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TWDB Report: Effect of Roof Material on Water Quality for Rainwater Harvesting Systems - Additional Physical,
Chemical, and Microbiological Data

1 Executive summary

Harvested rainwater is an excellent source of water for potable and nonpotable applications in
many parts of the United States. The quality of harvested rainwater can be affected by a variety
of factors including ambient conditions, season, and roofing material. The main objective of this
research was to provide information to the rainwater harvesting community in Texas regarding
the impact of roofing material on harvested rainwater quality.

This research was a follow-up study to Mendez et al. (2010), and we collected additional data
regarding the impact of roofing material on the quality of harvested rainwater from pilot-scale
roofs (asphalt fiberglass shingle, Galvalume®, concrete tile, cool, and green) and a full-scale
Kynar®-coated Galvalume® roof. The harvested rainwater was collected from multiple rain
events and analyzed for the following parameters: pH, conductivity, turbidity, total suspended
solids (TSS), total coliform (TC), fecal coliform (FC), nitrate, nitrite, dissolved organic carbon
(DOC), and selected metals. We examined the diversity of the microbial communities from
rainwater harvested from the pilot-scale roofs by terminal restriction fragment length
polymorphism (T-RFLP) and 16S ribosomal ribonucleic acid (rRNA) gene sequencing. We
conducted lab-scale studies with new and artificially aged coupons of asphalt fiberglass shingle,
Galvalume® metal, and concrete tile to examine how the release of contaminants might change
as these roofing materials age.

Our work shows that harvested rainwater quality generally improves with roof flushing,
indicating the importance of an effective first-flush diverter. However, the rainwater harvested
after the first-flush from all of the pilot-scale roofs did contain some contaminants at levels
above United States Environmental Protection Agency (USEPA) drinking water standards (i.e.,
turbidity, TC, FC, ironl, and aluminum); the harvested rainwater after the first-flush from the
full-scale Kynar®-coated Galvalume® roof exceeded the turbidity, TC, and FC standards. The
quality of rainwater harvested for potable use at a private residence is not regulated by the Texas
Commission on Environmental Quality (TCEQ), and, thus, the USEPA drinking water standards
do not have to be met. However, to best protect the public health, we recommend the use of a
first-flush diverter and additional treatment prior to potable use of harvested rainwater.

Although metal roofs are commonly recommended for rainwater harvesting applications, our
data show that concrete tile and cool roofs also are good candidate roofing materials for
rainwater harvesting applications. The rainwater harvested from the Galvalume® roof had lower
concentrations of fecal indicator bacteria as compared to the other roofing materials. This
suggests that the Galvalume® roof might have an advantage over other roofing materials in
terms of producing rainwater with lower concentrations of human pathogens (i.e.,
microorganisms that cause disease in humans).

If chlorine is the disinfectant of choice, the use of green and asphalt fiberglass shingle roofs for
rainwater harvesting applications must be carefully weighed. The green roof consistently
yielded harvested rainwater with the highest DOC concentrations, which could lead to high
concentrations of disinfection by-products (DBPs) after chlorination. Exposure to certain DBPs
is known to be harmful to human health. The asphalt fiberglass shingle roof also produced high
DOC concentrations in harvested rainwater when the roof was new, but the DOC concentrations
were similar to the Galvalume®, Kynar®-coated Galvalume®, concrete tile, and cool roofs after

" Only the green pilot-scale roof did not violate the iron standard.
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the roof had been in the field for about one year; more data are needed to study this phenomenon.
At present, we recommend that rainwater harvested from a green roof and probably an asphalt
fiberglass shingle roof not be disinfected with chlorine.

In addition to the potential decline in DOC from rainwater harvested from aging asphalt
fiberglass shingle roofs (noted above), we also observed increases in conductivity, concentration
of particulate matter, and iron and zinc release from artificially aged asphalt fiberglass shingles.
Thus, the potential exists for changes in harvested rainwater quality as the roofing material ages.

The quality of commercial growing media must be carefully examined if green roofs were to be
used in potable rainwater harvesting applications. Our research shows measurable
concentrations of arsenic and lead in the rainwater harvested from the green roof, with the
arsenic concentration in the rainwater harvested after the first-flush approaching the USEPA
drinking water standard (10 pg/L).

Rainwater harvested from all of the pilot-scale roofing materials showed diverse microbial
communities. The community in the rainwater harvested from the green roof showed the highest
microbial diversity, and the communities in the rainwater harvested from each of the pilot-scale
roofs were more similar to each other than they were to that of ambient rain. The rainwater
harvested from each pilot-scale roof contained genera associated with human pathogens (e.g.,
Staphylococcus and Bacillus) and genera associated with soil (e.g., Acidovorax and Rhizobium).
Many of the genera found in the harvested rainwater were associated with gram-positive
bacteria, indicating that sufficient disinfection practices must be in place to inactivate these
generally more recalcitrant microorganisms.

2 Introduction

The main objective of this research is to provide recommendations to the rainwater harvesting
community in Texas regarding the selection of roofing material for rainwater harvesting for
potable use and to support these recommendations with scientific data. In the initial phase of this
project (Tasks 1-4 in Mendez et al. [2010]), we assessed the quality of harvested rainwater using
five pilot-scale roofs (asphalt fiberglass shingle, Galvalume® metal, concrete tile, cool, and
green) and three full-scale roofs (two asphalt fiberglass shingle and one Galvalume® metal). The
roof runoff was tested for pH, conductivity, turbidity, TSS, TC, FC, nitrate, nitrite, DOC,
selected synthetic organic compounds, and selected metals. Data from three rain events were
collected for the pilot- and full-scale roofs. Generally, the first-flush contained the highest
concentrations of contaminants as compared to the subsequent collection tanks, indicating that
the quality of harvested rainwater improves with roof flushing. However, the rainwater harvested
after the first-flush did contain some contaminants at concentrations above primary USEPA
drinking water standards (including turbidity, TC, and FC) and secondary USEPA drinking water
standards (including iron and aluminum). The quality of rainwater harvested for potable use at a
private residence is not regulated by the TCEQ, and, thus, the USEPA drinking water standards
do not have to be met. However, to best protect the public health, we recommend that harvested
rainwater be treated prior to potable use.

In the current study (Tasks 5 through 7, which are presented in this report), we collected
additional data regarding the impact of roofing material on the quality of harvested rainwater. In
Task 5, the five pilot-scale roofs were sampled for three additional rain events, and a full-scale
Galvalume® metal roof coated with Kynar® was sampled for two rain events. In Task 6, the

2
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overall microbial community diversity of the rainwater harvested from the pilot-scale roofs was
assessed by T-RFLP and sequencing of the 16S rRNA gene. In Task 7, new and artificially aged
coupons of asphalt fiberglass shingle, Galvalume® metal, and concrete tile were used in lab-
scale studies to examine the potential for changes in harvested rainwater quality as the roofing
materials age.

3 Task 5. Additional sampling of pilot- and full-scale roofs

Mendez et al. (2010) provide a description of the five pilot-scale roofs located at the Lady Bird
Johnson Wildflower Center, the ambient sampler, and the harvested rainwater sampler. The
same ambient sampler and harvested rainwater sampler (including the first-flush, first tank, and
second tank) were used in the current study to collect data from the pilot-scale roofs at the Lady
Bird Johnson Wildflower Center and the full-scale roof. Figure 3-1A shows the harvested
rainwater sampling device, which collected rainwater to sequentially fill the first-flush tank, the
first tank, and the second tank.

