
ABSTRACT 

DEBUSK, KATHY MARIE. Rainwater Harvesting: Integrating Water Conservation and 
Stormwater Management. (Under the direction of Dr. William F. Hunt, III). 

 

Rainwater harvesting (RWH) has traditionally been implemented in areas with  

(semi-)arid climates or limited access to potable water supplies; however, recent droughts 

in the humid southeastern United States (US) have led to increased implementation of RWH 

systems. In this region (including the state of North Carolina (NC)), water is generally not 

considered a limited resource and sufficient rainfall year-round creates a perception of 

abundance. Despite recent droughts in the southeast US, this perception of abundance 

persists. Chapter 2 is an examination of usage characteristics of four RWH systems installed 

in humid NC, as compared to systems located in arid/semi-arid regions. Results of this 

research indicated a considerable difference in usage patterns of NC RWH systems 

compared to systems in (semi-)arid regions and established the need for identifying and 

implementing secondary objectives for these systems, namely stormwater management. 

Otherwise, the expense and effort required to implement RWH systems in humid areas will 

most likely preclude their use. 

Rainwater harvesting systems are unique in their ability to provide the dual benefits 

of (1) acting as alternate water supply sources and (2) providing detention/retention of roof 

runoff that would otherwise become stormwater runoff. The ability of a RWH system to 

capture runoff typically relies on the extraction of water from the tank to meet water 

demands (i.e. to create available storage in the tank for runoff capture). As discussed in 

Chapter 2, the majority of systems employed in NC are used to meet infrequent, 



discretionary demands or seasonal demands such as irrigation. Consequently, these systems 

provide minimal benefits with respect to stormwater management. Chapter 4 presents two 

innovative methods, passive and active release mechanisms, as a means of enhancing the 

stormwater management benefits of RWH systems while preserving their water 

conservation benefits.  A passive release mechanism creates a dual-purpose system by 

dividing a storage tank into two portions: the detention storage volume, which is slowly 

drained between storm events, and the retention storage volume, which is retained for use. 

The active release mechanism includes a real-time control device that automatically 

releases harvested water based on real-time forecasted precipitation and current 

conditions within the RWH system. Monitoring results indicated that each of these 

mechanisms substantially increased stormwater runoff volume and peak flow reductions 

provided by a RWH system, while still allowing the majority of user demands (and, thus, 

potable water conservation goals) to be met.  

RWH systems used for irrigation often provide fewer stormwater management 

benefits than systems used for year-round, non-discretionary purposes, as there is 

diminished demand for harvested rainwater during the non-growing season or rainy 

periods. Thus, identifying demands during these periods would improve the stormwater 

mitigation potential of these systems. Research presented in Chapter 5 evaluates how 

irrigating bermudagrass year-round at rates greater than those required by the turf affected 

the stormwater benefits provided by a RWH system. Results indicated significant increases 

in runoff volume and peak flow reductions when turf was irrigated at 25 mm/week and 51 

mm/week, compared to an evapotranspiration/effective precipitation-based regime. There 



were no noted increases in soil moisture content, pest occurrences or wet weather 

contributions, nor were there significant differences in turf quality or soil nitrate movement.  

Collecting and storing runoff via RWH systems can potentially provide water quality 

benefits due to physical and chemical processes that occur within the storage tank. Chapter 

3 quantifies the water quality improvement provided by storing rooftop runoff via RWH 

systems in NC. Results showed that RWH systems can significantly lower nutrient 

concentrations of incoming roof runoff. A lack of significant TSS reduction was likely 

attributable to low, “irreducible” concentrations of TSS in the roof runoff. These findings 

suggest that stormwater benefits associated with RWH are not only limited to hydrologic 

mitigation, but also include reductions in concentrations of nitrogen and phosphorus 

species.  
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1. INTRODUCTION 

Traditionally implemented in regions with limited access to water resources, rainwater 

harvesting (RWH) was commonplace in India, Jordan, Italy and other parts of Africa, Asia 

and South America from the Middle Ages through the Contemporary era (Radhakrishna 

2003; Abdulla and Al-Shareef 2009). The 20th and 21st centuries brought population growth, 

climate change and increasing water supply shortages to many areas, including Australia, 

Germany, China and the southwestern United States (US) (Coombes and Barry 2007; Zhang 

et al. 2009; Mendez et al. 2011). Consequently, RWH systems have grown in popularity and 

quantity in recent years as an alternative water supply in these regions. 

 

While the benefits of harvesting rainwater are realized in many areas worldwide, the 

concept is still underutilized in the humid southeast region of the US.  Residents in this 

region (including the state of North Carolina) primarily depend upon large, regional aquifers 

or surface water reservoirs for water supply, both of which historically provide ample water 

for the population. As such, water is generally not considered a limited resource and 

sufficient rainfall year-round creates a perception of abundance.  

 

During 2007, North Carolina experienced the worst recorded drought in state history, 

during which all 100 counties suffered moderate to severe drought conditions. This was 

only a portion of an extended drought period between 2000 and 2008, where surface water 

and groundwater elevations dropped to historic lows (EPA, 2010a). This dry period had a 

profound impact on drinking water sources throughout North Carolina. At one point in 2008 

the water surface of Falls Lake, the drinking water source for the City of Raleigh, was 9 feet 

below normal elevation. As a result, experts estimated only 3 months of water supply 

remained for the city if the drought did not subside (Eisley, 2008).   
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Compounding these water supply concerns in North Carolina are an ever-expanding 

population and predicted climate change impacts.  As of 2008, North Carolina was the 4th 

fastest growing state in the country, with the population predicted to reach 12.2 million by 

2030 (U.S. Census Bureau, 2008; EPA, 2010a). With this growing population comes an 

increased demand for water. Citizens in the coastal plain typically depend on groundwater 

aquifers to supply their water, while those in the piedmont and mountain regions 

commonly rely on surface waters (reservoirs, lakes, rivers).  Each drinking water source has 

its own drawbacks. Surface waters are replenished by precipitation, and therefore are more 

susceptible to drought conditions. Increasing populations and water demands could 

potentially exceed freshwater availability. Groundwater aquifers are susceptible to 

saltwater intrusion and their supply is somewhat finite, especially with increased 

urbanization and the resulting decreased groundwater recharge. Monitoring has shown that 

the water levels of North Carolina coastal plain aquifers have steadily decreased since the 

early 1900s due to excessive pumping (EPA, 2010a). These aquifers are replenished by 

recharge zones, and demand is generally at a rate greater than they can be recharged. Thus, 

alternate sources of water are required for extended periods of time until water availability 

is restored.   

 

While local and regional meteorological impacts are not fully understood, it is well-accepted 

that a rise in sea level is an inevitable component of global climate change. The rise in sea 

level, coupled with increased groundwater pumping rates and decreases in aquifer water 

levels, may trigger saltwater intrusion in aquifers along the coastal plain. This would 

jeopardize the aquifers that currently provide water for more than half the state’s 

population (EPA, 2010a). 

 

Recent droughts, population increases, and predicted climate change have emphasized the 

fragility of our water resources and the need for water conservation. During the 2007-2008 
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drought, many municipalities imposed water restrictions for residents being served by 

public water systems. In response, companies and residents began installing rainwater 

harvesting systems as an alternate supply for non-potable water. Widespread 

implementation of this practice is a vital component of water conservation efforts, as much 

of the water used in a building or residence can be of non-potable quality. For example, a 

rainwater harvesting system installed at the Northern Guilford County Middle and High 

School Complex meets 92% of the total water demand for the two schools (B. Kays, 

personal communication, 25 August 2010).  

 

The necessity of stormwater management is another ever-present reality for the state of 

North Carolina. The impacts of development on surface runoff – both quantity and quality – 

have been well documented. Urban areas contain large amounts of impervious surfaces, 

which decrease infiltration (thus depleting groundwater aquifers of much-needed recharge) 

and increase surface runoff during rain events. This increase in runoff quantity, and the 

increase in velocity at which it leaves a site, are detrimental to streams and can lead to 

increased flooding, streambank erosion, channel incision and habitat degradation (Paul and 

Meyer, 2001; Nelson et al., 2006). More frequent and severe flooding, while primarily a 

safety concern, also creates water quality degradation due to potential sewer backups, 

increased erosion, and the transport of various pollutants that would otherwise not reach 

the stream network. Streambank erosion and channel incision degrade stream health and 

habitat, but also facilitate the transport and deposition of sediment into the water bodies 

that serve as a water supply for municipalities. Sedimentation of these reservoirs and lakes 

decreases their capacity and shortens their lifespan.  

 

As of 2006, approximately 19% of river and stream miles assessed in North Carolina were 

listed as impaired (EPA, 2010b). Approximately 34% of those lake, reservoir and pond acres 

assessed in North Carolina were listed as impaired (EPA, 2010b). Leading causes of 
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impairment included mercury, turbidity, dissolved oxygen, fecal coliform and nutrients 

(EPA, 2010b). The contributing sources of pollution for North Carolina water bodies were 

not identified in the 2006 North Carolina Water Quality Assessment Report; however, EPA 

estimated that approximately 32,000 miles of nationally assessed rivers and streams and 

716,400 acres of nationally assessed lakes, reservoirs and ponds were likely impaired by 

urban-related runoff or stormwater (EPA, 2010c). As runoff travels across impervious 

surfaces (parking lots, roads, and rooftops) it picks up sediment, bacteria, and other 

pollutants and transports them to surface waters. As this water is not routed to a treatment 

facility prior to entering surface waters, anything present in the water is discharged directly 

to receiving streams, lakes or reservoirs. 

 

It is well documented that runoff from roof surfaces carries a wide variety of pollutants 

including sediment, heavy metals, nutrients and bacteria. Total suspended sediment 

concentrations documented by Yaziz et al. (1989) ranged from 64-153mg/L. Melidis et al. 

(2007) observed nitrate and ammomium concentrations in roof runoff as high as 2.5 mg/L 

and 2.6 mg/L, respectively, and phosphate (PO4) concentrations have been measured  as 

high as 1.32 mg/L (Chang and Crowley, 1993). Atmospheric deposition is a substantial 

source of nutrients and sediment in rooftop runoff due to human activities such as 

industrial processes, automobile emissions, and fertilizer applications. In urban areas, roof 

surfaces can comprise a considerable portion of the total imperviousness in a given 

watershed and, thus, can be a substantial generator of stormwater runoff. High pollutant 

concentrations and large volumes of stormwater runoff result in large loads of pollutants 

being introduced in surface waters. 

 

Given the rapidly growing population of North Carolina, and the influence of urbanization 

on surface water quality, stormwater management is essential to improving and protecting 

North Carolina’s water quality. Stormwater management is essential to protecting North 
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Carolina’s water quality. While improving the quality of surface runoff is a primary focus of 

stormwater management, reducing the volume of runoff is equally important. Reductions in 

runoff volumes lessen the impact of stormflows on draining streams, thereby decreasing 

erosion, channel alteration, and habitat degradation. Additionally, reducing the volume of 

water leaving a site as surface runoff decreases the total load, or mass, of pollutants being 

introduced to surface waters.  

 

Rainwater harvesting systems are unique in their ability to provide an alternate source of 

water and serve as detention/retention for roof runoff that would otherwise be discharged 

to the stormwater network. Collecting and storing this runoff could also provide water 

quality benefits due to physical and chemical processes that occur within the storage tank. 

For the system to detain water, however, there must be room available in the cistern for 

runoff produced during a precipitation event. Currently, the demand for water captured by 

rainwater harvesting systems is either seasonal (e.g. irrigation) or insufficient to fully utilize 

the stored amount of water (Jones and Hunt 2010). When water is not extracted from the 

tank, or the system is disconnected during the non-growing season, roof runoff either 

bypasses the system or the system remains full, which results in all incoming runoff leaving 

as overflow. Neither of these scenarios provide retention or detention of roof runoff and, 

thus, no runoff mitigation. 

 

Research on the hydrologic aspects of rainwater harvesting has expanded substantially in 

recent years, but the majority of these studies focus on the use of rainwater harvesting as a 

water conservation measure. To date, this practice has not been considered as a 

stormwater best management practice because the ability of a system to capture runoff 

relies solely on the user to extract water from the tank. With regard to water quality 

benefits of rainwater harvesting systems, some studies have sampled water quality within 

the storage tanks of these systems (Kus et al., 2010; Sung et al., 2010; Karim, 2010; Magyar 

et al., 2007) to determine suitability for various uses (primarily as a potable water source). 
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Few studies have looked at water quality of runoff prior to entering the tank and again at 

the tank outlet. Of those that have (Lee et al., 2010; Ward et al., 2010; Martin et al., 2010) 

none studied total nitrogen and total phosphorus and all study locations were outside of 

the United States.  

 

The research findings presented herein aim to address the large gap in current knowledge 

with respect to stormwater quantity and quality mitigation. Specifically, the following issues 

are examined in subsequent chapters: 

 Characterization of usage patterns and performance results for RWH systems 

installed in humid regions of NC, as compared to systems located in arid/semi-arid 

regions, 

 Identification of system benefits and modifications that could help improve the 

performance of RWH systems installed in humid regions of the world, 

 Analysis of economic considerations associated with the implementation of RWH in 

NC,  

 Analysis of total suspended solids (TSS), total phosphorus (TP), total nitrogen (TN), 

and various nitrogen species concentrations in roof runoff and harvested rainwater, 

 Investigation of how pollutant concentrations are impacted by storing roof runoff in 

RWH systems,  

 Evaluation of how passive and active release mechanisms influence the stormwater 

mitigation and water conservation benefits of RWH systems, and 

 Assessment of excess irrigation as a method of improving stormwater mitigation 

benefits of irrigation-based RWH systems.  
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2. CHARACTERIZING RAINWATER HARVESTING PERFORMANCE AND DEMONSTRATING 

STORMWATER MANAGEMENT BENEFITS IN THE HUMID SOUTH-EAST USA 

 

(This chapter was accepted for publication in a revised format) 

Authors: K. M. DeBusk, W. F. Hunt, J. D. Wright 

Published: Journal of the American Water Resources Association 

 

2.1 Abstract 

Rainwater harvesting (RWH) has traditionally been implemented in areas with (semi-)arid 

climates or limited access to potable water supplies; however, recent droughts in the humid 

southeastern United States have led to increased implementation of RWH systems. The 

objectives of this paper are twofold: (1) present usage characteristics and performance 

results for four RWH systems installed in humid North Carolina (NC) as compared to 

systems located in arid/semi-arid regions, and (2) identify system benefits and 

modifications that could help improve the performance of RWH systems installed in humid 

regions of the world. For this study 4 RWH systems were installed in NC. Their usage was 

monitored for at least 1 year and compared to similar studies.  Results revealed that 

dedicated water uses and usage characteristics for RWH systems in NC differed from those 

previously reported in literature. Two of the systems studied met 100% and 61% of the 

potable water demand with designated uses of animal kennel flushing and greenhouse 

irrigation, respectively. The designated uses yielding the greatest potable water 

replacement were often seasonal or periodic, thus necessitating the need for identifying 

and implementing secondary objectives for these systems, namely stormwater 

management. Otherwise, the expense and effort required to implement RWH systems in 

humid areas will most likely preclude their use.  
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2.2 Introduction 

Traditionally implemented in regions with limited access to water resources, rainwater 

harvesting (RWH) was commonplace in India, Jordan, Italy and other parts of Africa, Asia 

and South America from the Middle Ages through the Contemporary era (Radhakrishna 

2003; Abdulla and Al-Shareef 2009). The 20th and 21st centuries brought population growth, 

climate change and increasing water supply shortages to many areas, including Australia, 

Germany, China and the southwestern United States (US) (Coombes and Barry 2007; Zhang 

et al. 2009a; Mendez et al. 2011). Consequently, RWH systems have grown in popularity 

and quantity in recent years as an alternative water supply in these regions. 

 

While the benefits of harvesting rainwater are realized in many areas worldwide, the 

concept is still underutilized in the humid southeast region of the US.  Residents in this 

region (including the state of North Carolina) primarily depend upon large, regional aquifers 

or surface water reservoirs for water supply, both of which historically provide ample water 

for the population. As such, water is generally not considered a limited resource and 

sufficient rainfall year-round creates a perception of abundance.  

 

Water restrictions and active conservation efforts were rare in North Carolina (NC) and the 

Southeast USA until extreme droughts occurred in 2003 and 2007. These severe drought 

conditions instigated widespread restrictions on potable water use, which in turn sparked a 

fervent interest in RWH (Jones and Hunt 2010). Despite the increased societal emphasis on 

potable water conservation, Jones and Hunt (2010) showed that usage of harvested water 

from three RWH systems installed in NC during this period was much less than anticipated. 

This lack of use during drought conditions does not bode well for utilization of RWH systems 

during average or wetter-than-average climatic conditions. Thus, further investigation into 

the performance of RWH systems in regions where water is historically not perceived as 

scarce is necessary.  
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A large quantity of research exists on the performance of RWH systems; however, nearly all 

of this research was conducted in arid or semi-arid regions or in places where potable water 

is considered a limited resource (Coombes and Barry 2007; Brodie 2008; Mitchell et al. 

2008; Zhang et al. 2009a; Eroksuz and Rahman 2010; Zhang et al. 2010). Australia is a global 

leader in water conservation efforts due to a predominantly arid climate, increasing water 

shortages as a result of population growth, prolonged droughts, and the predicted impacts 

of climate change on availability of water supplies (Hurlimann 2011; CANA 2012). Previous 

research on RWH performance has also been conducted in China, Iran, and Jordan, where, 

again, the predominant climates are arid or semi-arid (Zhang et al. 2009a; Abdulla and Al-

Shareef 2009; Tabatabaee and Han 2010). In these regions the majority of annual rainfall 

occurs during a ‘wet season’. Studies have also been carried out in Taiwan, Korea, 

Bangladesh and China where the amount and temporal distribution of rainfall are 

dominated by monsoons (Kim and Yoo 2009; Islam et al. 2010a; Islam et al. 2010b; Zhou et 

al. 2010). This also results in highly variable precipitation patterns characterized by 

distinctive wet and dry seasons. Studies located in non-arid climates are generally focused 

on areas with limited access to potable water such as Nigeria and Singapore (Aladenola and 

Adeboye 2010; Appan 1999).  

 

Research on RWH in the US have predominantly focused on water quality associated with 

RWH systems, such as that published by Lye (1987), Olem and Berthouex (1989), Lye (1992), 

Lye (2002), Lye (2009) and Mendez (2011). Basinger et al. (2010), Damodaram et al. (2010) 

and Jones and Hunt (2010) published research on the performance of US RWH systems; 

however, Jones and Hunt (2010) was the only US-based study that analyzed the 

performance of field-installed RWH systems as opposed to modeling theoretical systems 

and scenarios. The execution of field studies is invaluable in characterizing the performance 

of RWH systems, as there are many factors that influence usage that are extremely difficult 

to include in a model (human behavior, unexpected system failures, maintenance 
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implications, etc.). Thus, field studies can offer insight regarding the performance of RWH 

systems that would otherwise be neglected in modeling scenarios.   

 

Han and Ki (2010) and Basinger et al. (2010) predicted that RWH system efficiency is 

inversely proportional to the inter-annual variability of rainfall, later confirmed by Zhang et 

al. (2009a) and Eroksuz and Rahman (2010). However, Jones and Hunt (2010) documented a 

surprising lack of usage in a humid region where rainfall is rather evenly distributed 

throughout the year (mean monthly rainfall ranges from 70 mm to 150 mm) (SCO 2012). 

Considering this discrepancy and the lack of RWH research in the US, it is crucial that the 

performance of RWH systems in the humid regions of the US be further monitored and 

analyzed to characterize usage and efficiency in these locations. This would help identify 

impediments to the use of RWH systems in humid regions and possibly aid in devising 

methods to increase utilization. Furthermore, humid-region research can identify and 

quantify supplemental benefits of RWH systems, especially stormwater management, when 

implemented in areas where water supply exceeds demand and rain is abundant 

throughout the year.  

 

Four RWH systems were installed in NC in 2008 and their usage was monitored for at least 1 

year. This usage was analyzed and compared to other similar studies worldwide via several 

metrics, including volume of rainwater used, percentage of potable water replaced and 

frequency of overflow events. The objectives of this paper are twofold: (1) present usage 

characteristics and performance results for four RWH systems installed in humid NC as 

compared to systems located in arid/semi-arid regions, and (2) identify system benefits and 

modifications that could help improve the performance of RWH systems installed in humid 

regions of the world.  
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2.3 Site Descriptions 

Rainwater harvesting systems were installed and monitored at four locations in NC, one in 

each physiographic region of the state (coastal plain, sandhills, piedmont and mountains) 

(Figure 2.1). Details of each installation are summarized in Table 2.1 and described in the 

following sections. Contributing drainage areas for the systems ranged from 260m2 to 

700m2, and storage volumes ranged from 16,655L to 56,800L. Water demands included 

irrigation, kennel flushing, streetsweeping and brine solution application. The 4 studied 

systems collectively represented an ideal cross-section of the type of RWH systems that can 

be found throughout North Carolina.  

 

 

 

Figure 2.1 Locations of 4 rainwater harvesting systems installed in NC, US, with respect to 
the physiographic regions of the state (coastal plain, mountains, piedmont and sandhills). 
 

 

Monitoring was conducted at each site for a period of 12-14 months, which is comparable 

to or exceeds the monitoring length of several previously published hydrologic studies on 

stormwater practices (Zhang et al. 2009a; Bucheli et al. 1998; Dietz and Clausen 2005; 

Chang and Crowley 1993; Moon et al. 2012; Hatt et al. 2009). All sites were equipped with 
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Infiniti water level recorders (Infinities, Inc., Florida) to record water level within the tanks. 

Water level was measured every 15 minutes (every 30 minutes at the Craven County Animal 

Shelter) from the beginning of the monitoring period through March 2010. After March 

2010, water level within the tanks at 3 of the 4 sites was measured by a HOBO Event Logger 

Model H07-002-04 (Onset Computer Corp., Bourne, Massachusetts); monitoring at the 

Town of Boone Public Works Compound ceased in February 2010. Absolute pressure data 

were collected at 10 minute intervals (15 minute intervals at Fayetteville Technical 

Community College) and readings were adjusted to gage pressure by subtracting 

atmospheric pressure obtained from the State Climate Office (SCO 2012). Hourly rainfall 

data were acquired from the State Climate Office; details regarding the weather stations 

used for each site are presented in Table 2.1 (SCO 2012). 
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Table 2.1 Summary of location and system characteristics for rainwater harvesting systems installed in NC, US. 

Site Name 
 

Location 
(City) 

 

Cistern 
Volume 

 

Roof 
Area 

 

Dedicated 
Use 

 

Monitoring Period 
 

Weather 
Station From 
Which Data 

Were 
Obtained 
(lat, long) 

(SCO, 2012) 
 

Distance 
Between Site 
and Weather 

Station 
 

Craven County 
Animal Shelter 

New Bern 22,710 L 450 m2 
Flushing 
animal 
kennels 

April 15, 2009 – 
June 17, 2010 

“KEWN” 
(35.07297°N, 
77.04294°W) 

0.92 km 

Fayetteville 
Technical 

Community 
College 

Fayetteville 56,800 L 700 m2 
Irrigation of 
greenhouses 

June 17, 2009 –  
June 17, 2010 

“KFAY” 
(34.99122°N, 
78.88027°W) 

7.74 km 

Guilford County 
Cooperative 

Extension Center 
Greensboro 16,655 L 335 m2 

Irrigation of 
community 

gardens 

May 13, 2009 –  
June 18, 2010 

“313625” 
(36.08111°N, 
79.80472°W) 

6.05 km 

Town of Boone 
Public Works 
Compound 

Boone 19,000 L 260 m2 

Brine 
solution, 
irrigation, 

equipment 
washing 

December 8, 2008 
– February 19, 

2010  

“BOON” 
(36.2214°N,    
81.6295°W) 

5.20 km 
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2.3.1 Craven County Animal Shelter  

Two 11,355 L cisterns were installed at the Craven County Animal Shelter (35.069634°N, 

77.033704°W) to capture runoff from approximately 450 m2 of rooftop. The two tanks were 

hydraulically connected, thus acting as one system, and equipped with a Grundfos CHI12-5 

pump (Grundfos, Kansas City, Kansas). Overflow from the RWH system reconnected to the 

existing (pre-RWH installation) downspouts. A backup water line supplied municipal water 

in the event that water in the tanks fell below 7 cm; thus, a reduced pressured zone (RPZ) 

device (Febco, Fresno, California) was installed to prevent backflow and possible 

contamination of the municipal water supply.  

 

The RWH system tied into an existing piping network used to wash out kennels that housed 

animals awaiting adoption. The kennels drained to a central trench that discharged to the 

municipal sewer system. An inline flow meter (Daniel L. Jerman Co., Hackensack, New 

Jersey) measured the total amount of water withdrawn from the RWH system. 

 

2.3.2 Fayetteville Technical Community College Horticultural Center 

A 56,800 L RWH system was installed at the Fayetteville Technical Community College 

(FTCC) Horticultural Center (35.058168°N, 78.856783°W). Runoff from approximately 700 

m2 of rooftop and 600 m2 of lawn area was conveyed to the water harvesting system. The 

cistern was installed underground and included a plastic grid system encased by a 45mil 

waterproof rubber sheet that was sealed at the seams to prevent ground- or surface-water 

from entering or leaving the tank. Overflow from the tank occurred when the water level 

exceeded 0.74 m and emptied to the grassed area that accepted site runoff prior to system 

installation. 
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The water collected by this system was used to irrigate plants housed within two 

greenhouses. Water was dispensed within the greenhouses via either drip or spray 

irrigation; therefore, the incoming water was filtered to 100 microns with a mesh filter. The 

pump installed with the system was capable of providing 2.5 L/s and 620 kp. The existing 

municipal water line provided a backup water supply to the RWH system with an air gap to 

prevent backflow. If the water level in the cistern fell below 22 cm, municipal water was 

used to fill it to 43 cm.  

 

2.3.3 Guilford County Cooperative Extension Center 

Three cisterns were installed at the Guilford County Cooperative Extension Center 

(36.08458°N, 79.73764°W): two above-ground 6,435 L tanks and one 3,785 L underground 

tank. The two above-ground tanks were connected hydraulically and collected rainwater 

from 335 m2 of rooftop. Overflow from these tanks commenced when the water level was 

greater than 1.6 m and discharged to the areas accepting downspout flow prior to system 

installation. The two upslope tanks were connected to the down-gradient underground tank 

via one pipe, allowing water to gravity drain to the underground tank, which was equipped 

with a Leader Divertron X-1200 746 W, 1.6 L/s pump (Leader Pumps Group, S. p. A., Bientina 

(PISA), Italy). A float switch triggered the existing municipal water line to feed the 

underground tank if it went dry. The water collected by this system was used to irrigate 

community garden plots. 

 

2.3.4 Town of Boone Public Works Compound 

A water harvesting system was installed at a maintenance building (36.22015°N, 

81.687416°W) for the Town of Boone Public Works Department. Runoff from a 260 m2 

rooftop was conveyed to a 19,000 L cistern. Overflow commenced from the system when 

the tank water level exceeded 3.3 m and discharged where roof downspouts emptied prior 
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to system installation. Harvested rainwater was pumped (Grundfos MQ3-45, Grundfos, 

Kansas, US) to fill irrigation trucks, wash vehicles and equipment and to create brine 

solution, which is applied as a deicing agent to streets and sidewalks during the winter. 

Backup water supply lines were not connected to the water harvesting system; if the cistern 

were to empty, employees would manually switch to the potable water supply.  

 

2.4 Results and Discussion 

2.4.1 Observed Performance 

2.4.1.1 Craven County Animal Shelter  

Water usage at the Craven County Animal Shelter was substantial during the 14-month 

monitoring period, totaling 225,300 L. The water level within the tank never dropped below 

7 cm, thus all of the water used was collected rainwater (as opposed to municipal backup 

water). Figure 2.2 displays the water level in the RWH system, as well as the hourly rainfall, 

measured during the monitoring period. Water levels higher than the overflow (2.1 m) 

indicate a full tank and release of overflow water. The fact that the kennels must be flushed 

at least twice a day resulted in a consistent and reliable withdrawal of water from the 

system. As would be expected with this type of dedicated use, no seasonal or monthly 

usage pattern was distinguishable. In May 2010, it was discovered that the circuit breaker 

for the pump was turned off as indicated by Figure 2.2, which shows a period of time in May 

2010 during which the tank remained full and overflowing. 
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Figure 2.2 Water level within the water harvesting system, height of the system overflow 
and hourly rainfall for the Craven County Animal Shelter. 
 

 

Despite the amount of water used from the system, the water level within the tanks never 

fell below 30% capacity and only fell below 40% and 50% capacity for 2 and 7 days (0.6% 

and 2.1% of the monitored period), respectively. This suggests that the system may have 

been oversized for normal rainfall, as the total rainfall received during the monitoring 

period was considered representative of normal conditions (only 26 mm below 30-year 

climate normal) (SCO 2012). However, had monitoring occurred during a drought period 

this excess capacity may have been needed.  

 

2.4.1.2 Fayetteville Technical Community College 

The water harvesting system installed at FTCC was used for the irrigation of two 

greenhouses. On average, plants inside the greenhouse were watered once daily during the 

Circuit Breaker Turned Off 
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growing season with water volumes ranging from 1,135-1,700 L per day. Monthly water 

usage ranged from 63,000 L to 103,000 L during the growing season. Between June 17, 2009 

and December 14, 2009, the daily usage of water kept the cistern roughly between 25% and 

60% full, with only one large storm event of 118 cm causing overflow on November 12, 

2009 (Figure 2.3). During the second period of irrigation (April through June 2010) the 

cistern once again stayed approximately 25-60% full for the majority of April and May, but 

storage volumes increased in late May and June, with overflow occurring for 6 days during a 

period of frequent and heavy rainfall. During this time, approximately 90mm of rain fell 

between May 28, 2010 and June 3, 2010 (SCO 2012).  

 

The fluctuation between 25% and 60% capacities is due in great part to replenishment 

provided by the backup water supply, which was triggered at a water depth of 22 cm and 

filled the cistern to 43 cm (30% and 58% of capacity, respectively). The majority of this 

fluctuation occurred between June 2009 and October 2009 and during the month of April 

2010. Observed rainfall for five of these six months – June, July, September, October and 

April – was substantially below average, with monthly rainfall deficits of 68mm, 125.3 mm, 

96.4 mm, 30 mm and 56 mm, respectively (SCO 2012). During periods of normal rainfall 

(August 2009, November 2009, May 2010 and June 2010) the backup supply was used less 

often; July 2009, October 2009 and April 2010 (3 of the 5 rainfall deficit months with 

complete data) each had 3 backup supply events per month, while backup events occurred 

twice for August 2009 and zero times during November 2009 and May 2010. 

 

Between June 17, 2009 and June 17, 2010 (not accounting for usage during a gap in data 

collection from September 10, 2009 until October 9, 2009), approximately 580,680 L were 

extracted from the system. Of this volume, approximately 226,500 L (39%) was municipal 

water and 354,180 L (61%) was harvested rainwater. The system was not used from 

December 14, 2009 until April 13, 2010, as there were no plants in the greenhouse during 
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the winter months. As shown in Figure 2.3, the system remained full during this time and 

overflowed during each rain event.  Thus, in terms of reduced runoff volumes and pollutant 

loads, this system provided no benefit during the non-growing season. 

 

 

  

Figure 2.3 Water level within the water harvesting system, height of the system overflow 
and hourly rainfall for the FTCC Horticulture Center. 
 

 

2.4.1.3 Guilford County Cooperative Extension Center 

Water level data were collected at the Guilford County Cooperative Extension Center from 

May 13, 2009, until August 20, 2009, and again from February 24, 2010, until June 18, 2010 

(the system was taken offline during the non-growing season, as there was no demand for 

the collected water). Due to the complexity of the system, water level was monitored in the 

two aboveground tanks only; the amount of water in the underground tank was not 

Irrigation Ceased 

Irrigation Resumed 
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recorded. An absence of water in the upper tanks did not translate to insufficient rainwater 

to meet demand, as there was always available water in the down-gradient tank due to a 

backup water supply. This monitoring setup restricts analyses to rainwater utilization and 

does not allow for the determination of municipal water volumes supplementing the RWH 

system; however, much information can still be gleaned from this site. 

 

Water level within the tanks fluctuated substantially during the monitored period (Figure 

2.4); on some occasions the tanks were overflowing, while on others the tanks were empty. 

A total of 77,970 L was extracted from these two tanks for irrigation of the gardens. Daily 

volumes extracted from the tanks for irrigation purposes ranged from 60 L to 4,000 L, with a 

daily mean of 795 L. Water was not extracted from the tank every day and usage did not 

follow a consistent pattern. This was expected, as the irrigation needs for gardening depend 

upon many factors, such as temperature, precipitation time and amounts, 

evapotranspiration rates and gardener presence. The upper tanks went dry and stayed 

empty for most of July 2009 and May 2010, two months when garden vegetation may need 

substantial irrigation due to high evapotranspiration rates in NC during the summer months 

(SCO 2012). Rainfall received during these months failed to replenish the cisterns, indicating 

that the system may have been sized too small for the intended water demand. Fortunately, 

this system was equipped with a backup supply, allowing irrigation even when there was 

insufficient collected rainwater. Although not shown in Figure 2.4, the system remained full 

and overflowed during the entire non-growing season. 
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Figure 2.4 Water level within the water harvesting system, height of the system overflow 
and hourly rainfall for the Guilford County Cooperative Extension Center. 
 

 

2.4.1.4 Town of Boone Public Works Compound 

Insufficient data logger memory resulted in several gaps in data collection for the Town of 

Boone RWH system. Data were collected for 333 days (76%) during the 438-day monitoring 

period. These gaps in data limit analyses to some degree; nevertheless, a large amount of 

useful data was collected. Approximately 120,600 L of water were extracted by the Town of 

Boone Public Works department on 61 of the 333 monitored days, with daily volumes 

ranging from 35 L to 17,000 L.  

 

Water levels within the tank fluctuated substantially during the monitoring period, and 

water was generally extracted from the tank in large quantities, as shown in Figure 2.5 (due 

to gaps in data, Figure 2.5 presents daily extraction volumes in lieu of water level for easier 

System decommissioned 

for non-growing season; 

data collection ceased 

System returned to operation; 

data collection resumed 
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comprehension). The extraction of water from the system was not consistent nor did it 

follow a temporal pattern. This is most likely due to the multifarious uses of the water: 

creating large batches of brine solution or filling the water tank on irrigation trucks or 

streetsweepers. There were several periods during which the tank stayed full, most likely 

due an above average rainfall during the monitoring period; reported monthly rainfall for 12 

of the 14 months during the monitored period was higher than the 30-year climate normal 

and total rainfall for the monitoring period exceeded the historical average by 580 mm (SCO 

2012). The rather infrequent water demand (as compared to the aforementioned sites) 

could have also attributed to a frequently full storage tank. 

 

2.4.2 Characteristics of RWH Performance in Humid Regions vs. Arid/Semi-Arid Regions 

Normalization of total usage volumes by contributing drainage area and number of 

monitored days (428, 401, 365 and 333 days for Craven County, Guilford County, FTCC and 

Boone, respectively) revealed that the Town of Boone system extracted the largest amount 

of water per square meter of drainage area on an annual basis (Table 2.2), followed (in 

descending order) by FTCC, the Craven County Animal Shelter and Guilford County 

Extension Center (the number of monitored days used to normalize FTCC and Guilford 

County sites included the ‘offline’ periods to allow for accurate comparison among sites). 

Withdrawals from the Boone system, while less frequent than other sites, were often very 

large in volume. Also, the Town of Boone’s use for the water to make brine solution for 

deicing was novel and provided a consistent means for using collected water during the 

winter. This resulted in year-round use of harvested rainwater instead of little to no use 

during the cooler, non-irrigating months, as was observed with the irrigation-only systems 

presented herein and in Jones and Hunt (2010). The consistent, frequent withdrawal of 

substantial amounts of water from the FTCC system during the growing season was the key 

factor in its relatively high normalized extracted volume. Although consistent, the volumes 

extracted from the Craven County RWH system during each use were relatively small, 
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resulting in less usage per square meter of roof area than the FTCC and Town of Boone 

systems. The Guilford County Extension Center RWH system was used the least, with only 

212 L/m2/yr of rainwater extracted. This was expected due to the rather infrequent 

withdrawal of water, lack of rain during months with high irrigation demand and the lack of 

use during non-growing season months.  

 

 

 
Figure 2.5 Daily water usage from rainwater harvesting system and daily rainfall at town 
of Boone Public Works Department Compound. 
 

 

The overflow frequency values obtained during the monitoring periods in this study were 

49%, 33%, 41% and 57% for the Town of Boone, FTCC, Craven County and Guilford County 

RWH systems, respectively (Table 2.2). The Guilford County system had the highest 

overflow frequency, which was expected due to lack of use during the non-growing seasons 

and the lack of irrigation needs during periods with ample rainfall. Despite having the 
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highest normalized rainfall usage, the Town of Boone had the second highest overflow rate 

among the 4 sites due to infrequent water withdrawals and above-average rainfall. The 

FTCC system had the lowest overflow frequency despite being disused during the non-

growing season as a result of the high water usage throughout the growing season.  

 

The potable water replacement data obtained in this study compared favorably to other 

non-arid region studies. Eroksuz and Rahman (2010) modeled potable water replacement 

values of 49%-53% for 70 kL rainwater tanks used for a variety of designated uses in Sydney, 

Newcastle and Wollongong, Australia. These values are slightly lower than those reported 

for the FTCC system, though more similar to the North Carolina systems than the (semi-)arid 

studies presented in Table 2.2. The average monthly rainfall patterns corresponding to 

Sydney and Wollongong (Newcastle and Sydney have very similar precipitation 

characteristics) are rather similar to those of Craven and Guilford Counties (Figure 2.6). 

Furthermore, the varied water uses in Eroksuz and Rahman (2010) may also explain the 

similarities in potable water replacement. Zhang et al. (2009b) also modeled RWH systems 

for the city of Sydney, but reported a much lower water replacement percentage than 

Eroksuz and Rahman (2010), perhaps due to differences in storage tank sizes, total water 

demand or modeling techniques/assumptions.  

 

Ward et al. (2010) reported that 46% and 36% of potable water demand could be met with 

RWH systems in Exeter, UK and Bude, UK, respectively. As with Eroksuz and Rahman (2010), 

these values were similar, although slightly lower than, the potable water replacement 

value of the FTCC system, most likely due to similar precipitation patterns. As shown in 

Figure 2.6, annual precipitation in Yeovilton, UK (approximately 80 km from Exeter, 170 km 

from Bude) is lower than Craven or Guilford Counties; however, monthly rainfall amounts 

are relatively constant throughout the year, which is also a characteristic of rainfall in the 

North Carolina and Eroksuz and Rahman (2010) studies.  
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The primary objective for systems installed in more water-starved regions is to provide an 

alternative water source for non-potable uses. Oftentimes, the harvested rainwater is used 

predominantly for toilet flushing (Zhang et al. 2009a, Zhang et al. 2009b, Zhang et al. 2010).  

There is some variation in the potable water replacement values presented by the three 

(semi-) arid studies in Table 2.2 due to varying design characteristics, demand volumes and 

contributing drainage areas; however, all values are still substantially lower than those 

reported from Ward et al. (2010), Eroksuz and Rahman (2010), FTCC and Craven County. 

When comparing precipitation characteristics among these studies (Figure 2.6), it appears 

that two factors impact the potential water replacement in (semi-)arid regions: (1) total 

annual rainfall, and (2) monthly rainfall variation. Beijing, China; Perth, Australia; and 

Darwin, Australia all have pronounced wet and dry seasons (Figure 2.6). Despite having the 

highest annual rainfall among the presented studies (Table 2.2), full utilization of RWH 

systems in Darwin was still restricted by the extremely pronounced wet and dry periods.  

While Melbourne receives consistent monthly rainfall, the overall annual rainfall total is 

comparatively low, resulting in the lowest replacement percentage reported by Zhang et al. 

(2009b). When comparing values herein to the studies presented in Table 2.2, overflow 

frequencies varied greatly among all studies, scenarios and locations, with no discernible 

differences due to region or rainfall characteristics; however, values from other studies 

were very similar in range to those reported herein. 

 
When comparing the systems in this study with those installed 3 years earlier and 

presented in Jones and Hunt (2010), the usage and efficiency of these newer installations 

was generally greater. This is most likely due to (1) the designated uses of the water, and (2) 

the automation of the newer systems. In North Carolina, potable water is extremely 

inexpensive (e.g., US$0.0018 per 1L in Raleigh, NC) and readily available, two factors that 

hinder RWH system usage (City of Raleigh 2012). In an attempt to improve the reliability of 

water supply and therefore utilization of RWH systems, 3 of the 4 systems examined herein 

were equipped with an automated backup water supply. With this setup, users did not have 
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to remember to turn the system on, or to switch back to rainwater if they had switched to 

the potable water supply. The designated uses for these systems were also chosen 

specifically to increase use of harvested water. Two of the 4 systems (FTCC and Craven 

County) required the use of a substantial amount of water on a daily basis regardless of 

recent precipitation events. Water demand for the Town of Boone system was already 

established and did not depend on a growing season or weather conditions. These 

situations were much different than the Kinston and Craven Extension sites in Jones and 

Hunt (2010), which relied on operators of the system to remember to irrigate an already-

established landscape or to use a rainwater-fed spigot instead of the adjacent potable 

water spigot. Water levels within the tanks at Kinston and Raleigh rarely fell below 80% 

capacity (Jones and Hunt 2010). This contrasts greatly with the usage presented in Figures 

2.2-2.4, which show water levels at 3 of the 4 sites varying substantially and occasionally 

emptying completely during the monitoring period. 

  



 

 

 

30 

 

Table 2.2 Performance data for rainwater harvesting systems presented herein and in 
previous research studies. 

Reference Site/Scenario Dedicated Use 

Average 
Annual 
Rainfall 
(mm)** 

Normalized 
Volume 

Extracted 
(L/m

2
/yr) 

Potable 
Water 

Replaced 
(%) 

Overflow 
Frequency 

(%) 

This 
Study 
(Non-Arid) 

Town of Boone 
Miscellaneous 
outdoor uses 

1309 509 --
†
 49% 

FTCC Irrigation 1188 506 61% 33% 

Craven County Animal kennels 1389 427 100% 41% 

Guilford County Irrigation 1096 212 --
†
   57% 

Eroksuz & 
Rahman 
(2010)*

,◊ 

(Non-Arid)   
 

 

Sydney, Aus. 
 

Toilet flushing, 
laundry, shower, 
kitchen, irrigation 

1215 Not Available 49% Not Available 

Newcastle, Aus. 
 

Toilet flushing, 
laundry, shower, 
kitchen, irrigation 

1133 Not Available 51% Not Available 

Wollongong, Aus. 
 

Toilet flushing, 
laundry, shower, 
kitchen, irrigation 

1278 Not Available 53% Not Available 

Ward et al. 
(2010)* 
(Non-Arid) 

Exeter, UK 
 ICP2 Building 

Toilet flushing 807 Not Available 46% Not Available 

Bude, UK 
Broadclose 

Toilet flushing 881 Not Available 36% Not Available 

Zhang et al. 
(2009b)*

,▪ 

(Non-Arid) 

Sydney, Aus. 
(typical demand) 

Toilet flushing 1215 Not Available 10% 38% 

Zhang et al. 
(2009a) 
(Arid) 

Beijing, China 
Tianxiu Garden 

Toilet flushing 574 Not Available 25% 0% 

Zhang et al. 
(2010)*

,▪ 

(Semi-Arid)
 

Cranbrook, Aus. 
Option B 

Garden irrigation  692 Not Available 20% 62% 

Cranbrook, Aus. 
Option C 

Toilet flushing 692 Not Available 12% 77% 

Cranbrook, Aus. 
Option D 

Toilet flushing, 
garden irrigation 

692 Not Available 25% 52% 

Zhang et al. 
(2009b)*

,▪ 

(Melbourne: 
Arid) 
(Perth, 
Darwin: Semi-
Arid) 

Melbourne, Aus. 
(typical demand) 

Toilet flushing 650 Not Available 7% 24% 

Perth, Aus. 
 (typical demand) 

Toilet flushing 774 Not Available 8% 32% 

Darwin, Aus. 
 (typical demand) 

Toilet flushing 1732 Not Available 10% 57% 

† Actual demand could not be determined, as there was no monitored backup water supply.; 
* Study presents results from a modeling exercise, as opposed to monitoring data. 
**30-year annual rainfall averages (BOM 2012, Ward et al. 2010, SCO 2012, WMO 2012) 
◊ Values reported correspond to optimal tank size of 70 kL. 
▪ Overflow frequency estimated from stormwater reduction values. 
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Figure 2.6 Average monthly precipitation for two sites presented herein and various 
locations where RWH research has been conducted.  (BOM2012, SCO 2012, WMO 2012 
Met Office 2012) 
 

 

The sites included in the Jones and Hunt (2010) study generated overflow for a larger 

percentage of storm events greater than 1 cm than 3 of the 4 sites included in this study 

(Table 2.3). The overflow percentage for the Greensboro system was slightly higher than 

that of the Craven system in the Jones and Hunt (2010) study, though this is not surprising 

due to its lack of use during the non-growing season, the sporadic nature of use at the site 

(versus frequent withdrawals seen with the FTCC system) and relatively small volume usage 

compared to the other systems included in this study (Table 2.2). The other 3 sites for this 

study produced overflow for 44%-56% of storm events greater than 1 cm, which is markedly 

lower than the range reported from sites in Jones and Hunt (2010) (62%-94%). This 

indicates that the sites presented herein provided greater stormwater management 

benefits (higher volume retention and greater peak flow attenuation) and had greater 
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water usage compared to the Jones and Hunt (2010) sites due to increased demand 

frequency and volume, most likely attributable to more appropriate designated uses for the 

collected water. 

 

 

Table 2.3 Percent of storm events greater than 1 cm that produced overflow from the 
RWH system. 

This Study Jones and Hunt (2010) 

Boone: 44% 

Craven: 56% 

FTCC: 55% 

Greensboro: 67% 

Craven: 62% 

Kinston: 68% 

Raleigh: 94% 

 

 

In NC, using harvested rainwater inside a dwelling is uncommon due to restrictive building 

codes, the additional expense required for plumbing and the relative inexpensiveness of 

potable water (Mike Ruck, Rainwater Solutions, personal communication, 3 April 2012). 

Most RWH system installations in NC have been prompted by drought conditions and the 

associated restrictions on outdoor irrigation (in response to severe/moderate drought 

conditions in 2008, Raleigh, NC allowed citizens to only irrigate two days per week) (NOAA 

2008; Mildwurf 2008). Irrigation-based systems, as demonstrated herein, have very 

different usage patterns and trends than the systems described in typical studies in (semi-

)arid regions (multiple uses, including toilet flushing and laundry). While harvesting can still 

be substantial with irrigation-only systems, their performance is characterized by 

abandonment during the non-growing season, weather-dependent usage and occasionally a 

mismatch between rainfall and demand patterns.  
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The Guilford County system is a good example of the water usage trend one could expect 

from small irrigation-only systems in humid regions; water was extracted as needed and 

usage was heavily influenced by weather conditions and frequency of rainfall. This is 

somewhat problematic because lack of rainfall corresponds with the need to irrigate at 

precisely the time when tanks are most likely dry. This is not a problem specific to humid 

regions or irrigation-only systems, as Zhang et al. (2009a) also noted that RWH system 

usage decreases in areas where rainfall and demand patterns were not closely matched (i.e. 

periods of lower rainfall correspond with periods of higher demand). The FTCC represents 

larger-scale systems such as those employed by nurseries or landscaping companies. Water 

usage was independent of rainfall or weather conditions, resulting in increased harvesting 

of rainwater. Both FTCC and Guilford County systems showed that, on average, 

appropriately-sized storage tanks were sufficient for providing enough rainwater to meet 

water demands during periods of normal rainfall. Over-sizing tanks for irrigation-only 

systems may be considered to maintain water availability during prolonged dry spells 

(Zhang et al. 2009a); however, the potential volume of harvested rainwater is 

predominantly controlled by the size of the contributing drainage area. Designers should 

identify the objectives of a RWH system when choosing a tank size, as these objectives 

dictate whether a system should be sized for normal rainfall conditions, drought conditions, 

or some other precipitation pattern. 

 

RWH systems can provide stormwater management benefits via volume reduction and peak 

flow attenuation for small storm events; runoff generated from a rain event is captured and 

stored for later use, as opposed to contributing to stomflows. Of course, the ability of the 

system to provide these benefits is dependent upon the use of stored water to provide 

room within the tank for the next precipitation event. When harvested rainwater is used 

predominantly for toilet flushing, laundry and/or other non-potable uses, as in Palla et al. 

