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Executive Summary

To evaluate the holistic impacts of the Blueprint Columbus Project, stormwater runoff
was monitored from July 2016 to October 2023 from three treatment sewersheds (Blenheim,
Indian Springs, and Cooke-Glenmont) and a control sewershed (Beechwold) in the Clintonville
neighborhood of Columbus. Differences in rainfall, hydrological, and water quality parameters
were analyzed for 340-400 storm events spanning three separate phases of the Blueprint
Columbus project (e.g., existing conditions [Pre-GI], following the installation of green
infrastructure (GI) retrofits [i.e., bioretention cells, permeable pavements, and a constructed
wetland; Post-GI], and after completion of additional infrastructure improvements [i.e., sump
pumps, downspout disconnections, and sanitary sewer lateral lining; Post-AI]). The overall goal
of the Blueprint Columbus project was to decrease total suspended solids (TSS) loads by 20%
and to “do no harm” in relation to other parameters (i.e., no increase in runoff volume from the
sewersheds).

GI implementation did not significantly change runoff depths and peak flow rates in
Cooke-Glenmont and Indian Springs. At the Blenheim sewershed, which was treated by the
densest network of bioretention cells and a large constructed wetland (i.e., 90% of the sewershed
area was treated), significant reductions in runoff depth and peak flow rate were observed post-
GI. Post-AI, the additional infrastructure improvements added runoff to the storm sewer and
reduced infiltration and inflow into the sanitary sewer. This resulted in a slight significant
increase in runoff depth at Indian Springs, the sewershed that had the largest roof area draining
to downspout redirections, indicating that the GI constructed in this area was not able to

successfully mitigate the additional stormwater. For Blenheim and Cooke-Glenmont, no



significant difference in runoff response was observed post-Al? relative to the pre-GI period,
suggesting that the overall effects of the four Blueprint pillars were negligible.

Significant changes in runoff quality were observed at the sewershed outlets between
experimental phases. At Indian Springs, water quality post-GI was similar to pre-GI conditions;
post-AI?, loads for many metals increased and concentrations for many nutrients decreased
relative to pre-GI. Notably, Indian Springs had a significant TSS load increase in the post-AI*
phase relative to pre-GI. At Cooke-Glenmont, post-GI water quality improved for many pollutant
loads and concentrations, most notably a TSS load decrease, suggesting that the GI was
effectively sequestering pollutants. These significant improvements were mostly lost in the post-
AI® phase due to the introduction of additional stormwater, reducing the effectiveness of the GI
due to (presumed) increases in bypass or overflow. Concentrations of many pollutants, including
TSS, increased post-GI at Blenheim, likely due to the addition of the Park of Roses constructed
wetland which treated low flows. Post-GI water quality improvements relative to pre-GI were
often absent in the post-AI® phase. For Blenheim, significant TSS load reductions were observed
both in the post-GI and post-AI?® phases, indicating that the City’s TSS reduction goals were met

in two of the three treatment sewersheds.



Summary of significant (p<0.05) increases (1) and decreases (|) of hydrological and water quality parameters within each sewershed. ANCOV As were
used to compare pre-GI to post-GI values and pre-GI to post-AI*> values. Dashes or parameters not mentioned coincide with no significant changes in

the treatment compared to the same time period in the control sewershed.
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Introduction

Urbanization results in the construction of impervious surfaces, mass grading, soil
compaction, and removal of vegetative cover, reducing the combined effects of canopy
interception, evapotranspiration, and infiltration in a watershed (Shuster et al. 2005). The
consequence is increased stormwater runoff volumes traveling faster over hardened impervious
surfaces, leading to instability in receiving streams, bed and bank erosion, loss of in-stream
habitat, and imbalances in sediment transport (Walsh et al. 2005; Violin et al. 2011; Tillinghast
et al. 2011; ten Veldhuis and Schleiss 2017). Furthermore, these increased volumes of
stormwater runoff often carry higher pollutant loads from urbanized areas than other land uses
(Line and White 2007; Line and White 2015; Chen et al. 2016). The severity of impacts to
receiving streams varies and is dependent on the percentage of imperviousness in the watershed,
topography, soils, vegetation, and other local factors (Bell et al. 2016).

To ameliorate some of these impacts, engineers design stormwater control measures
(SCMs) such as bioretention and permeable pavement to detain, retain, infiltrate, and
evapotranspire stormwater, reducing the rate and volume of flow discharged to receiving streams
(Moore et al. 2017). These SCMs are central to Low Impact Development (LID) strategies,
which aim to mimic pre-development hydrology more closely (Dietz 2007). Recent studies in
Ohio have shown that bioretention and permeable pavement can substantially reduce runoff
volumes even when constructed in clay soils (Winston et al. 2016b; Winston et al. 2018; Tirpak
et al. 2021). Additionally, these SCMs often employ sedimentation, filtration, adsorption, and
biological processes to sequester or remove pollutants from stormwater (Davis et al. 2009;

Winston et al. 2016a). Many studies of single SCMs have shown that if designed, installed, and
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maintained adequately, they function to reduce pollutant load to receiving streams, helping to
meet total maximum daily load (TMDL) goals and reduce stream impairment.

A growing body of literature supports the use of LID with distributed SCMs in greenfield
developments (Dietz and Clausen 2008; Line et al. 2012; Wilson et al. 2014). However,
installing green infrastructure (GI) as part of new developments is substantially simpler, cheaper,
and more effective than retrofitting GI into existing developments, where open space is limited
and existing utilities abound. Modeling studies have shown that minor to vast differences in
runoff reduction (10-70%) may be achieved when retrofitting SCMs depending on SCM type
and scale of implementation (Wright et al. 2016). Field studies of retrofitted networks of SCMs
in the municipal right-of-way support these findings (e.g., Page et al. 2015a, 2015b); however,
more research is needed to quantify how targeted GI retrofits affect sewershed-scale hydrology
and water quality. The goal of this research was to quantify the holistic impacts of GI
implementation in the Clintonville neighborhood of Columbus, Ohio, as part of the Blueprint
Columbus project. This report documents findings related to stormwater hydrology and water
quality following the implementation of (1) SCMs and (2) other infrastructure improvements in

the neighborhood by the City of Columbus.

Project Overview

Much of the City of Columbus has separated sewer systems. Sanitary sewer overflows
(SSOs) remain a concern due to infiltration and inflow from leaky sewer pipes and porous utility
trenches, causing capacity exceedance during rain events. In 2016, 127 SSO discharge events
occurred across the remaining 34 SSO outfalls in Columbus (City of Columbus 2017a). These
represent a significant public health risk (Liao et al. 2016) and the City of Columbus is under a

United States EPA consent decree to eliminate SSOs and combined sewer overflows (CSOs)
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within its boundaries. The City of Columbus responded by creating an infrastructure plan
centered around SSO control while concurrently creating potential co-benefits (e.g., urban
habitat, stormwater control, air quality, carbon sequestration, housing values, and beautification)
provided by green infrastructure (GI) (Bolund and Hunhammar 1999; Arcadis 2015). The
resulting multi-pronged Blueprint Columbus project includes the implementation of GI
stormwater control measures (SCMs; bioretention, permeable pavement, and a constructed
wetland), lining of sewer laterals, disconnection of roof downspouts to SCMs, and a voluntary
sump pump program (Figure 1). It represents an unprecedented effort by the City of Columbus to
retrofit a network of GI and improve grey infrastructure across the city to address numerous
goals. This report details the findings based on a multi-year monitoring campaign to evaluate the
benefits of Blueprint Columbus retrofits in Clintonville on runoff quantity and quality (City of
Columbus 2017b). This will inform future decisions about SSO control strategies, providing the
city with data to produce a more accurate and comprehensive cost benefit analysis. It will also
guide the expansion of Blueprint Columbus to fulfill USEPA consent decree requirements to

reduce SSOs in neighborhoods beyond Clintonville.
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= Downspout

Sump Pump Installation
Figure 1: Four pillars of the Blueprint Columbus project.

Methods
Description of Monitored Sewersheds

Four sewersheds in the Clintonville neighborhood of Columbus, Ohio were monitored
from 2016-2023 to characterize runoff hydrology and water quality. There were very few
preexisting SCMs to treat and dissipate stormwater within this neighborhood prior to the onset of
the Blueprint Columbus project. The City of Columbus has installed GI, disconnected
downspouts, installed sump pumps, and lined sewer laterals in an effort to prevent SSOs in the
Blenheim (also referred to as Blenheim-Glencoe; BG), Cooke-Glenmont (CG), and Indian
Springs (IS) portions of the neighborhood (Figure 1, Figure 2). Because the majority of the
Beechwold (BW) area of the neighborhood was not retrofitted with GI (i.e., only 2.2% of the
watershed is treated by GI), it served as the control for the experiment. In 2019, monitoring
commenced in two additional sewersheds in Clintonville, Whetstone (WH) and Starrett (ST),

selected based on their proximity to the original four sewersheds and since they had no
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preexisting stormwater controls. In addition, monitoring was conducted at a constructed wetland
(Blenheim wetland), which was completed in late 2019; low flows from a portion of the
Blenheim sewershed are shunted to this wetland for treatment using an in-sewer weir. Water

quality and hydrology data for Blenheim accounted for flows from the wetland outlet data

starting in 2020.
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Figure 2: Boundaries of the six sewersheds monitored in this study. Distribution of bioretention cells (BRCs),
monitoring locations, and land use within each sewershed are also shown. The remaining area within each
sewershed not identified as commercial or institutional is residential.
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Except for commercial and institutional land uses, Clintonville is a primarily residential
neighborhood developed between 1910 and 1950. Six glacial ravines run east to west through
Clintonville and eventually convey stormwater to the Olentangy River. Clintonville is drained
with a system of separated storm sewers which generally outfall to the ravines. The CG, BG, and
IS sewersheds drain to Overbrook ravine while the BW sewershed drains to the Beechwold
ravine. ST and WH both discharge directly to the Olentangy River. The soils in the sewersheds
are primarily mapped as silt loams in the Cardington and Bennington soil series. While the
development patterns differ to some extent (Figure 15 to Figure 20), the neighborhood consists

primarily of small lot, single family residential land use (Table 1).