3-in diameter PVC
N
¥-in diameter PVC |

Figure 3-1. Sampling systems. A. Three-tank sampler set up at each roofing site. B. Diverter system in
place on Kynar®-coated Galvalume® roof. Yellow arrows show water diverted from the
targeted sampling area, and white arrows show water flowing inside the targeted sampling
area.

The full-scale site (University of Texas at Austin Child Development Center, Comal location)
has a 7-year-old Kynar®-coated Galvalume® roof with a 20° slope, an 8-foot (ft) run from the
peak of the roof to the gutters, and no overhanging vegetation. Kynar® is a polyvinylidene
fluoride (PVDF) resin-based coating that is often applied to Galvalume® or to galvanized steel;
it is used as a roof coating for a variety of reasons including its resistance to corrosion, impact,
abrasion, ultraviolet (UV) light, and particle accumulation. A rainwater catchment area with
plan dimensions of 4 ft (width) by 7.5 ft (length) was targeted to provide a collection area similar
to those of the pilot-scale roofs (30.1 square feet (ft?) for the full-scale roof, 30.4 ft* for the
asphalt fiberglass shingle, Galvalume® metal, and concrete tile pilot-scale roofs, and 36.6 ft* for
the cool and green pilot-scale roofs). The corrugated Kynar®-coated Galvalume® roof was
composed of linked sheets, producing lanes that were approximately 16 inches (in) wide. The
lanes were then fused together by folding the material of two lanes into a flange. To isolate the
sampling area, a diverter system composed of polyvinyl chloride (PVC) was installed at the top
of the targeted sampling area on the Kynar®-coated Galvalume® roof (Figure 3-1B). Rainwater

3



TWDB Report: Effect of Roof Material on Water Quality for Rainwater Harvesting Systems - Additional Physical,
Chemical, and Microbiological Data

that fell above the targeted sampling area (yellow arrows in Figure 3-1B) was diverted away
from the sampling device, and rainwater that fell in the targeted sampling area (white arrows in
Figure 3-1B) was collected in the sampling device.

The locations of the pilot-scale and full-scale roofs that were sampled for this study are shown in
Figure 3-2. The five pilot-scale roofs were sampled for three rain events on June 30, 2010, July
8, 2010, and September 22, 2010. The full-scale Kynar®-coated Galvalume® roof was sampled
for two rain events on September 7, 2010 and September 24, 2010. The ambient rain, first-flush,
first tank, and second tank were analyzed for two of the rain events (June 30, 2010 and
September 7, 2010). Insufficient rain fell in the other three rain events (July 8, 2010, September
22,2010, and September 24, 2010), so only the water from the first-flush and first tanks could be
analyzed. The rain events are summarized in Table 3-1.

Figure 3-2. Map showing locations of the sampled roofs.
Table 3-1. Description of rain events for pilot-scale roof studies.
Date Rainfall (in) Temperature (°F) Number of preceding dry days
6/30/2010 >5 74-85 11
7/8/2010 0.8 74-84 4
9/7/2010 1.1 72-77 0
9/22/2010 0.7 74-87 0
9/24/2010 0.4 76-90 1

Note: Rainfall is in inches (in) and temperature is in degrees Fahrenheit (°F).

The ambient rain, first-flush, and first and second tanks were analyzed in triplicate for pH,
conductivity, turbidity, TSS, DOC, metals (total metals = dissolved + particulate), TC, and FC.
Nitrate (NOj3') and nitrite (NO;") were measured once for each sample. Samples were preserved
and analyzed as described in Mendez et al. (2010), with the exception of DOC. In the current
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study, DOC was measured with an Aurora Model 1030 Total Organic Carbon Analyzer (OI
Analytical, College Station, Texas).

The data from 3 pilot-scale rain events previously collected in 2009 by Mendez et al. (2010) and
the data from 3 rain events collected in 2010 for the current study have been combined and
tabulated in this section, such that the minimum, median, and maximum values for each
parameter are shown for the six rain events. Since the full-scale Kynar®-coated Galvalume®
roof was sampled for only two rain events, the data are summarized with the range (minimum
and maximum values) for each parameter. Since many rainwater harvesting applications divert
the first-flush from use, the discussion of water quality in this report generally focuses on the
quality after the first-flush tank (i.e., first and second tanks of the sampler). For reference
purposes, we compare the quality of the harvested rainwater to the USEPA drinking water
standards. However, this does not imply that the quality of rainwater harvested for
potable use at a private residence is regulated by the TCEQ nor that the USEPA drinking
water standards have to be met; the comparison simply provides a framework for
evaluating the quality of harvested rainwater.

Table 3-2 summarizes the median, minimum, and maximum pH for the pilot-scale roofs. Table
3-3 summarizes the range of pH for the full-scale Kynar®-coated Galvalume® roof. The pH of
rainwater is approximately 5.7 (Texas Water Development Board [TWDB], 2005), and our
ambient rain samples from the pilot-scale study had pH values from 5.5 to 6.7 in 2009,
comparable to the range of 5.7 to 6.3 observed in 2010. For all rain events, the pilot-scale roofs
showed that the pH of the harvested rainwater was higher than that of ambient rainfall, ranging
from 6.0 to 8.2 in 2009, comparable to the range of 5.8 to 8.7 observed in 2010. For the full-scale
study, the ambient rain had pH values ranging from 6.5 to 7.3. According to the 2010 data, the
harvested rainwater after the first-flush from the Galvalume® roof showed higher pH values than
the ambient rain, but the Kynar®-coated Galvalume® roof showed lower pH values than the
ambient rain. For all rain events, the rainwater harvested after the first-flush from the tile roof
consistently yielded higher pH values than all other roofs. Chemical reactions between the
rainwater and roofing material components (e.g., limestone in the asphalt fiberglass shingles or
concrete) can lead to an increase in harvested rainwater pH, allowing the rainwater harvested
after the first-flush to meet the USEPA (2009) secondary drinking water standard for pH (6.5-
8.5). However, some roofing materials (e.g., Galvalume®, concrete tile, green, and Kynar®-
coated Galvalume®) occasionally produced rainwater after the first-flush with pH values that
were outside of the range specified by the standard. In those cases, the user might consider an
appropriate treatment for pH (e.g., using a concrete-lined storage tank, adding limestone to the
storage tank, adjusting the pH by chemical addition). All of the pH values in the harvested
rainwater after the first-flush are comparable to other studies of harvested rainwater including
Yaziz et al. (1989), who reported pH values of 5.9 to 6.9, and Simmons et al. (2001), who
reported pH values of 5.2 to 11.4.
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Table 3-2. pH in harvested rainwater from pilot-scale roofs. Median (minimum-maximum) values for 6
rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are shown.