(2011), Zhang et al. (2010), Eroksuz and Rahman (2010), and Ward et al. (2010), usage is 
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characterized by frequent and consistent withdrawals of water. The Craven County Animal 

Shelter and FTCC systems exemplified this type of usage but varied in water usage and 

efficiency due to the volume of water typically withdrawn during use. Thus, the overall 

usage and efficiency of such systems were dependent upon the volume of water withdrawn 

during each use. Regardless of overall volume used, systems employing frequent, consistent 

withdrawal pattern provide superior stormwater management benefits than those with 

infrequent extractions of large volumes, such as the Town of Boone, as indicated by lower 

overflow frequencies (Table 2.2). 

 

2.4.3 Costs and Benefits of Rainwater Harvesting Systems in North Carolina 

An economic analysis was performed for each of the systems presented herein. Table 2.4 

presents installation costs for each system categorized by the item or service purchased 

(tank, tank accessories, pump, excavation and stone, and miscellaneous). Installation costs 

ranged from $4,800 to $25,150, with the FTCC system being the most expensive due to its 

larger storage volume and its being located underground, which required extensive 

excavation. The Craven County system was the second most expensive, as an extensive 

plumbing design was required for the system to operate with the building’s existing kennel 

washing system. Guilford County was the third most expensive due to the need for modest 

excavation and installation of the lower underground tank.  The Boone system was least 

expensive because it did not require any excavation or an intricate plumbing design.  

 

Actual operational and maintenance (O&M) costs were not included in this analysis. As all 4 

systems studied were owned and operated by municipal governments, it was extremely 

difficult to discern the costs associated with the systems versus other activities performed 

onsite. Electricity consumption by the systems was lumped into electrical usage for the 

entire municipality and records were not kept concerning tasks performed on the RWH 

systems or the costs and time associated with those tasks. Gardner and Vieritz (2010) 
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estimated O&M costs for RWH systems to be approximately $20/year, thus, this value was 

applied over the estimated lifespan of 15 years to estimate total O&M costs for each 

system.  

 

Table 2.4 also presents the cost of potable water for each location. These values were 

estimated using the tiered water rate structure for each jurisdiction (Craven County 2011; 

City of Greensboro 2012; Town of Boone 2012; Fayetteville Public Works Commission 

2012).  

 

 

Table 2.4 initial (installation) costs, annual potable water savings and estimated payback 
periods for each of the 4 RWH systems installed in NC. 

  Craven FTCC Guilford Boone 

Tank n/a $ 18,098.00 

$ 3,657.00 

$ 2,909.00 

Tank accessories $ 423.00 $ 896.00 $ 1,105.00 

Pump $ 7,951.00 $ 2,267.00 $ 458.00 

Excavation & stone n/a $ 3,000.00 $ 1,249.43 n/a 

Miscellaneous $ 659.00 $ 896.00 $ 824.00 $ 335.00 

Operation & maintenance $ 300.00 $ 300.00 $ 300.00 $ 300.00 

TOTAL EXPENSES $ 9,333.00 $ 25,457.00 $ 6,030.00 $ 5,107.00 

Cost per L of water $ 0.00079 $ 0.00113 $ 0.00084 $ 0.00169 

Total volume saved (L) 225,300 354,180 77,970 120,600 

TOTAL ANNUAL SAVINGS $ 179.00 $ 401.00 $ 65.00 $ 204.00 

PAYBACK PERIOD (years) 52 63 92 25 
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The payback period was calculated by dividing the total installation expenses for a site by 

the total annual potable water savings. Thus, this value indicates how many years it will 

take for potable water savings to match the cost of installation. Payback periods for the 

studied sites ranged from 25 to 92 years, with Boone having the lowest payback period and 

Guilford County having the highest. Guilford County’s high payback period was due to the 

relatively low volume of potable water saved. Despite FTCC’s high installation cost, the 

payback period was still lower than the Guilford County system because a substantial 

volume of potable water was saved. While the Craven County system also reduced a 

substantial volume of potable water, the relatively high cost of the system and the low cost 

of water result in a payback period lower than FTCC and Guilford County and higher than 

Boone. Boone had the lowest payback period due to the relatively low cost of the system 

and a higher potable water cost.  

 

The payback periods for the NC RWH systems far exceeded the estimated lifespan of 15 

years, suggesting that the costs associated with installing RWH systems in NC are not fully 

compensated by the monetary savings associated with decreased potable water use. 

Domènech and Saurí (2011) reported payback periods for single-family buildings in Spain 

from 33 to >200 years and Khastigir and Jayasuriya (2010) estimated payback periods of 14-

49 years for residential systems in Werribee, Berwick and Kinglake, Australia. Payback 

periods calculated for the NC systems were comparable to these reported values. Both of 

these studies concluded that RWH was not an economically advantageous alternative to 

potable water supplies due to long payback periods. When viewed solely from a water 

supply perspective, the results from the NC studies would lead to the same conclusion: 

RWH is not a cost effective alternative to public water supplies in NC given current 

installation and potable water prices. Government subsidies on potable water supplies 

often result in extremely low potable water prices, as is the case in NC (consequently the 

results presented herein do not reflect the ‘true’ price of water). It is unlikely that RWH will 
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be a financially advantageous source of water until the price of potable water is increased 

to more closely reflect the actual price of water production (Farreny et al. 2011; Gardner 

and Vieritz 2010; Kim and Yoo 2009).  

 

Table 2.5 lists the price of potable water that would result in each of the NC systems having 

a payback period of 15 years. Increases of this magnitude are unlikely, considering current 

water rates in Las Vegas, NV, one of the most arid cities in the US, range from $0.0003 per L 

to $0.0012 per L (Las Vegas Valley Water District 2011); therefore, government incentive 

and rebate programs can be implemented to decrease the financial burden associated with 

RWH.  As shown in Table 2.5, rebates on the installation costs of RWH systems can also be 

used to reduce the payback period. Rebate amounts for the 4 NC systems ranged from 

$0.09/L to $0.34/L and were influenced by installation costs,  size of system and amount of 

water used. An alternative to installation rebates would be the waiving of annual 

stormwater fees or monthly water meter fees. For example, if the Guilford County system 

required a 3.81-cm (1.5-inch) meter, a monthly fee of $61.80 would be charged to the user 

(City of Greensboro 2012). If this fee was waived or reduced by half, the system’s payback 

period would decrease to 7 and 14 years, respectively.  A more holistic view of savings, by 

incorporating stormwater management savings, may be key to promoting the use of RWH 

systems in humid climates. 
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Table 2.5 Costs of potable water in installation rebates required to achieve a payback 
period of 15 years for each NC system. 

 Price of Water per 

Liter ($) 

Installation 

Rebate ($) 

Installation Rebate 

per Liter ($/L) 

Town of Boone $0.0026 $1,700 $0.089 

Craven County $0.0026 $6,400 $0.282 

FTCC $0.0048 $19,000 $0.335 

Guilford County $0.0048 $4,750 $0.285 

 

 

To facilitate implementation of RWH systems in humid regions like NC, other financial 

benefits of system installation must be realized. Many of the benefits of RWH systems are 

not currently associated with a price tag. Users of the Boone and Guilford systems cite 

freedom from irrigation restrictions during periods of drought as one of the major benefits 

of these systems. The Boone system is used for the irrigation of sidewalk trees, plants and 

flowerbeds which add beauty and appeal to the town, a benefit that cannot be quantified in 

monetary terms. Staff members at the Craven County Animal Shelter highly value the RWH 

system there and view it as a contribution to their environmental stewardship, another 

benefit that cannot be monetarily quantified. Monetary benefits associated with 

stormwater are often neglected when assessing RWH systems. If designed to capture the 

water quality or design storm (or to meet some other stormwater mandate/requirement), 

RWH systems can eliminate the need for an additional stormwater practice, thereby 

substantially reducing the costs associated with a development or building. Finally, the 

reductions in potable water consumption supplied by each of these systems are valuable in 

terms of conserving potable water and increasing the overall sustainability of water 

resources.  

 



 

 

 

39 

 

2.4.4 Implications for Designing Rainwater Harvesting Systems in Humid Regions 

Data presented herein provide valuable insight regarding the utilization of water harvesting 

systems in NC. In areas where RWH systems have been historically prevalent, such as parts 

of Australia, India and the southwestern US, captured rainwater has been used primarily for 

every-day uses such as toilet flushing, laundry and essential outdoor irrigation. However, 

systems in NC are almost solely used for outdoor water demands (i.e. irrigation). Water is 

not typically scarce and government mandates promoting RWH do not exist. Furthermore, 

RWH systems do not currently provide an economic advantage when compared to public 

water supplies. Without these drivers, citizens have little incentive to install RWH systems. 

The identification of secondary objectives, namely stormwater management, will likely 

promote their use in humid regions.  

 

RWH systems are unique in their ability to provide an alternate source of water while 

simultaneously detaining roof runoff that would otherwise be discharged to the sewer 

network. For the system to mitigate stormwater runoff, however, there must be sufficient 

room available in the tank to store a runoff event. Jones and Hunt (2010) showed three 

southeastern US water harvesting systems that were underutilized, remaining at capacity 

for extended periods, and thus providing no stormwater benefit. Frequent, consistent water 

demands (as with FTCC and the Craven County Animal Shelter) increase the stormwater 

management potential of a system by increasing the likelihood of available capacity for 

storing runoff during a subsequent rain event. RWH systems that stay full for extended 

periods of time and are emptied all at once (as with the Town of Boone) are not as efficient 

from a stormwater management perspective, as evidenced by larger overflow frequencies 

(Table 2.2). Identifying and incorporating consistent and frequent demands would reduce 

potable water demand and improve stormwater management.  
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Jones and Hunt (2010), in combination with the results herein, indicated that the 

automation of water harvesting systems substantially increases the efficiency and benefits 

(both water conservation and stormwater management), as this relinquishes humans of the 

responsibility to remember to turn the system on or use it. Meeting demands that ensure 

consistent, reliable withdrawals of water from the system also increases rainwater usage, 

reduces potable water usage and provides stormwater management benefits by providing 

storage space for the next precipitation event. Examples of this type of system include the 

FTCC and Craven County systems, both of which replaced a substantial amount of potable 

water (61% and 100%, respectively) and had the lowest occurrence of overflow events 

among the four studies presented herein (33% and 41%, respectively). 

 

Incorporating an automated backup water supply can increase the usage of RWH systems in 

humid regions, as this can alleviate the need of human intervention during droughty 

periods. Usage of collected water can be substantially decreased if operators do not 

remember to switch back to the RWH system after rain occurs; however, this mechanism 

must be used with caution. As the majority of RWH systems in NC are not the sole source of 

water nor are they typically serving as a potable source, there is a lack of incentive to 

ensure the systems are working as expected. This may result in problems such as those 

experienced at the Craven County Animal Shelter, where system components break or 

malfunction and the problem is masked by a potable backup source. As such, it is 

imperative that RWH systems are regularly inspected to identify any problems detracting 

from system performance. Furthermore, some type of simple-to-observe indicator 

mechanism, such as an alarm or warning light, should be included in the design to inform 

users when the system is not working as designed or when backup water is being used in 

lieu of rainwater.  
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Finally, many RWH systems in NC and other humid regions are used for outdoor irrigation. 

As discussed previously, systems that are used solely for irrigation have two main problems: 

(1) the systems remain full and overflow during the entire non-growing season, and (2) 

irrigation is often needed the most during times of decreased rainfall, thus creating a 

mismatch between supply and demand of water. The overall efficiency of these systems 

could be increased by finding a use for the water during the non-growing season. This ‘use’ 

could be an actual water demand, or could be an automatic slow-release of stored water, in 

which case the system behaves like a detention facility for roof runoff (Herrmann and 

Schmida 1999, Brodie 2008). With this modification, irrigation-only systems could provide 

two beneficial services: potable water replacement and stormwater management.  

 

2.5 Conclusions 

While rainwater harvesting systems have historically been used as water conservation 

practices in areas with limited potable water supplies, they are now becoming prevalent in 

humid regions, with some differences in use and benefits. Instead of being used for toilet 

flushing or laundry, humid-region systems may solely irrigate or be restricted to other 

outdoor-only uses. Because outdoor uses are often seasonal or periodic, secondary 

objectives, such as stormwater management, should be identified and implemented. 

Without a secondary objective (perhaps regulatory-driven), the expense and effort required 

to implement a RWH system may preclude people from using them in humid regions like 

the Southeast USA. To maximize both water conservation and stormwater management 

benefits of RWH systems, the following recommendations should be considered by policy 

makers and designers: 

 Slight modifications in design can substantially improve the efficiency and 

stormwater management potential of RWH systems. Examples of these 

modifications include automation, identification and inclusion of consistent, year-
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round water demands and slow-release of stored water during the non-growing 

season.  

 Widespread implementation of RWH systems in humid regions will only occur when 

required by regulations or when regulatory incentives out-weigh the cost of 

implementation. By instituting incentive programs, such as stormwater mitigation 

credits or tax credits/rebates, policy makers can greatly increase implementation, 

thereby simultaneously addressing two essential goals in urban areas: water supply 

and stormwater management. 
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3.1 Abstract 

Rainwater harvesting (RWH) systems have the unique ability to contribute to stormwater 

management goals via mitigation of runoff volumes and peak flow rates. Additionally, 

collecting and storing runoff via RWH systems can potentially provide water quality benefits 

due to physical and chemical processes that occur within the storage tank. This study 

quantified the water quality improvement provided by storing rooftop runoff via RWH 

systems at four sites in Raleigh, North Carolina, USA. Roof runoff and extraction spigot 

samples were analyzed for total suspended solids (TSS), nitrogen species and total 

phosphorus. Roof concentrations were significantly greater than spigot concentrations for 

all constituents except TSS, indicating the ability of RWH system to significantly lower 

nutrient concentrations of incoming roof runoff. Lack of significant TSS reduction was likely 

attributable to low, “irreducible” concentrations of TSS in the roof runoff. The use of 

additional filtration components prior to the extraction spigot could aid in lowering spigot 

TSS concentrations. The findings presented herein contend that stormwater benefits 

associated with RWH are not only limited to hydrologic mitigation, but also include 

reductions in concentrations of nitrogen and phosphorus species. Thus, it is recommended 

that pollutant removal credit be assigned to these systems when used as stormwater 

control measures.  
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3.2 Introduction 

The need for conserving public potable water supplies continues to increase throughout the 

world, and rooftop rainwater harvesting (RWH) is a valuable tool that may fulfill this need. 

However, RWH systems also contribute to stormwater management goals via mitigation of 

runoff volumes and peak flow rates. Additionally, collecting and storing runoff via RWH 

systems may potentially provide water quality benefits due to physical and chemical 

processes within the storage tank.  

 

It is well documented that runoff from roof surfaces carries a wide variety of pollutants 

including sediment, heavy metals, nutrients and bacteria (Yaziz et al. 1989, Chang and 

Crowley 1993, Melidis et al. 2007). This paper focuses on nitrogen, phosphorus and total 

suspended solids, primary sources of which include dry deposition (particulates generated 

via automobile emissions, industrial processes and fertilizer applications), weathering of 

roofing materials, animal activity and nearby/overhanging vegetation. (Yaziz et al. 1989; 

Quek and Förster 1993; Thomas and Greene 1993; Förster 1999; Zobrist et al. 2000; Despins 

et al. 2009; Huston et al. 2009; Lee et al. 2010). As rain falls onto a roof, it washes off 

particulates that have accumulated on the surface since the prior precipitation event. In 

urban areas, roof surfaces comprise a considerable portion of the total imperviousness in a 

given watershed and, consequently, can be a substantial contributor of contaminant-laden 

stormwater.  

 

Roof runoff enters the storage tank of the RWH system where there is an opportunity for 

water quality improvement. Sedimentation plays a primary role in reducing contaminant 

loads within the tank, but sorption, precipitation and various chemical processes can also 

lead to decreases in contaminant concentrations (Olem and Berthouex 1989; Herrmann & 

Schmida 1999; Despins et al. 2009; Sung et al. 2010). While countless studies in peer-

refereed literature have characterized the quality of either roof runoff or harvested 
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rainwater, apparently only two compared contaminant concentrations before and after 

runoff entered a RWH system. Lee et al. (2010) sampled roof runoff before and after it 

entered a South Korean RWH system and compared concentrations of turbidity, pH, major 

metal ions, total coliforms and E.coli. Morrow et al. (2010) collected roof runoff and 

harvested rainwater from 5 Australian sites over a 2-year period and compared elemental 

concentrations (eg. Na, K, Fe, etc.). However, neither of these studies considered nutrient or 

sediment concentrations, thus highlighting a substantial gap in current research knowledge. 

This study specifically compares nutrient and sediment concentrations of roof runoff and 

collected rainwater at 4 sites in Raleigh, North Carolina (NC), USA. The objectives of this 

study were to (1) quantify, characterize and compare concentrations of total suspended 

solids (TSS), total phosphorus (TP), total nitrogen (TN), and various nitrogen species in roof 

runoff and harvested rainwater at each site, (2) determine how concentrations of these 

constituents are impacted by storing roof runoff in RWH systems, and (3) based upon these 

findings, examine how RWH systems can be utilized to meet stormwater management 

goals.  

 

3.3 Methods 

3.3.1 Site Descriptions 

Four fire stations (FS) within the City of Raleigh, NC, were chosen for this study and 

retrofitted with RWH systems in 2009 and 2010: FS #6, FS #8, FS #24 and FS #28 (Figure 3.1). 

Three of the four sites chosen, FS 6, FS 8 and FS 24, were located in highly urbanized areas. 

Of these three, FS 8 and FS 24 were located almost adjacent to major interstates 

(motorways) that receive an average of 77,000 vehicles daily (NCDOT 2009). FS 6 and FS 28 

were not as close to major interstates, but were near heavily trafficked roads (20,000 and 

36,000 annual average daily traffic, respectively) (NCDOT 2009). FS 8 had an asphalt shingle 

roof with a slight pitch, and FS 24 had an asphalt shingle roof with a gently sloping roof 

surface; these stations were constructed in 2001 and 1963, respectively. FS 6 and FS 28 
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both had flat membrane roofs and were built in 1960 and 2007, respectively. FS 8 had a 

substantial amount of vegetation extending over the area of roof being collected by the 

RWH system; all other sites were free of overhanging vegetation.  

 

 

 

 

Figure 3.1 A map showing the four fire stations (FS) and their locations relative to the City 
of Raleigh, Wake County, USA and major roadways. 
 

 

The RWH systems at each site consisted of polyvinyl chloride (PVC) pipe conveyance piping, 

multiple hydraulically-connected polypropylene storage tanks and a ProJet SN jet pump 

(Sta-Rite, Inc., WI, USA). Each downspout emptied into a Leaf Eater® filter to prevent leaves 

and debris from entering the storage tank. Each system also had an in-line sediment filter 
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installed between the storage tank and the pump, which filtered out particles greater than 

100 microns.  

 

The RWH systems were designed such that water overflowing from the rainwater storage 

tank or water being used to wash vehicles would drain to a secondary stormwater control 

measure (SCM) for treatment and infiltration. Water usage records for the stations were 

used to estimate outdoor water consumption, and optimal RWH system capacities were 

determined using the North Carolina State University Rainwater Harvester Model® (Jones 

and Hunt 2010). The design characteristics of the RWH systems are shown in Table 3.1.  

 

3.3.2 Monitoring Design 

Hydrologic and water quality monitoring were conducted at each of the 4 fire stations 

(Table 3.1). Water level in each tank was measured every 3 minutes by a HOBO pressure 

transducer data logger (Onset Computer Corp., MA, USA). Water meters (Daniel L. Jerman 

Co., NJ, USA) were installed on the extraction spigots to monitor water usage. Tipping 

bucket rain gages (Environment Information Technology, Alstonville, Australia) were used to 

measure rainfall depth and intensity at the sites, and manual rain gages were also employed 

to measure rainfall depth. 

 

Water quality samples were collected at two locations for each RWH system: (1) between 

the roof surface and the tank and (2) from the extraction spigot. Roof runoff samples were 

collected via a passive sampling device. A hole was drilled in the bottom of a collection pipe 

that conveyed water from the gutter to the cistern. A vinyl tube was inserted into the drilled 

hole and into the top of a 165-L collection container.  The water collected within the 

container from a single storm event was mixed thoroughly and a representative sample 

collected within 24 hours after cessation of rainfall. After sample collection, the sampling 

container was rinsed with deionized water in preparation for the next storm. A sample was 
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also obtained from the extraction spigot after flushing the spigot for 10 seconds. Beginning 

February 15, 2012, a third sample was collected from the extraction spigot 2 days after the 

initial storm event sample collection to investigate water quality after the system 

‘recovered’ from the storm event (referred to herein as ‘2-day’ sample). 

 

3.3.3 Laboratory & Data Analyses 

All samples were analyzed for total suspended solids (TSS), total nitrogen (TN), total Kjeldahl 

nitrogen (TKN), nitrite (NO2)+nitrate (NO3), total ammoniacal nitrogen (TAN), and total 

phosphorus (TP) by a state-certified laboratory (Center for Applied Aquatic Ecology at North 

Carolina State University) using the following standard methods: 2540 D (TSS), 4500 N Org D 

(TKN), 4500 NO3 F (NO2+NO3), 4500 NH3 G (TAN), and 4500 P F (TP) (APHA 2012). TN 

concentrations were calculated by summing TKN and NO2+NO3 values. Detection limits 

were 0.14 mg/L for TKN, 0.0056 mg/L for NO2+NO3, 0.007 mg/L for TAN and 0.01 mg/L for 

TP. Concentrations at or below the detection limit were assigned a value one-half of the 

detection limit for statistical analyses. 

 

Nonparametric statistical methods were used to evaluate collected data due to non-normal 

distributions. The Wilcoxon Signed Rank test was used to determine statistical significance 

when comparing data sets, and the nonparametric Kendall’s τ correlation method was used 

to assess correlations. An α=0.05 was used to determine significance.  
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Table 3.1 For each fire station, the following data are provided: RWH system capacity, contributing drainage area, time period 
during which hydrologic and water quality data were collected, and number of water quality sample pairs (roof runoff sample 
and extraction spigot sample) collected during each season and during the entire monitoring period. 

Fire 

Station 

Water Harvesting 

System Capacity 

(L) 

Roof 

Drainage 

Area 

(m2) 

Monitoring 

Period 

Number of Water Quality Sample Pairs Collected 

Summer 

2011 

Fall 

2011 

Winter 

2011/12 

Spring 

2012 

Summer 

2012 
Total 

#6 11,355 245 
July 24, 2011 – 

July 20, 2012 
2 5 5 5 5 22 

#8 12,870 386 
July 24, 2011 –  

July 24, 2012 
3 4 5 5 7 24 

#24 12,490 313 
August 6, 2011 – 

July 25, 2012 
4 6 5 5 6 26 

#28 17,035 407 
August 6, 2011 –  

July 19, 2012 
4 6 5 5 5 25 
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3.4 Results and Discussion 

3.4.1 Roof Runoff Water Quality 

Data collected during the monitoring period are presented in Table 3.2. Despite the 

presence of overhanging vegetation at FS 8 and a difference in proximity to major 

roadways, there was only one difference among individual stations: TP concentrations in 

roof runoff at FS 8 were significantly greater than those at FS 24 (Table 3.3). This is most 

likely due to the presence of overhanging vegetation at FS 8, although one would also 

expect there to be higher TSS concentrations as well, which was not the case. Examination 

of the remaining constituents (TSS, TN, TKN, NO2+NO3 and TAN) yielded no significant 

differences among the four stations.  

 

The median TN concentrations at all stations were lower than those measured from North 

Carolina residential lawns (3.06 mg/L), high density roadways (3.67 mg/L) and agricultural 

pastureland (3.61 mg/L) (Skipper 2008; Wu et al. 1998; Line et al. 2002). Median 

concentrations at FS 6 and FS 24 were lower than those reported for commercial parking 

lots (1.52 mg/L), low density roadways (1.40 mg/L) and wooded areas (1.47 mg/L) (Wu et al. 

1998; Line et al. 2002; Passeport and Hunt 2009); however, median TN values at FS 8 and FS 

28, as well as the overall median value, exceeded concentrations for these land uses. All 

station concentrations exceeded the roof concentration of 1.00 mg/L reported by Hathaway 

et al. (2008) and the median TN value for rural roadways (1.14 mg/L) presented in Wu et al. 

(1998). Median TP concentrations for all stations were well below median values for the 

above land uses in North Carolina (residential roof, 0.15 mg/L; residential lawn, 0.59 mg/L; 

commercial parking lot, 0.19 mg/L; high density roadway, 0.43 mg/L; low density roadway, 

0.52 mg/L; rural roadway, 0.47 mg/L; wooded area, 0.25 mg/L; agricultural pasture, 1.56 

mg/L) (Bannerman 1993; Wu et al. 1998; Line et al. 2002; Hunt et al. 2006; Hathaway et al. 

2008; Skipper 2008; Passeport and Hunt 2009).  Note that all values reported from the cited 

studies were combined and a median value calculated for this comparison. In summary, 
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roof runoff quality at the Raleigh fire stations was similar to runoff from other land uses 

with respect to TN, but was of much better quality than other land uses in terms of TP.  

 

Roof concentrations of all constituents were negatively correlated with rainfall depth and 

storm. Additionally, TP, TN, TKN, NO2+NO3 and TAN concentrations were also negatively 

correlated with the maximum intensity of corresponding storm events. In North Carolina, 

summer and fall precipitation events tend to be shorter, but more intense, while winter and 

spring events are usually of longer duration and smaller depths (SCO 2013). These 

relationships corroborate and explain lower concentrations during the fall and winter 

seasons (compared to summer and spring), when precipitation events last longer and 

produce less rainfall (SCO 2013). Other probable causes of higher nutrient concentrations 

include increased nutrient input to the RWH system from pollen, leaves and other 

vegetative debris as well as increased animal activity. 

 

3.4.2 Storage Tank Water Quality 

Analyses of the spigot samples for the 4 RWH systems yielded many differences for 

pollutant concentrations among individual stations (Table 3.2). TP concentrations at FS 8 

were significantly greater than those at FS 24 and FS 28, and concentrations at FS 6 were 

greater than those at FS 24. It is unclear what caused the differences among these stations, 

as the systems were designed identically in terms of pump and conveyance piping. While 

higher concentrations at FS 8 could potentially be explained by increased organic matter 

input due to overhanging vegetation, this was not the case for FS 6.  
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Table 3.2 Sample analysis results (range and median) for 4 fire station rainwater 
harvesting systems located in Raleigh, NC. 

 
TSS 

(mg/L) 
TP 

(mg/L) 
TN 

(mg/L) 
TKN 

(mg/L) 
NO2+NO3 

(mg/L) 
TAN 

(mg/L) 

FS
 6

 

Roof  
n = 22 

2.50 - 10.45 
2.83 

0.005 - 3.85 
0.02 

0.52 - 20.36 
1.34 

0.33 - 18.98 
0.82 

0.05 - 1.88 
0.39 

0.09 - 3.64 
0.54 

Spigot 
n = 20 

2.51 - 10.33 
2.60 

0.01 - 0.14 
0.03 

0.46 - 1.77 
0.72 

0.16 - 1.69 
0.34 

0.01 - 0.56 
0.34 

0.03 - 0.79 
0.17 

2-day 
n = 11 

2.51 - 10.16 
2.54 

0.01 - 0.12 
0.06 

0.16 - 1.77 
1.07 

0.14 - 1.69 
0.63 

0.01 - 0.72 
0.16 

0.02 - 0.61 
0.23 

FS
 8

 

Roof  
n = 24 

2.54 - 14.86 
3.75 

0.02 - 0.87 
0.06 

0.68 - 18.31 
1.83 

0.46 - 17.34 
1.17 

0.15 - 1.17 
0.55 

0.10 - 5.39 
0.56 

Spigot 
n = 24 

2.52 - 29.20 
5.88 

0.01 - 0.17 
0.06 

0.41 - 2.39 
0.95 

0.38 - 2.36 
0.89 

0.01 - 0.48 
0.04 

0.01 - 1.89 
0.45 

2-day 
n = 16 

2.53 - 23.05 
5.07 

0.01 - 0.30 
0.09 

0.83 - 2.90 
1.09 

0.65 - 2.89 
1.00 

0.01 - 0.56 
0.04 

0.25 - 1.84 
0.60 

FS
 2

4
 

Roof  
n = 26 

2.38 - 12.15 
4.3 

0.005 - 0.07 
0.02 

0.43 - 4.10 
1.15 

0.24 - 2.52 
0.75 

0.14 - 1.60 
0.39 

0.12 - 1.31 
0.43 

Spigot 
n = 26 

2.50 - 10.00 
2.55 

0.01 - 0.06 
0.01 

0.24 - 1.35 
0.73 

0.07 - 0.96 
0.33 

0.05 - 0.55 
0.28 

0.05 - 0.91 
0.14 

2-day 
n = 14 

2.52 - 10.00 
2.99 

0.01 - 0.04 
0.02 

0.33 - 1.39 
0.92 

0.07 - 1.30 
0.37 

0.09 - 0.66 
0.36 

0.02 - 0.39 
0.11 

FS
 2

8
 

Roof  
n = 25 

2.5 - 10.59 
3.62 

0.005 - 0.73 
0.02 

0.26 - 11.87 
1.63 

0.14 - 9.55 
0.86 

0.12 - 2.32 
0.62 

0.04 - 2.23 
0.31 

Spigot 
n = 25 

1.33 - 15.30 
2.56 

0.01 - 0.13 
0.02 

0.39 - 1.59 
0.74 

0.14 - 1.46 
0.31 

0.01 - 0.69 
0.35 

0.01 - 0.79 
0.14 

2-day 
n = 13 

2.53 - 10.25 
3.36 

0.01 - 0.13 
0.07 

0.47 - 1.79 
1.13 

0.07 - 1.78 
0.84 

0.01 - 0.59 
0.32 

0.04 - 1.26 
0.56 

A
LL

  
ST

A
TI

O
N

S 

Roof  
n = 97 

2.38 - 14.86 
3.48 

0.005 - 3.85 
0.03 

0.26 - 20.36 
1.56 

0.14 - 18.98 
0.89 

0.05 - 2.32 
0.50 

0.04 - 5.39 
0.43 

Spigot 
n = 95 

1.33 - 29.20 
2.67 

0.01 - 0.17 
0.02 

0.24 - 2.39 
0.78 

0.07 - 2.36 
0.47 

0.01 - 0.69 
0.28 

0.01 - 1.89 
0.20 

2-day 
n = 54 

2.51 - 23.05 
3.41 

0.10 - 0.30 
0.05 

0.16 - 2.90 
1.07 

0.07 - 2.89 
0.75 

0.01 - 0.72 
0.21 

0.02 - 1.84 
0.26 

 

 

TKN and TAN concentrations were significantly greater at FS 8 than at FS 6, FS 24 and FS 28, 

while NO2+NO3 concentrations were lower at FS 8 than all other stations. TN concentrations 

were not significantly different among any of the stations. The authors hypothesize that a 

greater amount of organic matter input from overhanging vegetation at FS 8 contributed to 
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higher nitrogen concentrations within the system. Additionally, a general lack of use (see 

next paragraph) at FS 8 led to anaerobic conditions within the system. Dissolved oxygen 

(DO) measurements were taken at FS 8 and FS 6 on July 2, 2012 with a Milwaukee SM600 

DO meter (Milwaukee Instruments, Inc., NC, USA) when both RWH systems were full with 

rainwater. At FS 8, the entire column of water had DO concentrations at or below 1.5 ppm, 

indicating anaerobic conditions. In contrast, the system at FS 6 had DO concentrations 

between 2 ppm and 5 ppm, except for the bottom 11-12cm, where DO was below 1 ppm. 

Anaerobic conditions prevent the oxidation of reduced nitrogen forms. As NO3 is the only 

form of nitrogen that can be completely removed from the system (via denitrification), this 

severely limits the ability of the system to attain substantial nitrogen removal. The NO3 that 

enters the system in roof runoff may be denitrified and released as N2 gas, or reduced to 

other forms, but there is not enough data collected from this study to determine which of 

these was occurring.  

 

Water usage among the 4 stations varied considerably during the monitoring period, with 

8,320 L, 16,660 L, 27,000 L and 49,450 L extracted from the RWH systems at stations 6, 8, 24 

and 28, respectively. Although FS 8 had a greater total usage than FS 6, the majority of this 

water was extracted during 3 individual events when the system was drained for 

maintenance. Outside of those events, very little water was used at FS 8, which the authors 

believe contributed to anaerobic conditions within the storage tank and hindered nitrogen 

removal. The time passed since the last extraction and the volume extracted from the 

system during the last use were calculated for each set of samples and compared to the 

nutrient and sediment concentrations. As time since the last use increased, TSS 

concentrations increased and NO2+NO3 concentrations decreased. In contrast, as the total 

volume of water extracted during the last use increased, TSS concentrations decreased, 

NO2+NO3 concentrations increased and TAN concentrations decreased. These results 

suggest that increasing the volume and frequency of water use from a system leads to 
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cleaner water with lower TSS concentrations. Furthermore, they support the idea that the 

less a system is used, the greater chance there is for anaerobic conditions to develop and 

reduced nitrogen forms to accumulate. This can lead to undesirable odor to the stored 

water, which was observed frequently at FS 8, and can also limit the amount of nitrogen 

removal performed by the system.  

 

3.4.3 Comparing Roof and Spigot Concentrations 

Roof concentrations were significantly greater than spigot concentrations for all 

constituents except TSS, indicating the ability of the RWH system to significantly lower 

concentrations of incoming roof runoff (Table 3.3). Median concentration reductions 

between roof and spigot samples were 15.4%, 0%, 44.8%, 50.0%, 47.9% and 62.1% for TP, 

TSS, TN, TKN, NO2+NO3 and TAN, respectively. Roof concentrations were significantly 

greater than 2-day concentrations for all constituents except TSS, with reductions of 37.3%, 

7.6%, 50.1%, 55.3%, 67.6% and 57.8% for TP, TSS, TN, TKN, NO2+NO3 and TAN, respectively. 

Thus, it can be concluded that much of the TP and TN removal within RWH systems occurs 

shortly after the storm event, although removal continues over at least a 2-day period 

following the event. Phosphorus is often absorbed to particulates, which are removed via 

sedimentation within the storage tank. The particulate matter entering the storage tank is 

likely very fine (larger particles are filtered out by the downspout filters) and thus settles 

out over an extended period of time, resulting in increased removal in the days after a 

storm. Reductions in nitrogen species also occur for several days after a storm event, as 

indicated by significant reductions in the 2-day period following a storm. This was not 

surprising, as nitrogen removal mechanisms within RWH systems are predominantly 

chemical and biological processes (as opposed to physical removal of TP). The relatively low 

TSS concentrations entering the storage tank are probably irreducible (Schueler and Holland 

2000). The use of additional filtration components prior to the extraction spigot would likely 

result in lower spigot TSS concentrations and even higher reductions for nutrient species. 



 

 

 

60 
 

Spigot and 2-day concentrations of TAN were significantly lower than roof concentrations at 

FS 6 and FS 24; however, this was not the case at FS 8 and FS 28. At FS 8, this was due to the 

increased organic matter input and anaerobic conditions, as discussed previously. At FS 28, 

there was a brief period of time during which the pump used to extract water was broken. 

Consequently, the system exhibited the same characteristics as FS 8, including higher TKN 

and TAN concentrations, lower NO2+NO3 concentrations and anaerobic conditions. When 

anaerobic conditions are present within the storage tank, several processes may influence 

the concentrations of nitrogen species within the tank: denitrification, dissimilatory nitrate 

reduction to ammonium (DNRA) and the conversion of particulate organic nitrogen to 

dissolved organic nitrogen to ammonium. Denitrification results in the conversion of NO3 to 

N2 gas, which is then released into the atmosphere. During DNRA, nitrogen in the form of 

nitrite/nitrate is reduced to ammonia/ammonium by anaerobic bacteria (Reddy and 

DeLaune 2008). As the sampling methods for this study did not include a measure of 

particulate nitrogen, the authors cannot conclude with certainty which of these processes 

was occurring at FS 8 and FS 28. Because TN spigot concentrations were not significantly 

lower at FS 8 and FS 28 when compared to those of FS 6 and FS 24, it can be concluded that 

nitrogen removal did not increase when anaerobic conditions were present.  In contrast, 

the findings presented herein suggested that under anaerobic conditions nitrogen may have 

been introduced to the system from organic matter that had collected on the bottom of the 

storage tank. Thus, the lack of water use and the resulting anaerobic conditions within the 

RWH storage tank should be avoided whenever possible, as this provides no nitrogen 

removal benefit but does lead to undesirable water odor and color and a possible increase 

in nitrogen concentrations.  

 

Spigot TN values for all stations were lower than median effluent concentrations produced 

from bioretention cells (1.0 mg/L), filter strips (1.39 mg/L), stormwater wetlands (1.24 

mg/L) and vegetated swales (1.02 mg/L) (Sharkey 2006; Hathaway et al. 2007; Johnson 
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2007; Tucker 2007; Hunt et al. 2008; Line et al. 2008; Pekarek 2008; Passeport et al. 2009; 

Hathaway and Hunt 2010; Brown and Hunt 2011a; Brown and Hunt 2011b; Luell 2011; Luell 

et al. 2011; McNett et al. 2011; Winston et al. 2011; Brown and Hunt 2012; Knight et al. 

2013). All 2-day median TN concentrations fell within the range of concentrations measured 

for these SCMs. All median spigot and 2-day concentrations for TP were lower than median 

SCM effluent concentrations (bioretention, 0.105 mg/L; filter strip, 0.19 mg/L; stormwater 

wetland, 0.12 mg/L; vegetated swale, 0.15 mg/L) (Hunt et al. 2006; Sharkey 2006; Hathaway 

et al. 2007; Johnson 2007; Tucker 2007; Hunt et al. 2008; Line et al. 2008; Pekarek 2008; 

Passeport et al. 2009; Hathaway and Hunt 2010; Brown and Hunt 2011a; Brown and Hunt 

2011b; Luell et al. 2011; McNett et al. 2011; Winston et al. 2011; Brown and Hunt 2012; 

Knight et al. 2013). Additionally, all median TSS concentrations measured at the fire stations 

were well below the median SCM effluent concentrations reported by previous studies 

(bioretention, 12.5 mg/L; filter strip, 24 mg/L; stormwater wetland, 18 mg/L; vegetated 

swale, 20 mg/L) (Hathaway et al. 2007; Johnson 2007; Hunt et al. 2008; Line et al. 2008; 

Hathaway and Hunt 2010; Brown and Hunt 2011a; Brown and Hunt 2011b; Luell 2011; Luell 

et al. 2011; Winston et al. 2011; Knight et al. 2013). In summary, water produced by the 

RWH systems was of similar quality when compared to other SCMs regarding TN 

concentrations, but was of higher quality in terms of TP and TSS than other SCMs.  
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Table 3.3 Significant relationships among roof, spigot and 2-day concentrations for 
individual stations and all stations analyzed as one data set, as determined via statistical 
analyses. 

  TP TSS TN TKN NO2+NO3 TAN 

A
LL

 Roof > 
Spigot 

  
Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

FS
 6

 Roof > 
2-day 

  
Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

Spigot > 2-day 

FS
 8

 

    
Roof > Spigot 
Roof > 2-day 

Spigot > 2-day 

Roof > 2-day 
Spigot > 2-day 

Roof > Spigot 
Roof > 2-day 

  

FS
 2

4
 

Roof > 
Spigot 

Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

FS
 2

8
 

Roof > 
Spigot 

  
Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

Roof > Spigot 
Roof > 2-day 

  

 

 

3.4.4 Implications for Stormwater Management via RWH 

DeBusk et al. (2013) recommended that secondary objectives, such as stormwater 

management, accompany the implementation of RWH in humid regions like North Carolina 

to enhance their economic and environmental benefits. RWH systems can successfully 

mitigate runoff volumes and peak flows and, consequently, reduce the loads of pollutants 

introduced to a stormwater system (Hermann and Schmida 1999; DeBusk et al. 2013; 

Brodie 2008). The findings presented herein contend that stormwater benefits associated 

with RWH are not only limited to load reductions via water diversion, but extend to 

concentration reductions as well for nitrogen and phosphorus species. The data herein 
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allow for the establishment of RWH event median concentrations (EMCs), which compare 

favorably to median effluent concentrations reported for other SCMs, and can be used in 

conjunction with volume reductions to compute SCM load reductions. 

 

3.5 Conclusions 

The results of this study demonstrate that RWH systems can effectively reduce 

concentrations of TP and nitrogen species. The lack of use of stored water was found to 

facilitate anaerobic conditions within the storage tank at 2 of the studied locations, which 

hindered nitrogen removal and gave water an offensive odor. Frequent use of the rainwater 

can increase aeration within the system and result in a system that can oxidize and remove 

incoming nitrogen more efficiently. While 3 of the 4 systems studied failed to provide 

significant TSS reductions due to irreducible concentrations, additional filtration 

components can be used to increase TSS removal. When designed to maximize water use, 

as discussed by DeBusk et al. (2013), the pollutant removal provided by these systems can 

be used as a development’s stormwater management strategy. 
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4. ENHANCING STORMWATER MANAGEMENT BENEFITS OF RAINWATER HARVESTING 

VIA INNOVATIVE TECHNOLOGIES  

4.1 Abstract 

Rainwater harvesting (RWH) systems provide the dual benefits of (1) acting as alternate 

water supply sources and (2) providing detention/retention of roof runoff that would 

otherwise become stormwater runoff. However, storage for water supply and storage for 

runoff detention are sometimes opposing functions and require designers and operators to 

make trade-offs between the two. That is, for a RWH system to detain water, there must be 

room available in the rain tank for runoff. While a full rain tank is ideal for water 

conservation (providing water when it is needed), a full rain tank cannot provide the 

stormwater-management benefit of detention. The purpose of this study is to document 

how well RWH systems serve as both water conservation practices and stormwater 

management practices when equipped with innovative technologies. Two locations in 

Craven County, North Carolina, USA (Tryon Palace and North Carolina Department of 

Transportation (NCDOT)) had RWH systems installed to capture roof runoff and store it for 

nonpotable uses. Tryon Palace and NCDOT each employed an innovative method of 

increasing the stormwater management potential of the system: an active release 

mechanism and a passive release mechanism, respectively. A passive release mechanism 

creates a dual-purpose system by dividing a storage tank into two portions: the detention 

storage volume, which is slowly drained between storm events, and the retention storage 

volume, which is retained for use. The active release mechanism includes a real-time 

control (RTC) device that automatically releases harvested water based on real-time 

forecasted precipitation and current conditions within the RWH system. Despite modest 

usage of harvested rainwater, both systems provided substantial stormwater mitigation. 

The passive release system averaged 82% and 90% volume and peak flow reductions, 

respectively, while the system utilizing the active release mechanism reduced volumes and 
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peak flows by an average of 91% and 93%, respectively. Both active and passive release 

RWH systems exhibit great promise in revolutionizing rainwater harvesting systems 

utilization to meet both potable water conservation and stormwater management goals. 

 

4.2 Introduction 

Rainwater harvesting (RWH) systems are unique in their ability to provide the dual benefits 

of (1) acting as alternate water supply sources and (2) providing detention/retention of roof 

runoff that would otherwise become stormwater runoff (Basinger et al. 2010; Zhang et al. 

2009a; Ahmed et al. 2011; Fewkes and Warm 2000; Guo and Baetz 2007; Kim et al. 2012). 

To date, RWH has been viewed and promoted solely as a means of conserving potable 

water. RWH heretofore has been minimally considered as a stormwater quantity control 

device. The ability of a RWH system to capture runoff typically solely relies on the user to 

extract water from the tank (i.e. to create available storage in the tank for runoff capture). 

While a full tank is ideal for water conservation (providing water when it is needed), a full 

tank cannot provide the stormwater-management benefit of detention.  

 

Despite the increased societal emphasis on potable water conservation over the past few 

years due to substantial droughts, Jones and Hunt (2010) showed that usage of harvested 

water from many North Carolina (NC) RWH systems may be much less than anticipated. The 

3 RWH systems studied by Jones and Hunt (2010) remained full during the majority of the 

monitoring period, providing very little stormwater mitigation. Despite the addition of 

system automation and backup water supply sources as a means of increasing usage from 

RWH systems, the seasonal, discretionary nature of water demands for many NC systems 

still result in minimal stormwater management benefits (DeBusk et al., in press). 

Consequently, DeBusk et al. (in press) concluded that secondary objectives, such as 

stormwater management, need to accompany the implementation of RWH in humid 

regions like North Carolina to enhance their economic viability and environmental benefits. 
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Two innovative methods are presented herein as a means of enhancing the stormwater 

management benefits of RWH systems while preserving their water conservation benefits: 

passive and active release mechanisms.  A passive release mechanism creates a dual-

purpose system by dividing a storage tank into two portions, designated as the detention 

storage volume and retention storage volume (Figure 4.1) (Hermann and Schmida 1999; 

Brodie 2008; Reidy 2010). The retention storage volume comprises the lower portion of the 

storage tank and water is extracted (typically pumped) from this section to meet user 

demands. The detention storage volume comprises the upper portion of the storage tank 

and serves as a temporary holding space for runoff drained by a passive release orifice that 

allows stored runoff in the detention portion to slowly dewater between storm events. 

With this design the detention storage is often completely emptied prior to subsequent 

events, allowing the RWH system to reliably capture runoff from a large fraction of rain 

events while still preserving a water source for users.  

 

An alternative to the passive release approach is an active release design, which includes a 

real-time control (RTC) device that automatically releases harvested water based on 

forecasted precipitation and water level within the RWH system. Using forecasted 

precipitation amounts from the National Weather Service (NWS), the RTC device triggers 

the system to slowly release the volume of water needed to ensure that the forecasted 

amount of rainfall is captured. Water is only released if there is insufficient storage capacity 

within the tank to accommodate the forecasted precipitation event; thus, the water 

conservation aspect of the systems is preserved. Furthermore, drawdown occurs prior to 

the storm so runoff introduced to the storm drainage system during the precipitation event 

is greatly reduced or eliminated. The concept of RTC devices is not novel, as these devices 

have been used extensively to address combined sewer overflow (CSO) and sanitary sewer 

overflow (SSO) issues, both in the US and in Europe (Dirckx et al. 2011; Stinson and 
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Vitasovic, 2006); however, the application of these devices for RWH systems, to the 

authors’ knowledge, is unprecedented.  

 

 

 

Figure 4.1 Schematic of a dual-purpose rainwater harvesting system (modified from Reidy 
(2010)). 
 

 

Research on the hydrologic aspects of rainwater harvesting has expanded substantially in 

recent years, but the majority of these studies focus on the use of RWH as a method of 

conserving potable water (Ghisi et al., 2007; Jones and Hunt, 2010; Li et al., 2010; DeBusk et 

al., 2014). Limited peer-reviewed studies have been conducted specifically on the 
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stormwater management aspects of RWH and on the effect of passive or active release 

mechanisms on RWH system performance. Thus, a large gap exists in current scientific 

knowledge regarding potential stormwater management benefits of RWH systems and the 

effect of implementing passive or active release mechanisms. The purpose of this study was 

to document how well RWH systems can serve as both water conservation practices and 

stormwater management practices when equipped with each of these innovative 

technologies. Specifically, the objectives of this study were to evaluate and compare each 

release mechanism to determine: 

1. Stormwater capture and mitigation efficiency, including volume and peak flow 

reductions, 

2. The extent to which potable water conservation demands were met, and 

3. Cost effectiveness and associated economic considerations. 

 

4.3 Materials and Methods 

RWH systems were installed at Tryon Palace and a NC Department of Transportation 

(NCDOT) maintenance facility, both located in New Bern, NC (Figure 4.2). Located in the 

coastal plain region of the state, this area experiences a humid subtropical climate and 

receives an average of 1,387 mm of rainfall per year (SCO, 2013). Each system employed an 

innovative method of increasing the stormwater management potential of the system:  The 

passive release design approach was included in the system at NCDOT and the active 

release mechanism was implemented at Tryon Palace. The characteristics of each system 

are summarized in Table 4.1.  
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Figure 4.2 Location of rainwater harvesting systems installed in New Bern, North Carolina. 
 

 

Table 4.1 Characteristics of rainwater harvesting systems installed at a NCDOT facility and 
Tryon Palace in New Bern, North Carolina. 

 NCDOT 
(35.1333992˚N, 
77.074719˚W) 

Tryon Palace 
(35.107170˚N, 
77.044713˚W) 

Rain Tank Volume (L) 
8,100 

(detention volume = 2,200L, 
retention volume = 5,900L) 

12,300 

Contributing Drainage Area 
(m2) 

167 290 

Release Mechanism 
Employed 

Passive 
(3.1mm diameter orifice,     
3-day drawdown target) 

Active 

Designated Uses 
Streetsweeping, equipment 

filling & washing 
Irrigation of historic 

gardens 

Monitoring Period 
August 13, 2011 - 

November 14, 2012 
October 1, 2011 -             
January 1, 2013 

Monitoring Period Duration 
(days) 

459 446* 

  *This value includes a 90-day ‘offline period’ that is described in section 4.4. 
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4.3.1. NCDOT Maintenance Facility: Passive Release Mechanism 

A road salt storage building at the NCDOT facility was selected for the implementation of a 

RWH system. Runoff from 167m2 of rooftop is conveyed to a 8,100-L polyethylene plastic 

storage tank. A Leader EBS 800 0.373 kW pump (Leader Pumps Group S.p.A., Bientina, Italy) 

was installed to withdraw water from the storage tank. The harvested rainwater was used 

for washing road maintenance equipment and filling water tanks on NCDOT trucks and 

equipment.  

