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Abstract

Applications of green infrastructure to stormwater management continue to increase in ur-
ban landscapes. There are numerous studies of individual stormwater management sites,
but few meta-analyses that synthesize and explore design variables for stormwater control
structures within a robust statistical framework. The lack of a standardized framework is
due to the complexity of stormwater infrastructure designs. Locally customized designs fit to
meet diverse site conditions create datasets that become messy, non-uniform, and difficult to
analyze across multiple sites. In this dissertation, I first examine how hydrologic processes
govern the function of various stormwater infrastructure technologies using water budget
data from published literature. The hydrologic observations are displayed on a Water Bud-
get Triangle—a ternary plot tool developed to visualize simplified water budgets—to enable
direct functional comparisons of green and grey approaches to stormwater management. The
findings are used to generate a suite of observable site characteristics, which are then mapped
to a set of stormwater control and treatment sites reported in the International Stormwa-
ter Best Management Practice (BMP) database. These mapped site characteristics provide
site context for the runoff and water quality observations present in the database. Drawing
from these contextual observations of design variables, I next examine the functional design
of different stormwater management technologies by quantifying the differences among var-
ied structural features, and comparing their causal effects on hydrologic and water quality
performance. This stormwater toolbox provides a framework for comparison of the over-
all performance of different system types to understand causal implications of stormwater

design.



CAUSAL EFFECTS OF GREEN INFRASTRUCTURE ON
STORMWATER HYDROLOGY AND WATER QUALITY

by

Caitlin G. Eger

B.S., Juniata College, 2008
M.S., The Ohio State University, 2012

Dissertation
Submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Civil Engineering.

Syracuse University

May 2023



Copyright (©) Caitlin G. Eger, 2023.
All rights reserved. This material or any portion may not be reproduced or used in any
manner without express written permission of the author except for the use of brief

quotations with proper citation and attribution.

Printed by Syracuse University, Syracuse, NY.
Syracuse University Press

621 Skytop Road, Syracuse, NY 13210

First printing, 2023.



For my children, who welcomed me on the doorstep of motherhood



Acknowledgements

This research was funded by the National Science Foundation under Grants DGE-1449617
and SES-1444755, the Surdna Foundation under Grant 20140225, a Syracuse University
Fellowship and the EMPOWER program at Syracuse University. Gratitude to CUAHSI

and Arizona State University for supporting me while learning Python.

This dissertation relies heavily on the hard work of many other scholars, professionals,
and students from the past 50 years. It would not exist without their field observations,
water budget data and the contextual elements reported in the literature. The
International Stormwater BMP Database is a long-standing effort by a consortium of
engineers, experts, database administrators, and developers, including the US
Environmental Protection Agency, the US Department of Transportation, the Water
Research Foundation, the American Society of Civil Engineers Environmental & Water
Resources Institute, Geosyntec Consultants, and Wright Water Engineers. The code
repository for the causal analysis work is named in honor of Jane Clary, one of the principal

investigators who has helped manage the International BMP Database for two decades.

Blood, sweat and tears were shed over the difficulty of learning causal inference
methods alone, a feat made possible only through many online tutorials, helpful posts and
questions raised on StackOverflow and CrossValidated. I express appreciation to Scott
Cunningham, Ben Bolker, Jakob Runge, Richard McElreath, Gary King, Daniel Liidecke
and Brady Neal for their excellent free content, R packages and persevering online presence.
Cheers and thank you to Nicholas Hamilton for the development of the ggtern package,
which facilitated the production of the ternary plots for chapter 3, and Johannes Textor,
who maintains DAGitty.net and the dagitty package used to make the causal diagrams in

chapters 4 and 5. God bless my dear friend Linden McBride for her statistical cheerleading.

My deepest gratitude to all the supportive people I've worked with: my advisors and

advisory committee; Geoff Millard, and Angelica Huerta for checking in on me regularly; to



Cliff Davidson, Babak Kasaee Roodsari, Kathy Fallon Lambert, Peter Groffman, Neil
Bettez, and for their feedback on the initial white paper that became chapters 1, 2 and 3;
as well as Thomas Evans, Aditi Padhye and Megan Daley for editing and literature review.
A hearty thanks to Telsha Curry, Chris Feikes, and Erica Frederick for copy editing, and to
Nick Clarke for keeping my paperwork in order semester after semester. I appreciate the
support and many kind words from Heather Flaherty, Deanna McCay and Annie Pennella,
who provided steady encouragement and snacks. Thank you to Catherine Grube and all
the baristas at St. Inie’s Coffee who always let me write until closing time. My heartfelt
thanks to Michael Beanland and RTR for encouraging me to finish this, and for always

reminding me: “You can do hard things.”

Lastly, thank you to my family for your patience and encouragement. Thank you to my
husband, who remained calm despite many storms of anxiety. My parents, sisters, in-laws,
niece and son believed that I could finish this tome, long before I felt it was possible.
Thank you to my little daughter, whose presence gave me so much emotional support
during the final chapter. To my dear family I offer the blessing from Lutkin’s Benediction
anthem singing Numbers 6:24-26: ‘May the Lord bless you and keep you, make his face

shine upon you and give you peace.’ 1 love you all very much.

vi


https://www.youtube.com/watch?v=bznDixNtisU&ab_channel=NationalLutheranChoir-Topic
https://www.youtube.com/watch?v=bznDixNtisU&ab_channel=NationalLutheranChoir-Topic

Contents

(1 _Introduction|

(1.1 Motivation and background| . . . . . . ... ... ... ... ... ...
(L.1.1 Stormwater as an environmental hazardl . . . . ... ... ... ...
[1.1.2  Modern engineering approaches to stormwater management| . . . . .

(1.2 Research objectives| . . . . . . . . . . . .

(1.3 Document roadmap|. . . . . . . . . . ...

(1.4 Research approach| . . . . . .. ... . ... ...
[1.4.1 Research complexity in environmental experiments| . . . . .. .. ..
[1.4.2  The role of causality in engineering| . . . . . .. ... ... ... ...

Review of stormwater infrastructure technologies|

2.1 Background information| . . . . .. ... ... oL
[2.2  Defining green infrastructure{. . . . . . . . . . ... ... ...
[2.3  Overview of stormwater infrastructure technologies] . . . . . . .. . ... ..
[2.3.1 Detention ponds| . . . . . . . . . . .. ...
[2.3.2 Retention ponds|. . . . . . . ... ... ...

[3.4.2  Retention basins and ‘wet’ ponds| . . . . . . .. ... ... ... ...
[3.4.3  Detention basins and ‘dry’ ponds| . . . . . ... ... ... ... ...
[3.4.4  Bioretention cells, infiltration trenches, swales, and rain gardens| . . .
[3.4.5  Pervious pavement| . . . . . . .. ...

B.4.6 Greenroofd . . . ... . ..

[3.5.3  Factors aftecting hydrologic performance] . . . . . . . .. ... .. ..
[3.5.4  Factors primarily aftecting I-Q trade-offf . . . . . . . ... ... ...
[3.5.5  Factors primarily aftecting Q—-E'T" trade-off] . . . . . . ... ... ...

vil

O UL U = W N — = =

20



[3.5.6  Factors primarily aftecting E'T-I trade-off|. . . . . . . ... ... ... 51

3.6 Conclusionsl . . . . . . . . .. 53

[4  Urban green infrastructure ecohydrology| 55
4.1 Introductionl . . . . . . . . .. 55
[4.1.1 Mechanisms to relate stormwater control design to ecohydrology| . . . 55

[4.1.2  Bridging model assumptions with observable field conditions| . . . . . o7

[4.1.3  Counterfactual questions for design iteration . . . . . . . . . . .. .. 58

[4.1.4  Using directed acyclic graphs to clarify assumptions| . . . . . . . . .. 60

“4.1.5 Use of observational data in causal inference studies| . . . . . . . . .. 61

4.2 Data and methods . . . . . . . . ... 67
[4.2.1 Dataset and imputation methods . . . . . . .. ... ... ... ... 67

[4.2.2  Analytical methods| . . . . . . . ... ... 70

B3 Resultsl . . . . o oo 78
[4.3.1 Model Set 1: BMP type eftects| . . . .. ... ... ... ... .... 79

4.3.2 Model Set 2: Structural feature effectd . . . . . ... ... ... ... 82

4.3.3 Model Set 3: Media effects| . . . . . . ... ... ... ... .. ..., 88

[4.3.4  Model Set 4: Ponding effects|. . . . . . ... .. ... .. ... .. .. 91

[4.3.5 Model Set 5: Vegetation effects| . . . . . ... .. ... ... ... .. 93

4.4 Discussionl . . . . . .. 95
[4.4.1 Features with the greatest magnitude of influence on runoft reduction| 95

[4.4.2  Practical application of the findings| . . . . . . . ... ... ... ... 97

[4.4.3  Addressing estimate variability] . . . .. ... ... 0000 99

1.5 Conclusions and recommendations. . . . . ... ... ... ... 104
05T Condis : T —ad Tl o . [ T l

| effectsl . . . . .. 104
4.5.2 Future recommendations . . . . . . . ... 104

[> Estimation of biogeochemical flux in green stormwater infrastructure] 106
[H.1  Introductionl . . . . . . . .. 106
[>.1.1  Understanding controls on solubility and transport in the urban envi- |

I ronmentl . ... . L L 106
[5.1.2  Contaminants present in urban waters| . . . ... ... ... ... .. 107

[5.1.3  Chronic exposure and toxic effects|. . . . . .. . ... ... ... ... 110

6.2 Data and methodd . . . . . . .. ... 114
[5.2.1 Dataset preparation| . . . . . . ... ... ... ... ... 114

[5.2.2  Method 1: Estimates ot concentration and mass flux by BMP Typel . 115

H.2.3  Method 2: Dissolved fraction estimates . . . . . . . . ... ... ... 118




[6 Synthesis and future recommendations| 136
[6.1 Interpretation and synthesis of model results| . . . . . . ... ... ... ... 136
6.2 Future Recommendationsl . . . . .. .. .. ... ... ... 140

[Appendices 142

[A Data sources used for analysis| 143
[A.1 Water budget sources trom Chapter|3[. . . . . . . ... ... ... ... ... 144
[A.2  Description of International BMP Database dataset cleaning| . . . . . . . .. 146
[A.3 Structural features sources for causal effectsl . . . . ... ... ... ... .. 152
[A.4  Exploratory data analysis of the BMP database, . . . . ... ... ... ... 153

(B Supplementary water budget datasets| 157

[C Causal theory for engineered treatment| 164

[D Median contaminant concentration and mass flux ranges| 173

EC . . I f ich . l 190

F Shifis i dissolved T . ] = 204

|G Causal effects in order of magnitude change| 212
(G.1 BMP type effects on hydrologic performancel . . . . . . . . . ... ... ... 213
(G.2 Individual eftects by structural featurel . . . . . . . . . . . ... 215
|G.3 Covariate balance after matchingl . . . . . .. ... ... ... ... ..... 216
(.4 Structural treatment effects on contaminant concentrations . . . . . . . . .. 219

[References 220

Vita 244

X



List of Figures

2.1 Common site sizing across various BMP types| . . . . . . ... .. ... ... 11
[3.1 Demonstration of the Water Budget Triangle tool| . . . . . . . . ... .. .. 24
[3.2  Water budgets of natural wetlands, lakes, and constructed wetlands| . . . . . 32
3.3 Water budgets of retention (wet) ponds/. . . . . .. ... ... 0L 33
[3.4  Water budgets ot detention ponds and constructed wetlands| . . . . . . . .. 35
[3.5  Water budgets ot bioretentions, swales and lysimeters| . . . . . . . . .. ... 39
[3.6 Water budgets of permeable pavements . . . . . . . ... ... ... ... .. 41
[3.7  Water budgets of green roofs|. . . . . . ... ..o 43
[3.8  Water balance summary demonstrating [-() axis tradeofts| . . . . . . . . . .. 49
[3.9  Water balance summary demonstrating primary and secondary axis tradeofts| 50
[3.10 Water balance summary demonstrating Q-E'T" axis tradeofts| . . . . . . . .. 52
4.1  Demonstration ot basic DAG structures: chains, forks and colliders| . . . . . 61
[4.2  Demonstration of a back-door path and an instrumental variable/ . . . . . . . 66
4.3 Model identification and adjustment strategies for Model Sets 1 and 2[ . . . . 74
4.4 Precipitation distribution|. . . . . . . . .. .00 78
[4.5 Model 1: Site level predictions by BMP type| . . . . ... ... ... .... 84
4.6 Model 2 results: Structural effectd . . . . . . .. ... ... 86
4.7 Model 2 predictions: Structural features| . . . . . .. .. ... ... .. 87
4.8 Model 3 predictions: Media amendment| . . . .. . . ... ... ... .... 89
4.9 Model 3 predictions: Media amendment by depth| . . . . . . ... ... ... 90
[4.10 Model 4 predictions: Ponding| . . . . . . . .. ... .. ... ... ... ... 92
[4.11 Model 5 predictions: Vegetation| . . . . . . . . .. .. ... ... ... ..., 94
[>.1 Controls on contaminant solubility and engineering intervention options| . . . 108
0.2 Dissolved fractional ratios of contaminants in untreated stormwater) . . . . . 124
[>.3 'ITrace metal concentration ranges in untreated stormwater. . . . . . . . . .. 132
[A.1 Nutrients concentrations in stormwater and rainwater] . . . . . . . .. .. .. 154
A2 Metals concentrations in stormwater and rainwater| . . . . .. ... ... .. 154
[A.3 Raw distribution of inflow and outflow volumes by BMP typel . . . . . . .. 155
[B.1 Maturation of vegetation changes water budgets over time| . . . . . . .. .. 159
[B.2  Cistern water budgets| . . . . . . . . . . . ... ... .. 160
[B.3 Seasonal retention pond water budgets| . . . . .. ... ... ... 161
[B.4 Sewer exfiltration water budgets| . . . . . . . ... ... oL 163
[B.5 Continental water budgets| . . . . . . . ... .. ... 000 163
[C.1 Stormwater ecohydrology DAG| . . . . . .. .. ... .. ... ... ..... 167
[C.2° DAG representing the direct and indirect effects of media amendment.|. . . . 168
[C.3 DAG representing the direct and indirect effects of onsite ponding.|. . . . . . 169
[C.4 DAG representing the direct and indirect effects of vegetation.| . . . . . . . . 169
[C.5 General controls on solubility and transport of stormwater contaminants.| . . 170
[C.6 Equations describing physical and chemical processes in Figure [C.5]| . . . . . 171
D.1 Median concentrations and mass flux of 155 and ITDSJ . . ... ... .. .. 175
[D.2 Median concentrations and mass flux of total N and NO,.| . . ... ... .. 177
[D.3 [Median concentrations and mass flux of dissolved, total and reactive P|. . . 179




(G.1 Model 1 results: BMP typeeftects|. . . . . . ... ... ... .. ... .... 213

(G.2 Model 1 results: Area-normalized BMP type eftects| . . . . . ... ... ... 214
(.3 Model 3 results: media amendment covariate balancel . . . . . . ... .. .. 216
(G.4 Model 4 results: ponding covariate balance[ . . . . . . .. ... ... .. 217
(G.5 Model 5 results: vegetation covariate balance|. . . . . . . . . ... ... ... 218
|G.6 Comparison of individual structural treatment eftects on solids, nutrients and |

trace metals.). . . . . .. 219

x1



List of Tables

[3.1 Hydrologic function of stormwater technologies vs. natural systems] . . . . . 30
[3.2  Diagnostic operational ranges for engineered stormwater systems|. . . . . . . 31
[3.3  Design factors affecting hydrologic performance, . . . . . . . . ... ... .. 48
4.1 Design factors that influence ecohydrology.| . . . . . ... .. ... ... ... 56
[4.2  Station and record counts across monitoring site typel . . . . . . .. ... L. 70
4.3 Model 1: Site level eftects by BMP typel . . . . . ... ... ... ... ... 82
4.4 Model 1: Area-normalized eftects by BMP typel . . . . .. ... ... .. .. 83
4.5 Best estimates of marginal effects| . . . . . . .. ... o000 96
[4.6  Best estimates of marginal effects compared with water budget datal . . . . . 100
[>.1  Dissolved solutes in stormwater and precipitation| . . . . . . ... ... ... 107
[>.2  Analyte detection limits.| . . . . . . .. .. ... oL 115
[>.3  Counts of observations by BMP type|. . . . ... ... ... ... ... ... 116
[>.4  Summary of treatment effects on dissolved fractional ratios.| . . . . . .. .. 125
[5.5  Summary of individual structural treatment effects on solids and nutrients.| . 126
[5.6  Structural treatment effects on Cd, Cr, Cu, Pband Zn[ . . . . . . ... ... 133
[A.1 Counts of observations by BMP type] . . . . . .. .. ... ... ... .... 153
[A.2 Imputed distribution of inflow and outflow volumes by BMP typel . . . . . . 156
(C.1 Summary of contaminant removal mechanisms| . . . . . . ... ... ... .. 172
D.1 Median concentrations and mass flux of 155 and ITDSJ . . ... ... .. .. 174
[D.2 Median concentrations and mass flux of total N and NO,.| . . ... ... .. 176
(D.3 Medlan Concentratlons and mass flux of dlssolved total and reactive P.| . 178

[E.4 Treatment effects on NO,.| . . . . . . . . . . . ... ... ... ..., 194
[£.5 'Treatment effects on total phosphorous.|. . . . . . ... ... ... ... ... 195
[£.6 Treatment effects on dissolved and reactive phosphorus.|. . . . . . . . . . .. 196
|E.7 Treatment effects on dissolved and total cadmium (Cd)|. . . . ... ... .. 197

.8 Treatment effects on dissolved and total chromium (Cr)| . . . ... ... .. 198
|E.9 Treatment effects on dissolved copper (C__uﬂ .................. 199
|E.1O Treatment effects on total copper (Cu).|. . . . .. ... ... ... ... ... 200
[E.11 Treatment effects on dissolved and total lead (Pb)] . . ... ... ... ... 201
[E.12 Treatment effects on dissolved zinc (Zn)| . . . . . . ... ... ... ... .. 202
[E.13 Treatment effects on total zinc (Zn)] . . . ... ... ... ... ... ... . 203
(G.1 Model 2: Area-normalized effects by structural teature] . . . . . . . . . . .. 215

xil



1 Introduction

1.1 Motivation and background
1.1.1 Stormwater as an environmental hazard

Stormwater runoff currently impairs thousands of waterway reaches within the United
States, and millions of reaches globally. Impairment conditions associated with stormwater
runoff include exposure to chemical pollutants, salinization, sedimentation, modification of
flow regime, extreme temperature variation, erosion, and channel incision. Combined, these
changes to habitat degrade hydrologic function and create environmental conditions that
are unsuitable for aquatic life. Impaired waterways also threaten the quality of
drinking-water supplies and create conditions that put individual property and public
infrastructure at risk of flooding, sewage exposure, and foundation damage—all conditions

that threaten human life, health, and livelihood.

Under future climate scenarios, stormwater poses a risk to cities, where there is greater
runoff and less land available to implement mitigation solutions. Runoff from the urban
landscape already causes flooding, combined sewer overflows, and pollution in local
tributaries, which negatively impact surface water quality. Contamination from urban
runoff chronically degrades surface water quality during nearly every storm event,
regardless of event magnitude (Balderas Guzman et al. [2022]). Damage from urban
development and point-source pollutant emissions puts surface waters at risk of impairment
for recreational and drinking water uses. Degraded conditions are expected to increase in
all watersheds with current or planned human development and in many watersheds where
sea level rise or changes to rainfall patterns will disrupt current flow regimes. Warmer,
wetter conditions carry a greater risk of flooding events in low-lying urban areas. Roadway
development introduces hydrocarbons and trace metals. Wide scale vegetation removal and

deforestation causes increased erosion, channel incision, and limits oxygenation.



Widespread fertilization of grass increases chemical nutrients in runoff. Warming summer
water temperatures sustain lower oxygen levels, making lakes and rivers more sensitive to
stormwater nutrient inputs and susceptible to dead zones (Rice and Jastram| [2015]).
Increased probability of extreme events, such as hurricanes, wildfires, and drought can have
long-lasting pollution effects when they impact urban areas. Pollution caused by extreme
events can create chronically degraded aquatic ecosystems, due to trash, contamination, or

derelict property (Reible et al.| [2006], Burton et al.| [2016], [Shevah) [2019]).

