 2003 Kinston, NC 0.5 0.1 2.9 1.3 
Teemusk & Mander, 2007 Estonia - - 1.2 0.2 
Berdtesson et al., 2009 Sweden - - 0.1 0.2 
Grogire & Clausen, 2011 Storrs, CT 0.9 0.2 0.5 0.0 
Toland et al., 2012 Fayetteville, AK - - 1.8 0.2 
Fassman et al. 2013 Auckland, NZ 0.5 0.1 1.9 0.7 
Fassman et al. 2013 Auckland, NZ 0.4 0.0 3.4 0.6 
This study  Raleigh, NC 1.3 0.1 5.9 2.7 

 

Figure 3-17 Treatment’s TP concentration ranked in increasing order, with benthos based water quality 
thresholds 
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3.6 Summary and Conclusions  
 

This study compared the water quality discharged by blue roofs to that of green and 

conventional roofs. Water quality samples were collected from nine plots, which were 

randomly assigned one of three treatments. Statistical models were used to explain variation 

in water quality parameters.  The following conclusions were drawn: 

1) Green roofs had elevated TN concentrations with a mean of 5.9 mg/l. Blue roof TN 

mean concentration was 2.6 mg/l (B3 excluded). Control roof TN mean concentration 

was 1.0 mg/l. Green roof TN concentrations were significantly greater than the blue 

and control plots. Conversely, there was no significant differences between TN 

concentrations from the blue and control roofs.  

2) Green roof outflow had elevated TP concentrations with a mean of 2.7 mg/l. Blue 

roof TP mean concentration was 0.3 mg/l (B3 excluded). Control roof TP mean 

concentration was 0.1 mg/l. TP concentrations were significantly higher in green roof 

outflow compared to the control and blue roofs. Blue and control roof TP 

concentrations were not significantly different. 

3) Cumulative TN load from the green roof was more than three times that of the control 

roof. TP load from the green roof was 1300 mg compared to 80 and 160 mg from the 

control and blue roofs, respectively (B3 included). Estimated annual TN green roof 

load quadrupled that of the blue roof. Green roof annual TP discharged was eleven 

times larger than that of the blue roof.  

4) TSS concentrations from all plots were uniformly low <20.2 mg/l (notable exception, 

G3 >30 mg/l). There was no significant difference among treatment discharged TSS 

concentrations.  
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5) Both green and blue roofs (including B3) discharged TN and TP concentrations that 

exceeded the target set by the NCDEQ, 2.4 mg/L and 0.76, respectively. Excluding 

B3, blue roofs discharged TP concentrations lower than the target, but discharged TN 

concentrations were still above the limit.  

6) Blue roof outflow appears to improve water quality compared to that of green roofs. 

Data suggest that blue roof outflow water quality is similar to that of a conventional 

roof. 
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CHAPTER 4: SUMMARY, RECOMMENDATIONS AND FUTURE RESEARCH 
 
4.1 Synthesis of Studies  
 

The objective of this study was to evaluate the hydrologic (Chapter 2) and water 

quality performance (Chapter 3) of blue roofs compared to green and conventional roofs. 

Ultimately results are to be synthesized to provide insight regarding the viability of blue 

roofs as an alternative to green roofs.  The focus of both studies was to identify significant 

differences between the treatments’ ability to retain stormwater, reduce outflow, delay the 

peak flow and mitigate peak discharge, while not deteriorating water quality.  

 There were no significant differences between green and blue roof precipitation 

retention (p= 0.91) and peak flow mitigation (p=0.44). Both showed improved rainfall 

retention (blue: p=0.011, green: p=0.013) and peak discharge mitigation (blue: p=0.0029, 

green: p=0.0074) compared to the control. Green roof retention rates were within the range 

reported in literature (Carter and Rasmussen, 2006; Caprenter and Kaluvakolanu, 2011; 

DeNardo et al. 2005; Fassman et al., 2013; Getter et al., 2007; Gregoire and Clausen, 2011; 

Hathaway et al., 2008; Mentens et al. 2006; Morgan et al., 2013; Speak et al., 2013; Stovin et 

al., 2010; Stovin et al., 2012; Van Seters et al., 2009; VanWoert et al., 2005; Voyde et al., 

2010a). No significant differences were observed for peak flow delay, probably due to the 

small plot size used in the study.  