 

The location of the passive release orifice - 1.35m above the invert of the rain tank - was 

designed to store 2,200 L of harvested rainwater. This volume, referred to as the detention 

storage volume, corresponded to that generated by a 1.2-cm rainfall event. This was 

approximately 30% of the volume that would be generated by the water quality volume 

precipitation event for New Bern (3.81 cm), as defined by the NC Department of the 

Environment and Natural Resources (NCDENR) (NCDENR, 2007). The diameter of the orifice 

(3.1 mm) was chosen to allow the detention storage volume to be released over a 3-day 

period, per NCDENR (2007) requirements. The orifice was covered by a stainless steel mesh 

filter to prevent it from being clogged by debris. When the tank was drained to the invert of 

the orifice, approximately 5,900L remained in the tank for use by NCDOT employees. This 

volume was designated as the retention storage volume. Water released via the orifice and 

the system’s overflow pipe was directed to an existing infiltration area.  

 

Rainfall data were measured at the site using a Davis tipping bucket rain gage and data 

logger (Davis Instruments Corp., Hayward, CA, USA). Water level within the storage tank 

was recorded every minute by a HOBO Pressure Transducer Logger Model H07-002-04 

(Onset Computer Corp., MA, USA), and rainfall depth and intensity were recorded via a 

Davis tipping bucket rain gage (Environment Information Technology, Alstonville, Australia). 

Overflow from the rain tank was conveyed to a weir box that was equipped with a stilling 
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basin and a 22.5˚ v-notch weir, and an ISCO 4210 sampler (Teledyne Isco, Inc., Lincoln, 

Nebraska) with a bubbler level flow module recorded water levels above the weir crest 

every minute. Water levels were then converted to a flow rate using Flowlink™ software. 

Finally, an in-line water meter (Daniel L. Jerman Co., NJ, USA) was used to measure the 

cumulative volume of water withdrawn from the system by NCDOT employees. 

 

4.3.2 Tryon Palace: Active Release Mechanism 

A second RWH system was installed at the Tryon Palace Way Station Building in New Bern, 

NC. The system captured runoff from 290m2 of rooftop and stored it in five 2,460-L plastic 

tanks (for a total storage volume of 12,300L). The tanks were hydraulically connected and 

thus acted as a single system. Water was extracted from the tanks using a Leader EBS 800 

0.373 kW pump, which was connected to two freeze-less yard hydrants (Leader Pumps 

Group S.p.A., Bientina, Italy). Tryon staff used collected rainwater to irrigate the adjacent 

Carraway Gardens, a footprint of approximately 465m2. Overflow from the rain tank 

drained to a nearby rain garden, facilitating infiltration and treatment of the water.  

The Tryon Palace system was equipped with an active release mechanism. Water level in 

the storage tanks was monitored using a WIKA® LS-10 submersible pressure transducer with 

4-20 mA output (WIKA, Lawrenceville, GA, USA).  This transducer was calibrated by the 

manufacturer to establish a linear stage-storage relationship between the analog output 

signal and the water level.  Manual measurements were taken in the field to verify this 

relationship.  The volume of water pumped from the rain tanks for on-site use was 

monitored using an Omega® FTB8010B-PT water meter with pulse output (Omega, 

Stanford, CT, USA).  The water meter sent a digital pulse for every 3.785 L of water. This 

pulse rate was field verified by pumping water through the meter and comparing the 

reading on the meter’s analog display to the pulse count received by an ioBridge® controller 

(described in a later section). In addition to the water balance data collected at the rain 
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tanks, a Davis tipping bucket rain gage equipped with a Davis data logger was used to 

measure and record rain data at the site (Davis Instruments Corp., Hayward, CA, USA). 

Both the pressure transducer and the water meter were connected to an internet-enabled 

IO-204-PRO Monitor and Control Module from ioBridge®, which was mounted in a 

waterproof enclosure at the site (ioBridge, Marlborough, MA, USA).  The controller received 

data in real-time and submitted the information in one-minute intervals to a Microsoft 

Windows Azure Application (Microsoft, Redmond, WA, USA).  The application used the 

water level measurements received from the controller to calculate the volume of water in 

the rain tanks at a given time based on the stage-storage relationship for the rain tanks.   

In addition to receiving data from the monitoring devices, the controller was also used to 

actuate a PlastoMatic® electrically-actuated solenoid valve to control release water from 

the rain tanks through an outlet at the bottom of the tank (low-level outlet) (Plast-O-Matic 

Valves, Inc., Cedar Grove, NJ, USA).  The Windows Azure Application received precipitation 

forecast data from the NWS.  The application married these data with the real-time data 

collected on-site regarding tank-stored volume of water to make decisions about when and 

how much to dewater the tanks in advance of rain events.  If the forecasted storm volume 

exceeded the available storage volume, the controller would create storage by 

automatically opening the valve on the low-level outlet and discharging water from the rain 

tanks until the available volume was adequate to capture the anticipated storm.  The 

volume of water released through the low level outlet was monitored based on changes in 

the water level in the rain tanks. Water released from the system drained to the same rain 

garden as the overflow, allowing for water quality improvement and infiltration. As with the 

NCDOT system, overflow was monitored every minute as it flowed over a 22.5˚ V-notch 

weir coupled with a Teledyne ISCO 4210 sampler with bubbler level module (Teledyne Isco, 

Inc., Lincoln, Nebraska).  
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A defined volume of water remained in the tank regardless of the predicted rainfall amount 

to ensure that there was sufficient water to meet the users’ demand in case rain did not 

occur as expected. The maximum amount of water released by the system was equivalent 

to the volume of water associated with the 3.81cm water quality event (as defined by 

NCDENR), or approximately 11,000L. This left approximately 1,500L in the system as reserve 

water.  

 

4.3.3 Data Analyses 

Precipitation data recorded by the tipping bucket rain gages were used to determine total 

rainfall depth, duration, maximum 5-minute rainfall intensity and antecedent dry period for 

each storm event at each site. An individual storm event was defined as having 0.254 cm of 

rainfall or greater and an antecedent dry period of at least 6 hours.  

 

Absolute pressure data recorded by pressure transducers within the tank were corrected to 

gage pressure by subtracting atmospheric pressure and was used to determine tank stage. 

For the NCDOT site, geometric characteristics of the storage tank were used to convert the 

water level data to volume data. Due to the complex geometry of the storage tanks at Tryon 

Palace, and the fact that there were multiple tanks hydrologically linked together, a stage-

storage relationship was developed experimentally. To define the stage-storage 

relationship, small increments of known volumes of water were added to the system and 

the resulting pressure data recorded. A trendline was fitted to these data, thus allowing the 

conversion of water level data to rain tank volume.  

 

The volume of water entering the RWH system was determined by analyzing water 

level/volume data from the pressure transducers. For overflow volumes, the bubbler level 

sensor measured and recorded the water level in the weir box stilling well at 1-minute 

intervals and flow rates were calculated based on the stage-discharge relationship for the V-
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notch weir. The flow rates were then multiplied by the time interval between data points to 

calculate volume data. Passive and active drawdown volumes and times were determined 

using the water level/volume data from the tanks.  

 

In some cases drawdown occurred during a rainfall event. To determine the volume of 

water released from a system during a storm event, a mean drawdown rate was calculated 

based upon collected data (0.0072 L/s and 0.0053 L/s for NCDOT and Tryon Palace, 

respectively), and this mean value was assumed to represent drawdown for each storm 

event. For each event, this rate was multiplied by the duration of rainfall/release. Volume 

reductions for each storm event were calculated as: 

VRx=
Voverflowx

Voverflowx  Vinx
                   (1) 

where  VRx = volume reduction for storm x (%), 

 Vin,x = runoff volume captured within the tank for storm x (L), and 

 Voverflow,x = overflow volume leaving the tank for storm x (L). 

 

Runoff peak flow rates were calculated for each storm event using the Rational equation: 

 =
CIA

360
          (2) 

where  Q = peak runoff rate (m3/s), 

 C = runoff coefficient (dimensionless),  

 I = rainfall intensity (mm/hr), and 

 A = drainage area (ha).  

 

The time of concentration for roof areas at both sites was less than 5 minutes; thus, the 

maximum 5-minute rainfall intensity for each storm was used to compute the peak runoff 

rate. The runoff coefficient used was 0.9, which corresponded to an asphalt shingle roof 

(Farreny et al. 2011). Outflow peak flow rates were taken as the maximum overflow or 
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drawdown rate recorded for a given storm event. Peak flow reductions were then 

calculated for each storm event as the percent difference between the inflow and outflow 

peak flow rates.  

 

4.3.4 Statistical Analyses 

As data did not follow a normal distribution nor were they able to be transformed into a 

normal distribution, nonparametric statistical tests were used in this analysis. The sign test 

was used to compare inflow and outflow volumes and peak flow rates for each of the RWH 

systems. The Wilcoxon Signed Rank test was not used due to a lack of symmetry in the data 

distributions. The Wilcoxon Rank Sum test was used to compare peak flow and volume 

reductions between the two sites. An alpha value of 0.05 was used to identify significant 

differences, and all analyses were performed using the statistical software R, version 2.15.0.  

 

 

4.4 Results  

4.4.1 NCDOT Maintenance Facility: Passive Release Mechanism 

Hydrologic monitoring at the NCDOT site began on August 13, 2011 and ended on 

November 14, 2012 (Figure 4.3). A total of 90 storm events occurred at the NCDOT facility 

during the 459-day monitoring period, totaling 1,443 mm of rainfall and generating 

approximately 183,600 L of runoff. Twenty-six of these events (29%) resulted in overflow 

leaving the RWH system; the remaining events were fully captured.  Approximately 136,000 

L (74%) of the runoff was captured by the RWH system while 47,530 L (26%) bypassed the 

system as overflow, resulting in significant volume reductions (Table 4.2) (p=2.22ᴇ-16).  The 

median peak flow rate of runoff entering the RWH system was 0.92 L/s, while the median 

rate of water leaving the system (including both overflow and passive release) was 0.01 L/s. 

The RWH system significantly reduced peak flows (p<2.2ᴇ-16) for storm events with a mean 

reduction of 90%.  
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Figure 4.3 Rain tank volume and hourly rainfall measured at the NCDOT site from 
September 1, 2011 through November 14, 2012. 
 

 

Of the 136,000 L captured by the system, 99,310 L (73%) were temporarily stored and then 

released via the passive release mechanism. The median drawdown duration was 1.58 days 

and water was released at a median rate of 0.0072 L/s.  NCDOT staff extracted water from 

the system 51 times throughout the monitoring period, accounting for 59,740 L (28%) of the 

captured runoff volume. The deficit volume, or volume of water needed by NCDOT that 

could not be met via rainwater, could not be determined due to the lack of a backup water 

supply; however, 44 of the 51 demand events (86%) were fully satisfied with harvested 

rainwater. The remainder exceeded the available system volume. Consequently, the RWH 
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system was empty for 13.5 days of the monitoring period, resulting in a time-based dry rain 

tank frequency of 3%.  

 

Mun and Han (2011) introduced a metric that evaluates the efficiency with which harvested 

rainwater is used from a system. They define rainwater use efficiency as the ratio of the 

volume of harvested rainwater used to meet demands to the total volume captured. A 

higher value indicates a higher usage efficiency for a system. The NCDOT system achieved a 

rainwater use efficiency of 44%. 

 

 

Table 4.2 Performance summary for RHW systems employing passive and active release 
mechanisms (NCDOT and Tryon Palace, respectively). 

 

NCDOT 

Tryon Palace 

(excluding offline 

period*) 

Tryon Palace 

(including offline 

period) 

Overall Volume Reduction 74% 86% 45% 

Mean Storm Peak Flow 

Reduction 

90% 93% 63% 

Overflow Frequency 29% 18% 43% 

Dry Rain Tank Frequency 3% 0% 19% 

Demand Events Met 86% 100% - 

Rainwater Use Efficiency 44% 37% - 

*Offline period: May 24, 2012 – August 20 2012 

 

 

4.4.2 Tryon Palace: Active Release Mechanism 

Hydrologic monitoring at the Tryon Palace site began on October 1, 2011 and ended on 

January 1, 2013; however, back-to-back system problems resulted in a 90-day period during 
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which the system was offline (Figure 4.4).  The pressure transducer measuring water level 

within the system failed on May 24, 2012, rendering the logic of the RTC system ineffective 

as there was no live rain tank volume data. Shortly thereafter, a hole, approximately 5 cm in 

diameter, appeared in one of the storage tanks. It is believed that an animal, likely a 

squirrel, created this hole due to being trapped between the storage tank and the adjacent 

wall. Both of these issues were rectified and the system resumed operation on August 20, 

2012. Data analyses were conducted for two datasets, the first excluding the period during 

which the system was offline and the second including the offline period. While the 

analyses excluding the offline period give a more accurate indication of how the active 

release mechanism performs, it is unreasonable to assume a technologically complex 

system will operate correctly 100% of the time; therefore, results from both sets of analyses 

are presented herein.  

 

Excluding the 90-day offline period, 51 storm events occurred during the monitoring period, 

producing 757.4 mm of rainfall and generating approximately 114,750 L of runoff. Runoff 

volume was reduced by 86%, with 14% bypassing the system as overflow (Table 4.2). 

Incoming runoff had a median peak flow rate of 1.24 L/s and the system reduced storm 

peak flows by a mean reduction of 93%.  

 

When including the 90-day offline period, the number of monitored storm events increased 

to 84 with a total rainfall of 1,248 mm generating 235,893 L of runoff. Approximately 55% 

(129,350 L) of this runoff bypassed the system due to the system being offline (and, thus, 

remaining full) during a large number of the storm events. Consequently, the overall volume 

reduction of the system dropped to 45%, and outflow volumes were not significantly 

different than inflow volumes (p=0.1). Peak flow rates were still significantly different 

(p=3.5ᴇ-8), but the mean reduction dropped to 63%. 
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Figure 4.4 Rain tank volume and hourly rainfall measured at the Tryon Palace site from 
October 1, 2011 until January 1, 2013. 
 

 

Water was extracted from the system 34 times during the monitoring period, for a total of 

36,560 L. All of these events were satisfied with harvested rainwater and the system was 

never emptied, resulting in a dry rain tank frequency of 0%. The rainwater use efficiency 

(Mun and Han 2011) for the Tryon Palace system was 37%. It is important to note, however, 

that the offline period occurred during the summer months when maximum usage would 

have been expected due to irrigation needs. As the RWH system was not used by Tryon 

Palace staff during this period, it is unknown how well demand would have been met if the 

system was operating as intended (hence omission of an entry in Table 4.2 for ‘demand 

events met’ and ‘rainwater use efficiency’).  
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Approximately 88,630 L were released prior to precipitation events via the active release 

mechanism. The average duration of a release event was 3.16 hours, with water released at 

an average rate of 0.0053 L/s. As there was no release during the offline period, these 

values remained the same for both sets of analyses.  

 

4.5 Discussion  

4.5.1 Stormwater Mitigation  

As shown in Figure 4.3, withdrawal from the NCDOT system was sporadic and 

unpredictable. During the beginning and end of the monitoring phase very little water was 

used, resulting in a predominantly full storage tank. At Tryon Palace, water usage was 

seasonal and there was little need for harvested rainwater during the non-growing season. 

DeBusk et al. (in press) concluded that systems with demand patterns similar to these, 

without the incorporation of appropriate design modifications, provide minimal hydrologic 

benefits with respect to stormwater runoff; thus, these systems were ideal candidates for 

incorporating innovative release technologies.   

 

The passive release mechanism provided substantial stormwater benefits despite its 

simplicity. Approximately 99,310 L (46%) of the incoming runoff volume was captured and 

released via this mechanism, resulting in volume and peak flow reductions of 82% and 90%, 

respectively. The active release mechanism (excluding the offline period) provided greater 

stormwater benefits, with volume and peak flow reductions of 91% and 93%, respectively. 

Additionally, overflow frequencies for both systems were far lower than values reported for 

similar systems, which ranged from 33%-57% in non-arid climates (DeBusk et al., in press, 

Zhang et al. 2009b).  

 

When comparing the performance of the NCDOT and Tryon systems, the active release 

mechanism resulted in higher peak flow reductions that the passive release system. This 



 

 

 

86 
 

was true for the datasets including the offline period and excluding it.  However, when 

comparing volume reductions achieved by the two systems, only the Tryon data excluding 

the offline period yielded substantially higher volume reductions than the NCDOT system.  

This is an important finding, as it indicates that frequent system failure functionality 

jeopardizes the ability of the system to provide superior stormwater mitigation when 

compared to a system employing a passive release mechanism. Thus, maintenance and 

timely correction of system problems is essential to maximize runoff volume and flow 

reductions. 

 

While mean peak flow reductions give an overall indication of system performance, 

stormwater regulations often require management practices to meet peak flow rates for 

storms of a given recurrence interval. New developments in the Neuse River Basin region of 

North Carolina (which encompasses both study sites) cannot exceed the pre-development 

peak flow rates produced by the 1-year, 24-hour storm, which equates to a rainfall depth of 

89 mm over a 24-hour period for New Bern, NC (NCDENR, 2007). This depth is larger than 

those measured for all but one of the storm events that occurred during the monitoring 

period at the NCDOT site, and larger than measured depths for all monitored storms at 

Tryon Palace. Thus, the mean peak flow reduction reported for each of these systems gives 

little indication of how the systems can be used to meet regulatory requirements.  

 

A 6-hour storm occurring on May 5, 2012 produced a rainfall depth of 64 mm and 75 mm at 

the NCDOT and Tryon sites, respectively. While the duration of this storm was much shorter 

than 24 hours, the rainfall depths are similar to the 89 mm depth for the 1-year, 24-hour 

storm. The NCDOT RWH system was able to reduce peak flow rates of roof runoff from 9.17 

L/s to 2.0 L/s, or by approximately 78%. The Tryon Palace RWH system was able to capture 

the entire volume of runoff generated by this event due to substantial usage on 4/27/12 

and 5/1/12, which resulted in a peak flow reduction of 100%. As the ADP for the May 5th 
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storm event was approximately 13 days, the detention volume of the NCDOT system had 

time to fully drain prior to the storm event. Additionally, NCDOT employees had extracted 

enough water to create sufficient storage space within the tank to capture roughly 70% of 

the runoff volume. Had usage not occurred and only the detention volume been vacant due 

to release by the passive release mechanism, it is likely that the peak flow reduction 

provided by the system would decrease. The Tryon Palace system had also been drawn 

down during the antecedent period via extraction by users, as opposed to release by the 

RTC device; however, the runoff volume generated by the storm (3,250 L) was less than the 

total volume that could be released by the system prior to a rain event (11,000 L). Thus, the 

ability of the system to mitigate peak flow was not dependent upon user extraction. These 

results indicate that both systems were able to successfully reduce peak flow rates for 

storms similar to the 1-year, 24-hour storm, though the peak flow mitigation provided by 

the NCDOT system was dependent upon the ADP and the extraction of harvested water by 

system users. For this system to reliably meet peak flow reduction requirements, a 

consistent, dedicated demand for harvested rainwater must accompany the passive release 

mechanism. 

 

While the inclusion of a passive release mechanism increases the runoff mitigation potential 

of a RWH system, there is one aspect of the mechanism’s design that impedes optimal 

mitigation of incoming runoff. The passive release design inherently ensures release of the 

detention storage volume as soon as the water level within the system rises above the 

passive release orifice. Thus, release may begin before a rain event concludes or may still be 

occurring when the next rain event begins. While the release rate of the orifice is often 

negligible compared to the overflow rate of the system (which is what theoretically would 

occur if the release orifice was not present), there is still a contribution to stormwater flows 

during wet weather which, in some cases, can be cumulatively substantial.  
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The NCDOT site was designed to release the detention storage volume within 3 days, per NC 

stormwater regulations (NCDENR, 2007). In practice, the full detention storage volume 

emptied in approximately 2.6 days at a median flow rate of 0.0072 L/s. While this met state 

stormwater requirements, the system sometimes did not have the full detention storage 

volume available for the next precipitation event during periods of frequent rainfall. In fact, 

of the 72 drawdown events that occurred at the NCDOT site, 42 (58%) had not concluded 

prior to the beginning of a subsequent rainfall event. Ultimately, the NCDOT system 

released approximately 24,400 L during rainfall events, which equated to 25% of the total 

volume of water released via the passive release mechanism. 

 

There was considerable variability in performance of the NCDOT system during various 

parts of the monitoring period. As shown in Figure 4.3, the frequency of rainfall events was 

much higher in July, August and September 2012 (hereafter referred to as the ‘wet period’) 

than in other parts of the monitored period (‘dry periods’). During the dry periods, the 

antecedent dry period (ADP) for rainfall events averaged 5.04 days while that of the wet 

period was 2.13 days. As the ADP during the dry period was much greater than the average 

duration of drawdown for the system, the stormwater mitigation was consequently much 

greater.  During the wet periods, however, the average ADP was less than the average 

duration of drawdown, thus decreasing stormwater mitigation. Figure 4.5 shows a typical 

series of rainfall events during the wet period. Subsequent rainfall occurred before the full 

detention storage volume had been released, thus generating overflow for storms (the 10.2 

mm, 3.6 mm and 4.6 mm storms shown in Figure 4.5) that otherwise would have been fully 

captured. The average peak flow and volume reductions for storm events during the dry 

period were 94% and 81%, respectively. During the wet period, these values dropped to 

82% and 76%, respectively. 
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Figure 4.5 Behavior of the NCDOT RWH system equipped with a passive release 
mechanism during a rainy period in July 2012. Rainfall depths for each storm event are 
noted in the figure. 
 

 

This phenomenon highlights the need for careful selection of a drawdown rate for a passive 

release mechanism. While stormwater regulations may govern the timeframe during which 

drawdown must occur, designers should choose the drawdown rate that minimizes the 

overflow frequency of a given system while still allowing the system to meet water 

conservation goals. Additionally, the average drawdown duration should be less than the 

average ADP for a given area to increase the likelihood of the full detention volume being 

emptied prior to subsequent storm events. Should precipitation patterns change for a given 
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area, the drawdown rate of a system may need to be adjusted to achieve adequate 

stormwater mitigation. 

 

The active release mechanism design incorporates several methods of preventing release 

during rainfall events. Firstly, the logic is designed to release water prior to the storm event 

occurring as opposed to after. Secondly, a rainfall gage is ideally included on site that 

provides real-time. The system can be programmed to forego/stop release in the event that 

rain is occurring. Thirdly, a clause is included in the RTC program logic that assumes a rise in 

water level within the storage tank indicates inflow from a rain event and overrides the 

release valve, thereby preventing it from opening. 

 

The RWH system at Tryon Palace incorporated the first and third methods described above 

to prevent wet weather release. Site constraints prevented a rain gage from being installed 

close enough to connect to the system. Approximately 15,470 L (17%) were released during 

precipitation events. While this is much less than that released by the NCDOT system, this 

indicates that the inclusion of real-time rainfall data in the system setup is imperative to 

minimizing wet weather contributions. Furthermore, the logic clause relating water level 

increases to incoming rainfall needs to be re-evaluated and modified to improve its 

effectiveness. 

 

The improvements in stormwater mitigation attributable to each release mechanism were 

evaluated by modeling each system using an hourly water balance approach, as described 

by Jones and Hunt (2010).  Observed hourly rainfall and water usage data were used to 

simulate the systems’ behavior without a release mechanism during the monitoring period.  

For this simulation, a peak flow reduction of 100% was assigned to storm events that were 

fully captured by the RWH system and a reduction of 0% was assigned to events that 

produced overflow. As shown in Table 4.3, including the release mechanism substantially 
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increased overall volume reductions and decreased overflow frequencies for both systems. 

Mean peak flow reductions also increased for both systems when the release mechanism 

was included. The dry tank frequency for the NCDOT could not be determined, as it was 

unknown how much water was actually needed by DOT employees during the observed 

demand events that emptied the system. Tryon Palace users never emptied the system, 

resulting in dry tank frequency values of 0% for the observed and modeled systems. The 

addition of the release mechanism increased the time during the monitoring period that the 

tank was empty by adding to the water demands and increasing the volume of water 

extracted (released) from the system. The modeling results indicate that the inclusion of 

either a passive or active release mechanism substantially increases a system’s ability to 

mitigate runoff volumes and peak flows.  

 
 
Table 4.3 Comparison of observed system performance to modeled performance 
excluding a release mechanism, for the Tryon Palace and NCDOT systems. 

 NCDOT Tryon Palace 
[Excluding/Including Offline 

Period] 

Observed 
(With Passive 

Release 
Mechanism) 

Modeled 
(Without Passive 

Release 
Mechanism) 

Observed 
(With Active 

Release 
Mechanism) 

Modeled 
(Without 

Active Release 
Mechanism) 

Overall Volume 
Reduction 

74% 20% 86% / 45% 21% / 13% 

Mean Peak 
Flow Reduction 

90% 29% 93% / 63% 11% / 10% 

Overflow 
Frequency 

29% 71% 18% / 43% 58% / 89% 

Dry Rain Tank 
Frequency 

3% - 0% / 19% 0% / 0% 
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4.5.2  Potable Water Conservation  

The NCDOT site exhibited greater usage than Tryon Palace, resulting in a higher rainwater 

use efficiency value and a greater volume of potable water conserved. However, the NCDOT 

system was not able to fulfill demands as well as the Tryon system, as evident by a lower 

percentage of demand events being satisfied by captured rainwater. As noted earlier, the 

Tryon system was offline during summer months when irrigation needs were greatest; 

therefore, these comparative results are not indicative of future RWH system performance. 

Nevertheless, it is expected that the ability of either system to meet user demands is 

dependent upon the system’s designated uses. Tryon Palace staff extracted smaller volumes 

with greater frequency than NCDOT, a fact that likely contributed to a higher demand 

fulfillment.  

 

For systems that are utilized infrequently, a potential drawback of the passive release 

design is that the volume of harvested rainwater available to meet users’ water demands is 

often limited to the retention storage volume, which can be substantially less than the total 

rain tank volume. This is less of a problem if system users extract water at a frequency 

greater than the average drawdown time, as there is still a portion of the detention volume 

available for use.  A lower drawdown rate can prolong the release of the detention volume, 

thereby making it available for use for a longer period of time; however, designers should 

ultimately minimize the overflow frequency of the system when choosing a drawdown rate.  

 

When retrofitting existing RWH systems with a passive release mechanism, designers must 

balance stormwater mitigation needs with water demands. If the existing system was 

oversized for the anticipated water demands or the system is not being utilized to its full 

potential, ample stormwater capacity may exist (which may also occur if the actual water 

demands are less than what was anticipated and the full system volume is not being 

consistently utilized). In contrast, if the entire volume of the system is being utilized to meet 
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water needs, the stormwater management benefits provided by the detention storage 

volume would decrease the ability of the system to meet water replacement goals.  

 

When employed with a new RWH system, the passive release design approach could 

substantially increase the size (and cost) of the system, as designers are likely to size the 

retention storage volume to fully meet the anticipated water demands of the users. For 

example, if a property owner chooses to install a RWH system to irrigate their lawn during 

the growing season, they will likely want assurance from the designer that the system will 

reliably meet their irrigation needs.  To do this, the designer will choose the retention 

volume based upon the expected water demands. If stormwater management is an 

additional goal/requirement of the system, the detention volume will then be selected and 

added to the retention volume to provide the necessary stormwater mitigation. 

Consequently, the total volume of the system is increased (as well as associated costs) to 

satisfy both water conservation and stormwater management goals, as opposed to 

balancing the two objectives.   

 

By design, the passive release mechanism ensures an automatic release of the detention 

storage volume. This design approach alleviates the need for human intervention and 

greatly improves the reliability with which the system meets stormwater management 

objectives. However, this can be a disadvantage when (1) there is a known upcoming need 

for a large volume of stored water, or (2) there is no significant rain in the forecast and the 

users’ water demands during the rain-free period exceed the retention storage volume. In 

other words, the system discharges harvested rainwater when it will possibly be needed by 

the users, thus ‘wasting’ valuable water. It is possible to equip the passive release 

mechanism with a shut-off valve to address these circumstances, but when a RWH system 

relies on human involvement there is a greater chance of the system not functioning as 

intended (DeBusk et al., in press). 
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The active release mechanism addresses the passive release mechanism disadvantages by 

using weather forecasting to ensure that water is only released from the system if it will be 

replaced by an imminent precipitation event. This eliminates the ‘wasting’ of needed water, 

while simultaneously preserving the volume of usable storage within the RWH system. 

When retrofitting an existing RWH system, the full system volume is still available to meet 

water demands and maximize potable water conservation. When designing a new system, 

there is no need to increase volume (and cost) to compensate for a loss in storage.  

 

4.5.2 Cost/Benefit Analysis 

While the hydrologic performance of the two release mechanisms was similar, the costs for 

each differed greatly. Table 4.4 summarizes the initial costs for each system, divided into 2 

categories: traditional system components and release mechanism components. 

Installation, operation and maintenance costs of the systems were not included in this 

analysis.  

 

The passive release mechanism accounted for 1.3% of the total system costs, while the 

active release mechanism accounted for 63.5% of the total system costs. The large 

difference in cost between the two mechanisms is due to the technical complexity of the 

active release device and the expertise and oversight necessary to ensure its functionality. 

However, the costs associated with the active release mechanism for a single system are 

largely fixed, thus making it more cost-effective as system size increases.  For example, if 

incorporated into the 56,800-L RWH system at Fayetteville Technical Community College 

system, as described in DeBusk et al. (in press), costs associated with the RTC device would 

be the same as for Tryon Palace ($15,000), but would only comprise 37% of the total system 

costs (total system expenses were $25,457.00).  
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Table 4.4 Summary of initial costs for RWH systems installed at NCDOT and Tryon Palace 
(installation, operation and maintenance costs not included).  NCDOT and Tryon Palace 
captured runoff from 167m2 and 290m2 of rooftop, respectively. 

 NCDOT Tryon Palace 

Traditional System 

Components 

Tank(s)  $ 1,500  $ 4,975 

Filters  $ 200  $ 200 

Pump  $ 450  $ 450 

Piping, Fittings, etc.  $ 95  $ 2,325 

Rain Tank 

Foundation  

 $ 100  $ 265 

Electrical  $ 300  $ 400 

  SUBTOTAL $ 2,245 

($13.44/m2) 

$8,615 

($17.16/m2) 

Release Mechanism 

Components 

Materials  $ 30  $ 4,935 

Installation/Support   $ -  $ 10,065 

  SUBTOTAL $ 30 

($0.18/m2) 

$ 15,000 

($51.72/m2) 

TOTAL $ 2,275 

($13.62/m2) 

$ 23,615 

($81.43/m2) 

 

 

Potable water costs at each of the systems were $0.000859 per L. During the monitoring 

period, NCDOT saved approximately $51 in potable water costs while Tryon Palace saved 

roughly $31. As noted in DeBusk et al. (in press), the low cost of water in NC often results in 

extremely long payback periods and minimal economic benefits for installing RWH systems. 

Assuming average annual savings of $51 and $31 for NCDOT and Tryon, payback periods for 

the traditional system components equaled 44 years and 278 years, respectively. The 

reported payback periods do not include interst on working capital or 
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operation/maintenance. Inclusion of these factors would increase these values. Payback 

periods for the release mechanism components only were calculated to be less than 1 year 

for the NCDOT system and 483 years for the Tryon Palace system. Though average annual 

usage at Tryon Palace is expected to increase when the system remains online during the 

summer months, it is unlikely that this will meaningfully decrease the payback period for 

the system or the release mechanism.  

 

Neither RWH system replaced sufficient potable water to recover initial system costs in a 

reasonable time period; however, other applications could theoretically achieve payback 

periods of 25 years or less using either mechanism. At current potable costs, the total initial 

costs for the NCDOT and Tryon systems could be recovered in 25 years via potable water  

savings (not considering interest or operation and maintenance costs) if they utilized 

approximately 105,940 L and 1,099,650 L of harvested rainwater annually. To achieve 

payback periods of 10 years, annual usage must increase to 264,840 L and 2,749,125 L for 

NCDOT and Tryon, respectively. To achieve this usage volume, the NCDOT system would 

likely need to have a larger contributing drainage area and storage volume, as the current 

drainage area only produces approximately 249,550 L annually. These increases would 

result in greater initial costs and payback periods. The Tryon Palace drainage area only 

produces approximately 338,315 L per year, making it very unlikely that this system – even 

with some modifications – could achieve a payback period of 10 or 25 years. 

 

Considering only recouped potable water costs, the two retrofit systems studied herein, 

regardless of the volume of potable water replaced, are unlikely to provide direct economic 

advantages considering current policies and regulations; however, there are several 

ancillary benefits of these systems that could contribute favorably to their future economic 

value. As both provide substantial stormwater mitigation benefits, the incorporation of 

these mechanisms could replace the need for (or decrease the size of) traditional 
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stormwater control measures. Future regulations regarding stormwater management on 

existing development sites may make these technologies ideal for retrofit applications.  

 

In addition to stormwater mitigation benefits, the active release mechanism could 

substantially benefit communities with combined sewers. Releasing harvested rainwater in 

advance of a rain event allows the capture of runoff that would otherwise contribute to wet 

weather flows and, potentially, a CSO event. Multiple applications of this technology within 

a given area could collectively reduce the frequency and magnitude of CSO events, benefits 

of which can include decreased infrastructure requirements, water quality improvement in 

receiving water bodies, and decreased human health risks. 

 

4.5.3 Implementation Considerations and Recommendations  

The passive release mechanism is inexpensive, easy to install and features a simple design. 

Its autonomous nature alleviates the need for human input, thus decreasing the likelihood 

of user error or neglect (DeBusk et al., in press). Furthermore, there are no moving parts in 

the design and no electricity is required for operation, further insuring uninterrupted 

functionality. Drawbacks to this mechanism include the semi-permanence of the drawdown 

orifice (i.e. it cannot be easily removed once installed) and a decrease in the volume of 

harvested rainwater available to users of the system (though the reduction in available 

water decreases as the frequency of water demands increases).   

 

The active release mechanism addresses several of the passive release mechanism 

drawbacks by optimizing the release of harvested water and preserving the entire available 

storage volume for users. However, the cost, complexity and resource requirements of the 

active release mechanism can hinder its implementation. The installation of the equipment 

and program logic is relatively costly, and the complexity of the programming logic and the 

potential for technical glitches requires oversight by a knowledgeable company or 
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individual.  Furthermore, as the program is based upon the ability to access NWS forecasts, 

there must be uninterrupted power and internet accessibility at the site.  

 

There is likely a threshold that dictates which release mechanism – active or passive – is 

most appropriate for a given application. The simplicity and inexpensiveness of the passive 

release mechanism makes it ideal for smaller RWH systems and retrofit applications. 

Provided the duration of the detention storage volume drawdown is less than the average 

ADP for a given area, this mechanism can reliably achieve runoff volume and peak flow 

reductions. However, it may not be an efficient means of meeting stormwater objectives for 

larger systems or in certain climatic regions, as the ability of the system to fully release the 

detention storage volume prior to the subsequent rain event may be jeopardized. 

Additionally, the reduction in availability of harvested rainwater may preclude this 

mechanism from consideration for applications that rely heavily on having large volumes of 

water available on a regular basis. The active release mechanism is ideal for larger systems 

that rely heavily on the availability of harvested rainwater for user demands and/or are 

using the RWH system to meet stormwater regulations. As the active release mechanism 

provides superior volume and peak flow reduction and preserves the water conservation 

aspect of the RWH system, its higher cost may not be a deterrent to its implementation, 

especially for larger systems. The costs associated with this mechanism remain fixed 

regardless of system size and, consequently, its cost-effectiveness increases as system size 

increases. Additionally, the high water usage that often accompany these larger systems will 

likely result in the cost savings of potable water replacement contributing to the 

recoupment of system and release mechanism costs.   

 

4.6 Conclusions 

While it is clear that both of these innovative design approaches have their own advantages 

and disadvantages, both case studies prove to be extremely promising in terms of the 
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stormwater management benefits they can add to a RWH system. Each system reliably 

reduced runoff volumes and peak flows over the course of the monitoring period while still 

meeting the majority (if not all) of users’ demands. Overall volume reductions for both 

NCDOT and Tryon (excluding the offline period) were less than those reported by previous 

studies in non-arid climates for systems without an automatic release mechanism (DeBusk 

et al., in press; Zhang et al. 2009b). Additionally, the percent of potable water replaced by 

each system was substantially greater than those values presented in Eroksuz and Rahman 

(2010), Ward et al. (2010) and Zhang et al. (2009b) for systems without release 

mechanisms. The potential benefits of widespread implementation of RWH systems 

equipped with either of these mechanisms range from improved stormwater management 

to CSO reductions to reduced potable water consumption. The appropriateness of either of 

these mechanisms is dependent upon individual site and system characteristics. Regardless 

of which type of release mechanism, its incorporation into the design of a RWH system will 

greatly improve the manner in which stormwater volumes and rates are mitigated from a 

site. 

 

4.7 Acknowledgements  

The authors would like to thank the North Carolina Clean Water Management Trust Fund 

for funding this project. Geosyntec Consultants, Inc. staff (specifically Joe Jeray, Alex Bedig, 

and Jordy Wolfand) contributed invaluable assistance and expertise to the active release 

mechanism. Mitch Woodward, Ryan Winston, Shawn Kennedy and Alysondria Campos of 

North Carolina State University’s Biological and Agricultural Engineering Department aided 

in the construction and monitoring of the two rainwater harvesting systems. Gratitude is 

also extended to the property owners, the NCDOT and Tryon Palace, for their collaboration 

and contributions throughout the project.  

 

 



 

 

 

100 
 

4.8 References 

Ahmed, W., T. Gardner and S. Toze. 2011a. Microbiological quality of roof-harvested 

rainwater and health risks: A review. J Env. Q. 40(1): 13-21. 

Basinger, M., F. Montalto and U. Lall. 2010. A rainwater harvesting system reliability model 

based on nonparametric stochastic rainfall generator.  J. Hydrol. 392(3-4): 105-118. 

Brodie, I. M. 2008. Hydrological analysis of single and dual storage systems for stormwater 

harvesting. Wat. Sci. Tech. 58(5): 1039-1046. 

DeBusk, K.M., W. F. Hunt and J. D. Wright. 2014. Characterization of rainwater harvesting 

utilization in humid regions of the United States. J. Am. Water Resour. As. In press. 

Dirckx, G., M. Schütze, S. Kroll, Ch. Thoeye, G. De Gueldre and B. Van De Steene. 2011. Cost-

efficiency of RTC for CSO impact mitigation. Urban Water J. 8(6): 367-377. 

Eroksuz, E. and A. Rahman, 2010. Rainwater Tanks in Multi-Unit Buildings: A Case Study for 

Three Australian Cities. Resour. Conserv. Recy. 54(12): 1449-1452. 

Farreny, R., T. Morales-Pinzόn, A. Guisasola, C. Tayà, J. Rieradevall and X. Gabarrell. (2011). 

Roof selection for rainwater harvesting: Quantity and quality assessments in Spain.  

Water Res. 45, 3245-3254. 

Fewkes, A. and P. Warm. 2000. Method of modelling the performance of rainwater 

collection systems in the United Kingdom. Build. Serv. Eng. Res. T. 21(4): 257-265. 

Ghisi, E., D. L. Bressan and M. Martini. 2007. Rainwater tank capacity and potential for 

potable water savings by using rainwater in the residential sector of southeastern 

Brazil. Build. Environ. 42(4): 1654-1666. 

Guo, Y. and B. W. Baetz. 2007. Sizing of rainwater storage units for green building 

applications. J. Hydrol. Eng. 12(2): 197-205. 

Hermann, T. and U. Schmida. 1999. Rainwater utilisation in Germany: Efficiency, 

dimensioning, hydraulic and environmental aspects. Urban Water J. 1307-316. 

Jones, M. P. and W. F. Hunt. 2010. Performance of rainwater harvesting systems in the 

southeastern United States. Resour. Conserv. Recy. 54: 623-629. 



 

 

 

101 
 

Kim, J. and H. Furumai. 2012. Assessment of rainwater availability by building type and 

water use through GIS-based scenario analysis. Water Resour. Manag. 26(6): 1499-

1511. 

Li, Z., F. Boyle and A. Reynolds. 2010. Rainwater harvesting and greywater treatment 

systems for domestic application in Ireland. Desalination 260(1-3): 1-8. 

Mun, J. S. and M. Y. Han. 2012. Design and operational parameters of a rooftop rainwater 

harvesting system: Definition, sensitivity and verification. J. Environ. Manag. 93(1): 

147-153. 

North Carolina Department of the Environment and Natural Resources (NCDENR). 2007. 

Stormwater Best Management Practices Manual. North Carolina Division of Water 

Quality, North Carolina Department of the Environment and Natural Resources. 

Raleigh, NC. 

Reidy, P. C. 2010. Integrating rainwater harvesting for innovative stormwater control. In 

conf proc. World Environmental and Water Resources Congress, American Society of 

Civil Engineers. 

Stinson, M. K. and C. Z. Vitasovic. 2006. Real time control of sewers: US EPA manual. In proc. 

World Environmental and Water Resources Congress, Omaha, NE. American Society 

of Civil Engineers, Reston, VA.  

Ward, S., F. A. Memon and D. Butler. 2010. Rainwater harvesting: model-based design 

evaluation. Wat. Sci. Tech. 61(1): 85-96. 

Zhang, D., R. M. Gersberg, C. Wilhelm and M. Voigt. 2009a. Decentralized water 

management: Rainwater harvesting and greywater reuse in an urban area of Beijing, 

China. Urban Water J. 6(5): 375-385. 

Zhang, Y., D. Chen, L. Chen and S. Ashbolt. 2009b. Potential for rainwater use in high-rise 

buildings in Australian cities. J. Environ.Manag. 91: 222-226. 

 

 



 

 

 

102 
 

5. USING IRRIGATION TO INCREASE STORMWATER MITIGATION POTENTIAL OF 

RAINWATER HARVESTING SYSTEMS  

 

5.1 Abstract  

Rainwater harvesting systems (RWH) used for irrigation often provide fewer stormwater 

management benefits than systems used for year-round, non-discretionary purposes, as 

there is diminished demand for harvested rainwater during the non-growing season or rainy 

periods. Thus, identifying other demands during these periods would improve the 

stormwater mitigation potential of these systems. This study evaluated how irrigating 

bermudagrass year-round at rates based on stormwater benefits rather than plant needs. 

Results indicated significant increases in runoff volume and peak flow reductions when turf 

was irrigated at 25.4mm/week and 50.8mm/week, compared to rates determined by 

irrigation requirements. There were no noted increases in soil moisture content, pest 

occurrences or contributions to wet weather flows at these elevated application rates. 

Additionally, turf quality did not differ from the control irrigation regime for either 

application rate and there were no indications of soil nitrate leaching. For the conditions 

present at the study site, irrigating at rates up to 50.8mm/week greatly improved 

stormwater management benefits of a rainwater harvesting system without causing a 

decline in turf quality. 

 

5.2 Introduction 

Recent droughts, diminishing water supplies and climate change concerns have prompted a 

widespread effort to reduce potable water consumption throughout the U.S., including the 

state of North Carolina (NC) (USEPA, 2013; USEPA, 2010). Rainwater harvesting (RWH) is a 

common approach to water conservation, as evidenced by an increase in RWH system 

installations in NC in response to severe droughts and water restrictions in 2003 and 2008 
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(Jones and Hunt, 2010). Irrigation is one of the most prominent uses of water in the United 

States (U.S.), accounting for roughly 30% of total residential water use and over half of all 

outdoor water use in the country (USEPA, 2008). Thus, it is not surprising that the 

designated uses of many NC RWH systems comprise landscape and/or garden irrigation 

(DeBusk et al., in press).  

 

Rainwater harvesting systems not only provide water conservation benefits, but can also 

facilitate stormwater mitigation via the detention and/or retention of runoff (Basinger et 

al., 2010; Zhang et al., 2009b, Kim et al., 2012). When there is space available within the 

storage tank, runoff is captured and retained until it is extracted to meet users’ demands, 

thus providing a reduction in peak flows and total runoff volumes produced during 

precipitation events. Contrarily, when full, RWH systems cannot detain runoff during a rain 

event and incoming stormwater leaves as overflow, providing no mitigation of peak flows or 

volumes. Using harvested rainwater to meet irrigation needs can result in substantial 

potable water savings; however, there are several factors that can limit the stormwater 

management benefits provided by such systems. Firstly, water for irrigation is only needed 

during the growing season, thus leaving the RWH system unused (and full) during a 

considerable portion of the year (DeBusk et al., in press). Secondly, there is often a 

mismatch between demand and supply, as periods of frequent rainfall increase the supply 

of harvested rainwater but decrease the need for irrigation (DeBusk et al., in press).  

 

Establishing a use for harvested rainwater during the non-growing season and periods of 

frequent rainfall can increase the stormwater mitigation benefits of irrigation-based RWH 

systems (DeBusk et al., in press). While a RWH system can be used to meet many water 

demands, the addition of non-irrigation uses may result in increased system complexity and 

cost. Furthermore, unless the additional use is discretionary (which ultimately jeopardizes 

its effectiveness in improving stormwater mitigation), it will detract from the volume of 



 

 

 

104 
 

water available to meet irrigation needs. A proposed solution to this problem is excess 

irrigation, or the application of water at rates higher than the minimum needed to maintain 

healthy vegetation. This approach requires no modifications or additions to an existing 

irrigation-based system and can easily be incorporated into the existing irrigation regime 

(though increasing irrigation will likely result in increased electricity consumption and cost 

and increased system maintenance requirements). Irrigating at rates higher than the 

minimum needed will draw down cistern-stored water more frequently, making more 

storage available for roof runoff during the next rainfall. In addition, the turf can serve as a 

stormwater BMP by filtering, infiltrating, and evaporating water that otherwise might be 

released as stormwater runoff. 

 

Excess irrigation is not normally promoted, as the fragility of water resources has resulted in 

a cultural paradigm of applying the minimal water volume necessary to maintain acceptable 

turf quality. Most published studies regarding turfgrass irrigation focus on the minimum 

irrigation applications necessary to maintain health and visual appeal of various turf species 

(Carrow, 2006; DaCosta and Huang, 2005; Fu et al., 2004). Studies involving the application 

of wastewater effluent to turf may examine excess irrigation; however, due to the physical 

and chemical characteristics of wastewater effluent these studies cannot be used to 

surmise the implications of employing excess irrigation with harvested rainwater (Hayes et 

al., 1990; Mancino, 1993).  

 

To the author’s knowledge, Kneebone and Pepper (1984) conducted the lone study on 

applying excessive irrigation to turf. They investigated the response of certified 

bermudagrass (Cynodon dactylon L. Pers.) to excess, or ‘luxury’, irrigation by applying three 

irrigation application rates, 114, 243 and 364 mm/week (corresponding to 254%, 540% and 

808% of class A pan evaporation), to established bermudagrass plots in sandy-soils. The 

plots represented three different sand:soil ratios to determine how the soil-moisture 
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holding capacity influenced evapotranspiration (ET) of the turf. The study revealed that an 

increase in the availability of water (either via greater soil-moisture holding capacity or an 

increase in irrigation rate) often resulted in substantial increases in ET rates from 

bermudagrass (Kneebone and Pepper, 1984). There were no deleterious side effects noted 

in this study, though direct measures of turf quality were not included in their analyses 

(Kneebone and Pepper, 1984).  

 

To fill this large gap in knowledge and to investigate the feasibility of using excess irrigation 

to enhance the stormwater management benefits of RWH systems, a 45,425-L RWH system 

in River Bend, NC was used to apply excess irrigation to bermudagrass. The objectives of 

this study were to: 

1. Quantify the stormwater management benefits associated with two (2) excess 

irrigation application rates and compare them to a traditional irrigation regime, 

2. Evaluate the ability of the system to meet irrigation demands during the growing 

season when employing excess irrigation regimes and compare to a traditional 

irrigation approach,  

3. Evaluate the effect of excess irrigation on turf quality, soil nitrogen retention and 

runoff production, and 

4. Develop recommendations for the use of excess irrigation to enhance stormwater 

management benefits of RWH systems through NC and the U.S. 

 

5.3 Materials and Methods 

5.3.1 Rainwater Harvesting and Irrigation System Design 

The site chosen for this study was River Bend Country Club (RBCC) (35.070626˚N, 

77.142648˚W), which is in Craven County, NC (Figure 5.1). Located in the coastal plain 

region of the state, this area experiences a humid climate and receives an average of 1,387 
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mm of rainfall per year (SCO, 2013). Temperatures range from an average of 6.8˚C in 

January to 26.5˚C in July.  