1.1.2 Modern engineering approaches to stormwater management

The design of next-generation stormwater infrastructure is informed by both modern
hydraulic engineering models and ‘green’ ecological management tactics. Green methods
for managing urban stormwater runoff have grown popular because they can be more
effective than traditional, concrete-based drainage infrastructure due to: 1) equal or better
pollutant capture, 2) lower maintenance costs, 3) distributed treatment networks, 4)
enhanced neighborhood aesthetics, and 5) greater resiliency in the face of a changing
climate. Despite the growing popularity of ‘low-impact’ green infrastructure (GI) designs
over the past two decades, the hydrologic benefits associated with specific structural
features remain largely unquantified. While green infrastructure has proven itself as a
useful strategy for frequent, low-to-medium-intensity storm events that affect regional
stream ecosystems, it remains largely untested against high-intensity or high-magnitude
events that inherently carry more risk to life and property. Green stormwater infrastructure
deployed in tandem with traditional ‘gray’ infrastructure helps reduce the hydraulic load
on sewershed and wastewater treatment facilities, increasing infrastructure longevity and
treatment capacity through ecological services (Shakya and Ahiablame|[2021]). Thus, there
remains room in the engineering toolbox for a hybrid approach that incorporates both

green and gray systems to manage stormwater within the same watershed.

Green infrastructure for stormwater management is generally designed for capture and



treatment of runoff associated with single, short-duration storm events (i.e., maximum
design storms between 2.5 and 3.8 cm, as in |[Reese and Parker| [2014ab]). Generally, this
condition is achieved by one or more of three mechanisms: 1) increasing on-site storage to
retain stormwater runoff until it can be discharged to sewer infrastructure (e.g., through
ponding or tanks); 2) facilitating water loss by evapotranspiration to the atmosphere; or, 3)
via infiltration into the near-surface water table or deeper groundwater (Reese and Parker
[2014alb]). The latter two eliminate the need to treat additional runoff volume through
wastewater facilities or by surface water discharge. Green infrastructure technologies vary
in their ability to process water by each of these mechanisms. In addition to the primary
objective of reducing overall runoff volume, a secondary objective of GI is water quality
improvement, decreasing the demand for and costs of in-line wastewater treatment and
increasing overall surface water health (Denchak [2022]). There are also auxiliary social,
environmental, and public health co-benefits to urban GI adoption, but these are

considered ancillary to the primary objective of effective stormwater management.

1.2 Research objectives

Many communities have implemented their own unique green infrastructure solutions to
address stormwater runoff; but, without rigorous systematic comparison, it is difficult to
improve the quality of the engineering design recommendations. In this dissertation, I aim
to make such a comparison by teasing out the causal implications of choosing distinct
engineering design features. Causal design features are those whose presence within the
built structure have a consequential and observable impact on the performance of the
system’s hydrology and water quality outcomes. To clarify, they are not simply correlated

with better performance, but create conditions that have a measurable effect on



stormwater treatment. Three questions are examined in this body of work:

1. Can existing observations about site ecohydrology and water budgets identify design

features that transcend stormwater infrastructure types?

2. What is the estimated causal effect of these design features on site hydrologic

performance?

3. Which design features have specific causal effects on water quality (aside from their

hydrologic effects)?

1.3 Document roadmap
An overview of the dissertation work is as follows:

e Chapter [1} (this chapter): An introduction to the urban eco-hydrological problem

space, and an overview of the concept of causality;

e Chapter[2 A definition of green infrastructure management, and a descriptive review
of 10 stormwater control structure technologies, including their most common

features;

e Chapter [3} An analysis of site water budgets at many stormwater control structures,
and identification of eco-hydrological similarities in the performance of the different

technology types;

e Chapter [} A hypothesis about which structural features affect water budget loss
pathways, and several modeled estimates of the effect sizes of these structural

features on hydrologic discharge;

e Chapter 5} An extension of the models in chapter 4 to estimate the effect sizes of the

most common structural features on a limited set of water quality parameters; and

e Chapter [} A synthesis integrating recommendations from Chapters and [f]



1.4 Research approach

Throughout this dissertation, I integrate and synthesize diverse stormwater management
strategies into a unified set of green and gray stormwater tools, based on publicly available
and observational real-world data (see Chapter [3)). In this research I am concerned with
understanding how small engineering design changes affect hydrologic and biogeochemical
performance (e.g., designing for the presence or absence of standing water, or effects due to
choice of soil media). I searched for physical properties associated with various hydrologic
characteristics from GI technologies to improve future design iterations, retrofits, and
diagnostics (summarized in Chapters [3[ and . Then, I used the structural characteristics
to provide context for field observations of flows and water quality samples (Chapters
and . Instead of conducting a single design case study, I hope to garner as much
statistical power and common support as is available by using information present in large

public datasets and aggregating data points from existing case studies and sites.

As discussed earlier, there is significant strategic overlap between the goals and
outcomes of green and gray infrastructure approaches to stormwater management in an
urban landscape. Through this dissertation I aim to identify how the two approaches may
be used to complement one another, by integrating civil engineering and ecological
engineering techniques. Merging these two disciplines is largely possible by recognizing
that the hydrological controls and ecological mechanisms at play in engineered stormwater
structures are nearly identical to those phenomena present in natural wetland systems.
Doing so takes advantage of data from both non-engineering and non-stormwater research

fields, and allows compilation of new, Gl-relevant datasets to form a design meta-analysis.

1.4.1 Research complexity in environmental experiments

Most publicly available stormwater field data have been collected with a focus on a single

infrastructure site, resulting in an entirely observational monitoring approach, mostly



without controlled study designs or contextual measurements from other water systems
with similar characteristics. Three major hurdles to studying this problem in a systematic
manner are: 1) complex experimental design obstacles, 2) real-world logistical barriers, and
3) budgetary limitations. It is challenging to design a controlled environmental experiment,
particularly one that involves an intervention such as an engineered system within an
urban landscape. Finding appropriately matched site locations within the urban
environment and funding to purchase land, engineer designs, and install materials are all
considerations that limit the practical reproducibility of this type of experiment.
Additionally, variability in environmental factors, such as climate, precipitation, and
landscape conditions, largely eliminate the possibility of exact experimental replication.
Many, (if not most), of the green infrastructure sites that have been built to-date were not
installed within the context of an experimental research design, and very few are monitored
for relevant hydrological and biogeochemical characteristics needed to evaluate the
functionality of the design choices. Many published studies omit or overlook inclusion of
relevant contextual site and environmental variables. Real-world constraints alone prevent
the implementation of a randomized controlled trial or fully blocked experiment, and the
range of ambient environmental conditions where these systems exist adds another layer of

complexity that is measurable, but not manipulable (e.g., rainfall depth, temperature).

Since randomization of some variables is largely impossible, data availability is limited
to observational study. There is a significant body of observational data available for study
on this topic, but the obstacles discussed above suggest that these datasets (including
those used here) are highly susceptible to statistical selection bias, stemming from
sampling bias (which geographic/climatic site locations are monitored), time interval bias
(which storm events are monitored), exposure bias (which site structural treatment and
control features are observed and reported), and participation bias (which categories of
stormwater control technologies are equipped for monitoring). Bias susceptibility does not

mean the data cannot be used to answer questions of causal interest, but rather intensifies



the level of care needed to present a descriptive study of the dataset. The high number of
potentially confounding factors present in ecological systems also means that untempered
selection bias can mask the magnitude of causal effects. A confounder is a variable that
affects both the study treatment (usually called the independent variable) and the outcome
of interest (dependent variable). The presence of a confounder magnifies or diminishes the
measured effect of the independent variable on the dependent one. There are also
spuriously correlated variables that can induce misinterpretation of the relationship
between variables, including the direction of the causal relationship (that is, which
phenomenon causes another one to occur). Improper use or careless interpretation of a
regression model with confounded or spurious model specification can lead to
misinterpretation about the sign, magnitude, and importance of causal effects (see further

discussion about causal structure in Chapter [4]

However, the effort is worth the struggle. The resulting information has utility for
planners, engineers, and decision-makers who must consider small, catchment-scale
ecohydrology to effect change at the watershed scale. The overarching goal of this work is
to provide a generalized set of engineering tools for designers and inform technical and
non-technical users alike about hydrologic and water quality processes occurring in GI
systems. Thus far, the breadth of names for various stormwater management structures,
practices, and design modifications have not led to a clear understanding of functional
differences in performance among different technologies (an overview of terms is presented
in Chapter [2)). These diverse terms have muddled communication among users,
practitioners, and stakeholders. In this research, I strive to provide meaningful ways to
communicate about various design modifications, and to bridge the gap between
stormwater engineering and ecological engineering, such that design structure can better
support intended onsite function. Performance characteristics and design features are used
to classify structures based not on regional vocabulary, but on reproducible and

quantifiable characteristics, for the benefit of engineers, designers, and urban hydrologists.



1.4.2 The role of causality in engineering

Engineering is inherently causal; it relies on gaining enough understanding of causal factors
within a system of variables to explicitly allow manipulation and modification of the
features of a system in pursuit of an anthropocentric outcome or design. Without
understanding the causal foundations creating observable physical phenomena, engineers
cannot apply causal theory to design a technological solution. Discovery of causal
connections can be tricky; and many people, both inside and outside of the academy, have
been taught that only correlation can be experimentally discerned, never causation.
However, as a discipline, engineering has proven that 1) causality can be determined
through observation and development of scientific theory, 2) well-developed theory informs
the causal direction of effect between a designed intervention and an outcome, and 3)
causal understanding may be used to manipulate a desired outcome. Correlation may not
indicate causation, but certainly correlation does not disprove causation. Understanding
the explicit causal assumptions present in the engineered or experimental system is the key
to avoiding confounding and spurious correlations that lead to misinterpretation. A more
detailed discussion of this topic is presented in Chapter 4l Through this body of research, I
seek to join new understanding in ecological engineering with existing civil engineering

knowledge by examining causal questions (taken from Angrist and Pischke| [2009]):
e What is the causal relationship of interest, its units and real-world interpretation?
e What is the ideal experiment that could capture the causal effect of interest?

e What questions are fundamentally unidentifiable/unanswerable given the data or

system of interest?

e What is the identification strategy? Is it possible to use non-randomized

observational datasets to approximate an experiment?

e What is the statistical mode of inference (data and methods, population, sample,



assumptions) for construction of estimators and errors?

Civil engineering is a distinctly interventionist field. History records six millennia of
building drainage structures, underground storage and sewers, dikes and dams for water
supply, stormwater, and flood control (Hilprecht| [1904]). The longstanding history of
traditional drainage solutions for stormwater management draws a biased perception that
it is less risky and more reliable than green infrastructure strategies. Quite the reverse, the
evidence of human reliance on longstanding ecological services throughout the Holocene
and Anthropocene is quite robust. Ecological engineering is equally interventionist,
although many ecosystem features are challenging to modify (Mitschl [2012]). Using causal
connections gleaned by physical and biological scientific theory, ecological engineering seeks
to predict, design, construct, restore and manage ecosystems for the benefit of human

society within its natural environment (paraphrasing Jorgensen and Mitsch [1989]).



2 Review of stormwater infrastructure technologies

2.1 Background information

International attention to the problem of urban stormwater has resulted in the innovation
of many new civil infrastructure solutions over the past forty years. These solutions have
developed through iterative engineering design, in which slight modifications to previous
designs occur many times at each new treatment site. Through this iterative development
pattern, some structures have proven more popular over time, due to regional success or
cost-effectiveness. Here, I provide a short review of the language and structures described

in the stormwater management literature.

2.2 Defining green infrastructure

Diverse names (and acronyms) describe a similar underlying strategic approach and
principles for stormwater management (Fletcher et al|[2015]): ‘green infrastructure’ (GI;
US EPA [2023]), ‘low impact development’ (LID; Low Impact Development Center| [2023)]),
‘best management practices’ (BMPs; [WRE| [2019]), ‘stormwater control measures’ (SCMs;
Fassman-Beck et al.|[2016]), ‘sustainable urban drainage systems’, ‘water-sensitive urban
design’ (WSUD; Melbourne Water| [2023]), ‘blue-green infrastructure’ (BGI; [Thorne et al.
[2015]), ‘soft-path’ water infrastructure (Brown| [2014]), and the latest one, ‘sponge city’
strategy (Chan et al. [2018]). The variety of names for the strategy of using distributed
management structures for stormwater control and treatment within an urban landscape
does not support clear communication about functional differences or successful outcomes
to practitioners and stakeholders. There is also variability in the nomenclature used to
refer to different types of individual stormwater treatment structures and their functional
design components. The structures are variously described as ponds, cells, basins, swales,
wetlands, vaults, filters, or tanks, and are equipped for detention, retention, biofiltration,

and infiltration. They are ultimately intended to capture and delay stormwater runoff,
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reduce runoff volume and/or improve pollutant concentration levels. Quite often the names
describe an intended use, rather than the operational outcome that exists at the field site.
Many functionally similar structures have unrelated descriptive nomenclature, which can
create confusion about which features are essential for meeting specific performance goals.
Therefore, the designations that follow represent specific sets of structural features that

have common, but not universally accepted names.

2.3 Overview of stormwater infrastructure technologies

The following descriptions are based on field observations of stormwater control structures

and contextual measurements (Figure [2.1) recorded in the International BMP Database

(WRE] [2019)).

Common BMP Size

Constructed wetlands
Retention ponds

Detention ponds

Grass swales and filter strips
Bioretention
Green roofs

Porous pavement ]

Media filters

Infiltration Basins [
Manufactured Devices | EEEEG_———

1 10 100 1000 10000 100000

Area in square meters

Figure 2.1: Site sizing across various stormwater control structure types found in the Inter-

national BMP Database (WRF [2019]).
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2.3.1 Detention ponds

Detention ponds (or basins) are well-known stormwater management structures designed to
attenuate peak flow during a runoff event. Ideally a detention pond will fill during a
wet-weather event and then slowly release the collected water during the 12 to 48 hours
that follow, providing short-term storage but little permanent capture. Detention basins
nearly always have a piped inlet to receive point flow runoff from the surrounding
watershed. The inlet is often protected with rip-rap or concrete spillways to prevent
erosion. Less frequently, this structure receives water from a pumped source. There are
usually one or two surface drains at different stages (heights above the lowest point in the
basin). The lower one is usually a smaller pipe or culvert and serves to draw down
captured runoff in between events. The upper one serves as an overflow culvert or spillway.
Detention ponds are generally grassed or sparsely vegetated, open to air, and are usually
unlined and have no amendments to the native soil (occasionally they may be planted with
shrubs or lined with concrete, clay, or geotextile fabric). When full of water, detention
ponds appear like a pond, and a grassed field with surrounding berms when dry. Because
their footprint is moderately large (~ 200 to 2000 sq. meters), they are common in
residential and suburban neighborhoods where there is more land available amongst private
parcels and structures. Maintenance usually involves periodic mowing and infrequent

adjustments to reinforce existing inlet and outlet erosion protection.

2.3.2 Retention ponds

Retention ponds are like detention ponds, and are also very popular for residential areas,
but unlike detention ponds they hold permanent standing water. As with detention basins,
the maximum capture depth is limited to the difference in height between the

overflow /spillway and the draw down outlet (fluxing depth). The capture volume depends
on the flux depth, basin area and slope of the basin, and to a lesser extent, the infiltration

rate. While many retention ponds are unlined, (thus, allowing for groundwater exchange),
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these sites generally do not have soils that support active groundwater exchange. There are
a few possible reasons for low groundwater exchange: 1) retention ponds may be purposely
sited in places with low drainage rates, 2) they are often located in urban and suburban
sites that have been modified, compacted, excavated or scraped using heavy machinery,
which disrupts the natural soil structure, and 3) they have standing water, which creates
hydric soils and supports a different biotic community than dry basins, likely including
fewer rooting structures. Hydric soils also create water quality characterized by reducing
conditions. The slopes of the berms surrounding the retention basin are relatively steep,
usually around 3:1. Retention ponds are usually quite large (~ 200 sq. meters to 8 ha),
which may resemble ponds or small reservoirs. Occasionally, compacted clay liners are

installed to limit groundwater exchange.

2.3.3 Constructed wetlands

Constructed wetlands are frequently installed in areas adjacent to known tributaries or
seasonal rivulets, or in pockets of low-lying, poorly draining soils. In the field, it can be
difficult to differentiate between a constructed wetland and a retention basin, because both
may have excavated basin space and/or minimally managed vegetation. Both structures
may have pumped inflow and/or outflow volumes. Constructed wetlands are larger or
equivalent in scale to many retention ponds (~ 1400 sq. meters to > 9 ha), but often occur
alongside existing drainage or waterways, and may have more naturalized (planted but
unmanaged), self-colonized, or taller vegetation. When constructed wetlands occupy
riparian space, they often have a more distinctly channelized shape, rather than a
basin-like shape. Natural wetlands are known to provide flood and inclement weather
protection as well as nutrient removal, depending on groundwater exchange and
oxidation-reduction conditions. Constructed wetlands also provide additional surface
storage during wet-weather events and may facilitate stormwater infiltration, or conversely,

act as a conduit for discharge of groundwater, depending on the groundwater table. They
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may be built to replace disturbed natural wetlands after the completion of a construction
project. The label ‘constructed wetland’ is a good example of nomenclature that poorly
describes a set of very diverse structural features. For example, many constructed wetlands
are designed to include sets of pools and baffles that encourage recirculating, vertical, or
horizontal flow, depending on the purpose of the structure. To understand how each
feature affects hydrology and water quality outcomes, rather than assigning a single name
to a complex set of sites, it is better to describe the structural features individually for

each site and compare them to sites that have documented similarities and differences.

2.3.4 Bioretention

A bioretention cell, also known as a bioretention basin, biofilter, bioswale, or
bio-infiltration system, is an infiltrative system that captures water from building and
roadway runoff. Stormwater is diverted from the existing urban stormwater pathway and
collected at a location upstream from the storm sewer inlet. The names are quite
specialized to region, climate, and the individuals responsible for installation. The cells are
installed by first excavating a pit or trench that is relatively small (~ 30 to 430 sq.
meters). The excavated space is filled with porous, low-nutrient media, e.g., a layer of
mixed sand-loam over coarse gravel or stone underdrain and topped with a layer of mulch.
Many bioretention sites have a geotextile (semi-permeable) or HDPE (impervious
high-density polyethelene) liner; some manufacturers insert a pre-cast concrete box below
the surface level of the ground. Nearly all sites are equipped with a subsurface drain, such
as drainage tile, perforated HDPE, or an internal water-storage zone with an upturned
drainage elbow. Most sites have a shallow ponding basin above the surface of the amended
soil. These sites may collect runoff from overland sheet flow, or they may collect water to
an inlet point with a flat concrete splashpad or a rock-lined entryway. This type of site is
usually planted with a variety of native or horticultural species, flowers for pollinators,

native grasses, and/or street trees, which are usually fertilized or given compost only
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during an initial establishment period. In contrast, bioswales are generally smaller and
receive sheet flow, with one or no outlet points, whereas bioretention basins generally have
an inflow and outflow point. Bioswales without surface outlets are usually ‘pocket’ shaped;
these structures collect runoff until the ponded head inside the structure forces water to
bypass the inlet. Bioswales are occasionally planted with grass mixes, but most
bioretention cells are planted with more diverse species, and maintenance usually does not
include mowing. The volume of stormwater captured in bioretention cells and bioswales is
related to the contributing area, the size and depth of the soil media, the porosity of the
underlying native soil, whether the site is equipped with an underdrain and/or liner, and to

a lesser extent, the type of plantings.