 Measured evaporation from the blue roof trays was compared to estimated 

evapotranspiration from the green roof trays. Green roof literature identified two different 

methods for estimating evapotranspiration from the green roof trays (DiGiovanni et al., 2013; 

Lazzarin et al., 2005; Wadzuk et al., 2013). To account for this, evapotranspiration was 

calculated using both the crop coefficient and reference crop method. Calculated ET rates 
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based upon crop coefficient were significantly lower than measured evaporation rates from 

the blue roof (Evap1: p= 3.52E-9, Evap2: p= 1.14E-6). Conversely, ET rates based on 

reference crop were not significantly different than blue roof evaporation rates (Evap1: p= 

0.10, Evap2: p= 0.06). Regardless of how green roof evapotranspiration is calculated, data 

suggest that blue roofs are at least equally as effective as green roofs at regenerating storage. 

Per this study, outflow from the blue roofs compared to that of the green roof had 

lower nutrient loads and concentrations. Green roof outflow is apt to discharge high nutrient 

levels due to the incorporation of organic matter in the media (Gregoire and Clausen, 2011; 

Harper et al., 2013; Moran et al., 2003; Razzaghmanesh et al. 2014). Blue roof aggregate had 

substantially lower nutrient content compared to the green roof media; therefore, nutrient 

leaching from the blue roof was less pronounced than from the green roof. Without the need 

to establish vegetation, blue roofs do not require fertilizer or organic matter, resulting in 

improved outflow water quality compared to the that of the green roof.  

 Blue roofs match the hydrologic performance of green roofs and reduce the water 

quality concerns linked to nutrient leaching from green roof media. Without the cost of 

vegetation and engineered soil, the blue roof materials for this project cost one third the price 

of the green roofs. Reduced roof loading and maintenance concerns further support blue roof 

selection in lieu of green roofs. Future research, at the full-scale, is needed to supplement this 

study’s findings and to explore alternative blue roofs designs.  
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4.2 Design Recommendations and Future Research  
 

Blue roof design is dependent upon two key factors: weight loading and precipitation 

storage. An optimized system will maximize storage while minimizing load. Saturated blue 

roof trays must not exceed the loading constraints of the roof being built upon. Dry blue roof 

trays must be sufficiently heavy to be anchored to the roof and be immovable by winds. The 

findings of this study prompted the following recommendations. Future research questions 

expand on ways to improve upon the design used in this study.  

1. Trays: Trays should be lightweight and sturdy. Durable high-density polyethylene is 

recommended.  

The trays used in this study performed well. Both green roof literature and industry have 

identified sturdy plastic trays as an ideal module for rooftop SCMs. It follows that such trays 

should be used for blue roof applications. Additionally, repurposing green roof trays allows 

suppliers to easily provide blue roof trays as an alternative.  

2. Aggregate: The aggregate must be sufficiently heavy to anchor trays to the roof. 

Aggregate material and amount should be optimized to increase precipitation storage 

and decrease structural loading.  

The incorporation of aggregate as a ballast increases tray weight while reducing tray storage. 

The lightweight porous aggregate used in this study, herein Stalite ®, effectively balanced 

structural loading constraints with hydrologic storage demands. Future research could focus 

on optimizing aggregate amount or material needed to accomplish both needs. For example, 

a denser material could reduce the amount of aggregate required to anchor the trays, allowing 

for increased precipitation storage.  
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3. Orifices: The orifice height should be set at the level needed to achieve the target  

precipitation storage (must account for aggregate volume). Orifice diameter should 

be determined by flood routing. An effective orifice layout will mitigate the peak 

discharge and dewater within hours. Orifice diameter and elevation dictate the 

saturated weight of the tray, which must not exceed the structural loading constraints 

of the roof.  

Tray precipitation storage can be enhanced by altering the drainage orifice pattern. For 

example, elevating the drainage orifices by 25 mm, herein, would have increased 

precipitation storage from 20 mm to 38 mm. Orifice height can only be increased to the level 

at which the saturated tray weight meets roof loading constraints. Increasing the volume of 

water stored in the trays results in higher saturated loads and longer periods of wet 

conditions.  Blue roof design must focus on effective regeneration of storage capacity within 

a given ADP. Orifice pattern can be designed to meet specific hydrologic goals or 

regulations. In this study, drainage orifice height allowed 20 mm of precipitation storage, 

once this was exceeded, orifice diameter was large enough to allow precipitation outflow 

freely; from this point, blue roofs served no hydrologic benefit. Future research should 

address the possibility of incorporating smaller outflow orifices: constricting outflow to a 

relatively low rate and allowing precipitation to be temporarily stored above a set level 

(established by the orifices). Reducing orifice diameter would promote additional 

precipitation storage and improve peak flow mitigation. Water stored above the orifices 

would be subject to relatively fast dewatering rates, but once the stored water falls below the 

orifice level, water would only leave the tray via evaporation. Research is needed to 

determine optimal dewatering rates.   
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 The rate at which storage capacity regenerates is crucial to blue roof function. If blue 

roofs are to be considered a viable alternative to green roofs, future research needs to directly 

compare green roof evapotranspiration to blue roof evaporation. Previous studies have used a 

weighing lysimeter to directly measure actual ET from green roof systems (Digiovanni et al., 

2013; Wadzuk et al., 2013). Future blue roof studies should use this methodology to compare 

blue and green roofs side by side.  

