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Abstract: Although historically used in semi-arid and arid regions, rainwater harvesting (RWH)
systems have increasingly been used in non-arid and humid regions of the world to conserve potable
water and mitigate stormwater runoff. Rainfall characteristics and usage patterns of stored rainwater
are distinctly different in (semi-)arid and humid regions, thus presenting a unique set of challenges
with respect to their utilization. Coupled with infrequent use, the addition of nitrogen and organic
matter via pollen during the spring season can lead to anaerobic conditions within storage tanks,
which hinders nitrogen removal, gives stored water an offensive odor, and ultimately discourages
use of the water. This study evaluated three measures that can be implemented for new and existing
RWH systems to prevent the development of anaerobic conditions within storage tanks: first flush
diversion, simulated use, and the continuous circulation of stored water. Study findings indicate that
preventing anaerobic conditions via simulated use and recirculation (1) does not necessarily remedy
the issue of poor aesthetics within rainwater storage tanks, and (2) can decrease the water quality
benefits provided by these systems. Rather, preventing the introduction of pollen and particulate
matter to the storage tank via a first flush diverter and minimizing disturbance of settled material in
the tank appear to be the most effective methods of addressing the poor aesthetics and odor problems
associated with anaerobic conditions.

Keywords: rainwater harvesting system performance; water quality benefits; stormwater
green infrastructure

1. Introduction

Rainwater harvesting (RWH) is the collection of runoff from a surface, usually a
rooftop, and storing it for later use. RWH systems are typically comprised of a catchment
surface, conveyance system, pre-storage filtration, storage container(s), pump, post-storage
filtration/treatment, and post-storage distribution system. Depending upon the complexity
of the system and the designated uses of the harvested water, systems may or may not
contain all of these elements. For most systems, precipitation falls onto the catchment
surface (i.e., roof), is collected via gutters, and is conveyed to the storage container(s)
via piping. Pre-storage filtration is frequently used to prevent sediment, organic matter,
and other debris from entering the storage container. A first flush diverter can also be
employed to prevent the initial runoff from the catchment surface, which contains the
highest concentration of pollutants, from entering the storage tank; this has been shown to
improve the quality of harvested rainwater [1–3]. Harvested rainwater can be extracted
from the storage container via gravity or pumped to its final point(s) of use. Post-storage
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filtration and disinfection can be included when the designated uses of the harvested
rainwater require high- or potable-quality water.

The practice of RWH has been documented as far back as ancient Greek and Roman
civilizations [4,5]. From the Middle Ages through the late 1900s, it was commonly used
in (semi-)arid regions where access to water resources was limited, such as India, Jordan,
and other parts of Asia, Italy, South America, and portions of Africa [6–9]. The 20th and
21st centuries have brought population growth, climate change, and increasing water
supply shortages to many areas, including Australia, Germany, China, and the United
States; thus, RWH systems have grown in popularity and quantity in recent years as an
alternative water supply in these regions [10–14]. For example, in Australia, household
RWH system capacity has almost doubled from 6 Gl in 2000 to 11.2 Gl in 2015 [15] and
by 2007, over 10 million RWH systems were supplying domestic water to approximately
22 million people throughout humid and sub-humid areas of China [16].

The installation of RWH systems has multiple benefits. Perhaps one of the most obvi-
ous benefits of this practice is that it reduces reliance on other water sources—especially
potable water sources. For example, Campisano et al. (2017) found that harvested rain-
water could replace 30–50% of toilet flushing water demand in most domestic buildings
within a studied area of southern Italy [3]. This is particularly important as climate change
increasingly threatens water security, especially in low-income regions; by 2050 it is pro-
jected that 70% of the world’s urban population will experience increased water stress
due to climate change [10,17,18]. The widespread adoption of RWH systems can improve
water sustainability and increase water security [19,20]. Rainwater harvesting can also
facilitate financial savings by serving as an alternative to more expensive water acquisition
options (e.g., hauled water or desalination) [3], reducing the need for detergent and fabric
softener due to the softness of rainwater, [21] and increasing property values [22]. Finally,
RWH systems can provide stormwater management and flood reduction benefits while
simultaneously serving as an alternative water supply [23,24]. These systems can signif-
icantly reduce stormwater volumes and peak flow rates leaving a site by capturing and
detaining/retaining surface runoff onsite until the water is used or discharged [25–27].