Table 1: Land use and percent imperviousness (% Imp) in the six monitored sewersheds in Clintonville.

Area % Land Use (ac) Land Use (%)
Sewershed

(ac)  Imp Resid. Comm. Instit. Resid. Comm. Instit.
BW 275.5| 38.2 263.6 10.0 2.0 95.7 3.6 0.7
BG 151.4 | 445 134.2 7.4 9.9 88.6 4.9 6.5
CcG 28.5 | 309 28.5 0 0 100 0 0
IS 118 40.3 89.3 9.0 20.5 75.0 7.6 17.4
ST 55 34.7 55 0 0 100 0 0
WH 56 353 46 0 10 82.1 0 17.9

Note: Residential, commercial, and institutional land use denoted as “Resid.”, “Comm.”, and “Instit.”, respectively.

Imperviousness within the six monitored sewersheds ranged from a minimum of 30.9%
(Cooke-Glenmont; see Figure 17 in Appendix A) to a maximum of 44.6% (Blenheim; see Figure
18 in Appendix A) (Table 1). Roofs, roads, and driveways represented most of the impervious
cover in all sewersheds. In each of the sewersheds, rooftops comprised approximately 40% of the
total impervious area (TIA), while roads and driveways represented 20-30% and 15-25% of TIA,
respectively.

The three treatment sewersheds had differing levels of GI implementation which

facilitated comparisons of how GI density affects runoff quantity and quality at the sewershed
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scale (Table 2). Because establishment of the Whetstone and Starrett monitoring locations

occurred after GI implementation in the treatment sewersheds commenced, they were excluded

from all pre- versus post-retrofit performance analyses (i.e., only the Beechwold sewershed was

used as a control in this experiment). For reference, select hydrologic data collected from

Whetstone and Starrett are summarized in Appendix B.

Table 2: Monitored Blueprint sewersheds and the number of implemented SCMs for each pillar of the
Blueprint project as of December 2023. Note: monitored sewersheds are not equivalent to the complete
project areas designated by the City of Columbus, particularly for Cooke-Glenmont where many
infrastructure improvements were completed outside of the monitored sewershed.

Blenheim Cooke Glenmont  Indian Springs
% Sewershed Imperviousness 44.5 30.9 40.3
Sewershed Area (ac) 151.4 28.5 118.0
Number of homes 1251 139 549
Green Infrastructure
Improvements # of BRCs 163 3 32
# of PP streets (acres) 0(0) 0(0) 6 (1.48)
# constructed wetlands 1(0.52) 0 0
(acres)
% of sewershed treated by GI 44, 90* 31 22
Additional Downspouts redirected (acres
Infrastructure of redirected rooftops) 233 (2.57) 68 (2.44) 232 (5.17)
Improvements
% of homes with
disconnected downspouts 18.6 48.9 423
# Sump pumps installed 179 65 234
0 .
% of homes with sump 143 46 8 426
pumps
# Lateral lining completed (# 688 78 284
of homes)
0 .
% of homes with lateral 55.0 56.1 517

lining

*GI in BG treated 44% of the sewershed; the addition of the constructed wetland increased the total sewershed area

treated by GI to 90%
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Project Timelines

Each sewershed was monitored during a pre-retrofit phase to establish baseline
hydrologic response and runoff quality (referred to as the “Pre-GI” period; Figure 3). The
infrastructure improvements of Blueprint Columbus were then implemented in a rolling fashion
throughout the three monitored sewersheds. Generally, GI was constructed in the sewersheds,
followed by sanitary sewer lateral lining and downspout redirections. The sump pump
installation phase occurred over the longest period in each sewershed (approximately 3 years).
To ensure the largest possible data sets for comparison, the period wherein GI was constructed
and the other infrastructure improvements were being built is referred to as the “Post-GI” phase
(Figure 3). In early 2020, the constructed wetland at Park of Roses was completed, receiving the
low flows form the BG sewershed. Following GI retrofits, between 22% and 90% of the
treatment sewersheds were treated by GI. By the end of 2019, the four pillars of Blueprint were
completed in Indian Springs; the same threshold was reached in Cooke-Glenmont in 2020 and
Blenheim in late 2021. The monitoring period following the completion of all infrastructure

improvements associated with Blueprint Columbus was referred to as the “Post-AI*” phase.
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Post-Al?

Data collected after all projects
completed

Date Monitored Monitored

1S &6/22/116- 63 1S 10/01/18- 42
12/01/17 09/04/19 12/14/22

CcG 6/22/116- 40 CG 9M/M7- 166 CG 08/01/20- 19
8/31M17 T7131/20 12/14/22

BG 6/22/16- 1138 BG 09/26/19- T0 BG 10/17/21- 31
10/01/18 10/16/21 10/05/23

09/05/19- 118

Figure 3: The Blueprint Columbus project was implemented between 2017 and 2021 but construction did not
occur uniformly across the three treatment sewersheds. These improvements included GI, sump pump
installations, sanitary sewer lateral lining, and home downspout redirections. The resulting analysis periods
and number of monitored storms within each period are included for each treatment sewershed.

Data Collection

Rain gauge clusters, consisting of a 0.01-inch resolution tipping bucket and a manual
gauge, were installed on a 6-ft post in an area free from overhead obstructions. A rain gauge
cluster was installed in each monitored sewershed to collect rainfall data at 1-min intervals
(Figure 4). Automated sampling equipment was used to monitor runoff hydrology and quality at
the outfall of each sewershed. ISCO 750 area velocity meters (Teledyne ISCO, Lincoln, NE)
were installed at the outfall of each sewershed and the inlet and outlet of the Blenheim wetland
and measured velocity and depth of flow which, along with the known cross-section of the
outfall, were used to determine flow rate on 1-minute intervals (Figure 4). ISCO 6712 and 3700

series samplers were used to collect runoff volume-proportional, composite stormflow samples
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from each monitoring location. Sample aliquots collected during a storm event were composited
into 18.9L containers, thus characterizing pollutant event mean concentrations (EMC). All
composite samples were composed of a minimum of five and a maximum of 50, 350 mL aliquots
describing greater than 80% of the pollutograph (U.S. EPA 2002). All samples were collected
within 24 hours of the cessation of rainfall. Data were collected during the 87-month period
between June 2016 to October 2023; data collection was discontinued between mid-December
and mid-March in each year to prevent damage to monitoring equipment and/or collection of

unreliable data due to winter weather conditions.

iy AT - : :
Figure 4: Rain gage cluster (left), sample intake (clear plastic) and area velocity meter (black) in the Cooke-
Glenmont outfall (center), and automated sampler at Beechwold (right).

Laboratory Methods

Following the cessation of rainfall, each monitoring location was visited in succession to
obtain samples and transport them to the City of Columbus laboratory for analysis, an
approximately 4-hour effort. Composite samples collected in each ISCO were shaken vigorously
to resuspend solids and were then subsampled into laboratory sample bottles for analysis of
nutrients, metals, total suspended solids (TSS), and microbial contaminants (e.g., E. coli), among
other pollutants. These constituents as well as corresponding preservation methods and method
detection limits (MDLs) are presented in Table 13 in Appendix F. All water quality samples
were immediately placed on ice and chilled to less than 4°C during transit to the City of
Columbus laboratory, located approximately 10 miles from the sampling sites.
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In addition to regular sampling, quarterly samples were collected and analyzed for
chemical oxygen demand (COD), biochemical oxygen demand (BOD), and carbonaceous
biochemical oxygen demand (cBOD) to meet National Pollutant Discharge Elimination System
(NPDES) permit requirements for the City of Columbus. Quarterly grab samples of runoff were
also collected for cyanide and oil and grease analysis. Quarterly spot measurements of runoff
temperature and dissolved oxygen were also made using a YSI Pro 1020 instrument (Y SI
Incorporated, Yellow Springs, OH). Grab samples, runoff temperature, and dissolved oxygen
measurements were obtained during the first two hours of a qualifying NPDES storm event once

per quarter.

Data Analysis

Qualifying storm events were separated using the following criteria: a minimum
antecedent dry period (ADP) of six hours and a minimum rainfall depth of 0.1 inches. Summary
statistics for each rainfall event were calculated, including depth (in), duration (hrs), average
intensity (in/hr), peak intensity (maximum over any 5-minute duration, in/hr), and ADP (days).
Runoff volume was determined by integrating under the hydrograph, while peak flow rate was
determined as the instantaneous 1-minute maximum flow rate that occurred during the flow
duration. Runoff volume and peak flow rate were then normalized by sewershed area to allow for
direct comparison between the sewersheds. Runoff and rainfall depth were separately summed
across all qualifying hydrologic events (i.e., observed, pairable events between the treatment and
control sewershed); the quotient of these metrics results in the runoff coefficient (Cr) for the
sewershed. The timing of the beginning, peak, and end of runoff was utilized to determine the

runoff duration and time to peak for each event. Following the completion of construction in
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2019, flow from the Blenheim sewershed was comprised of flow measured at that outfall and the
outlet of the wetland.

Beginning in 2020, reported concentration data for Blenheim was calculated by as the
flow weighted average of runoff concentrations at Blenheim and the wetland outlet. In the event
of missing hydrology data for either site, the median ratio of runoff for the two monitoring sites
was used to estimate volume-weighted pollutant concentrations. For all sites, a value of one-half
the detection limit was substituted for EMCs below the MDL (Antweiler and Taylor 2008).
Several data quality assurance procedures were implemented to remove erroneous data
influenced by equipment malfunction or laboratory error. For example, data corresponding to
storms with erroneous measurements from area velocity sensors (identified as instances where
the recorded time of velocity measurements did not match the occurrence of rainfall, likely due
to water main breaks or other non-rainfall sources of flow in the sewershed) were removed from
the dataset prior to analysis. Similarly, pollutant concentrations associated with potential
contamination or laboratory errors (identified in instances where concentrations were several
orders of magnitude higher than values typically found in urban runoff) were removed from the
dataset prior to analysis.