 Further research should also focus on cost differences between each system. While 

material costs were discussed in this study, future work should explore the additional costs 

associated with construction, maintenance and ancillary benefits. Although blue roofs may 

lack the aesthetic appeal of green roofs, the stormwater benefits are at least comparable, 

providing a cost-effective option to entities that, otherwise, may have not been able to afford 

a rooftop SCM.   
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Appendix A: Research Project Site   
 

 
 
 
 

Figure A-1 Research project site. Locations of roof plots and CRONOS station are emphasized 
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Appendix B: Green Roof Media Specifications   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-2 Green roof media specifications: extensive mc standard was used in this study  
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Appendix C: Blue Roof Aggregate Specifications  
 

 
Figure A-3 Stalite ¾” aggregate specifications 
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Appendix D: Stage-Storage Relationship 
 
Trial #1 
 

 
Trial #2 
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Figure A-4 Sensor depth recording after known volume of water was added to 
runoff collection bin (trial 1) 
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Figure A-5 Sensor depth recording after known volume of water was added to runoff 
collection bin (trial 2) 
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Appendix E: Summary of Climate Monitoring Equipment  
 

 
Figure A-6 Summary of available weather monitoring equipment at the Lake Wheeler Rd. Field Lab 

CRONOS Station 
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Appendix F: Complete Water Retention Data 
 
Table A-1 Retention data for each replicate by storm. Completely retained storms are 1.00 

Date Storm Size Reduction 

 (mm) C1 C2 C3 B1 B2 B3 G1 G2 G3 
8/4/2016 18 -0.09 0.20 -0.06 0.88 0.87 1.00 1.00 1.00 0.58 
8/5/2016 6 0.00 1.00 0.34 1.00 1.00 1.00 1.00 1.00 1.00 
8/8/2016 38 0.01 0.16 0.05 0.25 0.23 0.36 0.38 0.37 0.19 

8/27/2016 18 -0.07 0.26 -0.01 0.88 0.89 0.88 0.92 0.94 0.39 
9/1/2016 5 -0.23 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
9/2/2016 59 0.05 0.09 0.09 0.23 0.25 0.30 0.31 0.29 0.25 

9/19/2016 57 0.11 0.16 0.12 0.31 0.33 0.38 0.39 0.42 0.38 
9/21/2016 35 0.10 0.13 0.11 0.11 0.15 0.12 0.21 0.21 0.21 
9/29/2016 18 -0.01 0.28 0.06 0.87 0.91 0.93 0.82 0.85 0.88 
9/30/2016 25 0.01 0.06 0.04 0.09 0.07 0.14 0.13 0.14 0.14 

11/14/2016 7 0.00 0.67 0.00 1.00 1.00 1.00 1.00 1.00 1.00 
12/5/2016 18 -0.09 0.21 -0.06 0.84 0.83 0.87 0.90 1.00 0.87 
12/7/2016 11 -0.09 0.07 0.15 0.24 0.07 0.40 0.65 0.70 0.76 

12/19/2016 14 0.07 0.41 0.10 1.00 1.00 1.00 0.68 0.75 0.97 
12/29/2016 12 0.18 0.26 0.12 1.00 1.00 1.00 0.24 0.26 0.76 

1/20/2017 5 0.69 0.67 0.69 0.91 0.89 0.68 0.84 0.76 0.37 
1/23/2017 14 -0.09 0.09 -0.05 1.00 1.00 1.00 0.13 0.20 0.47 
2/9/2017 7 0.05 0.47 0.00 1.00 1.00 1.00 1.00 1.00 1.00 
2/15/207 13 -0.08 0.26 -0.06 1.00 1.00 1.00 1.00 1.00 1.00 
3/2/2017 21 -0.05 0.22 -0.01 0.77 0.74 0.88 0.83 0.92 0.94 

3/14/2017 24 -0.02 0.20 -0.04 0.69 0.69 0.79 0.73 0.76 0.77 
3/19/2017 6 -0.01 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 
3/22/2017 3 0.26 1.00 0.11 1.00 1.00 1.00 1.00 1.00 1.00 
3/31/2017 22 -0.01 0.21 -0.01 0.76 0.75 0.87 0.87 0.90 0.88 
4/4/2017 12 -0.01 0.36 0.02 0.93 0.95 0.97 0.92 1.00 0.96 
4/6/2017 10 -0.04 0.40 -0.02 0.93 1.00 0.97 0.84 0.90 1.00 