2.3.5 Grass swales and filter strips

Swales, also called grassed waterways or vegetated filter strips, may be confused with
bioretention cells, which are also called bioswales. In general, grassed swales are planted
with grass seed or sod and they may resemble a wide, rectangular, gently sloping field with
a shallow V-shaped trench (bioretention cells tend to be more bathtub shaped). Although
they tend to be longer and narrower when adjacent to roadways or structures, grassed
swales are roughly the same size as bioretention cells (~ 30 to 560 sq. meters). Swales with
sod have limited connectivity with underlying groundwater, although the amount of
infiltration is highly dependent upon the slope, vegetation cover, underlying soil type, and
wetting/drying cycle periodicity (Duley and Kelly [1939], [Duley and Domingo, [1949]).
Vegetated swales are often maintained by periodic mowing or bush-hogging (on monthly or
seasonal intervals), whereas bioretention cells are usually not mowed and have much more
porous soil. The soil in a grassed swale may be excavated and replaced with a
better-draining media replacement or, more commonly, native soil re-graded to create a
trench that facilitates stormwater collection. There are also subtle differences between

detention ponds and swales that are related to the purpose of the structure. Detention
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ponds almost always have distinct culverts or pipes serving as point inlets and outlets,
while swales typically receive water as overland flow, along the length of the swale. The
sheet flow may enter the swale directly or through a level spreader to slow the velocity of
flow and allow for the removal of suspended solids from runoff via overland sheet flow.
These ‘level-spreader’ type swales are common in agricultural and transportation
applications as well as residential developments. The term ‘vegetated filter strip’ is more

common when adjacent to a roadway.

2.3.6 Media filters

A media filter uses a substrate to remove suspended solids and clarify water as it passes
through the filter. Media filters rely on a wide variety of substrates, such as sand, peat,
geotextile fabric, crushed rock or glass, carbon, shredded paper, rubber pellets, and foam.
They may be designed to remove dissolved pollutants, especially ammonia and nitrate.
Media filters are sometimes called ‘biofilters’ because they provide microbiological habitat
on the media surface. Ordinarily, media filters have an inlet that allows water to enter from
a single point inlet, although many are adjacent to a tank or pond that collects water
before overflowing into the filter media. The media filter area is usually small (~ 20 to 500
sq. meters), but the tank or pond can be much larger, generally, on the scale of a small
retention basin (as large as 1 ha or more). There also may be a shallow basin or ponding
volume above the surface of the filter. Most media filters have a small storage volume with
limited connectivity to natural groundwater tables, either because they have a small
footprint or because they are contained inside a precast concrete structure. Therefore, they
may impact water quality without changing overall stormwater volume. Some filters are
designed for high-rate flow or re-circulation. Nearly all media filters are open to air, but
some may be enclosed, and nearly all have a subsurface drain or a drain with an up-turned
elbow to create an internal water storage zone. When they are contained inside an

enclosed, air-tight tank, media filters are usually marketed as branded, manufactured
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devices and called by their brand name.

2.3.7 Porous pavement

There are many different types of porous pavements, including porous asphalt, porous
concrete, permeable/grassed interlocking pavers, cobblestone, permeable friction coarse
surfacing and other materials used for vehicle and pedestrian traffic. Porous pavement is
usually installed over layered courses of gravel or crushed stone and nearly always has a
subsurface underdrain. Porous pavement installations usually cover between ~ 100 and
1225 sq. meters. The volume of capture depends upon the contributing area, permeable
surface area, and infiltration rate. The spacing gap between paver blocks controls the
permeable surface area and infiltration rate, having a strong effect on evaporative losses in
between storm events. After a storm event, a significant fraction of the stormwater
captured onsite is diverted to infiltrate to groundwater or evaporate up through the
pavement surface. Evaporation from permeable asphalt surfaces is influenced by solar
radiation, permeable surface color and the planting scheme of adjacent land (Starke et al.

[2010] 2011]).

2.3.8 Infiltration basins

Infiltration basins, or dry wells, are more common in very dry environments. They are
small areas (~ 10 to 20 sq. meters) intended to collect runoff from paved urban spaces and
to re-infiltrate it to replenish groundwater. Their most defining characteristic is a very
deep well (3 meters or more) that has been back-filled with highly porous material, such as
gravel or crushed stone. The sites do not have surface vegetation, and there is usually a
surface ponding basin fed by curb cuts. Occasionally there is a liner on the sides of the
well, but not on the boundary between the base of the amended media and the native soil.
The small infiltrating surface area, large pore sizes and deep well create conditions with

lower evaporation rates, evaporating a smaller proportion of the captured water than a site
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with ordinary bioretention cell or porous pavement site dimensions.

2.3.9 Manufactured devices

Manufactured stormwater devices come in many designs and purposes. Thus, their
performance should not be analyzed as a group, but with careful description of each
structural feature to accurately assess how changing one design feature affects the overall

performance of the device. Several examples of these devices include:

- catch basin inserts, which are geotextile filters that are placed into a storm drain

to catch trash, leaves and debris from entering the storm sewer

- hydrodynamic separators, which force the runoff into a vortex flow pattern to
remove suspended particulate matter. Particulates settle into a central tank and the

tank is pumped on a periodic maintenance schedule.

- filtration cartridges, which are barrel-shaped tanks that force stormwater through
a media filtration unit using a hydraulic pressure gradient. The filter media can be
adjusted to target removal of specific particulate and dissolved contaminants,

depending on the type.

2.3.10 Green roofs

A green roof collects water from the top of a built structure, often an institutional building
or parking garage. The design consists of several layers of liners to protect the building
structure from water damage. The liners are overlaid with a lightweight soil matrix, and
planted with a variety of drought-tolerant plants, such as sedums, native or pioneer species,
and occasionally, edible, or horticultural plants. Most green roofs are between ~ 20 and
850 sq. meters; some on commercial buildings are quite large (Syracuse OnCenter is > 5500
sq. meters, Save the Rain| [2020]). The volume of stormwater captured by a green roof is

directly related to the roof area and depth of the soil media. If the structure remains
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un-planted, containing only a layer of gravel or crushed stone, it may be referred to,
colloquially, as a ‘blue roof.” Blue and green roofs are effective in dense, urban landscapes;
their primary mechanism to reduce runoff is evapotranspiration. LEED-certified green

roofs are popular for their architectural novelty, aesthetics and visibility.

2.4 Green infrastructure engineering objectives

Overall, the primary objective of engineered stormwater management is to improve
downstream watershed conditions; it is considered a cost-effective strategy to mitigate
runoff associated with short to medium sized storm events (i.e., 1 to 10 year event size or
less) (VA Stormwater Management Program [2016]). These events occur frequently, at
least once every two years, but generally on a monthly or weekly basis (depending on
location and seasonal climate). Small storm events have a chronic impact on local
watersheds; treating them can improve water quality in receiving surface waters.
Treatment may involve reducing the total volume of runoff from a landscape, or removing
contaminants from the runoff, or both. Some structure types may also have flood control
as a primary design objective. Many site designs aim to accomplish these stormwater
management goals, each with unique advantages and limitations. The effectiveness of their
application depends on localized stormwater management needs, operating and design
conditions, as well as the surrounding built landscape and surface configuration. In
general, better downstream water quality can be accommodated by reducing overall
volume of runoff. Runoff reduction can be achieved through two mechanisms: 1) increasing
landscape storage to retain stormwater until it can be processed by the existing sewer and
drainage network, or 2) diverting water from overland runoff by facilitating water loss
through evapotranspiration to the atmosphere or infiltration to the groundwater system.
Both strategies reduce the need to process stormwater runoff through wastewater
treatment; the latter limits surface water discharge. Green infrastructure technologies vary

in their ability to process water by these two mechanisms.
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3 Hydrologic processes that govern stormwater infras-

tructure behaviour

3.1 Introduction

Stormwater treatment structures are used to capture urban runoff, reduce wastewater
inputs, eliminate combined sewer overflows, and meet total maximum daily pollutant load
goals; however, there are many co-benefits of green infrastructure (GI) (CNT| [2010],
Zahmatkesh et al.|[2015]). U.S. regulators have attempted to credit best management
practices (BMPs) in state stormwater design standards by incorporating a ‘runoff
reduction’ (RR) method into design manuals and spreadsheet calculators (CNT| [2010],
Hartigan et al.|[2009], [Hirschman et al. [2008], NERR|[2016], NYS DEC| [2023], VA
Stormwater Management Program [2016]). This method helps practitioners select
appropriate BMP options from a suite of choices based on projected hydrologic function.
Application of this method stems from recognition that water quality benefits from
stormwater control structures are largely volume-driven (Ballestero et al. [2012], Eger
[2012], |Hirschman et al. [2008]). Although the runoff reduction method credits ‘green’
BMPs, it neither credits nor discredits the selection of conventional stormwater (grey)
structures over GI (e.g., runoff reduction worksheets in NYS DEC [2023]). This approach
presumes conventional ‘grey’ technologies are either environmentally benign or
hydrologically superior to green engineering strategies. Often, neither is the case.
Therefore, these two broad stormwater management approaches are implemented on
unequal terms, rather than as complementary technologies that should be evaluated on the
same assessment scale. This perspective unfortunately limits the breadth of information
available to urban hydrologists, engineers, planners, and civic decision makers when

choosing among GI and conventional structures for stormwater management.

The advantages of GI over conventional grey infrastructure for stormwater abatement
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are widely reported (De Sousa et al.| [2012], Lucas and Sample| [2015]). However, runoff
reduction values for GI often have wider operating ranges than conventional grey systems
(Driscoll et al.|[2015]). As a result, implementation of GI has met resistance from
regulatory barriers, which mandate inflexible standards or prescribe specific performance
metrics, and from communities with fractured or complex stormwater regulation (UNH
Stormwater Center| [2014], US EPA| [2013], Worstell [2013]). In some cases, civil
infrastructure professionals and permitting organizations have expressed concern over the
uncertainty of adopting green infrastructure BMPs for runoff mitigation (Matthews et al.
[2015], |Thorne et al. [2015]). Community leadership is right to seek evidence of GI benefits
prior to investing public dollars in major projects. However, technical concerns from the
engineering community about performance uncertainty and undefined operational ranges
can be interpreted by non-technical decision makers as increased risk for implementation of
BMPs relative to conventional stormwater infrastructure (Hu and Shealy| [2020]). In
contrast, risk of implementing grey infrastructure is less commonly addressed, despite
established social, economic, and ecological impacts (Vineyard et al.| [2015], [Walsh et al.
[2005]). Concerns about inconsistent performance stem from an absence of clear metrics to
compare and contrast green and grey systems in straightforward, meaningful ways. The
proliferation of field studies on GI systems has been accompanied by greater availability of
performance data and range of metrics in the literature, including volumetric reduction,
peak flow reduction, and delayed time-to-peak, among others (Stovin et al.| [2017] However,
some of these metrics are not well suited for comparison of GI with grey systems. For
example, recent reports indicate that GI often outperforms grey infrastructure on a per
cent volumetric or mass reduction basis; however, this metric is not commonly used for
conventional stormwater infrastructure monitoring (Bhaskar and Welty| [2012], Driscoll

et al.| [2015]). Peak flow reduction metrics are routinely used in stormwater reporting, but
this measure is generally inappropriate for monitoring subterranean sewer systems, green

roofs, and porous pavement installations. The range of function among BMP technologies
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and designs has impeded efforts to gather consensus on the benefits associated with these
practices. Moreover, the lack of traditional descriptive metrics acts as a barrier to
decision-makers whose options may be restricted by regulatory code. For example,
retention and detention ponds generally exhibit favorable time-to-peak delay but poor
overall volumetric reduction, which caps the benefits realized for downstream water quality
(Driscoll et al.|[2015]). Further, comparison among similar designs is complicated by
different climatic conditions and scales (Driscoll et al. [2015]). Without standardized
metrics for comparison, it is difficult to choose which type of stormwater control structure
is appropriate to meet the stormwater goals of individual sites and catchments. Common
reporting methods are also necessary to synthesize datasets and identify which physical
factors have the greatest influence over hydrologic and water quality variables. In this
assessment, I conduct a quantitative comparison among BMP types and evaluate the
hydrologic processes occurring within green systems (primarily infiltrative and evaporative)
alongside grey systems (primarily conveyance) using the common water budget metric and

a ternary plot tool, the Water Budget Triangle.
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3.2 Data

Water budget data from stormwater management sites were discovered and retrieved
through systematic internet searches on each type of structure by examining Google results
that contained the BMP structure name and the words ‘stormwater’ and ‘water balance’ or
‘water budget.” After discovering sources that described water balance measurements,
reported values of discharge, evaporation and infiltration were recorded. It was not
uncommon that infiltration or evaporation values were not reported. For sites that did not
report all three values, estimates of the missing value were made by subtracting the
measured quantities from the total inflow volume. If a water balance source did not include
at least one measurement of inflow and two outflow measurements, it was not included in
the dataset. Additional sources were discovered by reviewing the references of sources with
water budget data. Data were aggregated across the longest time period that was practical
based on the source report, usually at least one month up to one water year, and
measurements made over shorter time periods or single events were reported separately.
The dataset includes water balance measurement estimates for natural wetlands (n = 21),
natural lakes (13), constructed wetlands (8), models of natural wetlands (5), models of
constructed wetlands (2), retention basins (9), detention ponds (7), lysimeter cells (3),
lined and unlined bioretention cells with underdrains (1 each), and unlined cells without
underdrains (2), a bioretention model (1), porous pavement (15), models of porous
pavements (12), grassed pavement (2), impervious surface (1), lined porous pavement (3),
green roofs (59), lab-scale green roofs (7), control roofs (6), blue roofs (4), and green roof

models (10). References for the water balances are listed by type in Appendix
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3.3 Methods

The Water Budget Triangle (Figure was developed to address the fundamental
question: “How does stormwater leave the unit volume of a control structure?” The tool
facilitates comparative assessment of dissimilar systems by providing graphical depiction of
simplified hydrologic budgets exiting the control volume of an engineered or natural
stormwater structure. It is intended to visually represent the fractional distribution of

volumetric (or mass) outflow among discharge (Q), percolation (I), and evaporation (ET)

on a ternary diagram (Eger et al.|[2014]). The tool assumes that after influent stormwater

enters a system, there are three potential pathways for water loss:
e 1. Discharge to a pipe or surface water (Q, right axis);
e 2. Evaporation or transpiration into the atmosphere (ET, top axis); or

e 3. Drainage into soil pores/groundwater (I, left axis).
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Figure 3.1: Example usage of the Water Budget Triangle.
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This analysis and visualization approach is similar to the Piper plot diagrams
developed by Lent et al.|[1997] to characterize and visualize hydrologic indices for
wetlands. However, the Water Budget Triangle is inverted from the Piper plot (to
emphasize the importance of prioritizing ET and percolation in GI design) and does not
account for influent sources of water. Other simplified water budget visualization tools also
depict water budgets for both individual structures and whole watersheds (see |Askarizadeh
et al.| [2015]). The Water Budget Triangle method was developed to lower communication
barriers that limit GI implementation, including (a) conveying technical information about
various stormwater devices to technical and lay stakeholders; (b) providing a systematic
visualization tool to compare performance of dissimilar systems; and (c¢) eliminating
ambiguity in the description of BMPs for non-technical stakeholders. The methodology
uses a water balance approach to account for fractional fluxes of water leaving the
boundaries of the stormwater control structure along each pathway (Q, ET, and I). The

mass water flux of any given system may be represented by the water balance equation:

R+P=Q+ET+1+AS

R represents influent water or run-on, P represents direct precipitation input and Q, ET,
and I (defined above) are calculated for the time step of interest. This approach may
include stored water released after the event hydrograph. Note that water stored (AS) in
the system control volume can be depleted after a storm event; however, the time step
represented on the triangle must be uniform for all axes. The change in water storage (AS)
within the system is not explicitly represented in the ternary diagram, because it is not a
flux. The tool makes a distinction between changes in stores and fluxes because it is used
to quantify the relative importance of different loss processes occurring over the time step
of interest. Following increases in inputs from a storm event, there is an increase in water

storage for a period,
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P+ R >0 (a storm event occurs)

and

AS >= 0 (the structure fills).

After the event, losses will eventually exceed inputs, resulting in decreasing storage,

P + R =0 (the event ends and antecedent dry period begins)

and

AS < 0 (the structure empties);

therefore,

—AS = ET + I + @ (change in storage must equate to total losses).

It is convenient to choose the time scale for analysis as the period over which AS =0,
when storage returns to the initial condition prior to a runoff event and the mass balance is
fully described by the loss terms in the diagram (i.e., steady-state). However, steady-state
condition is not a requirement for application of the tool, as long as the time step remains
constant across all loss pathways. Over increasingly long timescales, the magnitude of AS

approaches zero in comparison to the other terms in the water balance equation, leaving:

R+P=Q+ET+1I.

Creating complete water budget triangle datasets. Water budget data for each

loss pathway (Q, ET, I) was plotted in R using the ggtern package (Hamilton and Ferry
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[2018]). Full datasets and R scripts for plots and statistical analysis are available online
at: https://github.com/cgeger/WaterBudgetTriangle. It is relatively uncommon for
complete water budgets to be reported in the peer reviewed literature for individual LID
systems. Most researchers studying GI systems solely measure runoff (Q), fewer measure
percolation (I) and almost none report evaporation or transpiration (ET). Few studies report
a closed water budget (all three loss pathways), with the most common measurements being
Q, P, R, and either ET or I. Missing loss pathway variables were calculated by assuming a
closed water balance for each system, and solving for the estimate using the equation above.
The ecohydrology of natural wetlands has been an ongoing field of study for more than
four decades, thus, water budget data are most readily available for natural and constructed
wetlands (Lent et al. [1997], Mitsch et al.| [2014]). Complete water budget data for green
roofs are numerous, owing to the fact that percolation is zero and AS approaches zero over
long time scales. The most comprehensive reports of complete water budgets over months or
years of monitoring are generally available through engineering reports and student theses or
dissertations (Appendix. Water budget data are scant in the peer-reviewed literature for
more conventional systems, including sewer conveyance networks, detention (dry) ponds and
retention (wet) ponds. In this analysis, I show data visualizations for both individual studies
and summaries from several review papers. Many prior analyses model peak discharge from
retention (wet) and detention (dry) ponds, but few comprehensive water budgets partition
evapotranspiration or permanent groundwater recharge in these systems. Water budget data
available for conventional stormwater control structures come primarily from post-project

monitoring reports compiled by engineering firms and government planning agencies.
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3.4 Results

It is essential that stormwater infrastructure designers understand how physical design,
drainage media preparation, long-term maintenance, and plant species affect the water
budget of a built system. To explore this, I present a series of case studies from stormwater
management technologies found in the literature, including runoff reduction calculations;
hypothetical assessment of dynamic behavior; comparison of modelled and measured
behavior for both constructed and natural BMPs; and comparison of multiple GI and
conventional technologies. This synthesis supports reasonable expectations that modifying
contributing catchment area, basin area, hydraulic retention time, media depth or soil
particle characteristics, rooting depth, and other ecohydrologic characteristics will change
the water budgets of engineered stormwater systems. Equipped with a quantitative
understanding of the hydrologic function of stormwater technologies, the application of
watershed models should allow for projections of the stormwater management actions
needed to achieve water resource objectives. Using the datasets collected from the
literature, I calculate acceptable operational ranges for these structures and understand
design factors that influence hydrologic processes (Tables and . This data-driven
approach supports the development of a ‘sliding scale’ performance credit system (Brown

et al.| [2011]).