In addition to stormwater quantity mitigation, RWH systems can provide water
quality improvements of captured water via physical and chemical processes within the
storage tank. Several studies have found concentrations of total phosphorus (TP), total
nitrogen (TN), total suspended solids (TSS), and other pollutants to be significantly lower
in harvested rainwater when compared to that of roof runoff [28–30]. However, the extent
of water quality improvement provided by a RWH system depends upon the quantity
and frequency of stored water use. DeBusk and Hunt (2014) established a relationship
between the lack of use (i.e., increased residence time) of stored water and the development
of anaerobic conditions, which are accompanied by changes in water color and noxious
odors [28]. Additionally, the lack of use and resulting anaerobic conditions could potentially
result in increased concentrations of some nitrogen species within stored water [28]. Thus,
there exists a need for further research into methods of mitigating the water quality and
aesthetic (sight and odor) problems created by infrequent use of stored rainwater. This is
particularly true in humid regions, as frequency of usage in these areas tends to be lower
than those in (semi-) arid regions [31]. This paper aims to identify and evaluate simple,
low-input maintenance methods of preventing the development of anaerobic conditions,
and the associated aesthetic and water quality concerns, in a minimally-used humid-region
RWH system.

2. Materials and Methods
2.1. Site Description

This study was conducted at the City of Raleigh (NC, USA) Fire Station #8 (FS 8),
which was retrofitted with a RWH system in 2009. The station was built in 2001 and is
situated in a largely urbanized area adjacent to a major interstate (motorway) that receives
an average of 77,000 vehicles daily [32]. The 386-m2 roof has a slight pitch and is comprised
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of asphalt shingles. Several large, mature Loblolly pine trees (Pinus taeda) surround the
fire station and their branches extend over the roof area. The RWH system implemented at
FS 8 consists of four downspouts that drain the entire roof surface to four polypropylene
storage tanks: two 4165 L tanks and two 4540 L tanks. Polyvinyl chloride (PVC) piping
connected to a jet pump (Sta-Rite, Inc., Delavan, WI, USA) is used to extract water from
the system. For this study, the four storage tanks were disconnected to prevent mixing of
water among the tanks. Each of the four downspouts emptied into mesh screen filters with
0.8 mm aperture mesh screen filters (Leaf Eater Advanced™, Rain Harvesting, Aurora,
IL, USA) to keep leaves and debris from entering the storage tanks. An in-line sediment
filter, located between the storage tank and the pump, filtered out particles larger than
100 microns. All tanks were drained and the inside cleaned to remove any residual pollen,
sediment, and organic matter before the study began.

2.2. Monitoring Design

Three of the four storage tanks used in this study employed a different treatment mech-
anism designed to prevent the formation of anaerobic conditions and the corresponding
decline in water quality (Figure 1). DeBusk and Hunt (2014) found that infrequent use of
stored rainwater led to anaerobic conditions [28]; thus, use was simulated for tank 1 using
an irrigation clock and automated valve that released 757 L during a one-hour period three
times per week. This configuration was selected to mimic irrigation of an area equivalent to
the contributing drainage area (79 m2) with 25.4 mm per week. Other Stormwater Control
Measures (SCMs), such as wet detention ponds, utilize pumps and fountains to facilitate
aeration and prevent stratification within the water column [33]. Tank 2 mimicked this
technique via a recirculating pump that ran continuously at a rate of 0.3 L/s (Little Giant
Pump Company, Oklahoma City, OK, USA). Water was pumped from the bottom of the
tank and released above the water surface to maximize aeration (Figure 1). Finally, organic
matter serves as a food source for denitrifying bacteria that can contribute to poor aesthetic
quality (odor) of water when anaerobic conditions are present. It was hypothesized that if
the majority of the pollen were diverted from the storage tank, then the lack of a food source
would limit the proliferation of, and water quality impacts associated with, denitrifying
bacteria. A first flush diverter was installed on tank 3 and captured the first 0.76 mm of
rainfall from the roof surface, or approximately 61 L, and diverted it away from the RWH
storage tank. The captured first flush volume was released slowly between rain events to
create space for the next precipitation event. The fourth tank, tank 4, served as a control
with no treatment mechanism installed.