4/30/2017 4 -0.28 1.00 0.47 1.00 1.00 1.00 1.00 1.00 1.00 
5/1/2017 3 0.62 1.00 0.62 1.00 1.00 1.00 1.00 1.00 1.00 
5/1/2017 9 -0.04 0.38 -0.07 0.91 0.97 0.94 0.94 0.95 0.97 
5/4/2017 8 0.07 0.69 0.07 1.00 1.00 1.00 1.00 1.00 1.00 

5/10/2017 9 -0.04 0.56 0.06 0.96 1.00 1.00 0.98 1.00 1.00 
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Figure A-7 Distribution of concentrations for various nitrogen species, separated by treatment.  
 
Table A-2 Summary of concentrations for various nitrogen species, separated by storm and treatment 

 
 

Date Rainfall TKN NO3+NO2 TN NH3 TKN NO3+NO2 TN NH3 TKN NO3+NO2 TN NH3 

mm

8/9/16 38 0.8 0.3 1.1 0.3 0.5 0.1 0.6 0.2 4.5 0.4 5.0 0.1
9/4/16 59 0.3 0.3 0.7 0.1 0.3 0.1 0.4 0.2 4.3 2.1 6.5 0.1
9/19/16 57 0.3 0.2 0.5 0.1 0.3 0.0 0.3 0.2 3.2 1.3 4.5 0.1
9/22/16 35 0.3 0.2 0.5 0.0 0.3 0.1 0.3 0.1 4.3 2.6 6.9 0.1
9/29/16 18 2.7 0.3 3.1 1.0 1.4 0.2 1.6 0.9 5.9 2.9 8.8 0.3
9/30/16 25 0.5 0.3 0.8 0.2 0.4 0.1 0.5 0.3 4.5 1.5 6.0 0.1
12/5/16 18 13.9 1.0 14.9 4.8 2.0 0.2 2.2 1.0 7.5 0.9 8.4 0.8
12/7/16 11 3.1 0.6 3.7 1.3 1.0 0.2 1.2 0.5 4.6 1.3 5.8 0.7
12/19/16 14 11.5 1.0 12.5 3.6 1.8 0.3 2.1 0.9 5.1 1.5 6.6 1.0
1/23/17 14 9.6 0.8 10.4 4.9 1.7 0.4 2.1 0.9 2.8 1.0 3.8 0.2
2/15/17 13 7.9 1.2 9.2 2.7 1.4 0.3 1.8 0.8 4.5 0.9 5.4 0.7
3/2/17 21 4.7 1.0 5.7 1.4 1.1 0.2 1.3 0.6 4.5 0.6 5.1 0.6
3/14/17 24 6.9 0.6 7.6 2.1 1.2 0.2 1.4 0.6 3.4 0.4 3.8 0.4
3/31/17 22 10.8 1.0 11.8 2.7 1.8 0.3 2.1 0.7 5.7 0.5 6.2 0.7

Blue Control Green

mg/l mg/l mg/l
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Appendix G: SAS Code  
Water Quantity Analysis 

options ls=85 nocenter mprint; 
 
data one; 
   format sdate mmddyy10.; 
   infile "c:\Users\stdegaet\Desktop\School\Research\SAS\Second 
Consultation\runoffdata.csv" dsd firstobs=2; 
   input sdate  :  mmddyy10. max_runoff drydays Treatment $ rep outflow 
redux peakflow delay; 
   control=(Treatment="C"); 
run; 
 
proc print data=one (obs=100); run; 
 
proc means data=one maxdec=2; 
title 'Peak Flow Delay Descriptive Statitics'; 
class Treatment rep; 
var delay; 
run; 
 
proc means data=one maxdec=2; 
title 'Reduction Descriptive Statitics'; 
class Treatment rep; 
var redux; 
run; 
 
proc means data=one maxdec=2; 
title 'Outflow Descriptive Statitics'; 
class Treatment rep; 
var outflow; 
run; 
 
symbol value=dot i=rq; 
proc gplot data=one; 
title "Volume Reduction as a Function of Maximum Theoretical Outflow"; 
axis1 label=("Maximum Theoretical Outflow (L)"); 
axis2 label=(angle = 90 "Outflow Reduction"); 
plot redux*max_runoff=Treatment/haxis=axis1 vaxis=axis2; 
run; 
 
proc sort data=one; by sdate; run;  
 
proc print data=one (obs=10);run; 
 