 

 

 

Figure 5.1 Location of study site, River Bend Country Club, located within Craven County, 
North Carolina. 
 

 

RBCC is comprised of an 18-hole golf course, a club house, tennis courts, a swimming pool, 

pool house and several maintenance buildings. A 45,425-L RWH system was installed to 

capture runoff from the pool house roof, a portion of the concrete swimming pool deck, 

and 2 maintenance building rooftops (Figure 5.2).  Three 15,140 L aboveground 

polyethylene storage tanks (Chem-Tainer Industries, Inc., Arlington, TN, U.S.) and a 2,080 L 

underground polyethylene tank (Norwesco, Inc., Griffin, GA, U.S.) were placed beside 

maintenance building #1. Each of the aboveground tanks acted as an individual RWH system 

and provided water for a single irrigation zone, thus allowing for an independent 

comparison for 3 irrigation application rates. Tanks 1, 2 and 3 supplied water for zones 1, 2 

and 3, respectively (Figure 5.2). 
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Figure 5.2 Contributing drainage (dashed lines) and irrigation application areas (solid 
lines) for River Bend Country Club rainwater harvesting system. 
 

 

The system was designed such that the contributing drainage areas were as equal as 

possible for each of the tanks. Tanks 1 and 2 each received half of the runoff from a total of 

770m2 (i.e. approximately 385m2), while tank 3 received runoff from 365m2. Roof runoff 

from the 2 maintenance buildings was conveyed to tank 3 via gravity flow through polyvinyl 

chloride (PVC) pipes. Runoff from the roof of maintenance building #1 was conveyed to tank 

3 via a dry conveyance system (i.e. the pipes conveying runoff are empty when rainfall is not 

occurring) (Figure 5.3a) (TAMU, 2010). Runoff from half of maintenance building #2’s roof 
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was conveyed to tank 3 via a wet conveyance system in which water remains in the piping 

between storm events (Figure 5.3b) (TAMU, 2010). 

 

The flat topography of the site prevented the use of gravity to convey runoff from the pool 

house and deck to the RWH system. This runoff was conveyed to the underground storage 

tank via buried PVC pipes. Two 0.56-kW submersible sewage pumps with maximum flow 

rates of 4.2 L/s (Model CDU980, Wayne® Pumps, Beverly, MA, U.S.) were installed in the 

underground tank and a single float switch was used to activate them.  When enough runoff 

entered the tank to activate the float switch both pumps would turn on. One pump 

transferred water to tank 1, while the other pumped water to tank 2.  

 

Each tank was equipped with a 15.24-cm overflow pipe that allowed water to exit when the 

tank’s capacity was exceeded. The 4 overflow pipes were combined into a single 30.5-cm 

high density polyethylene (HDPE) pipe that conveyed the overflow to an existing storm 

drain. 

 

All runoff was filtered prior to entering the storage tanks. Water entering the underground 

tank passed through two nylon mesh bags, one fitted inside the other, that were attached 

to the end of the inflow pipe. Roof runoff from the two maintenance buildings passed 

through Leaf Eater® downspout filters. Both of these filtration apparati were designed to 

remove debris and very coarse particulate matter. No first-flush diversion was included in 

the system design.  

 

Harvested rainwater was used to irrigate Tifway bermudagrass (Cynodon dactylon x C. 

transvaalensis) around the pool house and pool deck (Figure 5.2). The predominant soil 

type in this area is Tarboro sand, which exhibits high infiltration rates and rapid 

permeability ranging from 15-51 cm/hr (USDA, 2012). The grass was installed as sod in May 

2011 and allowed to establish for 5 months prior to beginning the study.  Fertilizer was 
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applied 3 times to all zones during the course of the study. An initial nitrogen application of 

30-3-10 fertilizer (33% fast release, 33% medium release and 33% slow release) occurred in 

May 2012. Second and third applications consisted of 28-5-10 ammonium nitrate 100% fast 

release fertilizer and occurred in June and July 2012, respectively. All products were applied 

at a rate of 36.6 kg N per ha (0.75lb of N per 1,000ft2).  A 5-0-24 potash application was 

placed on all zones in the fall at a rate of 36.6 kg potash per ha (0.75lbs of potash per 

1,000ft2). 

 

All zones were core aerated in June 2012 using 1.6-cm diameter hollow tines on a 7.5 cm 

spacing. Fungicides were not applied before or during the monitoring period, as there were 

no indications of fungal problems. Two applications of pre-emergent herbicides occurred in 

March 2012 and October 2012, respectively. The spring application consisted of oxadiazon 

[2-tert-butyl-4-(2,4-dichloro-5-isopropoxyphenyl)-∆-1, 3, 4-oxadiazolin-5-one] at 97.7 kg per 

ha and of prodiamine [N3, N3-Di-n-propyl-2, 4-dinitro-6-(trifluoromethyl)-m-

phenylenediamine] at 48.8 kg per ha, while the fall application consisted of indaziflam [1,2-

Propanediol], applied at 25.5 L per ha.  In June 2012 trifloxysulfuron-sodium sodium N′-(4,6-

dimethoxypyrimidin-2-yl)-N-[3-(2,2,2-trifluoroethoxy)-2-pyridylsulfonyl]imidocarbamate 

and metsulfuron methyl (methyl 2-[[[[(4-methoxy-6-methyl-1, 3, 5-triazin-2-yl)-

amino]carbonyl]amino]sulfonyl]benzoate) were applied at rates of 36.5 mL and 73.1 mL per 

ha, respectively. 
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Figure 5.3 (a) "Wet" conveyance system layout at River Bend Country Club; (b) "Dry" 
conveyance system design. 
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Zones 1, 2 and 3 of the irrigated area were approximately 195m2, 260m2 and 290m2 in area, 

respectively. Harvested rainwater was delivered to each zone as irrigation via a single 1.119 

kW Sta-Rite horizontal multistage jet pump (Model HMSF, Pentair Ltd., Delavan, WI, U.S.). A 

float switch was installed in each aboveground tank to shut-off the pump in the event of a 

dry cistern. Pump relay switches were used in conjunction with a Toro TMC-212 irrigation 

controller (The Toro Company, Bloomington, MN, U.S.) to operate each tank/zone system 

independently.  Zone 1 was equipped with 24 Toro pop-up spray nozzles (570 series, The 

Toro Company, Bloomington, MN, U.S.), while zones 2 and 3 were each irrigated with 6 Toro 

pop-up rotor nozzles (T5 series, The Toro Company, Bloomington, MI, U.S.).  Although the 

application rates from pop-up and rotor nozzles are substantially different, the system was 

designed such that the same amount of water was applied to each zone. A rain sensor 

(Model 53770, The Toro Company, Bloomington, MN, U.S.) was included in the irrigation 

system design to prevent irrigation during precipitation events. 

 

Zone 1 was irrigated using a traditional irrigation approach and therefore served as the 

control.  The irrigation depth was determined based upon historic precipitation data and 

reference crop ET. Thirty-years (1971-2001) of monthly rainfall totals were obtained for 

weather monitoring station “316108”, which is located 8.614 km from RBCC (SCO, 2013). 

The 80% exceedance precipitation was calculated for each by computing the 20th percentile 

of the 30-year dataset (Table 5.1). Daily reference ET data were obtained from the NC State 

Climate Office for monitoring station “KEWN”, which was approximately 9.1 km from the 

study site, from October 1997 through October 2010 (SCO, 2013).  These data were 

calculated using the Penman-Monteith method, with solar radiation estimated using 

Hargreaves’ radiation estimate (Allen et al. 1998; SCO, 2013).  A value of 0.18 was assumed 

for the coefficient for the proximity to water (SCO, 2013). Monthly averages were 

computed from this dataset and are reported in Table 5.1. Monthly crop water use was 

then calculated, assuming a crop coefficient of 0.6 for bermudagrass (SCS, 1993). 
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      ETc = KcETo                           (1) 

 where  ETc = crop water use (mm), 

  Kc = crop coefficient, and 

  ETo = reference crop evapotranspiration (mm). 

 

 

Table 5.1 Monthly precipitation and evapotranspiration (ET) data used to determine the 
monthly irrigation depth for zone. 

  

30-Year 

Precipitation 

Normal (mm) 

80% 

Exceedence 

Precipitation 

(mm) 

Monthly 

Reference 

ET (mm) 

Monthly 

Crop 

Water 

Use 

(mm) 

Effective 

Precipi-

tation 

(mm) 

Net 

Irrigation 

Depth 

(mm) 

Monthly 

Irrigatio

n Depth 

(mm) 

January 121.16 78.00 50.50 30.30 25.91 4.40 5.50 

February 96.52 47.64 60.65 36.39 16.88 19.51 24.38 

March 114.05 74.40 96.58 57.95 26.40 31.54 39.43 

April 86.36 40.10 128.00 76.80 15.75 61.06 76.32 

May 106.43 72.10 149.05 89.43 27.52 61.91 77.38 

June 121.92 67.60 156.08 93.65 26.24 67.41 84.26 

July 164.59 97.80 155.45 93.27 36.27 57.00 71.25 

August 173.74 106.70 140.43 84.26 38.36 45.90 57.37 

September 138.43 59.20 108.26 64.95 21.88 43.07 53.84 

October 86.11 28.06 81.55 48.93 10.56 38.37 47.96 

November 82.04 44.90 55.95 33.57 15.89 17.68 22.10 

December 97.54 49.60 43.40 26.04 17.12 8.92 11.15 

 

 

Effective precipitation, or the portion of precipitation that can be used by vegetation to 

meet ET, was determined using Equations (2) - (6) (Fangmeier et al., 2006; SCS, 1993). The 

following assumptions were used: sandy loam soil, management allowed depletion = 50% 

and root depth = 152 mm. From Table 15-2 in Fangmeier et al. (2006), field capacity and 
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permanent wilting point were set to 16% and 7%, respectively, for a sandy loam soil. For 

equation (6), the monthly 80% exeedence precipitation (Pt) was used in lieu of the monthly 

mean precipitation.  

 

AW = (FC – PWP) x Dr             (2) 

where  AW = depth of water available to plants at water holding capacity of soil (mm),  

  FC = volumetric field capacity (m3/m3), 

  PWP = volumetric permanent wilting point (m3/m3), and 

  Dr = depth of the root zone, (mm). 

 

                   RAW = MAD x AW                    (3) 

where  RAW = readily available water (mm), and 

 MAD = management allowed depletion, 50%, (%),  

 

     D = 0.5 x RAW               (4) 

where  D = usable soil water storage (mm). 

 

    SF=0.53 0.0116D- (8.94 10-5)D2 (2.32 10-7)D3           (5) 

  

    Pe=SF(1.25Pt
0.824-2.93)(100.000955ETc)                         (6) 

where  Pe = average monthly effective precipitation (mm),  

  SF = soil water storage factor, and 

  Pt = monthly 80% exceedance precipitation (mm). 
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Net irrigation was calculated as: 

 

     Inet = ETc - Pe             (7) 

 

where Inet = net monthly irrigation (mm). 

 

Finally, a uniformity coefficient of 0.8 was applied to the monthly net irrigation values to 

account for inefficiencies of the irrigation system: 

 

     I=
Inet

Du
             (8) 

 

where  I = monthly irrigation depth (mm), and 

 Du = distribution uniformity coefficient, 0.8. 

 

To represent standard irrigation practices, zone 1 was not watered during the dormant 

season for bermudagrass (November through March). Irrigation depths for zone 1 are 

displayed in Table 5.1.  

 

A total of 25.4 mm was applied to zone 2 each week, resulting in a monthly target 

application of 101.6 mm. This zone was irrigated year-round at the same rate. Zone 3 was 

irrigated year-round as well, but at a rate of 50.8 mm per week, or 203.2 mm per month. All 

zones were irrigated 3 times per week. Irrigation depths and run times for each zone are 

displayed in Table 5.2. Irrigation was applied at 6:00am Monday, Wednesday and Friday 

during the growing period. During the non-growing season, the time of application was 

changed to 12:00pm to prevent problems with freezing. In the event of an extended period 

of time without rainfall the existing onsite well served as an emergency backup water 

supply. 
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Table 5.2 Target and actual irrigation depths and run times for each zone. 

  

ZONE 1 ZONE 2 ZONE 3 

Target 

Weekly 

Irrigation 

Depth 

(mm) 

Irrigation 

Run Time 

Per 

Application 

(min) 

Actual 

Weekly 

Irrigation 

Depth  

(mm) 

Weekly 

Irrigation 

Depth 

(mm) 

Irrigation 

Run Time 

Per 

Application 

(min) 

Actual 

Weekly 

Irrigation 

Depth  

(mm) 

Weekly 

Irrigation 

Depth 

(mm) 

Irrigation 

Run Time 

Per 

Application 

(min) 

Actual 

Weekly 

Irrigation 

Depth  

(mm) 

January 0 0 0 25.4 34 24.4 50.8 68 56.4 

February 0 0 0 25.4 34 24.4 50.8 68 56.4 

March 0 0 0 25.4 34 24.4 50.8 68 56.4 

April 19 18 17.5 25.4 34 24.4 50.8 68 56.4 

May 19 18 17.5 25.4 34 24.4 50.8 68 56.4 

June 21 20 19.2 25.4 34 24.4 50.8 68 56.4 

July 18 17 15.1 25.4 34 24.4 50.8 68 56.4 

August 14 13 11.1 25.4 34 24.4 50.8 68 56.4 

September 14 13 9.9 25.4 34 24.4 50.8 68 56.4 

October 12 11 11.6 25.4 34 24.4 50.8 68 56.4 

November 0 0 0 25.4 34 24.4 50.8 68 56.4 

December 0 0 0 25.4 34 24.4 50.8 68 56.4 
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Table 5.3 Results of evapotranspiration (ET) calculation and target irrigation depths for zone 1. 

 

Average 

Monthly 

Precipitation 

(mm) 

Monthly 80% 

Exceedance 

Precipitation, 

Pt 

(mm) 

Monthly 

Reference ET, 

ETo 

(mm) 

Monthly 

Crop ET, 

ETc 

(mm) 

Monthly 

Effective 

Precipitation, Pe 

(mm) 

Net 

Irrigation, 

Inet 

(mm) 

Monthly 

Irrigation 

Depth, I 

(mm) 

Adjusted 

Monthly 

Irrigation 

Depth 

(mm) 

January 121.16 78.00 50.50 30.30 25.91 4.40 5.50 0 

February 96.52 47.64 60.65 36.39 16.88 19.51 24.38 0 

March 114.05 74.40 96.58 57.95 26.40 31.54 39.43 0 

April 86.36 40.10 128.00 76.80 15.75 61.06 76.32 76.32 

May 106.43 72.10 149.05 89.43 27.52 61.91 77.38 77.38 

June 121.92 67.60 156.08 93.65 26.24 67.41 84.26 84.26 

July 164.59 97.80 155.45 93.27 36.27 57.00 71.25 71.25 

August 173.74 106.70 140.43 84.26 38.36 45.90 57.37 57.37 

September 138.43 59.20 108.26 64.95 21.88 43.07 53.84 53.84 

October 86.11 28.06 81.55 48.93 10.56 38.37 47.96 47.96 

November 82.04 44.90 55.95 33.57 15.89 17.68 22.10 0 

December 97.54 49.60 43.40 26.04 17.12 8.92 11.15 0 
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5.3.2 Monitoring Design 

Monitoring occurred at the RBCC site from October 24, 2011 through November 14, 2012. 

Rainfall depth and intensity were recorded at the study site via a Davis tipping bucket rain 

gage (Environment Information Technology, Alstonville, Australia). A manual rain gage was 

also employed to verify rainfall depths. Absolute pressure at the bottom of each RWH tank 

was measured and recorded every minute by a HOBO Pressure Transducer Logger (Model 

U20-001, Onset Computer Corp., MA, U.S.). Another pressure transducer (Model U20-001, 

Onset Computer Corp., MA, U.S.) was placed outside of the tanks to record atmospheric 

pressure. Overflow from each of the aboveground tanks was directed to its own weir box, 

which was equipped with a stilling basin and a 22.5˚ v-notch weir. ISCO 4210 samplers 

(Teledyne Isco, Inc., Lincoln, NE, U.S.) with bubbler level flow modules measured water 

levels above the weirs every minute. Water levels were then converted to a flow rate using 

Flowlink software. 

 

Inline water meters with pulse output (Daniel L. Jerman Co., NJ, USA) were used to measure 

the volume of water applied to each irrigation zone. Each meter was connected to a HOBO 

Micro Station Data Logger (Model H21-002, Onset Computer Corp., MA, U.S.), which 

recorded a pulse for every 37.85 L and applied a date/time stamp.  A fourth meter and 

logger were used to measure the volume of backup water used during the monitoring 

period.  

 

Three soil moisture sensors (Model EC-5, Onset Computer Corp., MA, U.S.) were installed in 

each irrigation zone, at approximately 7.6 cm, or 2.5 cm below the root zone of the 

Bermudagrass. The sensors were randomly positioned throughout the irrigation zone and 

data were recorded every minute using a HOBO Micro Station Data Logger (Model H21-002, 

Onset Computer Corp., MA, U.S.).  
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Turf quality was measured using a FieldScout TCM 500 NDVI Turf Color Meter (Spectrum 

Technologies, Inc., Aurora, IL, U.S.).  The meter uses the normalized difference vegetation 

index (NDVI), which relates to vegetative ‘greeness’. This method was chosen for evaluating 

turf quality due to its high correlation with traditional qualitative assessment of turf quality 

and its ability to produce consistent assessment of turf quality (Trenholm et al., 1999; Ghali 

et al., 2010). Six NDVI measurements were taken randomly throughout each irrigation zone 

and averaged to produce a single NDVI reading for each zone. These measurements were 

taken every 2 weeks throughout the monitoring period.  

 

Soil nitrate concentrations were measured from soil samples collected at depths of 0-15 cm 

and 15-30 cm every 2 weeks. For each irrigation zone, three samples were collected for 

each depth at random locations and composited to obtain a representative sample for each 

depth for each irrigation zone. Each sample was then prepared for analysis using the 1 M 

KCl extraction method and analyzed in accordance with the Nitrate-Nitrite soil test method, 

as specified in NRCS (2004). 

 

5.3.3 Data Analyses 

Precipitation data collected by the tipping bucket rain gages were used to determine total 

rainfall depth, duration, maximum 5-minute rainfall intensity and antecedent dry period for 

each storm event at each site. A storm event was defined as having 0.254 cm of rainfall or 

greater and an antecedent dry period of at least 6 hours.  Absolute pressure data recorded 

by pressure transducers within the tank were corrected to gage pressure by subtracting 

atmospheric pressure and used to determine cistern stage. Geometric characteristics of the 

storage tanks were used to convert the water level data to volume data and the volume of 

water entering the RWH system for each storm event was determined.  A single soil 

moisture data set was produced for each zone by averaging the readings of the three 

sensors. Data were then averaged to a daily time step prior to statistical analysis. 
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For precipitation events that did not produce overflow from a tank, the total volume of 

runoff delivered to a tank was determined using the tank volume measured before and 

after the storm event. For these storm events, the theoretical runoff generated was 

calculated by multiplying the depth of rainfall by the contributing drainage area and a 

delivery coefficient. A delivery coefficient is similar to a runoff coefficient, as it assumes a 

percentage of the rainfall that falls on a catchment will not be delivered to the RWH storage 

tank. This value was initially assumed to be 0.9 for all storage tanks due to the highly 

impervious nature of the contributing watersheds.  The theoretical inflow volume was then 

plotted against the observed inflow for each zone. The runoff coefficient for each tank was 

adjusted to achieve a linear regression line with a slope as close to 1 as possible (Figure 5.4). 

The result was a delivery coefficient for each storage tank that represented the volume of 

runoff generated and delivered to a tank during a storm event. The calculated delivery 

coefficients were then used to calculate the theoretical runoff volume for all storm events 

(Vin,x). Volume reductions were calculated for each tank for each precipitation event using 

Equation 9.  

 

VRx=
Voverflowx

Voverflowx  Vinx
                   (9) 

where  VRx = volume reduction for storm x (%), 

 Vin,x = runoff volume captured within the tank for storm x (L), and 

 Voverflow,x = overflow volume leaving the tank for storm x (L). 

 

Inflow and outflow peak flow rates were calculated using the Rational Equation (Equation 

10). The runoff coefficient, C, was assumed to equal the delivery coefficients calculated for 

each zone. The time of concentration for roof areas at both sites was measured to be less 

than 5 minutes; thus, the maximum 5-minute rainfall intensity for each storm was used. 

Outflow peak flow rates were assumed to equal the maximum measured overflow rate 



 

 

 

120 
 

during a storm event. Peak flow reductions were calculated for each storm event as the 

percent difference between the inflow and outflow peak flow rates. 

 

 

 

Figure 5.4 Theoretical inflow volumes for storage tanks 1, 2 and 3, vs. actual inflow 
volumes for storms not producing overflow, fit by simple linear regression. 
 

        

 =
CIA

360
                          (10) 

where  Q = peak runoff rate (m3/s), 

 C = runoff coefficient,  

 I = rainfall intensity (mm/hr), and 

 A = drainage area (ha).  
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5.3.4 Statistical Analyses 

A variety of statistical methods were used to analyze collected data, and all analyses were 

performed using the statistical software R, version 2.15.0. The Shapiro-Wilkes test was 

utilized to determine if data sets were normally distributed. If test results indicated that 

data were not normally distributed, a logarithmic transformation was applied and the 

Shapiro re-applied to the transformed dataset(s). For all normally-distributed data (soil 

nitrate concentrations), a one-way ANOVA test was used to compare datasets among the 

three zones. When comparing nitrogen concentrations between the upper and lower 

portions of the soil profile, the Wilcoxon Rank Sum test was applied to data for each zone. 

The Kruskal Wallis test was used to compare nonparametric datasets among the three 

zones (volumetric and peak flow reductions and NDVI data). When comparing inflow and 

outflow volumes and peak flow rates for each tank, the sign test was used to evaluate 

differences. The nonparametric Kendall’s τ correlation method was used to assess 

correlations. An alpha value of 0.05 was used for all tests to determine statistical 

significance.  

 

Due to the nature of soil moisture data collection, autocorrelation among the data was 

expected and was confirmed using the autocorrelation function (acf) within R (Adler, 2010). 

While the soil moisture data were not normally distributed according to the Shapiro test, 

graphical exploratory data analyses revealed only a slight deviation from a typical normal 

distribution. As there are no nonparametric methods available to adjust for autocorrelation, 

the data were assumed to follow a normal distribution and parametric methods were used. 

An underlying assumption of an ANOVA is independence among model residuals; thus, it 

was necessary to augment the original ANOVA model with an autoregressive model of 

model residuals. A generalized least squares regression was used and residuals were 

modeled as an AR(1) process (i.e. residuals were modeled to 1 lag) (Boslaugh and Watters, 

2008). A graphical plot of the “white noise” residuals of the AR(1) model and the Ljung-Box 
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test were used to confirm independence (Ljung and Box, 1978). Confirmation of 

independence then allowed for the Tukey Honestly Significant Difference to be applied to 

the corrected model to compare soil moisture data among the three zones. 

 

5.4 Results and Discussion 

5.4.1 Hydrology 

During the 387-day monitoring period a total of 91 storm events occurred, producing 2,223 

mm of rainfall. The system was designed to make the individual areas draining to the RWH 

storage tanks as similar as possible; however, incoming runoff volumes differed among the 

3 tanks. Although all runoff from the pool house and pool deck was directed to the 

underground tank and then individually pumped into tanks 1 and 2, the inflow volumes 

entering tank 2 were significantly greater than those entering tank 1. Accordingly, the 

delivery coefficients corresponding to each of these tanks were very different, with values 

of 0.271 and 0.417 for zones 1 and 2, respectively (Figure 5.4). Volumes entering tank 3 

were significantly greater than those entering tank 1, but not significantly different than 

those entering tank 2. 

 

Potential explanations for the significantly lower inflow volumes for tank 1 include varying 

pump flow rates and/or pressure (despite the pumps being the same make and model), 

additional friction loss within delivery pipes and pipe fittings, or greater back-pressure 

against the incoming flow. For both tanks, a standard swing check-valve was installed in the 

delivery piping between the pump and the storage tank to prevent water from draining out 

of the aboveground tanks and back into the underground tank. It is possible that the valve 

installed in the piping of tank 1 was not functioning as intended or required a greater 

‘opening pressure’, thus hindering flow into the tank. Also, tank 1 was the least-used tank in 

the study and therefore remained full for a larger percentage of the monitoring period than 

the other tanks (a topic to be discussed in a later section). As water was often being 
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pumped into a greater volume of water (compared to tank 2) and, consequently, was 

subjected to a greater head pressure, it is likely that this decreased the amount of water 

that was transferred from the underground tank to tank 1. 

 

Peak flow rates of incoming runoff were significantly higher for tank 3 than for tanks 1 and 

2, and significantly higher for tank 2 than tank 1. Lower peak inflow rates for tank 1 were 

likely a result of the circumstances leading to decreased volumes, as previously described. 

The difference between tanks 2 and 3 can be attributed to the disparity between the type 

of watersheds contributing to tank 3 versus tanks 1 and 2 and the different methods of 

runoff conveyance. Tank 3 received runoff from sloped metal roofs and runoff was 

conveyed to the tanks via gravity flow. The longest length of pipe used to convey runoff to 

the tank was approximately 27m. Tanks 1 and 2 received runoff from a sloped asphalt 

shingle roof (pool house) and a flat concrete pad (pool deck). Runoff for these tanks was 

conveyed via gravity along approximately 74 m of pipe to the underground tank, where it 

was pumped a vertical distance of 1.8 m and a horizontal distance of 0.8 m and 5.0 m to 

tanks 1 and 2, respectively.   The pool deck’s coarse texture and lack of slope, coupled with 

the rough texture of the asphalt shingle roof, likely resulted in a high interception of rainfall 

within the drainage area and, thus, lower runoff generation when compared to a sloped 

metal roof. Furthermore, the design of the underground storage tank inherently resulted in 

the ‘loss’ of runoff prior to it reaching the tanks. The float switch used to activate the 

submersible pumps required a minimum depth of water to turn on the pumps. If the runoff 

entering the tank was not sufficient to activate the float switch, the water remained in the 

tank. If the pumps were activated, water was pumped into tanks 1 and 2 until the depth of 

water in the tank dropped below that required to activate the float switch.   

 

Farreny et al. (2011) compiled a list of runoff coefficient estimates for various roof surfaces. 

Values presented for sloping metal roofs include 0.95 and 0.81-0.84. These values are 
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slightly higher than the delivery coefficient measured for the metal sloping roofs in this 

study (0.78), likely due to the ‘wet’ conveyance design (as opposed to a ‘dry’ conveyance 

system) used to transport roof runoff from maintenance building #2 to tank 3. For the 

system discussed herein, the length of pipe that remains filled with water was 29 m, which 

equates to approximately 530 L. The ability of a wet system to convey runoff depends on 

the differential pressure head within the conveyance piping and the vertical distance 

between the tank’s inflow invert and the top of the downspout pipe. If the vertical distance 

is insufficient to create adequate pressure head during a high-intensity rainfall event, roof 

runoff will overflow the downspout piping. This is another possible source of volume loss 

within the RWH system and, coupled with the losses occurring from evaporation and/or 

small leaks, if the probable source of discrepancy between the delivery coefficients 

measured in this study and those reported in the literature. While this inconsistency is 

minor, had a ‘dry’ conveyance system been used instead of a ‘wet’ design, the difference 

between measured and observed coefficients would have likely decreased. 

 

Runoff coefficient estimates of 0.9 and 0.81 have been reported for sloping 

concrete/asphalt roofs and flat cement roofs, respectively (Farreny et al., 2011; Liaw and 

Tsai, 2004). As the runoff from the pool house roof and the pool deck were combined prior 

to entering tanks 1 and 2, delivery coefficients for the individual surfaces cannot be 

determined. However, even the larger of the two delivery coefficients (corresponding to 

tank 2) is approximately half of the value reported for flat concrete roofs. Liaw and Tsai 

(2004) computed the runoff coefficient based upon approximately 100 storms and the 

runoff generated from a pilot rooftop in Taiwan. The difference in the precipitation patterns 

of Taiwan and NC (Taiwan experiences distinct rainy and dry seasons, while NC rainfall is 

more consistent throughout the year) likely attribute to a portion of this discrepancy; 

however, the majority of the inconsistency is almost certainly due to the factors discussed 

previously (varying pump performance and friction loss/flow hindrance by piping/fittings). 
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As shown in Table 5.4, each tank captured a substantial volume of water during the 

monitoring period, with overall volume reductions of 37%, 65% and 60% for tanks 1, 2 and 

3, respectively. All tanks significantly reduced runoff volumes (p=3.43ᴇ-15 for tank 1, 

p=1.167ᴇ-13 for tank 2 p=9.818ᴇ-16 for tank 3); however, volume reductions achieved by 

tank 1 for individual storm events were significantly lower than those of tanks 2 and 3. 

These results were reflected in the relative overflow frequencies (the percentage of storm 

events producing overflow) yielded by the tanks (Table 5.4). Tank 1 had the greatest 

number of overflow events (62) during the monitoring period, followed by tank 3 (25) and 

tank 2 (22), resulting in overflow frequencies of 68%, 24% and 28%, respectively.  

 

Peak flow analyses resulted in the same general trend, as peak flow rates leaving all tanks 

were significantly lower than inflow peak runoff rates (p<2.2ᴇ-16 for all tanks).Tanks 2 and 3 

provided roughly the same average peak flow reduction (80.6% and 80.0%, respectively) 

while tank 1 provided the least, with an average reduction of 44.3% (Table 5.4). The mean 

storm reduction for tank 3 (80%) was slightly lower than those of tanks 1 and 2, but the 

differences were not significant.  Reductions yielded by tank 1, however, were significantly 

less than those provided by tank 2.  

 

Peak flow reductions for all tanks were not significantly correlated with the rainfall depth or 

duration of storm events; however, reductions were significantly correlated with the 

antecedent dry period (ADP).  A longer ADP allowed for greater usage of stored water via 

irrigation and the tanks had more available storage for a rain event.  These results indicate 

that the frequent extraction of stored rainwater, as opposed to storm characteristics, has a 

greater impact on peak flow reductions provided by a RWH system.  
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Table 5.4 Hydrologic performance of tanks 1, 2 and 3 at River Bend Country Club, all 
periods. 

 Tank 1 Tank 2 Tank 3 

Total number of storm events 91 91 91 

Number of days in analysis period 387 387 387 

Volume captured (L) 63,875 156,680 282,490 

Overall volume reduction (%) 37.2 65.1 59.6 

Overflow volume (L) 71,885 84,020 180,195 

Overflow frequency (%) 68.1 24.2 27.5 

Volume used for irrigation (L) 55,600 155,650 275,055 

Mean storm peak flow reduction (%) 44.3 80.6 80.0 

Demand events satisfied (%) 59.6 33.7 19.9 

Dry cistern frequency (%) 1.3 19.3 27.1 

 

 

During the course of the monitoring period, 55,600L were extracted and used for irrigation 

for tank 1, which was substantially less than that extracted from tanks 2 and 3 (155,650L 

and 275,055L, respectively).  As the volume of water used for a single irrigation application 

increased, the ability of the system to meet irrigation demand events decreased. Tank 1 was 

able to fulfill 60% of the scheduled irrigation applications, this value decreased to 34% and 

20% for tanks 2 and 3, respectively. The amount of time a cistern remained dry was also 

highly dependent upon the volume of water extracted for us. Tank 1 was empty for a very 

small portion of the monitoring period (a dry cistern frequency of 1.3%). In contrast, tank 2 

exhibited a dry cistern frequency of 19% and tank 3 was empty for 27% of the monitored 

period. 

 

The emergency backup water supply was utilized to apply one irrigation cycle to each zone 

on the following dates June 19, 2012, July 3, 2012 and July 18. The backup supply was used 
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on June 19th due to an extended period (13 days) without rainfall. Tanks 1 and 2 were able 

to supply harvested rainwater for irrigation until June 15th; however, tank 3 was emptied on 

June 6th. July applications of backup water were required due to system failures and very 

hot temperatures (maximum daily temperatures exceeded 32.2˚C), which necessitated 

irrigation to maintain turf health. 

 

5.4.2 Stormwater Mitigation Performance 

Tank 1 provided the least stormwater mitigation of the three tanks, as evidenced by the 

lowest volume and peak flow reductions and the highest overflow frequency. This was 

expected, as there was no water extracted from the tank November through March (Table 

5.1) and the storage tank remained full and overflowing during this time. Extracting smaller 

volumes from the tank decreased the ability of the system to accept and retain incoming 

runoff. By irrigating year-round at a higher rate (and thus extracting greater volumes of 

water more frequently), tank 2 was able to capture a greater percentage of incoming 

runoff, thereby substantially increasing runoff volume and peak flow rates.  

 

It would be expected that further increasing the irrigation application rate would result in 

even greater stormwater benefits from tank 3; however, this was not the case. This is likely 

because tank 3 received significantly greater runoff volumes and peak inflow rates than 

tanks 1 and 2. Despite having larger volumes of water extracted from the system, the tank 

was unable to reduce these higher volumes and flow rates enough to provide overall 

reductions as high as tank 2. As the volume of water required to irrigate zone 3 for one 

application was approximately 5,115 L, or 34% of the tank’s total storage capacity (i.e. one 

week’s application was comparable to total storage capacity), it is hypothesized that further 

increasing the volume of water extracted from the tank would yield little improvement in 

volume or peak flow reduction. Potential drawbacks to further increasing the irrigation rate 

include a decrease in the water demand that could be satisfied with rainwater and an 
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increase in the dry cistern frequency of the system. Alternatively, increasing the size of the 

storage tank could potentially increase the hydrologic mitigation of tank 3 without 

jeopardizing the ability of the system to meet irrigation demands. 

 

Between June 20, 2012, and September 29, 2012, the study site experienced several severe 

thunderstorms during which parts of the irrigation system were struck by lightning at least 

twice. Even when there did not appear to be a direct strike, electrical problems abounded 

during this period and the main breaker operating the submersible pumps in the 

underground tank was tripped several times. Consequently, the system failed to irrigate as 

scheduled on numerous occasions (28, 25, and 25 events were skipped for zones 1, 2 and 3, 

respectively), resulting in decreased hydrologic performance. While lightning strikes are 

unpredictable, the breaker issues were addressed by replacing the faulty breaker with a 

larger one. The stormwater mitigation benefits of each tank are also evaluated omitting 

offline periods; this gives a better indication of how each tank performs when functioning as 

intended.  

 

As shown in Table 5.5, the volume and peak flow reductions achieved by all 3 tanks 

increased greatly compared to those shown in Table 5.4. When the irrigation system failed 

to run as scheduled, the storage tanks are often at capacity, resulting in an inability to 

mitigate storm events. When operating as intended, the benefits of irrigating year-round 

and at rates greater than the minimum needed to sustain healthy turf were more 

pronounced. Volume and peak flow reductions of 80% and 96%, respectively, were 

achieved, as well as overflow frequencies of only 4% for tanks 2 and 3. Additionally, a 

greater percentage of demand events were fully satisfied with rainwater.  This highlights 

the importance of frequent, rigorous monitoring of RWH systems to ensure they are 

functioning as intended. 
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Table 5.5 Hydrologic performance of tanks 1, 2 and 3 at River Bend Country Club, 
excluding offline periods occurring between June 20, 2012 and September 29, 2012. 

 Tank 1 Tank 2 Tank 3 

Total number of storm events 55 55 55 

Number of days in analysis period 359 362 362 

Volume captured (L) 43,725 114,340 209,387 

Overall volume reduction (%) 53.6 79.9 80.3 

Overflow volume (L) 37,890 28,710 180,195 

Overflow frequency (%) 54.5 3.6 3.6 

Volume used for irrigation (L) 55,600 155,650 275,055 

Mean storm peak flow reduction (%) 85.8 96.5 96.2 

Demand events satisfied (%) 84.8 79.4 64.8 

Dry cistern frequency (%) 1.4 21.2 29.0 

 

 

The hydrologic effects of the RWH system as a whole were evident throughout the study 

period. Prior to its installation, nuisance flooding occurred frequently during high-intensity 

precipitation events and standing water was common on the tennis courts and around 

maintenance building #1 (Figure 5.2). The installation of the RWH system dramatically 

decreased the frequency and magnitude of flooding in these areas, resulting in improved 

quality and function of the tennis courts and maintenance building. 

 

5.4.3 Soil Moisture  

Soil moisture content were not significantly different among the three zones (p=0.989, 

p=0.28 and p=0.323 for comparisons between tanks 1 and 2, 1 and 3 and 2 and 3, 

respectively). These data indicate that irrigating in excess of the turf’s minimum 

requirements did not increase the overall soil moisture content of zones 2 and 3. This 
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indicates that excess applied water was either transpired by plants, evaporated or drained 

from the top portion of the soil column. 

 

Field capacity for a sandy loam soil normally falls within the range of 0.11-0.22 m3/m3, and 

data collected during the study period suggested a field capacity of approximately 0.20 

m3/m3 at the River Bend site (Fangmeier et al., 2006). As shown in Figure 5.5, moisture 

content values in all zones at some points exceeded 0.2 m3/m3. Average daily soil moisture 

content in zone 1 was greater than 0.20 m3/m3 for approximately 7.5% of the monitored 

period. This was less than zones 2 and 3, where soil moisture exceeded field capacity 15.5% 

and 32.2% of the time, respectively.  When soil moisture content exceeds field capacity, this 

indicates an excess amount of water relative to what can be retained by the soil for 

subsequent uptake by plants; however, it does not indicate a contribution to surface runoff 

(Brady and Weil, 2002). The generation of surface runoff occurs when all pore spaces within 

a soil column are filled with water, creating a saturated condition. Effective porosity, which 

represents the total pore space that can contribute to fluid flow via gravity, may serve as a 

conservative estimate of the available pore space. Therefore, it may be used as a coarse 

threshold to indicate soil saturation (Brady and Weil, 2002).  The mean effective porosity for 

a sandy loam soil is approximately 0.30 (McWorter and Sunada, 1977). As shown in Figure 

5.5, this value was not exceeded in any of the zones during the study period; thus, it does 

not appear that irrigation at higher rates increased runoff generation in zones 2 or 3, a fact 

confirmed via visual inspection of the site during multiple storm events. 

  

The soil at River Bend Country Club is a sandy loam and exhibits high infiltration rates, 

which is likely the reason that there were no significant increases in soil moisture content 

among the different zones. When increasing irrigation application depths in less permeable 

soils, one may experience more pronounced increases in soil moisture content than those 

reported herein.  
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Figure 5.5 Average daily soil moisture content for zones 1, 2 and 3, compared to maximum 
field capacity and mean effective porosity for a sandy loam soil. 
 

 

5.4.4 Soil Nitrate 

Soil nitrate concentrations for the first 15cm of the soil profile were statistically similar for 

all three zones (p=0.283, p=0.785 and p= 0.663 for comparisons between tanks 1 and 3, 1 

and 2, and 2 and 3, respectively) (Figure 5.6). Similarly, concentrations measured in the 15-

30cm portion of the profile were not significantly different among the three zones (p=0.43, 

p=0.887 and p= 0.206 for comparisons between tanks 1 and 3, 1 and 2, and 2 and 3, 

respectively). When comparing N concentrations at the two depths, concentrations at the 

15-30 cm depth were significantly less than those in the upper 15cm for all zones (p=0.002 

for zone 1, p=0.007 for zone 2, and p=0.001 for zone 3), suggesting that the majority of 
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nitrate is retained within the first 15cm of the soil profile, perhaps due to plant uptake, or a 

low cation exchange capacity of the soil. This is an important finding, as the leaching of 

nitrate from the soil profile has been previously linked to the irrigation of turfgrass, 

especially in sandy soils (Snyder et al., 1984; Brown et al., 1977). Leaching of nitrate is a 

concern due to potential groundwater contamination (Snyder et al., 1984); therefore, 

ensuring that management practice modifications, such as irrigation application rates, do 

not increase the chance of nitrate leaching is essential.   

 

 

 

Figure 5.6 Summary of soil nitrate concentrations measured biweekly in zones 1, 2 and 3 
at depths of 0-15 cm and 15-30cm.  Statistical similarities are indicated by like characters 
adjacent to the zone name (a,b). 
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Based upon the findings presented herein, it can be concluded that irrigating at rates 

greater than evapotranspiration did not change how nitrate was retained within the soil 

column during the monitoring period, which suggests that the risk of increasing the 

potential for nitrate leaching is minimal. This is likely attributable to several factors: (1) a 

split application of nitrogen fertilizer, resulting in relatively low application rates, (2) the use 

of a mixture of slow-, medium- and fast-release fertilizers (as opposed to fast-release only), 

(3) the seasonal timing of fertilizer applications and (4) the temporal time of applications. 

Three fertilizer applications were applied to the turf at 36.6 kg/ha, which is much lower 

than the application rates for previous studies that detected significant nitrate leaching 

(Snyder et al., 1984; Brown et al., 1977; Bowman et al., 2002). Furthermore, the initial 

application consisted of a mixture of slow-, medium- and fast-release fertilizer, which 

prevented substantial leaching like that noted by Bowman et al. (1977). Fertilizer 

applications were applied to turf in the spring and summer when Bermudagrass is active 

and growing, thus allowing maximum uptake of applied nitrogen (Lee et al., 2003). As 

several studies noted substantial leaching when fertilizer was applied during the non-

growing season, this management practice is likely a key contributor to the minimization of 

leaching (Brown et al., 1977; Bowman et al., 2002). Finally, the application of fertilizer when 

significant rainfall (or irrigation) was not imminent likely decreased the potential for 

leaching as well, as Brown et al. (1977) noted an increase in nitrate leaching when 

substantial rainfall or irrigation occurred immediately following a fertilizer application. 

 

5.4.5 Turf Quality 

Normalized Difference Vegetation Index (NDVI) data were collected every other week for 

each zone during the monitoring period to evaluate the effect of higher irrigation rates on 

turf quality (Figure 5.7). There were no significant differences in NDVI values among the 

zones, indicating that excess irrigation did not jeopardize the visual appeal or health of the 

bermudagrass. Findings presented by Qian and Engelke (1999) indicated a linear increase in 
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turf quality as irrigation application increased and suggested the presence of a threshold 

(identified as 55% of pan evaporation) above which increases in irrigation did not further 

improve turf quality. In this study, application rates for zone 1 averaged approximately 26% 

of estimated pan evaporation at the site, while application rates for zones 2 and 3 averaged 

74% and 151% of pan evaporation, respectively (SCO, 2013). The discrepancy between the 

findings presented herein and those from Qian and Engelke (1999) may be due to 

inconsistencies among the two studies, including climate and precipitation characteristics, 

fertilizer types, rates or application timing, or irrigation system design. Nevertheless, 

findings from this study suggest that Bermudagrass, when grown under conditions similar to 

those used herein, can withstand excess irrigation of at least 51 mm/week without 

exhibiting decreased turf quality. 

 

Measured NDVI values were similar to values reported in previous studies. Baghzouz et al. 

(2007) measured NDVI values for bermudagrass in Nevada, US receiving high steady 

nitrogen from 0.4 to 0.7 over the course of the summer. Summer values for the RBCC site 

ranged from roughly 0.6 to 0.7. Values measured in an Oklahoma, US study ranged from 

0.65 to 0.9 over 2 years of June-October monitoring and were higher than those reported 

herein (Xiong et al., 2006). The bermudagrass in the Xiong et al. (2006) study received 

2.54cm of irrigation per week, as did zone 2 in this study; however, nitrogen fertilizer was 

applied every 2 weeks, which was much more frequent than the two applications at RBCC. 

Furthermore, the Oklahoma study used different cultivars of bermudagrass, which were 

planted on a silty clay loam soil.  These differences likely led to higher NDVI values than 

those reported herein. When compared to Xiong et al. (2006)’s minimum NDVI rating for 

acceptable visual quality of 0.6, bermudagrass in all three zones of the RBCC study site 

largely met or exceeded this value from June until mid-September. After mid-September, 

NDVI values decreased slightly, averaging 0.55-0.6. 

 



 

 

 

135 
 

Several studies have correlated increased irrigation application depths with an increase in 

pests and diseases. Qian and Engelke (1999) reported an increase in the presence of dollar 

spot in bermudagrass when irrigated in rates greater than 80% pan evaporation, as did Jiang 

et al. (1998). However, there were no observed increases in diseases or fungal problems in 

the zones receiving more irrigation in this study. 

 

 

 

Figure 5.7 Average normalized difference vegetation index (NDVI) values for zones 1, 2 
and 3. 
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5.4.6 Design Considerations & Recommendations 

The difference in runoff volumes entering each storage tank at the River Bend site highlights 

the variability of runoff generation caused by watershed characteristics and design aspects 

of a RWH system. The type of surface, both texture and slope, contributing runoff to a RWH 

system, as well the method by which that runoff is conveyed to the storage tank(s), will 

dictate the amount of volume captured during a storm event. The runoff generated from 

non-roof catchments can be substantially less than that generated from a rooftop due to 

higher runoff interception throughout the watershed. Designers should consider this 

decrease in water supply when sizing RWH systems and ensure the volume of runoff 

delivered to the system will be sufficient to meet users’ demands.  

 

As stated previously, the results presented herein pertain to bermudagrass turf that is 

grown on sandy soils within a humid climatic region. Variations in any of these site 

characteristics could yield different results with respect to soil moisture, turf quality, 

stormwater mitigation, or other aspects of system performance. As noted in Qian and 

Engelke (1999), different turfgrass species respond differently to excess irrigation and some 

may not be able to tolerate application rates as high as those employed in this study. 

Employing excess irrigation on sites with lower infiltration rates can be challenging and 

caution must be taken to prevent runoff generation or turf health problems. Management 

practices, especially those pertaining to fertilizer applications, must be carefully considered 

when applying excess irrigation to avoid leaching of nitrate from the soil profile. Fertilizer 

should be applied during the growing season when plant uptake is greater and should not 

be applied when substantial irrigation or rainfall is imminent. Furthermore, rates should be 

carefully selected to minimize the migration of nitrate in the soil profile and maximize plant 

uptake.  
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When the irrigation rate was increased from 25 mm/week to 51 mm/week dry cistern 

frequency increased and the number of demand events that were fully satisfied by 

rainwater decreased. Due to the high volume of water extracted from tank 3 during each 

irrigation application, tank 3 was emptied faster than tanks 1 or 2. This often resulted in the 

zone 3 turf going without irrigation for a longer period of time than that in other zones. 

While this had no consequences during the majority of the year, the turf did exhibit signs of 

drought stress on several occasions during the hot summer months. Signs of drought stress 

were never observed in zones 1 and 2. This highlighted an important design consideration 

when employing excess irrigation: while increasing the stormwater mitigation potential of a 

system, irrigating at higher irrigation rates may jeopardize the ability of the system to meet 

irrigation demands and thus risk damage to turf when there is a prolonged lack of rainfall.  

 

A tiered irrigation approach can be used to maximize runoff volume and peak flow 

reductions while maintaining the ability of the system to meet irrigation needs of the turf. 

One concept of a tiered approach involves irrigating at a higher rate until the RWH system 

capacity drops to a certain level (for example, a level corresponding to 50% of the system’s 

storage capacity). Once this level is reached, the irrigation rate is reduced, thereby 

increasing the length of time that turf can be irrigated until the system’s tank is replenished. 

Another approach to a tiered irrigation design involves irrigating at the higher rate when 

temperatures are moderate enough that turf will not undergo drought stress if frequent 

irrigation applications cannot be maintained due to lack of rainfall. During the hottest 

portions of the year, the irrigation rate can be lowered to meet ET requirements of the turf, 

which would increase the length of time that the system can irrigate as scheduled without 

rainfall replenishment.  When designing a system with a tiered irrigation approach, 

automation is essential to ensure precise and reliable changes between irrigation rates, as 

system managers are unlikely to unfailingly adjust rates when appropriate. 
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Irrigation-based RWH systems are complex and are comprised of many components. As 

indicated by the electrical problems experienced during this study, the malfunctioning of 

any one component can substantially jeopardize the performance of a system; therefore, it 

is imperative to follow a rigorous maintenance and inspection plan to catch any problems 

shortly after they arise. If possible, designs should have some type of automated alert to 

notify system managers of potential problems or malfunctioning parts.  

 

5.5 Conclusions 

1. Irrigating at rates greater than the minimum needed to maintain turf health can 

significantly increase stormwater mitigation for a site by reducing runoff volumes and 

peak flow rates.  

2. Where potable water is used to satisfy irrigation demands, irrigation-based RWH 

systems can substantially decrease the volume of potable water consumed at a given 

site. 