Roof type First-flush Tank 1 Tank 2

Shingle 6.5(6.3-7.1) 6.7(6.5-7.1) 6.7 (6.6-6.9)

Galvalume® 6.6 (6.3-7.6) 6.6(5.8-6.8) 6.0 (5.8-6.8)

Tile 7.6 (7.1-8.2) 79(7.5-8.7) 7.6(6.5-7.7)

Cool 6.7 (6.3-8.1)  6.7(6.5-8.0) 7.0(6.7-7.2)

Green 7.2(6.3-7.6) 7.2(6.4-7.6) 7.2(6.3-7.5)

Ambient rain 6.1 (5.5-6.7)

Table 3-3. pH in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The range of
values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank1 Tank2®

Kynar®-coated Galvalume® 5.8-6.8 5.7-7.0 5.4

Ambient rain 6.5-7.3

? Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

Conductivity is a measure of the ability of a solution to conduct electricity; a solution with a
higher concentration of charged constituents (e.g., Na', Cl') will have a higher conductivity. A
conductivity standard is not specified by the USEPA for drinking water, but conductivity is
correlated to total dissolved solids (TDS), for which a USEPA secondary standard exists (500
mg/L). Waters with high concentrations of TDS can have a disagreeable taste or color. Table 3-
4 summarizes the median, minimum, and maximum conductivity for the pilot-scale roofs. Table
3-5 summarizes the range of conductivity for the full-scale Kynar®-coated Galvalume® roof. In
general, the conductivity of the harvested rainwater decreased from the first-flush through the
first and second tanks. For all rain events except June 30, 2010, rainwater harvested after the
first-flush from the Galvalume® roof yielded lower conductivity values as compared to the other
roofing materials with values ranging from 9 to 56 microSiemens per centimeter (LS/cm) in
2009, comparable to the range of 5 to 39 uS/cm observed in 2010. For all rain events, the
rainwater harvested after the first-flush from the green roof yielded higher conductivity values as
compared to the other roofing materials with values ranging from 118 to 336 uS/cm in 2009 and
45 to 92 uS/cm in 2010. Conductivity values in the ambient rain of the pilot-scale study ranged
from 18 to 61 pS/cm in 2009 and 9 to 17 puS/cm in 2010; conductivity values in the ambient rain
of the full-scale study ranged from 5 to 13 pS/cm. These values are comparable to those
measured by Yaziz et al. (1989) in ambient rain, ranging from 6 uS/cm to 33 puS/cm.
Conductivity in the rainwater harvested after the first-flush for the full-scale Kynar®-coated
Galvalume® roof ranged from 5 to 10 uS/cm. The 2010 data showed that the rainwater
harvested after the first-flush from the Galvalume® roof had slightly higher conductivity values
than did the Kynar®-coated-Galvalume® roof. Using a conductivity-TDS correlation from the
literature (Singh and Kalra, 1975), the estimated TDS of rainwater harvested after the first-flush
for all of the roofs in this study met the secondary standard for TDS.
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Table 3-4. Conductivity (uS/cm) in harvested rainwater from pilot-scale roofs. Median (minimum-
maximum) values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current
study) are shown.

Roof type First-flush Tank 1 Tank 2

Shingle 103 (24-344) 16 (9-57) 26 (8-47)

Galvalume® 34 (6-167) 16 (5-56) 23 (9-39)

Tile 58 (12-413)  30(12-180) 29 (18-139)

Cool 57 (18-184) 22 (7-59) 18 (11-53)

Green 180 (53-343) 98 (45-336) 187 (92-319)

Ambient rain 18 (9-61)

Table 3-5. Conductivity (uS/cm) in harvested rainwater from full-scale Kynar®-coated Galvalume®

roof. The range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank1 Tank2®
Kynar®-coated Galvalume® 11-29 10" 5
Ambient rain 5-13

* Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.
® The same conductivity was measured for both rain events.

Turbidity is a measure of the cloudiness of a water and is measured in standard nephelometric
turbidity units (NTU); turbidity is undesirable because the particulate matter might harbor
chemical pollutants or microorganisms that are harmful if ingested. Table 3-6 summarizes the
median, minimum, and maximum turbidity for the pilot-scale roofs. Table 3-7 summarizes the
range of turbidity for the full-scale Kynar®-coated Galvalume® roof. In general for the pilot-
and full-scale roofs, turbidity decreased from the first-flush to the subsequent tank(s), with final
values of turbidity that were on the same order as that of ambient rain. For the pilot-scale study,
turbidity readings in the first-flush through the second tank ranged from 2 NTU to 105 NTU in
2009 and 2 to 11 NTU in 2010. These are comparable to the 4 to 94 NTU reported in harvested
rainwater from Yaziz et al. (1989). For all rain events in 2009, rainwater harvested after the
first-flush from the Galvalume®, tile, and cool roofs yielded higher turbidity values as compared
to other roofing materials, up to 36 NTU. Also in 2009, the lowest turbidity values were found in
rainwater harvested after the first-flush from the green roof, ranging from 3 NTU to 11 NTU.
This result was not consistent in the 2010 rain events, which showed that rainwater harvested
after the first-flush from the Galvalume® roof yielded the lowest turbidity values as compared to
all other roofs, with values ranging from 2 to 3 NTU. According to the 2010 data, the harvested
rainwater after the first-flush from the Galvalume® roof showed slightly higher turbidity values
than did the Kynar®-coated Galvalume® roof, but the turbidity in the ambient rain at the pilot-
scale site was higher than that at the full-scale site. All roofing materials yielded higher turbidity
values than the 1 NTU maximum recommended for potable use of harvested rainwater (TWDB,
20006); all turbidity values also were higher than the USEPA primary drinking water standard
(USEPA, 2009), which states that for systems using conventional or direct filtration, turbidity
must never be above 1 NTU and 95% of samples in one month must be less than or equal to 0.3
NTU. Thus, we recommend treatment for turbidity (e.g., filtration) in rainwater harvested for
potable use.
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Table 3-6. Turbidity (NTU) in harvested rainwater from pilot-scale roofs. Median (minimum-
maximum) values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current
study) are shown.

Roof type First-flush Tank 1 Tank 2

Shingle 14 (4-41) 9 (3-24) 9 (3-14)

Galvalume® 31 (2-102) 7 (2-30) 7 (2-9)

Tile 26 (5-64) 16 (2-36) 4(2-9)

Cool 37 (9-105) 7 (2-26) 5(2-13)

Green 4 (3-15) 3 (3-11) 4 (3-4)

Ambient rain 4 (3-8)

Table 3-7. Turbidity (NTU) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof.
The range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank1 Tank2®

Kynar®-coated Galvalume® 3-4 1-2 1

Ambient rain 1-2

* Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

TSS is a measure of the particulate matter present in a water; TSS is undesirable because the
particulate matter might harbor chemical pollutants or microorganisms that are harmful if
ingested. Table 3-8 summarizes the median, minimum, and maximum TSS for the pilot-scale
roofs. Table 3-9 summarizes the range of TSS for the full-scale Kynar®-coated Galvalume®
roof. In comparison to the TSS values in 2009, similar trends were seen for TSS in 2010. Most of
the data showed that TSS decreased from the first-flush to the subsequent tank(s), with final
values of TSS that were on the same order as that of ambient rain. However, for the June 30,
2010 rain event, there was an increasing trend in TSS from the first-flush to the first tank for the
shingle, Galvalume®, and cool roofs; this is most likely due to the high precipitation of more
than 5 in, which might have abruptly flushed particles into the sampling system. Yaziz et al.
(1989) reported 53 to 276 milligrams per liter (mg/L) TSS in harvested rainwater; these are
similar to the rainwater harvested after the first-flush in the pilot-scale study with values of 1 to
118 mg/L in 2009, comparable to the range of 0 to 128 mg/L observed in 2010. TSS in the
rainwater harvested after the first-flush for the full-scale Kynar®-coated Galvalume® roof
ranged from 4 to 7 mg/L. According to the 2010 data, the rainwater harvested after the first-flush
from the Galvalume® roof showed higher TSS than did the Kynar®-coated Galvalume® roof,
but the TSS in the ambient rain at the pilot-scale site was higher than that at the full-scale site.
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Table 3-8. TSS (mg/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are
shown.