proc mixed data=one ;*method=type3; 
   title "response variable is outflow"; 
   class Treatment rep sdate rep control; 
   model redux=Treatment /outp=two solution;   
   random rep(Treatment)sdate/group=Treatment;  
   lsmeans Treatment/diffs adj = tukey; 
   estimate "treated - control"  Treatment 1 -2 1 /divisor=2 cl; 
run; 
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proc sgplot data=two; 
   scatter x=resid y=pred / group=Treatment; 
run; 
 
proc sort data=two; 
   by Treatment;run; 
 
proc print data=two (obs=10); run; 
 
proc sgpanel data=two; 
panelby Treatment / rows=3 layout=rowlattice; 
histogram resid; 
run; 
 
proc sort data=one; by Treatment; run; 
proc boxplot data=one; 
plot peakflow*Treatment; 
label peakflow = 'Peak Discharge (L/s)';  
label Treatment = 'Treatment'; 
run;  
 
proc boxplot data=one; 
plot delay*Treatment; 
label delay = 'Peak Discharge Delay (hrs)';  
label Treatment = 'Treatment'; 
run;  
 
proc boxplot data=one; 
plot redux*Treatment; 
label redux = 'Outflow Reduction';  
label Treatment = 'Treatment'; 
run;  
 
symbol value=dot i=none; 
proc gplot data=two; 
   plot resid*pred=Treatment; 
run; 
 
proc sort data=two; 
   by Treatment; 
run; 
 
/* the following is a defined macro */ 
%macro wqmodel(parm); 
proc mixed data=one ;*method=type3;  title "response variable is &parm"; 
   class Treatment rep sdate rep control; 
   *model &parm=trt max_runoff*control 
max_runoff*max_runoff*control/outp=two solution;   
   model &parm=Treatment /outp=two solution;   
   random rep(Treatment) sdate ; */group=trt; *sdate; 
   lsmeans Treatment/diffs adj=tukey; 
run; 
 
symbol value=dot i=none; 
proc gplot data=two; 
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   plot resid*pred=Treatment; 
run; 
 
proc sort data=two; 
   by Treatment; 
run; 
 
proc sgplot data=two; 
   scatter x=resid y=pred / group=Treatment; 
run; 
 
proc sort data=two; 
   by Treatment; 
proc sgpanel data=two; 
panelby Treatment / rows=3 layout=rowlattice; 
histogram resid; 
run; 
 
%mend wqmodel; 
 
%wqmodel(delay) 
%wqmodel(peakflow) 
%wqmodel (redux) 
 
Water Quality Analysis 

data one; 
   array rvec{14} $12  
("TKN","TKN_Load","NO3_NO2","NO3_NO2_Load","NH3_N","NH3_N_Load","Ortho_P",
"Ortho_P_Load","TP","TP_Load","TSS","TSS_Load","TN","TN_Load"); 
   format sdate mmddyy10.; 
   infile "c:\Users\stdegaet\Desktop\School\Research\SAS\Second 
Consultation\waterqual.csv" dsd firstobs=3; 
   input sdate  :  mmddyy10. trt $ rep stormsize runoff @; 
   do rnumber=1 to 14; 
      input y @; 
      response=rvec{rnumber}; 
      logy=log(y); 
      output; 
   end; 
 
   drop rvec1-rvec14; 
run; 
 
/*proc print data=one (obs=100);run;*/ 
proc sort data=one; 
   by response stormsize; 
run; 
 
ods trace on; 
ods listing close; 
 
proc mixed data=one ;*method=type3; 
   by response; 
   class trt rep sdate rep ;*control; 
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   model logy=trt /outp=two solution;   
   random rep(trt) sdate;  
   lsmeans trt/diffs adj=tukey; 
   ods output covparms=varcomps tests3=t3 lsmeans=lsm diffs=diffs; 
run; 
 
ods listing; 
proc print data=varcomps noobs; title "varcomps"; run; 
proc print data=t3 noobs; title "t3"; run; 
proc print data=lsm noobs; title "lsm"; run; 
proc print data=diffs noobs; title "diffs"; run; 
 
ods listing close; 
proc sgpanel data=two; 
panelby response / proportional; 
scatter x=resid y=pred / group=trt; 
run; 
    
proc sort data=two; 
   by trt; 
run; 
 
proc sgpanel data=two; 
panelby trt / rows=3 layout=rowlattice; 
histogram resid; 
run; 
 
proc means data=two; 
class trt rep response; 
var y; 
run; 
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Figure A-9 Modeled residuals vs. predicted residuals for outflow 
reduction model 

Appendix H: SAS Model Verification 
Water Quantity Analysis 

Outflow Reduction 

 
 
 

 
 
 
 

Figure A-8 Residual Distribution by treatment for 
outflow reduction model 
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Peak Flow Delay 