3.4.1 Natural and constructed wetlands

The hydrologic function of natural wetlands has been explored for more than 50 years
(Crisp| |1966]) and offers a good reference for comparison with constructed systems.
Wetlands exhibit a wide range of hydrologic behavior, due to (a) varying hydrogeomorphic
controls for natural wetlands and (b) diverse design objectives for constructed wetlands
(Lent et al.| [1997], [Nungesser and Chimney|[2006]). Dominant hydrologic fluxes in
wetlands may change over short time scales throughout the period of surface runoff and

may reverse during baseflow, flood levels, or tidal extremes (Choi and Harvey| [2000],
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Hughes et al.| [1998]). For example, the major hydrologic fluxes from kettle wetlands are
ET and infiltration, which may exhibit diel or seasonal fluctuation, depending on
temperature and precipitation (Hollands [1989]). Natural wetlands typically have more
complex water budgets than small constructed wetlands. It may not be possible to depict
water budgets for estuaries and other coastal wetland systems with tidal forcing using the
Water Budget Triangle (see Hughes et al. [1998]). [Lent et al. [1997] presented a Piper plot
water budget method to classify natural wetlands and lakes, summarized in Figure (3.2
alongside data from constructed wetlands and wetland models. Natural wetlands show
greater ET fractions than constructed wetlands (46% vs. 8% in Table [3.1]), but similar
proportions of flux to groundwater (5-10%). Models for natural and constructed wetlands
also reflect this difference. The compiled data (Figure , Table also show constructed
wetlands produce 22-26% more runoff on average than natural wetlands. This observation
makes a good case for preservation of naturally occurring wetlands during landscape
development rather than building ‘replacement’ constructed wetlands, an intervention
pertinent to developers and land managers in watersheds struggling to control downstream
flooding. The difference may arise from (a) reduced ET in constructed wetlands associated
with lower vegetation density; (b) lower ET related to soil carbon content (or different
humic material structure), which affect relative infiltration and evaporative fluxes from the
system; or (c) seasonally high groundwater surfaces that are shorter in duration for
constructed wetlands. In comparison, lakes (Figure exhibit a slightly greater fraction

of infiltration than natural wetlands.
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Table 3.1: Comparative summary of hydrologic function of stormwater technologies and
natural systems. Mean and median values from the compiled datasets for each system type,
calculated for each fractional variable of the water budget (discharged runoff [Q], percolated
or infiltrated drainage [I|, and evapotranspiration [ET]). Note that the values represent the
mean or median of each fractional loss pathway calculated independently from the other
fractions; totals may not sum to exactly 100, and may not match plotted versions.

Mean Median

System N Q | ET Q | ET
Porous pavement 23 34 54 11 20 64 10
Continent® G 37 7 55 & 7 54
Natural lake 13 38 15 47 45 12 43
Green roof ST 39 030 61 36 0 64
Bioretention cell® 10 46 16 3. 52 17 28
Cistern® 36 43 55 3 41 58 185
Detention pond? 7 43 37 21 48 28 24
Natural wetland 19 46 11 42 45 5 46
Constructed wetland 8 168 19 13 71 10

Retention pond 9RN3 53 21 85 0.20 8.4
Sewer pipe section® 13 76 24 0 83 17
Sewershed network® 12 88 12 @ Gl o)

3calculation includes at least one model estimate
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Category
® Natural wetland
A Natural lake
B Constructed wetland
-+ Model (natural)
X Model (constructed)

Figure 3.2: Variability of hydrologic performance of natural wetlands and lakes (n = 21
wetlands and 13 lakes) with data reported for eight constructed wetlands (n = 34 annual or
greater measurements). Results from two modelling efforts were used to estimate modelled
water budgets in natural wetlands (n = 5 model estimates) and constructed wetlands (n
= 2 model estimates). Note that the eight constructed wetlands are broken out by water
year for the purposes of visualization, there are several overlapping points on the Q vertex.
Data compiled from |Ayub et al. [2010], Caldwell et al. [2007], |Choi and Harvey| [2000], |Crisp
1966], [Daniels et al.| [2000], Hemond| [1980], [Hey et al.[1994], Lent et al.| [1997], Mitsch et al.
2014], Nungesser and Chimney| [2006], |Strosnider et al, [2007].

3.4.2 Retention basins and ‘wet’ ponds

Like many constructed wetlands, retention basins are designed to maintain permanent
standing water. As with wetlands, low seepage and limited groundwater exchange in

retention ponds is controlled by subsurface hydrology: natural groundwater table,

impermeable soils, compaction, and/or presence of a liner (Hartigan et al. [2009], PA DEP)|

12006]). Water budget data were obtained for measured values from seven retention ponds

in Florida and 2 years of modelled wet pond water budgets from the City of Austin

Stormwater Treatment Section (Harper| [2010alb)d, [2011], Harper et al|[2003], Hartigan |

et al|[2009], Teague et al.[2005]). Cumulative monthly water budgets sized by the

monthly precipitation (Figure [B.3)), show that retention ponds may behave as
zero-discharge systems during seasonally dry conditions, but typically discharge 85-95% of
influent. The remaining water is lost to ET (8-13%) or groundwater (< 5%). Hydraulic

retention time (average length of time a unit of water spends in the basin storage volume)
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is a significant predictor of the fraction of inflow occurring as runoff (R* = 0.81, p = .0006)
and ET (R? = 0.98, p = 1.32e-7), but not infiltration, in retention basins (color gradient in
Figure shows hydraulic retention time varying across the ET axis, but not I axis).
Increased hydraulic retention time increases evaporation but not infiltration. Infiltration
losses are explained more by site location than other variables, indicating this pathway is
controlled by site groundwater hydrology, not surface water inputs (Figure . These
observations are in line with the design assumption that percolation is not an important
sink for retention ponds, although the Poppleton, Palm Bay, and Tampa sites show

seasonal groundwater connectivity (Figure |B.3)).

ET - Evapotranspiration

20 Hydraulic
Club 11 2009 Retention
Club 1] 2010 Time
400 days
o‘b 200
Poppl §

@ Poppleton /Q;) 100
C 40
20

Figure 3.3: Cumulative water budgets for seven retention ponds and modelled wet pond
performance in Austin, Texas for 1953 and 1956 (n = 9). Symbol color represents measured
or estimated hydraulic retention times calculated from basin volume and average pond influx
per day. Data compiled from Harper| [2010albjd, [2011], [Harper et al| [2003], Hartigan et al]
[2009], |Teague et al.| [2005].
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3.4.3 Detention basins and ‘dry’ ponds

Detention ponds are commonly engineered for 6-72 hr of transient storage to attenuate
peak flows. Unlike retention ponds, they are not designed to maintain permanent standing
water, so are typically dry except for periods of wet weather. Despite their widespread use,
detention structures are rarely studied from an ecohydrological perspective; consequently,
retention and detention ponds are rarely considered to be types of constructed wetlands.
However, this is an artificial classification, because hydrologic behavior of retention and
detention systems places them alongside constructed wetlands on the same continuum
(compare Figures and . Much of the literature reporting hydrologic performance of
detention and retention basins has focused on the event-scale (Geosyntec Consultants and
Wright Water Engineers [2011]), which overlooks the longer-term roles of ET or
groundwater recharge (I) from detention ponds (WEF and ASCE| [199§]). Use of the
triangle tool to study detention ponds requires defining an appropriate time scale to
partition infiltration (I) and ‘event runoff’ (Q). Event water detained during the period of
surface runoff is considered beneficial to watershed function if it is released gradually
during baseflow and is a comparable quantity with percolated drainage. The water balance
of detention basins is more variable than retention ponds (compare Figures and .
Analysis of five detention basins from California and Nevada and 11 grass lined detention
basins from the International Stormwater BMP Database suggests volumetric reduction to
be between 8% and 33% (i.e., 67 < @ < 92; 2nd Nature, LLC| [2006], Geosyntec
Consultants and Wright Water Engineers [2011]). This pattern indicates these systems
may behave similarly to retention basins, or may produce substantially less runoff. Unlike
wet ponds, dry detention basins are thought to have good hydrologic connectivity with
groundwater, depending upon the infiltration area, soil hydraulic conductivity, and
unsaturated depth (2nd Nature, LLC| [2006]). The assumption of good groundwater
connectivity overlooks ET as a loss pathway for detention basins, as indicated in Figure [3.4!

The model represented (black dot) seems to underestimate both hydrologic connectivity
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and ET when compared with actual field observations (green and blue dots). The presence
of mowed vegetation in detention basins also contributes to greater long-term ET losses.
Further study of detention basin water budgets may indicate specific design criteria (area
to depth ratio), or management techniques (mowing, aeration, and planting strategies) that
may improve long-term stormwater retention by increasing I or ET losses. Analysis of
detention and retention pond design characteristics from a water budget standpoint may

lead to improved hydrologic or water quality performance of constructed wetlands.

Precipitation (mm)

ET - Evapotranspitation | @ 1000
| 2,2 2 2 BET @0
20
Type

0 e Dry detention pond
&

§0 Pumped detention pond

60 ,Q' e Detention pond model
/ o Intermittent constructed wetland
80

Time period
e Cumulative retention (>6 months)

+ Event or Monthly retention

Figure 3.4: Circles display cumulative water budgets from gravity-fed detention ponds (n
= 2) and pump-fed detention ponds (n = 4, two annual measurements for two ponds),
a Green-Ampt detention infiltration model (n = 1) and constructed wetland systems that
report having detention facilities (n = 3). Crosses show the single-event or monthly retention
variation for the same detention systems (n = 48). Data compiled from Ayub et al. [2010],
Daniels et al.| [2000], Emerson| [2003], Harper et al.| [1999b, [2002], Shukla et al.| [2015].

3.4.4 Bioretention cells, infiltration trenches, swales, and rain gardens

Analysis of precipitation and runoff by [Traver and DeBarry| [2003] in southern
Pennsylvania indicated that 80% of total annual precipitation volume can be captured by

retaining the first 25 mm of each rainfall event. Previous studies have found that rain
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gardens and bioretention cells reduce runoff volume by 30-99% (Schlea [2011], [Strauch

et al.|[2016]). Newcomer et al.| [2014] modelled volumetric reduction of 58-79% for
infiltration trenches, compared with 8-33% reduction on irrigated grass lawn. The wide
range in performance arises from several design factors that significantly affect the
long-term water budgets of swale systems. These design factors include: presence of an
underdrain, liner, or internal water storage zone; contributing catchment area ratio; direct
connection of impervious surfaces; ponding depth; media depth, composition, and particle
size distribution; and plant density and species composition (Bratieres et al. [2008], |Li

et al. [2009], Roy-Poirier et al.| [2010]). Environmental factors that affect water budget
include: native sub-base drainage and water table height; event depth and intensity; season
and temperature; age and maturity of the planted system; and particle clogging. To my
knowledge, there are no known studies or reviews that examine all of these factors in
controlled experiments and prioritize their relative importance to hydrologic performance.
However, there are published case studies, multiple models, and a general intuitive
understanding about how these factors affect performance at individual sites (Wardynski
and Hunt [2012]. [Winston et al.| [2016] observed that the underlying sub-base conductivity
is a key factor for volume reduction in bioretention cells, reporting that even poorly
drained soils can be effective for events smaller than ~6 mm if design allows for an internal
water storage zone. Thus far, discussion of internal water storage zones has mostly
assumed that better hydrologic performance arises from increases in exfiltration (I
increases). However, lysimetry studies indicate that bioretention ET can become
water-limited under dry conditions (Wadzuk et al|[2015]). ET from bioretention cells
decreases as a function of decreasing soil moisture below field capacity: drier soils
evaporate less water than wet soils (Buckingham|[1907]). ET is greatest following a rain
event and decreases over subsequent days, resulting in water limitation of bioretention
cells. Therefore, internal water storage zones may also maintain system capacity for ET by

limiting plant water stress and maintaining sufficient capillary conductance and
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connectivity to the soil surface. Wadzuk et al.| [2015] demonstrate ET limitation by water

availability using weighing lysimeters with and without an internal water storage zone.

Lysimetry data from Hess| [2014] clearly implicate ET as an important loss pathway for
bioretention (Figure [3.5] in green). Several models of bioretention estimate ET at or below
5% of the water budget, which is much less than the estimates from lined bioretention cells
(19%) and weighing lysimeters (40-78%), and less than the estimates for unplanted porous
pavement (~10-20%). The discrepancy could be due to the time step used in model
calculations, which is narrowed to the event scale plus 24 hr, over which little ET occurs.
However, 50-year climate simulations using DRAINMOD also largely underestimate the
evaporative fraction of long-term water budgets (Wardynski et al.| [2011]; Figure |3.5]
orange box, lower left). This pattern is corroborated by [Hess et al. [2017] and |Wadzuk
et al.|[2015], who reported that using the Penman—Monteith equation tends to
underestimate E'T while using the Hargreaves equation tends to overestimate ET. The
yellow circles in Figure represent two cells where ET was estimated using
Penman—Monteith. Additional work is needed to constrain annual ET estimates more
closely for swale systems before making long-term performance projections under varying
climate conditions. The most comprehensive work on ET in bioretention thus far has come
from three weighing lysimeters with differing soil types (Hess [2014], |Hess et al.| [2015],
2017], Hickman| [2011], Hickman et al. [2011], Wadzuk et al.| [2015]. Trials from |Hess et al.
[2015, 2017] indicate that soil composition controls whether percolation or ET is a more
important loss pathway over the long-term (i.e., right to left I-ET axis on the triangle).
Using lysimetry, Denich and Bradford| [2010] reported summer ET rates of 4.2-7.7 mm/d
in Ontario; Hess et al.|[2017] reported average ET rates of 2.9-4.3 mm/d during the
growing season and 1.5 mm/d in winter, with an annual ET of approximately 600 mm in
Pennsylvania. For context, the annual rainfall depth in Guelph, Ontario is approximately
958 mm, and 1230 mm in Villanova, Pennsylvania. These numbers indicate that ET losses

may accommodate half (or possibly more) of the annual precipitation budget, even in
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northern continental climates with cold winters.

Peak flow reduction is a major goal in mitigating downstream flooding and is used as a
common assessment metric for bioretention cells, retention, and detention ponds. However,
for infiltrative systems like bioretention cells and porous pavement, volumetric reductions
(ET and I) drive peak flow reduction, whereas temporary storage (AS) accounts for peak
flow mitigation in retention/detention systems. This distinction is significant for
understanding both site-level and watershed-scale impacts of engineered stormwater
systems. Also, unlike peak flow reduction, volumetric reduction is not related to event
intensity. Modest increases in volumetric reduction seem to drive large peak flow
attenuation in bioretention and porous pavement systems but less so for grassed swales,
detention, and retention ponds. For instance, researchers at NC State and Ohio
Department of Natural Resources reported runoff reduction of 36-60% but median peak
flow reduction of 97-100%, with maximum flow rates decreasing by at least 29% (NERR
[2016]). [Strauch et al. [2016] reported that only 39 out of 255 events produced measurable
runoff at a bioretention facility in Nebraska; volumetric reduction was 33-100% on an event
scale and mean peak flow reduction was 63%. Additional research is needed at the event
scale to determine if there is a predictable relationship between peak flow reduction and
volumetric reduction for different stormwater technologies (under uniform climate

conditions).

3.4.5 Pervious pavement

Porous or pervious pavement includes permeable asphalt or concrete, interlocking pavers,
grassed paver surfaces, and many proprietary mixes for walking, driving, and parking
surfaces. Infiltration rates of engineered porous surfaces can vary widely, ranging from 2.4
to 4.0 mm/min, greater than double the infiltration rates of natural soils or grassed
surfaces (Valinski and Chandler| [2015]). Most designs and models attribute runoff

reduction volumes to infiltration (I ~ 90%, Q = 10), but ignore evaporation (Drake et al.
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Figure 3.5: Water budgets for three lysimeters in Pennsylvania (green), a pair of lined and
unlined cells with underdrains from North Carolina (light and dark blue), measurements from
two sets of undersized, unlined retrofits with underdrains in Ohio (pink), and two unlined cells
from Nebraska with ET fraction estimated using the Penman—Monteith method (yellow).
Several shorter-term estimates from the same locations are also presented (blue crosses, n
= 59), along with calculated estimates using volumetric moisture content constraints (black
boxes, n = 6) and a DRAINMOD estimate with very low ET (orange box, n = 1). Data
from [Hess| [2014], [Kosmerl [2012], Li et al. [2009], Pitt et al. [2007], Strauch et al.| [2016],
Wardynski et al. [2011].

[2014]). However, |Pratt et al.| [1995] reported lined porous pavement systems equipped
with underdrains reduced runoff by 20-50% due to increased evaporation (I =0, Q =
50-80%) at rates between 0.2 and 5.5 mm/day. Evaporation loss estimates for unplanted
porous pavement range from 3% to 44% and are heavily influenced by the time step of the
monitoring period. In general, surface runoff from porous pavements is more sensitive to
rainfall intensity than rainfall depth, so results from event-scale studies are more common
than long-term cumulative water balances. Event-scale studies frequently assume
evaporative losses are negligible because values less than 0.5 mm/day are common between

March and November (Gobel et al.|[2013]). This assumption is likely reasonable at the

event scale, because porous pavement can have a runoff threshold of up to 7 mm and
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because low-intensity, small precipitation events (less than 2 mm) are sometimes excluded
from observations. However, evaporative losses over longer timescales are substantial, with
annual values reaching 150 mm, easily 10-20% or more of an annual water budget in North
America or Europe (Figure [3.6} |Gobel et al.| [2013], [Hein et al] [2013]). Martin and Kaye
[2014] indicate that approximately 1 mm/day is a conservative ET estimate for porous
pavements without underdrains. |Gobel et al.| [2013] estimate cold-weather ET rates from
porous pavement during December through February around 0.24 mm/day. Similarly,
winter evaporation can be substantial during cold, dry weather: Drake et al.| [2014]
reported > 20 mm cumulative ET over a winter, accounting for ~ 9 — 13% of a winter
water budget in Ontario, Canada. Ignoring winter measurements further contributes to the
underestimation of ET on an annual basis, especially at sites with intermittent snow cover.
A 2-year water balance study on three types of lined (I = 0) porous pavement measured 95
mm of evaporation and estimated ET losses to be between 2.4% and 7.6% of annual
precipitation (Brown and Borst| [2015]); however, the authors conclude that the design
could be modified to enhance evaporation to between 7% and 12%. This is a conservative
range for long-term model estimates. Surface color is a key factor affecting ET losses for
porous pavements, because the energy for evaporation is conducted to pore water through
the thermal conductivity of the paver; dark-colored pavements may increase ET by up to
~ 20% (Gobel et al.| [2013], |Starke et al.| [2010]). Seam area is also an important factor
influencing both infiltration and evaporation rates (Starke et al. [2010]). Using grassed
pavers or pairing unplanted porous pavements with street trees increases transpiration and
rainfall interception (Vico et al.|[2014]). Vegetated grass pavers may evaporate ~ 1.5

mm /day, accounting for more than 50% of annual precipitation (Gobel et al.| [2013]). Like
green roofs, evaporative losses from both grassed pavers and unvegetated pavement may
become water-limited during dry periods (ET may decrease in periods of low pore moisture
content; Brown and Borst| [2015], |[Pratt et al. [1995]). Thus, eliminating underdrains or

including an upturned elbow for internal water storage can increase exfiltration time (I

40



increases) and prevent water-limiting conditions from occurring between storms (ET

increases).

ET - Evapotranspiratian

Type
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Figure 3.6: Reported for water budgets from unplanted porous asphalt, permeable concrete,
cobblestone and interlocking or tongue-and-groove pavers (n = 15, some estimated more
than once) alongside models (n = 12) and short-term measurements (n = 43) for the same
locations. For reference, estimates for grassed pavers (n = 2), an impervious surface (n = 1)
and lined porous pavement systems (n = 3) are also presented. Data compiled from |Brown
and Borst| [2015], Drake et al| [2014], Gobel et al.|[2013], NERR| [2016], Pratt et al.| [1995],

Rinf 2011).