Roof type First-flush Tank 1 Tank 2

Shingle 29 (6-123) 30 (6-128) 38 (12-53)

Galvalume® 96 (4-260) 58 (2-87) 33 (20-75)

Tile 95 (3-164) 23 (1-80) 19 (0-37)

Cool 114 (6-238) 76 (6-118) 33 (4-46)

Green 18 (3-84) 12 (3-53) 10 (1-49)

Ambient rain 17 (0-46)

Table 3-9. TSS (mg/L) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The
range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank1 Tank2®

Kynar®-coated Galvalume® 8-9 4-5 7

Ambient rain 0-1

* Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

Nitrate is an inorganic ion that can be reduced to nitrite in the human body, and nitrite can cause
blue baby syndrome in infants. Table 3-10 summarizes the median, minimum, and maximum
nitrate concentrations for the pilot-scale roofs. Table 3-11 summarizes the range of nitrate
concentrations for the full-scale Kynar®-coated Galvalume® roof. For each rain event, nitrate
concentrations decreased from the first-flush to the subsequent tank(s), with final values of
nitrate that were similar to that of ambient rain. Nitrate concentrations in the rainwater harvested
after the first-flush for the pilot-scale roofs ranged from 0 to 3.3 mg/L NOs™-N in 2009,
comparable to the range of 0.3 to 2.1 mg/L NOs™-N observed in 2010; nitrate concentrations in
the rainwater harvested after the first-flush for the full-scale Kynar®-coated Galvalume® roof
ranged from 0 to 1.2 mg/L NOs™-N. According to the 2010 data, the harvested rainwater after the
first-flush from the Galvalume® roof showed nitrate concentrations that were comparable to
those from the Kynar®-coated Galvalume® roof. All nitrate concentrations are well below the
USEPA drinking water maximum contaminant level (MCL) of 10 mg/L NO;™-N. Thus no
treatment for nitrate is needed for potable use of harvested rainwater from the tested roofing
locations. However, nitrate concentrations in harvested rainwater can vary based on
geographical location, and we recommend that those employing harvested rainwater for potable
use should occasionally check the nitrate concentration in their harvested rainwater.
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Table 3-10. Nitrate (mg/L NO3™-N) in harvested rainwater from pilot-scale roofs. Median (minimum-
maximum) values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current
study) are shown.

Roof type First-flush Tank 1 Tank 2

Shingle 3.7(0.9-54) 1.5(0.1-2.0) 0.9(0.0-1.4)

Galvalume® 1.6 (0.0-3.7) 1.6(0.0-2.0) 1.2 (0.0-1.8)

Tile 2.9(1.0-3.7) 1.1(0.2-2.2) 1.3(0.0-1.4)

Cool 1.7(0.4-4.8) 1.3(0.0-2.1) 1.4(0.0-1.7)

Green 2.3(0.6-3.5) 1.9(0.0-3.3) 1.8(0.0-2.0)

Ambient rain 0.9 (0.0-2.4)

Table 3-11. Nitrate (mg/L NO3™-N) in harvested rainwater from full-scale Kynar®-coated Galvalume®
roof. The range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank1 Tank2®

Kynar®-coated Galvalume® 0.0-1.2 0.0-1.2 0.0

Ambient rain 0.0-1.2

 Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

Nitrite is an inorganic ion that can cause blue baby syndrome in infants. Table 3-12 summarizes
the median, minimum, and maximum nitrite concentrations for the pilot-scale roofs. Table 3-13
summarizes the range of nitrite concentrations for the full-scale Kynar®-coated Galvalume®
roof. Similar to nitrate, the nitrite concentrations decreased from the first-flush to the subsequent
tank(s), with final values of nitrite that were similar to that of ambient rain. Nitrite concentrations
in rainwater harvested after the first-flush for the pilot-scale roofs ranged from 0.00 to 0.04 mg/L
NO,-N in 2009, comparable to the range of 0.00 to 0.06 mg/L NO,-N observed in 2010; nitrite
concentrations in the rainwater harvested after the first-flush for the full-scale Kynar®-coated
Galvalume® roof ranged from 0.00 to 0.01 mg/L. NO,-N. According to the 2010 data, the
harvested rainwater after the first-flush from the Galvalume® roof showed nitrite concentrations
that were comparable to those from the Kynar®-coated-Galvalume® roof. All post-first-flush
nitrite concentrations are well below the USEPA drinking water MCL for nitrite (1 mg/L NO,'-
N). In the April 18, 2009 rain event, only the first-flush of the Galvalume® roof yielded a nitrite
concentration higher than the drinking water regulation; this was not reproduced in subsequent
rain events of 2009 and 2010, which showed 0.00 to 0.09 mg/L. NO;-N in the first-flush from the
Galvalume® roof. However, nitrite concentrations in harvested rainwater can vary based on
geographical location, and we recommend that those employing harvested rainwater for potable
use should occasionally check the nitrite concentration in their harvested rainwater.
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Table 3-12. Nitrite (mg/L NO,-N) in harvested rainwater from pilot-scale roofs. Median (minimum-
maximum) values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current
study) are shown.

Roof type First-flush Tank 1 Tank 2

Shingle 0.05(0.01-0.21)  0.02 (0.00-0.05)  0.02 (0.01-0.03)

Galvalume® 0.03 (0.00-1.13)  0.02 (0.00-0.03)  0.02 (0.00-0.02)

Tile 0.04 (0.01-0.24)  0.02 (0.01-0.04)  0.02 (0.00-0.03)

Cool 0.03 (0.00-0.34)  0.02 (0.00-0.04)  0.01 (0.01-0.02)

Green 0.04 (0.02-0.05)  0.02 (0.01-0.06)  0.02 (0.01-0.04)

Ambient rain

0.01 (0.00-0.03)

Table 3-13. Nitrite (mg/L NO,-N) in harvested rainwater from full-scale Kynar®-coated Galvalume®
roof. The range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank1l Tank2®

Kynar®-coated Galvalume® 0.00-0.02 0.00-0.01 0.00

Ambient rain 0.00-0.01

* Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

DOC is a general measure of the organic material dissolved in a water. While some DOC
compounds are directly harmful to human health (e.g., certain pesticides), other DOC
compounds can react with chlorine during disinfection to produce DBPs that are harmful to
human health. USEPA regulations of DBPs in drinking water have focused on trihalomethanes
(THMs) and haloacetic acids (HAAs). Humans can be exposed to these DBPs through ingestion
of and showering, bathing, and swimming in water treated with chlorine (Nieuwenhuijsen et al.,
2009). Strong epidemiological evidence exists for a relationship between certain DBPs and
bladder cancer, and more limited evidence exists for a relationship between certain DBPs and
other cancers, such as colorectal, liver, kidney, brain, lung, and breast cancers (Nieuwenhuijsen
et al., 2009). Some evidence exists for a relationship between certain DBPs and small for
gestational age/intrauterine growth retardation and preterm delivery (Nieuwenhuijsen et al.,
2009). Thus, the chlorination of harvested rainwater containing DOC could produce DBPs that
are harmful to human health.