DeBusk and Hunt (2014) monitored this system as part of a water quality study in
2011 and 2012 and found that water quality diminished greatly during spring and summer
months [28]. The study hypothesized that pollen originating from overhanging vegetation,
which settled on the roof surface and washed into the storage tanks during rain events
in April and May, was the main source of deteriorating water quality and related odors.
Thus, pollen data were obtained for this study from the North Carolina Department of
Environmental Quality (NCDEQ) and included “pollen count trees”—the number of tree
pollen grains contained in 1 m3 of air, “pollen count grasses”—the number of grass pollen
grains contained in 1 m3 of air, “pollen count weeds”—the number of weed pollen grains
contained in 1 m3 of air, and “total pollen count”—the sum of all the individual pollen
counts for grasses, trees, and weeds [34]. Collection and reporting methods may be found
in NCDEQ (2015) [34]. Pollen data were not collected on weekends or major holidays;
however, linear extrapolation techniques were utilized to estimate pollen counts on days
without collected data. As the only method by which pollen was added to the tanks was by
rainfall, the total amount of pollen that accumulated between storm events was computed
by summing the daily pollen count for all days within the antecedent dry period for each
storm event. These data were used to determine the impact pollen had on water quality
and dissolved oxygen levels within each tank.
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Figure 1. An aerial view of the RWH system layout at Fire Station #8, including the rainwater storage tanks, pressure transducer
locations, and sampler port locations (top) and photos of the three treatment mechanisms implemented at each storage tank (bottom).
Tank 4 served as the control and did not employ a treatment mechanism.

Hydrologic and water quality monitoring for this study began on 1 April 2014, just
before trees began pollinating, and continued until 1 September 2014, thus fully capturing
the spring + summer pollen season. Rainfall depth and intensity were measured using
a tipping bucket rain gage (Environment Information Technology, Alstonville, Australia)
located 2.64 Km away from FS 8. A pressure-transducer data logger measured water level
within the Simulated Use tank every three minutes (Onset Computer Corporation, Bourne,
MA, USA). As this was the only tank with fluctuating water levels due to the periodic
draining of water, it was the only one for which water level was recorded.

Dissolved oxygen (DO) concentrations were measured within each tank at 15-cm depth
intervals within 24 h following rainfall events (Milwaukee SM600DOmeter, Milwaukee
Instruments, Inc., Rocky Mount, NC, USA). DO concentrations were also measured once
per week independent of rainfall events. Average DO concentrations were computed for
each measurement event by averaging the DO readings from all depth intervals within
the tanks.

Water quality samples were collected from a sampling port located approximately
5 cm above the bottom of the storage tank. All samples were collected within 24 h following
a rain event and ports were flushed for 10 s prior to sample collection. The small diameter of
the sampling port and the distance between the port and the bottom of the tank prevented
the disturbance, and thus collection, of sediment that had accumulated on the tank bottom.
Each water sample was analyzed by a state-certified laboratory (Center for Applied Aquatic
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Ecology at North Carolina State University) for TSS, total Kjeldahl nitrogen (TKN), nitrite
(NO2) + nitrate (NO3), and total ammoniacal nitrogen (TAN) using the following standard
methods: 2540 D (TSS), 4500 N Org D (TKN), 4500 NO3 F (NO2 + NO3), and 4500 NH3 G
(TAN) [35]. TN concentrations were calculated by summing TKN and NO2 + NO3 values.
A pollen grab sample was collected from the roof of the fire station building from pollen
that had collected in a low area adjacent to the gutter. This sample was analyzed for total
carbon and total nitrogen content.

2.3. Data Analyses

It was determined via the Shapiro–Wilks normality test that the majority of water
quality and DO data were non-normal (α = 0.05); therefore, the Kruskal–Wallis Multiple
Comparison test was used to compare water quality parameters and DO concentrations
among the four tanks. Additionally, the nonparametric Kendall’s τ correlation method
was used to identify correlations among DO concentrations, water quality parameters, and
pollen data. Statistical significance of all comparisons and correlations was determined
using an α = 0.05. All statistical analyses were performed using R version 4.1.1.