3.4.6 Green roofs

The primary water sinks for green roof systems are ET and discharge, with minimal

permanent storage and no infiltration occurring across the impermeable membrane below

the growth media (Wadzuk et al.|[2013]). Because green roofs are disconnected from

ground infiltration, below a minimum event threshold they can operate as zero-discharge
systems (Figure top-right corner of triangle), with larger events plotting progressively
closer to the lower vertex. Every green roof has a maximum water retention limit;
progressively larger and more intense events retain and evaporate/transpire proportionally

less water. The hydrologic function of a green roof is greatly affected by media depth.
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Deeper media cells capture incrementally more water; Fioretti et al. [2010] show study
roofs with greater than 15 cm of substrate retain more water than shallower systems (2-15
cm). However, they also show that a green roof with a modest 2-cm media depth retained
more than 400% more precipitation than a conventional roof. Soil media characteristics
also play an important role, because particle size distribution determines water holding
capacity and retention (Graceson et al.| [2013]). The chemical properties of green roof soil
media are less well studied, but agronomic and soil science studies have demonstrated that
some soil media characteristics enhance water retention capacity (Bleam| [2016]).
Vegetation increases retention by enhancing transpiration losses; the blue (unplanted) roofs
presented in Figure show lower ET than planted roofs. Morgan et al.| [2013] reported
that a minimum of 20-25% vegetated roof coverage is needed to increase stormwater
retention beyond the capacity of the growth media alone. Lab-scale roofs do not seem to
capture the full range of performance shown in full-scale green roofs (Figure . This
discrepancy is possibly due to shorter monitoring periods, lower vegetation density, or
greater soil moisture range, and edge effects in smaller lab-scale roofs. The roof media
storage volume is also dependent upon ambient temperature and to a lesser extent on the
carbon content and root biomass. Green roofs presented in Figure represent
performance across a range of seasons and climates; green roofs in warmer seasons and
climates generally capture and evaporate more water than cold-climate green roofs.
However, cold-climate green roofs still perform well in comparison with conventional roofs.
The mean and median values of the 59 green roof water budgets from the literature are

very similar (Figure , Q is approximately 36-39% and ET around 61-64%.
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Figure 3.7: Eighty-seven water budgets representing installed green roofs (n = 59, in green),
lab-scale study roofs (n = 7, in yellow), measured control roofs (n = 6, in orange), blue roofs
(consisting of gravel or other unplanted substrate, n = 4, in blue), and green roof models
(n = 10, in black). In some cases, the initial abstraction value was reported; this value
was used to estimate I for green roofs and ET for control roofs, otherwise the I is assumed
to be 0 because it is minimal over long timescales. Data compiled from |Ahiablame et al.|

[2012], Berghage et al.| [2007, [2009], [Buccola and Spolek! [2011], Czemiel Berndtsson!

2010],

Carpenter and Kaluvakolanu [2011], Carson et al.| [2013], Carter and Rasmussen| [2005)

2007],

Fassman-Beck et al.| [2013], [Fioretti et al. [2010], Getter et al, [2007], Gregoire and C

ausen

2011], Hathaway et al.|[2008],
2005], [Mentens et al| [2006],

Hoffman et al.

[2010], [Hutchinson et al.|

2003], [Liu and

Minor

Moran et al.|

2005], Nawaz et al. [2015

, [Palla et al.

2011,

Stovinl [2010], [Stovin et al.| [2012} 2013], [Toronto Regional Conservation Authority,

2000,

Teemusk and Mander| [2007], [Van Seters et al.| [2009], [Vanuytrecht et al.| [2014], [Van

Woert|

et al| [2005], [Villarreal and Bengtsson| [2005], Wadzuk et al.| [2013].

3.5 Discussion

3.5.1 Modelling and diagnostic estimates

Basic water budget statistics from results presented in the previous sections are

summarized in Table This data summary can be used for modelling efforts and as a

diagnostic benchmark to identify under-performing sites. Mean and median estimates of
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runoff are within 5% for many systems, apart from bioretention, porous pavement, natural
lakes, retention ponds, and sewer pipe sections. Given the variability of event-scale
measurements and site-to-site comparisons, operational ranges are likely more useful for
both modeling and diagnostic applications than individual summary statistics. Estimates
of short-term operational range and long-term performance range for each engineered
system type are displayed in Table [3.2] These water budget ranges are intended as a
benchmark for comparing hydrologic function among unlike technologies. The discharge
numbers in bold on Table represent a suggested worst-case performance value for each
technology. Correspondingly, it would be prudent for designers to aim for designs that
meet or exceed the underlined values. For example, bioretention cells that discharge more
than 59% on an annual basis should be examined for retrofit or design changes that can
improve performance (Table . Similarly, sewershed networks that discharge less than
81% of the water conveyed should be examined for leakage (Table . These diagnostic
ranges provide a baseline that should help to optimize designs in the future. However, a
larger and more representative water budget dataset would provide more robust certainty
about reasonable expectations for retention ponds (n = 7 ponds and 2 models),
constructed wetlands (n = 8), detention ponds (n = 6 ponds and 1 model), and
bioretention cells (n = 3 lysimeters, 5 undersized retrofits, 1 lined cell with underdrain, and
1 unlined cell with underdrain). (Appendix |B| has additional discussion about systems not
shown here.) Additionally, there may be future innovations that improve volumetric

capture; performance ranges may change over time to reflect this improvement.

3.5.2 Data limitations

The water balances reported here are not uniform among sites—specifically, the various
time steps stem from differences in study questions and approaches. Hydrologic monitoring
at some sites was conducted over multiple water years, whereas most studies of GI

collected 6 to 9 months of data. These differences are notated to the extent possible to
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provide the greatest context for comparison. The data reported also represent diverse field
techniques due to a wide range of approaches used in measurement and reporting among
institutions and study cases. Although these differences are not unimportant, the datasets
represented in the literature show clear patterns for summary and interpretation, despite
varied methods. Q is typically measured directly using a tipping bucket gage or structure
calibrated with a stage-discharge relationship. Infiltration measurements are estimated
using a linear scale or pressure transducers to quantify the height of the water table and/or
soil moisture sensors to estimate pore water saturation. Evaporation estimates are
generally modelled by energy balance techniques typical of micrometeorology studies
(Wadzuk et al|[2015]). A few studies use pan evaporation or other direct measurement
techniques, but this approach is less common. As a result, the estimated proportional
importance of ET within the water balance is likely incorrect and probably underestimated
over long time and large spatial scales. Underestimation of ET is likely because many
models project by upscaling short-term /small-scale measurements during periods when ET
is known or assumed to be minimal. The relative simplicity of a green roof water budget
(as compared with systems with complex groundwater hydrology) highlights the effect that
divergent measurement and analysis techniques have on conclusive outcomes. Several of
the green roof case studies presented demonstrate both time-and scale-dependent results
(Czemiel Berndtsson| [2010], [Fioretti et al. [2010], Stovin et al.|[2012], [Voyde et al. [2010])
that contribute to the broad array of performance (Figure . For example, lab-scale
studies generally result in more runoff than full-scale green roofs, and event-scale

monitoring results in more variable ranges than cumulative studies.

Event-scale analysis tends to focus on storms above a specific threshold, creating a
cumulative water budget that is less representative of overall annual performance, usually
reflecting less ET and more runoff. However, using event-scale analysis water budgets can
help elucidate the role of antecedent soil moisture and event precipitation depth and may

be appropriate for investigating other design variables, such as site sizing, particle size

45



distribution or roof slope. Studies collected over a single season are less valuable than those
collected for longer durations, and water budgets for a single season are rarely indicative of
annual performance. Monthly observations vary widely due to seasonal changes in
hydrologic and plant function, temperature, and variability in precipitation and runoff
events. Therefore, I recommend collecting at least a full water year of daily data to monitor
hydrologic function. Green roofs, bioretention, and constructed wetlands are dynamic
living systems; there is evidence that water retention and evaporation increase along with
vegetation extent and density following installation, which may take more than one or two
growing seasons to develop (Figure . There are few studies of GI function in the
literature with more than 5 years of data. It is likely inappropriate to use values collected in
the first year to represent long-term performance of dynamic systems, as they require time
for plant maturation, soil settling, and particle loss/accumulation to equilibrate (Figure
. For long-term (decadal) modelling applications, I recommend collecting continuous
data for at least 5 years for water budget analyses, including the winter season—shorter
duration datasets are recommended to be analyzed at the event scale, where median
performance is likely more representative than mean. Fortunately, the ternary diagram is
not particularly sensitive to small values changes in the dataset; measurements with the
correct order of magnitude provide an adequate level of precision. As a result, users can
obtain an accurate ‘sense’ of hydrologic performance by collecting ‘ballpark’ measurements,

despite the field challenges of collecting complete water budgets for a site.

3.5.3 Factors affecting hydrologic performance

Using the triangle to compare dissimilar systems allows study of how individual design
factors affect water budget partitioning. Although some design changes may affect all three
water budget variables simultaneously, there are several design factors that primarily
influence the trade-off between two water budget variables while remaining isometric in

proportion to the third variable. This feature is represented visually on the Water Budget
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Triangle by observations tracking parallel to one side of the triangle; compare Figure [3.6
with Figures and [B.4] which show observations tracking parallel to the left side of the
triangle, indicating a trade-off between infiltration and runoff (I-Q axis). For example, the
most simplified systems showing infiltration—runoff (I-Q) axis tradeoffs are sewers and
cisterns (Figures and . Understandably, increasing the tank volume of a cistern
will increase the fraction of water harvested (I for cisterns), resulting in less runoff. In the
same way, increasing pipe volume in a sewershed network will increase the total capture
volume, generally leading to more infiltration and decreased runoff, whereas ET remains
negligible. By synthesizing the data presented above and examining engineered systems as
a suite of green and grey tools, it is possible to parse which design factors affect these

trade-offs between site water budget fractions when other design variables are held

constant (Table [3.3)).

3.5.4 Factors primarily affecting I-Q trade-off

The structural design factors that show I-Q trade-off behaviour are volume, contributing
area, and the presence of an underdrain or liner. Larger tank or basin volumes increase the
initial amount of water captured by a system, usually leading to higher infiltration rates
and lower runoff; this is especially apparent at the event scale. Structural analogues that
control capture volume include above ground empty basin volume (constructed wetlands,
retention, and detention ponds); ‘ponding’ basin volume or depth (bioretention and
swales); tank volume (cisterns), subsurface collection boxes, pipes or tanks (porous
pavement, bioretention, infiltration trenches, tree boxes, sewers, etc.). Increasing the
volume of subsurface storage increases infiltration losses but also may affect ET if the
system is water-limited by inducing either standing water or an internal water storage zone.
Nearly all engineered systems have design variations that include options for a subsurface
drainage outlet (‘underdrain’) or an impermeable liner; systems may have one of these

features, both of them, or neither. Designs that may include underdrains or subsurface
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Table 3.3: Design factors affecting hydrologic performance. Design factors that primarily
drive a trade-off between two water budget variables while remaining isometric in proportion
to the third variable (holding all other design variables constant). Arrows represent visual
direction of influence when data is plotted on a water budget triangle.

I-Q axis Q-ET axis ET -1 axis
Factors affecting <
tradeoff between two
water budget variables ’
e System capture e Presence of ¢ Planting density
volume or internal & species
& g ponding depth water storage composition
w1t ¢ Contributing zone e Site
:=_-§ i catchment area or standing management
S & e Direct water practices
&0 connection of e Particle size
=0 impervious distribution
22 surfaces « Particle
z E ¢ Presence of surface
o = drain chemistry
e Presence of e Mediadepth
liner
¢ Hydraulic ¢ Season & ¢ Surface
C- B conductivity of temperature roughness or
% E 48 sub-base e Groundwater Initial
—EL e Plant table height abstraction
m C .
£S5 Establishment
% E K ¢ Particle clogging
wwo e Event depth &
intensity

outlets exist for constructed wetlands, bioretention, porous pavement, green roofs, and
retention and detention ponds. Liners may be present in wetlands, retention and detention
ponds, porous pavement, and bioretention. Sealed pipe joints between sewer sections act as
a liner analogue and affect the proportion of I-Q fractions. The presence of a drain
increases runoff (through the drain), decreases stored capture, and reduces infiltration; ET
from drained bioretention, constructed wetlands, and porous pavement systems remains
low (< 30%). The presence of an impermeable liner, geotextile, or compaction layer
impedes infiltration and constrains hydrologic performance to the right-hand axis (I = 0;
see Figure lined bioretention cell; lined porous pavement in Figure [3.6| and green roofs
in Figure [3.7). Holding other design variables constant and changing the contributing area

to a system will tend to affect the balance between runoff and infiltration. Auxiliary (but
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related) factors such as the land use of the contributing area or direct connection of
impervious surfaces will also affect system performance along the [-Q axis. Wetlands,
retention, detention, bioretention, porous pavement, and cisterns show performance
changes along the I-(QQ axis when contributing area changes. External environmental factors
affecting infiltration fraction include the hydraulic conductivity of sub-base, plant root

establishment, particle clogging, compaction or cementation, event depth, and intensity.

Sewer pipe section* Sewershed network* Cistern*
ET ET
5 % % B 2 ® 3

e Median
* Mean

100

Figure 3.8: Water balance summary demonstrating [-Q axis tradeoffs. Pipe sections and
cisterns are enclosed, which prevents evaporative losses. This limits the water balance shifts
to the I-QQ axis. Values are from Tables and [3.2] Asterisk (*) indicates inclusion of
modeled estimates.
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Figure 3.9: Water balance summary demonstrating primary and secondary axis tradeoffs.
Water balances for several BMP structures may display both primary and secondary trade-
off axes, resulting in an expected operational zone, shaded in green. The mean value is
represented by the black dot at the central intersection of the star in the dark green zone,
median represented in blue (see Table[3.1] The arms of the star extending out from the mean
show the range of estimates from Table The lines should be read from the axis with
the vertex at 100 (e.g, vertical lines are estimates of Q). Asterisk (*) indicates inclusion of
modeled estimates. The primary axis is the one with the longest arm in the star, indicating
the loss pathway with the greatest variability. For example, detention ponds and porous
pavement are I-QQ dominant because the longest dimension of the shaded region is on the I
axis, and the next longest dimension is in the Q) direction. Bioretention and retention ponds
are Q-ET dominant because the longest dimension is in the Q direction and the next longest
is in the E'T direction.

3.5.5 Factors primarily affecting Q-ET trade-off

The most simplified systems showing Q-ET axis trade-offs are green roofs and other lined
systems. The structural design factors that affect Q-ET trade-off behaviour are presence of

an internal water storage zone or standing water, amended media depth, and particle size
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distribution and surface chemistry. Much of the soil media research that has previously
been published for green roofs is relevant for ground-based infiltration systems, although
weight load limitations are not. The amended media depth and particle characteristics
strongly affect the volume of moisture retained at field capacity, once all ponded water has
drained through soil media (~24 hr after the end of the rain event). Soil moisture retained
within the media matrix after the system has drained to field capacity likely leaves the
system through evaporative losses, not through infiltration into the sub-base. Shallower
amended media depths retain less soil moisture, allow systems to become water limited and
decrease the importance of ET as a loss pathway. Likewise, designs that use an upturned
elbow drain or raised outlet elevation to promote internal water storage prevent systems
from becoming water limited and increase ET. Preventing internal water limitation is a
design consideration that is relevant for nearly all types of engineered stormwater systems
to promote ET. Maintaining a small amount of residual soil moisture between events also
allows for higher hydraulic conductivity at the soil surface, reduces hydrophobicity, and
promotes infiltration rates at the onset of subsequent rain events. However, sites that do
not effectively evaporate soil moisture between storm events remain saturated and result in
increased runoff. External environmental factors affecting soil moisture and evaporative

losses include season, temperature, and natural depth to groundwater onsite.

3.5.6 Factors primarily affecting ET—I trade-off

The addition of plants to an unplanted system increases loss by ET; there is a shift from
left to right visible in Figure for grassed pavers, as compared with unplanted permeable
pavement. Site planting density, species, and root density also likely affect systems along
the ET-1 axis; this is a factor for constructed wetlands, bioretention cells, green roof, and
vegetated pavers. Site management of emergent vegetation also plays a role in limiting or
encouraging ET from retention ponds and constructed wetlands. Mowing frequency,

surface aeration, and site management likely influence relative losses of ET versus I in
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detention ponds and grassed swales. Environmental factors affecting the ET—I trade-off

include the surface roughness of contributing areas or initial abstraction of precipitation.

Green roof
ET

b

2]
0,

o

/ Figure 3.10: Water balance summary
‘ demonstrating Q-ET axis tradeoffs.
Because infiltration is not possible,

water balance ranges for green roofs
shift along the Q-ET axis. See Tables
* Median .1l and B.2] for values.

* Mean
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3.6 Conclusions
The benefits of using the Water Budget Triangle are fourfold:

1. Provides a visual aid to compare green and grey stormwater tools as an integrated

suite of management options;

2. Eliminates non-technical uncertainty in language in favor of comparisons based on

observable hydrologic behavior;

3. Facilitates communication of detailed technical information to both scientific and lay

audiences; and

4. Mluminates how environmental factors and site design affect hydrological performance
and allows simplified (two-pathway) systems to act as proxies for analysis of more

complex systems.
The results of this study indicate:

1. Event-scale understanding of stormwater systems is not representative of long-term
performance for GI or conventional systems; short-term monitoring underestimates
ET, especially during dry and cold periods. Experimental studies for green
infrastructure should collect measurements appropriate for the spatial and temporal
scales of interest, and long-term modelling should not simply upscale event-scale

measurements.

2. Cursory estimation of water budget variables may be adequate to provide an
understanding of constructed system water budgets. However, more accurate
estimation of ET is necessary for both living and nonliving technologies to account

for discrepancies between current model estimates and weighing lysimetry studies.

3. Constructed green infrastructure ecosystems may not adequately replace natural

ones, as indicated by differences in natural and constructed wetlands;
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4. Modest increases in volumetric reduction (30%) can achieve large peak flow
attenuation (90%). Employing permanent reduction pathways (ET, I) instead of
temporary storage (AS) is a more effective management strategy for mitigation of

stormwater.
Future study recommendations:

1. Additional measurements of water budgets are necessary to better predict hydrologic

performance of green infrastructure, especially retention and detention ponds.

2. A water year of daily data is a good starting dataset for this method. Shorter
duration or intermittently collected datasets are recommended to be analyzed at the

event scale.
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4 Urban green infrastructure ecohydrology

4.1 Introduction
4.1.1 Mechanisms to relate stormwater control design to ecohydrology

Engineered control strategies drive efforts to improve urban stormwater management.
Stormwater control measures (SCMs) are commonly included as best management
practices (BMPs) for low impact development (LID). They consist of both green
infrastructure (GI) and other conventional concrete structures. Sound SCM design
decreases runoff inputs to sewers, wastewater facilities, and surface waters by increasing
available storage and distributing flows across the landscape. There are three main
pathways to distributed storage and runoff attenuation: 1) temporarily retaining water in a
pond or structure (increasing storage, AS), and allowing it to release slowly, thereby
reducing runoff (Q); 2) removing excess water from the landscape through
evapotranspiration (ET) into the atmosphere, or 3) infiltration (I) through the surface into
the vadose zone and/or recharge to the groundwater table (see Section or Eger et al.
[2017]). All three processes co-occur in most SCM designs. However, when considering
among SCM designs, differences in the way design components affect local hydrology can

result in substantially different catchment-scale performance estimates.

A set of hypotheses about analogous performance effects of structural design features is
presented in Table 4.1} These hypotheses are based on work from Chapter [3|, which
explicated how differing designs affect site water budgets. Each row of the table aligns a
design feature with a logically equivalent mechanism that affects the onsite water budget of
different green infrastructure technologies. The primary axis tradeoff column denotes the
two dominant water budget components most affected by each structural feature. For
example, the water budget data from Chapter |3 supports the hypothesis that increasing

the total capture volume of a system affects the tradeoff between runoff and infiltration, or
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the I-Q axis on the water budget triangle (holding all other structural features constant).