 
 
 

Figure A-11 Outflow reduction boxplot separated by 
treatment type 

Figure A-10 Residual Distribution by treatment for 
peak flow delay model 
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Figure A-13 Peak flow delay boxplot separated by treatment type 
 

Figure A-12 Modeled residuals vs. predicted residuals for peak flow delay 
model 
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Peak Flow Mitigation 

 

Figure A-14 Residual Distribution by treatment for 
peak flow model 

 

Figure A-15 Modeled residuals vs. predicted residuals for peak flow 
model 
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Water Quality Analysis 

 
 
 

Figure A-16 Peak flow boxplot separated by treatment type 

Figure A-17 Predicted vs. modeled residuals for NH3 concentration and load 
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Figure A-18 Predicted vs. modeled residuals for NO3-NO2 concentration and 
load 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure A-19 Predicted vs. modeled residuals for TN concentration and load 
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Figure A-20 Predicted vs. modeled residuals for TN concentration and load 

Figure A-21 Predicted vs. modeled residuals for Ortho-P concentration and 
load 
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Figure A-23 Predicted vs. modeled residuals for TP concentration and load 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-22 Predicted vs. modeled residuals for TSS concentration and load 
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Appendix I: Evaporation Data 
 

 
 

Table A-3 Evap 1 evaporation, evapotranspiration and meteorological data 

EVAP1 BR E
GR ET

(Crop Coeff )
GR ET 

(Ref Crop)
Daily

Av. Temp
Daily Av. 

Wind (CRONOS)
Av. Solar 
Radiation

(mm) (mm) (mm) (m/s) (W/m 2)

8/21/2016 2 2 6 81.6 1.8 260
8/22/2016 7 2 6 78.0 1.7 268
8/25/2016 6 2 5 77.8 1.2 244
8/26/2016 5 2 5 83.5 1.2 215
8/27/2016 4 2 4 81.6 1.2 174
8/29/2016 8 2 4 79.3 1.4 209
8/30/2016 4 2 5 80.4 1.3 255
8/31/2016 4 2 4 80.7 1.2 217
9/4/2016 6 2 5 71.3 1.7 257
9/5/2016 7 2 4 71.2 1.1 263
9/6/2016 4 2 5 76.5 1.3 264

9/18/2016 6 2 4 77.4 1.1 196
9/19/2016 2 2 2 74.1 1.6 56
9/23/2016 4 1 3 75.2 1.4 145
9/24/2016 3 1 4 77.1 0.9 226
9/25/2016 5 2 2 71.3 1.9 50
9/26/2016 2 1 2 69.8 1.3 90
10/2/2016 4 2 3 70.4 1.0 211
10/3/2016 3 2 3 70.1 1.0 187
10/4/2016 4 2 3 68.4 2.3 174
10/5/2016 2 2 2 65.2 2.8 82
10/6/2016 2 1 2 65.3 2.8 90

10/11/2016 4 1 3 57.2 1.1 213
10/12/2016 2 1 3 56.6 1.0 207
10/13/2016 3 1 3 61.1 1.2 199
10/14/2016 4 1 3 64.7 1.8 188

3/31/2017 4 3 4 60.2 2.9 119
4/2/2017 5 5 4 53.5 1.9 265
4/3/2017 4 5 3 61.8 2.5 131

4/27/2017 6 3 5 71.9 2.9 252
4/28/2017 4 3 5 76.6 2.4 242
4/29/2017 3 3 6 74.5 3.0 264
5/4/2017 4 2 4 69.7 2.9 212

Average 4 2 4
Min 2 1 2
Max 8 5 6
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EVAP2 BR	E
GR	ET	

(Crop	coeff)
GR	ET

	(Ref	Crop)
Daily	

Av.	Temp
Daily

Av.	Wind

Daily	Av.	
Wind	

(CRONOS)
Av.	Solar	
Radiation

(mm) (mm) (mm) (m/s) (m/s) (W/m 2)