Pollutant loads at each monitoring location were determined as the product of pollutant
EMC and runoff volume on a storm-by-storm basis. Area normalized pollutant loads (Ib/ac) were
calculated as quotient of pollutant load to sewershed area. Beginning in 2020, reported load data
for Blenheim were presented as the total load from the wetland outlet and the Blenheim outfall.
Summary statistics (i.e., range, mean, median, and standard deviation) for pollutant
concentrations and loads were developed for each monitored outfall for each phase of the

experiment.
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Hydrology and water quality data were log transformed to satisfy requirements of
statistical tests. Analysis of covariance (ANCOV A) was used to identify differences in runoff
hydrology or water quality between pre-GI and post-GI phases and pre-GI and post-Al® phases.
A visual overview of this process is shown below in Figure 5. This method controls for seasonal,
temporal, and other variability by using a control sewershed and allows for confidence in the
conclusion that observed changes in a given parameter were specifically due to Blueprint
Columbus-related modifications to the sewershed. Percent changes in pollutant concentration
and load were calculated and reported using results of least squares means (LSM) analysis and

the following equation:

ur

10%c

Change (%) = ( — 1)x 100

where ur is the control-treatment LSM during the post-AI” phase and uc is the control-treatment
LSM during the pre-GI phase. Following results of statistical testing (which revealed no
significant differences between phases pre-GI and GI construction phases in Cooke-Glenmont
and Blenheim), rainfall, hydrology, and water quality data collected during these phases in
Cooke-Glenmont and Blenheim were combined to increase the sample size and bolster the
strength of statistical testing. Water quality data collected from each treatment sewershed were
paired with samples collected from the control sewershed, and summaries of minimum, median,
interquartile range, and maximum values were generated separately for treatment and control

data.

24



Original data

set

Report p-
value,
considered
significant

Report p-
value,
considered
significant

Report as not
significant

Pair each treatment data point
with control data point for
same events. Remove all data

Log transform
all data

that cannot be paired.

Significant
difference
between sites
during both
phases

Significant
difference
between sites

only in post-
Gl/post-Al?
phase

No significant
difference
between
either phase
or only pre-Gl

Run ANOVA

Calculate linear
model between
treatment and
control.

Extracts coefficients of
- TLLEEEY]
linear model

Two models created,
one for pre-Gl data and
one for post-Gl/post-
Al? data

Qrrnnnnnn

Create linear regression
between data at control and
treatment sites with phase as
a factor.

Revert data to non-
log form
(transform by 10%)

Least squared mean of
treatment post-Al2 or post-Gl
divided by least squared mean
of treatment pre-Gl subtracted
by 1, multiplied by 100

Calculate %
[LET T

Report
conclusions

10tretpost
0/0 = [

— 10treatpre

—1] *100

Figure 5: Overview of ANOVA/ANCOVA statistical analysis and data preparation for water quality data.

All data analysis was completed using R statistical software version 4.2.2 (R Core Team
2023). Except where noted, a criterion of 95% confidence (a=0.05) was used to determine

statistically significant results.

Results
Hydrology
Observed Rainfall Events

Between 346 and 401 rainfall events were monitored in the four sewersheds during the
87-month period from June 2016 — October 2023. The average rainfall depth for all events in the
sewersheds ranged from 0.32-0.44 inches, while median rainfall depth for qualifying hydrologic
events ranged from 0.45-0.47 inches. Rainfall depth, average rainfall intensity, and ADP did not
significantly differ across project periods for any of the monitored sewersheds. Significant

differences in peak rainfall intensities across project phases were observed; higher peak
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intensities were observed during the post-Al® phase in each sewershed (Table 3). The seasonal
distribution of storm events and the timeline for each project period (Figure 3) may be
responsible for the observed increase in peak intensities. In previous analysis of rainfall
characteristics within Columbus, Ohio, peak rainfall intensities were generally greater in the
summer than in fall and spring, and average rainfall intensities were generally greater in summer
than in fall (Smith et al. 2020). This is likely due to convective thunderstorms that frequently

occur in the Columbus area during the summer season (Fritsch et al. 1986).
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Table 3: Rainfall characteristics from all monitored events in the treatment sewersheds by project period.
Significant differences in rainfall characteristics compared to the Pre-GI period are shown in italics.

Blenheim-Glencoe

Cooke-Glenmont

Indian Springs

Pre-GI

Post-
Gl

Post
- AP

Pre-GI

Post-
Gl

Post-
AP

Pre-GI

Post-GI

Post-
AT?

Number of
Monitored
Events

140

156

109

70

185

144

86

50

210

Total
Precipitation

(in)

90.6

77.9

65.5

39.0

110.6

82.2

49.6

29.1

117.0

Median
Rainfall
Depth (in)

0.44

0.35

0.32

0.37

0.38

0.39

0.38

0.45

0.34

Median Peak
Intensity
(in/hr)

0.80

0.84

0.96

0.84

0.72

0.93

0.54

0.54

0.78

Median ADP
d

3.1

2.6

34

3.3

3.0

2.8

3.2

3.2

2.9

Median
Average

Intensity
(in/hr)

0.09

0.08

0.08

0.10

0.07

0.08

0.08

0.07

0.08

Number of
Storm Events
>0.75 in

35

30

30

18

45

35

22

12

26

90th
Percentile
Storm Depth

(in)

1.54

1.26

1.50

1.41

1.28

1.26

1.49

1.10

1.26
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Runoff Depth

Runoff depths were not significantly different between the pre-GI and post-GI phases at
CG and IS compared to runoff depths at the control (Table 4, Figure 6). Past research has
attributed runoff volume reductions to BRC design parameters such as media infiltration rates,
surface storage volumes, and inclusion of internal water storage zones (Brown and Hunt 2011;
Hunt et al. 2012; Winston et al. 2016). The total storage volume added to each sewershed
following the construction of GI varied, ranging from approximately 3160 ft* in IS to
approximately 6640 ft* in CG. Total storage in IS was equivalent to a runoff depth of just 0.007
inches, while storage provided by the BRCs in CG was equal to approximately 0.06 inches of
runoff (Table 1). The BRCs implemented in Clintonville had perforated underdrains that did not
have upturned elbows or other devices to promote internal water storage, thus limiting the
retention time. Limited surface and subsurface storage along with the high infiltration rates
observed via simulated storm events (see Case Study: Simulated Storm Testing) indicate the
BRCs were primarily functioning as filters with limited retention time. Due to the “no net
change” goal of the Blueprint Columbus project and the strategies used to design the BRCs,
these results are not necessarily surprising nor are they in conflict with desired project outcomes.
Should future iterations of the Blueprint Columbus project desire to have larger runoff reduction
benefits, changes to the GI design (e.g., creation of internal water storage zone, increased bowl
volumes, decreased saturated conductivity of media blends) which increase storage and
prolonged retention times should be considered.

Runoff depths in IS significantly increased (p<0.004) between the pre-GI and post-AI
phases compared to the control sewershed (Table 4, Figure 6). The significant differences in

regression slopes observed between the project phases at Indian Springs suggest changes in
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runoff generation patterns occurred within the sewershed during the post-AI® phase that did not
occur in the control. However, the mean runoff depth in the treatment sewershed was just 20%
higher post-AI? compared to pre-GI period and, moreover, no discernable change in the median
runoff depth in IS was observed between the project phases (Table 4). This was likely related to
the additional volumes redirected to the outfall resulting from downspout disconnection, lateral
lining, and sump pumps installed in the sewershed (Table 4). These additional infrastructure
improvements represent increases to the directly connected impervious area (DCIA) in the
sewershed. Unlike the control sewershed, where runoftf from smaller events may be fully
abstracted by pervious areas receiving flow from rooftops or leaking sanitary sewer laterals
accepting stormwater, runoff from these areas (now DCIA in the treatment sewersheds) was
directly routed into the storm sewer network due to the additional infrastructure improvements.
LSM comparisons also increased in CG, however; these changes were not found to be
statistically significant (Table 4). A higher percentage of the watershed was treated in CG (31%
treated) compared to IS (22% treated), but when comparing the rooftop redirections in IS to CG,
over twice the rooftop area was redirected in IS (Table 2). Despite the additional runoff routed to
the outfall, runoff volume remained unchanged in CG between the pre-GI and post-Al® phases,
likely attributable to the larger surface area and GI storage volumes in this sewershed. Thus, the
larger, regional bioretention cells in CG appear to have provided better mitigation of increased

stormwater volumes compared to the smaller BRCs implemented in IS.
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Table 4: Summary statistics and ANCOVA results for comparisons of runoff depth (in) between treatment
and control sewersheds. Statistically significant changes in LSM compared to pre-GI phase are denoted in
bold (p<0.05) and underlined (p<0.10), indicating differences in runoff generation patterns in the treatment

sewersheds compared to the control during the same period.

Indian Springs

Cooke-Glenmont

Blenheim

Pre-GI ~ Post-GI  Post-AP
(n=56) (n=39) (n=I31)

Pre-GI  Post-GI  Post-AP
(n=40) (n=147)  (n=111)

Pre-GI
(n=106)

Post-GI
(n=64)

Post-AF
(n=45)

Mean
Runoff 0.20 0.21 0.24
Depth (in)

Median
Runoff 0.12 0.13 0.12
Depth (in)

Mean
(Median) 5% 20%
Percent (8%) (0%)
Difference

0.16

0.08

0.16 0.23

0.07 0.08

0% 44%
(-13%) (0%)

0.19

0.10

0.07

0.04

-63%
(-60%)

0.10

0.07

47%
(-30%)

Mean
Normalized
Peak Flow 104.2 7.1
Rate
(cfs/mi?)

(o)
—_
\8}

Median
Normalized
Peak Flow 52.9 34.0 33.8
Rate
(cfs/mi?)

Mean
(Median) -36% -41%
Percent i (-36%)  (-36%)
Difference

114.6

77.4

49.8 117.0

25.6 1.7

-57% 2%
(-67%)  (0.4%)

69.6

35.0

15.8

7.5

-54%
(-79%)

58.1

19.1

-17%
(-45%)

Mean
Runoff 0.38 0.50 0.42
Coefficient

Median
Runoff 0.26 0.29 0.25
Coefficient

Mean
(Median) 32% 11%
Percent i (12%) (-4%)
Difference

0.34

0.16

0.36 0.36

0.16 0.21

6% 6%
(0%) (31%)

0.36

0.19

0.09

0.09

-75%
(-53%)

0.16

0.13

-56%
(-32%)
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Figure 6: Relationships between runoff depth (in) for the treatment and control (Beechwold) sewersheds
during the various project periods. Note: runoff depths are log transformed.