Table 3-14 summarizes the median, minimum, and maximum DOC concentrations for the pilot-
scale roofs. Table 3-15 summarizes the range of DOC concentrations for the full-scale Kynar®-
coated Galvalume® roof. DOC concentrations in the rainwater harvested after the first-flush for
the pilot-scale roofs ranged from 2.3 mg/L to 37.3 mg/L in 2009, comparable to the range of 0.8
to 34.8 mg/L observed in 2010; DOC concentrations in the rainwater harvested after the first-
flush for the full-scale Kynar®-coated Galvalume® roof ranged from 1.2 to 1.4 mg/L. According
to the 2010 data, the harvested rainwater after the first-flush from the Galvalume® roof showed
DOC concentrations that were comparable to those from the Kynar®-coated Galvalume® roof.
Most of the data showed that DOC concentrations decreased from the first-flush through the first
and second tanks. The shingle roof, however, showed an increasing trend in DOC concentration
from the first-flush to the first tank for all rain events in 2009; for the three rain events, average
DOC concentrations were 0.5 mg/L in the first-flush and 12 mg/L in the first tank. This was not
consistent in 2010, which showed that in all rain events, DOC concentrations in the harvested
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rainwater from the shingle roof had a significant decrease from the first-flush to the first and
second tanks; for the three rain events, average DOC concentrations were 22 mg/L in the first-
flush and 4 mg/L in the first tank. It is possible that the capacity for and kinetics of DOC
leaching from a shingle roof change as the roof ages. Berdahl et al. (2008) discuss the changes
in roofing materials due to photodegradation via UV light from the sun, elevated temperature,
moisture, and microbial growth; thus, since roofing materials change with age, it is possible that
the amount and rate of DOC leaching from a shingle roof also change with age.

Most of the data from 2009 and 2010 showed that the green roof yielded the highest DOC
concentration in the second tank, while the Galvalume® and cool roofs yielded the lowest DOC
concentration in the second tank. If the post-first-flush water were disinfected by chlorination
prior to potable use, higher DOC concentrations (i.e., from the green roof) would be likely to
produce higher concentrations of DBPs. While the shingle roof yielded relatively high DOC
concentrations post-first-flush in 2009 (when the roof was brand new), the post-first-flush DOC
concentrations in 2010 were much more reasonable; thus, the concentrations of DBPs formed in
rainwater harvested from a shingle roof also might decrease as the roof ages. Additional data are
needed to verify the trend of decreasing DOC concentrations from a shingle roof over time.

Table 3-14. DOC (mg/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are
shown.

Roof type First-flush Tank 1 Tank 2

Shingle 8.9 (0.1-27.5) 7.5(2.7-15.4) 10.2(2.8-13.4)

Galvalume® 4.2 (1.1-30.0) 2.7(0.8-11.4) 2.5(2.3-7.4)

Tile 5.3(0.4-16.7) 3.9(2.1-11.6) 6.2 (3.2-10.1)

Cool 9.0 (5.6-17.3) 5.6 (2.0-14.0) 4.9 (2.3-5.8)

Green 25.3(12.5-36.4) 22.4(2.6-37.3) 25.5(7.8-35.1)

Ambient rain 3.3(3.0-4.7)

Table 3-15. DOC (mg/L) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The
range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank1 Tank2®

Kynar®-coated Galvalume® 1.3-3.1 1.2-14 1.3

Ambient rain 0.0-1.4

* Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

TC and FC are groups of indicator microorganisms whose presence has traditionally been used to
signal the possible presence of pathogenic (disease-causing) microorganisms in water. Tables 3-
16 and 3-18 summarize the median, minimum, and maximum TC and FC concentrations,
respectively, for the pilot-scale roofs. Tables 3-17 and 3-19 summarize the range of TC and FC
concentrations, respectively, for the full-scale Kynar®-coated Galvalume® roof. TC and FC
concentrations generally decreased from the first-flush to the first and second tanks. The
rainwater harvested after the first-flush often had detectable TC and FC, indicating the potential
presence of pathogenic microorganisms. Thus, we recommend disinfection prior to potable use.
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The green roof showed low coliform concentrations in the harvested rainwater after the first-
flush for the April 18, 2009 and June 11, 2009 rain events, with TC concentrations from 7 to 12
colony forming units per one-hundred milliliters (CFU/100mL) and FC concentrations of <1
CFU/100mL. This was not true of the July 23, 2009 rain event, which showed much higher
coliform concentrations in the harvested rainwater after the first-flush from the green roof; TC
concentrations from 833 to 1300 CFU/100mL and FC concentrations from 270 to 390
CFU/100mL were observed. The inter-event variability in FC and TC concentrations in the
harvested rainwater after the first-flush from the green roof also occurred in 2010. For the July 8,
2010 rain event, the rainwater harvested after the first-flush from the green roof showed non-
detectable TC and FC concentrations; for the September 22, 2010 event, the rainwater harvested
after the first-flush from the green roof also had non-detectable FC concentrations but showed a
high TC concentration of 667 CFU/100mL. Fire-ant colonizations of the green roofs have been
observed from time to time, which might be linked to increases in coliform concentrations; in
future samplings, the timing of fire-ant colonizations will be noted.

Ambient rainwater from the pilot-scale study contained TC concentrations from 547 to 648
CFU/100mL and FC concentrations from 3 to 33 CFU/100mL in 2009, comparable to the range
of TC from 340 to 620 CFU/100mL and FC from 43 to 200 CFU/100mL observed in 2010; the
ambient rainwater from the full-scale study had a range of TC from 268 to 45500 > CFU/100mL
and FC from <1 to 73 CFU/100mL. Another study (Yaziz et al., 1989) found no TC or FC in
ambient rain collected from one meter above the ground. Our ambient sample also was collected
approximately one meter above the ground, but the sampler was left open overnight to collect
early morning rain events. The higher TC and FC concentrations in our ambient samples might
be due to overnight contamination, including airborne deposition or presence of wildlife.

The TC and FC concentrations from the Galvalume® and Kynar®-coated Galvalume® roofs
were similar (after leaving out the anomalous September 24, 2010 data for the coated roof). The
rainwater harvested from the Galvalume® roof often showed lower FC concentrations as
compared to the other pilot-scale roofs (except the green roof). Since metals tend to have higher
surface temperatures in sunlight as compared to higher emissivity materials (Bretz et al., 1998),
these higher temperatures might have inactivated some of the FC on the Galvalume® roof.

Table 3-16. TC (CFU/100mL) in harvested rainwater from pilot-scale roofs. Median (minimum-
maximum) values for 5° rain events collected in 2009 (Mendez et al., 2010) and 2010 (current
study) are shown.

Roof type First-flush Tank 1 Tank 2
Shingle 2470 (1500-8100) 800 (203-6933) 256 (177-733)
Galvalume® 767 (300-1267) 167 (<1-770) 416 (117-500)
Tile 1680 (1017-5617) 832 (225-983) 567 (293-783)
Cool 1882 (1683-5450) 917 (130-3750) 226 (150-867)
Green 333 (13-1233) 12 (<1-1300) 8(7-833)
Ambient rain 550 (340-648)

# TC concentrations from June 30, 2010 were not measured.

2 The high TC and FC concentrations in the harvested rainwater from the full-scale Kynar®-coated Galvalume®
roof are from the September 24, 2010 rain event. Rain was expected during the weekend so the tanks were left at the
site for three days before collection. As a result, there likely was microbial growth in the tanks during that period.
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Table 3-17. TC (CFU/100mL) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof.
The range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank 1 Tank 2*

Kynar®-coated Galvalume®  3367-47000  317-20500 277

Ambient rain 268-45500

? Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

Table 3-18. FC (CFU/100mL) in harvested rainwater from pilot-scale roofs. Median (minimum-
maximum) values for 5° rain events collected in 2009 (Mendez et al., 2010) and 2010 (current
study) are shown.