8/29/2016 7.24 2.41 4 79.3 0.7 1.39 209.1
8/30/2016 4.43 2.24 5 80.4 0.7 1.30 255.2
8/31/2016 1.92 2.44 4 80.7 0.4 1.21 216.5
9/4/2016 5.94 1.70 5 71.3 1.0 1.70 257
9/5/2016 6.49 2.26 4 71.2 0.6 1.12 263.2
9/6/2016 3.75 2.21 5 76.5 0.9 1.30 264.1
9/23/2016 3.70 0.91 3 75.2 0.5 1.39 145
9/24/2016 3.48 1.27 4 77.1 0.3 0.89 225.9
9/25/2016 5.28 1.40 2 71.3 1.0 1.92 49.8
9/26/2016 1.83 1.93 2 69.8 0.4 1.30 89.9
9/27/2016 1.62 0.81 3 73.3 0.5 1.21 144.7
10/2/2016 4.74 1.57 3 70.4 0.5 0.98 210.7
10/3/2016 2.70 1.55 3 70.1 0.3 0.98 187.1
10/4/2016 3.12 1.52 3 68.4 1.1 2.28 174.1
10/10/2016 7.65 2.18 3 57.2 1.1 1.70 216.9
10/11/2016 3.39 1.45 3 56.6 0.5 1.12 213
10/12/2016 2.53 1.30 3 61.1 0.4 0.98 207.3
1/13/2017 6.18 1.27 2 57.5 4.5 1.92 110.8
1/14/2017 3.95 1.07 1 42.4 0.0 1.79 39.5
1/16/2017 2.80 0.69 1 47.5 0.0 1.39 46
1/17/2017 0.92 0.64 1 61.0 2.0 2.10 59.5
1/18/2017 1.49 0.61 3 50.9 0.0 2.28 118.7
1/19/2017 2.96 1.47 1 46.4 0.0 0.89 135.5
2/2/2017 3.05 1.07 2 51.5 1.0 1.12 108.2
2/3/2017 1.96 0.84 2 36.5 2.5 2.01 31.2
2/6/2017 4.44 1.07 2 50.7 0.0 1.30 169.9
2/7/2017 1.85 1.22 3 62.6 2.0 3.49 120
4/2/2017 5.39 5.18 4 53.5 0.0 1.92 265.2
4/3/2017 4.21 4.57 3 61.8 1.5 2.50 130.8
4/27/2017 6.39 2.57 5 71.9 1.5 2.91 252.4
4/28/2017 3.91 2.54 5 76.6 1.5 2.41 242.3
4/29/2017 1.01 2.79 6 74.5 0.5 3.00 263.7

Average 4 2 3
Min 1 1 1
Max 8 5 6

Table A-4 Evap2 evaporation, evapotranspiration and meteorological data 
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EVAP1 

BR vs. Crop ET      BR vs. REF ET     
t-Test: Two-Sample     t-Test: Two-Sample    

Assuming Unequal Variances    Assuming Unequal Variances   

  Variable 1 Variable 2    Variable 1 Variable 2 
Mean 4.2 2.07  Mean 4.2 3.8 
Variance 2.3 0.77  Variance 2.3 1.5 
Observations 33.0 33.00  Observations 33.0 33.0 
Hypothesized Diff 0.0    Hypothesized Diff 0.0   
df 51.0    df 61.0   
t Stat 6.9    t Stat 1.3   
P(T<=t) one-tail 3.5E-09    P(T<=t) one-tail 0.1   
t Critical one-tail 1.7    t Critical one-tail 1.7   
P(T<=t) two-tail 7.0E-09    P(T<=t) two-tail 0.2   

t Critical two-tail 2.0    t Critical two-tail 2.0   
Figure A-24 T-tests for Evap1 testing for significant difference between BR evaporation and estimated 

GR evapotranspiration using two methods: crop coefficient (right) and reference crop (left) 

EVAP2 

BR vs. Crop ET 		 		 	 BR vs. REF ET     
t-Test: Two-Sample  		 	 t-Test: Two-Sample  		
Assuming Unequal Variances 		 	 Assuming Unequal Variances 		

		 Variable	1	 Variable	2	 	 		 Variable	1	 Variable	2	
Mean	 3.8	 1.8	 	 Mean	 3.8	 3.1	
Variance	 3.4	 1.1	 	 Variance	 3.4	 1.7	
Observations	 32.0	 32.0	 	 Observations	 32.0	 32.0	
Hypothesized	Diff	 0.0	 		 	 Hypothesized	Diff	 0.0	 		
df	 49.0	 		 	 df	 56.0	 		
t	Stat	 5.4	 		 	 t	Stat	 1.6	 		
P(T<=t)	one-tail	 1.1E-06	 		 	 P(T<=t)	one-tail	 0.1	 		
t	Critical	one-tail	 1.7	 		 	 t	Critical	one-tail	 1.7	 		
P(T<=t)	two-tail	 2.3E-06	 		 	 P(T<=t)	two-tail	 0.1	 		
t	Critical	two-tail	 2.0	 		 	 t	Critical	two-tail	 2.0	 		
Figure A-25 T-tests for Evap2 testing for significant difference between BR evaporation and estimated 

GR evapotranspiration using two methods: crop coefficient (right) and reference crop (left) 
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Appendix J: Analytical Methods – Solid Sample Analysis 
 