3. In humid regions with sandy soils, converting to an irrigation rate of 25 mm/week is 

recommended to strike a balance between stormwater mitigation benefits and the 

ability of the system to meet irrigation demands. This rate will likely need to be 

adjusted for sites with differing climate/precipitation characteristics, soil types or turf 

species. 

4. A tiered irrigation regime could be employed to maximize both stormwater 

management benefits and the frequency at which irrigation demands are satisfied: 

Irrigate at a higher rate during cooler portions of the year and switch to a lower rate 

during the hot, summer months, or irrigate at a higher rate until the RWH system 

reaches a certain capacity, then switch to a more conservative regime. 

5. When employing excess irrigation, appropriate cultural management practices are 

essential to prevent deleterious consequences, such as nitrate leaching, pest or 

disease problems or declining turf quality.  
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6. SUMMARY AND FUTURE RESEARCH 

6.1 Designing and Implementing Rainwater Harvesting Systems in Humid Regions  

While rainwater harvesting systems have historically been used as water conservation 

practices in areas with limited potable water supplies, they are now becoming prevalent in 

humid regions, with some differences in use and benefits. Instead of being used for toilet 

flushing or laundry, humid-region systems may solely irrigate or be restricted to other 

outdoor-only uses. Because outdoor uses are often seasonal or periodic, secondary 

objectives, such as stormwater management, should be identified and implemented. 

Without a secondary objective (perhaps regulatory-driven), the expense and effort required 

to implement a RWH system may preclude people from using them in humid regions like 

the Southeast USA.  

 

RWH systems are unique in their ability to provide an alternate source of water while 

simultaneously detaining roof runoff that would otherwise be discharged to the sewer 

network. For the system to mitigate stormwater runoff, however, there must be sufficient 

room available in the tank to store a runoff event. Frequent, consistent water demands 

increase the stormwater management potential of a system by increasing the likelihood of 

available capacity for storing runoff during a subsequent rain event. RWH systems that stay 

full for extended periods of time and are emptied all at once are not as efficient from a 

stormwater management perspective due to larger overflow frequencies. Identifying and 

incorporating consistent and frequent demands for RWH systems in humid regions would 

reduce potable water demand and improve stormwater management for a given site.  

 

Slight modifications in design can substantially improve the efficiency and stormwater 

management potential of RWH systems. Examples of these modifications include 

automation, identification and inclusion of consistent, year-round water demands and slow-

release of stored water during the non-growing season. The automation of water harvesting 
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systems substantially increases the efficiency and benefits (both water conservation and 

stormwater management), as this relinquishes humans of the responsibility to remember to 

turn the system on or use it. Meeting demands that ensure consistent, reliable withdrawals 

of water from the system also increases rainwater usage, reduces potable water usage and 

provides stormwater management benefits by providing storage space for the next 

precipitation event.  

 

Incorporating an automated backup water supply can also increase the usage of RWH 

systems in humid regions, as this can alleviate the need of human intervention during 

droughty periods. Usage of collected water can be substantially decreased if operators do 

not remember to switch back to the RWH system after rain occurs; however, this 

mechanism must be used with caution. As the majority of RWH systems in NC are not the 

sole source of water, nor are they typically serving as a potable source, there is a lack of 

incentive to ensure the systems are working as expected. This may result in problems such 

as those experienced at the Craven County Animal Shelter, where system components 

break or malfunction and the problem is masked by a potable backup source. As such, it is 

imperative that RWH systems are regularly inspected to identify any problems detracting 

from system performance. Furthermore, some type of simple-to-observe indicator 

mechanism, such as an alarm or warning light, should be included in the design to inform 

users when the system is not working as designed or when backup water is being used in 

lieu of rainwater.  

 

Finally, many RWH systems in NC and other humid regions are used for outdoor irrigation. 

Systems that are used solely for irrigation have two main problems: (1) the systems remain 

full and overflow during the entire non-growing season, and (2) irrigation is often needed 

the most during times of decreased rainfall, thus creating a mismatch between supply and 

demand of water. The overall efficiency of these systems could be increased by finding a 
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use for the water during the non-growing season. This ‘use’ could be an actual water 

demand, or could be an automatic slow-release of stored water, in which case the system 

behaves like a detention facility for roof runoff.  

 

Widespread implementation of RWH systems in humid regions will only occur when 

required by regulations or when regulatory incentives out-weigh the cost of 

implementation. By instituting incentive programs, such as stormwater mitigation credits or 

tax credits/rebates, policy makers can greatly increase implementation, thereby 

simultaneously addressing two essential goals in urban areas: water supply and stormwater 

management. 

 

6.2 Increasing the Stormwater Mitigation Benefits of Rainwater Harvesting Systems via 

Passive and Active Release Mechanisms 

The incorporation of a passive or active release mechanism can substantially improve the 

stormwater management benefits of a RWH system. When employed by two RWH systems 

in NC, each release mechanism reliably reduced runoff volumes and peak flows while still 

meeting the majority (if not all) of users’ demands.  

 

The passive release mechanism is inexpensive, easy to install and features a simple design. 

Its autonomous nature alleviates the need for human input, thus decreasing the likelihood 

of user error or neglect. Furthermore, there are no moving parts in the design and no 

electricity is required for operation, further insuring uninterrupted functionality. Drawbacks 

to this mechanism include the semi-permanence of the drawdown orifice (i.e., it cannot be 

easily removed once installed) and a decrease in the volume of harvested rainwater 

available to users of the system (though the reduction in available water decreases as the 

frequency of water demands increases).   
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The active release mechanism addresses several of the passive release mechanism 

drawbacks by optimizing the release of harvested water and preserving the entire available 

storage volume for users. However, the cost, complexity and resource requirements of the 

active release mechanism can hinder its implementation. The installation of the equipment 

and program logic is relatively costly, and the complexity of the programming logic and the 

potential for technical glitches requires oversight by a knowledgeable company or 

individual.  Furthermore, as the program is based upon the ability to access NWS forecasts, 

there must be uninterrupted power and internet accessibility at the site.  

 

There is likely a threshold that dictates which release mechanism – active or passive – is 

most appropriate for a given application. The simplicity and inexpensiveness of the passive 

release mechanism makes it ideal for smaller RWH systems and retrofit applications. 

Provided the duration of the detention storage volume drawdown is less than the average 

ADP for a given area, this mechanism can reliably achieve runoff volume and peak flow 

reductions. However, it may not be an efficient means of meeting stormwater objectives for 

larger systems or in certain climatic regions, as the ability of the system to fully release the 

detention storage volume prior to the subsequent rain event may be jeopardized. 

Additionally, the reduction in availability of harvested rainwater may preclude this 

mechanism from consideration for applications that rely heavily on having large volumes of 

water available on a regular basis.  

 

The active release mechanism is ideal for larger systems that rely heavily on the availability 

of harvested rainwater for user demands and/or are using the RWH system to meet 

stormwater regulations. As the active release mechanism provides superior volume and 

peak flow reduction and preserves the water conservation aspect of the RWH system, its 

higher cost may not be a deterrent to its implementation, especially for larger systems, as 

economies of scale exist. The costs associated with this mechanism remain fixed regardless 
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of system size and, consequently, its cost-effectiveness increases as system size increases. 

Additionally, the high water usage that often accompany these larger systems will likely 

result in the cost savings of potable water replacement contributing to the recoupment of 

system and mechanism costs.   

 

The potential benefits of widespread implementation of RWH systems equipped with either 

of these mechanisms range from improved stormwater management to CSO reductions to 

reduced potable water consumption. The appropriateness of either of these mechanisms is 

dependent upon individual site and system characteristics. Regardless of which type of 

release mechanism, its incorporation into the design of a RWH system will greatly improve 

the manner in which stormwater volumes and rates are mitigated from a site. 

 

6.3 Using Excess Irrigation to Improve Stormwater Management Benefits Provided by a 

Rainwater Harvesting System 

Results from the River Bend Country Club study highlight the variability of runoff generation 

caused by watershed characteristics and design aspects of a RWH system. The type of 

surface, both texture and slope, contributing runoff to a RWH system, as well the method 

by which that runoff is conveyed to the storage tank(s), will dictate the amount of volume 

captured during a storm event. The runoff generated from non-roof catchments can be 

substantially less than that generated from a rooftop due to higher runoff interception 

throughout the watershed. Designers should consider this decrease in water supply when 

sizing RWH systems and ensure the volume of runoff delivered to the system will be 

sufficient to meet users’ demands.  

 

The findings presented herein indicate that employing a ‘wet’ conveyance system can 

slightly decrease the delivery coefficient for a RWH system. It is anticipated that an increase 

in the amount/length of wet conveyance piping used for a system will decrease the portion 
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of runoff volume delivered to the system. The magnitude of this decrease will primarily 

depend upon the friction losses occurring in the pipe, the vertical distance between the 

tank inflow invert and top of downspout piping, and the presence of leaks within the piping 

network. The use of pumps to convey water to storage tanks also decreases the delivery 

coefficient for a system due to water being permanently retained within the tank ‘feeding’ 

water to other tanks. This design approach also requires more moving parts, pipes and 

fittings than a gravity-dependent system, which can hinder optimum delivery of water if a 

component malfunctions.   

 

As stated previously, the results presented herein pertain to bermudagrass turf that is 

grown on sandy soils within a humid climatic region. Variations in any of these site 

characteristics could result in different results. As noted in Qian and Engelke (1999), 

different turfgrass species respond differently to excess irrigation and some may not be able 

to tolerate application rates as high as those employed in this study. Employing excess 

irrigation on sites with lower infiltration rates can be challenging and caution must be taken 

to prevent runoff generation or turf health problems. Management practices, especially 

those pertaining to fertilizer applications, must be carefully considered when applying 

excess irrigation to avoid leaching of nitrate from the soil profile. Fertilizer should be 

applied during the growing season when plant uptake is greater and should not be applied 

when substantial irrigation or rainfall is imminent. Furthermore, rates should be carefully 

selected to minimize the migration of nitrate in the soil profile and maximize plant uptake.  

 

When the irrigation rate was increased from 25.4mm/week to 50.8mm/week dry cistern 

frequency and a decrease increased and the number of demand events that were fully 

satisfied by rainwater decreased. Due to the high volume of water extracted from tank 3 

during each irrigation application, tank 3 was emptied faster than tanks 1 or 2. This often 

resulted in the zone 3 turf going without irrigation for a longer period of time than that in 
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other zones. While this had no consequences during the majority of the year, the turf did 

exhibit signs of drought stress on several occasions during the hot summer months. Signs of 

drought stress were not observed in zones 1 and 2. This highlighted an important design 

consideration when employing excess irrigation: While increasing the stormwater 

mitigation potential of a system, irrigating at higher irrigation rates may jeopardize the 

ability of the system to meet irrigation demands and thus risk damage to turf when there is 

a prolonged lack of rainfall.  

 

A tiered irrigation approach can be used to maximize runoff volume and peak flow 

reductions while maintaining the ability of the system to meet irrigation needs of the turf. 

One concept of a tiered approach involves irrigating at a higher rate until the RWH system 

capacity drops to a certain level. Once this level is reached, the irrigation rate is lowered, 

thereby increasing the length of time that turf can be irrigated until the system’s tank is 

replenished. Another approach to a tiered irrigation design involves irrigating at the higher 

rate when temperatures are moderate enough that turf will not undergo drought stress if 

frequent irrigation applications cannot be maintained due to lack of rainfall. During the 

hottest portions of the year, the rate is lowered to increase the length of time that the 

system can irrigate as scheduled without rainfall replenishment.  When designing a system 

with a tiered irrigation approach, automation is essential to ensure precise and reliable 

changes between irrigation rates, as system managers are unlikely to unfailingly adjust rates 

when appropriate. 

 

Irrigation-based RWH systems are complex and are comprised of many components. As 

indicated by the electrical problems experienced during this study, the malfunctioning of 

any one component can substantially jeopardize the performance of a system; therefore, it 

is imperative to have a rigorous maintenance and inspection plan to catch any problems as 

soon as possible. If possible, designs should have some type of automated alert to notify 
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system managers of potential problems or malfunctioning parts. Frequent inspection of all 

RWH system and irrigation components is crucial to facilitate optimum performance.  

 

In summary, the following conclusions can be drawn regarding the use of excess irrigation 

to improve the stormwater mitigation provided by a RWH system: 

1. Irrigating at rates greater than the minimum needed to maintain turf health can 

significantly increase stormwater mitigation for a site by reducing runoff volumes and 

peak flow rates.  

2. Where potable water is used to satisfy irrigation demands, irrigation-based RWH 

systems can substantially decrease the volume of potable water consumed at a given 

site. 

3. In humid regions with sandy soils, an irrigation rate of 25.4mm/week is recommended 

to strike a balance between stormwater mitigation benefits and the ability of the 

system to meet irrigation demands. This rate will likely need to be adjusted for sites 

with differing climate/precipitation characteristics, soil types or turf species. 

4. A tiered irrigation regime could be employed to maximize both stormwater 

management benefits and the frequency at which irrigation demands are satisfied: 

Irrigate at a higher rate during cooler portions of the year and switch to a lower rate 

during the hot, summer months, or irrigate at a higher rate until the RWH system 

reaches a certain capacity, then switch to a more conservative regime. 

5. When employing excess irrigation, appropriate cultural management practices are 

essential to prevent deleterious consequences, such as nitrate leaching, pest or 

disease problems or declining turf quality.  

 

6.4 Water Quality Improvement via Rainwater Harvesting Systems 

Stormwater benefits associated with RWH are not only limited to load reductions via water 

diversion, but extend to concentration reductions as well for nitrogen and phosphorus 
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species, as RWH systems have been shown herein to effectively reduce concentrations of 

both. Reductions in TSS were not significant, likely due to the relatively low concentrations 

entering the system. The addition of in-line filtration components can aid in further TSS 

removal of harvested rainwater. The event median concentrations (EMCs) of the studied 

RWH systems compare favorably to median effluent concentrations reported for other 

SCMs, and can be used in conjunction with volume reductions to facilitate pollutant load 

reductions. 

 

The lack of use of stored water was found to facilitate anaerobic conditions within the 

storage tank, which hindered nitrogen removal and gave water an offensive odor. Frequent 

use of the rainwater can increase aeration within the system and result in a system that can 

oxidize and remove incoming nitrogen more efficiently. When designed to maximize water 

use, the pollutant removal provided by these systems can be used as a site’s stormwater 

management strategy. 

 

6.5 Rainwater Harvesting in Humid Regions: Designing to Maximize Benefits 

During the initial planning stages, a designer has many decisions to make regarding how a 

RWH system will function. From choosing a drainage area, to identifying designated water 

uses, to sizing the system, the complexity of system design can be overwhelming. However, 

this complexity also allows for complete customization of a RWH system to maximize its 

benefits to the property owner and the environment. 

 

The following list presents design recommendations for multiple aspects of a RWH system, 

each of which adds to the ability of a system to jointly meet stormwater management and 

water conservation goals. When employed together, the result can lead to an optimally 

designed RWH system for use in humid regions of the U.S.  
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1. Evaluating the Drainage Area and Placement of the RWH System 

 Drainage area characteristics directly impact the amount of runoff generated and 

conveyed to a RWH system. Flat areas will have a lower capture factor than sloped 

areas, thus creating less runoff. When accepting runoff from surfaces other than 

rooftops, the physical attributes of the surface will dictate how much runoff is 

produced (i.e., vegetated surfaces will be subject to infiltration and 

evapotranspiration which decreases runoff volumes/rates, and concrete and asphalt 

surfaces retain more runoff due to their roughness than a smooth metal surface). 

These factors should be accounted for when estimating the volume of runoff 

generated by a drainage area and sizing the storage tank(s) of a system. 

 When capturing runoff from multiple surfaces, it is often easier and more cost 

effective to utilize multiple, smaller storage tanks as opposed to one large, 

centralized tank (which must often be located underground). These multiple tanks 

may be connected hydraulically to act as one system.  

 Placing storage tanks as close as possible to the runoff source often allows the use of 

gravity to convey water to the tanks, which alleviates the need for pumps, electricity 

and increased maintenance. When pumps are used to convey water, this not only 

increases the costs associated with a system, but can decrease the amount of water 

conveyed to a system. Necessary piping and fittings create friction and back-

pressure and can reduce the rate of water delivered to the storage tank. If incoming 

runoff rates exceed the capacity of the pump, water is lost via overflow. Finally, if 

electricity is interrupted during a rain event, the pumps are inoperable and the 

system provides no stormwater management benefits. 

2. Choosing Designated Water Uses 

 Selecting non-discretionary, year-round designated uses for harvested rainwater will 

maximize the potable water replacement and savings benefits of a system. Examples 

of such demands include toilet flushing, animal kennel washing, and some industrial 
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processes requiring non-potable water. Ensuring that these demands are consistent 

and frequent optimizes the stormwater management aspect of the system. Multiple 

uses can also be combined to create a cumulative demand regime that meets these 

criteria.  

 Designers can also ‘manufacture’ a designated use for the system. Including a 

passive release mechanism, active release mechanism or other form of automated 

draw down for a RWH system increases the ability of the system to mitigate 

stormwater runoff and should be considered when stormwater management is a 

primary system objective. Water discharged by any of these release mechanisms 

should be directed to a vegetated area, preferably a stormwater control measure, to 

allow infiltration and treatment.  Similar to other low impact development 

approaches, a decentralized approach to the way a system releases water (i.e., 

employing multiple, smaller discharge points as opposed to one large release point) 

can increase stormwater management benefits by allowing infiltration and 

treatment of a larger percentage of released water and decrease costs associated 

with accompanying stormwater control measures.  

 When using systems for irrigation, several approaches may be used to address the 

lack of demand during non-growing seasons or rainy periods: 

1. Irrigating at a constant, excess rate (a rate greater than that required to 

maintain turf health) even during the non-growing season, 

2. Irrigating at a constant excess rate during the non-growing season, then 

switching to a conservative, evapotranspiration-based regime during the 

growing season,  

3. Employing a tiered approach, which irrigates at a constant excess rate 

until the system reaches a certain capacity (e.g. 50% of storage capacity), 

at which time the system automatically switches to a conservative, 

evapotranspiration-based regime, or 
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4. Augment irrigation demands with other designated uses to create a 

cumulative demand that facilitates consistent, frequent, non-discretionary 

and year-round withdrawals of harvested rainwater. 

3. Considering Human Behavior While Maximizing Use 

As RWH systems rely on the use of harvested rainwater to fulfill system objectives and 

maximize economic benefits, it is imperative to consider human behavior when 

designing a system. The following tactics should be considered and utilized whenever 

feasible: 

 Extraction spigots should be located as close as possible to where the water is 

needed/used, and nearby potable water spigots should be decommissioned to 

prevent their use.  

 A back-up water supply should be included and designed to meet water demands 

when harvested rainwater has been depleted. The system should seamlessly 

transition between rainwater and back-up water when necessary and avoid the 

need for human interaction.  

 A method of alerting users when the system is not functioning as intended is 

essential to enable prompt detection of problems and subsequent repairs. This can 

be as simple as a warning light when the back-up supply is engaged (which may 

mean the tank is simply empty due to use, or may indicate the water is not being 

conveyed to the tank or staying in the tank once it is there, perhaps due to a clogged 

inflow pipe or leak). More sophisticated systems may employ devices to alert when 

there is a drop in system pressure, an excessive use of back-up supply, etc.  

 A troubleshooting guide should accompany all systems to assist users in diagnosing 

and fixing problems. Additionally, a water level indicator should be included in the 

system design so that users may easily see how much water is in the storage tank of 

the system at any given time. 
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 The incorporation of real-time feedback of system performanceadds additional cost 

to a RWH system, but it allows users to easily view and understand the tangible 

benefits of a system. Graphical displays of system performance can include current 

volume within the storage tank(s), actual harvested rainwater usage on a daily, 

weekly, and/or monthly basis, total potable water savings, and cost savings.  Placing 

these displays in convenient locations within a building can increase user awareness 

of system performance and encourage their cooperation in meeting system goals. 

Obviously, personnel must partial responsibility for this dashboard.  

4. Maintaining Adequate Water Quality 

 Poor water quality can deter the use of harvested rainwater. For systems with 

overhanging vegetation or large pollen contributions, designers should include a 

method of diverting pollen-laden water away from the system. This may be a 

permanent first flush diverter, or a downspout diverter that users engage only 

during pollen season. Self-flushing downspout filters should be used to prevent 

frequent clogging by vegetative debris.  

 The selection of post-storage filtration components should be governed by the 

designated uses of the system. For example, if harvested rainwater is being used to 

wash vehicles, extra filtration should be included to ensure all grit and sediment 

particles are removed from the water to prevent paint damage.   

 If a system is exhibiting signs of anaerobic conditions (i.e., there is a foul odor to the 

water), the following steps may be taken: 

1. A small amount of bleach (approximately 150mL for every 1m3 of storage) can 

be added to the storage tank (Islam et al. 2010), 

2. A small recirculating pump can be placed in the storage tank to facilitate 

mixing and agitation of the water, or 

3. The area of the stored water/air interface can be increased by removing the 

manhole cover on the top of the cistern (a fine screen should replace the lid to 
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prevent insects and debris from entering the tank), which increases the 

introduction of air into the stored water. Coupled with the recirculating pump, 

this directly addresses the cause of the problem versus treating the symptoms 

(as adding bleach does).  

5. Designing for Maintenance 

Maintenance is an essential component of a successful RWH system, and a system 

should be designed to make maintenance as easy as possible.  

 Downspout filters should be positioned no higher than eye-level of the average 

person. This makes it easy for users to see if the filters need to be cleaned and 

ensure they are within easy reach.   

 A detailed maintenance guide should accompany every RWH system and be 

distributed to system users. This manual should walk users through the 

appropriate maintenance tasks and indicate how often they should be performed. 

Detailed instructions should be included on how to perform each task (e.g. how to 

replace a filter cartridge in a post-storage filtration component), including the 

make and model of replacement parts and filters.  

 A specific individual (or individuals) should be assigned to inspect and maintain the 

system. Making it their personal responsibility increases the likelihood of proper 

maintenance practices. When there is no designated responsible party, systems 

often become ignored until a “catastrophic” problem renders the system 

inoperable.  

 

6.6 Future Research Needs 

Implementation of RWH systems in humid regions is relatively novel and thus not well 

understood. Further research on the social aspects of RWH in these areas is vital to facilitate 

widespread implementation and maximize their benefits. The effect of system design on 

usage and maintenance should be further studied to ensure future systems characteristics 
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facilitate maximum usage and continual maintenance. Methods of effectively 

communicating maintenance procedures to system users need to be established, as simple 

monitoring and maintenance of all RWH systems are essential for optimal functionality and 

benefits. Planning procedures, regulatory frameworks and economic factors should be 

investigated to identify feasible methods of incorporating RWH implementation into 

existing and future development.  

 

As potable water conservation and stormwater management become increasingly 

important throughout the world, RWH systems offer the unique ability to contribute to 

both of these efforts. Currently, very little research exists on the stormwater management 

benefits of RWH, as water conservation has been the primary goal of implementation in the 

majority of previous studies. As such, additional research is necessary to identify how the 

contrasting objectives associated with water conservation and stormwater management 

may be realized using RWH.   

 

Innovative design modifications – including the passive release mechanism, active release 

mechanism and excess irrigation approaches discussed herein - should be continuously 

considered and tested to characterize their performance under a variety of conditions. 

Specifically, there is a need for additional investigation into the passive release drawdown 

rate. As the drawdown rate is a key factor in how well a system mitigates stormwater, it is 

crucial to understand how other aspects of a site/system (rainfall patterns, usage patterns, 

magnitude of detention volume, etc.) influence the performance of a system equipped with 

this passive release mechanism. The release of water during wet weather is a drawback to 

this release mechanism and undermines the overall goal of reducing runoff volumes. A 

better understanding of the relationship between the drawdown rate and these other 

factors could help designers choose the rate that maximizes stormwater 

retention/detention and minimizes wet weather contributions for a given system.  
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Additionally, understanding how the rate of drawdown impacts receiving streams is 

imperative to prevent damage to stream channels. RWH systems with a passive release 

mechanism mimic the hydrologic behavior of wet detention basins by capturing a volume of 

water (the detention volume) and release it slowly over an extended period of time. While 

this decreases the peak flow rates of runoff leaving a site during wet weather, recent 

research has shown that the outflow from detention basins is often released at rates 

exceeding the critical shear stress of sediment within a stream bed, resulting in erosion of 

the stream bed and banks (Tillinghast et al. 2011). Furthermore, since basins are designed 

to release outflow longer than the duration of the storm event, they cause a prolonged 

state of erosion within the stream (Tillinghast et al. 2011). Investigations similar to those of 

Tillinghast et al. (2011) should be conducted to ensure that the rates at which water is 

discharged by RWH systems with release mechanisms are not detrimental to receiving 

channels and streams.  

 

Both modeling and monitoring efforts are needed to better characterize the stormwater 

mitigation benefits of RWH systems – with and without design modifications - for various 

climatic conditions, design characteristics, maintenance regimes, designated usage 

patterns, and regulatory influences. Many different precipitation patterns should be 

considered, as rainfall characteristics are likely to affect the design aspects necessary for 

improving stormwater mitigation. Neighborhood- or community-scale systems, as well as 

widespread implementation of individual systems, should also be evaluated to determine 

the large-scale impacts on stormwater runoff from a development. Furthermore, as many 

designers are required to meet pre-development peak flow rates for large storm events 

(e.g. 1-year, 24-hour storm), more research is needed on the ability of RWH systems to 

reliably meet those requirements, as the design features of systems may need to be 

modified to achieve this goal. 
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While a RWH system can serve as an independent stormwater control measure (SCM), 

coupling a system with other SCMs may be a more cost effective approach to reducing 

stormwater runoff volumes and flow rates and/or improving water quality. A benefit of 

RWH that is often cited is a reduction in the size of other SCMs on a site; however, there is 

little numerical information available to support this claim. Thus, additional research on the 

stormwater and economic benefits of marrying RWH systems and other SCMs is needed to 

identify when this type of combination is advantageous over a single SCM. Additionally, 

further study is warranted on the most appropriate type and size of SCM needed to accept 

discharge from a RWH system employing an active or passive release mechanism.  

 

Future research in each of the fields described herein will lead to a better understanding of 

how RWH systems can be utilized as a stormwater control measure as well as a tool to 

reduce potable water consumption.  
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Appendix A: Predicting Rainwater Harvesting System Performance with North Carolina 

State University’s Rainwater Harvester® Model 

Although many models exist to simulate the performance of RWH systems, many are 

location-specific or rely on specific statistical assumptions, thus limiting their applicability in 

other locations or precipitation regimes. Of those models discussed previously, only two 

were preliminarily considered appropriate for modeling the four installed systems: SARET 

(Basinger et al. 2010) and NCSU Rainwater Harvester Model® (Jones and Hunt 2010). Both of 

these models were developed within the U.S. and were designed such that they could be 

applied to various locations and precipitation patterns. Upon further evaluation of each 

model, the NCSU Rainwater Harvester Model® was chosen as the most appropriate for this 

study. This was due to the fact that observed rainfall data for the monitoring period could 

be incorporated into the model, thus permitting the actual comparison between predicted 

and observed system performance.   

 

The NCSU Rainwater Harvester Model® (RHM) was developed by North Carolina State 

University and is available for download at http:www.bae.ncsu.edu/stormwater (for more 

details regarding the logic and assumptions of the model, refer to Jones and Hunt (2010)). 

The RHM uses a water balance to determine water volume within a rainwater tank and will 

perform hourly or daily simulations. Required inputs to the model include historic, observed 

rainfall, drainage area, cistern volume and cost and detailed water usage information. 

Outputs from the model include cistern and overflow volumes for each time step and a 

performance summary (percentage of runoff volume captured, percentage of water usage 

replaced, annual water savings, overflow frequency, dry cistern frequency, and percentage 

of water quality volume captured).  

 

Site characteristics (Table A1) and data collected during the monitoring period were used to 

determine inputs to test the RHM. The cistern volume shown in Table A1 is the total storage 
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volume available, as governed by the height of the overflow pipe. Rainfall data collected 

from aforementioned weather stations were used as the precipitation input; water usage 

inputs for each system were based on observed usage rates and patterns in the collected 

data. A capture factor variable was assigned to each site’s drainage area and predicts how 

much rainfall from the catchment is delivered to the cistern. This number is dependent 

upon roof type, gutter type and condition, presence of overhanging vegetation and storm 

intensity, among other things. 

 

 

Table A1. NCSU Rainwater Harvester Model® system design inputs for four monitored 

rainwater harvesting systems in North Carolina, U.S. 

 Contributing Roof 

Area (m2) 

Capture 

Factor 

(dec) 

Available Storage 

Volume (L) 

Craven County Animal 

Shelter 
452.44 0.75 19,730 

Fayetteville Technical 

Community College 
696.77 0.75 47,053 

Guilford County Cooperative 

Extension Center 
334.45 0.7 12,000 

Town of Boone Public Works 

Compound 
260.13 0.7 17,413 

 

 

Statistical analyses were performed for daily and monthly time steps on two variables of the 

system: water usage and amount of rainfall delivered to the rainwater tanks. These 

variables were determined to be the most indicative of model accuracy, as these are two 
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primary elements of the water balance approach used by the RHM. Daily and monthly 

water usage totals were calculated from collected data and model outputs, as was the 

amount of rainfall delivered to the tanks. Water delivered to the tanks was determined by 

computing the change in volume for hourly time steps, for both observed and modeled 

data. Positive volume changes were assumed to be water delivered to the system and were 

summed to produce daily and monthly totals.  Measured data sets were then compared to 

data sets produced by the RHM. As data were nonparametric, the two-sided paired 

Wilcoxon Rank Sum test was used to determine statistical significance at α=0.05.  

 

Craven County Animal Shelter 

Water was withdrawn from the Craven County Animal Shelter system on a regular basis due 

to nature of the water demand (flushing kennels). Despite the seemingly repetitive nature 

of this task, the amount of water used varied greatly, as did the times during which it was 

used. Sometimes water was extracted from the tanks for 30 minutes while extraction lasted 

2 hours at other times. Similarly, some days required kennel flushing once a day while 

others required it three times a day. Normally, Shelter employees flushed kennels in the 

early morning, around 7:00am-8:00am, and in the evening, around 4:00pm-5:00pm; 

however, this also varied considerably, with flushing occurring at all times of the day during 

the course of the monitoring period. This variation could be due to the number of animals 

being housed, the employees working at a particular time or other unknown factors. 

 

Due to the variable nature of water usage at the Animal Shelter, observed data were 

averaged to determine model inputs. Total usage was calculated for each month and an 

average daily usage volume was computed using the number of weeks and workdays within 

each month. Collected data indicated that kennel flushing rarely occurred on Sundays, so 

average daily volume was calculated based on usage Monday through Saturday and entered 

into the RHM accordingly.  
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The performance summary generated by the RHM closely reflected the observed 

performance of the system during the monitoring period. The Model® estimated a total of 

219,225L of rainwater was used, while observed data indicated a total usage of 225,118L. 

Furthermore, the RHM predicted overflow and dry cistern frequencies of 40% and 0%, 

respectively, while system measurements revealed overflow and dry cistern frequencies of 

40.5% and 0%, respectively. Both the RHM and observations suggested that the rainwater 

harvesting system provides 100% potable water usage replacement.  

 

Between December 2009 and February 2010, an inexplicable drop in water usage occurred, 

resulting in an average monthly usage of 6,435L, as opposed to the previous average of 

21,577L. Despite numerous efforts to pinpoint the cause of this dramatic decrease in usage, 

the cause is still unknown. This type of change in usage is impossible to accurately represent 

in the Model®; therefore, statistical analyses were only conducted on data collected and 

modeled from April 19, 2009 through December 2, 2009.  

 

Results from the statistical analyses indicated that the measured amount of rainfall being 

delivered to the tanks was statistically similar for daily and monthly time steps (p=0.8532 

and p=1, respectively). These results show that a capture factor of 0.75 was appropriate for 

the animal shelter system and that the measured rainfall was an accurate representation of 

rainfall occurring at the site. Modeled water usage for this system was not significantly 

different from measured water usage for a daily or monthly time step (p=0.0766 and 

p=0.4258). This suggests that, on average, the model is accurately predicting the amount of 

water used during each month, although it is not accurately reflecting the daily variations 

that were observed in the measured data. This is not surprising, as averaged values based 

on total monthly usage were used in the Model® due to the variable nature of the data and 

limited opportunities to reflect this variation in the RHM inputs.  
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Fayetteville Technical Community College 

Water usage at FTCC was distinctly more consistent than at the Shelter, as irrigation of the 

greenhouses was controlled by an automatic timer. Water was withdrawn from the system 

at 6:00pm every day of the week, although the volume extracted did vary from day to day. 

Monthly water usage values derived from the collected data were used in the simulation. 

Months with missing data (September and October 2009) were assigned the average of 

August 2009 and November 2009 usage totals. As discussed previously, irrigation ceased 

from mid-December until mid-April. As the RHM provided no method of varying daily usage 

sub-monthly, average daily usage values (computed based upon total monthly usage) were 

entered for the month of December, but omitted for the month of April. Daily usage values 

were also omitted for the non-growing season months during which the system was not 

operational (January, February and March). 

 

The performance summary generated by the Model® was very similar to summaries 

produced from the collected data. A total of 580,682L was used for irrigation according to 

on-site measurements. Results from the RHM indicated 584,267L were used, a difference of 

only 3,858L. The predicted overflow and dry cistern frequencies (35% and 0%, respectively) 

were also very similar to the measured frequencies of 33% and 0%.  

 

Modeled and measured water usage volumes for the FTCC systems were statistically similar 

for both daily and monthly time steps (p=0.3696 and p=0.4755, respectively). This was 

expected due to the automation of water extraction. Daily usage volumes fluctuated 

somewhat, but did so in a manner that allowed for an average value to allow accurate 

model predictions (i.e. fluctuated around an average value). The modeled and measured 

volumes for water being delivered to the system were statistically similar for a monthly time 

step (p=0.8926), but not for a daily time step (p=0.00166). This is most likely due to surface 

runoff from a landscaped area that was contributing to the cistern in addition to the 
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contributing rooftop. This area was not included in the Model®, as the high infiltration rates 

of the area’s sandy soils substantially limit the amount of water that would enter the system 

as surface runoff and do not allow the area to contribute to the system in the same manner 

as a rooftop with a capture factor of 0.7. The distance separating the site and the rain gage 

(i.e. measured rain versus actual rain) could also cause discrepancies between predicted 

and measured water volumes delivered to the system. 

 

Guilford County Cooperative Extension Center 

The Guilford County Cooperative Extension Center system was used much less consistently 

than those at FTCC or the Animal Shelter, making it difficult to accurately portray water 

usage in the RHM. The month of June 2009 was used to represent the ideal water demand 

on the system because it was during the growing season and the system did not go dry, so 

water usage was not dictated by the amount of water available. Saturdays and Sundays 

tended to have much lower extraction volumes than weekdays; therefore, they were 

averaged separately. Resulting average usage volumes were 300L per day on weekends and 

1,415L per day on weekdays. These were the daily usage values used in the Model® for the 

growing season (April-August). The backup supply option was not utilized in the RHM 

because the backup water supply was connected to the underground storage tank and 

monitoring only occurred in the two above-ground tanks. 

 

Measured data revealed that 77,980L were extracted from the tanks during the monitoring 

period, while the RHM estimated that a total of 81,954L was extracted. The Model® 

predicted overflow and dry cistern frequencies of 60% and 34%, respectively. On-site 

observations were used to calculate frequencies of 57% and 57%.  The discrepancies 

between modeled and observed results are undoubtedly due to the placement of 

monitoring equipment (upper tanks vs. underground tank) and should not be considered 

indicative of model inaccuracy. 
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Surprisingly, the water usage predicted by the RHM for both daily and monthly time steps 

were statistically similar to observed usage volumes (p=0.239 and p=0.7263, respectively). 

These results prove that even sporadic and unpredictable water usage can be accurately 

portrayed by the NCSU Rainwater Harvester Model® if the overall usage patterns and 

average usage amounts can be appropriately represented. Modeled and observed water 

volumes delivered to the system were significantly different for daily and monthly time 

steps (p=2.254ᴇ-6 and p=0.04232, respectively), most likely due to the monitoring setup. 

Another possible contributing factor is the capture factor value. There is a substantial 

amount of overhanging vegetation above the contributing roof area, most likely resulting in 

the interception of rainfall before it can be conveyed to the collection tanks. Finally, as with 

the FTCC system, the distance between the site and the rain gage could have led to 

inaccurate predictions of the amount of water produced by rainfall.   

 

Town of Boone Public Works Compound 

Water usage at the Town of Boone Public Works Compound was also irregular and 

unpredictable. To simulate the system using the RHM, April 2009 was chosen as the 

representative month for determining monthly usage values, as there were no gaps in data 

for this period and the amounts of water used from the system appeared to be an average 

between high-use months and low-use months. Water was used from the system on 6 of 

the 30 days during the month of April 2009 (April 8, 11, 27, 28, 29 and 30) with volumes 

ranging from 34 to 2,760L. Total usage for the month was 8,392L. As the only way to enter 

water usage within the Model® is by days of the week for a given month, this amount was 

divided by 4 (4 weeks per month) and entered as the water usage for one day of the week 

for each month of the year (i.e. 2,097L extracted on Wednesday of each week of the year). 

 

The water usage predicted by the Model®, 108,944L, was similar to the 120,618L measured 

during the monitoring period. The performance summary generated by the RHM reported 
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an overflow frequency of 49% and a dry cistern frequency of 0%, which were the same as 

the frequencies calculated with the observed data. Statistical analyses confirmed that the 

modeled water usage volumes were statistically similar to those measured for daily and 

monthly time steps (p=0.25 and p=0.7148, respectively). These results were unexpected 

considering the irregular and unpredictable nature of water usage at this site and the 

periods of missing data; however, they confirm that the RHM can be an accurate predictor 

of rainwater harvesting systems despite these circumstances.  

 

As with the Guilford County system, the predicted and observed volumes of water being 

delivered to the tanks were statistically different at the daily and monthly time scales 

(p=1.167ᴇ-14 and p=0.001662, respectively). This was, perhaps, to be expected due to 

several site characteristics. First, the rainfall data used was measured at a site 2km from the 

rainwater harvesting system, thus introducing the possibility of large differences between 

measured rainfall and actual rainfall at the site. The physiographic location of this site 

compounds this effect, as it is located at a high altitude (approximately 1,000m) and in a 

highly mountainous region, making it susceptible to localized weather patterns. Secondly, 

this site receives an average of 1020mm of snowfall each year and can be very windy. These 

conditions affect the capture factor of the system, as snow behaves much differently than 

rainfall in terms of contributing runoff to the collection tank.  

 

Table A2 summarizes the results of statistical comparisons between RHM outputs and 

observed data. The results indicate that those systems with the most consistent and 

predictable uses (Craven County Animal Shelter and FTCC) produce the most accurate 

model results. This is expected, as the water usage is a key component to the accuracy of 

the Model® and regular, uniform withdrawals are easily represented. Furthermore, these 

two sites also produced the most accurate model results in terms of rainfall being delivered 

to the RWH system. This is most likely due to the close proximity (and therefore accuracy) 
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of the measured rainfall data, the lack of overhanging vegetation and the absence of 

snowfall.  

 

While the water usage for the Guilford County and Town of Boone sites was far less 

consistent than the Animal Shelter or FTCC, the Model® still produced highly accurate 

predictions of performance and water usage. Neither site had statistically significant 

differences between modeled and observed values with respect to rainfall delivered, most 

likely due to site conditions and characteristics as opposed to faulty model logic.  

 

 

Table A2. Results of paired Wilcoxon Rank Sum tests applied to modeled and observed data 

sets for each monitored site. Water usage refers to water extracted from the tank; water 

delivered is water generated from rainfall that is captured by the collection tank; “No” 

indicates the data sets are statistically different at α=0.05; “Yes” indicates that they are 

statistically similar at α=0.05. 

 

WATER USAGE WATER DELIVERED 

Daily Time 
Step 

Monthly 
Time Step 

Daily Time 
Step 

Monthly 
Time Step 

Craven County Animal Shelter YES YES YES YES 

Fayetteville Technical 
Community College 

YES YES NO YES 

Guilford County Cooperative 
Extension Center 

YES YES NO NO 

Town of Boone Public Works 
Compound 

YES YES NO NO 

 

 

NCSU’s Rainwater Harvester Model® does an excellent job at predicting system 

performance. Water usage data produced for each monitored site were statistically similar 

to those data collected during the monitoring period. While consistent, predictable water 
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demands are easier to represent in the Model®, thereby allowing more accurate predictions 

regarding system performance, the Model® produces accurate results even for inconsistent 

water demands. Observed and modeled water usage for all studied systems were 

statistically similar at both the monthly and daily time steps. The Model® also accurately 

predicts the amounts of water delivered to a system from a rainfall event, so long as the site 

characteristics are accurately represented within the model or correspond with underlying 

assumptions regarding overhanging vegetation, snowfall, etc.  

 

As models are commonly used to design RWH systems and evaluate existing systems, it is 

important that they reflect the conditions in which the RWH system will be operating. Most 

current models, including the NCSU Rainwater Harvester Model®, focus on using these 

systems to replace every-day potable water uses (Jones and Hunt 2010; Coombes and Barry 

2007; Palla et al 2011). Little flexibility is allowed when inputting water demands or uses, 

resulting in issues such as those discussed previously where the variation observed on-site 

cannot be accurately portrayed within the model. This study’s statistical analyses on water 

delivery volumes clearly support the concept that a model’s outputs are only as accurate as 

its inputs; therefore, for systems that are not being used for ‘traditional’ potable water 

applications, it is essential that the model allow for flexibility in its inputs.  

 

The findings of this study highlight areas of potential improvement when using the RHM to 

predict the performance of rainwater harvesting systems in humid regions such as North 

Carolina. The Model® certainly allows this flexibility with respect to rainfall data, as users 

can create their own data file to be used in the simulations; however, this model could be 

substantially improved by allowing more flexibility in other inputs such as contributing 

drainage area, water usage and stormwater management design options. If and when 

rainwater harvesting systems in humid regions start incorporating methods of meeting 

secondary objectives, the Model® will have to be modified or a new one developed to allow 
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designers and regulators to evaluate different scenarios, and this model contains the ideal 

framework for making these modifications. 
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Appendix B: System Design Plans for Fire Station Rainwater Harvesting Systems 
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Appendix C: Storm Event Characteristics and Water Quality Data for Fire Station Rainwater Harvesting Systems 
Table C1. Water Quality Data for Fire Station 8. 

Date 
TP (mg/L) TKN (mg/L) NO2/NO3 (mg/L) NH3 (mg/L) TSS  (mg/L) 

Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day 

7/24/2011 0.87 0.14   17.34 2.36   0.97 0.03   4.96 1.89   14.86 10.48   

8/6/2011 0.02 0.08   0.52 1.62   0.16 0.04   0.12 0.84   2.57 11.06   

8/13/2011 0.05 0.07   1.09 1.44   0.58 0.03   0.42 1.02   3.42 10   

8/14/2011 0.03 0.07   0.72 1.54   0.45 0.01   0.26 0.85   7.3 12.82   

8/14/2011 0.03 0.06   0.78 1.39   0.53 DL   0.3 1.21   3.42 10.24   

10/18/2011 0.02 0.06   0.65 0.46   0.22 0.28   0.25 0.52   2.6 5.9   

10/28/2011 0.05 0.05   1.4 0.56   1.01 0.13   0.66 1.26   5.1 10.2   

10/31/2011 0.03 0.09   0.46 0.48   0.28 0.2   0.23 0.38   2.6 6   

11/17/2011 0.03 0.04   1.29 0.44   1.15 DL   0.65 0.15   3.4 6   

11/22/2011 0.03 0.02   0.94 0.38   0.56 0.03   0.43 0.01   3.8 10.1   

1/27/2012 0.03 0.01   1.26 0.47   0.84 0.48   0.72 0.24   7.27 2.52   

2/16/2012 0.03 0.03 0.01 1.13 0.53 0.67 0.64 0.42 0.42 0.68 0.41 0.33 2.54 3.39 5.04 

2/29/2012 0.02 0.01 0.02 0.96 0.57 0.65 0.94 0.24 0.56 0.46 0.39 0.33 2.55 4.07 2.53 

3/12/2012 0.04 0.02 0.19 2.96 0.71 0.77 1.17 0.02 0.05 1.71 0.34 0.42 2.55 10.25 5.07 

3/16/2012 0.09 0.02 0.02 2.00 0.73 0.79 0.91 0.02 0.30 1.04 0.45 0.25 13.76 5.06 5.06 

4/18/2012 0.87 0.17 0.30 9.17 1.68 2.89 0.75 DL 2.89 5.39 1.08 1.84 14.43 3.4 13.74 

4/26/2012 0.08 0.16 0.19 1.21 1.73 1.93 0.47 DL 1.93 0.48 0.91 1.04 3.71 10.08 2.53 

5/9/2012 0.08 0.09 0.10 0.76 0.99 1.07 0.15 DL 1.07 0.21 0.47 1.03 2.62 5.08 3.86 

5/13/2012 0.14 0.10 0.07 2.23 1.07 0.92 0.47 0.03 DL 0.92 1.03 0.71 3.86 3.86 6.11 

5/14/2012 0.08 0.13 0.07 0.89 1.29 0.92 0.30 0.01 DL 0.34 0.55 0.71 5.09 5.04 6.11 

7/3/2012 0.34 0.09 0.10 4.39 1.38 1.36 0.83 0.01 0.01 2.27 0.57 0.80 6.47 29.2 7.44 

7/4/2012 0.08 0.07 0.10 1.73 0.91 1.36 0.58 0.04 0.01 1.11 0.32 0.80 3.78 7.06 7.44 

7/9/2012 0.16 0.10 0.11 2.02 1.17 1.27 0.50 DL DL 1.43 0.52 0.81 5.02 10.2 4.31 

7/19/2012 0.18 0.06 0.06 2.41 0.55 1.07 0.79 0.26 0.01 1.00 0.21 0.41 6.01 3.32 4.64 

7/20/2012 0.08 0.06 0.06 0.87 0.79 0.84 0.01 0.37 0.30 0.44 0.10 0.30 5.08 5.06 5.85 

7/21/2012 0.05 0.06 0.05 0.62 0.84 0.91 0.35 0.09 DL 0.14 0.30 0.42 2.54 5.85 3.36 

7/23/2012 0.05 0.05 0.11 0.75 0.91 1.58 0.31 DL 0.05 0.37 0.42 0.49 3.39 3.36 23.05 
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Table C2. Water Quality Data for Fire Station 6. 

Date 
TP (mg/L) TKN (mg/L) NO2/NO3 (mg/L) NH3 (mg/L) TSS  (mg/L) 

Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day 

7/24/2011 0.15 0.12   1.6 1.03   0.61 0.01   0.86 0.48   3.38 5.84   

8/13/2011 0.03 0.02   1.07 0.34   0.25 0.17   0.29 0.24   5.74 2.52   

8/14/2011 0.01 0.02   0.27 0.27   0.16 0.2   0.15 0.24   8.6 2.54   

8/14/2011 0.01 0.02   0.34 0.26   0.18 0.2   0.28 0.12   2.51 2.67   

8/21/2011 0.07 0.07   1.98 0.31   0.67 0.22   0.33 0.08   10.14 2.58   

10/28/2011 0.06 0.02   2.53 0.31   1.88 0.43   2.48 0.12   5.2 2.6   

11/17/2011 0.01 0.011   0.43 0.21   0.36 0.33   0.27 0.01   2.5 3.6   

11/28/2011 0.04 0.01   2.29 0.26   0.73 0.38   1.61 0.1   3.1 2.6   

12/16/2011 0.01 0.01   0.78 0.18   0.61 0.34   0.66 0.03   2.51 2.54   

12/21/2011 0.01 0.01   0.46 0.28   0.45 0.49   0.21 0.15   2.56 2.56   

1/9/2012 0.01 0.01   0.86 0.15   1.17 0.46   0.74 0.10   2.52 2.52   

1/11/2012 0.01 0.02   0.33 0.07   0.22 0.45   0.27 0.11   2.52 2.53   

1/17/2012 0.02 0.02   0.33 0.34   0.23 0.47   0.21 0.24   2.54 2.66   

2/29/2012 0.01 0.02 0.01 0.84 0.26 0.24 0.73 0.39 0.39 0.58 0.20 0.09 2.50 2.54 2.52 

3/8/2012 0.02 0.01 0.01 0.58 0.26 0.28 0.30 0.44 0.44 0.29 0.17 0.20 2.52 2.52 2.54 

4/18/2012 3.85 0.09 0.12 18.98 0.96 0.99 1.38 0.25 0.58 3.64 0.79 0.61 3.48 2.61 2.51 

4/22/2012 1.60 0.11 0.11 9.79 0.93 0.63 0.61 0.19 0.56 3.41 0.62 0.32 5.99 2.62 2.53 

4/26/2012 0.45 0.11 0.11 4.27 0.63 0.62 0.64 0.56 0.72 2.89 0.32 0.24 4.11 2.53 2.52 

5/9/2012 0.06 0.05 0.04 0.62 0.31 1.69 0.09 0.38 0.08 0.29 0.08 0.04 3.38 5.07 2.54 

5/13/2012 0.23 0.04 0.04 2.82 1.69 0.43 0.38 0.08 0.03 1.62 0.04 0.02 5.09 2.54 2.57 

7/3/2012 0.09 0.14 0.06 1.30 1.05 0.90 0.39 0.14 0.16 0.53 0.50 0.23 10.45 10.33 3.41 

7/4/2012 0.02 0.09 0.06 0.80 0.89 0.90 0.37 0.26 0.16 0.54 0.41 0.23 3.59 10 3.41 

7/5/2012 0.09 0.06 0.07 1.23 0.90 0.79 0.05 0.16 0.01 0.47 0.23 0.38 5.07 3.41 10.16 

7/11/2012 0.01 0.02   0.47 0.38   0.23 0.25   0.09 0.16   2.52 2.56   

7/19/2012 0.02 0.03 0.01 0.54 0.46 DL 0.22 0.25 0.09 0.23 0.27 0.17 2.55 2.51 2.55 
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Table C3. Water Quality Data for Fire Station 24. 