3. Results and Discussion
3.1. Pollen

High pollen levels were reported from the beginning of April, peaked in mid-April at
a total pollen count of roughly 1800 grains/m3, and curtailed off to very low levels by the
end of May (Figure 2). As shown in the figure, the relative amount of tree pollen reported
by NCDEQ (2015) was substantially greater during the study period than pollen from
grasses and weeds. As the majority of vegetation contributing to pollen within the RWH
system was from Loblolly pine trees surrounding the study site, the pollen levels at the
study site likely closely resembled the reported total pollen counts.
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3.2. Dissolved Oxygen

Average DO concentrations for each tank are displayed in Figure 3. Of the four
treatments used, the Recirculating Pump tank maintained a significantly higher average
DO concentration than all other treatments, including the Control tank. The next highest
average DO concentration was observed in the Simulated Use tank, which was significantly
higher than the Control tank, but not significantly higher than the tank equipped with
the first flush diverter. The First Flush Diverter tank did not exhibit significantly different
average DO concentrations from the Control tank, which represented the lowest average
DO concentration out of the four treatments.
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These results indicate that the Recirculating Pump tank produced the highest concen-
trations of DO. This was expected, as moving water contains higher amounts of DO than
stagnant water [36]. The second most effective treatment was simulating use. The first
flush diverter did not produce DO concentrations that were significantly different than
the control system, thereby making it the least effective treatment option for preventing
anaerobic conditions.

Average DO concentrations were lowest at the beginning of the study period and
increased gradually as the study period progressed, as indicated in Figure 4. Kendall’s τ
correlation tests were performed to determine if storm characteristics (storm depth, storm
duration, antecedent dry period length, average rainfall intensity, or maximum rainfall
intensity) were correlated with average DO concentrations. Average DO concentrations
in the Simulated Use tank were significantly, positively correlated with rainfall depth,
duration, and maximum intensity; however, no other tanks exhibited significant correla-
tions between storm event characteristics and DO concentrations. The correlation between
rainfall depth and DO for the Simulated Use tank is likely due to the fact that the tank
was partially empty for many of the rainfall events, as water was being released regularly.
Thus, when rainfall occurred, it had a greater distance to fall from the tank inlet to the
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water surface, thereby mixing the water column and introducing oxygen. All other tanks
remained full for the entire study period, minimizing the disturbance and subsequent
introduction of oxygen via tank inflow.
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3.3. Water Quality

Table 1 displays the results of water quality analyses for roof runoff and rainwater stor-
age tank samples. With respect to stormwater quality mitigation, the First Flush Diverter
tank performed the best, producing significantly lower concentrations of TKN, NO2/NO3
and TN compared to those of roof runoff (Figure 5). The Control tank also produced signif-
icantly lower NO2/NO3 concentrations than roof runoff, but other nitrogen species were
not significantly different. None of the tanks significantly reduced TAN concentrations.

When compared to the other treatment mechanisms, there were no significant dif-
ferences between the Control tank and the treatment tanks with respect to TKN orTN
concentrations. The Simulated Use and Recirculating Pump tanks produced significantly
higher NO2 + NO3 concentrations than the Control tank, likely due to the introduction of
oxygen to the water column via inflow and recirculation, respectively. The Control tank
produced higher TAN concentrations and lower NO2 + NO3 concentrations relative to the
other treatment tanks, which resembles the findings from DeBusk and Hunt (2014) and
indicates the prevalence of anaerobic conditions. TN concentrations in the Recirculating
Pump tank were significantly higher than those in the First Flush Diverter tank but were
not significantly different from concentrations in the other three tanks.
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Table 1. Sample analysis results (minimum, maximum, and median) for roof runoff and rainwater storage tanks.