Roof type First-flush Tank 1 Tank 2
Shingle 167 (32-400) 50 (<1-87) 25(9-32)
Galvalume® 13 (2-17) 3 (<1-10) 1 (<1-6)
Tile 30 (10-93) 9(5-73) 1(1-8)
Cool 35(25-317) 16 (<1-22) 7 (6-8)
Green <1 (<1-550) <1 (<1-390) <1 (<1-270)
Ambient rain 33 (3-200)

# FC concentrations from June 30, 2010 were not measured.

Table 3-19. FC (CFU/100mL) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof.
The range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank 1 Tank 2?

Kynar®-coated Galvalume® <1-267 <1-37 33

Ambient rain <1-73

? Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

The presence of certain metals in drinking water is a nuisance (e.g., staining of fixtures), while
the presence of other metals in drinking water poses a direct threat to human health. A total of 9
metals were analyzed for the harvested rainwater, including aluminum (Al), arsenic (As),
cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), lead (Pb), selenium (Se), and zinc (Zn).
Al Fe, and Zn are nuisance metals, while the ingestion of As, Cd, Cr, Pb, and Se can be harmful
to human health; Cu is both a nuisance metal and problematic from a health standpoint. Tables
3-20 to 3-37 summarize the median, minimum, and maximum metal concentrations for the pilot-
scale roofs and the range of metal concentrations for the full-scale Kynar®-coated Galvalume®
roof. For 2009 and 2010, most of the data from the pilot- and full-scale studies showed that metal
concentrations decreased from the first-flush through the first and second tanks, with final metal
concentrations that were close to those of ambient rain. Below, the notable exceptions to this are
discussed. As, Cd, and Se were often undetectable.

The rainwater harvested after the first-flush from the pilot-scale green roof had the highest As
and Pb concentrations (Tables 3-22 and 3-32, respectively) as compared to the other roofing
materials. The rainwater harvested after the first-flush from the Galvalume® and green roofs
had the highest Zn concentrations as compared to the other roofing materials (Table 3-36). The
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elevated As, Pb, and Zn from the green roofs suggest that the composition of the growing media
must be carefully evaluated if the harvested rainwater is intended for potable use. The rainwater
harvested after the first-flush from the shingle roof had the highest Cu concentrations (Table 3-
28). Asphalt fiberglass shingles can be a source of copper in harvested rainwater because copper
is often added to them (including the GAF-EIlk shingles used in this study) to prevent the growth
of algae and moss.

The metal concentrations for all roofs in the rainwater harvested after the first-flush are
compared to USEPA MCLs or action levels in Tables 3-38 and 3-39. With the exception of Al
and Fe, the 2009 and 2010 data show that all metal concentrations in the rainwater harvested
after the first-flush for the pilot-scale roofs meet USEPA standards for drinking water (Table 3-
38). For the rainwater harvested after the first-flush, all of the pilot-scale roofs violate the Al
drinking water standard, and only the green pilot-scale roof does not violate the Fe drinking
water standard. All metal concentrations (including Al and Fe) in the rainwater harvested after
the first-flush for the full-scale Kynar®-coated Galvalume® roof meet USEPA standards for
drinking water (Table 3-39).

While the rainwater harvested after the first-flush from the Galvalume® roof showed higher
metal concentrations (Al, Cr, Cu, Fe, Pb, and Zn) than did the Kynar®-coated-Galvalume® roof,
this often coincided with higher metal concentrations in the ambient rain at the pilot-scale
Galvalume® roof site. All metals, except Cd and Cr, showed a decrease in concentration in
harvested rainwater at the pilot-scale site from 2009 to 2010, which is consistent with a decrease
in metal concentrations in ambient rain from 2009 to 2010.

Table 3-20. Al (ng/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are
shown.

Roof type First-flush Tank 1 Tank 2

Shingle 343.66 (42.36-3349.00) 176.63 (69.15-374.87) 270.33 (17.63-717.80)

Galvalume® 612.23 (20.42-2049.67) 92.91 (14.27-472.87) 205.82 (23.75-554.87)

Tile 650.36 (196.89-1780.00) 232.14 (54.66-939.50) 228.90 (31.27-532.13)

Cool 636.14 (121.99-3756.00)  514.14 (210.49-847.33)  151.32(77.59-513.17)

Green 134.16 (49.96-282.13) 127.78 (63.03-182.07) 141.02 (94.59-181.87)

Ambient rain 170.74 (4.15-558.83)

Table 3-21. Al (pg/L) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The
range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank 1 Tank2*

Kynar®-coated Galvalume® 0.06-12.21 5.31-6.68 0.06

Ambient rain 11.54-55.38

* Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.
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Table 3-22. As (ng/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are
shown.

Roof type First-flush Tank 1 Tank 2

Shingle 0.60 (<0.29 -4.20)  <0.29 (<0.29-0.67)  <0.29 (<0.29-0.65)

Galvalume® 0.39(<0.29-0.97)  <0.29 (<0.29-0.34)  <0.29 (<0.29-0.30)

Tile 0.61(<0.29 -2.69)  <0.29(<0.29-1.33)  <0.29 (<0.29-0.50)

Cool 0.37(<0.29 -1.06) ~ <0.29(<0.29-0.46)  <0.29 (<0.29-<0.29)

Green 4.49 (2.98-8.45) 6.16 (2.24-7.92) 6.05 (3.48-8.38)

Ambient rain

<0.29 (<0.29 -<0.29)

Table 3-23. As (ng/L) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The
range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank 1 Tank2?

Kynar®-coated Galvalume® <0.01-<0.01 <0.01-<0.01 <0.01

Ambient rain <0.01-<0.01

* Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

Table 3-24. Cd (pg/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are
shown.

Roof type First-flush Tank 1 Tank 2

Shingle <0.10 (<0.10-0.14)  <0.10(<0.10-<0.10)  <0.10 (<0.10-<0.10)

Galvalume® <0.10 (<0.10-0.34)  <0.10 (<0.10-<0.10)  <0.10 (<0.10-<0.10)

Tile <0.10(<0.10-2.91)  <0.10 (<0.10-<0.10)  <0.10 (<0.10-<0.10)

Cool <0.10 (<0.10-0.44)  <0.10 (<0.10-<0.10)  <0.10 (<0.10-<0.10)

Green

Ambient rain

<0.10 (<0.10-4.46)
<0.10 (<0.10-0.15)

<0.10 (<0.10-<0.10)

<0.10 (<0.10-<0.10)

Table 3-25. Cd (pg/L) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The
range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank 1 Tank 2*

Kynar®-coated Galvalume® <0.07-<0.07 <0.07-<0.07 <0.07

Ambient rain <0.07-<0.07

* Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for

Tank 2.
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Table 3-26. Cr (ng/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are
shown.

Roof type First-flush Tank 1 Tank 2

Shingle 1.02 (<0.12-5.00) 0.18 (<0.12-1.70) 0.35 (<0.12-0.66)

Galvalume® 3.69 (1.03-12.52) 0.78 (0.29-5.33) 0.75 (0.16-3.29)

Tile 1.73 (0.61-6.59) 0.49 (0.15-2.93) 0.58 (0.21-0.89)

Cool 0.98 (0.23-3.15) 0.40 (0.20-0.57) <0.12 (<0.12-0.44)

Green 0.61 (0.22-1.61) 0.34 (0.19-1.94) 0.72 (0.20-1.71)

Ambient rain 0.26 (<0.12-3.02)

Table 3-27. Cr (ng/L) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The
range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank 1 Tank2?®

Kynar®-coated Galvalume® 0.17-0.27 0.11-0.14 0.08

Ambient rain 0.06-0.29

* Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

Table 3-28. Cu (pg/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are
shown.