Date 
TP (mg/L) TKN (mg/L) NO2/NO3 (mg/L) NH3 (mg/L) TSS  (mg/L) 

Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day 

8/6/2011 0.01 0.004   0.38 0.25   0.14 0.14   0.13 0.11   6.12 2.54   

8/14/2011 0.07 0.01   1.69 0.32   0.71 0.21   0.61 0.17   4.08 3.38   

8/14/2011 0.05 0.01   1.43 0.21   0.57 0.22   0.65 0.17   12.15 2.54   

8/21/2011 0.03 0.01   1 0.31   0.4 0.25   0.51 0.16   25.25 2.54   

8/29/2011 0.01 0   0.73 0.42   0.4 0.27   0.41 0.13   4.63 2.59   

10/11/2011 0.02 0.01   0.56 0.33   0.32 0.38   0.17 0.1   2.6 2.6   

10/18/2011 0.01 0.01   0.28 0.49   0.15 0.25   0.14 0.25   2.6 3   

10/31/2011 0.01 0.01   0.28 0.19   0.18 0.23   0.12 0.07   2.6 2.5   

11/4/2011 0.01 0.01   0.28 0.25   0.17 0.28   0.16 0.05   2.6 2.5   

11/17/2011 0.01 0.01   0.24 0.07   0.3 0.17   0.2 0.06   2.6 2.5   

11/22/2011 0.03 0.01   0.62 0.31   0.34 0.27   0.23 0.07   2.7 2.5   

1/9/2012 0.01 0.01 0.02 0.77 0.29 0.07 0.93 0.55 0.45 0.75 0.22 0.11 2.38 2.62 2.53 

1/11/2012 0.01 0.02   0.33 0.07   0.22 0.45   1.06 0.11   2.52 2.53   

1/17/2012 0.02 0.02   0.53 0.19   0.37 0.44   0.30 0.15   2.53 2.56   

2/29/2012 0.04 0.01 0.01 1.12 0.27 0.39 1.60 0.51 0.51 0.46 0.09 0.14 4.51 2.54 2.53 

3/8/2012 0.02 0.01 0.01 0.91 0.42 0.29 0.27 0.47 0.39 0.23 0.07 0.12 5.28 2.54 2.59 

4/4/2012 0.04 0.05 0.02 1.09 0.92 0.65 0.47 0.43 0.33 0.48 0.31 0.39 7.71 3.96 2.53 

4/18/2012 0.04 0.03 0.03 2.18 0.50 0.38 0.97 0.41 0.61 1.31 0.33 0.14 6.61 2.54 3.39 

4/22/2012 0.01 0.03 0.04 0.49 0.53 0.73 0.22 0.46 0.44 0.16 0.23 0.26 3.37 2.51 10 

4/26/2012 0.02 0.04 0.02 1.19 0.73 0.48 0.98 0.44 0.60 0.89 0.26 0.04 5.1 10 2.52 

5/5/2012 0.02 0.03 0.03 1.21 0.41 0.29 0.65 0.51 0.66 0.64 0.12 0.02 2.6 3.39 3.43 

7/9/2012 0.06 0.03 0.02 0.96 1.52 0.69 0.05 0.71 0.34 0.91 0.73 0.17 2.67 10.16 5.02 

7/11/2012 0.02 0.02 0.02 0.64 0.69 1.30 0.48 0.34 0.09 0.18 0.17 0.12 2.82 5.02 5.12 

7/20/2012 0.06 0.03 0.01 1.97 0.62 0.35 0.89 0.28 0.20 0.64 0.20 0.07 6.08 3.36 5.05 

7/21/2012 0.02 0.01 0.01 0.51 0.35 0.26 0.28 0.20 0.19 0.21 0.07 0.05 3.23 5.05 2.52 

7/23/2012 0.04 0.01 0.01 1.72 0.26 0.29 0.31 0.19 0.22 0.56 0.05 0.07 6.3 2.52 2.54 

7/24/2012 0.06 0.01 0.01 2.52 0.32 0.36 1.58 0.20 0.19 0.70 0.06 0.09 8.49 2.53 3.58 
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Table C4. Water Quality Data for Fire Station 28. 

Date 
TP (mg/L) TKN (mg/L) NO2/NO3 (mg/L) NH3 (mg/L) TSS  (mg/L) 

Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day Roof Spigot 2Day 

8/6/2011 0.08 0.04   1.5 0.28   1.15 0.28   0.35 0.08   2.74 6.3   

8/21/2011 0.07 0.02   0.77 0.18   0.1 0.58   0.05 0.03   28.98 2.53   

9/1/2011 0.03 0.01   1.02 0.23   0.98 0.21   0.43 0.07   7.93 6.18   

9/6/2011 0.02 0.01   0.75 0.24   0.88 0.35   0.04 0.1   4.32 2.54   

9/6/2011 0.02 0.02   0.37 0.29   0.12 0.2   0.31 0.2   2.6 2.56   

10/11/2011 0.02 0.02   0.86 0.15   0.97 0.55   0.16 0.04   2.6 15.3   

10/18/2011 0.01 0.02   0.34 0.14   0.24 0.51   0.09 0.06   2.8 3.7   

11/17/2011 0.01 0.01   0.19 0.05   0.27 0.32   0.09 0.01   2.5 2.5   

11/22/2011 0.02 0.01   0.39 0.16   0.35 0.4   0.1 0.03   3.7 2.5   

11/28/2011 0.01 0.01   0.14 0.29   0.12 0.45   0.1 0.02   2.5 5.1   

12/7/2011 0.02 0.01   0.51 0.11   0.52 0.34   0.17 0.03   7.5 2.5   

1/12/2012 0.02 0.01   0.34 0.31   0.48 0.46   0.23 0.23   2.54 2.54   

1/18/2012 0.02 0.02   0.44 0.70   0.24 0.54   0.18 0.16   5.13 2.50   

3/1/2012 0.02 0.01 0.01 0.80 0.20 0.20 1.23 0.37 0.43 0.42 0.09 0.08 2.53 2.53 2.53 

3/2/2012 0.02 0.01 0.01 1.12 0.22 0.64 1.42 0.40 0.41 0.54 0.10 0.08 2.87 2.58 2.53 

3/9/2012 0.02 0.01 0.01 0.75 0.16 0.13 0.62 0.38 0.40 0.21 0.04 0.04 4.34 2.54 2.59 

4/4/2012 0.09 0.07 0.04 1.49 0.97 0.87 0.64 0.33 0.32 0.85 3.00 0.56 10.59 2.53 2.53 

4/18/2012 0.73 0.04 0.07 9.55 0.80 1.46 2.32 0.28 0.12 2.23 0.60 0.72 5.76 2.54 3.35 

4/22/2012 0.09 0.10 0.08 2.10 0.66 0.54 0.54 0.69 0.59 0.43 0.16 0.16 2.98 6.21 6.53 

4/26/2012 0.04 0.07 0.07 0.97 1.46 0.84 0.50 0.12 0.58 0.79 0.72 0.18 6.77 3.35 10 

5/5/2012 0.06 0.07 0.06 0.97 0.70 0.50 0.46 0.37 0.43 0.34 0.14 0.17 3.6 1.33 2.55 

7/4/2012 0.32 0.08 0.07 2.64 1.21 1.25 1.48 0.14 0.04 0.74 0.59 0.79 8.15 12.85 5.06 

7/5/2012 0.07 0.07 0.13 1.08 1.25 1.78 0.99 0.04 0.01 0.15 0.79 1.26 4.1 5.06 5.09 

7/11/2012 0.07 0.06 0.12 0.85 1.03 0.62 0.49 0.25 0.01 0.08 0.57 0.69 4.48 2.54 6.1 

7/13/2012 0.04 0.13 0.13 1.07 1.34 1.37 0.91 DL 0.01 0.33 0.71 0.85 3.41 13.22 10.25 

7/18/2012 0.14 0.06 0.07 1.92 1.06 1.04 1.54 0.01 0.04 0.46 0.74 0.80 3.62 4.97 3.36 
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Appendix D: Statistical Analysis of Fire Station Rainwater Harvesting Systems 

Table D1. Results of statistical analyses for fire station rainwater harvesting 
systems, in order of discussion in Chapter 2. 

Comparison Test p-value 

FS 8 Roof TP vs. FS 24 Roof TP Kruskal Wallis 8.95ᴇ-5 

Roof TSS All, Summer vs. Roof TSS All, Fall Kruskal Wallis 0.0002 

Roof TP All, Summer vs. Roof TP All, Fall Kruskal Wallis 5.95ᴇ-5 

Roof TSS All, Summer vs. Roof TSS All, Winter Kruskal Wallis 0.0038 

Roof TP All, Summer vs. Roof TP All, Winter Kruskal Wallis 0.0004 

Roof TSS All, Spring vs. Roof TSS All, Fall Kruskal Wallis 4.92ᴇ-5  

Roof TP All, Spring vs. Roof TP All, Fall Kruskal Wallis 3.03ᴇ-6 

Roof TSS All, Spring vs. Roof TSS All, Winter Kruskal Wallis 0.002 

Roof TP All, Spring vs. Roof TP All, Winter Kruskal Wallis 1.81ᴇ-5 

Roof TN All, Summer vs. Roof TN All, Fall Kruskal Wallis 0.003 

Roof TKN All, Summer vs. Roof TKN All, Fall Kruskal Wallis 0.0005 

Roof TN All, Spring vs. Roof TN All, Fall Kruskal Wallis 0.0005 

Roof TKN All, Spring vs. Roof TKN All, Fall Kruskal Wallis 4.98ᴇ-5 

Roof TKN All, Spring vs. Roof TKN All, Winter Kruskal Wallis 0.0009 

Roof NH3 All, Spring vs. Roof NH3 All, Fall Kruskal Wallis 0.005 

Roof TSS All vs. Rainfall Depth Kendall's τ p=0.025, τ=-0.156 

Roof TP All vs. Rainfall Depth Kendall's τ p=0.001/τ=-0.224 

Roof TN All vs. Rainfall Depth Kendall's τ p=1.12ᴇ-6/τ=-0.337 

Roof TKN All vs. Rainfall Depth Kendall's τ p=5.78ᴇ-5/τ=-0.279 

Roof NO2+NO3 All vs. Rainfall Depth Kendall's τ p=3.39ᴇ-7/τ=-0.353 

Roof NH3 All vs. Rainfall Depth Kendall's τ p=0.001/τ=-0.225  

Roof TSS All vs. Storm Duration Kendall's τ p=0.002/τ=-0.217 

Roof TP All vs. Storm Duration Kendall's τ p=0.002/τ=-0.221 

Roof TN All vs. Storm Duration Kendall's τ p=0.002/τ=-0.216 

Roof TKN All vs. Storm Duration Kendall's τ p=0.003/τ=0.213 

Roof NO2+NO3 All vs. Storm Duration Kendall's τ p=0.008/τ=-0.188 

Roof NH3 All vs. Storm Duration Kendall's τ p=0.02/τ=-0.17 

Roof TP All vs. Maximum Storm Intensity Kendall's τ p=0.033/τ=-0.15 

Roof TN All vs. Maximum Storm Intensity Kendall's τ p=0.0001/τ=-0.262 

Roof TKN All vs. Maximum Storm Intensity Kendall's τ p=0.004/τ=-0.202 

Roof NO2+NO3 All vs. Maximum Storm Intensity Kendall's τ p=1.75ᴇ-5/τ=-0.3 

Roof NH3 All vs. Maximum Storm Intensity Kendall's τ p=0.004/τ=-0.198 

FS 8 Spigot TP vs. FS 24 Spigot TP Kruskal Wallis 4.53ᴇ-7 

FS 8 Spigot TP vs. FS 28 Spigot TP Kruskal Wallis 0.0026 

FS 6 Spigot TP vs. FS 24 Spigot TP Kruskal Wallis 0.0015 

FS 8 Spigot TKN vs. FS 6 Spigot TKN Kruskal Wallis 0.0005 
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Comparison Test p-value 

FS 8 Spigot NH3 vs. FS 6 Spigot NH3 Kruskal Wallis 0.0005 

FS 8 Spigot TKN vs. FS 24 Spigot TKN Kruskal Wallis 1.5ᴇ-6  

FS 8 Spigot NH3 vs. FS 24 Spigot NH3 Kruskal Wallis 2.74ᴇ-6 

FS 8 Spigot TKN vs. FS 28 Spigot TKN Kruskal Wallis 0.0014 

FS 8 Spigot NH3 vs. FS 28 Spigot NH3 Kruskal Wallis 0.0065 

FS 8 Spigot NO2+NO3 vs. FS 6 Spigot NO2+NO3 Kruskal Wallis 3.45ᴇ-5 

FS 8 Spigot NO2+NO3 vs. FS 24 Spigot NO2+NO3 Kruskal Wallis 5.87ᴇ-6 

FS 8 Spigot NO2+NO3 vs. FS 28 Spigot NO2+NO3 Kruskal Wallis 4.33ᴇ-5 

FS 8 2-day TP vs. FS 24 2-day TP Kruskal Wallis 0.0002 

FS 8 2-day TN vs. FS 24 2-day TN Kruskal Wallis 0.009 

FS 8 2-day TKN vs. FS 24 2-day TKN Kruskal Wallis 6.49ᴇ-5 

FS 8 2-day NH3 vs. FS 24 2-day NH3 Kruskal Wallis 9.39ᴇ-6 

FS 8 2-day NH3 vs. FS 6 2-day NH3 Kruskal Wallis 0.0003 

FS 8 2-day NO2+NO3 vs. FS 24 2-day NO2+NO3 Kruskal Wallis 0.0003 

FS 28 2-day TP vs. FS 24 2-day TP Kruskal Wallis 0.005 

FS 28 2-day NH3 vs. FS 24 2-day NH3 Kruskal Wallis 0.01 

Spigot TP All, Fall vs. Spigot TP All, Spring Kruskal Wallis 1.17ᴇ-6 

Spigot TN All, Fall vs. Spigot TN All, Spring Kruskal Wallis 1.26ᴇ-7 

Spigot TKN All, Fall vs. Spigot TKN All, Spring Kruskal Wallis 1.95ᴇ-7 

Spigot NH3 All, Fall vs. Spigot NH3 All, Spring Kruskal Wallis 2.24ᴇ-5 

Spigot TP All, Fall vs. Spigot TP All, Summer Kruskal Wallis 0.0005 

Spigot TN All, Fall vs. Spigot TN All, Summer Kruskal Wallis 0.0009 

Spigot TKN All, Fall vs. Spigot TKN All, Summer Kruskal Wallis 2.45ᴇ-5 

Spigot NH3 All, Fall vs. Spigot NH3 All, Summer Kruskal Wallis 9.23ᴇ-6 

Spigot TP All, Spring vs. Spigot TP All, Winter Kruskal Wallis 5.73ᴇ-8 

Spigot TN All, Spring vs. Spigot TN All, Winter Kruskal Wallis 3.72ᴇ-6 

Spigot TKN All, Spring vs. Spigot TKN All, Winter Kruskal Wallis 9.25ᴇ-7 

2-day TP All, Spring vs. 2-day TP All, Winter Kruskal Wallis 0.0001 

2-day TN All, Spring vs. 2-day TN All, Winter Kruskal Wallis 0.004 

2-day TKN All, Spring vs. 2-day TKN All, Winter Kruskal Wallis 0.005 

Spigot TP All, Summer vs. Spigot TP All, Winter Kruskal Wallis 7.36ᴇ-5 

Spigot TSS All, Summer vs. Spigot TN All, Winter Kruskal Wallis 0.0005 

Spigot TKN All, Summer vs. Spigot TKN All, Winter Kruskal Wallis 0.0005 

2-day TP All, Summer vs. 2-day TP All, Winter Kruskal Wallis 0.008 
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Comparison Test p-value 

2-day TSS All, Summer vs. 2-day TN All, Winter Kruskal Wallis 0.003 

2-day TKN All, Summer vs. 2-day TKN All, Winter Kruskal Wallis 0.002 

Roof TP All vs. Spigot TP All Kendall's τ p=5.91ᴇ-14/τ=0.534 

Roof TN All vs. Spigot TN All Kendall's τ p=4.82ᴇ-5/τ=0.28 

Roof TKN All vs. Spigot TKN All Kendall's τ p=1.05ᴇ-7/τ=0.367  

Roof NH3 All vs. Spigot NH3 All Kendall's τ p=0.0001/τ=0.266 

Roof TP All vs. 2-day TP All Kendall's τ p=2.94ᴇ-7/τ=0.482 

Spigot TSS All vs. Time Since Last Use Kendall's τ p=0.007/τ=0.187 

Spigot NO2+NO3 All vs. Time Since Last Use Kendall's τ p=0.005/τ=-0.196 

Spigot TSS All vs. Volume Extracted During Last Use Kendall's τ p=0.012/τ=-0.194 

Spigot NO2+NO3 All vs. Volume Extracted During Last 

Use 
Kendall's τ 

p=0.002/τ=0.237 

Spigot NH3 All vs. Volume Extracted During Last Use Kendall's τ p=0.027/τ=-0.169 
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Appendix E: Storm Event Characteristics and Hydrologic Data for NCDOT (Passive Release) Rainwater Harvesting System 

Table E1. Storm Characteristics and Inflow Data for Rainwater Harvesting System at NCDOT Equipped with Passive Release 
Mechanism. 

Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Duration  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Peak 
Inflow 
(L/s) 

Antecedent 
Dry Period 
(hours) 

Theoretical 
Inflow 
(L) 

Actual Volume 
In (L) 

1 8/30/2011 3.3 4 6.1 0.8 0.306 53 601 1338 

2 9/5/2011 2.5 1 15.2 2.5 0.764 53 462 544 

3 9/7/2011 12.4 6 30.5 2.1 1.528 41 2264 1896 

4 9/22/2011 23.1 2 82.3 11.6 4.125 362 4205 2956 

5 9/23/2011 15.2 4 54.9 3.8 2.75 24 2773 811 

6 9/24/2011 14.7 12 9.1 1.2 0.458 15 2680 751 

7 9/25/2011 12.7 8 9.1 1.6 0.458 14 2311 873 

8 9/28/2011 6.9 9 48.8 0.8 2.444 74 1248 1294 

9 9/29/2011 6.1 6 30.5 1.0 1.528 12 1109 556 

10 10/12/2011 13.5 5 67.1 2.7 3.361 274 2449 2021 

11 10/18/2011 28.7 14 54.9 2.1 2.75 150 5222 2208 

12 10/31/2011 8.4 4 15.2 2.1 0.764 297 1525 1579 

13 11/4/2011 14.2 10 27.4 1.4 1.375 78 2588 2144 

14 11/16/2011 5.6 4 27.4 1.4 1.375 289 1017 1084 

15 11/17/2011 7.1 2 30.5 3.6 1.528 8 1294 1311 

16 11/23/2011 4.3 2 27.4 2.2 1.375 138 786 861 

17 11/29/2011 10.4 9 30.5 1.2 1.528 141 1895 1846 

18 12/7/2011 2.5 3 21.3 0.8 1.069 198 462 555 

19 12/9/2011 2.8 3 9.1 0.9 0.458 48 508 483 

20 12/21/2011 3.0 4 6.1 0.8 0.306 277 555 538 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Duration  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Peak 
Inflow 
(L/s) 

Antecedent 
Dry Period 
(hours) 

Theoretical 
Inflow 
(L) 

Actual Volume 
In (L) 

21 12/27/2011 7.6 5 12.2 1.5 0.611 136 1386 1508 

22 1/9/2012 5.8 10 6.1 0.6 0.306 299 1063 607 

23 1/11/2012 15.2 10 9.1 1.5 0.458 35 2773 2096 

24 1/18/2012 9.7 7 15.2 1.4 0.764 147 1756 1925 

25 1/21/2012 11.4 14 6.1 0.8 0.306 65 2080 1645 

26 1/27/2012 15.5 4 73.2 3.9 3.666 126 2819 3084 

27 2/2/2012 4.3 5 6.1 0.9 0.306 136 786 958 

28 2/5/2012 8.1 4 18.3 2.0 0.917 71 1479 1596 

29 2/10/2012 3.6 4 9.1 0.9 0.458 127 647 714 

30 2/14/2012 5.3 6 12.2 0.9 0.611 136 970 1218 

31 2/19/2012 20.1 20 12.2 1.0 0.611 57 3651 2955 

32 2/24/2012 17.0 7 112.8 2.4 5.653 109 3096 2203 

33 3/3/2012 39.4 21 18.3 1.9 0.917 174 7163 3721 

34 3/9/2012 2.5 4 6.1 0.6 0.306 143 462 458 

35 3/21/2012 3.0 3 12.2 1.0 0.611 284 555 530 

36 3/24/2012 3.3 2 15.2 1.7 0.764 74 601 701 

37 3/25/2012 16.0 2 73.2 8.0 3.666 9 2911 3028 

38 3/26/2012 10.4 6 9.1 1.7 0.458 22 1895 1889 

39 3/30/2012 9.1 8 15.2 1.1 0.764 107 1664 2070 

40 4/1/2012 16.0 3 70.1 5.3 3.514 11 2911 3281 

41 4/5/2012 6.1 2 42.7 3.0 2.139 95 1109 1138 

42 4/6/2012 8.4 10 9.1 0.8 0.458 21 1525 1145 

43 4/19/2012 18.5 5 36.6 3.7 1.833 300 3374 3815 

44 4/22/2012 6.6 9 6.1 0.7 0.306 68 1202 1286 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Duration  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Peak 
Inflow 
(L/s) 

Antecedent 
Dry Period 
(hours) 

Theoretical 
Inflow 
(L) 

Actual Volume 
In (L) 

45 5/5/2012 64.5 7 182.9 9.2 9.166 318 11738 4631 

46 5/9/2012 3.8 7 18.3 0.5 0.917 90 693 780 

47 5/16/2012 8.1 4 15.2 2.0 0.764 161 1479 1710 

48 5/17/2012 13.2 5 33.5 2.6 1.68 25 2403 2577 

49 5/22/2012 3.0 4 18.3 0.8 0.917 114 555 663 

50 5/24/2012 3.0 4 24.4 0.8 1.222 28 555 639 

51 5/29/2012 13.7 5 48.8 2.7 2.444 127 2496 2208 

52 5/30/2012 73.2 12 61.0 6.1 3.055 11 13309 958 

53 6/5/2012 15.5 2 57.9 7.7 2.903 146 2819 2591 

54 6/25/2012 14.2 14 12.2 1.0 0.611 484 2588 2758 

55 7/1/2012 41.1 5 137.2 8.2 6.875 125 7487 4200 

56 7/10/2012 19.3 6 57.9 3.2 2.903 213 3512 2208 

57 7/12/2012 23.6 13 73.2 1.8 3.666 36 4298 1279 

58 7/13/2012 3.3 2 33.5 1.7 1.68 9 601 479 

59 7/15/2012 6.1 1 51.8 6.1 2.597 48 1109 996 

60 7/16/2012 14.7 1 85.3 14.7 4.278 30 2680 1222 

61 7/20/2012 73.7 11 143.3 6.7 7.18 104 13402 2127 

62 7/21/2012 10.2 5 45.7 2.0 2.292 14 1849 455 

63 7/22/2012 3.6 3 27.4 1.2 1.375 16 647 480 

64 7/23/2012 25.9 6 76.2 4.3 3.819 30 4714 803 

65 7/24/2012 4.6 3 12.2 1.5 0.611 39 832 648 

66 7/28/2012 19.8 2 64.0 9.9 3.208 95 3605 2498 

67 7/30/2012 29.7 4 73.2 7.4 3.666 41 5407 999 

68 8/3/2012 24.6 2 94.5 12.3 4.736 95 4483 1491 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Duration  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Peak 
Inflow 
(L/s) 

Antecedent 
Dry Period 
(hours) 

Theoretical 
Inflow 
(L) 

Actual Volume 
In (L) 

69 8/8/2012 3.3 6 6.1 0.6 0.306 111 601 389 

70 8/10/2012 14.2 3 64.0 4.7 3.208 51 2588 2886 

71 8/11/2012 20.8 4 134.1 5.2 6.722 17 3789 3528 

72 8/12/2012 8.9 4 51.8 2.2 2.597 22 1617 1465 

73 8/13/2012 4.6 1 36.6 4.6 1.833 26 832 818 

74 8/15/2012 4.1 4 18.3 1.0 0.917 44 739 756 

75 8/18/2012 4.1 7 6.1 0.6 0.306 77 739 684 

76 8/19/2012 44.7 6 115.8 7.5 5.805 8 8134 1282 

77 8/20/2012 4.6 2 12.2 2.3 0.611 15 832 349 

78 8/22/2012 6.6 2 18.3 3.3 0.917 53 1202 1366 

79 8/23/2012 5.6 8 6.1 0.7 0.306 23 1017 984 

80 8/24/2012 2.5 5 6.1 0.5 0.306 19 462 328 

81 8/25/2012 10.7 1 39.6 10.7 1.986 7 1941 217 

82 8/26/2012 5.6 1 39.6 5.6 1.986 38 1017 844 

83 8/27/2012 19.3 2 70.1 9.7 3.514 21 3512 521 

84 8/28/2012 5.3 4 6.1 1.3 0.306 25 970 497 

85 9/2/2012 5.1 4 12.2 1.3 0.611 117 924 1020 
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Table E2. Outflow/Release Data for Rainwater Harvesting System at NCDOT Equipped with Passive Release Mechanism. 

Storm 
No. Date 

Overflow 
Volume (L) 
From 
FlowLink 

Peak 
Outflow  
(L/s) 

Peak Flow 
Reduction 
(%) 

Drawdown 
Time (hrs) 

Passive 
Volume 
Released 
(L) 

Passive 
Volume 
Released 
During 
Storm (L) 

Average 
Passive 
Release 
Rate 
(L/hr) 

Volume 
Reduction 
(%) 

1 8/30/2011 0 0.007 98% 54 1727 220 27.9 100.00% 

2 9/5/2011 0 0.007 99% 40.6 368 55 7.7 100.00% 

3 9/7/2011 0 0.007 100% 10.77 2581 330 31.4 100.00% 

4 9/22/2011 104 0.326 92% 7 1399 110 23.6 96.60% 

5 9/23/2011 856 1.450 47% 16.85 971 220 44.6 48.70% 

6 9/24/2011 282 0.102 78% 14.2 1328 660 47 72.70% 

7 9/25/2011 100 0.090 80% 69.2 2464 440 29.2 89.80% 

8 9/28/2011 0 0.007 100% 12.95 989 495 38.1 100.00% 

9 9/29/2011 0 0.007 100% 28.03 2301 330 12.6 100.00% 

10 10/12/2011 0 0.007 100% 70.7 2331 275 29.1 100.00% 

11 10/18/2011 346 0.426 85% 70.03 2839 770 29.5 86.40% 

12 10/31/2011 0 0.007 99% 60.38 1800 220 26.2 100.00% 

13 11/4/2011 0 0.007 99% 66.53 2296 495 27.1 100.00% 

14 11/16/2011 0 0.007 99% 7.17 454 220 32.6 100.00% 

15 11/17/2011 0 0.007 100% 69.68 1984 110 26.9 100.00% 

16 11/23/2011 0 0.007 99% 48.5 971 110 17.8 100.00% 

17 11/29/2011 0 0.007 100% 62.13 2343 495 29.7 100.00% 

18 12/7/2011 0 0.007 99% 27.2 720 165 20.4 100.00% 

19 12/9/2011 0 0.007 98% 55.13 649 165 8.8 100.00% 

20 12/21/2011 0 0.007 98% 29.63 759 220 18.2 100.00% 
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Storm 
No. Date 

Overflow 
Volume (L) 
From 
FlowLink 

Peak 
Outflow  
(L/s) 

Peak Flow 
Reduction 
(%) 

Drawdown 
Time (hrs) 

Passive 
Volume 
Released 
(L) 

Passive 
Volume 
Released 
During 
Storm (L) 

Average 
Passive 
Release 
Rate 
(L/hr) 

Volume 
Reduction 
(%) 

21 12/27/2011 0 0.007 99% 60.05 1785 275 25.1 100.00% 

22 1/9/2012 0 0.007 98% 36.78 1158 550 16.5 100.00% 

23 1/11/2012 0 0.007 98% 64.18 2592 550 31.8 100.00% 

24 1/18/2012 0 0.007 99% 61.52 2312 385 31.3 100.00% 

25 1/21/2012 0 0.007 98% 36.9 2092 770 35.8 100.00% 

26 1/27/2012 0 0.007 100% 0 0 0 0 100.00% 

27 2/2/2012 0 0.007 98% 0 0 0 0 100.00% 

28 2/5/2012 0 0.007 99% 0 0 0 0 100.00% 

29 2/10/2012 0 0.007 98% 0 0 0 0 100.00% 

30 2/14/2012 0 0.007 99% 0 0 0 0 100.00% 

31 2/19/2012 0 0.007 99% 55.03 2676 1101 28.6 100.00% 

32 2/24/2012 0 0.007 100% 58.58 2448 385 35.2 100.00% 

33 3/3/2012 336 0.130 86% 46.02 3022 1156 40.5 91.70% 

34 3/9/2012 0 0.007 98% 0 0 0 0 100.00% 

35 3/21/2012 0 0.007 99% 0 0 0 0 100.00% 

36 3/24/2012 0 0.007 99% 0 0 0 0 100.00% 

37 3/25/2012 0 0.007 100% 0 0 0 0 100.00% 

38 3/26/2012 0 0.007 98% 33.33 597 330 8 100.00% 

39 3/30/2012 0 0.007 99% 0 0 0 0 100.00% 

40 4/1/2012 0 0.007 100% 0 0 0 0 100.00% 

41 4/5/2012 0 0.007 100% 12.25 523 110 33.7 100.00% 
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Storm 
No. Date 

Overflow 
Volume (L) 
From 
FlowLink 

Peak 
Outflow  
(L/s) 

Peak Flow 
Reduction 
(%) 

Drawdown 
Time (hrs) 

Passive 
Volume 
Released 
(L) 

Passive 
Volume 
Released 
During 
Storm (L) 

Average 
Passive 
Release 
Rate 
(L/hr) 

Volume 
Reduction 
(%) 

42 4/6/2012 0 0.007 98% 75.23 2529 550 26.3 100.00% 

43 4/19/2012 0 0.007 100% 0 0 0 0 100.00% 

44 4/22/2012 0 0.007 98% 39.13 814 495 8.1 100.00% 

45 5/5/2012 1886 0.007 100% 62.73 2595 385 35.2 71.10% 

46 5/9/2012 0 0.007 99% 18.23 867 385 26.4 100.00% 

47 5/16/2012 0 0.007 99% 0 0 0 0 100.00% 

48 5/17/2012 0 0.007 100% 0 0 0 0 100.00% 

49 5/22/2012 0 0.007 99% 0 0 0 0 100.00% 

50 5/24/2012 0 0.007 99% 16.67 402 220 10.9 100.00% 

51 5/29/2012 29 0.108 96% 13.95 963 275 49.3 98.70% 

52 5/30/2012 9018 2.100 31% 71.48 2733 660 29 9.60% 

53 6/5/2012 0 0.007 100% 0 0 0 0 100.00% 

54 6/25/2012 0 0.007 99% 0 0 0 0 100.00% 

55 7/1/2012 0 0.007 100% 93.17 1995 275 18.5 100.00% 

56 7/10/2012 0 0.007 100% 9.62 650 330 33.3 100.00% 

57 7/12/2012 628 1.820 50% 15.45 1210 715 32 67.10% 

58 7/13/2012 0 0.007 100% 47.3 1432 110 27.9 100.00% 

59 7/15/2012 0 0.007 100% 26.47 810 55 28.5 100.00% 

60 7/16/2012 150 0.600 86% 42.17 1318 55 29.9 89.10% 

61 7/20/2012 5351 4.375 39% 12.65 983 605 29.9 28.40% 

62 7/21/2012 156 0.282 88% 16.83 698 275 25.1 74.50% 

63 7/22/2012 0 0.007 99% 29.62 860 165 23.5 100.00% 
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Storm 
No. Date 

Overflow 
Volume (L) 
From 
FlowLink 

Peak 
Outflow  
(L/s) 

Peak Flow 
Reduction 
(%) 

Drawdown 
Time (hrs) 

Passive 
Volume 
Released 
(L) 

Passive 
Volume 
Released 
During 
Storm (L) 

Average 
Passive 
Release 
Rate 
(L/hr) 

Volume 
Reduction 
(%) 

64 7/23/2012 747 0.780 80% 5.1 795 330 36.1 51.80% 

65 7/24/2012 0 0.007 99% 12.47 479 165 25.2 100.00% 

66 7/28/2012 457 1.530 52% 38.5 1009 110 23.4 84.60% 

67 7/30/2012 2955 2.540 31% 41.43 1963 220 19 25.30% 

68 8/3/2012 902 1.830 61% 88.77 1587 110 16.6 62.30% 

69 8/8/2012 0 0.007 98% 0 0 0 0 100.00% 

70 8/10/2012 0 0.007 100% 0 0 0 0 100.00% 

71 8/11/2012 0 0.007 100% 21.68 427 55 17.2 100.00% 

72 8/12/2012 0 0.007 100% 4.57 929 110 6.6 100.00% 

73 8/13/2012 0 0.007 100% 42.03 991 55 22.3 100.00% 

74 8/15/2012 0 0.007 99% 13.53 1341 220 4.1 100.00% 

75 8/18/2012 0 0.007 98% 9.63 523 385 14.3 100.00% 

76 8/19/2012 4062 4.990 14% 14.95 615 330 19 24.00% 

77 8/20/2012 0 0.007 99% 0.82 144 110 41.4 100.00% 

78 8/22/2012 0 0.007 99% 21.02 486 110 17.9 100.00% 

79 8/23/2012 0 0.007 98% 9.03 798 440 19.6 100.00% 

80 8/24/2012 0 0.007 98% 6.1 418 275 0 100.00% 

81 8/25/2012 1219 1.500 24% 36.5 850 55 21.8 15.10% 

82 8/26/2012 0 0.007 100% 19.78 489 55 21.9 100.00% 

83 8/27/2012 1262 1.900 46% 24.22 599 110 20.2 29.20% 

84 8/28/2012 0 0.007 98% 115.48 1940 220 14.9 100.00% 

85 9/2/2012 0 0.007 99% 10.95 1435 220 13.6 100.00% 
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Appendix F: System Design Plans for Tryon Palace (Active Release) Rainwater Harvesting Systems 
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Appendix G: Storm Event Characteristics and Hydrologic Data for Tryon Palace (Active Release) Rainwater Harvesting Systems 

Table G1. Storm Characteristics and Performance of Rainwater Harvesting System at Tryon Palace Equipped with Active Release 
Mechanism. 

Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Dura-
tion  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Peak 
Flow 
(L/s) 

Antec-
edent 
Dry 
Period 
(hours) 

Overflow 
Volume 
(L) 

Peak 
Flow  
(L/s) 

Peak 
Flow 
Reduc-
tion 
(%) 

Theor-
etical 
Inflow 
(L) 

Actual 
Volume 
In (L) 

Active 
Release 
Volume 
(L) 

Active 
Volume 
Release 
During 
Rainfall 
(L) 

1 10/12/2011 19.3 8 27.4 2.4 1.864 274 0 0 100% 4761 3281 965 0 

2 10/18/2011 28.7 14 54.9 2.1 3.728 149 0 0 100% 7080 4697 3732 0 

3 10/31/2011 8.4 3 18.3 2.8 1.243 297 0 0 100% 2067 1576 2831 0 

4 11/4/2011 14.7 6 18.3 2.5 1.243 79 0 0 100% 3634 3185 0 0 

5 11/16/2011 12.7 6 51.8 2.1 3.521 301 0 0 100% 3133 3120 515 0 

6 11/17/2011 3.3 2 18.3 1.7 1.243 7 0 0 100% 814 129 0 0 

7 11/23/2011 2.8 3 9.1 0.9 0.621 138 0 0 100% 689 676 1351 0 

8 11/29/2011 9.1 9 18.3 1.0 1.243 140 0 0 100% 2255 2509 3892 0 

9 12/21/2011 3.0 6 6.1 0.5 0.414 530 0 0 100% 752 740 0 0 

10 12/27/2011 8.9 5 12.2 1.8 0.828 136 0 0 100% 2193 2638 0 0 

11 1/9/2012 7.1 18 24.4 0.4 1.657 299 0 0 100% 1754 1705 0 0 

12 1/11/2012 17.5 10 18.3 1.8 1.243 38 0 0 100% 4323 4506 354 0 

13 1/18/2012 9.1 8 18.3 1.1 1.243 148 0 0 100% 2255 617 617 0 

14 1/21/2012 12.2 21 6.1 0.6 0.414 63 0 0 100% 3007 708 3732 5971 

15 1/27/2012 19.6 6 103.6 3.3 7.042 126 0 0 100% 4824 1834 97 223 

16 2/2/2012 4.3 4 6.1 1.1 0.414 136 0 0 100% 1065 418 193 0 

17 2/5/2012 7.9 5 12.2 1.6 0.828 72 0 0 100% 1942 2059 3892 0 



 

 

 

201 
 

Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Durat
ion  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Peak 
Flow 
(L/s) 

Antec-
edent 
Dry 
Period 
(hours) 

Overflow 
Volume 
(L) 

Peak 
Flow  
(L/s) 

Peak 
Flow 
Reduc-
tion 
(%) 

Theor-
etical 
Inflow 
(L) 

Actual 
Volume 
In (L) 

Active 
Release 
Volume 
(L) 

Active 
Volume 
Release 
During 
Rainfall 
(L) 

18 2/10/2012 3.3 4 12.2 0.8 0.828 127 0 0 100% 814 708 965 0 

19 2/16/2012 5.1 5 6.1 1.0 0.414 137 0 0 100% 1253 1177 0 0 

20 2/19/2012 16.5 16 12.2 1.0 0.828 57 0 0 100% 4072 5018 7174 0 

21 2/24/2012 9.9 6 54.9 1.7 3.728 117 0 0 100% 2443 2027 483 0 

22 3/3/2012 40.4 27 18.3 1.5 1.243 179 0 0 100% 9962 450 9265 2682 

23 3/17/2012 2.5 2 15.2 1.3 1.036 304 0 0 100% 627 707 0 0 

24 3/24/2012 4.3 2 12.2 2.2 0.828 180 0 0 100% 1065 1158 129 0 

25 3/25/2012 8.6 2 21.3 4.3 1.450 9 0 0 100% 2130 1544 0 0 

26 3/26/2012 8.6 7 15.2 1.2 1.036 22 0 0 100% 2130 611 0 0 

27 3/31/2012 7.4 8 21.3 0.9 1.450 119 0 0 100% 1817 1898 225 0 

28 4/1/2012 10.2 3 27.4 3.4 1.864 11 0 0 100% 2506 2123 0 0 

29 4/5/2012 7.9 2 45.7 3.9 3.107 95 0 0 100% 1942 676 515 0 

30 4/5/2012 16.3 17 21.3 1.0 1.450 13 0 0 100% 4010 3603 3506 158 

31 4/19/2012 21.6 4 30.5 5.4 2.071 301 0 0 100% 5325 1319 0 145 

32 4/22/2012 7.4 13 9.1 0.6 0.621 70 0 0 100% 1817 1705 290 0 

33 5/5/2012 74.7 6 173.7 12.4 
11.80

5 318 0 0 100% 18419 3249 0 0 

34 5/9/2012 5.3 1 21.3 5.3 1.450 81 0 0 100% 1316 772 0 0 

35 5/16/2012 3.3 4 6.1 0.8 0.414 163 0 0 100% 814 708 0 0 

36 5/17/2012 13.7 4 18.3 3.4 1.243 26 0 0 100% 3383 1866 0 0 

37 5/29/2012 3.8 1 6.1 3.8 0.414 295 1858 0.41 0% 940 0 0 0 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Durat
ion  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Peak 
Flow 
(L/s) 

Antec-
edent 
Dry 
Period 
(hours) 

Overflow 
Volume 
(L) 

Peak 
Flow  
(L/s) 

Peak 
Flow 
Reduc-
tion 
(%) 

Theor-
etical 
Inflow 
(L) 

Actual 
Volume 
In (L) 

Active 
Release 
Volume 
(L) 

Active 
Volume 
Release 
During 
Rainfall 
(L) 

38 5/30/2012 88.9 8 45.7 11.1 3.107 4 43361 3.10 0% 21928 0 0 0 

39 6/1/2012 5.6 1 42.7 5.6 2.900 58 2726 2.90 0% 1378 0 0 0 

40 6/5/2012 6.4 2 27.4 3.2 1.864 88 3097 1.86 0% 1566 0 0 0 

41 6/23/2012 7.4 1 39.6 7.4 2.692 432 3593 2.69 0% 1817 0 0 0 

42 6/25/2012 16.3 5 64.0 3.3 4.349 52 7929 4.39 0% 4010 0 0 0 

43 7/1/2012 33.0 15 94.5 2.2 6.420 132 16106 6.42 0% 8145 0 0 0 

44 7/10/2012 22.9 6 45.7 3.8 3.107 211 11150 3.10 0% 5639 0 0 0 

45 7/12/2012 16.8 7 36.6 2.4 2.485 40 8177 2.48 0% 4135 0 0 0 

46 7/14/2012 3.0 1 33.5 3.0 2.278 40 1487 2.27 0% 752 0 0 0 

47 7/16/2012 27.7 4 112.8 6.9 7.663 55 13504 7.66 0% 6829 0 0 0 

48 7/20/2012 67.1 11 143.3 6.1 9.734 91 32707 9.73 0% 16540 0 0 0 

49 7/21/2012 4.1 7 9.1 0.6 0.621 14 1982 0.62 0% 1002 0 0 0 

50 7/22/2012 4.1 1 45.7 4.1 3.107 16 1982 3.10 0% 1002 0 0 0 

51 7/23/2012 20.8 7 39.6 3.0 2.692 30 10159 2.69 0% 5137 0 0 0 

52 7/24/2012 4.6 2 12.2 2.3 0.828 15 2230 0.82 0% 1128 0 0 0 

53 7/28/2012 14.5 3 30.5 4.8 2.071 94 7062 2.07 0% 3571 0 0 0 

54 7/30/2012 32.0 4 79.2 8.0 5.385 41 15610 5.38 0% 7894 0 0 0 

55 8/1/2012 2.5 3 3.0 0.8 0.207 42 1239 0.20 0% 627 0 0 0 

56 8/8/2012 3.6 5 6.1 0.7 0.414 163 1734 0.41 0% 877 0 0 0 

57 8/11/2012 34.5 7 82.3 4.9 5.592 65 16849 5.59 0% 8521 0 0 0 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Durat
ion  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Peak 
Flow 
(L/s) 

Antec-
edent 
Dry 
Period 
(hours) 

Overflow 
Volume 
(L) 

Peak 
Flow  
(L/s) 

Peak 
Flow 
Reduc-
tion 
(%) 

Theor-
etical 
Inflow 
(L) 

Actual 
Volume 
In (L) 

Active 
Release 
Volume 
(L) 

Active 
Volume 
Release 
During 
Rainfall 
(L) 

58 8/12/2012 5.6 5 24.4 1.1 1.657 21 2726 1.65 0% 1378 0 0 0 

59 8/15/2012 2.5 1 30.5 2.5 2.071 60 1239 2.07 0% 627 0 0 0 

60 8/15/2012 13.5 6 45.7 2.2 3.107 9 6566 3.10 0% 3321 0 0 0 

61 8/18/2012 8.9 9 24.4 1.0 1.657 62 4336 1.65 0% 2193 0 0 0 

62 8/19/2012 37.1 6 70.1 6.2 4.764 10 18088 4.76 0% 9147 0 0 0 

63 8/20/2012 3.8 3 9.1 1.3 0.621 15 1858 0.62 0% 940 0 0 0 

64 8/23/2012 29.2 17 94.5 1.7 6.420 75 3653 1.98 69% 7205 182 0 0 

65 8/24/2012 7.4 10 33.5 0.7 2.278 11 467 0.64 72% 1817 681 0 1541 

66 9/2/2012 7.4 16 6.1 0.5 0.414 202 809 0.17 57% 1817 0 1740 0 

67 9/6/2012 29.0 3 79.2 9.7 5.385 80 4234 2.40 55% 7142 0 0 1386 

68 9/8/2012 13.2 2 57.9 6.6 3.935 41 2949 3.42 13% 3258 0 0 0 

69 9/17/2012 3.0 1 33.5 3.0 2.278 214 443 0.79 65% 752 0 0 0 

70 9/18/2012 12.2 15 36.6 0.8 2.485 15 0 0 100% 3007 374 1678 0 

71 10/15/2012 10.9 2 51.8 5.5 3.521 289 0 0 100% 2694 1932 0 0 

72 10/27/2012 54.1 31 15.2 1.7 1.036 277 2207 0.38 63% 13345 8407 7166 0 

73 11/6/2012 6.9 11 6.1 0.6 0.414 215 0 0 100% 1692 1371 2617 0 

74 11/12/2012 4.1 1 39.6 4.1 2.692 136 0 0 100% 1002 748 0 0 

75 11/15/2012 6.1 6 6.1 1.0 0.414 73 0 0 100% 1504 997 685 0 

76 12/7/2012 3.8 6 15.2 0.6 1.036 521 0 0 100% 940 499 0 0 

77 12/12/2012 30.0 23 9.1 1.3 0.621 107 0 0 100% 7393 5733 5296 0 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Durat
ion  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Peak 
Flow 
(L/s) 

Antec-
edent 
Dry 
Period 
(hours) 

Overflow 
Volume 
(L) 

Peak 
Flow  
(L/s) 

Peak 
Flow 
Reduc-
tion 
(%) 

Theor-
etical 
Inflow 
(L) 

Actual 
Volume 
In (L) 

Active 
Release 
Volume 
(L) 

Active 
Volume 
Release 
During 
Rainfall 
(L) 

78 12/17/2012 3.0 8 3.0 0.4 0.207 73 248 0.07 65% 752 62 0 0 

79 12/17/2012 5.1 5 6.1 1.0 0.414 11 0 0 100% 1253 935 1495 0 

80 12/18/2012 2.5 2 24.4 1.3 1.657 16 0 0 100% 627 623 1994 0 

81 12/20/2012 8.6 5 12.2 1.7 0.828 55 0 0 100% 2130 0 1745 1745 

82 12/26/2012 31.0 12 42.7 2.6 2.900 122 1399 1.31 55% 7643 3423 1616 1616 

83 12/29/2012 21.8 6 12.2 3.6 0.828 61 0 0 100% 5388 4424 7228 0 

84 1/1/2013 12.4 10 6.1 1.2 0.414 86 0 0 100% 3070 0 0 0 
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Appendix I: System design plan for River Bend Country Club Rainwater Harvesting System. 
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Appendix H: R Code and Output for Statistical Analysis of NCDOT (Passive Release) and 

Tryon Palace (Active Release) Rainwater Harvesting Systems 

> #TRYON & NCDOT ANALYSES 

> attach(rdatancdot) 

> attach(rdatatryon) 

> attach(rdatatryonall) 

>  

> #Check for Normality 

> shapiro.test(ncdotvolin) 

 

 Shapiro-Wilk normality test 

 

data:  ncdotvolin  

W = 0.9073, p-value = 8.675e-06 

 

> shapiro.test(ncdotpeakin) 

 

 Shapiro-Wilk normality test 

 

data:  ncdotpeakin  

W = 0.8362, p-value = 1.422e-08 

 

> shapiro.test(ncdotvolout) 

 

 Shapiro-Wilk normality test 

 

data:  ncdotvolout  

W = 0.2784, p-value < 2.2e-16 

 

> shapiro.test(ncdotpeakout) 

 

 Shapiro-Wilk normality test 

 

data:  ncdotpeakout  

W = 0.4431, p-value < 2.2e-16 

 