Unlike the other treatment sewersheds, regression slopes at BG decreased significantly
(»<0.03) between the pre-GI and post-GI phases (Figure 6). The most notable difference
between BG and the other treatment sewersheds was the Park of Roses constructed wetland
installed to treat low flows from much of the sewershed (Table 2). The wetland provided
additional detention in the watershed but also greatly reduced runoff volumes during dry periods
(e.g., late summer and autumn of 2022 and 2023). The reduction in runoff depths observed in BG
during the post-GI period is likely attributable to the storage capacity of the constructed wetland.
After completion of the additional infrastructure improvements, decreases in runoff depth were
observed compared to pre-GI levels, however; these decreases were not significantly different
when compared to the control sewershed. Thus, it can be concluded that the additional inflows

from other infrastructure improvements were successfully mitigated by the constructed wetland

and GI within the BG sewershed.
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Runoff Coefficient

Median runoff coefficients for the BG sewershed significantly decreased by 0.06-0.10
between the pre-GI to post-GI and pre-GI to post-Al® phases (Figure 7; Table 4). This is likely
due to the runoff volumes diverted to the Park of Roses constructed wetland in the post-GI and
post-AI? phases, which substantially increased the storage in the sewershed. Runoff coefficients
in the post-GI phase increased at IS (p<0.05) and CG (not significant; Figure 7). Differences in
placement of GI compared to outfall locations and GI design (e.g., lack of internal water storage)
may explain this result, especially in the case of Indian Springs, where rainfall characteristics did
not vary significantly across project periods (Ran et al. 2012; Table 3). Runoff coefficients in IS
and CG did not significantly change following the installation of all Blueprint Columbus pillars

(Table 4).
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Figure 7: Distribution of runoff coefficients during storm events in each of the treatment sewersheds by
project phase. Statistically significant differences between phases for each sewershed are indicated by
different letters derived from Tukey post-Hoc tests.

Normalized Peak Flow Rate

Median normalized peak flow rates significantly decreased at Blenheim (p<0.002) and
Indian Springs (p<0.08) during the post-GI phase (Table 4, Figure 8). While peak flow rates
decreased in Cooke-Glenmont during the same period, the decreases were not significant when
compared to the control sewershed. Hunt et al. (2012) reported that peak flow mitigation from
individual bioretention cells was directly related to the amount of storage volume and infiltration
rates of the practices. These critical aspects of bioretention cells are determined during the design
phase based on objectives such as capturing runoff from a target storm event depth (in this case
0.75 inches). Because CG has the smallest sewershed area, the effects of travel time and soil
storage on the hydrograph are less pronounced. Holding other factors constant, less mitigation of
peak flow rates will occur as the area of the sewershed becomes smaller (Goodrich et al. 1997;

Moody and Martin 2001).
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Figure 8: Area normalized peak flow rates (NPFR; cfs/mi®) by project phase observed in the treatment
compared to the control (Beechwold) sewersheds. Note that data were log transformed.

The variability of the normalized peak flow rates increased following the completion of
the four Blueprint Columbus pillars in the treatment sewersheds, likely due to the increase in
DCIA in the sewersheds (Figure 8). Similarly, weaker linear relationships and larger standard
deviations between the treatment and control sewersheds were observed in the post-AI® phases
for each of the three treatment sewersheds. During the post-AlI? phase, peak flows trended toward
pre-GI levels in the Indian Springs and Blenheim sewersheds (Table 4, Figure 8). The higher
intensity rain events observed during the post-AI* phase (Table 3) may have led to increased
bypass of the bioretention cells, resulting in a portion of runoff conveyed directly into the storm
sewer without treatment (similar to the condition of the sewersheds in the pre-GI phase).
However, the very small magnitude change in peak runoff flow rates in the sewersheds indicates

the post AI” effects of Blueprint Columbus were minimal.
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Case Study: Simulated Storm Testing

Simulated storm tests were conducted to quantify bioretention cell performance under
semi-controlled conditions. In total, 56 tests were conducted between 2018 and 2022 on 11
bioretention cells in three sewersheds in Clintonville (i.e., Cooke-Glenmont, Indian Springs, and
Schreyer-Springs). Simulated storm testing procedures varied depending on the surface area of
the bioretention cell. Bioretention cells with surface areas greater than 300 ft? required a fire
hydrant, while those less than 300 ft*> were tested using a 400-gallon tank. Flow from the tanks
was measured using graduated buckets, while a mechanical flow meter was implemented on
hydrant tests. A 2L pan was used to quantify outflow from the cells. Beginning in 2021, efforts
focused on replicating testing for the previously tested bioretention cells and water quality
performance by adding chemicals to influent water sources to simulate the quality of actual

runoff.

Summary statistics from simulated storm testing completed in 2018-2021 are presented in
Table 5. Data from simulated storm testing was analyzed based on year, project area, and BRC
design (i.e., whether the cell was installed in the right-of-way (ROW) or as a curb bump-out
which extended into the roadside parking area). The mean volume reduction for all tests was
69%; bump-out BRCs in Cooke-Glenmont yielded the highest mean volume and peak flow
reductions (88% and 95%, respectively), while the lowest volume reductions (mean 56%) were

observed at ROW-style BRCs in Schreyer-Springs.
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Table 5: Summary statistics for simulated storm testing in 2018-2022.

Dataset V"l“me((}}o‘;d““‘““ Peak Flow Reduction (%) | Lag Time (min)
(number of tests) Mean St. Dev. Mean St. Dev. Mean St. Dev.
All Tests (53) 69 26 76 19 8 4
Indian Springs BRCs
(22) 66 26 67 15 7 2
Cooke-Glenmont
BRCs (15) 88 7 95 3 9 3
Schreyer-Springs
BRCs (17) 56 30 70 10 10 3
ROW BRCs (30) 54 24 64 16 9 3
Bump Out BRCs (24) 88 9 90 10 4 3

The project sewershed and BRC style (i.e., ROW versus Bump-Out), were the most
positively significantly correlated to hydrologic performance (r =0.56 and r =0.7; Figure 9).
Bump-out style BRCs provided larger volume (34%) and peak flow (26%) reductions than
ROW-style BRCs. Similarly, larger BRCs provided greater hydrologic mitigation than smaller
BRCs during testing. A possible explanation for the higher volume reductions observed from the
bump-out BRCs is the proximity to subsurface infrastructure (e.g., utility lines, sanitary and
storm sewers) which may provide preferential hydrologic pathways for water percolating

through the BRCs that bypass the underdrain.
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Figure 9: Pearson’s correlation matrix of simulated storm testing data. Only statistically significant (p<0.05)
correlations are included. The larger numbers and circles correspond to more highly correlated results.

The contributing drainage area for a BRC was negatively correlated to its hydrologic
response (r=-0.46; Figure 9). The drainage areas for the BRCs tested herein ranged from 0.3-
3.28ac with a mean drainage area of 1.09 ac. Simulated testing revealed significantly lower
hydrologic responses for cells with larger loading ratios (i.e., the ratio of drainage area to BRC
surface area; r= -0.66; Figure 9). The largest loading ratio was observed for a ROW cell in IS
(973:1) which produced mean volume reductions of 41% and mean peak flow reductions of
52%. In contrast, the smallest loading ratio was observed for a bump-out BRC in CG (29:1),
which provided two-fold greater volume and peak flow reductions (89% and 95% respectively).
Previous studies have observed decreases in GI performance when large loading ratios were used

due to larger inflow volumes and an increased chance of media clogging (Shrestha et al. 2018;
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Mahmoud et al. 2019). Because of these results, greater hydrologic benefits may be achieved if
loading ratios are reduced in future iterations of the Blueprint Columbus project.

Water Quality

The following section contains a brief discussion of the main findings related to the water
quality analysis based on data collected since 2016; the full suite of water quality data collected

during the study are presented in Appendix C.

Nutrients

Significant reductions in nitrogen species concentrations between pre-GI and post-GI
phases were observed only at CG for TAN (26.9% reduction) and at IS for TAN (12.1%
reduction); significant increases in nitrogen concentrations between these same phases were
observed at BG for TAN and TN (102.1% and 6.2%, respectively) and CG for TN (5.9%).
Between these same phases, the only significant load changes occurred at BG for TAN and TKN
(reductions of 73.5% and 54.3%, respectively) and CG for TN (55.6% reduction). Between pre-
GI and post-Al?, significant changes at IS were limited to concentrations of TAN and TN, which
were reduced by 33.6% and 9.2%, respectively. Significant load changes at BG (38.5% TKN
reduction) and IS (decreases in NO2.3 and TKN loads of 6.1% and 12.6%, respectively) were also
observed between these phases.

Significant changes in phosphorus species concentrations between pre-GI and post-GI
phases were observed at BG (22.7% OP reduction; increases of 35.2% and 12.4% for PBP and
TP, respectively), CG (reductions of 44.8% and 27.0% for PBP and TP, respectively), and IS
(20.7% OP decrease). Between these same phases, load reductions were observed at BG for PBP
(73.6%) and at CG for TP (17.6%). One significant load increase was observed at IS for OP in

the post-GI phase (3.6%). Between pre-GI and post-Al, significant changes in concentrations of
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phosphorus species were observed at IS for OP (36.4% decrease) and TP (18.0% decrease) and

CG for OP (1.2% increase). Significant load changes were observed at BG (59.6% PBP and

61.4% TP reductions), CG (201.4% OP increase), and IS (18.7% OP reduction; 47.6% PBP

increase) between these same phases. Boxplots for TN and TP are shown in Figure 10, while

concentrations and loads of these pollutants at the treatment sites by project phase are shown in

Table 6.
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Figure 10: Boxplots of paired control-treatment concentrations and storm event loads for TN and TP by

project phase.
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Table 6: Summary statistics of paired control-treatment concentrations and storm event loads for TN and TP
by project phase. Significant differences based on ANCOVA analyses indicated by red (increase) and green
(decrease) text.