The modification of capture volume occurs slightly differently in distinct BMP types, but

most systems have a type of basin or tank for which size can be adjusted. While only

structural features are represented in the table, non-structural features (both known and

intangible) also affect site water budget, including: the hydraulic conductivity of the native

soil or underlying sub-base material (I-Q axis on the water budget triangle), the land use

and curve number of the contributing watershed (I-Q), the directly connected impervious

area (I-Q), the event depth (I-Q), the seasonal groundwater elevation (Q-ET), seasonal

temperature and climate (Q-ET), particle clogging (I-Q) and the maturity of the system

Table 4.1: Design factors that influence ecohydrology.
Design factor PRIMARY Constructed Retention Detention Porous
affecting water AXIS Wetland Pond Pond Bioretention Pavement Green Roof Sewer Cistern
budget TRADEOFF (suggested analogous design factor specific to engineered stormwater system)
. . ponding volume . .
Volume empty basin - empty basin basin volume & sub-surface sub-surface media void pipe volume tank volume
volume volume storage volume volume
storage volume
contributing contributing
Contributing contributing  contributing contributing  area, directly area, directly contributing
roof area sewershed
4 area area, land use area, land use area, land use connected connected area
] I-Q axis impervious area__impervious area
& depth of
depth of
2 media/soil to depth of a lie ate intensive vs
80 Media depth sub-base - - media/soil to EEICE extensive - -
7] . courses to sub- .
L (vertical flow sub-base media depth
[=] base
= wetlands)
g Presence of drain underdrain outlet size outlet size underdrain underdrain underdrain outfall spigot
&
= - .
= . compaction ~ compaction . .
o Presence of liner finer o.r liner or liner or finer o_r liner o_r roof liner  pipe joint seal tank
— geotextile . . geotextile geotextile
£ geotextile geotextile
2 Presence of ermanent pool ermanent outlet roof drain standin;
S internal water Q - ET axis P P P . upturned elbow uptumed elbow . NS rain config.
£ depth pooldepth elevation elevation  water in joints
& __storage zone
= Particle size media size degree of degree of media size aggregate size media size } )
E distribution distribution compaction  compaction distribution distribution distribution
> Surface . . . . . . . . aggregate media
) - -
£ chemistry media chemistry soil chemistry soil chemistry media chemistry chemistry chemistry
ET - I axis grass
presence & lant species resence of lant species
Planting density density of coverage, grass p P P p P
. presence of palette & grassed pavers palette & - -
& species emergent emergent coverage coverage or paver spacin, coverage
vegetation e . & p pacing g
vegetation
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4.1.2 Bridging model assumptions with observable field conditions

There are different approaches used to describe how to choose and design catchment
appropriate green and gray stormwater infrastructure. Most publicly accessible information
is based on hydrologic models (e.g., SWMM, EPA Green Infrastructure Modeling Toolkit),
design handbooks (state and city stormwater management design manuals), and
spreadsheet calculators, which provide rule-of-thumb guidelines to inform design (Hartigan
et al. [2009], NYS DEC [2023], PA DEP|[2006], Rosa et al|[2015], [Rossman and US EPA
[2010], [US EPA|[2014]). These engineering models are based on assumptions on the physics
and hydraulics that occur in field settings, but they can overlook the roles of ecology and
ecohydrology within a complex urban setting. For example, stormwater design models
often use scaled terms to represent environmental conditions like land use, climate, or soil
parameters, and they may make model adjustments by re-scaling the relevant term within
the empirical or deterministic equations(Hofmann and Hofmann| [1992]). While this
approach is reasonable and can be effective in terms of model fit, it can obscure the
underlying catchment-scale processes and make the relevant variables dimensionless
(Jajarmizadeh et al. [2012]). This approach makes it difficult to assess which primary
assumptions prompt a model to perform accurately or inaccurately when compared to field

observations (Pons et al.|[2023]).

Predicting how a particular SCM design affects local site and catchment hydrology is
difficult; the SCM is a localized intervention that both affects and is affected by
surrounding ecohydrology. Equally challenging is confirming that an installed SCM has
met both design criteria and catchment-scale hydrology goals. The non-normal and skewed
distributions of water flows that occur in observational monitoring data are not always
accurately fitted by models, leading to questions about whether green technologies are
performing adequately, particularly if the design was intended to meet a narrow

performance benchmark. Deterministic models based on conceptual understanding of
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physical phenomena may not produce performance benchmark ranges that realistically
allow for the stochastic processes occurring in the field. Empirical models may allow for
stochastic behavior, but obscure or misinterpret actionable engineering insights. In most
engineering fields, there is better clarity about underlying causal mechanisms of actionable
interventions. Additionally, the installation guidelines available for stormwater control and
treatment are based on the anticipated performance of each SCM design model, rather
than on field measurements that indicate how designs actually perform within the urban
landscape mosaic. This subtle but observable difference may create performance
expectations that do not align with the limitations posed by the capabilities of the type of
green infrastructure. Understanding the functional assets and limitations of SCM features
in the context of field ecohydrology supports creation of achievable performance
benchmarks, more nuanced models, and appropriate remedies for designs that have failed

to meet catchment goals.

Thus far, it is evident that the causal effect of a single BMP site remains unclear in the
field. Therefore, the causal effect of a modeled BMP design is also unclear; structural
features have yet to be decomposed into their individual causal effects. Likewise, using
deterministic models (or other models that are neither stochastic nor causal in nature) to
forecast site performance creates heavy reliance on black-box assumptions regarding the
individual engineering and design choices of a given facility. Black-box assumptions can
obscure which model components a) accurately reflect field conditions; b) are accurate but
irrelevant in the magnitude of their effect; and c) are erroneous. Answers to questions
about causal effects of design choices are limited by the constraints of performing fully

replicated and controlled catchment-scale experiments in urban systems.

4.1.3 Counterfactual questions for design iteration

Empirical models can be tuned to make accurate predictions without correctly representing

the causal mechanisms that underpin the system they represent. [McElreath! [2020]
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emphasizes: ‘Models that are causally incorrect can make better predictions than those that
are causally correct.” This tendency toward empirical models that do not fully explain
causal mechanisms occurs in hydrological engineering because it is largely impossible to
fully represent the multidimensional problem space and stochastic processes in real-world
ecohydrological systems. However, current models can provide good predictions of existing
system performance without the ability to make counterfactual estimates (counterfactual
estimates are predictions of how a BMP site would perform with a given set of potential
modifications or environmental changes). Employing models that lack causal explanation
limits the ability to assess how a site structural change or retrofit of a stormwater facility
would affect future SCM performance, and whether the gains in onsite performance are
worth the cost and effort of changing the facility. The iterative design process that is
essential to good engineering practice relies on the ability to make counterfactual estimates.
Therefore, development of a causally accurate model that can answer counterfactual

questions falls squarely within the responsibility of the engineering community.

Each structural feature in Table has an individual effect on the overall hydrologic
performance of the stormwater facility. For example, many professionals describe a
retention pond with the following features: a basin-shaped structure with permanent
standing water and a single control structure at the outlet, low groundwater connectivity,
grassed sides, limited or absent aquatic vegetation, and relatively steep basin slopes. These
structural features are common among many retention pond sites. Each feature has
individual and differing effects on the magnitude of the water budget components of the
retention pond. Other SCM types, however, are more loosely defined. Some professionals
use ‘bioretention” and ‘swale’ interchangeably, whereas others discern between the two
terms based on differences in structural features (planted vegetation, soil media,

basin/channel shape, etc.). For detailed descriptions of each SCM type, see Chapter .

Engineering choices drive which combination of features and local characteristics of
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these features are used in the construction of a stormwater facility during the design
process. SCM terminology generally refers to a stormwater system as it was designed, as
opposed to its function in the field. Questions arise regarding the combination of onsite
features: if a retention pond was designed to retain permanent standing water, but rarely
does, does it need intervention? What intervention is appropriate? Would it need
intervention if it still met the catchment-scale hydrology goals? Should it still be called a
retention pond if it no longer holds standing water? What should it be called after the
intervention is retrofitted? The key to answering these questions lies in decomposing the
overlapping structural features of various SCM sites to estimate the causal effect of each

feature on the overall hydrologic performance of a stormwater facility.

4.1.4 Using directed acyclic graphs to clarify assumptions

The ability to estimate a potential or counterfactual outcome requires a causal framework.
Systems diagrams are common in hydrology, ecology, engineering, and sustainability
research —all fields trying to answer complex questions involving dynamic systems. The
classic water cycle diagram and other mapped biogeochemical cycles, energy diagrams, and
systems engineering models all represent relevant variables within a nodal structure with
directed arrows. However, it is rare to see such diagrams in these fields analyzed using
causal methods by treating the systems diagram as a directed acyclic graph (DAG, Figure

4.1) or structural causal modelll]

DAGs carry the conceptual value of a systems diagram in addition to standard
mathematical notation to describe the presence of causes, effects, confounding factors,
backdoor paths, instrumental variables, and other causal inference tools. The underlying

nodes and edges within the diagram provide essential information about the researcher’s

INote, throughout the remainder of this text I try to avoid using the term ‘structural causal model’, and
its common abbreviation, SCM. This is an attempt to avoid confusion, and a conscious choice to reserve the
term ‘structure’ to indicate built engineering features, and the acronym ‘SCM’ to abbreviate ‘stormwater
control measures.’
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Figure 4.1: Demonstration of the three most basic DAG structures and the standard logic
underlying the conditional dependency relationships between parent and child variables in
each configuration. 7 is independent of X conditional on Y in both chain and fork con-
figuration of variables; Z is not independent of X conditional on Y in the collider variable
configuration. Figure originally published in Markowetz and Spang] [2007].

logical assumptions, including which variables must precede each other in time, as well as
which variables are certain to have no causal relationship. The DAG helps identify which
causal estimates are measurable (using regression or other inferential methods) and the
adjustments that should be made to appropriately specify the statistical model. The
hydrologic performance of any given SCM is driven by both natural and engineered factors,
creating the need to differentiate between structural effects on local ecohydrology and
environmental effects from the surrounding landscape or site climate. The roles of
structural features were identified and isolated from site and environmental factors using a
modified systems diagram (Figure |C.1]). Environmental variables are much more likely to

affect inflows than outflows at the scale of individual storm events; these two types of

effects are differentiated on the DAG in Figure [C.I]

4.1.5 Use of observational data in causal inference studies

Causal inference tools are particularly appropriate for the natural observational

experiments that are common in environmental fieldwork because they help identify and
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remedy sources of statistical bias that may be present in a dataset and provide researchers
with tools that help to discern correlation from causation. Nearly all environmental science
questions rely on observational data; only a few types of studies allow true controls or
formal randomization. It is impractical, costly, or impossible to design a fully blocked
stormwater management experiment, largely because site locations cannot easily be
randomized, and storm events cannot be replicated. Observational studies do not have the
benefit of randomization or pre-selection into a study for balance, which introduces
statistical bias into the underlying dataset. For example, observations of storm events at
BMP sites in arid locations are ‘underrepresented’ in observational hydrologic datasets
because they occur in locations where precipitation is less frequent. It seems obvious to
state that it rains less in the desert, but the implication is that using a purely observational
dataset for studying structural BMP features statistically biases performance results
toward locations that receive more frequent precipitation events. This limitation can be
corrected by choosing some level of group clustering to prevent sites with more
observations (or climates with more sites) from biasing the results. This example is one of
many untreated biases and confounded variables in the observational environmental data
literature. Some causal relationships are much more logical or obvious than others. To give
an example of the standard causal logic underlying the relationships between parent and

child variables, three hydrologic examples of standard DAG formations are discussed here:

Example 1, FORKS: In a hypothetical stream gauge dataset monitoring water velocity
and water temperature, it is reasonable that the two variables would display a correlation,
not because they are strongly causally linked (although there could be a minor causal effect
of temperature on velocity because of changes in fluid density), but because the observed
measurements of these variables have a common unmeasured parent cause: surface water
input. Large pulses of surface water runoff would increase the velocity at the gauge, and
simultaneously shift the temperature toward the temperature of the runoff, creating, for

instance, a summertime correlation between higher velocity and warmer water. This
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correlation effect occurs for any two variables with a common cause (this DAG formation is
called a fork, see Figure [4.1], center), and the correlational relationship can be tested for a
direct, causal link between the two child variables (X, Z) by controlling for the parent
variable (Y). In the example above, the parent variable (Y) is surface water input, and
child variables (X, Z are temperature and velocity). Temperature is independent of velocity

conditional on surface water volume.

Example 2, CHAINS: A mediating variable represents the middle of a chain of effects
from one cause, through a second (mediating) cause, and onward to an outcome of interest;
similar to a chain of three events or three (or more) dominoes in a chain reaction (Figure
[4.1] left). The correlation between the outcome variable (Z) and the first cause in the chain
of effects (X) can seem surprising or unpredictable because they are not directly causal,
but only connected through the mediating variable (Y). For example, if we observe that
stormwater control structures on the north side of a building have strong shading, we may
also observe that the soil temperature is cooler in shaded north-side sites than in sites with
full sun on the south side of the same building. Temperature is a well-known and direct
cause of several relevant variables, including evaporation rate, chemical solubility, and
microbial activity. We could hypothesize that despite receiving nearly identical
precipitation, the sites on the south side export more nitrate in effluent than the sites on
the north side. Without a causal understanding of the system, the correlation between
shade and nitrate concentration might seem baffling because shade does not influence the
influx of nitrogen into the system, and is not a direct cause of nitrate eflux. However, the
mediating variable, temperature, directly affects the nitrogen cycle because it has an effect
on the populations of nitrifying and denitrifying microbial flora, the soil moisture available
in their habitat, and the rates of their nitrogen transformation activities. If, for some
reason, there is uncertainty about the direct effect of shade on nitrogen eflux, the direct
causal relationship can be tested by controlling for the mediating variable, temperature.

When controlling for the mediator, it would quickly become clear that shade has no direct
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causal influence on nitrogen concentration, and the effect is entirely mediated by

temperature.

Example 3, COLLIDERS: Lastly, it is possible to mistakenly induce a spurious
correlation between two variables that have no causal relationship. Take, for example, the
simplified conceptual model that watershed runoff volumes are caused by both
precipitation depth and area of impervious surface in each watershed. The conceptual
diagram would show runoff with two parent variables (this DAG formation is called a
collider, see Figure , right). If; for any reason, the runoff variable becomes stratified, the
two parent variables (X, Z) will show an induced correlation. That is, for values of runoff
within a narrowed window of magnitude, precipitation and area of imperviousness display
a discernible pattern of relationship, and the stronger the stratification, the more
discernible the correlation. The stratification of the collider variable could occur through
data analysis methods, by dropping zero/low flow values and days with extreme conditions,
or stratifying runoff by rough orders of magnitude. It could also occur through field
monitoring limitations, wherein the monitoring station can only record within a known
band of the stage-discharge relationship, ignoring other conditions. In this example, it is
obvious that there is no evidence that precipitation depth in a watershed has a causal
effect on the area of imperviousness, or vice versa. However, there are many other
environmental variables that have less obviously defined causal relationships, where

spurious relationships may appear to be legitimate results.

The DAG presented in Appendix [C| Figure was developed through initial
examination of the stormwater problem space. It clearly displays a variety of parent and
child node relationships, and includes several nodes arranged in forks, chains and collider
formations. Causal logic is subject-agnostic and based solely on the nodal relationships
present in the DAG. Therefore, the formations in Figure have the same underlying

inferential relationships as those described in Figure [4.1 and the examples above. There are
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also additional DAG formations present in Figure including several backdoor paths

and a few instrumental variables, which are discussed in brief below.

One interesting clarification that can be made using DAGs is the deconvolution of
variables of interest and their related interventions (Hernan and Taubman| [2008]). For
example, in studying the effect of groundwater influx on green infrastructure performance,
a method chosen to intervene on the groundwater variable could be the introduction of an
impervious liner (Figure [£.2)). The observed effect would be attributable to the intervention
itself (presence of a liner), and not directly to the effect of eliminating groundwater influx.
In this case the liner does prevent groundwater influx, but it also prevents infiltration of
runoff into the native soil profile. Introduction of the liner variable in the study opens a
backdoor path between groundwater influx and infiltration. Since these are two opposing
effects in the water balance of the structure, and since they are generally unobservable
variables without specialized equipment, it is better to change the frame of the question to
focus on the engineering problem, which is the effect of the liner itself. Another option is to
collapse the question to use the liner as an intervention on groundwater connection as a
whole effect (both influx and infiltration), in which case, the liner variable becomes an

instrumental variable for the effect of this connection on runoff.
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Figure 4.2: The inclusion of the liner intervention variable opens a backdoor path between
groundwater influx and runoff (Box A, in pink). Additionally, because of the nature of the
binary variable ‘Liner’, the flow of causal information in a system with no liner (Box B) is not
equivalent to the causal information present in the model of a system with a liner (Box C).
Therefore, the effect measured is attributable to the presence of a liner, but not to the effect
of interest (green line). As a result, the liner is not a suitable intervention for testing the
effect of groundwater influx on runoff. However, the liner works as an instrumental variable
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for estimating the causal effect of a two-directional groundwater connection (Box D).
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4.2 Data and methods

4.2.1 Dataset and imputation methods

The International BMP Database (BMPDB) contains a large compilation of SCM case
studies with information about structural design, hydrologic activity, and water quality
performance for more than three dozen BMP types (WREF|[2019]). The cataloged
information includes observations of precipitation, surface inflow volume, surface runoff
volume, categorical BMP Type, and onsite design information at more than 700 sites in
North America, Asia and Oceania (the majority are in the US). Measurements from the
database were matched to observe the precipitation depth (cm) and cumulative inflow and
outflow volumes (L) for 10,011 distinct rainfall events at 370 sites. Using documentation in
the database, site technical reports and virtual site visits, observations for 18 structural
feature variables were collected for each of the sites, including: BMP Type, watershed area,
site surface area, presence of liner, vegetation, amended media (and depth), exposure to
air, internal water zone, permanent ponding, flow path, overflow path, irrigation, basin
shape, underdrain, and groundwater connection, slope, and hydrologic surface fluxing
depth. These structural features were chosen to standardize and facilitate evaluation of the
hydrologic function of the SCM facilities in the database; the choice of variables was
informed by the observations present in Table [4.1] Figure and contextual field data
that existed in the BMPDB tables for each BMP type.

The raw BMPDB dataset is very broad, but it is missing many unobserved values.
Code for readying the 2019 version of the BMP database for statistical inference is
available at www.github.com/cgeger/clary. This code modifies a flat file version of the
original 2019 MS Access database; out of respect for the publishers of the original dataset,
the extracted version of the data itself is not redistributed on GitHub. Records from the
2019 version of the BMP database were cleaned, converted to common units, and matched

across site for statistical analysis. Appendix contains a textual description of the data
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cleaning process for each of the tables used. After all the cleaning steps, the BMPDB
dataset contained 625 SCM sites in 13 BMP categories and 32 control structures. From
these sites, 11,260 precipitation events were identified at 374 stations, which covered 375
individual SCMs (not including control and reference sites). There were 144 SCMs in the
initial dataset without observed precipitation data. From among the sites with hydrologic
data, 543 SCMs had observed contributing watershed areas, and 60 SCMs did not have
observations of watershed area. Clearly, even after data cleaning, a considerable number of
missing observations remained in this dataset (missingness). The counts of gaging stations
at sites and the number of events with raw and cleaned data (all BMP site types) are
summarized in Table [£.2] Although some sites were eliminated because they had no
observed flow events, special care was taken to try to maintain as many of the partially
observed sites as possible, in order to maintain common support and statistical power
across the multidimensional problem space (Honaker and King| [2010], |Jakobsen et al.
[2017]). Where appropriate, reference values from paired reference site stations within the
BMPDB were used as a proxy for influent or efluent flow volumes. After cleaning and
matching, there was approximately 12% missingness of individual observations of event
hydrological variables (Inflow, Outflow, Precipitation depth), with 7113 complete cases out
of 10375 remaining observations. A complete case has all experimental measurements

observed, an incomplete case has one or more missing values.

After identifying sites with hydrologic measurements, each of the remaining 387 BMP
sites was classified by its structural features. The structural features for each site were
encoded from narrative and descriptive information contained in the design table of the
BMPDB and from mapped observations on the BMP database mapping tool, Google Maps
and Google Earth (WRF, EWRI, US EPA, US DOT, Geosyntec Consultants, Wright
Water Engineers [2023], (Google| [2023alb]), as well as white paper references available
through internet search (see Appendix for reference list of technical resources used for

these virtual site visits). The BMP database mapping tool and dataset acted as the
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starting point for locating and observing most sites, but some sites had little or incomplete
structural information recorded in the BMPDB. At sites with scanty structural
information, categorical variables were assigned based on best-known information
according to BMP Type or left blank for imputation. A few sites were eliminated entirely
due to missing contextual information. After data collection, there was approximately 1%
missingness of site feature variables, with 324 complete cases out of 381 sites. After
merging the site information with the event observations, the dataset had just 4%
missingness, but only 6,090 complete cases out of 10,375. There is evidence that dropping
results that are missing at random by selecting only complete cases biases results and
reduces statistical power (Honaker and King| [2010], Jamshidian and Mata [2007],
Madley-Dowd et al.| [2019]). To avoid this problem, the missing data were imputed 5 times
using the Amelia package for multiple imputation (Honaker et al. [2010} 2011]). Multiple
imputation estimates the missing cells in an incomplete dataset and creates m complete
versions of the original dataset for analysis. After multiple imputation, the m imputed
datasets are analyzed in parallel, producing m estimates. The m estimated values from
analyzing each dataset are pooled into a single final estimate using Rubin’s rules (Heymans
and Eekhout|[2019]). The Amelia package is R software that uses the three-step iterative
EMB algorithm for multiple imputation; each iteration computes these steps in order:
Expectation - Maximization - Bootstrapping. The first two steps (EM) represent the
classical iterative computational approach to finding the local maximum likelihood of a
distribution (Dempster et al. [1977]). The EMB algorithm combines the classic EM
algorithm with a bootstrap approach to take draws from the distribution. For each of n
draws, the data is bootstrapped to “simulate estimation uncertainty and then run the EM
algorithm to find the mode of the posterior for the bootstrapped data” (quote from
Honaker et al.| [2022], see Honaker et al.|[2010] for details of the EMB algorithm).
Imputation for each variable was bounded by the minimum and maximum observed values,

and the hydrologic and area variables were log-transformed to normal distributions. After
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imputation, the final model-ready dataset contained 10,011 observations at 370 sites.