> shapiro.test(ncdotpeakredncdot) 

 

 Shapiro-Wilk normality test 

 

data:  ncdotpeakredncdot  

W = 0.5398, p-value = 2.454e-15 
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> shapiro.test(ncdotvolredncdot) 

 

 Shapiro-Wilk normality test 

 

data:  ncdotvolredncdot  

W = 0.9182, p-value = 2.906e-05 

 

> shapiro.test(tryonvolin) 

 

 Shapiro-Wilk normality test 

 

data:  tryonvolin  

W = 0.8503, p-value = 5.002e-06 

 

> shapiro.test(tryonpeakin) 

 

 Shapiro-Wilk normality test 

 

data:  tryonpeakin  

W = 0.6863, p-value = 9.417e-10 

 

> shapiro.test(tryonvolout) 

 

 Shapiro-Wilk normality test 

 

data:  tryonvolout  

W = 0.3757, p-value = 3.55e-14 

 

> shapiro.test(tryonpeakout) 

 

 Shapiro-Wilk normality test 

 

data:  tryonpeakout  

W = 0.3612, p-value = 2.433e-14 

 

> shapiro.test(tryonpeakred) 

 

 Shapiro-Wilk normality test 

 

data:  tryonpeakred  

W = 0.4552, p-value = 3.162e-13 
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> shapiro.test(tryonvolred) 

 

 Shapiro-Wilk normality test 

 

data:  tryonvolred  

W = 0.5288, p-value = 2.961e-12 

 

> shapiro.test(tryonvolinall) 

 

 Shapiro-Wilk normality test 

 

data:  tryonvolinall  

W = 0.7398, p-value = 6.763e-11 

 

> shapiro.test(tryonpeakinall) 

 

 Shapiro-Wilk normality test 

 

data:  tryonpeakinall  

W = 0.7823, p-value = 8.24e-10 

 

> shapiro.test(tryonvoloutall) 

 

 Shapiro-Wilk normality test 

 

data:  tryonvoloutall  

W = 0.5163, p-value = 3.522e-15 

 

> shapiro.test(tryonpeakoutall) 

 

 Shapiro-Wilk normality test 

 

data:  tryonpeakoutall  

W = 0.6467, p-value = 6.542e-13 

 

> shapiro.test(tryonpeakredall) 

 

 Shapiro-Wilk normality test 

 

data:  tryonpeakredall  

W = 0.669, p-value = 1.828e-12 

 

> shapiro.test(tryonvolredall) 
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 Shapiro-Wilk normality test 

 

data:  tryonvolredall  

W = 0.6744, p-value = 2.357e-12 

 

>  

> #Check for normality of log-transformed data 

> shapiro.test(log10(ncdotvolin)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(ncdotvolin)  

W = 0.9814, p-value = 0.2274 

 

> shapiro.test(log10(ncdotpeakin)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(ncdotpeakin)  

W = 0.9489, p-value = 0.001431 

 

> shapiro.test(log10(ncdotvolout)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(ncdotvolout)  

W = 0.5548, p-value = 4.372e-15 

 

> shapiro.test(log10(ncdotpeakout)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(ncdotpeakout)  

W = 0.5634, p-value = 6.119e-15 

 

> shapiro.test(log10(ncdotpeakredncdot)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(ncdotpeakredncdot)  

W = 0.4812, p-value = 2.892e-16 
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> shapiro.test(log10(ncdotvolredncdot)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(ncdotvolredncdot)  

W = 0.8609, p-value = 1.046e-07 

 

> shapiro.test(log10(tryonvolin)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(tryonvolin)  

W = 0.426, p-value = 1.381e-13 

 

> shapiro.test(log10(tryonpeakin)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(tryonpeakin)  

W = 0.9713, p-value = 0.1927 

 

> shapiro.test(log10(tryonvolout)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(tryonvolout)  

W = 0.4461, p-value = 2.43e-13 

 

> shapiro.test(log10(tryonpeakout)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(tryonpeakout)  

W = 0.4504, p-value = 2.754e-13 

 

> shapiro.test(log10(tryonpeakred)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(tryonpeakred)  

W = 0.3684, p-value = 2.934e-14 

 

> shapiro.test(log10(tryonvolred)) 
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 Shapiro-Wilk normality test 

 

data:  log10(tryonvolred)  

W = 0.3541, p-value = 2.027e-14 

 

> shapiro.test(log10(tryonvolinall)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(tryonvolinall)  

W = 0.6608, p-value = 1.245e-12 

 

> shapiro.test(log10(tryonpeakinall)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(tryonpeakinall)  

W = 0.9799, p-value = 0.214 

 

> shapiro.test(log10(tryonvoloutall)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(tryonvoloutall)  

W = 0.6584, p-value = 1.114e-12 

 

> shapiro.test(log10(tryonpeakoutall)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(tryonpeakoutall)  

W = 0.6656, p-value = 1.557e-12 

 

> shapiro.test(log10(tryonpeakredall)) 

 

 Shapiro-Wilk normality test 

 

data:  log10(tryonpeakredall)  

W = 0.5989, p-value = 8.384e-14 

 

> shapiro.test(log10(tryonvolredall)) 
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 Shapiro-Wilk normality test 

 

data:  log10(tryonvolredall)  

W = 0.6276, p-value = 2.818e-13 

 

>  

> #Paired comparisons 

> ncdotvoldiff <- ncdotvolin - ncdotvolout 

> tryonvoldiff <- tryonvolin - tryonvolout 

> tryonallvoldiff <- tryonvolinall - tryonvoloutall 

> boxplot(ncdotvoldiff, tryonvoldiff, tryonallvoldiff, names=cbind("NCDOT", "TRYON", 

"TRYON ALL")) 

 
> SIGN.test(ncdotvoldiff) 

 

 One-sample Sign-Test 

 

data:  ncdotvoldiff  

s = 82, p-value = 2.22e-16 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

  787.5833 1445.6446  

sample estimates: 

median of x  

     1078.3  

 

                  Conf.Level   L.E.pt   U.E.pt 

Lower Achieved CI     0.9275 818.2597 1366.113 

Interpolated CI       0.9500 787.5833 1445.645 

Upper Achieved CI     0.9554 780.2338 1464.699 
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> SIGN.test(tryonvoldiff) 

 

 One-sample Sign-Test 

 

data:  tryonvoldiff  

s = 50, p-value = 1.018e-09 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

  707.720 1847.449  

sample estimates: 

median of x  

    1177.04  

 

                  Conf.Level L.E.pt   U.E.pt 

Lower Achieved CI     0.9373 707.72 1833.620 

Interpolated CI       0.9500 707.72 1847.449 

Upper Achieved CI     0.9669 707.72 1865.750 

> SIGN.test(tryonallvoldiff) 

 

 One-sample Sign-Test 

 

data:  tryonallvoldiff  

s = 49, p-value = 0.09703 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

 -217.8149  760.1425  

sample estimates: 

median of x  

   639.8994  

 

                  Conf.Level    L.E.pt   U.E.pt 

Lower Achieved CI     0.9370    0.0000 747.7324 

Interpolated CI       0.9500 -217.8149 760.1425 

Upper Achieved CI     0.9625 -427.2043 772.0726 

>  

> ncdotpeakdiff <- ncdotpeakin - ncdotpeakout 

> tryonpeakdiff <- tryonpeakin - tryonpeakout 

> tryonallpeakdiff <- tryonpeakinall - tryonpeakoutall 

> boxplot(ncdotpeakdiff, tryonpeakdiff, tryonallpeakdiff, names=cbind("NCDOT", 

"TRYON", "TRYON ALL")) 



 

 

 

214 
 

 
> boxplot(ncdotpeakdiff, tryonpeakdiff, names=cbind("NCDOT", "TRYON")) 

 
> SIGN.test(ncdotpeakdiff) 

 

 One-sample Sign-Test 

 

data:  ncdotpeakdiff  

s = 90, p-value < 2.2e-16 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

 0.8333211 1.5207918  

sample estimates: 

median of x  

   1.257396  

 

                  Conf.Level L.E.pt U.E.pt 
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Lower Achieved CI     0.9275 0.9098 1.5208 

Interpolated CI       0.9500 0.8333 1.5208 

Upper Achieved CI     0.9554 0.8150 1.5208 

> SIGN.test(tryonpeakdiff) 

 

 One-sample Sign-Test 

 

data:  tryonpeakdiff  

s = 57, p-value < 2.2e-16 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

 0.8284 1.4498  

sample estimates: 

median of x  

     1.2427  

 

                  Conf.Level L.E.pt U.E.pt 

Lower Achieved CI     0.9373 0.8284 1.4498 

Interpolated CI       0.9500 0.8284 1.4498 

Upper Achieved CI     0.9669 0.8284 1.4498 

> SIGN.test(tryonallpeakdiff) 

 

 One-sample Sign-Test 

 

data:  tryonallpeakdiff  

s = 67, p-value = 3.496e-08 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

 0.4142 1.0356  

sample estimates: 

median of x  

    0.63845  

 

                  Conf.Level L.E.pt U.E.pt 

Lower Achieved CI     0.9370 0.4142 1.0356 

Interpolated CI       0.9500 0.4142 1.0356 

Upper Achieved CI     0.9625 0.4142 1.0356 

>  

> #Non-paired comparisons 

> wilcox.test(ncdotvolredncdot, tryonvolred) 

 

 Wilcoxon rank sum test with continuity correction 
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data:  ncdotvolredncdot and tryonvolred  

W = 1479, p-value = 7.516e-06 

alternative hypothesis: true location shift is not equal to 0  

 

> wilcox.test(ncdotvolredncdot, tryonvolredall) 

 

 Wilcoxon rank sum test with continuity correction 

 

data:  ncdotvolredncdot and tryonvolredall  

W = 3909, p-value = 0.6914 

alternative hypothesis: true location shift is not equal to 0  

 

> wilcox.test(tryonvolred, tryonvolredall) 

 

 Wilcoxon rank sum test with continuity correction 

 

data:  tryonvolred and tryonvolredall  

W = 3096, p-value = 0.0007867 

alternative hypothesis: true location shift is not equal to 0  

 

>  

> wilcox.test(ncdotpeakredncdot, tryonpeakred) 

 

 Wilcoxon rank sum test with continuity correction 

 

data:  ncdotpeakredncdot and tryonpeakred  

W = 721, p-value = 8.431e-14 

alternative hypothesis: true location shift is not equal to 0  

 

> wilcox.test(ncdotpeakredncdot, tryonpeakredall) 

 

 Wilcoxon rank sum test with continuity correction 

 

data:  ncdotpeakredncdot and tryonpeakredall  

W = 3151, p-value = 0.05521 

alternative hypothesis: true location shift is not equal to 0  

 

> wilcox.test(tryonpeakred, tryonpeakredall) 

 

 Wilcoxon rank sum test with continuity correction 

 

data:  tryonpeakred and tryonpeakredall  

W = 3163.5, p-value = 8.659e-05 
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alternative hypothesis: true location shift is not equal to 0  

 

>  

> #Wet vs. Dry Periods 

> ncdotpeakreddry <- subset(ncdotpeakredncdot, ncdotperiod=="dry") 

> ncdotpeakredwet <- subset(ncdotpeakredncdot, ncdotperiod=="wet") 

> ncdotvolreddry <- subset(ncdotvolredncdot, ncdotperiod=="dry") 

> ncdotvolredwet <- subset(ncdotvolredncdot, ncdotperiod=="wet") 

> wilcox.test(ncdotpeakreddry, ncdotpeakredwet) 

 

 Wilcoxon rank sum test with continuity correction 

 

data:  ncdotpeakreddry and ncdotpeakredwet  

W = 1084.5, p-value = 0.1493 

alternative hypothesis: true location shift is not equal to 0  

 

> wilcox.test(ncdotvolreddry, ncdotvolredwet) 

 

 Wilcoxon rank sum test with continuity correction 

 

data:  ncdotvolreddry and ncdotvolredwet  

W = 1069, p-value = 0.1889 

alternative hypothesis: true location shift is not equal to 0   
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Appendix I: Data for River Bend Country Club (Excess Irrigation) Rainwater Harvesting System 

Table I1. Storm Characteristics and Rainwater Harvesting System Performance for Tank 1/Zone 1 at River Bend Country Club. 

Storm 

No. Date 

Total 

Rainfall  

(mm) 

Total 

Dura

-tion  

(hr) 

Max 

Intensity  

(mm/hr) 

Average 

Intensity  

(mm/hr) 

Antece-

dent 

Dry 

Period 

(hours) 

Theor

-etical 

Inflow 

(L) 

Actual 

Volume 

In (L) 

Peak 

Inflow  

(L/s) 

Overflow 

Volume 

(L) 

Peak 

Outflow  

(L/s) 

Peak Flow 

Reduction 

(%) 

Vol. 

Reduc-

tion 

(%) 

1 10/31/2011 10.7 3 24.4 3.6 295 1109 749 0.698 0 0 100.00% 100% 

2 11/4/2011 13.2 16 15.2 0.8 79 1373 716 0.436 0 0 100.00% 100% 

3 11/16/2011 14.0 2 88.4 7.0 291 1452 1063 2.531 0 0 100.00% 100% 

4 11/17/2011 3.6 1 18.3 3.6 12 370 675 0.524 0 0 100.00% 100% 

5 11/23/2011 4.1 2 12.2 2.0 139 422 0 0.349 50 0.011 96.80% 0% 

6 11/29/2011 11.4 9 18.3 1.3 142 1188 0 0.524 579 0.104 80.10% 0% 

7 12/7/2011 2.8 8 9.1 0.3 186 290 0 0.262 149 0.008 97.10% 0% 

8 12/9/2011 2.3 5 6.1 0.5 48 238 0 0.175 129 0.039 77.50% 0% 

9 12/21/2011 3.6 6 3.0 0.6 277 370 0 0.087 65 0.006 93.70% 0% 

10 12/27/2011 10.4 5 12.2 2.1 136 1082 0 0.349 679 0.158 54.70% 0% 

11 1/9/2012 7.4 18 24.4 0.4 299 766 0 0.698 318 0.046 93.50% 0% 

12 1/11/2012 16.0 11 12.2 1.5 40 1663 0 0.349 955 0.098 71.90% 0% 

13 1/18/2012 11.2 8 30.5 1.4 147 1162 0 0.873 752 0.134 84.60% 0% 

14 1/21/2012 13.5 21 9.1 0.6 64 1399 0 0.262 1038 0.071 72.80% 0% 

15 1/27/2012 15.0 8 51.8 1.9 127 1557 0 1.484 718 0.114 92.30% 0% 

16 2/2/2012 4.1 4 9.1 1.0 136 422 0 0.262 154 0.053 79.90% 0% 

17 2/5/2012 7.4 5 15.2 1.5 72 766 0 0.436 411 0.176 59.70% 0% 

18 2/10/2012 4.6 4 15.2 1.1 127 475 0 0.436 338 0.099 77.30% 0% 
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Storm 

No. Date 

Total 

Rainfall  

(mm) 

Total 

Dura

-tion  

(hr) 

Max 

Intensity  

(mm/hr) 

Average 

Intensity  

(mm/hr) 

Antece-

dent 

Dry 

Period 

(hours) 

Theor

-etical 

Inflow 

(L) 

Actual 

Volume 

In (L) 

Peak 

Inflow  

(L/s) 

Overflow 

Volume 

(L) 

Peak 

Outflow  

(L/s) 

Peak Flow 

Reduction 

(%) 

Vol. 

Reduc-

tion 

(%) 

19 2/16/2012 4.1 5 9.1 0.8 137 422 0 0.262 133 0.081 68.90% 0% 

20 2/19/2012 20.1 27 9.1 0.7 56 2085 0 0.262 1611 0.284 0.00% 0% 

21 2/24/2012 11.4 7 61.0 1.6 107 1188 0 1.745 557 0.079 95.50% 0% 

22 2/27/2012 1.8 10 6.1 0.2 64 185 0 0.175 122 0.015 91.20% 0% 

23 3/3/2012 43.4 28 30.5 1.6 105 4514 0 0.873 3207 0.469 46.20% 0% 

24 3/17/2012 6.1 3 21.3 2.0 303 634 0 0.611 364 0.158 74.10% 0% 

25 3/21/2012 14.5 4 57.9 3.6 104 1505 0 1.658 1933 0.173 89.60% 0% 

26 3/24/2012 4.8 2 39.6 2.4 72 502 0 1.134 400 0.093 91.80% 0% 

27 3/25/2012 13.0 2 57.9 6.5 10 1346 0 1.658 1248 0.307 81.50% 0% 

28 3/26/2012 9.1 9 15.2 1.0 19 950 0 0.436 2149 0.939 0.00% 0% 

29 3/31/2012 9.7 9 21.3 1.1 120 1003 749 0.611 0 0.000 100.00% 100% 

30 4/1/2012 11.2 3 30.5 3.7 11 1162 1026 0.873 635 0.176 79.90% 61% 

31 4/5/2012 4.6 2 15.2 2.3 95 475 522 0.436 0 0 100.00% 100% 

32 4/5/2012 17.5 20 9.1 0.9 13 1821 1492 0.262 0 0 100.00% 100% 

33 4/19/2012 23.1 3 39.6 7.7 301 2402 3170 1.134 0 0 100.00% 100% 

34 4/22/2012 5.8 17 9.1 0.3 71 607 887 0.262 0 0 100.00% 100% 

35 4/28/2012 2.8 2 21.3 1.4 129 290 180 0.611 0 0 100.00% 100% 

36 5/5/2012 29.5 7 85.3 4.2 185 3062 2047 2.443 0 0 100.00% 100% 

37 5/9/2012 6.4 3 24.4 2.1 87 660 605 0.698 0 0 100.00% 100% 

38 5/16/2012 9.7 7 27.4 1.4 158 1003 642 0.785 0 0 100.00% 100% 

39 5/17/2012 26.2 11 85.3 2.4 24 2719 3387 2.443 0 0 100.00% 100% 

40 5/22/2012 2.5 12 18.3 0.2 108 264 573 0.524 0 0 100.00% 100% 
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Storm 

No. Date 

Total 

Rainfall  

(mm) 

Total 

Dura

-tion  

(hr) 

Max 

Intensity  

(mm/hr) 

Average 

Intensity  

(mm/hr) 

Antece-

dent 

Dry 

Period 

(hours) 

Theor

-etical 

Inflow 

(L) 

Actual 

Volume 

In (L) 

Peak 

Inflow  

(L/s) 

Overflow 

Volume 

(L) 

Peak 

Outflow  

(L/s) 

Peak Flow 

Reduction 

(%) 

Vol. 

Reduc-

tion 

(%) 

41 5/27/2012 3.6 3 15.2 1.2 108 370 245 0.436 0 0 100.00% 100% 

42 5/29/2012 28.4 6 61.0 4.7 42 2957 6363 1.745 0 0 100.00% 100% 

43 5/30/2012 88.1 10 64.0 8.8 17 9160 6266 1.833 18936.52 1.913 0.00% 24% 

44 6/2/2012 4.1 1 39.6 4.1 57 422 1035 1.134 0 0 100.00% 100% 

45 6/5/2012 4.8 6 15.2 0.8 88 502 481 0.436 0 0 100.00% 100% 

46 6/23/2012 28.7 4 76.2 7.2 421 2983 2481 2.182 0 0 100.00% 100% 

47 6/24/2012 2.8 4 9.1 0.7 19 290 0 0.262 0 0 100.00% 0% 

48 6/25/2012 15.2 4 27.4 3.8 27 1584 0 0.785 0 0 100.00% 0% 

49 7/1/2012 32.8 2 103.6 16.4 135 3405 3003 2.967 0 0 100.00% 100% 

50 7/10/2012 45.0 7 100.6 6.4 215 4672 2675 2.880 0 0 100.00% 100% 

51 7/11/2012 5.1 6 12.2 0.8 19 528 1257 0.349 0 0 100.00% 100% 

52 7/12/2012 24.6 5 48.8 4.9 18 2561 2994 1.396 2066.1 1.380 1.10% 59% 

53 7/13/2012 7.1 6 70.1 1.2 15 739 1197 2.007 668.8823 1.274 36.50% 64% 

54 7/16/2012 42.7 2 158.5 21.3 74 4435 1095 4.538 966.0371 1.757 61.30% 53% 

55 7/20/2012 48.3 11 94.5 4.4 94 5016   2.705 8565.252 1.844 31.80% 0% 

56 7/21/2012 3.3 14 3.0 0.2 6 343   0.087 1368.23 0.980 0.00% 0% 

57 7/22/2012 3.3 1 30.5 3.3 17 343   0.873 1065.05 1.380 0.00% 0% 

58 7/23/2012 27.2 7 42.7 3.9 30 2825 711 1.222 5069.045 1.685 0.00% 12% 

59 7/24/2012 5.8 3 24.4 1.9 14 607   0.698 1068.243 1.071 0.00% 0% 

60 7/28/2012 4.1 8 33.5 0.5 94 422   0.960 1153.415 1.615 0.00% 0% 

61 7/30/2012 19.6 9 45.7 2.2 35 2033   1.309 4087.11 1.691 0.00% 0% 

62 8/1/2012 4.1 3 9.1 1.4 43 422   0.262 906.2276 0.434 0.00% 0% 
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Storm 

No. Date 

Total 

Rainfall  

(mm) 

Total 

Dura

-tion  

(hr) 

Max 

Intensity  

(mm/hr) 

Average 

Intensity  

(mm/hr) 

Antece-

dent 

Dry 

Period 

(hours) 

Theor

-etical 

Inflow 

(L) 

Actual 

Volume 

In (L) 

Peak 

Inflow  

(L/s) 

Overflow 

Volume 

(L) 

Peak 

Outflow  

(L/s) 

Peak Flow 

Reduction 

(%) 

Vol. 

Reduc-

tion 

(%) 

63 8/7/2012 4.1 13 6.1 0.3 142 422 259 0.175 0 0 100.00% 100% 

64 8/10/2012 5.1 2 21.3 2.5 52 528 859 0.611 0 0 100.00% 100% 

65 8/11/2012 13.2 6 70.1 2.2 18 1373 883 2.007 473.555 0.697 65.30% 65% 

66 8/12/2012 13.0 7 73.2 1.9 19 1346   2.094 998.2131 0.800 61.80% 0% 

67 8/15/2012 7.6 2 51.8 3.8 79 792   1.484 534.5002 0.739 50.20% 0% 

68 8/18/2012 14.0 5 24.4 2.8 77 1452   0.698 276.35 0.457 34.50% 0% 

69 8/19/2012 25.7 5 85.3 5.1 11 2666   2.443 156.8 0.525 78.50% 0% 

70 8/20/2012 5.6 3 18.3 1.9 15 581   0.524 152.1736 0.454 13.20% 0% 

71 8/21/2012 3.6 11 18.3 0.3 19 370   0.524 42.77516 0.143 72.70% 0% 

72 8/23/2012 9.9 9 6.1 1.1 22 1030   0.175 46.56057 0.082 52.80% 0% 

73 8/24/2012 4.3 6 6.1 0.7 18 449   0.175 12.11332 0.031 82.20% 0% 

74 8/25/2012 3.6 5 21.3 0.7 6 370   0.611 88.95718 0.289 52.70% 0% 

75 8/28/2012 7.9 10 6.1 0.8 81 818   0.175 12.11332 0.026 85.10% 0% 

76 9/2/2012 4.6 5 6.1 0.9 111 475 106 0.175 0 0 100.00% 100% 

77 9/3/2012 19.6 9 36.6 2.2 7 2033 1132 1.047 176.7787 0.376 64.10% 86% 

78 9/6/2012 26.2 2 100.6 13.1 82 2719 758 2.880 882.3795 0.747 74.00% 46% 

79 9/7/2012 6.4 1 64.0 6.4 26 660 739 1.833 165.4225 0.565 69.20% 81% 

80 9/8/2012 32.8 4 137.2 8.2 14 3405   3.927 2124.373 0.850 78.30% 0% 

81 9/18/2012 18.3 11 45.7 1.7 236 1901   1.309 870.6448 0.645 50.70% 0% 

82 9/29/2012 8.1 2 42.7 4.1 255 845 956 1.222 0 0 100.00% 100% 

83 9/30/2012 5.6 6 6.1 0.9 33 581 134 0.175 0 0 100.00% 100% 

84 10/2/2012 9.4 7 27.4 1.3 25 977 652 0.785 11.35624 0.044 94.40% 98% 
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Storm 

No. Date 

Total 

Rainfall  

(mm) 

Total 

Dura

-tion  

(hr) 

Max 

Intensity  

(mm/hr) 

Average 

Intensity  

(mm/hr) 

Antece-

dent 

Dry 

Period 

(hours) 

Theor

-etical 

Inflow 

(L) 

Actual 

Volume 

In (L) 

Peak 

Inflow  

(L/s) 

Overflow 

Volume 

(L) 

Peak 

Outflow  

(L/s) 

Peak Flow 

Reduction 

(%) 

Vol. 

Reduc-

tion 

(%) 

85 10/3/2012 9.9 9 73.2 1.1 23 1030 846 2.094 244.9162 0.545 74.00% 77% 

86 10/8/2012 2.5 2 6.1 1.3 122 264   0.175 0 0 100.00% 0% 

87 10/15/2012 5.3 2 57.9 2.7 166 554 536 1.658 0 0 100.00% 100% 

88 10/19/2012 3.0 7 21.3 0.4 80 317 79 0.611 0 0 100.00% 100% 

89 10/27/2012 63.0 32 9.1 2.0 191 6547 7254 0.262 0 0 100.00% 100% 

90 11/6/2012 8.1 17 6.1 0.5 214 845 300 0.175 0 0 100.00% 100% 

91 11/12/2012 2.3 4 9.1 0.6 130 238 97 0.262 0 0 100.00% 100% 
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Table G2. Storm Characteristics and Rainwater Harvesting System Performance for Tank 2/Zone 2 at River Bend Country Club. 

Storm 

No. Date 

Total 

Rainfal

l  

(mm) 

Total 

Dura

-tion  

(hr) 

Max 

Intensity  

(mm/hr) 

Average 

Intensity  

(mm/hr) 

Antece

-dent 

Dry 

Period 

(hours) 

Theor-

etical 

Inflow 

(L) 

Actual 

Volume 

In (L) 

Peak 

Inflow  

(L/s) 

Overflow 

Volume 

(L) 

Peak 

Outflow  

(L/s) 

Peak Flow 

Reduction 

(%) 

Vol. 

Reduc-

tion 

(%) 

1 10/31/2011 10.7 3 24.4 3.6 295 1706 1659 1.074 0 0 100.00% 100% 

2 11/4/2011 13.2 16 15.2 0.8 79 2112 2514 0.671 0 0 100.00% 100% 

3 11/16/2011 14.0 2 88.4 7.0 291 2234 3197 3.894 0 0 100.00% 100% 

4 11/17/2011 3.6 1 18.3 3.6 12 569 564 0.806 0 0 100.00% 100% 

5 11/23/2011 4.1 2 12.2 2.0 139 650 587 0.537 0 0 100.00% 100% 

6 11/29/2011 11.4 9 18.3 1.3 142 1828 2107 0.806 0 0 100.00% 100% 

7 12/7/2011 2.8 8 9.1 0.3 186 447 536 0.403 0 0 100.00% 100% 

8 12/9/2011 2.3 5 6.1 0.5 48 366 365 0.269 0 0 100.00% 100% 

9 12/21/2011 3.6 6 3.0 0.6 277 569 444 0.134 0 0 100.00% 100% 

10 12/27/2011 10.4 5 12.2 2.1 136 1665 2324 0.537 0 0 100.00% 100% 

11 1/9/2012 7.4 18 24.4 0.4 299 1178 1035 1.074 0 0 100.00% 100% 

12 1/11/2012 16.0 11 12.2 1.5 40 2559 2283 0.537 0 0 100.00% 100% 

13 1/18/2012 11.2 8 30.5 1.4 147 1787 1368 1.343 0 0 100.00% 100% 

14 1/21/2012 13.5 21 9.1 0.6 64 2153 1626 0.403 0 0 100.00% 100% 

15 1/27/2012 15.0 8 51.8 1.9 127 2397 2320 2.283 0 0 100.00% 100% 

16 2/2/2012 4.1 4 9.1 1.0 136 650 970 0.403 0 0 100.00% 100% 

17 2/5/2012 7.4 5 15.2 1.5 72 1178 2537 0.671 0 0 100.00% 100% 

18 2/10/2012 4.6 4 15.2 1.1 127 731 1442 0.671 0 0 100.00% 100% 

19 2/16/2012 4.1 5 9.1 0.8 137 650 975 0.403 0 0 100.00% 100% 

20 2/19/2012 20.1 27 9.1 0.7 56 3209 4884 0.403 0 0 100.00% 100% 

21 2/24/2012 11.4 7 61.0 1.6 107 1828 2093 2.686 0 0 100.00% 100% 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Dura-
tion  
(hr) 

Max 
Intensit
y  
(mm/hr
) 

Average 
Intensity  
(mm/hr) 

Antece
-dent 
Dry 
Period 
(hours) 

Theor-
etical 
Inflow 
(L) 

Actual 
Volume 
In (L) 

Peak 
Inflow  
(L/s) 

Overflow 
Volume 
(L) 

Peak 
Outf-
low  
(L/s) 

Peak Flow 
Reduction 
(%) 

Volum
e 
Reduct
ion (%) 

22 2/27/2012 1.8 10 6.1 0.2 64 284 310 0.269 0 0 100.00% 100% 

23 3/3/2012 43.4 28 30.5 1.6 105 6946 7753 1.343 0 0 100.00% 100% 

24 3/17/2012 6.1 3 21.3 2.0 303 975 1825 0.940 0 0 100.00% 100% 

25 3/21/2012 14.5 4 57.9 3.6 104 2315 6178 2.551 0 0 100.00% 100% 

26 3/24/2012 4.8 2 39.6 2.4 72 772 1026 1.746 0 0 100.00% 100% 

27 3/25/2012 13.0 2 57.9 6.5 10 2072 1710 2.551 0 0 100.00% 100% 

28 3/26/2012 9.1 9 15.2 1.0 19 1462 2620 0.671 0 0 100.00% 100% 

29 3/31/2012 9.7 9 21.3 1.1 120 1544 2167 0.940 0 0 100.00% 100% 

30 4/1/2012 11.2 3 30.5 3.7 11 1787 3248 1.343 0 0 100.00% 100% 

31 4/5/2012 4.6 2 15.2 2.3 95 731 832 0.671 0 0 100.00% 100% 

32 4/5/2012 17.5 20 9.1 0.9 13 2803 1927 0.403 0 0 100.00% 100% 

33 4/19/2012 23.1 3 39.6 7.7 301 3696 3724 1.746 0 0 100.00% 100% 

34 4/22/2012 5.8 17 9.1 0.3 71 934 490 0.403 0 0 100.00% 100% 

35 4/28/2012 2.8 2 21.3 1.4 129 447 222 0.940 0 0 100.00% 100% 

36 5/5/2012 29.5 7 85.3 4.2 185 4712 2333 3.760 0 0 100.00% 100% 

37 5/9/2012 6.4 3 24.4 2.1 87 1015 1617 1.074 0 0 100.00% 100% 

38 5/16/2012 9.7 7 27.4 1.4 158 1544 735 1.209 0 0 100.00% 100% 

39 5/17/2012 26.2 11 85.3 2.4 24 4184 4029 3.760 0 0 100.00% 100% 

40 5/22/2012 2.5 12 18.3 0.2 108 406 545 0.806 0 0 100.00% 100% 

41 5/27/2012 3.6 3 15.2 1.2 108 569 337 0.671 0 0 100.00% 100% 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Dura-
tion  
(hr) 

Max 
Intensit
y  
(mm/hr
) 

Average 
Intensity  
(mm/hr) 

Antece
-dent 
Dry 
Period 
(hours) 

Theor-
etical 
Inflow 
(L) 

Actual 
Volume 
In (L) 

Peak 
Inflow  
(L/s) 

Overflow 
Volume 
(L) 

Peak 
Outf-
low  
(L/s) 

Peak Flow 
Reduction 
(%) 

Volum
e 
Reduct
ion (%) 

42 5/29/2012 28.4 6 61.0 4.7 42 4549 6922 2.686 0 0 100.00% 100% 

43 5/30/2012 88.1 10 64.0 8.8 17 14095 5452 2.820 28459 2.646 6.20% 16% 

44 6/2/2012 4.1 1 39.6 4.1 57 650 1308 1.746 0 0 100.00% 100% 

45 6/5/2012 4.8 6 15.2 0.8 88 772 638 0.671 0 0 100.00% 100% 

46 6/23/2012 28.7 4 76.2 7.2 421 4590 3318 3.357 0 0 100.00% 100% 

47 6/24/2012 2.8 4 9.1 0.7 19 447 0 0.403 0 0 100.00% 100% 

48 6/25/2012 15.2 4 27.4 3.8 27 2437 0 1.209 0 0 100.00% 100% 

49 7/1/2012 32.8 2 103.6 16.4 135 5240 3664 4.566 0 0 100.00% 100% 

50 7/10/2012 45.0 7 100.6 6.4 215 7190 3664 4.431 0 0 100.00% 100% 

51 7/11/2012 5.1 6 12.2 0.8 19 812 1742 0.537 3774 2.012 0.00% 31% 

52 7/12/2012 24.6 5 48.8 4.9 18 3940 3452 2.148 0 0 100.00% 100% 

53 7/13/2012 7.1 6 70.1 1.2 15 1137 2167 3.088 0 0 100.00% 100% 

54 7/16/2012 42.7 2 158.5 21.3 74 6824 2722 6.983 828 1.991 71.50% 76% 

55 7/20/2012 48.3 11 94.5 4.4 94 7718 0 4.163 12484 2.562 38.50% 0% 

56 7/21/2012 3.3 14 3.0 0.2 6 528 0 0.134 424 0.509 0.00% 0% 

57 7/22/2012 3.3 1 30.5 3.3 17 528 0 1.343 984 2.070 0.00% 0% 

58 7/23/2012 27.2 7 42.7 3.9 30 4346 929 1.880 6854 2.312 0.00% 11% 

59 7/24/2012 5.8 3 24.4 1.9 14 934 0 1.074 1176 1.621 0.00% 0% 

60 7/28/2012 4.1 8 33.5 0.5 94 650 0 1.477 1058 2.273 0.00% 0% 

61 7/30/2012 19.6 9 45.7 2.2 35 3128 0 2.014 5258 2.336 0.00% 0% 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Dura-
tion  
(hr) 

Max 
Intensit
y  
(mm/hr
) 

Average 
Intensity  
(mm/hr) 

Antece
-dent 
Dry 
Period 
(hours) 

Theor-
etical 
Inflow 
(L) 

Actual 
Volume 
In (L) 

Peak 
Inflow  
(L/s) 

Overflow 
Volume 
(L) 

Peak 
Outf-
low  
(L/s) 

Peak Flow 
Reduction 
(%) 

Volum
e 
Reduct
ion (%) 

62 8/1/2012 4.1 3 9.1 1.4 43 650 0 0.403 1024 0.808 0.00% 0% 

63 8/7/2012 4.1 13 6.1 0.3 142 650 176 0.269 0 0 100.00% 100% 

64 8/10/2012 5.1 2 21.3 2.5 52 812 1372 0.940 0 0 100.00% 100% 

65 8/11/2012 13.2 6 70.1 2.2 18 2112 1885 3.088 1039 1.804 41.60% 64% 

66 8/12/2012 13.0 7 73.2 1.9 19 2072 0 3.223 2786 2.070 35.80% 0% 

67 8/15/2012 7.6 2 51.8 3.8 79 1219 0 2.283 1625 1.817 20.40% 0% 

68 8/18/2012 14.0 5 24.4 2.8 77 2234 0 1.074 1740 1.415 0.00% 0% 

69 8/19/2012 25.7 5 85.3 5.1 11 4103 0 3.760 4440 1.991 47.10% 0% 

70 8/20/2012 5.6 3 18.3 1.9 15 894 0 0.806 766 1.279 0.00% 0% 

71 8/21/2012 3.6 11 18.3 0.3 19 569 0 0.806 0 0 100.00% 100% 

72 8/23/2012 9.9 9 6.1 1.1 22 1584 0 0.269 523 0.535 0.00% 0% 

73 8/24/2012 4.3 6 6.1 0.7 18 691 587 0.269 0 0 100.00% 100% 

74 8/25/2012 3.6 5 21.3 0.7 6 569 827 0.940 0 0 100.00% 100% 

75 8/28/2012 7.9 10 6.1 0.8 81 1259 1067 0.269 0 0 100.00% 100% 

76 9/2/2012 4.6 5 6.1 0.9 111 731 291 0.269 0 0 100.00% 100% 

77 9/3/2012 19.6 9 36.6 2.2 7 3128 6534 1.611 0 0 100.00% 100% 

78 9/6/2012 26.2 2 100.6 13.1 82 4184 5425 4.431 4 0.004 99.90% 99% 

79 9/7/2012 6.4 1 64.0 6.4 26 1015 2019 2.820 0 0 100.00% 100% 

80 9/8/2012 32.8 4 137.2 8.2 14 5240 499 6.043 5171 2.092 65.40% 8% 

81 9/18/2012 18.3 11 45.7 1.7 236 2925 0 2.014 3349 1.763 12.50% 0% 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Dura-
tion  
(hr) 

Max 
Intensit
y  
(mm/hr
) 

Average 
Intensity  
(mm/hr) 

Antece
-dent 
Dry 
Period 
(hours) 

Theor-
etical 
Inflow 
(L) 

Actual 
Volume 
In (L) 

Peak 
Inflow  
(L/s) 

Overflow 
Volume 
(L) 

Peak 
Outf-
low  
(L/s) 

Peak Flow 
Reduction 
(%) 

Volum
e 
Reduct
ion (%) 

82 9/29/2012 8.1 2 42.7 4.1 255 1300 1968 1.880 0 0 100.00% 100% 

83 9/30/2012 5.6 6 6.1 0.9 33 894 490 0.269 0 0 100.00% 100% 

84 10/2/2012 9.4 7 27.4 1.3 25 1503 1918 1.209 0 0 100.00% 100% 

85 10/3/2012 9.9 9 73.2 1.1 23 1584 3110 3.223 0 0 100.00% 100% 

86 10/8/2012 2.5 2 6.1 1.3 122 406 0 0.269 0 0 100.00% 100% 

87 10/15/2012 5.3 2 57.9 2.7 166 853 1146 2.551 0 0 100.00% 100% 

88 10/19/2012 3.0 7 21.3 0.4 80 487 513 0.940 0 0 100.00% 100% 

89 10/27/2012 63.0 32 9.1 2.0 191 10074 10059 0.403 251 0.466 0.00% 97% 

90 11/6/2012 8.1 17 6.1 0.5 214 1300 998 0.269 0 0 100.00% 100% 

91 11/12/2012 2.3 4 9.1 0.6 130 366 365 0.403 0 0 100.00% 100% 
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Table G3. Storm Characteristics and Rainwater Harvesting System Performance for Tank 2/Zone 2 at River Bend Country Club. 

Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Dura-
tion  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Antece-
dent 
Dry 
Period 
(hours) 

Theor-
etical 
Inflow 
(L) 

Peak 
Inflow  
(L/s) 

Actual 
Volume 
In (L) 

Overflow 
Volume 
(L) 

Peak 
Outf-
low  
(L/s) 

Peak Flow 
Reduction 
(%) 

Vol. 
Reduc
tion 
(%) 

1 10/31/2011 10.7 3 24.4 3.6 295 3719 2.342 4084 0 0 100.00% 100% 

2 11/4/2011 13.2 16 15.2 0.8 79 4605 1.464 9791 0 0 100.00% 100% 

3 11/16/2011 14.0 2 88.4 7.0 291 4870 8.489 5642 0 0 100.00% 100% 

4 11/17/2011 3.6 1 18.3 3.6 12 1240 1.756 1151 0 0 100.00% 100% 

5 11/23/2011 4.1 2 12.2 2.0 139 1417 1.171 1520 0 0 100.00% 100% 

6 11/29/2011 11.4 9 18.3 1.3 142 3985 1.756 4265 0 0 100.00% 100% 

7 12/7/2011 2.8 8 9.1 0.3 186 974 0.878 1030 0 0 100.00% 100% 

8 12/9/2011 2.3 5 6.1 0.5 48 797 0.585 938 0 0 100.00% 100% 

9 12/21/2011 3.6 6 3.0 0.6 277 1240 0.293 1400 0 0 100.00% 100% 

10 12/27/2011 10.4 5 12.2 2.1 136 3631 1.171 3530 0 0 100.00% 100% 

11 1/9/2012 7.4 18 24.4 0.4 299 2568 2.342 2296 0 0 100.00% 100% 

12 1/11/2012 16.0 11 12.2 1.5 40 5579 1.171 5466 0 0 100.00% 100% 

13 1/18/2012 11.2 8 30.5 1.4 147 3896 2.927 4403 0 0 100.00% 100% 

14 1/21/2012 13.5 21 9.1 0.6 64 4693 0.878 5309 0 0 100.00% 100% 

15 1/27/2012 15.0 8 51.8 1.9 127 5225 4.976 4884 0 0 100.00% 100% 

16 2/2/2012 4.1 4 9.1 1.0 136 1417 0.878 1696 0 0 100.00% 100% 

17 2/5/2012 7.4 5 15.2 1.5 72 2568 1.464 3632 0 0 100.00% 100% 

18 2/10/2012 4.6 4 15.2 1.1 127 1594 1.464 1779 0 0 100.00% 100% 

19 2/16/2012 4.1 5 9.1 0.8 137 1417 0.878 1650 0 0 100.00% 100% 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Dura-
tion  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Antece-
dent 
Dry 
Period 
(hours) 

Theor-
etical 
Inflow 
(L) 

Peak 
Inflow  
(L/s) 

Actual 
Volume 
In (L) 

Overflow 
Volume 
(L) 

Peak 
Outf-
low  
(L/s) 

Peak Flow 
Reduction 
(%) 

Volu
me 
Reduc
tion 
(%) 

20 2/19/2012 20.1 27 9.1 0.7 56 6996 0.878 7994 0 0 100.00% 100% 

21 2/24/2012 11.4 7 61.0 1.6 107 3985 5.855 4288 0 0 100.00% 100% 

22 2/27/2012 1.8 10 6.1 0.2 64 620 0.585 638 0 0 100.00% 100% 

23 3/3/2012 43.4 28 30.5 1.6 105 15142 2.927 10396 5845 0.670 77.10% 64% 

24 3/17/2012 6.1 3 21.3 2.0 303 2125 2.049 2209 0 0 100.00% 100% 

25 3/21/2012 14.5 4 57.9 3.6 104 5047 5.562 3618 0 0 100.00% 100% 

26 3/24/2012 4.8 2 39.6 2.4 72 1682 3.805 2019 0 0 100.00% 100% 

27 3/25/2012 13.0 2 57.9 6.5 10 4516 5.562 5166 0 0 100.00% 100% 

28 3/26/2012 9.1 9 15.2 1.0 19 3188 1.464 3904 0 0 100.00% 100% 

29 3/31/2012 9.7 9 21.3 1.1 120 3365 2.049 4043 0 0 100.00% 100% 

30 4/1/2012 11.2 3 30.5 3.7 11 3896 2.927 3858 0 0 100.00% 100% 

31 4/5/2012 4.6 2 15.2 2.3 95 1594 1.464 1770 0 0 100.00% 100% 

32 4/5/2012 17.5 20 9.1 0.9 13 6110 0.878 5956 0 0 100.00% 100% 

33 4/19/2012 23.1 3 39.6 7.7 301 8058 3.805 8701 0 0 100.00% 100% 

34 4/22/2012 5.8 17 9.1 0.3 71 2037 0.878 2514 0 0 100.00% 100% 

35 4/28/2012 2.8 2 21.3 1.4 129 974 2.049 1104 0 0 100.00% 100% 

36 5/5/2012 29.5 7 85.3 4.2 185 10272 8.196 10438 0 0 100.00% 100% 

37 5/9/2012 6.4 3 24.4 2.1 87 2214 2.342 3147 0 0 100.00% 100% 

38 5/16/2012 9.7 7 27.4 1.4 158 3365 2.635 3701 0 0 100.00% 100% 

39 5/17/2012 26.2 11 85.3 2.4 24 9121 8.196 7180 1940 0.676 91.80% 78% 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Dura-
tion  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Antece-
dent 
Dry 
Period 
(hours) 

Theor-
etical 
Inflow 
(L) 

Peak 
Inflow  
(L/s) 

Actual 
Volume 
In (L) 

Overflow 
Volume 
(L) 

Peak 
Outf-
low  
(L/s) 

Peak Flow 
Reduction 
(%) 

Volu
me 
Reduc
tion 
(%) 

40 5/22/2012 2.5 12 18.3 0.2 108 886 1.756 878 0 0 100.00% 100% 

41 5/27/2012 3.6 3 15.2 1.2 108 1240 1.464 1784 0 0 100.00% 100% 

42 5/29/2012 28.4 6 61.0 4.7 42 9918 5.855 10332 0 0 100.00% 100% 

43 5/30/2012 88.1 10 64.0 8.8 17 30727 6.147 5693 32260 4.835 21.30% 15% 

44 6/2/2012 4.1 1 39.6 4.1 57 1417 3.805 0 0 0 100.00% 100% 

45 6/5/2012 4.8 6 15.2 0.8 88 1682 1.464 1733 0 0 100.00% 100% 

46 6/23/2012 28.7 4 76.2 7.2 421 10006 7.318 10142 0 0 100.00% 100% 

47 6/24/2012 2.8 4 9.1 0.7 19 974 0.878 0 974 0.878 0.00% 0% 

48 6/25/2012 15.2 4 27.4 3.8 27 5313 2.635 0 5313 2.635 0.00% 0% 

49 7/1/2012 32.8 2 103.6 16.4 135 11423 9.953 7527 0 0 100.00% 100% 

50 7/10/2012 45.0 7 100.6 6.4 215 15674 9.660 10493 8320 1.892 80.40% 55% 

51 7/11/2012 5.1 6 12.2 0.8 19 1771 1.171 0 2710 1.301 0.00% 0% 

52 7/12/2012 24.6 5 48.8 4.9 18 8589 4.684 0 11255 4.884 0.00% 0% 

53 7/13/2012 7.1 6 70.1 1.2 15 2479 6.733 2366 0 0 100.00% 100% 

54 7/16/2012 42.7 2 158.5 21.3 74 14877 15.222 7740 6020 7.775 48.90% 56% 

55 7/20/2012 48.3 11 94.5 4.4 94 16825 9.075 883 19261 5.692 37.30% 4% 

56 7/21/2012 3.3 14 3.0 0.2 6 1151 0.293 0 6861 2.152 0.00% 0% 

57 7/22/2012 3.3 1 30.5 3.3 17 1151 2.927 0 2321 2.027 30.80% 0% 

58 7/23/2012 27.2 7 42.7 3.9 30 9475 4.098 2033 4064 2.407 41.30% 33% 

59 7/24/2012 5.8 3 24.4 1.9 14 2037 2.342 0 12932 3.044 0.00% 0% 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Dura-
tion  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Antece-
dent 
Dry 
Period 
(hours) 

Theor-
etical 
Inflow 
(L) 

Peak 
Inflow  
(L/s) 

Actual 
Volume 
In (L) 

Overflow 
Volume 
(L) 

Peak 
Outf-
low  
(L/s) 

Peak Flow 
Reduction 
(%) 

Volu
me 
Reduc
tion 
(%) 

60 7/28/2012 4.1 8 33.5 0.5 94 1417 3.220 0 2590 2.431 24.50% 0% 

61 7/30/2012 19.6 9 45.7 2.2 35 6818 4.391 0 9218 3.357 23.60% 0% 

62 8/1/2012 4.1 3 9.1 1.4 43 1417 0.878 0 2822 0.503 42.70% 0% 

63 8/7/2012 4.1 13 6.1 0.3 142 1417 0.585 1095 406 0.029 95.10% 72% 

64 8/10/2012 5.1 2 21.3 2.5 52 1771 2.049 1576 0 0 100.00% 100% 

65 8/11/2012 13.2 6 70.1 2.2 18 4605 6.733 0 4372 4.061 39.70% 0% 

66 8/12/2012 13.0 7 73.2 1.9 19 4516 7.025 0 3762 4.386 37.60% 0% 

67 8/15/2012 7.6 2 51.8 3.8 79 2657 4.976 0 2970 3.184 36.00% 0% 

68 8/18/2012 14.0 5 24.4 2.8 77 4870 2.342 0 61 0.035 98.50% 0% 

69 8/19/2012 25.7 5 85.3 5.1 11 8944 8.196 0 7422 5.895 28.10% 0% 

70 8/20/2012 5.6 3 18.3 1.9 15 1948 1.756 0 2208 1.546 12.00% 0% 

71 8/21/2012 3.6 11 18.3 0.3 19 1240 1.756 0 249 0.024 98.60% 0% 

72 8/23/2012 9.9 9 6.1 1.1 22 3453 0.585 0 3351 0.361 38.40% 0% 

73 8/24/2012 4.3 6 6.1 0.7 18 1505 0.585 1534 0 0 100.00% 100% 

74 8/25/2012 3.6 5 21.3 0.7 6 1240 2.049 1160 0 0 100.00% 100% 

75 8/28/2012 7.9 10 6.1 0.8 81 2745 0.585 2407 0 0 100.00% 100% 

76 9/2/2012 4.6 5 6.1 0.9 111 1594 0.585 1691 0 0 100.00% 100% 

77 9/3/2012 19.6 9 36.6 2.2 7 6818 3.513 6866 0 0 100.00% 100% 

78 9/6/2012 26.2 2 100.6 13.1 82 9121 9.660 7453 0 0 100.00% 100% 

79 9/7/2012 6.4 1 64.0 6.4 26 2214 6.147 1959 0 0 100.00% 100% 
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Storm 
No. Date 