Pre-GI | Post-GI Post-AI2
Data | p) LSM % LSM %
T e . _ 0 _ 0
yp n Med. n Med. p-value Diff. n Med.  p-value Diff.
N | 35 152 17 1s7 OBE-cir a1 189 AV 4
Conc. 04 not sig.
o | D | 37 0.18 17 013 IE 38 120 016 A9V 96
= 10 not sig.
Load | TN | 32 0.01 14 001 008  -4673 |20 001 010  -32.43
(b/ac) | Tp | 33  1.80B-03 | 14 +B80E-  AOV Lo 120 2B 903 6136
04 not sig. 04
™ | 17 235 45 189 IYE ses las 195 006 -1581
Conc. 03
o (mg/L) | 1p | 29 0.33 48 025 l'h;E' 2697 |24 017 0.21 -33.12
QO -
N | 15 0.01 as 001 % 5555 |19 002 053 117.69
Load 05
(b/ac) | 1p | 16 173B-03 | 45 1'%‘;]3' 001  -17.64 | 19 2'3(;]5' 092 12267
™ | 23 1.90 18 181 A0V s46s | s2 220 ZOE- o6
Conc. not sig. 03
(ML) | 1p | 23 0.17 18 o011 A9V e |s1oo012 BBIE 00
n not sig. 03
Y
™ | 21 0.02 16 002 AOV g0 las o001 071 2242
Load not sig.
(b/ac) | 1p | 50 ja9p03 | 16 PIE AOV o oe Tas TETE 00 2805
03 not sig. 03

Data from the International Stormwater BMP Database (ISBMPD) support the

occurrence of nitrification in individual bioretention cells, and this was also observed at the

sewershed scale herein (Clary & Jones 2016; Bedan & Clausen 2009; Page et al. 2015a). TAN

concentrations and storm event loads generally decreased while NOs concentrations and storm

event loads generally increased in the treatment sewersheds post-GI. However, TAN

concentrations and loads did not universally decrease across the sites in the post-GI phase,

indicating that establishment of microbial communities responsible for nitrogen cycling may still

have been taking place. It was expected that concentrations and loads of TAN and NO».3 would

decline with establishment of plant roots and microbial communities in bioretention cells in the

post-Al® phase (Hopkinson & Giblin, 2008). The decrease of TAN and NO,.3 concentrations and
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loads in the post-AI? phase indicated the maturation of soil systems in the GI which support
nitrogen cycling processes.

Particulate TKN removal has been shown to occur in bioretention and permeable
pavement primarily through sedimentation and filtration processes (Li & Davis, 2014; Winston
et al. 2016a). Decreased TKN loads and concentrations have been attributed to decreased
mineralization processes in soils and immobilization of organic nitrogen from mulch and other
woody materials (Lynn et al. 2015; Mullane et al. 2015).

TP reductions observed across phases at CG, BG, and IS were likely due to sedimentation
of particulate phosphorus in bioretention in the sewersheds (Hsieh & Davis, 2005; Roy-Poirier et
al. 2010). Studies generally report a net export of OP within bioretention, with median influent
and effluent concentrations of 0.02 to 0.27 mg/L, respectively, reported in the ISBMPD (Clary &
Jones, 2016). Increases in OP concentrations have also been attributed to decomposition and
leaching of organic matter in bioretention (Passeport et al. 2009). Increased OP loads were
observed at CG and IS across phases. Leaching of organic matter from bioretention media is
expected to decrease over time, which may explain why OP concentrations and loads at IS were

not elevated in the post-AI® phase.

Metals

Runoff pollutant concentrations and loads for three metals of interest (i.e., Cu, Pb, Zn)
are presented in Figure 11 and Table 7. Significant changes in heavy metal concentrations
between pre-GI and post-GI phases were mixed at BG (Cr 51.0% increase and Cu 19.2%
increase) and CG (Cr 14.7% and Cu 11.3% decreases; Ni 30.7% increase). Post GI loads
decreased at BG for Cr (623%), Cu (54.7%), Ni (45.2%), Pb (63.2%), and Zn (63.6%), and at

CG for Cd (40.4%), Cr (26.0%), and Cu (29.7%). Zn loads increased in the post-GI phase at CG
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by 6.0%. In the post-AI”® phase, significant changes to metal concentrations were limited to BG

(Cr 1.9% decrease) and IS (Cu 8.4% increase). Load increases in metals in the post-AI® phase

were detected at CG (Cd 109.3%) and IS (Cd 66.5%, Cu 51.1%, Pb 35.6%).

Concentration (ug/L)

Load (Ib/ac)

e fet gy PO # W
Ezf+h# g Ly o s " oh *** o

Phase B3 Pre-GI EH Post-GI EJ Post-Alr2

Figure 11: Boxplots for paired control-treatment concentrations and storm event loads for Cu, Pb, and Zn by

project phase.
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Table 7: Summary statistics for paired control-treatment concentrations and storm event loads for Cu, Pb,
and Zn by project phase. Significant differences based on ANCOVA analyses indicated by red (increase) and

green (decrease) text.

Pre-GI | Post-GI Post-AI2
Data | o) LSM % LSM %
T e ° _ 0 _ 0
Yp n Med. n Med.  p-value Diff. n Med. p-value Diff.
Cu | 37 10.30 17 733 O29E yon1 |20 1113 A9V s
04 not sig.
Cone. | py | 35 7.80 17 450 A0V o106 |20 sso A9V s
(ng/L) not sig. not sig.
Zn | 37 5000 17 3365 DOV 6ss | 19 aass  AOV 319
) not sig. not sig.
& ]
Cu| 33 99sE0s | 14 P 002 s377 |20 PHF 04y 3030
Load 1 .48E- 2.96E
by | PO | 33 6o0E0s | 14 NG 003 6324 | 20 C0F 042 3892
Zn | 33 amEo0s |14 T 003 e |19 20 015 5766
Cu | 19 1535 | 47 980 3E- i34 | 24 875 AOV 3947
06 not sig.
COHC. AOV
(ng/L) | Pb | 19 9.40 47400 022 <1620 | 24 405 SOV 4659
, Zn | 19 5000 | 47 3310 044 264 | 24 4005 047 2436
© Cul 16 695805 | 44 *O3E 902 2060 | 19 BIE AOV,, s
05 -05 not sig.
Load 1.88E- 421E
(bacy | PO | 16 404p0s | a4 035 3007 | 19 “TF 026 1284
Zn | 16 195E04 | 44 0o 596 |19 PP 054 30657
Cu | 22 1115 17 780 048 2883 | 51 1120  0.02 8.44
Conc. | pb | 21 470 17 230 A9V sae | sto340 0 A9V a6
(ng/L) not sig. not sig.
Zn | 21 51.80 17 2480 2OV q96s | st 4300 A9V 49
not sig. not sig.
wn
2 941E-  AOV 8.13E  3.53E-
Cu 19 s77E0s |15 G AON2sT | as B - 51.09
Load 247E-  AOV 2.78E
oy | P | 18 4o2p0s |15 HEE TOW g3 | as FOE 003 asss
Zn | 18 48104 | 15 SSlE- AOVE g s by 3O0E 00 5709
04 not sig. -04

While IS loads and concentrations increased for a number of metals in the post-AI?

phase, the actual values remained below levels of concern. For example, reported toxicity

thresholds in freshwater aquatic environments for Cu, Pb, and Zn range from 10 to 20 pg/L, 47

to 3,323 pg/L, and 21 to 3,704 ng/L, respectively (National Academy of Science 1986; Mebane

etal. 2012).
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Sediment

The distribution of TSS concentrations and loads and results of statistical tests to identify
changes therein are presented in Figure 12 and Table 8. In the post-GI phase, significant changes
in TSS were observed for both concentration and load at BG (17.6% increase and 61.8%
decrease, respectively) and CG (29.1% and 68.1% decreases, respectively). Results for TSS in
the post-AI” phase were mixed; for example, a TSS load reduction of 46.2% was observed at
BG, while a TSS load increase of 24.1% was observed at IS. Filtration and sedimentation
occurring in GI in the treatment sewersheds are likely responsible for these TSS reductions at
BG and CG.

Bioretention cells effectively decrease TSS concentrations through sedimentation and
filtration, at times by several orders of magnitude (Trowsdale & Simcock, 2011). However, in
the case of IS, the additional drainage area from redirected downspouts added substantial runoff
volumes in the post-Al® phase that likely increased TSS loads. The acreage of rooftops that
received downspout redirections in the Indian Springs catchment (5.17 ac) was more than twice
that of the other treatment catchments (2.57 ac in Blenheim; 2.44 ac in Cooke-Glenmont). This
factor likely explains why increases in TSS loads were only observed in IS. Meanwhile, the
significant TSS loads reductions observed at BG in the post-AI® phase were likely due to the
constructed wetland which significant reduced almost all studied pollutants, including TSS (see
Case Study: Park of Roses Wetland) and resulted in 90% of BG being treated by GI.

Other residential and commercial GI studies reported significant differences in TSS
concentration; Page et al. (2015) reported an 82% decrease in TSS, from 54 to 7 mg/L, and Line
et al. (2012) reported a 97% decrease, from 244 to 8 mg/L. Coupled with previous research, the

data presented herein support the conclusion that the percent TSS concentration reduction in
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residential sewersheds can be substantial after GI implementation. However, additional inflow
volumes added in the redirection of rooftops and other impervious areas (as observed in the post-
AI® phase) to GI must be addressed in the design phase to ensure treatment remains effective.
This information is valuable to engineers and regulators as they try to meet local TSS

concentration regulations.

Blenheim Cooke-Glenmont Indian Springs
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Figure 12: Boxplots of paired control-treatment concentrations and storm event loads for TSS by project
phase.
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Table 8: Summary statistics of paired control-treatment concentrations and storm event loads for TSS
grouped by project phase.