TN
(mg/L)

TKN
(mg/L)

NO2 + NO3
(mg/L)

TAN
(mg/L)

TSS
(mg/L)

ROOF
(n = 19)

Minimum 0.42 0.27 0.02 0.02 1.95

Maximum 8.22 5.88 2.34 2.14 21.7

Median 1.67 1.16 0.36 0.25 5.18

SIMULATED USE TANK
(n = 19)

Minimum 0.27 0.24 0.03 0.10 0.95

Maximum 3.16 2.69 0.47 1.64 9.86

Median 1.04 0.71 0.15 0.67 3.19

RECIRCULATING PUMP TANK
(n = 19)

Minimum 0.79 0.49 0.01 0.04 0.61

Maximum 6.78 6.48 0.62 1.95 274

Median 1.26 1.10 0.18 0.38 21.2

FIRST FLUSH
DIVERTER TANK

(n = 19)

Minimum 0.46 0.24 0.01 0.05 0.4

Maximum 1.44 1.43 0.65 1.43 7.96

Median 0.79 0.54 0.04 0.32 1.01

CONTROL TANK
(n = 19)

Minimum 0.47 0.25 0.00 0.07 0.46

Maximum 1.39 1.36 0.79 0.97 4.37

Median 0.90 0.84 0.01 0.59 1.01
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DO concentrations correlated negatively with TKN concentrations for all tanks and
at all measured depths, as well as with the averaged DO concentrations (all comparisons
yielded τ <−0.37). For the Recirculating Pump tank only, DO concentrations correlated neg-
atively with NO2 + NO3 concentrations for all depths and the average. The Simulated Use
and Control tanks exhibited significant negative correlations between NO2 + NO3 concen-
trations and DO concentrations, but only at depths of 24′′ (τ =−0.429) and 30′′ (τ = −0.455),
and 24′′ (τ = −0.393), 30′′ (τ = −0.367), and 36′′ (τ = −0.409), respectively. Average DO
concentrations for these two tanks were not significantly correlated with NO2 + NO3
concentrations. Additionally, there were no significant correlations between TAN concen-
trations and DO concentrations for any of the tanks.

These findings indicate that as DO concentrations decrease within the Simulated Use
tank, TKN and NO2 + NO3 concentrations increase, likely due to the nitrogen transfor-
mations occurring within the storage tank. The pollen sample collected at the study site
yielded 2.42% total nitrogen and 56.55% total carbon on a dry weight basis, thus producing
a C:N ratio of 23.4:1. This is almost identical to the required C:N ratio of 23.5 for aerobic
heterotroph bacteria, but much less than the C:N ratio of 80 required for anaerobic het-
erotrophs [37]. Thus, when dissolved oxygen levels decrease and anaerobic conditions form
within the tank, anaerobic heterotrophs must consume more organic matter to satisfy their
carbon needs and the extra nitrogen is released in the form of ammonium. This explains
an increase in TKN concentrations with decreasing DO concentrations. The correlating
increase in NO2 + NO3 concentration for the Recirculating Pump tank is likely a result
of nitrification, which occurs because the recirculating pump is continually adding some
oxygen to the water, which is quickly used up by aerobic bacteria. The reasoning is the
same for the select depths within the Simulated Use and Control tanks that exhibit this
correlation as well, except the oxygen is likely introduced via the inflow of water during
rain events. The influence of the disturbance and delivery of oxygen does not extend below
the top portion of the water column, thus preventing a correlation at lower depths.

Accumulated pollen totals (APTs) were computed using total pollen count data and
compared to water quality and DO concentrations. APTs were significantly correlated with
TKN (τ = 0.446) and TAN (τ = 0.507) concentrations in the Recirculating Pump tank only. As
the recirculating pump continuously mixed the water within the tank, the pollen entering
the tank likely remained suspended (as opposed to settling to the bottom of the tank) and
thus contributed to higher TKN and TAN concentrations in the samples taken from the
tank. APTs in the Control tank were significantly correlated with DO concentrations only
at depths of 24′′ (τ = −0.277), 30′′ (τ = −0.304), and 36′′ (τ = −0.303). This is likely due
to the lack of measures to reduce the introduction of pollen into the tank (e.g., first flush
diverter) coupled with a stagnant water column that never changed in depth and was not
mixed. As the pollen entered the system, it became a food source for aerobic bacteria that
also consumed dissolved oxygen; thus, higher amounts of pollen led to lower dissolved
oxygen concentrations. The inflow of runoff during rain events sufficiently disturbed just
the upper layers of water in the storage tank enough to introduce oxygen, thus allowing
the aerobic bacteria to thrive. No other significant correlations existed between APTs and
DO concentrations or water quality parameters for any other tanks.