Table 4.2: Station and record counts used for this study from the BMPDB.

Station Type | # stations | # raw records | # stns w/ | # clean
clean events | events
Rain Gage 412 11543* 374 11260
Inflow 404 10247 324 8101
Inflow Estimate 32
Outflow 443 11766 345 8825
Subsurface 6 513 3 111
Bypass 7 45 26 459
Reference Outflow 21 2687** 18 644

4.2.2 Analytical methods

To mathematically treat causal inference for observational datasets, Runge| [2022] suggests

the following steps:
1. Formalize the underlying structural causal model;
2. Define the causal effect(s) of interest and hypothetical interventions; and,

3. Establish criteria to decide if and how causal effects can be estimated post-hoc from
data alone, without experimental intervention onsite in the field, randomization or

other study design changes (US Clivar| [2021]).

Following these guidelines, the first step in this analysis was a detailed examination of
the stormwater ecohydrology problem space, represented in a generalized DAG presented in
Figure and discussed in Appendix [C] The outflow runoff volume (effluent) is the effect
of interest (dependent variable), and the interventions (independent variables) are
individual structural treatment features, such as planted vegetation, soil media
amendments, and other design features. The site location is an important confounding
variable that defines which features are present at each observed location, but it opens a

back-door path that biases estimation of the unique effect of each treatment feature on the
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hydrologic performance of the site (see Figure Box A). As an example, consider a
single retention pond: it is impossible to attribute the runoff attenuation of the pond to
the presence of vegetation or standing open water surface because the observed features
overlap at that location, producing a combined effect signal in the dataset. Stratification
(on inflow volume) and matching (on site features) were both identified as potential
options for blocking the confounding backdoor path to measure the marginal causal effects

of the treatment features on runoff volume (see Figure [4.3] Boxes B and C).

Five sets of generalized linear mixed models were identified to try to estimate the
causal effects of different types of structural features on effluent stormwater volume; two
models relied on only stratification, and three models also relied on matching. All five sets
employed generalized linear mixed models run using the R package glmmTMB, a
generalized linear mixed modeling package (Brooks et al.|[2017]). Two different multi-level
model sets were specified by stratifying on site (see Figure , box B). The backdoor path
is blocked by controlling for site and the resulting estimates represent the effect of the
combination of features at each site. The linear mixed (or multi-level) model approach
utilizes all the observations available in the dataset and does not require observations from
the same site to be combined into a summary statistic. However, to reduce oversampling
bias, the linear mixed model sets the group level variable (in this case, individual BMP
site) as a random effect and groups measurements from the same location. The effect of
inflow was also allowed to vary on its own random slope at each site, with sites having
correlated intercepts (Bolker et al.| [2009], see sections below for more explanation for
individual model specifications). This model specification allows for the estimation of
structural effects while controlling for the bias associated with individual effects associated

with sites and variable event inflow volumes.

Model Set 1 (BMP Type): The first set of models focuses on identifying effects of

categorical BMP site types, not individual structural features. This stratified model
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approach assumes similar structural features are present at each BMP Type. Therefore, the
causal effects are associated with the labeled BMP Types from the BMP Database, which
represent a combined observation of standard structural features across all sites of the same
BMP type (see Chapter [2| for standard structural features). The DAG for this model does
not have an open backdoor path because each site falls into only one BMP Type category,
and the categories are assumed to have identical feature sets (this is a simplifying
assumption for Model Set 1). However, it is still appropriate to control for the individual
site by adding it as a random effect because there are multiple observations nested at each
site—the sites do not experience identical storm events and the sampling is unbalanced
(different numbers of events were observed at each site). Marginal effect estimates of the
order of magnitude of each BMP Type were made using both raw, log-transformed outflow
and area-normalized log-transformed outflow as the outcome variables. The marginal effect
estimates were estimated at the mean. The area-normalized model was also used to
generate runoff predictions for a notional 1-cm storm event at each site type, which is near,
but not at the mean. Both methods were run on each of the 5 imputed datasets, and the
model effect results were pooled using Rubin’s rules for mixed models in the mice and
broom.mixed packages (Bolker 2021, Brooks et al.|[2017], Bolker et al.| [2009], [Heiss| [201§],
van Buuren and Groothuis-Oudshoorn| [2011], van Buuren| [2018]). The predictions for each
imputation are reported unpooled to show the variation within and between the prediction

ranges. Model Set 1 was represented by the following glmmTMB specification in R:
glmmTMB(Outflow ~ O + BMPType + (1 + Inflow|Site) + offset(Inflow) )

Model Set 2 (Structural Features): The second model set is identical to Model Set
1, except that in Model Set 2 the marginal effects of structural features are examined
individually. For this model, it is assumed that there is no causal interaction process
between unique structural features (this is the simplifying assumption for Model Set 2).

For this assumption to hold, variables that were regarded as similar or causally related
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were eliminated so that the model would avoid causally-obvious cases of multicollinearity
and indirect effects. Therefore, the Liner variable was included in the regression model in
lieu of the Groundwater Connection variable, Irrigation was excluded because it
correlated strongly with Vegetation, and Internal Water Storage Zone was included as
a category within the Underdrain type variable. The DAG for this model has an open
backdoor path, which is blocked by controlling for the site as a random factor. Once the
regressors had been selected, all were encoded as categorical factors, with the reference
structure representing a pipe (lined, unplanted, channel-shaped, enclosed structure that
receives stormwater from a pointflow source with no bypass structure, no media
amendments present, no internal sieves, screens or baffles, no permanent or intermittent
ponding, and drainage at a surface outfall). These reference features were chosen to
characterize the kinds of pipes and ditches that are most closely associated with urban
drainage systems as described by |[Kaushal and Belt| [2012]. As above, the model was used
to generate marginal effect estimates of the order of magnitude of the effect of each
structural feature, and runoff predictions for a notional 1-cm storm event based on
area-normalized effect estimates. The model was run on each of the 5 imputed datasets
and the results were pooled using the mice package to obtain a pooled effect estimate.
Predictions for a notional 1-cm storm event were also estimated. The second model

identifies all individual structural features in the glmmTMB specification:

glmmTMB(Outflow ~ O + Liner + VegetationType + AmendedMediaType +
AirExposure + UnderdrainType + PondingType + InflowSourcePath +

BypassRouting + BasinShape + (1 + Inflow|Site) + offset(Inflow) )

The last three sets of models examine more carefully specified DAGs to measure the
causal effects of three individual structural features, the effect of amended media,
vegetation, and surface ponding in accordance with their underlying causal processes.

These models acknowledge causal interactions between structural features of interest. The
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Figure 4.3: Box A displays the open backdoor path (pink lines) that confound the estima-
tion of the causal effect of the treatment feature on runoff (green line). Box B displays the
backdoor path blocked by controlling for individual site through stratification. Box C dis-
plays the same backdoor path blocked by controlling for the other relevant features through
matching.
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models use matching to balance the data and counteract a confounding backdoor path
between the matched variable and the treatment variable. From Mansournia et al.| [2013]:
“Balanced matching forces the distribution of the matching factors to be identical across
groups of individuals.” Under this approach the data from the International BMP database
are treated as repeated measures in a quasi-experimental design to estimate effects of
known structural features. [Miiller and Levy| [2019] describe this type of natural
experiment: ‘specific attributes of observation[al] units allows their ez post assignment to
appropriately randomized control and treatment groups.’” In this case, the ex post
assignment to treatment or control group is based on structural features present at the site,
such as presence of standing water, planted vegetation and other features regarding the
design of the structure. Matching involves de-biasing the dataset by selecting one control
observation for each observation in the treatment subset. Ideally, the control observation
has all the same observed characteristics (other relevant structural features) as those
recorded for the treatment observation, except on the treatment variable. To reduce
dimensionality, only the features that interact as confounders of the treatment estimate are
used for matching; trying to match on every structural feature increases the dimensional
requirements of the problem beyond the capacity of the observed dataset, and the
treatment and control groups lose common support. In practice, an exact match is
sometimes not possible, but the dataset can still be trimmed for balance in the
non-treatment variables by using nearest neighbor matching, propensity score weighting, or
‘coarsened exact’ matching (Ho et al.| [2011]). The information recorded for each SCM site
allows coding the dataset by the presence or absence of many types of structural features
that affect the individual performance of that site, as well as the range of environmental

conditions that influence the site.

Model Set 3 (Amended Media): The DAG for this model is specified in Figure
, which indicates that the media amendment (M) is not directly affected by many other

site structural features, but that it is still affected by site location (Site). One way that it
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is specifically affected is that sites with large areas are less likely to have a media
amendment applied. The liner (L) affects the depth of the soil media profile that is
available for infiltration. Therefore, the sites were matched using coarsened exact matching
on (Area) and on presence/absence of a liner. Coarsened exact matching cuts continuous
variables into strata (e.g. quintiles) and matches treatment and control observations within
the same stratum. The matched set from each imputation contained approximately 4500
observations of control-treatment pairs. The coarsened exact match estimate was also
compared to a rough match between bioretention cells and detention basins. This
comparison was done using the same Model Set 3 specification and by subsetting the
dataset to include only bioretention cells and detention basin BMP Types. Bioretention
and detention ponds have generally similar shapes and sizes but differ as bioretention cells
have media applied to the surface (a good rough match for the estimate of media). A third
variation of this model examined the effect of amended media depth, using the same
matched dataset and model specification, except that the amended media variable was
continuous instead of binary. Predictions and pooled effect sizes were estimated as
described in Model Sets 1 and 2. After coarsened exact matching on area and

presence/absence of a liner, the specified multilevel regression model in glmmTMB was:

glmmTMB( Outflow ~ O + Liner + AmendedMedia + (1 + Inflow|Site) +

offset(Inflow) )

Model Set 4 (Surface Ponding): The DAG for this model is specified in Figure
. The degree of ponding is directly affected by the presence of an underdrain (or other
drain type) and a liner, as well as other site effects and total influent. The Matchlt package
uses a logit regression to match treatment and control observations, which means that the
treatment variable must be binary for it to match data properly (Ho et al. [2011]). The
ponding variable (P) was originally encoded as a multi-level variable (no ponding,

intermittent surface ponding, permanent ponding), so the variable was re-coded as binary
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(0: no ponding, 1: any ponding) for the purposes of matching only. The dataset was then
matched using coarsened exact matching on Liner (L), Drain type (D), and area-normalized
log-transformed surface water inflow (SW). The regression model was run on the matched
dataset using the original coding, so that the marginal effects of surface ponding could be

estimated. The matched dataset was used to run the specified model:

glmmTMB( Outflow ~ O + Liner + Ponding + DrainType + (1 + Inflow | Site)

+ offset(Inflow) )

Model Set 5 (Vegetation): The DAG for this model is specified in Figure [C.4]
which indicates there are several auxiliary features that affect both vegetation (V, in green)
and runoff (Q, in blue). These features include: media amendment (M), surface ponding (P),
irrigation (I) and additional (Site) effects. There were only 9 sites with irrigation and 7
sites with surface water aeration (e.g., pond fountains). These sites did not provide enough
common support to match and analyze alongside the other two confounding factors, so
these sites and their events were eliminated from the analysis, leaving 354 sites. As with
the Ponding model (Model Set 4), the multi-level vegetation variable (unplanted, grass and
sedum, trees and shrubs) was recoded as binary (0: unplanted, 1: vegetated) for the
purposes of matching. Based on the results of Model Sets 3 and 4, the ponding and media
variables were also recoded as binary to simplify the matching and model adjustments.
Ponding was binarized to 1: permanent standing water and 0: intermittent or absent
surface ponding. Media amendment was binarized to 1: media amended, 0: baffles/screens
or no media at all. Therefore, the dataset was matched based on binarized ponding, media
and area-normalized log inflow using coarsened exact matching. The matched dataset was

used to run the specified regression model:

glmmTMB( Outflow ~ O + Vegetation + Liner + Ponding + Media + (1 +

Inflow | Site) + offset(Inflow) )
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4.3 Results

The distribution of 10,375 precipitation events in the clean BMPDB dataset is presented in
Figure 4.4, and the clean counts and pre-imputation distributions of inflow and outflow
volumes for each of these events are displayed by BMP type in Table and Figure [A.3]
A post-imputation distribution summary is shown in Table [A.2] Note that some BMP
types show a clear pattern of generating zero-discharge events, particularly bioretention
(BR) and green roofs (GR). This is a desirable outcome, so these observations were not
dropped from the dataset, but they make model fitting complicated. Also, note that on an
event basis, some BMP types are generally designed to receive more inflow than others.
The sites with the highest mean inflow volumes per event are underground concrete
detention structures (DU: 5,000,000 L), layered filtration systems (FL: 1,700,000 L),
retention ponds (RP: 1,200,000 L) and wetland channels (WC: 2,800,000 L). The BMPs
that receive the smallest mean volumes of inflow per event are bioretention (BR: 4,200 L),

other swale-type structures (BW: 2,200 L), and green roofs (GR: 3,300 L).
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Figure 4.4: Distribution of precipitation depth for individual events in the BMPDB. Red
lines indicate possible breakpoints in the dataset due to measurement rounding and detection
limits.

78



4.3.1 Model Set 1: BMP type effects

Model Set 1 represents the most general model, which assumes a linear fit of
log-transformed flow data with correlated group intercepts and random slopes associated
with inflow across individual BMP sites. This specification was chosen according to
suggestions in Barr et al.| [2013] and Bolker et al.| [2009], and also coincided as the model
specification that presented the lowest AIC and BIC values compared with several other
specifications. AIC (Akaike Information Criterion) and BIC (Bayesian Information
Criterion) are heuristics for model selection, that is, choosing which parameters to use as

variables in the regression model.

In the model specified for Model Set 1, the zero term ‘0’ sets the global y-intercept to
zero, and the offset (Inflow) term allows measurement of the regression slope against the
1:1 (Inflow:Outflow) line (as opposed to the horizontal axis). This model is the most
general because it assumes that all BMP sites with the same BMP type represent a
common set of structural features, including groundwater connection. This representation
is an oversimplification of the actual dataset, but remains useful because it provides an
estimate of the causal effects of groups of features that commonly co-occur at the range of
BMP sizes that are observed in the field (see Table and Chapter [2| for descriptions).
The (1 + Inflow|BMPID) term groups multiple observations at the same site and controls
for the effect of each individual BMPID by letting its slope vary randomly with
log-transformed Inflow. The units of marginal effect reported in Table for each
structural type are expressed as orders of magnitude (OM) change, meaning that for a
BMP type with an effect size of -0.55, a BMP site of that type would be expected to reduce
inflow by 0.55 orders of magnitude. For an event with 10,000 L (10* L) of inflow, the site
would be expected to discharge ~ 2,818 L (103%5 L) of outflow, which is equivalent to 72%
runoff reduction (RR). These estimates represent the order of magnitude change effect of

the average site with that BMP type classification, which accounts for random effect of
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inflow volume at the site but does not explicitly account for site area. However, it is more
practical to have the area-normalized effects, so that predictions can be made to estimate
the runoff per square meter. Therefore, the same model specification was also run using
area-normalized data, which resulted in similar marginal effect outcomes. The
area-normalized marginal effects and equivalent runoff reduction values are represented in

Figure and reported in Table [£.4} predictions are reported in Figure

The Model Set 1 results, from the area-normalized model, indicate the BMP types with
the strongest runoff reduction (RR) effects are permeable pavements (-1.18 to -1.7 orders of
magnitude; 93-98% RR), bioretention (-1.44 orders of magnitude, 96% RR), green roofs
(-0.68 orders of magnitude, 79% RR), grass strips and swales (-0.36 to -0.39 orders of
magnitude, 56-60% RR), and detention basins (-0.28 orders of magnitude, 47% RR). The
model estimates that these structure types generate outflow volumes that are statistically
less than the inflow volume (represented by the dashed line at 0 orders of magnitude,
Figure . The other effect types have discharge volumes that are not statistically
different than the inflow volume. Several types of BMPs have pooled standard errors that
range above the 0 line, indicating that there is an expectation for these types to discharge
more outflow than inflow during some events, even when accounting for habitually poor
performance at some individual sites (this is accounted for in the random effect of site
within the mixed model). A few site types had mixed estimates, notably, retention ponds
show a statistically slight reduction in outflow on an area-normalized basis, but when
analyzed at the site level, the average retention pond site does not have a runoff reduction
effect that is statistically different than inflow. This pattern is also the case for high-rate
media filters, underground detention tanks and pipes, and media filters with unspecified

media types (not sand, peat, layers of media or geotextiles).

There are a few types of BMPs that were somewhat poorly represented in the dataset,

which also have wide ranges due to large amounts of uncertainty both among and within
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sites. Four are structures that are expected to have minimal runoff reduction effects due to
their design characteristics: concrete-lined detention basins at the surface, volume
control/attenuators, hydrodynamic swirl concentrators, and catch basin inserts. These
BMP types were included as important control structures to ensure that the model was
performing as expected, and indeed they all have estimates very close to 0 orders of
magnitude (0% RR). The diversity of structures represented is important in the subsequent
models because they provide important edge cases for treatment and control feature
matching (this is called common support). The remaining structures that have relatively
poor estimates are, wetland vegetation biofilter/swales, wetland channels, peat and sand
media filters, and vertical filters. The difficulty associated with obtaining stable estimates
for these BMP types is: 1) that they are characterized by heterogeneous designs and 2)
there are a limited number of sites represented in the dataset; meaning 3) none of the

individual sites have the same sets of identical structural features.

The model fits for Model Set 1 show that this linear mixed model approach does not fit
particularly well for this dataset; it displays non-linearity, over-dispersion, and outliers
(analyzed using |Liidecke et al. [2021]). One of the fundamental assumptions of a linear
mixed model is that the means of the random groups must be normally distributed—this
assumption does not hold at the distribution tails. There are a couple of reasons for this
characteristic: the glmmTMB diagnostic indicates that the model has unusually large
z-statistics for some BMP types. Paraphrasing the glmmTMB error description—this is
primarily due to a large number of zeroes at the low end of the predictor scale, which

occurs when a site has a zero-discharge event (Inflow > 0 but Outflow = 0).
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Table 4.3: Pooled Model Set 1 mean site effect estimates and std errors for each BMP
type, units are in orders of magnitude. Pooled T-statistic and degrees of freedom for pooled
calculation are also reported. Estimates that are statistically significant are marked with
GHE (p < 0.01) or ¥’ (p < 0.05) depending on their level of significance, poor estimates are
marked with ‘=’ in red based on unusually large Z-statistics (Jz| > 5), which may indicate
that the parameters are near the edge of the range and the (site-specific) random effects
are near zero for the sites represented. Equivalent runoff reduction estimates for average
installations of each BMP type are also reported in the RR and RR range columns; values
with better statistical confidence are in bold, those with less statistical confidence are labeled
in gray. Positive RR values indicate the site discharges less runoff than inflow, negative values
indicate discharge may exceed inflow volume.