Pre-GI Post-GI Post-AI>
Data LSM % LSM %
T e _ (1] _ (1]
yp n Med. n Med.  p-value Diff. n Med. p-value Diff.
conc. 34 6300 | 17 3075 ST q76 |20 som A9V jou3
o | (mg/L) 0s not sig.
A | Load 3.60E-
ey | 3! 0.57 14 0.09 DY 6175 |19 033 002 4615
Conc. | 19 46000 | 47 4800 OE 043 | 25 4400 2OV en13
o | (mg/L) 05 not sig.
© | Load 1.78E-
(oaey | 14 0.83 4 019 DF 6808 | 19 043 045 9.7
conc. | ag 7200 | 18 2000 2OV s640 | 52 5500 049 -24.99
»n | (mg/L) not sig.
= [ Load AOV LI1E-
ey | 17 0.79 16 031 o -s2es |45 039 24.07

Case Study: Park of Roses Wetland

Following the completion of construction activities, the Park of Roses constructed

wetland began treating low flows from the BR sewershed in 2020. Automated sampling

equipment was installed at the inlet and outlet of the wetland shortly thereafter. Full summary

data for all monitored water quality parameters are presented in Appendix E. Concentrations of

select pollutants (i.e., TN, TP, TSS, Zn, Pb) from paired inlet-outlet samples are presented in

Figure 13 and Table 9.
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Figure 13: Boxplots showing concentrations of select pollutants present in paired water quality samples
collected from the inlet and outlet of the Park of Roses wetland. Concentrations of TN, TP, and TSS are
presented in mg/L; Zn and Pb are shown in pg/L.

Table 9: Summary statistics of concentrations of select pollutants present in paired water quality samples
collected from the inlet and outlet of the Park of Roses wetland. Differences between inlet and outlet
concentrations were all statistically significant (p<0.0001).

Number of Samples Median Concentration Median %
Pollutant .
Inlet Outlet Inlet Outlet Reduction
TN (mg/L) 48 48 1.86 0.98 45.7
TP (mg/L) 48 48 0.23 0.12 42.0
TSS (mg/L) 49 49 47 19 69.6
Pb (ng/L) 48 48 8.75 1.50 82.0
Zn (ng/L) 48 48 47.1 18.7 64.4

Significant pollutant concentration changes between the inlet and the outlet were
observed for all pollutants except Ni. Aside from alkalinity and hardness (which increased by
95.7% and 47.1%, respectively), all pollutants significantly decreased between the inlet and
outlet of the wetland (see Appendix E). Pollutant removal in the wetland varied seasonally; the
removal rates of most pollutants were highest in spring, moderate in summer, and lowest or

moderate in fall. Data from the ISBMPD show that the performance of the Park of Roses
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constructed wetland was similar to other wetlands for some pollutants (e.g., TSS and Zn) and

outperformed other wetlands for others (e.g., Pb, TN, TP, and OP).

Case Study: Unitarian Universalist Church Bioretention Cell

Intensive monitoring was conducted on the bioretention cell located at the Unitarian
Universalist (UU) church on Weisheimer Rd from October 2021 to December 2022. This
bioretention cell was constructed in 2014 prior to the Blueprint program with older bioretention
mix design specifications; thus, based on 10 samples the media was measured as a silt loam
texture, which is quite dissimilar to the loamy sand or sandy loam texture recommended today.
As the bioretention cell was nearly 10 years old during the sampling window, the plants were
mature with 8-10 ft tall shrubs (Figure 14) and frequent observations of ground-dwelling
mammals and birds were made in the bioretention cell. Flow monitoring and water quality
samplers were installed at the inlet and outlet of the bioretention cell; runoff volume and peak
flow reductions as well as changes in pollutant concentrations and loads were calculated in the

same manner as the sewershed scale data described in this report.

RAIN GARDEN PLANTING DETAIL

Figure 14. Photograph (at left) and planting plan and monitoring locations (at right) of Unitarian Universalist
bioretention cell.

A total of 74 storm events were observed during the monitoring period. Nearly all storms
<0.5 inches in depth had runoff volume reductions >70%. Overall average runoff volume

reduction was 75% while that for peak flow mitigation was 87.9%. It should be noted that the
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data set was dominated by smaller rainfall events (mean 0.64 inches). Sampled storms tended to
be larger in depth (mean 0.84 inches).

Pollutant concentrations at the inlet and outlet of the UU church bioretention cell are
presented in Table 10. Given that the bioretention cell did not employ internal water storage, it
was not surprising to observe nitrification and therefore significant increase in NO».3 through the
bioretention cell. However, excellent sequestration of TSS (95% reduction) and particulate
phosphorus and nitrogen resulted in substantial TN (22%) and TP (66%) reduction in the UU
church bioretention cell. Orthophosphate concentrations increased significantly, similar to other
studies of bioretention cells in Ohio with substantial compost content in the soil media. All six
heavy metals studied were significantly reduced by the bioretention cell (Table 10). E. coli
concentrations increased through the bioretention cell by 140%, perhaps related to the frequent
observations of wildlife inhabiting this bioretention cell and the dense vegetation which may

prevent the penetration of UV to the surface of the filter.
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Table 10: Summary statistics of concentrations of select pollutants present in paired water quality samples
collected from the inlet and outlet of the Unitarian Universalist church bioretention cell. Nutrient and
sediment concentrations are in mg/L, metals are in ng/L, and E. coli is in CFU/100mL. RE is the relative
efficiency for that pollutant; multiplying the RE by 100 results in percent removal.

Monitoring Concentration
Pollutant .
Location Range Median | Mean SD RE

NOw Inlet 0.08 - 2.61 0.354 0.43 0.523 -
Outlet 0.325-2.244 1.005 1.1 0.58 | -1.839

™ Inlet 0.93 - 6.244 2.154 2.51 1.29 -
Outlet 0.34-2.8183 1.681 1.64 0.701 | 0.220

Op Inlet 0.0195-0.13 0.073 | 0.0627 | 0.0338 -
Outlet 0.1-0.25 0.14 0.149 | 0.0401 | -0.918

P Inlet 0.075 - 0.81 0.35 0.355 | 0.184 -
Outlet 0.075-0.39 0.12 0.182 | 0.0981 | 0.657

TSS Inlet 17 -300 120 128 73.9 -
Outlet 11841.00 6 8.67 6.35 0.950

Cu Inlet 5.6-83.4 12.8 16.5 15.5 -
Outlet 2.6-6.7 4.6 4.76 1.09 0.641

Ph Inlet 39-61.2 13.7 16.4 11.7 -
Outlet 0.37-4.9 1.1 1.42 0.991 | 0.920

7n Inlet 45.6 - 251 69.4 82.5 45.6 -
Outlet 8.1-72.3 16.5 21.1 8.1 0.762

E.coli Inlet 25-52200 1300 5310 11800 -
Outlet 125 - 26000 3170 4800 6370 | -1.438

50



Conclusions

This report details holistic hydrologic and water quality monitoring activities undertaken
by Ohio State University to quantify and compare the effects of installing green infrastructure in
the Clintonville neighborhood of Columbus, Ohio, over the eight-year period between 2016 and
2023. The following conclusions were drawn from data collected:

(1) Runoff generation from the Blenheim sewershed was impacted by the construction of the
Park of Roses wetland which brought total sewershed treatment by GI to 90%. Both the
median runoff depth and runoff coefficient for the sewershed significantly decreased (by
60% and 50%, respectively) in the post-GI phase. While runoff depth in Indian Springs
significantly increased in the post-GI phase, the mean increase was less than 20% and can
be attributed to IS having the lowest percentage of the sewershed treated (22% treatment)
and lower storage volume compared to other treatment sewersheds. Further, IS had the
greatest number of additional infrastructure improvements, which resulted in significant
increases in runoff depth post-AI%. Conversely, despite the completion of additional
infrastructure improvements in CG, neither runoff depth nor peak flow rates increased
significantly during the post-AI® phase, suggesting that the larger, regional BRCs
constructed in the sewershed provided better mitigation of the increased runoff volumes
which resulted from downspout disconnection, sump pump installation, and sewer lateral
lining efforts. Future iterations of Blueprint would benefit from GI designed with larger
surface and subsurface storage volumes to provide extended hydrological benefits.

(2) Simulated storm testing revealed that bump-out style BRCs provide greater hydrologic

mitigation than ROW-style BRCs. Greater hydrologic benefits were observed for BRCs
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with lower loading ratios (i.e., ratio of drainage area to BRC surface area). Limiting
loading ratios whenever possible in future Blueprint Columbus projects is recommended.

(3) Instances of significant pollutant removal improvements in the treatment sewersheds
between the pre-GI and post-GI phases were mixed. At Blenheim, loads for many
pollutants significantly improved following GI retrofits while some concentrations
significantly increased. Water quality in Cooke-Glenmont mostly improved in this
period, with significant reductions in concentrations and loads of TP and TSS. Loads of
TSS, TN, and TP also significantly decreased at Cooke-Glenmont in the post-GI phase.
During the post-GI phase, pollutant concentrations and loads at IS were mostly
unchanged. In the post-AI? phase, Blenheim pollutant concentrations were similar to pre-
GI concentrations; however, significant load reductions were observed for multiple
nutrients and TSS. The only significant concentrations change observed at Cooke-
Glenmont during the post-AI® phase was a 1.2% increase in OP while OP and Cd loads
increased by 201.4% and 109.3%, respectively. Mixed results were observed in Indian
Springs in the post-Al® phase. Increased export of many metal loads was observed; trends
in loads for many nitrogen and phosphorus species were mixed. Notably, TSS loads were
significantly increased during this period, likely associated with the relatively high
impervious area (i.e., rooftops) routed to the GI in this sewershed in the post-AI* phase
compared to the other treatment sewersheds.

(4) The Park of Roses wetland provided substantial mitigation of many pollutants, including
TN, TP, TSS, Zn, and Pb, discharged from the Blenheim sewershed. Seasonal trends in
performance were observed, with pollutant removal generally highest in the spring and

declining into summer and fall. The Park of Roses constructed wetland continues to
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perform similarly to or better than other documented constructed wetlands. Many of the
improved water quality outcomes observed at Blenheim are attributed to the constructed
wetland.