As shown in Figure 6, concentrations of the measured constituents varied—sometimes
substantially—throughout the study period. There were notable spikes in all nitrogen
species concentrations in the incoming roof runoff in early June 2014, likely due to a
relatively long antecedent dry period (19 days) prior to the 4 June precipitation event, which
allowed organic matter to accumulate on the contributing roof surface. Another spike in TSS
and nitrogen species concentrations in roof runoff occurred with the 11 August precipitation
event, which had a preceding dry period of 17 days, and is apparent in the TKN, TN, and
TSS concentrations shown in Figure 6. The Recirculating Pump tank exhibited unique
patterns regarding nitrogen and TSS concentrations when compared to the Control and
other treatment tanks, for reasons discussed previously (i.e., the continuous introduction
of oxygen, preventing the development of anaerobic conditions). The TAN concentrations
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shown in Figure 6 perhaps paint a clearer picture of the nitrogen transformations occurring
within the RWH tanks. In the Recirculating Pump tank, TAN concentrations are highest
during the beginning of the study period when there is ample pollen within the tank to
serve as a food source for aerobic heterotroph bacteria. Because the C:N ratio of the pollen
is slightly below the ideal 23.5:1 ratio for aerobic autotrophs, there may be some export
of ammonia occurring. TAN concentrations for this tank peak around mid-May, perhaps
when the bacteria present within the tank deplete the pollen serving as their primary food
source. Once this occurs, TAN is no longer being exported; however, due to the continuous
presence of oxygen, nitrification is likely still occurring which converts ammonia to NOx,
thus resulting in a steady but slight decrease in overall TAN concentration within the tank.
In the other tanks, all of which exhibited anerobic conditions, TAN concentrations were low
at the beginning of the study and gradually increased until approximately the middle of the
study period—likely due to anaerobic digestion and the corresponding export in ammonia—
where they remained relatively stable. Substantial dips in TAN concentrations in some
tanks can be linked to large, intense rainfall events or precipitation events with relatively
long antecedent dry periods, indicating the introduction of oxygen via disturbance of the
water column that temporarily slows down anaerobic bacterial processes.

Only the First Flush Diverter tank and the Control tank yielded TSS concentrations that
were significantly lower than those in roof runoff (Figure 7). The Recirculating Pump tank
produced significantly higher TSS concentrations than any of the other tanks, including the
control. It appears that the circulation of stored water kept sediment particles suspended
throughout the water column and, in many instances, contributed to the export of TSS from
the system. TSS concentrations from the Simulated Use tank were also significantly greater
than those of the Control tank. It is hypothesized that roof runoff entering the tank when
the water level was low (due to the release of water to simulate use) disturbed sediment
and organic matter that had settled on the bottom of the tank, thus contributing to higher
TSS concentrations within the water column.

3.4. Aesthetics

Despite employing methods to address anaerobic conditions, all tanks displayed
aesthetic issues, including foul odor and discoloration of the water, during the study
period. The issues were first documented in early May and persisted until mid-August
and were hypothesized to be due to the increased amount of pollen during this time of the
year. The Recirculating Pump tank exhibited the poorest aesthetic water quality, including
a strong “swampy” odor and brownish-colored water. The aesthetic issues peaked during
early- to mid-May (just after the peak in pollen amounts) and began to recede towards the
end of May in all tanks except the Recirculating Pump tank. All tanks were clear with no
yellow tinge by mid-August except for the Recirculating Pump tank, in which the issues of
odor and discoloration continued after August.

3.5. Implications for Stormwater Management

The tanks that produced the highest DO concentrations throughout the study period
(the Simulated Use and Recirculating Pump tanks) yielded the poorest water quality, as
they both produced significantly higher NO2 + NO3 and TSS concentrations than the
Control tank. Despite higher overall DO concentrations, these tanks still exhibited noxious
odors and discoloration of the stored water which, in the case of the Recirculating Pump
tank, lasted throughout the summer months.
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In this study the most effective treatment for minimizing aesthetic issues while pre-
serving water quality benefits was the first flush diverter. The First Flush Diverter tank did
not produce DO concentrations that were significantly different from the control; however,
it yielded significantly lower TN, TKN, NO2 + NO3 and TSS concentrations than those
found in roof runoff. While the First Flush Diverter tank still experienced aesthetic issues,
they occurred only during the peak of pollen season and receded shortly thereafter. This
mechanism prevented some pollen from initially entering the system and minimized dis-
turbance to the water column, allowing the particulate matter to settle to the bottom of the
tank. This reduction in incoming organic matter (compared to all other tanks, including the
Control) coupled with the lack of water column disturbance and corresponding addition
of oxygen (as with the Recirculating Pump and Simulated Use tanks) resulted in the best
outcome with respect to water quality and aesthetics.