TKN (Total Kjeldahl Nitrogen) –Acid digestion and ammonia salicylate method for 
automated analysis. References: EPA Manual 351.2 (1979) with slight modifications 
including dialysis. Standard Methods 4500Norg B (1998). Analysis conducted on a Bran & 
Luebbe Digital Autoanalyzer III system 
 
TAN (Total Ammonia Nitrogen) – Ammonia-salicylate method for automated analysis. 
Emerald green color formed by reaction of ammonia, sodium salicylate, sodium 
nitroprusside, and sodium hypochlorite in a buffered alkaline medium. References: EPA 
Method 351.2 (1979) or Standard Methods 4500-NH3 G (1998), with slight modifications 
including dialysis. Analysis conducted on a Bran & Luebbe Digital Autoanalyzer III system 
 
NO3-N + NO2-N (Nitrate/Nitrite Nitrogen) - Cadmium reduction method for automated 
analysis. References: EPA Method 353.2 (1979), Technicon Industrial Method No. 100-70W 
(1973), or Standards Methods 4500-NO3- E (1998) with slight modifications including 
dialysis. Analysis conducted on a Bran & Luebbe Digital Autoanalyzer III system. Nitrite 
Nitrogen is analyzed using the same method but with the cadmium column removed 
 
TP (Total Phosphorus) – Acid digestion and ascorbic acid method for automated analysis. 
References: EPA Method 365.4 (1979) or Standard Method 4500-P F (1998) with slight 
modifications including dialysis. Analysis conducted on a Bran & Luebbe Digital 
Autoanalyzer III system 
 
O-PO4-P (Orthophosphate Phosphorus) – Ascorbic acid method for automated analysis. 
References: EPA Method 365.1 (1979) or Standard Method 4500-P F (1998) with slight 
modifications including dialysis. Analysis conducted on a Bran & Luebbe Digital 
Autoanalyzer III system. 
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Appendix K: Annual Load Estimation 
 

 
Figure A-26 Relationship between outflow volume a precipitation depth for rainfall events greater than 
13 mm 
 
 
 
Table A-5 CRONOS precipitation data and extrapolated outflow volumes determined by linear 
relationship 

 Rainfall Outflow (L) 
 (mm) Control  Blue  Green 

6/5/2016 38 55 38 36 
6/6/2016 18 27 7 9 
6/28/2016 33 48 30 29 
6/30/2016 35 50 33 31 
7/3/2016 38 55 38 36 
7/5/2016 28 40 22 22 
7/16/2016 49 71 55 51 
5/24/2017 23 33 14 15 

y	=	1.4459x
R²	=	0.99182

y	=	1.5718x	- 21.773
R²	=	0.90632

y	=	1.3908x	- 16.867
R²	=	0.85832

-10.0 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

0 10 20 30 40 50 60 70

O
ut
flo

w
	V
ol
um

e	
(L
)

Storm	Depth	(mm)

Control Blue Green Linear		(Control) Linear		(Green) Linear		(Green)



 

147 

 

 
Figure A-27 Summary of validation calculations for methods used to estimate June and July TN, TP 
loads 
 

Date Rainfall 
(mm) Control Blue Green Control Blue Green Control Blue Green

8/4/2016 18 83 7 12 100 20 70 8 2 32
8/8/2016 38 79 61 58 94 177 343 8 18 157
8/27/2016 18 80 10 21 95 28 123 8 3 56
9/2/2016 59 78 62 60 94 181 357 8 19 163
9/19/2016 57 73 56 51 88 162 302 7 17 138
9/21/2016 35 75 74 67 90 214 394 8 22 180
9/29/2016 18 75 8 13 90 24 75 8 2 34
9/30/2016 25 82 76 73 98 221 432 8 23 198
12/5/2016 18 83 13 6 99 38 38 8 4 17
12/19/2016 14 68 0 17 82 0 99 7 0 46
1/23/2017 14 86 0 62 103 0 367 9 0 168
3/2/2017 21 80 17 9 96 50 51 8 5 23
3/14/2017 24 80 23 21 97 67 124 8 7 57
3/31/2017 22 80 18 10 96 51 58 8 5 27

Mean TN Concentration 1.2 2.9 5.9
Mean TP Concentration 0.1 0.3 2.7

3.0 4.1 6.3 0.2 0.4 2.9
2.5 2.3 11.2 0.2 0.2 2.9

ESTIMATED	NORMALIZED	LOAD	(kg/ha)
ACTUAL	TOTAL	LOAD	(kg/ha)

Outflow (L) TN Load (mg) TP Load (mg)
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Figure A-29 TP concentration as a function of storm size, separated by treatment 
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Figure A-30 TSS concentration as a function of storm size separated by treatment 
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