Roof type First-flush Tank 1 Tank 2

Shingle 184.71 (38.71-600.30) 18.43 (5.64-45.75) 21.09 (1.67-72.16)

Galvalume® 2.57 (<0.63-9.88) 1.76 (<0.63-4.84) 2.36 (1.10-4.65)

Tile 5.38 (<0.63-36.85) 1.91 (<0.63-19.05) 3.89 (<0.63-14.35)

Cool 3.44 (<0.63-12.80) 1.87 (<0.63-5.16) 0.80 (<0.63-2.11)

Green 3.64 (<0.63-9.01) 5.22 (<0.63-6.98) 5.83 (<0.63-12.39)

Ambient rain <0.63 (<0.63-11.70)

Table 3-29. Cu (pg/L) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The
range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank 1 Tank2?

Kynar®-coated Galvalume® <0.02-<0.02 <0.02-<0.02 <0.02

Ambient rain <0.02-<0.02

? Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.
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Table 3-30. Fe (ng/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are
shown.

Roof type First-flush Tank 1 Tank 2

Shingle 299.34 (10.26-2105.00) 120.09 (41.97-342.47) 236.87 (10.62-480.93)

Galvalume® 611.36 (17.77-1687.67) 65.54 (8.94-323.93) 148.31 (40.94-563.00)

Tile 627.64 (136.75-1488.33) 186.04 (14.54-761.57) 153.00 (20.16-364.47)

Cool 335.31 (43.67-3535.00) 428.84 (106.65-721.43)  116.55 (59.87-341.80)

Green 74.82 (27.85-222.30) 51.34 (20.33-78.61) 55.58 (32.69-71.65)

Ambient rain 232.25 (12.40-1056.00)

Table 3-31. Fe (ng/L) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The
range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank 1 Tank2*

Kynar®-coated Galvalume®  6.23-23.83 4.93-7.88 4.10

Ambient rain 12.12-42.00

* Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

Table 3-32. Pb (ng/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are
shown.

Roof type First-flush Tank 1 Tank 2

Shingle 0.91 (<0.12-5.19)  0.35(<0.12-0.87)  0.54 (<0.12-1.19)

Galvalume® 2.56 (<0.12-6.40) 0.30(<0.12-1.08)  1.48 (0.27-5.65)

Tile 2.68 (0.81-13.62) 0.85(<0.12-8.72)  1.57 (0.49-2.89)

Cool 3.56 (0.26-11.51)  1.33 (0.72-2.49) 0.58 (0.50-1.28)

Green 8.38 (5.71-39.69)  3.09 (1.36-5.39) 2.62 (1.04-4.22)

Ambientrain  0.67 (<0.12-0.94)

Table 3-33. Pb (pg/L) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The
range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank 1 Tank2?

Kynar®-coated Galvalume® <0.01-0.21  <0.01-<0.01 <0.01

Ambient rain <0.01-1.54

? Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.
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Table 3-34. Se (ng/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are
shown.

Roof type First-flush Tank 1 Tank 2

Shingle 0.26 (0.20-1.33) <0.14 (<0.14-0.21)  <0.14 (<0.14-0.21)

Galvalume® 021 (<0.14-0.91)  <0.14(<0.14-0.24) ~ <0.14(<0.14-0.19)

Tile 0.28 (0.15-1.16) <0.14 (<0.14-0.37)  <0.14 (<0.14-0.27)

Cool 0.31 (0.19-0.90) <0.14 (<0.14-0.31)  <0.14 (<0.14-0.22)

Green 0.36 (<0.14-0.39) 0.35 (<0.14-0.50) 0.31 (0.28-0.50)

Ambient rain <0.14 (<0.14-0.16)

Table 3-35. Se (ng/L) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The
range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank 1 Tank2?

Kynar®-coated Galvalume®  0-15-0.21 0.10-0.18 0.05

Ambient rain 0.07-0.14

* Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

Table 3-36. Zn (pg/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for 6 rain events collected in 2009 (Mendez et al., 2010) and 2010 (current study) are
shown.

Roof type First-flush Tank 1 Tank 2

Shingle 58.92 (17.15-160.57) 12.02 (7.96-81.95) 24.56 (6.29-84.77)

Galvalume® 709.53 (208.29-852.13)  184.99 (128.77-297.79)  178.38 (77.46-362.13)

Tile 164.83 (44.81-542.47) 69.02 (2.42-313.67) 73.44 (19.70-118.17)

Cool 203.56 (88.63-483.33) 50.02 (37.93-121.97) 43.47 (15.81-98.70)

Green 399.35 (152.29-786.37)  314.93 (76.28-525.17) 278.48 (89.34-353.27)

Ambient rain 14.74 (0.86-108.97)

Table 3-37. Zn (pg/L) in harvested rainwater from full-scale Kynar®-coated Galvalume® roof. The
range of values for 2 rain events collected in 2010 is shown.

Roof type First-flush Tank 1 Tank2?

Kynar®-coated Galvalume®  97.99-178.79 57.38-176.99 75.37

Ambient rain 1.36-69.61

? Only the September 7, 2010 event had enough rainfall to reach Tank 2. Thus, only one data point is shown for
Tank 2.

19



TWDB Report: Effect of Roof Material on Water Quality for Rainwater Harvesting Systems - Additional Physical,
Chemical, and Microbiological Data

Table 3-38. Comparison of metal concentrations (ug/L) in harvested rainwater from 2009 (Mendez et al.,
2010) and 2010 (current study) of the pilot-scale roofs with USEPA drinking water
standards.

Metal Primary 2009 metal concentrations in 2010 metal concentrations in
USEPA MCL first and second tanks from first and second tanks from

(pg/L) all pilot-scale roofs (ug/L) all pilot-scale roofs (ug/L)

Arsenic 10 <0.29 to 8.38 0.03 to 6.73

Cadmium 5 <0.10 <0.01 to 0.04

Chromium 100 <0.12 t0 2.93 0.09 to 5.33

Selenium 50 <0.14 to0 0.50 0.02 to 0.37

USEPA
Action Level (ug/L)
Copper 1300 <0.63 to 72.16 <0.02 to 12.43
Lead 15 <0.12 t0 8.72 <0.01to 5.65
Secondary
USEPA MCL(pg/L)

Aluminum 50-200 73.97 t0 939.50 14.27 to 580.59

Iron 300 40.94 to 761.57 8.94 to 429.65

Zinc 5000 8.25 t0 525.17 2.42 t0397.19

Table 3-39. Comparison of metal concentrations (ug/L) in harvested rainwater from 2010 of the full-

scale Kynar®-coated Galvalume® roof with USEPA drinking water standards.