The benefits of a first flush diverter evidenced herein corroborate with findings from
previous studies. Numerous studies have found that bypassing the first flush improved the
concentrations of TSS, some nitrogen species, heavy metals, and microbes within a storage
tank [1,38–40]. Thus, first flush diverters are recommended to preserve water quality and
prevent odor and color issues within the tank [3,41–43]. While the benefits of first flush
diversion are apparent, it is important to note that their benefits depend solely on their
ability to function as designed, which requires routine maintenance to ensure the full first
flush volume can be captured and diverted.

In addition to a first flush diverter, this study indicates that employing a calming inlet
design that minimizes the resuspension of settled particulate matter within the storage tank
would likely improve the quality of extracted water. Abbasi and Abbasi (2011) described
a design in which the inlet pipe extends to the bottom of the tank and a break ring
surrounding the inlet opening directs flow in a horizontal direction, leaving settled material
undisturbed [44]. Other studies depict a “J”-shaped inlet pipe that extends to the bottom
of the tank and then directs incoming water back up towards the water surface [45,46].
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Both of these designs accomplish the same goal by preventing the disturbance of debris
that has settled on the tank bottom. Positioning the inlet in the center of the tank, as
opposed to along the sides may also prevent the disturbance of settled material [47,48].

It should be noted that the Simulated Use tank was not fitted with a calming inlet,
which could have prevented the disturbance of the water column during rainfall events
and perhaps resulted in lower nitrogen and TSS concentrations. It is possible that this
tank would have produced similar water quality results as the First Flush Diverter tank if
a calming inlet been installed; however, the cost and complexity of the automated drain
valve far exceed that of the first flush diverter, ultimately making the first flush diverter
treatment more appealing.

Numerous studies of RWH systems in humid regions have noted an overall lack of use
compared to systems installed in (semi-)arid regions [25,27,49]; thus, there is great potential
for these systems to develop color and odor issues as a result of anaerobic conditions. These
offensive water characteristics further discourage use of the system, thereby facilitating
a perpetual cycle of neglect and declining water quality. To facilitate use and public
acceptance, harvested rainwater should be of a quality conducive to its designated use and
a RWH system should function in a manner that meets its initial objectives (e.g., stormwater
mitigation). While many studies have evaluated the water quality benefits of a first flush
diverter, this novel study assessed the effectiveness of this element as a means of mitigating
the aesthetic issues associated with anaerobic conditions in a RWH storage tank. It was
found that inclusion of a first flush diverter in the design of a RWH system can minimize the
period of time in the summer during which stored water exhibits less-than-ideal aesthetic
qualities due to anaerobic conditions while simultaneously preserving water quality within
the storage tank, contributing to reductions in numerous pollutants to meet stormwater
mitigation objectives/requirements, and allowing the system to serve as an alternative
water source.

4. Conclusions

These designs tested herein did not prevent anaerobic conditions from forming, de-
spite the purposeful introduction of dissolved oxygen. Aesthetic problems persisted within
rainwater storage tanks and, in fact, water quality worsened in the two tanks which fostered
oxygen introduction. The process of introducing oxygen involves mixing and disturbance
throughout the water column, which can re-suspend particulate matter that has settled to
the bottom of the tank. The preferred approach herein was preventing the introduction of
pollen and particulate matter to the storage tank via a first flush diverter and minimizing
disturbance of settled material in the tank via a calming inlet. This approach effectively
addressed the aesthetic problems (odor and visual appearance) associated with anaerobic
conditions. While odors and water discoloration may still occur during peak pollen season,
these issues dissipated shortly thereafter. Moreover, based upon the findings in this study,
this combined approach likely yields lower TSS and nutrient concentrations than the other
treatments presented.
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