(5) The Unitarian Universalist church bioretention cell exhibited excellent performance over
a 14-month monitoring period from October 2021 to December 2022. Runoff reduction
was greater than 70% and the concentrations of many pollutants, including TSS, TN, TP,
and all heavy metals analyzed, were reduced substantially as water passed through the
filter. Nitrate-nitrite nitrogen and E. coli concentrations increased during biofiltration at
the UU church. Overall, this bioretention cell indicates that mid-life bioretention cells

still perform well, perhaps better than newly installed systems.
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Appendix A: GIS Analysis to Identify Different Impervious Surface
Types in Each Sewershed
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Figure 15: Map showing impervious surface types in the Beechwold sewershed. Pervious areas in the
sewershed are not highlighted with color.
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Figure 16: Map showing impervious surface types in the Indian Springs sewershed. Pervious areas in the
sewershed are not highlighted with color.
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Cooke-Glenmont
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Figure 17: Map showing impervious surface types in the Cooke-Glenmont sewershed. Pervious areas in the
sewershed are not highlighted with color.
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Figure 18: Map showing impervious surface types in the Blenheim sewershed. Pervious areas in the
sewershed are not highlighted with color.
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Figure 19: Map showing impervious surface types in the Starrett sewershed. Pervious areas in the sewershed
are not highlighted with color.
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Figure 20: Map showing impervious surface types in the Whetstone sewershed. Pervious areas in the
sewershed are not highlighted with color.

64



Appendix B: Monitoring Results from Whetstone and Starrett
Sewersheds

Starrett Whetstone
254 254
2.0 2.0
1.5 151
1.0 1.01 .
0.5 0.5 ___.;_-_-:5:-"
e il .
0.0 001 g
0 i 2 3 0 i 2 3

Year — 2019 -+ 2020 —— 2021

Figure 21: Linear regressions comparing runoff and rainfall depths (in) across three monitoring years.
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Figure 22: Boxplot comparisons of runoff coefficients from the Starrett and Whetstone sewersheds across
three monitoring years.
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Table 11: Summary statistics of runoff depth (in) and runoff coefficients for Starrett and Whetstone.

Sewershed Parameter 2019 2020 2021
Medlan'Runoff 0.04 0.07 0.07
Depth (in)

Starrett :

Median Runoff 018 0.19 0.16
Coefficient ' ' '
Medlan'Runoff 0.03 0.04 0.04
Depth (in)

Whetstone Median Runoff

) 0.09 0.10 0.10

Coefficient
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Appendix C: Graphical and Tabular Analysis of Pollutant
Concentrations and Loads
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Appendix D: Rainfall-Water Quality Correlation Analysis

Rainfall characteristics were paired with pollutant concentration and load data for all
available data points, and the relationship between rainfall and water quality variables was
assessed. Data were subset by site and assessed for normality. Non-parametric Spearman
correlations were generated between water quality and rainfall characteristics for each project
site for each phase.

Correlation analyses between rainfall characteristics and water quality parameters
generally demonstrate that substantial changes occurred between project phases in each
sewershed. Rainfall depth tended to be positively correlated with pollutant loads in the pre-GI
phase; however, those correlations were almost universally weakened or lost in the post-GI
phase. Correlations between rainfall intensity (both peak 5-minute and average) and metals (both
concentration and load) at CG and IS underwent sizeable shifts in magnitude and direction across
project phases. Metal loads at both CG and IS were almost completely decoupled from rainfall
factors following the installation of GI. In the post-AI® phase at IS, these relationships reemerged
and loosely resembled pre-GI conditions. The relationships between nutrient concentrations and
rainfall characteristics at BG were strongest during the post-AI® phase. Nutrient loads at BG
were mostly driven by peak 5-minute rainfall intensity in the post-GI phase and by rainfall depth
in the post-AI® phase. This change was likely driven by the establishment of the Park of Roses
constructed wetland which received low flows from the BG watershed. Correlations between
rainfall depth and duration and nutrient loads at CG was mostly reduced post-GI and generally

absent in the post-AI® phase.
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Blenheim

Correlation analyses showed that concentrations of most nutrient species (i.e., TAN,
TKN, OrgN, PBP, OP, TP) were positively correlated with peak 5-minute rainfall intensity and
negatively correlated with rainfall depth at BG during the pre-GI phase (Figure 42). Metals
concentrations and rainfall characteristics were often not significantly correlated in this phase
with the exception of a single negative correlation between Pb and rainfall duration. In the post-
GI phase, all positive correlations between nutrient concentrations and peak 5-minute rainfall
intensity observed in the pre-GI phase disappeared, while negative correlations emerged for NO».-
3, InOrgN, and TN concentrations. Significant correlations between concentrations of Cd, Cr,
and Pb and rainfall duration (positive), peak 5-minute rainfall intensity (negative), and average
rainfall intensity were observed in the post-GI phase. Cu concentrations were also negatively
correlated with average rainfall intensity in the post-GI phase. Unlike other phases, correlations
between rainfall characteristics and nutrient concentrations were found to be highly species-
specific in the post-AI phase. Concentrations of NO2.3, InOrgN, and TN were all positively
correlated with rainfall depth, peak 5-minute rainfall intensity, and average rainfall intensity;
PBP and TP concentrations were negatively correlated with these rainfall characteristics.
Negative correlations between TAN and rainfall depth and peak 5-minute rainfall intensity and
also TKN and peak 5-minute rainfall intensity and average rainfall intensity were also observed
in the post-AI® phase. Concentrations of Cr, Cu, and Pb were negatively correlated with rainfall
depth while Ni was positively correlated with these parameters. Ni was also negatively correlated

with average rainfall intensity.
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Figure 42: Spearman correlation matrices at Blenheim between rainfall characteristics and nutrient and
metal concentrations across project phases. Statistically significant (p<0.05) concentrations shown in
correlograms.

During the pre-GI phase, correlation analyses revealed that loads for several nutrient
species (i.e., TKN, OrgN, TN, PBP, TP) were positively correlated with rainfall depth at BG;
some positive correlations between average rainfall intensity were also observed (i.e., OrgN, TN,
TP) (Figure 43). Aside from Cd, loads of all metals species were positively correlated with depth
in the pre-GI phase. Nutrient loads for all studied species were negatively correlated with peak 5-
minute rainfall intensity during the post-GI phase, while metal loads were positively correlated
with rainfall duration for all species except Zn. In the post-Al® phase, nutrient loads for all
studied species were positively correlated with rainfall depth with the exception of TAN

(negative correlation). Positive correlations were observed between loads of TN, TP, and PBP
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and rainfall duration during this phase. Cu and Ni loads were positively correlated with rainfall

depth.
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Figure 43: Spearman correlation matrices at Blenheim between rainfall characteristics and nutrient and
metal loads across project phases. Statistically significant (p<0.05) concentrations shown in correlograms.

Cooke-Glenmont

In the pre-GI phase at CG, InOrgN, concentrations of TN, and OP were positively
correlated with rainfall depth, peak 5-minute intensity, and average intensity (Figure 44).
Meanwhile, TKN, OrgN, PBP, and TP concentrations were negatively correlated with rainfall
duration. Weak correlations were observed between the concentration of many metals species

and rainfall characteristics in the pre-GI phase at CG. In the post-GI phase, concentrations of
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TKN, OrgN, TN, PBP, and TP were all negatively correlated with rainfall depth and duration.
Statistically significant correlations between rainfall characteristics and metals concentrations
were generally absent in the post-GI at CG. In the post-AI® phase, concentrations of almost all
nutrients were negatively correlated with average rainfall intensity. Concentrations of NO».3,
InOrgN, and TN were positively correlated with rainfall duration, while TAN was negatively
correlated with this parameter. Concentrations of Cd, Cr, Ni, and Pb were negatively correlated
with peak 5-minute rainfall intensity during the post-AI® phase. Some negative correlations
between metals concentrations and rainfall depth (Cd and Ni) and average rainfall intensity (Cr

and Pb) were also observed during this phase.
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Figure 44: Spearman correlation matrices at Cooke-Glenmont between rainfall characteristics and nutrient
and metal concentrations across project phases. Statistically significant (p<0.05) concentrations shown in
correlograms.

Pre-GI load correlations at CG showed that TAN was negatively associated with TAN for
all rainfall characteristics, and all other nutrient loads were positively correlated with all rainfall
characteristics (Figure 45). All metals were positively correlated with peak 5-minute rainfall
intensity during the pre-GI phase at CG. In the post-GI phase, mostly nutrient species were
positively correlated with rainfall depth, duration, and peak 5-minute intensity. No significant
correlations were detected between rainfall characteristics and metals loads during this phase. In

the post-AlI? phase, most nutrient loads were negatively associated with both peak 5-minute and
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average rainfall intensity. Correlations between metal loads and peak 5-minute and average

rainfall intensity were detected in the post-AI® phase at CG, but these correlations were small.
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Figure 45: Spearman correlation matrices at Cooke-Glenmont between rainfall characteristics and nutrient
and metal loads across project phases. Statistically significant (p<0.05) concentrations shown in correlograms.

Indian Springs

In the pre-GI phase at IS, most nutrient concentrations were positively correlated with
rainfall depth (TAN, TKN, OrgN, TN, TP) and duration (TAN, TKN, OrgN, TN, PBP, TP)
(Figure 46). Notably, NO».3 was negatively correlated with depth and duration while InOrgN was
negatively correlated with duration. Some metal concentrations were negatively correlated with

rainfall depth (Cr, Cu, Zn) and peak 5-minute rainfall intensity (Cd, Ni). Of the studied sites,
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changes in correlations between pre-GI and post-GI for nutrient concentrations were most similar
at IS. Rainfall duration, average intensity, and depth had mixed positive and negative

correlations across nutrient concentrations. In the post-GI phase, select metal concentrations
were positively correlated with rainfall duration (Cr, Pb, Zn) and negatively correlated with peak
5-minute (Cr, Pb, Zn) and average rainfall intensity (Cr, Zn). In the post-AI* phase, most nutrient
concentrations were negatively correlated with rainfall depth (NO»3, OrgN, TN, PBP, OP, TP)
and some with duration (NO2.3, InOrgN, TN). Positive correlations were also detected between
peak 5-minute (TAN, NOz.3, InOrgN) and average (NO»-3, InOrgN) rainfall intensities. Most

metal concentrations were negatively correlated with average rainfall intensity (Cr, Cu, Pb, Zn).
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Figure 46: Spearman correlation matrices at Indian Springs between rainfall characteristics and nutrient and
metal concentrations across project phases. Statistically significant (p<0.05) concentrations shown in
correlograms.