Metal Primary 2010 metal concentrations in first and second tanks

USEPA MCL (ng/L) from full-scale Kynar®-coated Galvalume® roof (ng/L)
Arsenic 10 0.02 to 0.05
Cadmium 5 <0.01 to 0.06
Chromium 100 0.08 to 0.14
Selenium 50 0.051t00.18

USEPA

Action Level (pg/L)
Copper 1300 <0.02
Lead 15 <0.01

Secondary

USEPA MCL(pg/L)
Aluminum 50-200 <0.1 to 6.68
Iron 300 4.10to 7.88
Zinc 5000 57.38 t0 176.99

4 Task 6. Microbial diversity of harvested rainwater

The overall diversity of the microorganisms in the harvested rainwater was assessed by two
molecular techniques: T-RFLP and sequencing of the 16S rRNA gene. T-RFLP was used to
determine if there was a major change in the overall diversity (i.e., number of different
microorganisms and relative abundance of each microorganism) of the microbial community
between roofing materials. Sequencing was used to identify microorganisms present in the water
at the genus level. This information was used to examine the harvested rainwater for the
presence of gram-positive versus gram-negative organisms since gram-positive bacteria are often
more difficult to disinfect; the communities also were examined for organisms that might be
human pathogens (i.e., cause disease in humans).
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In the Appendix, the detailed methods and raw electropherograms are shown for T-RFLP
(Figures 9-1 to 9-6). Table 4-1 summarizes the Shannon-Weaver index (SWI) calculated from
the T-RFLP data. The SWI is a diversity index that includes both the richness (i.e., number of
different microorganisms present) and evenness (i.e., relative abundance of different organisms
in the community) of the community. Table 4-2 summarizes the values of the Serenson index
(SI), which describes the similarity between the microbial communities of the different roofing
materials. An SI of 0 indicates that two samples had no microorganisms in common, and an SI
of 1 indicates that two samples contained all of the same microorganisms.

Table 4-1. SWI values from T-RFLP for the harvested rainwater after the first-flush from all pilot-
scale roofs” and ambient rain”.

Green 2.8
Galvalume® 2.3
Shingle 1.8
Tile 1.8
Cool 2.4
Ambient rain 1.5

? Harvested rainwater after the first-flush from April 18, 2009.
® Ambient rain from July 23, 2009.

Table 4-2. SI values from T-RFLP for the harvested rainwater after the first-flush from all pilot-scale
roofs * and ambient rain".

Cool Tile Shingle Galvalume®  Green
Ambient rain 0.38 0.43 0.29 0.35 0.41
Green 0.61 0.34 0.34 0.65 1.00
Galvalume® 0.63 0.41 0.41 1.00
Shingle 0.57 0.71 1.00
Tile 0.57 1.00
Cool 1.00

? Harvested rainwater after the first-flush from April 18, 2009.
® Ambient rain from July 23, 2009.

As shown in Table 4-1, the ambient rain had the lowest SWI value of 1.5 as compared to the
harvested rainwater from all the roofs, indicating that the ambient rain had lower microbial
diversity than did the harvested rainwater. This was expected because microorganisms may
attach and accumulate on roof surfaces, which might increase the microbial diversity in the
harvested rainwater. The highest SWI value of 2.8 suggests that the harvested rainwater from
the green roof had a more diverse microbial community as compared to the other roofing
materials, and this value is consistent with higher SWI values from soils (Dunbar et al., 2000).

As shown in Table 4-2, the low SI values of 0.29 to 0.43 between ambient rain and harvested
rainwater indicate differences between the microbial communities. This was expected because
deposition of microorganisms and microbial growth on the roof surfaces could significantly alter
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the microbial community present on the roofs. The highest SI value of 0.71 was seen between the
shingle and tile roofs suggesting similar communities between the two roofing materials.

A library of sequence information was assembled for rainwater harvested from each pilot-scale
roof, which allowed us to examine what types of bacteria are present in rainwater harvested from
different roofing materials. The discussion of each library focuses on those populations that
represent more than 5% of the library. The 16S rRNA gene clone library for the harvested
rainwater after the first-flush of the green roof (Table 4-3) showed dominant organisms (greater
than 5% of the clone library) to be Rubrobacter (8.0%), Brevibacterium (9.3%), Leifsonia
(5.3%), Staphylococcus (6.7%), Bacillus (10.7%), Rhizobium (9.3%), and Acidovorax (10.7%).
The 16S rRNA gene clone library for the harvested rainwater after the first-flush of the
Galvalume® metal roof (Table 4-4) showed dominant organisms to be cyanobacteria (20.0%),
Staphylococcus (21.4%), Acidovorax (12.9%), and Massilia (10.0%). The 16S rRNA gene clone
library for the harvested rainwater after the first-flush of the asphalt fiberglass shingle roof
(Table 4-5) showed dominant organisms to be cyanobacteria (21.3%), Staphylococcus (16.0%),
Bacillus (10.7%), and Massilia (16.0%). The 16S rRNA gene clone library for the harvested
rainwater after the first-flush of the concrete tile roof (Table 4-6) showed dominant organisms to
be Brevibacterium (16.0%), cyanobacteria (14.8%), Staphylococcus (11.1%), Bacillus (7.4%),
Sphingomonas (6.2%), Janthinobacterium (6.2%), and Massilia (12.3%). The 16S rRNA gene
clone library for the harvested rainwater after the first-flush of the cool roof (Table 4-7) showed
dominant organisms to be Brevibacterium (20.7%), actinobacteria (5.4%), Staphylococcus
(23.9%), and Bacillus (5.4%).

Staphylococcus was identified in the harvested rainwater after the first-flush from all roofs.
Staphylococcus is a group of gram-positive bacteria that has been identified in humans and
animals; some species are antibiotic-resistant and pathogenic to humans (Safdar and Maki,
2002). Bacillus was identified in the harvested rainwater after the first-flush from all roofs.
Bacillus is a group of gram-positive, spore-forming bacteria that is commonly found in soil;
some Bacillus species are pathogenic to humans.

Cyanobacteria were identified in the harvested rainwater after the first-flush from all roofs, with
the green roof having the lowest percentage of these microorganisms; cyanobacteria are
phototrophic bacteria that evolve oxygen.

Brevibacterium was identified in the harvested rainwater after the first-flush from all roofs.
Brevibacterium is a group of gram-positive bacteria that has been found in dairy products,
human skin, and blood cultures (Funke and Carlotti, 1994). Rubrobacter was identified in the
harvested rainwater after the first-flush from the green roof. Rubrobacter is a group of gram-
positive bacteria (Schabereiter-Gurtner et al., 2001) that has been identified in soils (Saul et al.,
2005), and some species are resistant to gamma radiation (Ferreira et al., 1999). Leifsonia was
identified in the harvested rainwater after the first-flush from the green, Galvalume® metal, and
concrete tile roofs. Leifsonia is a group of gram-positive bacteria that has been found in soils
(Suzuki et al., 1999).

Acidovorax was identified in the harvested rainwater after the first-flush from the green and
Galvalume® metal roofs. Acidovorax is a group of gram-negative bacteria that is commonly
found in soil. Rhizobium was identified in the harvested rainwater after the first-flush from the
green, Galvalume® metal, and cool roofs. Rhizobium is a group of gram-negative bacteria that is
common in soils. Janthinobacterium was identified in the harvested rainwater after the first-
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flush from the Galvalume® metal, concrete tile, and cool roofs. Janthinobacterium is a group of
gram-negative bacteria that is found in soil and water. Massilia was identified in the harvested
rainwater after the first-flush from all roofs except the green roof. Massilia is a group of gram-
negative bacteria that has been found in air samples (Weon et al., 2008).

The 16S rRNA gene clone libraries allow us to draw several broad conclusions. First, as
expected, soil bacteria are an important component of the microbial communities of harvested
rainwater. Second, genera containing human pathogens are present in harvested rainwater.
Third, the presence of gram-positive bacteria in the harvested rainwater will have implications
for disinfection practices, since these microorganisms are more difficult to inactivate. Based on
these results, we recommend that harvested rainwater be disinfected prior to potable use.
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Table 4-3. 16S rRNA gene clone library for the harvested rainwater after the first-flush from the green roof.
Shaded populations represent more than 5.0% of the clone library.
Phylum Class Order Family Genus Number of Perce‘nt of
clones clone library