Total 
Rainfall  
(mm) 

Total 
Dura-
tion  
(hr) 

Max 
Intensity  
(mm/hr) 

Average 
Intensity  
(mm/hr) 

Antece-
dent 
Dry 
Period 
(hours) 

Theor-
etical 
Inflow 
(L) 

Peak 
Inflow  
(L/s) 

Actual 
Volume 
In (L) 

Overflow 
Volume 
(L) 

Peak 
Outf-
low  
(L/s) 

Peak Flow 
Reduction 
(%) 

Volu
me 
Reduc
tion 
(%) 

80 9/8/2012 32.8 4 137.2 8.2 14 11423 13.173 6178 2972 3.648 72.30% 67% 

81 9/18/2012 18.3 11 45.7 1.7 236 6376 4.391 0 17717 4.444 0.00% 0% 

82 9/29/2012 8.1 2 42.7 4.1 255 2834 4.098 2856 0 0 100.00% 100% 

83 9/30/2012 5.6 6 6.1 0.9 33 1948 0.585 2107 0 0 100.00% 100% 

84 10/2/2012 9.4 7 27.4 1.3 25 3276 2.635 3433 0 0 100.00% 100% 

85 10/3/2012 9.9 9 73.2 1.1 23 3453 7.025 3091 0 0 100.00% 100% 

86 10/8/2012 2.5 2 6.1 1.3 122 886 0.585 961 0 0 100.00% 100% 

87 10/15/2012 5.3 2 57.9 2.7 166 1860 5.562 4154 0 0 100.00% 100% 

88 10/19/2012 3.0 7 21.3 0.4 80 1063 2.049 1183 0 0 100.00% 100% 

89 10/27/2012 63.0 32 9.1 2.0 191 21961 0.878 10586 11375 0.878 0.00% 48% 

90 11/6/2012 8.1 17 6.1 0.5 214 2834 0.585 2703 0 0 100.00% 100% 

91 11/12/2012 2.3 4 9.1 0.6 130 797 0.878 786 0 0 100.00% 100% 
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Appendix J: R Code and Output for Statistical Analysis of River Bend Country Club (Excess 

Irrigation) Rainwater Harvesting System 

> #RIVER BEND STATISTICAL ANALYSES 

> attach(rdataall) 

> attach(smdaily) 

> library(lattice)#for xy plot and trellis 

> library(nlme) #for gls to model autocorrelated residuals 

> library(lmtest) # to get durbin watson test 

> library(multcomp) # to get multicomparison tests 

> library(lsmeans) 

> library(BSDA) 

> library(pgirmess) 

> library(psych) 

>  

> #EDA.SHAPE FUNCTION FOR EXPLORATORY DATA ANALYSIS 

> "eda.shape" = function(x) 

+ { 

+   par(mfrow = c(2, 2)) 

+   hist(x, xlab = "x", ylab = "no. observations",main="Histogram") 

+   boxplot(x, plot = T, notch = T, col = -1,border=1, 

+           staplelty = 1, staplewex = 1, 

+           staplehex = 1, outchar = T, outpch = NA, outline = T, outwex 

+           = 1, main="Boxplot") 

+   iqd <- summary(x)[5] - summary(x)[2] 

+   plot(density(x, width = 2 * iqd, na.rm = T), xlab = "x", ylab = "", 

+        type = "l",main="Density Plot") 

+   qqnorm(x, pch = 1) 

+   qqline(x) 

+   invisible() 

+ } 

>  

> #CHECK FOR NORMALITY 

> shapiro.test(subset(volin, hydrotank=="one")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(volin, hydrotank == "one")  

W = 0.5638, p-value = 5.115e-15 

 

> shapiro.test(subset(volin, hydrotank=="two")) 

 

 Shapiro-Wilk normality test 
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data:  subset(volin, hydrotank == "two")  

W = 0.8066, p-value = 1.415e-09 

 

> shapiro.test(subset(volin, hydrotank=="three")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(volin, hydrotank == "three")  

W = 0.8637, p-value = 1.182e-07 

 

> shapiro.test(subset(peakin, hydrotank=="one")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(peakin, hydrotank == "one")  

W = 0.8374, p-value = 1.357e-08 

 

> shapiro.test(subset(peakin, hydrotank=="two")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(peakin, hydrotank == "two")  

W = 0.8374, p-value = 1.357e-08 

 

> shapiro.test(subset(peakin, hydrotank=="three")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(peakin, hydrotank == "three")  

W = 0.8374, p-value = 1.357e-08 

 

> shapiro.test(subset(volred, hydrotank=="one")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(volred, hydrotank == "one")  

W = 0.6914, p-value = 1.556e-12 

 

> shapiro.test(subset(volred, hydrotank=="two")) 

 

 Shapiro-Wilk normality test 
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data:  subset(volred, hydrotank == "two")  

W = 0.561, p-value = 4.592e-15 

 

> shapiro.test(subset(volred, hydrotank=="three")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(volred, hydrotank == "three")  

W = 0.6174, p-value = 4.771e-14 

 

> shapiro.test(subset(peakred, hydrotank=="one")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(peakred, hydrotank == "one")  

W = 0.7557, p-value = 5.357e-11 

 

> shapiro.test(subset(peakred, hydrotank=="two")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(peakred, hydrotank == "two")  

W = 0.5405, p-value = 2.06e-15 

 

> shapiro.test(subset(peakred, hydrotank=="three")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(peakred, hydrotank == "three")  

W = 0.6087, p-value = 3.28e-14 

 

> shapiro.test(subset(ndvi, ndvizone=="one")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(ndvi, ndvizone == "one")  

W = 0.881, p-value = 0.002503 

 

> shapiro.test(subset(ndvi, ndvizone=="two")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(ndvi, ndvizone == "two")  
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W = 0.8623, p-value = 0.0009369 

 

> shapiro.test(subset(ndvi, ndvizone=="three")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(ndvi, ndvizone == "three")  

W = 0.8803, p-value = 0.002412 

 

> shapiro.test(subset(soiln6, soilnzone=="one")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(soiln6, soilnzone == "one")  

W = 0.8089, p-value = 9.551e-05 

 

> shapiro.test(subset(soiln6, soilnzone=="two")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(soiln6, soilnzone == "two")  

W = 0.9143, p-value = 0.01909 

 

> shapiro.test(subset(soiln6, soilnzone=="three")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(soiln6, soilnzone == "three")  

W = 0.8987, p-value = 0.0078 

 

> shapiro.test(subset(soiln12, soilnzone=="one")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(soiln12, soilnzone == "one")  

W = 0.8077, p-value = 9.098e-05 

 

> shapiro.test(subset(soiln12, soilnzone=="two")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(soiln12, soilnzone == "two")  

W = 0.7288, p-value = 4.22e-06 
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> shapiro.test(subset(soiln12, soilnzone=="three")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(soiln12, soilnzone == "three")  

W = 0.7712, p-value = 2.047e-05 

 

> shapiro.test(subset(sm, smzone=="one")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(sm, smzone == "one")  

W = 0.9621, p-value = 4.636e-08 

 

> shapiro.test(subset(sm, smzone=="two")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(sm, smzone == "two")  

W = 0.9539, p-value = 1.917e-09 

 

> shapiro.test(subset(sm, smzone=="three")) 

 

 Shapiro-Wilk normality test 

 

data:  subset(sm, smzone == "three")  

W = 0.9578, p-value = 7.148e-09 

 

>  

> #CHECK FOR NORMALITY OF LOG-TRANSFORMED DATA 

> shapiro.test(log10(subset(logvolin, hydrotank=="one"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logvolin, hydrotank == "one"))  

W = 0.6714, p-value = 5.766e-13 

 

> shapiro.test(log10(subset(logvolin, hydrotank=="two"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logvolin, hydrotank == "two"))  
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W = 0.5606, p-value = 4.51e-15 

 

> shapiro.test(log10(subset(logvolin, hydrotank=="three"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logvolin, hydrotank == "three"))  

W = 0.5665, p-value = 5.693e-15 

 

> shapiro.test(log10(subset(logpeakin, hydrotank=="one"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logpeakin, hydrotank == "one"))  

W = 0.9722, p-value = 0.04836 

 

> shapiro.test(log10(subset(logpeakin, hydrotank=="two"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logpeakin, hydrotank == "two"))  

W = 0.9722, p-value = 0.04836 

 

> shapiro.test(log10(subset(logpeakin, hydrotank=="three"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logpeakin, hydrotank == "three"))  

W = 0.9722, p-value = 0.04836 

 

> shapiro.test(log10(subset(logvolred, hydrotank=="one"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logvolred, hydrotank == "one"))  

W = 0.6458, p-value = 1.709e-13 

 

> shapiro.test(log10(subset(logvolred, hydrotank=="two"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logvolred, hydrotank == "two"))  

W = 0.5054, p-value = 5.579e-16 
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> shapiro.test(log10(subset(logvolred, hydrotank=="three"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logvolred, hydrotank == "three"))  

W = 0.5297, p-value = 1.371e-15 

 

> shapiro.test(log10(subset(logpeakred, hydrotank=="one"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logpeakred, hydrotank == "one"))  

W = 0.4107, p-value < 2.2e-16 

 

> shapiro.test(log10(subset(logpeakred, hydrotank=="two"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logpeakred, hydrotank == "two"))  

W = 0.4271, p-value < 2.2e-16 

 

> shapiro.test(log10(subset(logpeakred, hydrotank=="three"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(logpeakred, hydrotank == "three"))  

W = 0.3669, p-value < 2.2e-16 

 

> shapiro.test(log10(subset(ndvi, ndvizone=="one"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(ndvi, ndvizone == "one"))  

W = 0.8248, p-value = 0.0001541 

 

> shapiro.test(log10(subset(ndvi, ndvizone=="two"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(ndvi, ndvizone == "two"))  

W = 0.8085, p-value = 7.451e-05 
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> shapiro.test(log10(subset(ndvi, ndvizone=="three"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(ndvi, ndvizone == "three"))  

W = 0.828, p-value = 0.000178 

 

> shapiro.test(log10(subset(soiln6, soilnzone=="one"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(soiln6, soilnzone == "one"))  

W = 0.9777, p-value = 0.7604 

 

> shapiro.test(log10(subset(soiln6, soilnzone=="two"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(soiln6, soilnzone == "two"))  

W = 0.9744, p-value = 0.6664 

 

> shapiro.test(log10(subset(soiln6, soilnzone=="three"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(soiln6, soilnzone == "three"))  

W = 0.9498, p-value = 0.1669 

 

> shapiro.test(log10(subset(soiln12, soilnzone=="one"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(soiln12, soilnzone == "one"))  

W = 0.9594, p-value = 0.2991 

 

> shapiro.test(log10(subset(soiln12, soilnzone=="two"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(soiln12, soilnzone == "two"))  

W = 0.9595, p-value = 0.301 

 

> shapiro.test(log10(subset(soiln12, soilnzone=="three"))) 
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 Shapiro-Wilk normality test 

 

data:  log10(subset(soiln12, soilnzone == "three"))  

W = 0.9663, p-value = 0.4431 

 

> shapiro.test(log10(subset(sm, smzone=="one"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(sm, smzone == "one"))  

W = 0.9797, p-value = 5.457e-05 

 

> shapiro.test(log10(subset(sm, smzone=="two"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(sm, smzone == "two"))  

W = 0.8643, p-value < 2.2e-16 

 

> shapiro.test(log10(subset(sm, smzone=="three"))) 

 

 Shapiro-Wilk normality test 

 

data:  log10(subset(sm, smzone == "three"))  

W = 0.8512, p-value < 2.2e-16 

 

>  

> #KRUSKAL WALLIS COMPARISONS 

> volinkmc <- kruskalmc(volin~hydrotank, hydrotank) 

> print(volinkmc) 

Multiple comparison test after Kruskal-Wallis  

p.value: 0.05  

Comparisons 

           obs.dif critical.dif difference 

-one           NaN          Inf         NA 

-three         NaN          Inf         NA 

-two           NaN          Inf         NA 

one-three 80.62088     30.88001       TRUE 

one-two   52.45055     30.88001       TRUE 

three-two 28.17033     30.88001      FALSE 

> describeBy(volin, hydrotank, mat=TRUE) 

   item group1 var  n      mean       sd   median   trimmed      mad min      max 
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11    1          1  0       NaN       NA       NA       NaN       NA Inf     -Inf 

12    2    one   1 91  701.9277 1357.193    0.000  360.0284    0.000   0  7254.37 

13    3  three   1 91 3104.2887 3066.809 2033.072 2652.2918 3014.233   0 10585.84 

14    4    two   1 91 1721.7642 1938.229 1067.363 1362.2595 1541.369   0 10059.09 

      range     skew    kurtosis       se 

11     -Inf       NA          NA       NA 

12  7254.37 3.047135 10.00073767 142.2725 

13 10585.84 1.024227  0.07441662 321.4889 

14 10059.09 1.803701  3.71012959 203.1816 

Warning messages: 

1: In min(x, na.rm = na.rm) : 

  no non-missing arguments to min; returning Inf 

2: In max(x, na.rm = na.rm) : 

  no non-missing arguments to max; returning -Inf 

> peakinkmc <- kruskalmc(peakin~hydrotank, hydrotank) 

> print(peakinkmc) 

Multiple comparison test after Kruskal-Wallis  

p.value: 0.05  

Comparisons 

           obs.dif critical.dif difference 

-one           NaN          Inf         NA 

-three         NaN          Inf         NA 

-two           NaN          Inf         NA 

one-three 87.49451     30.88001       TRUE 

one-two   32.24176     30.88001       TRUE 

three-two 55.25275     30.88001       TRUE 

> describeBy(peakin, hydrotank, mat=TRUE) 

   item group1 var  n     mean        sd    median  trimmed       mad        min 

11    1          1  0      NaN        NA        NA      NaN        NA        Inf 

12    2    one   1 91 1.010747 0.9140529 0.6981249 0.866679 0.6469000 0.08726561 

13    3  three   1 91 3.390497 3.0661425 2.3418232 2.907229 2.1699920 0.29272791 

14    4    two   1 91 1.555282 1.4064947 1.0742365 1.333598 0.9954144 0.13427956 

         max     range     skew kurtosis         se 

11      -Inf      -Inf       NA       NA         NA 

12  4.537812  4.450546 1.437849 1.926636 0.09581878 

13 15.221851 14.929123 1.437849 1.926636 0.32141907 

14  6.982537  6.848258 1.437849 1.926636 0.14744071 

Warning messages: 

1: In min(x, na.rm = na.rm) : 

  no non-missing arguments to min; returning Inf 

2: In max(x, na.rm = na.rm) : 

  no non-missing arguments to max; returning -Inf 

> volredkmc <- kruskalmc(volred~hydrotank, hydrotank) 
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> print(volredkmc) 

Multiple comparison test after Kruskal-Wallis  

p.value: 0.05  

Comparisons 

            obs.dif critical.dif difference 

-one            NaN          Inf         NA 

-three          NaN          Inf         NA 

-two            NaN          Inf         NA 

one-three 44.934066     30.88001       TRUE 

one-two   50.472527     30.88001       TRUE 

three-two  5.538462     30.88001      FALSE 

> describeBy(volred, hydrotank, mat=TRUE) 

   item group1 var  n      mean        sd median   trimmed mad min  max range 

11    1          1  0       NaN        NA     NA       NaN  NA Inf -Inf  -Inf 

12    2    one   1 91 0.4429349 0.4745657      0 0.4288641   0   0    1     1 

13    3  three   1 91 0.7248526 0.4242715      1 0.7802957   0   0    1     1 

14    4    two   1 91 0.7590117 0.4173484      1 0.8228776   0   0    1     1 

         skew   kurtosis         se 

11         NA         NA         NA 

12  0.2071864 -1.8920590 0.04974800 

13 -0.9979868 -0.8893151 0.04447574 

14 -1.1796567 -0.5602209 0.04375000 

Warning messages: 

1: In min(x, na.rm = na.rm) : 

  no non-missing arguments to min; returning Inf 

2: In max(x, na.rm = na.rm) : 

  no non-missing arguments to max; returning -Inf 

> peakredkmc <- kruskalmc(peakred~hydrotank, hydrotank) 

> print(peakredkmc) 

Multiple comparison test after Kruskal-Wallis  

p.value: 0.05  

Comparisons 

            obs.dif critical.dif difference 

-one            NaN          Inf         NA 

-three          NaN          Inf         NA 

-two            NaN          Inf         NA 

one-three 30.758242     30.88001      FALSE 

one-two   38.109890     30.88001       TRUE 

three-two  7.351648     30.88001      FALSE 

> describeBy(peakred, hydrotank, mat=TRUE) 

   item group1 var  n      mean        sd    median   trimmed       mad min  max 

11    1          1  0       NaN        NA        NA       NaN        NA Inf -Inf 

12    2    one   1 91 0.7401225 0.3352559 0.8959619 0.7993308 0.1542469   0    1 
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13    3  three   1 91 0.7995414 0.3485710 1.0000000 0.8717624 0.0000000   0    1 

14    4    two   1 91 0.8064464 0.3724591 1.0000000 0.8820085 0.0000000   0    1 

   range      skew  kurtosis         se 

11  -Inf        NA        NA         NA 

12     1 -1.231710 0.2133512 0.03514436 

13     1 -1.352209 0.1567231 0.03654017 

14     1 -1.489244 0.3907833 0.03904432 

Warning messages: 

1: In min(x, na.rm = na.rm) : 

  no non-missing arguments to min; returning Inf 

2: In max(x, na.rm = na.rm) : 

  no non-missing arguments to max; returning -Inf 

> ndvikmc <- kruskalmc(ndvi~ndvizone, ndvizone) 

> print(ndvikmc) 

Multiple comparison test after Kruskal-Wallis  

p.value: 0.05  

Comparisons 

            obs.dif critical.dif difference 

-one            NaN          Inf         NA 

-three          NaN          Inf         NA 

-two            NaN          Inf         NA 

one-three 1.1290323     18.08698      FALSE 

one-two   1.5806452     18.08698      FALSE 

three-two 0.4516129     18.08698      FALSE 

> describeBy(ndvi, ndvizone, mat=TRUE) 

   item group1 var  n      mean        sd median   trimmed       mad       min 

11    1          1  0       NaN        NA     NA       NaN        NA       Inf 

12    2    one   1 31 0.4962419 0.1922546 0.5395 0.5030533 0.1989155 0.1925000 

13    3  three   1 31 0.4924624 0.1914757 0.5810 0.4978133 0.1672867 0.1886667 

14    4    two   1 31 0.4898817 0.1969653 0.5820 0.4975867 0.1309630 0.1796667 

         max     range       skew  kurtosis         se 

11      -Inf      -Inf         NA        NA         NA 

12 0.7550000 0.5625000 -0.4243520 -1.390983 0.03452994 

13 0.7671667 0.5785000 -0.4059969 -1.411801 0.03439005 

14 0.7580000 0.5783333 -0.4711997 -1.422342 0.03537601 

Warning messages: 

1: In min(x, na.rm = na.rm) : 

  no non-missing arguments to min; returning Inf 

2: In max(x, na.rm = na.rm) : 

  no non-missing arguments to max; returning -Inf 

>  

> #PAIRWISE COMPARISONS 

> #test for symmetry 
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> par(new, mfrow=c(1,1)) 

> volindiff1 <- (subset(volin, hydrotank=="one")) - (subset(volin, hydrotank=="two")) 

> volindiff2 <- (subset(volin, hydrotank=="two")) - (subset(volin, hydrotank=="three")) 

> volindiff3 <- (subset(volin, hydrotank=="one")) - (subset(volin, hydrotank=="three")) 

> boxplot(volindiff1, volindiff2, volindiff3, names=cbind("Tanks 1-2", "Tanks 2-3", "Tanks 

1-3")) 

 
> SIGN.test(volindiff1) 

 

 One-sample Sign-Test 

 

data:  volindiff1  

s = 5, p-value = 3.425e-15 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

 -932.5329 -408.6407  

sample estimates: 

median of x  

  -559.0948  

 

                  Conf.Level    L.E.pt    U.E.pt 

Lower Achieved CI     0.9414 -910.2618 -434.3381 

Interpolated CI       0.9500 -932.5329 -408.6407 

Upper Achieved CI     0.9646 -970.3298 -365.0288 

> SIGN.test(volindiff2) 

 

 One-sample Sign-Test 
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data:  volindiff2  

s = 7, p-value = 1.167e-13 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

 -1226.539  -581.679  

sample estimates: 

median of x  

  -933.3649  

 

                  Conf.Level    L.E.pt    U.E.pt 

Lower Achieved CI     0.9414 -1205.981 -586.8185 

Interpolated CI       0.9500 -1226.539 -581.6790 

Upper Achieved CI     0.9646 -1261.429 -572.9566 

> SIGN.test(volindiff3) 

 

 One-sample Sign-Test 

 

data:  volindiff3  

s = 5, p-value = 9.818e-16 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

 -2404.435 -1237.288  

sample estimates: 

median of x  

  -1649.561  

 

                  Conf.Level    L.E.pt    U.E.pt 

Lower Achieved CI     0.9414 -2402.721 -1247.567 

Interpolated CI       0.9500 -2404.435 -1237.288 

Upper Achieved CI     0.9646 -2407.342 -1219.843 

> peakindiff1 <- (subset(peakin, hydrotank=="one")) - (subset(peakin, hydrotank=="two")) 

> peakindiff2 <- (subset(peakin, hydrotank=="two")) - (subset(peakin, hydrotank=="three")) 

> peakindiff3 <- (subset(peakin, hydrotank=="one")) - (subset(peakin, hydrotank=="three")) 

> boxplot(peakindiff1, peakindiff2, peakindiff3, names=cbind("Tanks 1-2", "Tanks 2-3", 

"Tanks 1-3")) 
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> SIGN.test(peakindiff1) 

 

 One-sample Sign-Test 

 

data:  peakindiff1  

s = 0, p-value < 2.2e-16 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

 -0.4701395 -0.2820837  

sample estimates: 

median of x  

 -0.3761116  

 

                  Conf.Level  L.E.pt  U.E.pt 

Lower Achieved CI     0.9414 -0.4701 -0.2821 

Interpolated CI       0.9500 -0.4701 -0.2821 

Upper Achieved CI     0.9646 -0.4701 -0.2821 

> SIGN.test(peakindiff2) 

 

 One-sample Sign-Test 

 

data:  peakindiff2  

s = 0, p-value < 2.2e-16 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

 -1.5844835 -0.9506901  

sample estimates: 

median of x  
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  -1.267587  

 

                  Conf.Level  L.E.pt  U.E.pt 

Lower Achieved CI     0.9414 -1.5845 -0.9507 

Interpolated CI       0.9500 -1.5845 -0.9507 

Upper Achieved CI     0.9646 -1.5845 -0.9507 

> SIGN.test(peakindiff3) 

 

 One-sample Sign-Test 

 

data:  peakindiff3  

s = 0, p-value < 2.2e-16 

alternative hypothesis: true median is not equal to 0  

95 percent confidence interval: 

 -2.054623 -1.232774  

sample estimates: 

median of x  

  -1.643698  

 

                  Conf.Level  L.E.pt  U.E.pt 

Lower Achieved CI     0.9414 -2.0546 -1.2328 

Interpolated CI       0.9500 -2.0546 -1.2328 

Upper Achieved CI     0.9646 -2.0546 -1.2328 

> soilnonediff <- (subset(soilnone, soilndepth=="six")) - (subset(soilnone, 

soilndepth=="twelve")) 

> soilntwodiff <- (subset(soilntwo, soilndepth=="six")) - (subset(soilntwo, 

soilndepth=="twelve")) 

> soilnthreediff <- (subset(soilnthree, soilndepth=="six")) - (subset(soilnthree, 

soilndepth=="twelve")) 

> boxplot(soilnonediff, soilntwodiff, soilnthreediff, names=cbind("Zone 1", "Zone 2", "Zone 

3")) 
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> soilnonesix <- subset(soilnone, soilndepth=="six") 

> soilnonetwelve <- subset(soilnone, soilndepth=="twelve") 

> soilntwosix <- subset(soilntwo, soilndepth=="six")    

> soilntwotwelve <- subset(soilntwo, soilndepth=="twelve") 

> soilnthreesix <- subset(soilnthree, soilndepth=="six")    

> soilnthreetwelve <- subset(soilnthree, soilndepth=="twelve") 

> wilcox.test(soilnonesix, soilnonetwelve) #p-value>0.05 = no sig difference 

 

 Wilcoxon rank sum test with continuity correction 

 

data:  soilnonesix and soilnonetwelve  

W = 663, p-value = 0.001674 

alternative hypothesis: true location shift is not equal to 0  

 

Warning message: 

In wilcox.test.default(soilnonesix, soilnonetwelve) : 

  cannot compute exact p-value with ties 

> wilcox.test(soilntwosix, soilntwotwelve) 

 

 Wilcoxon rank sum test with continuity correction 

 

data:  soilntwosix and soilntwotwelve  

W = 632.5, p-value = 0.007111 

alternative hypothesis: true location shift is not equal to 0  

 

Warning message: 

In wilcox.test.default(soilntwosix, soilntwotwelve) : 

  cannot compute exact p-value with ties 
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> wilcox.test(soilnthreesix, soilnthreetwelve) 

 

 Wilcoxon rank sum test with continuity correction 

 

data:  soilnthreesix and soilnthreetwelve  

W = 667.5, p-value = 0.00133 

alternative hypothesis: true location shift is not equal to 0  

 

Warning message: 

In wilcox.test.default(soilnthreesix, soilnthreetwelve) : 

  cannot compute exact p-value with ties 

> describeBy(soilnone, soilndepth, mat=TRUE) 

   item group1 var  n      mean        sd median   trimmed      mad  min  max range 

11    1          1  0       NaN        NA     NA       NaN       NA  Inf -Inf  -Inf 

12    2    six   1 30 0.9133333 0.7379764   0.69 0.7958333 0.459606 0.13  3.6  3.47 

13    3 twelve   1 30 0.4680000 0.3983708   0.30 0.4000000 0.252042 0.10  1.8  1.70 

       skew kurtosis         se 

11       NA       NA         NA 

12 1.832783 3.736102 0.13473544 

13 1.561949 2.192955 0.07273223 

Warning messages: 

1: In min(x, na.rm = na.rm) : 

  no non-missing arguments to min; returning Inf 

2: In max(x, na.rm = na.rm) : 

  no non-missing arguments to max; returning -Inf 

> describeBy(soilntwo, soilndepth, mat=TRUE) 

   item group1 var  n      mean        sd median   trimmed      mad  min  max range 

11    1          1  0       NaN        NA     NA       NaN       NA  Inf -Inf  -Inf 

12    2    six   1 30 0.7563333 0.4832611  0.660 0.7020833 0.474432 0.14  2.0  1.86 

13    3 twelve   1 30 0.5033333 0.4565941  0.315 0.4145833 0.155673 0.10  2.2  2.10 

        skew   kurtosis         se 

11        NA         NA         NA 

12 0.8594755 -0.1854511 0.08823100 

13 2.0438893  4.1894217 0.08336229 

Warning messages: 

1: In min(x, na.rm = na.rm) : 

  no non-missing arguments to min; returning Inf 

2: In max(x, na.rm = na.rm) : 

  no non-missing arguments to max; returning -Inf 

> describeBy(soilnthree, soilndepth, mat=TRUE) 

   item group1 var  n      mean        sd median   trimmed      mad  min  max range 

11    1          1  0       NaN        NA     NA       NaN       NA  Inf -Inf  -Inf 

12    2    six   1 30 0.6450000 0.4044984   0.48 0.6137500 0.392889 0.14  1.4  1.26 
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13    3 twelve   1 30 0.3476667 0.2783038   0.26 0.2995833 0.185325 0.10  1.4  1.30 

        skew  kurtosis         se 

11        NA        NA         NA 

12 0.5438099 -1.148612 0.07385097 

13 2.0298839  4.690579 0.05081108 

Warning messages: 

1: In min(x, na.rm = na.rm) : 

  no non-missing arguments to min; returning Inf 

2: In max(x, na.rm = na.rm) : 

  no non-missing arguments to max; returning –Inf 

> #ANOVA COMPARISONS 

> #Oneway Tests 

> logsoiln6 <- log10(soiln6) 

> logsoiln12 <- log10(soiln12) 

> logallsoiln <- log10(allsoiln) 

> bartlett.test(logsoiln6, soilnzone) 

 
 Bartlett test of homogeneity of variances 

 

data:  logsoiln6 and soilnzone  

Bartlett's K-squared = 0.6068, df = 2, p-value = 0.7383 

 

> bartlett.test(logsoiln12, soilnzone) 

 
 Bartlett test of homogeneity of variances 

 

data:  logsoiln12 and soilnzone  

Bartlett's K-squared = 0.5021, df = 2, p-value = 0.778 

 
> bartlett.test(logallsoiln, allsoilnfactor) 

 

 Bartlett test of homogeneity of variances 

 

data:  logallsoiln and allsoilnfactor  

Bartlett's K-squared = 1.1384, df = 5, p-value = 0.9506 

 
> #ANOVA tests 

> logsoiln6anova <- aov(logsoiln6~soilnzone) 

> TukeyHSD(logsoiln6anova) 

  Tukey multiple comparisons of means 

    95% family-wise confidence level 

 

Fit: aov(formula = logsoiln6 ~ soilnzone) 
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$soilnzone 

                 diff        lwr        upr     p adj 

three-one -0.12286952 -0.3145505 0.06881149 0.2826968 

two-one   -0.05330302 -0.2449840 0.13837799 0.7854437 

two-three  0.06956650 -0.1221145 0.26124751 0.6634522 

 
> logsoiln12anova <- aov(logsoiln12~soilnzone) 

> TukeyHSD(logsoiln12anova) 

  Tukey multiple comparisons of means 

    95% family-wise confidence level 

 

Fit: aov(formula = logsoiln12 ~ soilnzone) 

 

$soilnzone 

                 diff         lwr        upr     p adj 

three-one -0.10184781 -0.29698600 0.09329037 0.4304387 

two-one    0.03828335 -0.15685484 0.23342154 0.8865409 

two-three  0.14013116 -0.05500702 0.33526935 0.2063789 

 
> logsoilnallaov <- aov(logallsoiln~allsoilnfactor) 

> TukeyHSD(logsoilnallaov) 

  Tukey multiple comparisons of means 

    95% family-wise confidence level 

 
Fit: aov(formula = logallsoiln ~ allsoilnfactor) 

 
$allsoilnfactor 

                      diff         lwr         upr     p adj 

one6-one12      0.30093468  0.06718176  0.53468759 0.0037336 

three12-one12  -0.10184781 -0.33560073  0.13190510 0.8084957 

three6-one12    0.17806516 -0.05568775  0.41181808 0.2452968 

two12-one12     0.03828335 -0.19546957  0.27203626 0.9970473 

two6-one12      0.24763166  0.01387874  0.48138457 0.0309432 

three12-one6   -0.40278249 -0.63653541 -0.16902958 0.0000238 

three6-one6    -0.12286952 -0.35662243  0.11088340 0.6552693 

two12-one6     -0.26265133 -0.49640424 -0.02889841 0.0177886 

two6-one6      -0.05330302 -0.28705593  0.18044990 0.9862479 

three6-three12  0.27991298  0.04616006  0.51366589 0.0090290 

two12-three12   0.14013116 -0.09362175  0.37388408 0.5155321 

two6-three12    0.34947947  0.11572656  0.58323239 0.0003899 

two12-three6   -0.13978181 -0.37353473  0.09397110 0.5183586 

two6-three6     0.06956650 -0.16418642  0.30331941 0.9558789 



 

253 

two6-two12      0.20934831 -0.02440461  0.44310122 0.1075234 

> #SOIL MOISTURE ANALYSIS 

> sm1 <- subset(sm, smzone=="one") 

> sm2 <- subset(sm, smzone=="two") 

> sm3 <- subset(sm, smzone=="three") 

> diff1<-sm1-sm2 

> diff2<-sm2-sm3 

> diff3<-sm3-sm1 

> print(acf(na.exclude(diff1))) 

 

Autocorrelations of series ‘na.exclude(diff1)’, by lag 

 

    0     1     2     3     4     5     6     7     8     9    10    11    12    13    14    15  

1.000 0.762 0.550 0.383 0.266 0.247 0.196 0.183 0.174 0.192 0.195 0.194 0.196 0.161 0.132 

0.117  

   16    17    18    19    20    21    22    23    24    25  

0.096 0.075 0.067 0.051 0.035 0.042 0.031 0.049 0.044 0.052  

 
> print(acf(na.exclude(diff2)))   

 

Autocorrelations of series ‘na.exclude(diff2)’, by lag 

 

    0     1     2     3     4     5     6     7     8     9    10    11    12    13    14    15  

1.000 0.848 0.681 0.532 0.410 0.365 0.331 0.315 0.320 0.312 0.291 0.272 0.269 0.250 0.225 

0.229  

   16    17    18    19    20    21    22    23    24    25  

0.225 0.229 0.231 0.215 0.185 0.149 0.122 0.113 0.099 0.092  
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> print(acf(na.exclude(diff3))) 

 

Autocorrelations of series ‘na.exclude(diff3)’, by lag 

 

    0     1     2     3     4     5     6     7     8     9    10    11    12    13    14    15  

1.000 0.900 0.787 0.700 0.623 0.556 0.486 0.439 0.390 0.346 0.298 0.253 0.228 0.223 0.229 

0.216  

   16    17    18    19    20    21    22    23    24    25  

0.191 0.162 0.144 0.136 0.132 0.137 0.136 0.127 0.097 0.074  

 



 

255 

> #stack data for anova 

> nval<-nrow(smdaily) 

> stacked.date<-strptime(rep(smdaily$date,3),format="%m/%d/%Y") 

> stacked.treat<-as.factor(c(rep("treat1",nval),rep("treat2",nval),rep("treat3",nval))) 

> stacked.values<-as.numeric(c(smdaily$dailysm1,smdaily$dailysm2,smdaily$dailysm3)) 

> anova.data<-data.frame(stacked.date,stacked.treat,stacked.values) 

> #difference data 

> offset<-smdaily[-(1:1), ] # all columns row 2 to end 

> #plot daily averages 

> 

xyplot(stacked.values~as.POSIXct(stacked.date)|stacked.treat,data=anova.data,xlab="Date", 

+        ylab="theta") 

 
> model.1.aov<-aov(stacked.values~stacked.treat,data=anova.data) 

> summary(model.1.aov) 

                Df Sum Sq  Mean Sq F value   Pr(>F)     

stacked.treat    2 0.0163 0.008150   14.02 9.71e-07 *** 

Residuals     1107 0.6435 0.000581                      

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

54 observations deleted due to missingness 

> eda.shape(model.1.aov$resid) 
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> shapiro.test(model.1.aov$resid) 

 
 Shapiro-Wilk normality test 

 

data:  model.1.aov$resid  

W = 0.9575, p-value < 2.2e-16 

 
> plot(model.1.aov$fitted,model.1.aov$resid,ylab="residual",xlab="predicted") 

 
> print(acf(na.exclude(model.1.aov$resid))) 
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Autocorrelations of series ‘na.exclude(model.1.aov$resid)’, by lag 

 

     0      1      2      3      4      5      6      7      8      9     10     11     12  

 1.000  0.772  0.534  0.378  0.254  0.171  0.098  0.066  0.061  0.068  0.078  0.104  0.123  

    13     14     15     16     17     18     19     20     21     22     23     24     25  

 0.100  0.065  0.043 -0.007 -0.040 -0.058 -0.061 -0.052 -0.032 -0.006  0.002 -0.003  0.033  

    26     27     28     29     30  

 0.067  0.064  0.045  0.020 -0.004  

 
> ############# multicomparison test for model 1 ###################### 

> model.1.aov.mc<- glht(model.1.aov, linfct=mcp(stacked.treat = "Tukey")) # 

experimentwise with Tukey 

> summary(model.1.aov.mc) 

 
  Simultaneous Tests for General Linear Hypotheses 

 

Multiple Comparisons of Means: Tukey Contrasts 

 

 

Fit: aov(formula = stacked.values ~ stacked.treat, data = anova.data) 

 

Linear Hypotheses: 

                     Estimate Std. Error t value Pr(>|t|)     

treat2 - treat1 == 0 0.001467   0.001777   0.826 0.686911     

treat3 - treat1 == 0 0.008760   0.001779   4.924  < 1e-05 *** 

treat3 - treat2 == 0 0.007292   0.001763   4.136 0.000106 *** 
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--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

(Adjusted p values reported -- single-step method) 

 
> model.1.glm <- glm(stacked.values~stacked.treat,data=anova.data) 

> summary(model.1.glm) 

 
Call: 

glm(formula = stacked.values ~ stacked.treat, data = anova.data) 

 

Deviance Residuals:  

      Min         1Q     Median         3Q        Max   

-0.131471  -0.011702   0.001158   0.014843   0.075927   

 

Coefficients: 

                    Estimate Std. Error t value Pr(>|t|)     

(Intercept)         0.176554   0.001267 139.325  < 2e-16 *** 

stacked.treattreat2 0.001467   0.001777   0.826    0.409     

stacked.treattreat3 0.008760   0.001779   4.924 9.75e-07 *** 

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

 

(Dispersion parameter for gaussian family taken to be 0.0005813106) 

 

    Null deviance: 0.65981  on 1109  degrees of freedom 

Residual deviance: 0.64351  on 1107  degrees of freedom 

  (54 observations deleted due to missingness) 

AIC: -5114.7 

 

Number of Fisher Scoring iterations: 2 

> # now look at autocorrlation function (plot) 

> #Test for Normality 

> eda.shape(model.1.glm$resid) 
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> shapiro.test(model.1.glm$resid) 

 
 Shapiro-Wilk normality test 

 

data:  model.1.glm$resid  

W = 0.9575, p-value < 2.2e-16 

 
> plot(model.1.glm$fitted,model.1.glm$resid,ylab="residual",xlab="predicted") 
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> print(acf(na.exclude(model.1.glm$resid))) 

 
Autocorrelations of series ‘na.exclude(model.1.glm$resid)’, by lag 

 

     0      1      2      3      4      5      6      7      8      9     10     11     12  

 1.000  0.772  0.534  0.378  0.254  0.171  0.098  0.066  0.061  0.068  0.078  0.104  0.123  

    13     14     15     16     17     18     19     20     21     22     23     24     25  

 0.100  0.065  0.043 -0.007 -0.040 -0.058 -0.061 -0.052 -0.032 -0.006  0.002 -0.003  0.033  

    26     27     28     29     30  

 0.067  0.064  0.045  0.020 -0.004  

 
> model.1.glm.mc<- glht(model.1.glm, linfct=mcp(stacked.treat = "Tukey")) # 

experimentwise with Tukey 

> summary(model.1.glm.mc) 

 
  Simultaneous Tests for General Linear Hypotheses 

 

Multiple Comparisons of Means: Tukey Contrasts 

 

 

Fit: glm(formula = stacked.values ~ stacked.treat, data = anova.data) 

 

Linear Hypotheses: 

                     Estimate Std. Error z value Pr(>|z|)     

treat2 - treat1 == 0 0.001467   0.001777   0.826    0.687     

treat3 - treat1 == 0 0.008760   0.001779   4.924   <1e-04 *** 
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treat3 - treat2 == 0 0.007292   0.001763   4.136   <1e-04 *** 

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

(Adjusted p values reported -- single-step method) 

> # now model autocorrelated residuals 

> model.2<-gls(stacked.values~stacked.treat, 

na.action=na.exclude,correlation=corARMA(p=1,q=0), 

+              data=anova.data) 

> summary(model.2) 

Generalized least squares fit by REML 

  Model: stacked.values ~ stacked.treat  

  Data: anova.data  

        AIC       BIC   logLik 

  -6089.805 -6064.758 3049.903 

 

Correlation Structure: AR(1) 

 Formula: ~1  

 Parameter estimate(s): 

      Phi  

0.7767088  

 

Coefficients: 

                         Value   Std.Error  t-value p-value 

(Intercept)         0.17716074 0.003517863 50.36034  0.0000 

stacked.treattreat2 0.00068055 0.004801344  0.14174  0.8873 

stacked.treattreat3 0.00751867 0.004936111  1.52320  0.1280 

 

 Correlation:  

                    (Intr) stck.2 

stacked.treattreat2 -0.705        

stacked.treattreat3 -0.712  0.521 

 

Standardized residuals: 

        Min          Q1         Med          Q3         Max  

-5.37860139 -0.47801304  0.03947666  0.62224868  3.14739171  

 

Residual standard error: 0.0243254  

Degrees of freedom: 1110 total; 1107 residual 

> eda.shape(model.2$resid) 
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> shapiro.test(model.2$resid) 

 

 Shapiro-Wilk normality test 

 

data:  model.2$resid  

W = 0.9593, p-value < 2.2e-16 

> plot(model.2$fitted,model.2$resid,ylab="residual",xlab="predicted") 
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> print(acf(na.exclude(model.2$resid))) #note that this plots structual residuals and not white 

noise 

 
Autocorrelations of series ‘na.exclude(model.2$resid)’, by lag 

 

     0      1      2      3      4      5      6      7      8      9     10     11     12  

 1.000  0.772  0.534  0.378  0.255  0.172  0.098  0.067  0.062  0.069  0.079  0.105  0.124  

    13     14     15     16     17     18     19     20     21     22     23     24     25  

 0.101  0.066  0.044 -0.006 -0.039 -0.057 -0.059 -0.051 -0.031 -0.005  0.003 -0.002  0.034  

    26     27     28     29     30  

 0.068  0.065  0.046  0.021 -0.003  

 
> #create "white noise" residuals.  filter is AR(1) coeff from model summary 

> save.int<-intervals(object = model.2, level = 0.95) # save estimates and conf.int. 

> w.resid<-filter(x = model.2$residuals, filter = c(1,-save.int$corStruct[,2]), sides = 1)#filter 

gets white resids.  

> #print ac funtion of white noise residuals to show effectiveness of modeling residuals 

> print(acf(na.exclude(w.resid))) 

 
Autocorrelations of series ‘na.exclude(w.resid)’, by lag 

 

     0      1      2      3      4      5      6      7      8      9     10     11     12  

 1.000  0.114 -0.091 -0.014 -0.046  0.004 -0.067 -0.042 -0.018  0.004 -0.021  0.028  0.096  

    13     14     15     16     17     18     19     20     21     22     23     24     25  

 0.037 -0.014  0.057 -0.031 -0.033 -0.038 -0.028 -0.029 -0.015  0.036  0.024 -0.079  0.011  

    26     27     28     29     30  

 0.079  0.038  0.019  0.002  0.028  
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> Box.test(w.resid, 20, type="Ljung") 

 
 Box-Ljung test 

 

data:  w.resid  

X-squared = 56.5001, df = 20, p-value = 2.443e-05 

> model.2.mc <- glht(model.2, linfct=mcp(st="Tukey")) # experimentwise with Tukey 

> summary(model.2.mc) 

 

  Simultaneous Tests for General Linear Hypotheses 

 

Multiple Comparisons of Means: Tukey Contrasts 

 

 

Fit: gls(model = stacked.values ~ stacked.treat, data = anova.data,  

    correlation = corARMA(p = 1, q = 0), na.action = na.exclude) 

 

Linear Hypotheses: 

                      Estimate Std. Error z value Pr(>|z|) 

treat2 - treat1 == 0 0.0006805  0.0048013   0.142    0.989 

treat3 - treat1 == 0 0.0075187  0.0049361   1.523    0.280 

treat3 - treat2 == 0 0.0068381  0.0047678   1.434    0.323 

(Adjusted p values reported -- single-step method) 

 

> #CORRELATIONS 

> attach(rflowdata) 

The following object(s) are masked from 'rflowdata (position 3)': 

 

    adp, avgint, date, duration, maxint, storm, totalrf, z1overflowvol, z1peakin, 

    z1peakout, z1peakred, z1volin, z1volred, z2overflowvol, z2peakin, z2peakout, 

    z2peakred, z2volin, z2volred, z3overflowvol, z3peakin, z3peakout, z3peakred, 

    z3volin, z3volred 

The following object(s) are masked from 'smdaily': 

 

    date 

> cor.test(z1peakred, totalrf,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z1peakred and totalrf  

z = -1.3504, p-value = 0.1769 

alternative hypothesis: true tau is not equal to 0  

sample estimates: 
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       tau  

-0.1019894  

 

> cor.test(z1peakred, duration,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z1peakred and duration  

z = -1.3309, p-value = 0.1832 

alternative hypothesis: true tau is not equal to 0  

sample estimates: 

       tau  

-0.1031896  

 

> cor.test(z1peakred, maxint,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z1peakred and maxint  

z = -0.9446, p-value = 0.3448 

alternative hypothesis: true tau is not equal to 0  

sample estimates: 

        tau  

-0.07239835  

 

> cor.test(z1peakred, adp,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z1peakred and adp  

z = 4.0675, p-value = 4.751e-05 

alternative hypothesis: true tau is not equal to 0  

sample estimates: 

      tau  

0.3061337  

 

> cor.test(z2peakred, totalrf,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z2peakred and totalrf  

z = -1.4805, p-value = 0.1387 

alternative hypothesis: true tau is not equal to 0  
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sample estimates: 

       tau  

-0.1221289  

 

> cor.test(z2peakred, duration,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z2peakred and duration  

z = -0.5001, p-value = 0.617 

alternative hypothesis: true tau is not equal to 0  

sample estimates: 

        tau  

-0.04235547  

 

> cor.test(z2peakred, maxint,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z2peakred and maxint  

z = -1.0588, p-value = 0.2897 

alternative hypothesis: true tau is not equal to 0  

sample estimates: 

        tau  

-0.08864095  

 

> cor.test(z2peakred, adp,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z2peakred and adp  

z = 3.0952, p-value = 0.001967 

alternative hypothesis: true tau is not equal to 0  

sample estimates: 

      tau  

0.2544207  

 

> cor.test(z3peakred, totalrf,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z3peakred and totalrf  

z = -1.9695, p-value = 0.04889 
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alternative hypothesis: true tau is not equal to 0  

sample estimates: 

       tau  

-0.1591041  

 

> cor.test(z3peakred, duration,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z3peakred and duration  

z = -0.6925, p-value = 0.4886 

alternative hypothesis: true tau is not equal to 0  

sample estimates: 

        tau  

-0.05743086  

 

> cor.test(z3peakred, maxint,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z3peakred and maxint  

z = -2.144, p-value = 0.03203 

alternative hypothesis: true tau is not equal to 0  

sample estimates: 

       tau  

-0.1757629  

 

> cor.test(z3peakred, adp,use="pairwise.complete.obs", method="kendall") 

 

 Kendall's rank correlation tau 

 

data:  z3peakred and adp  

z = 3.5184, p-value = 0.0004342 

alternative hypothesis: true tau is not equal to 0  

sample estimates: 

      tau  

0.2832212  

  



 

268 

Appendix K: Actual Irrigation Depths Applied for Each Zone at River Bend Country Club 

  

ZONE 1 ZONE 2 ZONE 3 

Target 

Weekly 

Irrigation 

Depth 

(mm) 

Actual 

Weekly 

Irrigation 

Depth  

(mm) 

Target 

Weekly 

Irrigation 

Depth 

(mm) 

Actual 

Weekly 

Irrigation 

Depth  

(mm) 

Target 

Weekly 

Irrigation 

Depth 

(mm) 

Actual 

Weekly 

Irrigation 

Depth  

(mm) 

January 0 0 25.4 24.4 50.8 56.4 

February 0 0 25.4 24.4 50.8 56.4 

March 0 0 25.4 24.4 50.8 56.4 

April 19 17.5 25.4 24.4 50.8 56.4 

May 19 17.5 25.4 24.4 50.8 56.4 

June 21 19.2 25.4 24.4 50.8 56.4 

July 18 15.1 25.4 24.4 50.8 56.4 

August 14 11.1 25.4 24.4 50.8 56.4 

September 14 9.9 25.4 24.4 50.8 56.4 

October 12 11.6 25.4 24.4 50.8 56.4 

November 0 0 25.4 24.4 50.8 56.4 

December 0 0 25.4 24.4 50.8 56.4 

 