In the pre-GI phase at IS, loads of several nutrients were negatively correlated with peak
5-minute (NO2.3, OrgN, PBP, OP, TP) and average rainfall intensity (PBP, TP) (Figure 47).
Positive correlations were also identified between rainfall depth (TAN, InOrgN) and duration
(PBP, TP). Metal loads were all positively correlated with rainfall depth and duration. In the
post-GI phase, correlations between nutrient loads and rainfall characteristics were highly varied.
Loads of several nutrients were significantly correlated with rainfall depth (negative: TKN;
positive: OP), duration (negative: NO.3, OrgN, InOrgN, TN; positive: TAN, PBP, TP), and
average intensity (negative: TAN, PBP, TP; positive: NOz.3, InOrgN, TN). The only significant

relationship between metals loads at IS in the post-GI phase was a positive correlation between
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Zn and duration. In the post-AI” phase, nutrient loads were mostly positively correlated with
rainfall duration (TKN, OrgN, TN, PBP, OP, TP) and depth (NO>.3, OrgN, TN). TAN loads were
negatively correlated with both rainfall characteristics. Negative correlations were also detected
between average rainfall intensity (TKN, OrgN, PBP, OP, TP). All metals except Cd were
positively correlated with rainfall duration and negatively correlated with average intensity in the

post-Al® phase.
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Figure 47: Spearman correlation matrices at Indian Springs between rainfall characteristics and nutrient and
metal loads across project phases. Statistically significant (p<0.05) concentrations shown in correlograms.

96



Appendix E: Wetland Inlet and Outlet Pollutant Concentration
Summary Table and Figures

Table 12: Summary statistics for wetland inlet and outlet data points for all monitored pollutants. Reported
p-values based on Unpaired T-Test with Welch Corrections or Uncorrected Mann-Whitney test (based on
normality). Significant p-values in bold; corresponding median percent reductions bolded and colored
according to direction of change (green = decrease, red = increase).

Alkalinity (mg/L) 49 49 74.00 140.00  1.25E-11 -95.65
Cd (pg/L) 48 48 0.09 0.04 1.02E-09 53.83
Cr (ug/L) 48 48 2.98 1.45 3.22E-07 50.00
Cu (pg/L) 48 48 10.75 3.35 1.04E-13 69.01

E. coli (CFUI/L) 18 18 2.80E+04  6.76E+03  7.04E-04 73.69
Hardness (mg/L) 48 48 120.00 185.00  6.61E-05 -47.06
InOrgN (mg/L) 48 48 0.60 0.14 8.39E-09 71.30

Ni (pg/L) 48 48 4.40 4.30 0.90 0.00
Nitrate (mg/L) 40 40 0.61 0.12 1.53E-13 79.30

0.0132900

Nitrite (mg/L) 39 39 0.02 0.02 52 0.00
NO..s (mg/L) 39 39 0.69 0.14 2.81E-13 79.22
OP (mg/L) 19 19 0.08 0.03 2.38E-04 40.00
OrgN (mg/L) 47 47 1.19 0.79 1.99E-05 32.14
Pb (ug/L) 48 48 8.75 1.50 1.32E-15 82.02
PBP (mg/L) 42 42 0.24 0.09 9.06E-05 57.52
TAN (mg/L) 48 48 0.06 0.01 2.82E-03 27.78
TKN (mg/L) 48 48 1.25 0.87 5.81E-06 30.06
TN (mg/L) 48 48 1.86 0.98 1.00E-10 45.65
TP (mg/L) 48 48 0.23 0.12 1.25E-05 42.04
TSS (mg/L) 49 49 47.00 19.00  2.36E-09 69.64
Zn (ug/L) 48 48 47.05 18.65  1.59E-08 64.37
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Figure 48: Summary statistics of alkalinity in water quality samples collected from the constructed wetland at
the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses
comparing season of collection.
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Figure 49: Summary statistics of cadmium in water quality samples collected from the constructed wetland at
the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses
comparing season of collection.
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Figure 50: Summary statistics of chromium in water quality samples collected from the constructed wetland
at the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses
comparing season of collection.
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Figure 51: Summary statistics of copper in water quality samples collected from the constructed wetland at
the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses
comparing season of collection.
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Figure 52: Summary statistics of E. coli in water quality samples collected from the constructed wetland at
the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses
comparing season of collection.
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Figure 53: Summary statistics of hardness in water quality samples collected from the constructed wetland at
the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses
comparing season of collection.
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Figure 54: Summary statistics of organic nitrogen in water quality samples collected from the constructed
wetland at the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of

-200

-400

Percent (%) Reduction

analyses comparing season of collection.

— —

Spring 1 Summer I Fall

; —
2 * + ﬁ
£ | -
- 14
Spring Summer Fall ! 1l H i J
= = = Inlet Qutlet Inlet Outlet Inlet Outlet
n 23 n 14 n 10 nr;gﬂ n:QCS n2014 n: 104 rtr-lciﬂ- n:fD
Season Site

Figure 55: Summary statistics of nickel in water quality samples collected from the constructed wetland at
the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses

comparing season of collection.
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Figure 56: Summary statistics of nitrate in water quality samples collected from the constructed wetland at
the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses

comparing season of collection.
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Figure 57: Summary statistics of nitrite in water quality samples collected from the constructed wetland at
the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses

comparing season of collection.
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Figure 58: Summary statistics of NO23 in water quality samples collected from the constructed wetland at the
Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses
comparing season of collection.
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Figure 59: Summary statistics of orthophosphate in water quality samples collected from the constructed
wetland at the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of
analyses comparing season of collection.
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Figure 60: Summary statistics of inorganic nitrogen in water quality samples collected from the constructed
wetland at the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of

analyses comparing season of collection.
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Figure 61: Summary statistics of lead in water quality samples collected from the constructed wetland at the

Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses
comparing season of collection.
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Figure 62: Summary statistics of particle-bound phosphorus in water quality samples collected from the
constructed wetland at the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and
results of analyses comparing season of collection.
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Figure 63: Summary statistics of total ammoniacal nitrogen in water quality samples collected from the
constructed wetland at the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and
results of analyses comparing season of collection.
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Figure 64: Summary statistics of total Kjeldahl nitrogen in water quality samples collected from the
constructed wetland at the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and
results of analyses comparing season of collection.
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Figure 65: Summary statistics of total nitrogen in water quality samples collected from the constructed
wetland at the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of
analyses comparing season of collection.
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Figure 66: Summary statistics of total phosphorus in water quality samples collected from the constructed
wetland at the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of

analyses comparing season of collection.
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Figure 67: Summary statistics of total suspended solids in water quality samples collected from the
constructed wetland at the Clintonville Park of Roses receiving low flows from the Blenheim sewershed and

results of analyses comparing season of collection.
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Figure 68: Summary statistics of zinc in water quality samples collected from the constructed wetland at the
Clintonville Park of Roses receiving low flows from the Blenheim sewershed and results of analyses
comparing season of collection.
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Appendix F: Laboratory Methods

Table 13: Sample collection, preservation, and laboratory testing methods as well as method detection limits
(MDLs) for pollutants analyzed herein.

Parameter Labhoratory Method b::::;g Container Preservation MDL (mg/L)
TEN EPA Method 351.21 Composite Plastic H:S0: (<2 pH), <4°C 0.078
NGO EPA Method 353.2 Composite Plastic H:S0: (<2 pH). <4°C 00138
NO; EPA Method 3532 Composite Plastic <4°C 0.043
TN Calculated as TEN + NO: + NOs:  Composite Plastic NA NA
TAN! EPA Method 350.1 Composite Plastic H:S0: (<2 pH), <4°C 0.0031
ON Calculated as TKN-TAN Composite Plastic NA NA
P EPA Method 365.2 Composite Plastic <4°C 0.01
PBP Calculated as TP-OP Composite Plastic NA NA
TP EPA Method 365.2 Composite Plastic <4°C 0.1
TS5 Standard Methods 2540D2 Composite Plastic <4°C 2
Total Alkalinity Standard Methods 2320 Composite Plastic <4°C 6.61
Hardness Standard Methods 4500-5102 D Composite Plastic HNO: (<2 pH), <4°C 0.027
Cyanide” EPA Method 3354 Grab Glass 4-6 pellets NaOH 0.0019
0il and Grease® Standard Methods 2130 B Grab Glass H,50, (<2 pH), <4°C 0.15
cop? EPA Method 4103 Composite Plastic H.S0, (<2 pH). <4°C 59
cBOD, 5 day” Standard Methods 52108 Composite Plastic <4°C 0.59
BOD, 5 day” Standard Methods 5210A Composite Plastic <4°C 0.31
Parameter Laboratory Method &::nﬂ;l'l;g Container Preservation MDL
E. coli EPA Method 1603 Composite Plastic <4°C 1 CFU/100mL
m;ﬂi‘:ﬁi"éng Quantitative PCR Composite  Plastic -80°C mpi:jf;';mn
Microbiome Metagenomics Composite Plastic -B0°C 10 read count
Resistome Metagenomics Composite Plastic -80°C read count
Virulence gene Metagenomics Composite Plastic -80°C 10 read count
Parameter Laboratory Method Smg Container Preservation MDL (pg/L)
Cd Composite Plastic 0.013
Cr Composite Plastic 0.036
Cu Composite Plastic . 0.26
EPA 200.8 . i HNO: (<2 pH), <4°C
Pb Composite Plastic 0.0086
Ni Composite Plastic 0.025
Zn Composite Plastic 0.7

'TAN is equal to the laboratory reported NH: (ammonia) concentration.
*Samples obtained once per quarter for NPDES compliance
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