BMP Type nsites nobs estimate stderror tstatistic  df p value RR RR range Description of structure
Bl 43 750 -0.42 0.14 -2.88 1226 0.004 ***  62% 46% - 73%  Biofilter- grass strip
BR a7 3253 -1.43 0.13 -11.30 3471 0.000 *** [@F¥% 96% - 98% Bioretention
BS 25 313 -0.41 0.19 -2.18 1087 0.029 * 61% 40% - 75%  Biofilter- grass swale
BW 1 21 -0.15 0.92 -0.17 1347  0.867 -- Biofilter - wetland vegetation swale
CBI 1 114 -0.03 0.26 -0.11 9619 0.916 -—--- Catch basin insert
DB 29 391 -0.20 0.17 -1.19 7675 0.235 Detention basin - open surface grass-lined basin (dry)
DC 4 74 -0.04 0.45 -0.09 6161  0.925 --—-- Detention basin - open surface concrete or lined tank/basin (dry)
Dy 2 23 -0.53 0.71 -0.76 9976  0.449 Detention - underground vault, tank or pipe(s) (dry)
FL 3 a4 0.07 0.56 0.12 206 0.905 -- Media filter - combination of media or layered media
FO 4 81 -1.53| 0.48 -3.18 7229 0.001 Media filter - other media types
FP 2 13 0.00 0.62 0.00 9976  1.000 --—-- 0% -315% - 76%  Media filter - peat mixed with sand
FS 23 392 -0.06 0.19 -0.31 7934 0.758 13% -35% - 43% Mediafilter—sand
FV 1 24 0.00 0.87 0.00 9976  1.000 -—-- 0% -640% - 86% Vertical filter —geotextile fabric membrane
GR 15 613 -0.44 0.27 -1.64 53522 0.101 83% 32% - 80% Greenroof
HDS 19 350 0.02 0.22 0.11 1045 0.911 --- -6% -74% - 36%  Hydrodynamic swirl concentrator or separation system
HRBF 3 74 -0.20 0.51 -0.40 5844  0.687 38% -100% - 81%  High rate biofiltration
HRMF 15 363 -0.30 0.23 -1.27 2197  0.204 49%  13% - 70%  High rate media filtration
1B 3 125 -0.83 0.71 -1.18 9971 0.239 85% 25% - 97% Infiltration basin
MCTT 2 21 -0.38 0.71 -0.54 467  0.591 59% -113% - 92%  Multi-chambered treatment train
0GS 10 167 -0.23 0.30 -0.75 560 0.451 41% -18% - 70%  Oil/grit separators and baffle boxes
PC 5 258 -1.09 0.39 -2.831 8796  0.005 *** | @2 80% - 97% Porous pavement - pervious concrete
PF 2 38 -1.70, 0.61 -2.80 9873 0.005 *** | 8% 92% - 100% Permeable friction course pavement
PM 11 480 -1.12 0.27 -4.16 5135 0.000 *** | @2% 86% - 96% Porous pavement- modular blocks
RP 58 1053 0.01 0.14 0.04 392 0.969 -- -1%  -40% - 27%  Retention pond —Open surface pond with a permanent pool (wet)
RV 3 108 -0.34 0.49 -0.69 9912  0.450 54% -42% - 85% Retention underground vault or pipes (wet)
VC 3 31 0.00 0.51 0.00 9976  0.997 - 0% -221% - 69% Volume control/attenuation structures
WEB 20 713 -0.10 0.21 -0.46 1521  0.648 20% -30% - 51% Wetland - basin with open water surfaces
WiC 6 119 0.09 0.40 0.22 4903  0.825 —  -23% -209% - 51% Wetland - channel with wetland bottom

4.3.2 Model Set 2: Structural feature effects

Model Set 2 uses the same specification as Model Set 1, but doesn’t consider the BMPDB
BMP type classification, and instead uses the individual structural features that were mapped
for each of the 370 sites as covariates. The structural features were mapped as factors (mostly
binary, but a few categorical), and the reference conditions are those consistent with an urban
storm drain. The effects of the reference and the treatment conditions are indicated in Table
[G.1] The features with the greatest runoff reduction effects are shrub/tree vegetation (-0.84

orders of magnitude, 98% RR), the presence of an up-turned elbow or internal water storage
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Table 4.4: Pooled Model Set 1 area-normalized effect estimates and std errors for each
BMP type, units are in orders of magnitude. T-statistic and degrees of freedom for pooled
calculation are also reported. Estimates that are statistically significant are marked with
GHE (p < 0.01) or ¥’ (p < 0.05) depending on their level of significance, poor estimates are
marked with ‘—’ in red based on unusually large Z-statistics (|z| > 5), which may indicate
that the parameters are near the edge of the range and the (site-specific) random effects are
near zero for the sites represented. Equivalent runoff reduction estimates for each BMP type
on an area normalized basis are also reported in the RR and RR range columns; values with
better statistical confidence are in bold, those with less statistical confidence are labeled in
gray. Positive RR values indicate the site discharges less runoff than inflow, negative values
indicate discharge may exceed inflow volume.

BMP Type nsites nobs estimate stderror tstatistic df p value RR RRrange Description of structure
Bl 43 750 -0.36 0.11 -3.13 36851 0.002 ***  56%  43% - 66% Biofilter- grass strip
BR 47 3253 -144 0.11 -13.12 3700 0.000 *** [ @6% 95% - 97% Bioretention
BS 25 313 -0.39 0.17 -2.28 452 0.023 * 60%  40% - 73% Biofilter - grass swale
BW 1 21 -0.17 0.80 -0.21 659  0.835 -- 32% -332% - 83% Biofilter - wetland vegetation swale
CEIl 11 114 -0.01 0.23 -0.06 9201 0.948 - 3% 4 - 42% Catch basin insert
DB 29 391 -0.28 0.14 -2.01 9709 0.044 * 47%  28% - 62% Detention basin - open surface grass-lined basin (dry)
DC 4 74 -0.25 0.37 -0.70 3494 0.487 44% -29% - 76% Detention basin - open surface concrete or lined tank/basin (dry)
DU 2 23 -0.72 0.52 -1.38 9976 0.167 81%  37% - 94% Detention - underground vault, tank or pipe(s) (dry)
FL 3 a4 -0.34 0.46 -0.73 118 0.464 54% -33% - 84% Media filter - combination of media or layered media
FO 4 81 -0.64 0.38 -1.70 9742  0.089 F7%  46% - 90% Media filter - other media types
FP 2 18 0.00 0.52 0.00 9976 1.000 —— 0% -229% - 70% Media filter - peat mixed with sand
FS 23 392 -0.09 0.15 -0.59 6954 0.558 19% -16% - 43% Media filter —sand
FV 1 24 0.00 0.74 0.00 9976 1000 - 0% -446% - 82% Vertical filter —geotextile fabric membrane
GR 15 613 -0.68 0.20 -3.40 8916 0.001 *** | 79% 67% - 87% Greenroof
HDS 19 350 0.00 0.18 0.01 3581 0.994 - 0% -51% - 323% Hydrodynamic swirl concentrator or separation system
HRBF 3 74 -0.19 0.41 -0.47 9967 0.637 36% -65% - 75% High rate biofiltration
HRMF 15 363 -0.28 0.19 -L46 7430 0.146 A8% 18% - 67% High rate media filtration
1B 3 125 -0.64 0.65 -0.99 9976 0.320 T7% -1% - 95% Infiltration basin
MCTT 2 21 -0.53 0.64 -0.83 84  0.409 0% -28% - 93% Multi-chambered treatment train
oGS 10 167 -0.18 0.25 -0.73 509 0.464 35% -17% - 63% Oil/grit separators and baffle boxes
PC 5 258 -1.18 0.32 -3.71 9801 0.000 *** [ 93% 86% - 97% Porous pavement- pervious concrete
PF 2 38 -1.70| 0.51 -3.36 9947  0.001 *** [ 0G8% 94% - 99% Permeable friction course pavement
PM 11 480 -1.51 0.22 -6.93 9927 0.000 *** [ O7% 95% - 98% Porous pavement- modular blocks
RP 58 1053 -0.14 0.10 -1.36 7143 0173 27% 8% - 42% Retention pond —Open surface pond with a permanent pool (wet)
RV 3 108 -0.36 0.41 -0.88 9968  0.380 56% -12% - 83% Retention underground vault or pipes (wet)
vC 3 31 0.00 042 0.00 9976  0.996 ----- 0% -162% - 62% Volume control/attenuation structures
WE 20 713 -0.11 0.17 -0.66 3351 0.508 23%  -14% - 48% Wetland - basin with open water surfaces
WC 6 119 -0.03  0.31 -0.11 9762  0.913 ----- 7%  -87% - 54% Wetland - channel with wetland bottom
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zone (-0.44 orders of magnitude, 64% RR), absence of a liner (-0.39 orders of magnitude,
59% RR), and soil media amendment (-0.32 orders of magnitude, 52% RR). The effect of
permanent standing water on site had a poor effect on site performance, indicating that
sites with permanent pools may discharge +0.6 orders of magnitude more water than the
reference structure, likely due to groundwater seepage, this is an equivalent increase of 300%

runoff.

Model Set 2 produced fewer poor-quality estimates than Model Set 1. This improvement
is largely because the treatment and reference conditions have more observational support
across the dataset than in the previous models. Only two features had potentially large Z
statistics in two out of five imputations: the presence of a sieve or screen (which only had
two site observations) and designed intermittent ponding (a broad category of sites that had

neither permanent ponding, nor complete lack of surface ponding).
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Area-Normalized Magnitude of effect by Feature

+

permanent ponding -

+

bypass routing -

.

seive or screen =

underdrain -

intermittent ponding -

grass or sedum -

liner -

overland sheetflow - —@—
internal baffles - —@0—'—
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exposure to air - —@o—

amended media - +
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Figure 4.6: Effect size estimates for each structural feature (units of OM change). Imputed
estimates (small black points) are pooled (black diamond) with color-coded pooled standard
error range. Colors indicate structural effects that reduce effluent (red, to the left of the
dotted line), net export (blue, to the right of the dotted line), or have no effect (green,
crossing dotted line).
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Figure 4.7: Area-normalized outflow predictions for each structural feature based on the 1 cm inflow depth

(represented by the horizontal line).



4.3.3 Model Set 3: Media effects

In Model Set 3, the structural effect of soil media amendments are not isolated from other
site structural features, nor can the qualities associated with media be flattened into a binary
presence/absence variable. Therefore, the pooled marginal effect of soil media amendment
is estimated to be -0.61 orders of magnitude (75% RR), which is nearly double the estimate
made in Model Set 2. The matched model estimates are considered more accurate because
they are unbiased and the model specification has been adjusted for backdoor paths. An
example Love plot showing the effect of matching on standardized mean difference for the
media amendment model is presented in Figure [G.3, However, because the matching step
specifically matches the dataset for a treatment of interest, the covariate effects are not valid
estimates for the non-treatment covariate features. For example, the covariate estimate for
removing a liner in Model Set 3 was -0.42 orders of magnitude, which is nearly identical
to the Model 2 estimate. However, a matched model balancing liner presence and absence
as the treatment variable gives an unbiased effect estimate of the marginal effect of liner
absence at just -0.13 orders of magnitude (26% RR), which is likely more accurate. Model
Set 3 indicates there is a strong combined effect of media amendment and absence of a liner,
which could be explained by infiltration into native soil, or invertebrate or root intrusion
into the amended soil media. Predictions for site performance with and without media
amendment and liners are presented in Figure 4.8 The absence of a liner and approximately
1 meter of soil media amendment is sufficient to generate good runoff reduction at a BMP
site (~ 60 — 70% RR, Figure . This model infers that to engineer an equivalent system
with a liner, about 3 meters of soil media would be necessary to establish similar hydrologic

performance.
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4.3.4 Model Set 4: Ponding effects

In Model Set 4, the structural effect of permanent standing water is not isolated from other
site structural features. It is particularly affected by the presence of a liner and the placement
of drainage structures. The pooled marginal effect of permanent ponding is +0.56 orders
of magnitude (in comparison to a reference of no standing water, which is close to the
estimate in Model 2 (40.62, Figure [£.6). This value represents the marginal difference
between the Model Set 4 effect estimates for permanent ponding and no surface ponding.
Sites with no surface ponding discharge roughly half an order of magnitude less water than
equivalent sites with permanent ponding (eliminating surface ponding is associated with
72% RR). The marginal effect of intermittent ponding is approximately +0.08 orders of
magnitude as compared with no surface water ponding and a marginal benefit of -0.47 orders
of magnitude (66% RR) associated with intermittent ponding as compared to permanent
standing water. The rough match estimate comparing retention basins and detention basins
estimates a marginal difference between permanent and intermittent ponding to be closer to
-0.24 orders of magnitude (45% RR), which is similar to the estimates produced in Model Set
1. As in Model Set 3, the matched model estimates for the effect of interest are considered
more accurate because they are unbiased and the model specification has been adjusted
for backdoor paths. However, the accuracy of the marginal effect estimates for the other
covariates are not to be used out of context because they were not the target variable
during matching. An example Love plot showing the effect of matching on standardized
mean difference is presented in Figure [G.3] Predictions for site performance with different
underdrain configurations with and without liners are presented in Figure [4.10] Adjusting
a site design to accommodate intermittent surface ponding instead of permanent ponding
likely has a stronger effect on runoff reduction than changing underdrain configuration or

removing a liner alone.
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Figure 4.10: Area-normalized outflow predictions for ponding, underdrains and liners based on the 1 cm inflow depth.



4.3.5 Model Set 5: Vegetation effects

Model Set 5 acknowledges that the structural effect of vegetation is affected by the presence
of media amendments and standing water, as well as the liner and other site effects. The
estimated the pooled marginal effect of trees and shrubs is -0.72 orders of magnitude at the
event scale (81% RR), which is slightly more conservative than the estimate from Model Set 2
(-0.84 orders of magnitude, 86% RR). This value represents the marginal difference between
the Model Set 5 effect estimates for shrubs and trees versus an equivalent unplanted site. The
marginal estimate for grass and sedum is slightly net positive compared with an unplanted
site (0.12), indicating sites with short, mowed vegetation or shallow rooting discharge slightly
more water than bare ground (~ 30% increase). This is not a large effect, but it may be due
to rapid saturation of the grassed surface, by ponding and discharge, rather than infiltration
through the rooting zone. As in Model Sets 3 and 4, the matched model estimates for the
vegetation effects are considered more accurate than the model 2 estimate, because they are
unbiased and the model specification has been adjusted for backdoor paths. However, the
accuracy of the marginal effect estimates for the other covariates are not to be used out of
context because they were not the target variable during matching. An example Love plot
showing the effect of matching on standardized mean difference is presented in Figure [G.3]
Predictions for site performance with different planting schemas are presented in Figure|4.11

(note that there is still net runoff reduction, even for the ‘grass and sedum’ category).
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4.4 Discussion
4.4.1 Features with the greatest magnitude of influence on runoff reduction

A summary of the ‘best guess’ estimate for the marginal effect of each structural feature
and its equivalent runoff reduction (RR) value is given in Table [4.5] Features with the
greatest influence on runoff reduction are vegetation (-0.74 to -1.1 orders of magnitude or
86 to 92% RR), media amendment(-0.3 to -0.6 orders of magnitude, or 52 to 75% RR),
upturned elbow drains or internal water storage zones (approximately -0.50 orders of
magnitude, 68% RR), and unrestricted groundwater connection (at least -0.13 orders of
magnitude, but up to -0.40 orders of magnitude, depending on the underlying native soil
type, 28 to 60% RR). Features that show a smaller, but observable difference include:
basin-shaped site design (-0.20 orders of magnitude, or 37% RR), as well as exposure to
air, sometimes known as daylighting (up to -0.3 orders of magnitude, but likely closer to
-0.1 or -0.15, 20-50% RR), and overland sheetflow (0.15 orders of magnitude, or 29%
reduction). It seems that planting with mowed grass or shallow rooted vegetation can be
helpful or harmful (in some cases up to -0.07 or as much as +0.08 orders of magnitude
change, 15% to -20% RR). The variable effect is likely due to differences in landscape
management, vegetation height, mowing, foot traffic, overall soil compaction and other
unobserved factors. Permanent standing water and bypass routing structures show
marginal discharge gains (+0.54 to +0.62 and +0.25 orders of magnitude respectively).
Removal or redesign to change these features would have an effective RR of 71 to 76% for

standing water and 43% for bypass routing.
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Table 4.5: Synthesized results showing the best estimate of the marginal effect of each type
of system and its equivalent runoff reduction (RR), with reference to a storm drain.

Best estimate of marginal effect

Feature estimate std. error RR RR range
liner 0
noliner -0.14 0.10 28% 9% - 43%

no media amendment  0.00

amended media [le0600 0.11 [IFS%IN e8% - 80%

sieve or screen  0.00

no surface water  0.00
intermittent ponding  0.08 0.11 -20% -56% - 7%

permanent pondingm -367% - -179%

surface drain  0.00

underdrain  -0.06 0.11 12% -13% - 32%
elbow or wz[[50:5011| o015 [N6E%NN s5% - 78%
internal baffles  -0.02 0.24 5% -64% - 46%
no vegetation  0.00
grass or sedum  0.13 0.13 -35% -80% - -1%

shrubs andtreesm 70% - 88%

enclosed  0.00

opentoair -0.30 0.19 50% 21% - 68%
pointflow  0.00
sheetflow  -0.25 0.11 44% 28% - 56%
overflow  0.00
bypass routing  0.23 0.11 -70% -119% - -32%
channel shape  0.00
basinshape -0.20 0.10 37% 21% - 50%
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4.4.2 Practical application of the findings

The marginal estimates represented in Tables [4.3] [4.4] and [4.5] allow practitioners to make
estimates of hydrologic performance for various BMPs prior to construction. The following

are three worked examples using the estimates for detention basins (DB).
Generalized site estimate:
e The mean event inflow into a detention basin is 3 x 10° L (Table , DB).

e The marginal estimate for detention basins in Table is -0.20 orders of magnitude

(OM) on a site-averaged basis.

Inflow = 3 %10° = 10>
Out flow = 10497020 = 10529 = 1.95 % 10°L

The expected outflow is estimated at 1.95 % 10° L (37% RR) compared with 1.8 * 10° L
(42% RR) in Table |A.2|

Area-normalized site estimate:

e The area-normalized marginal estimate for detention basins in Table [4.4] is -0.28

orders of magnitude (OM) on an area-normalized basis.
e Assume a watershed area of 3 ha
e Assume a rainfall-runoff event depth of 1 cm from the watershed
e Assume a BMP site area of 1000 sq. meters

Inflow = 3ha * 10000m*/ha * 0.01m/cm = 300m?
Depthin fiow = 300m*/1000m* = 0.3m = 30cm
lOglo(?)O) = 1.48

Depthpunoss = 101487028 — 1012 — 15 8em
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The expected area-normalized outflow depth is 15.8 cm per square meter of BMP site,
based on the physical assumptions above and the estimate for detention basins, 0.28 OM

(47% RR, compare with 42% RR from the first worked example).

Structure-specific estimate: The marginal estimates from Table are additive
and can be calculated given a known set of structural features at a site. The structural
estimates allow estimation of individual site performance, rather than the average
performance associated with a given BMP type. To create an estimate, first one value is
selected for each of the nine feature categories. The detention pond in Chapter 2 is

described as having the following features:
e 10 liner (-0.14 OM)
e 1no media amendment (0 OM)
e intermittent ponding (+0.08 OM)
e surface drainage (0 OM)
e grassed surface (+0.13 OM)
e open to air (-0.15, assuming less than maximum)
e pointflow inlet (0 OM)
e overflow (0 OM)
e basin shape (-0.2 OM)

DBegiimate = —0.14 +0+0.08 +0+0.13 —0.15+ 0+ 0 — 0.2 = —0.28
Inflow = 10°% = 3 x 10°L
Out flow = 100497028 — 10>2! = 1,62 x 10°L

The runoff reduction estimate by indicating features for a detention basin with the
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structures described is approximately -0.28 orders of magnitude (47% RR), compared with
1.8 % 10° L in Table and previous worked examples. This type of calculation is
applicable to any known set of structural features, either at an installed site, or prior to
construction. The information in Table [4.5] also allow estimation of the performance
improvement value of isolated structural retrofits. A good rule of thumb for calculating an
error range for an effect estimate based on a set of structural features is to use the feature
with the largest error value, or 0.1, whichever is higher. In this case, the feature with the
highest standard error is exposure to air, 0.19. Therefore, the estimate for a detention

pond with the features described is -0.28 4/- 0.19 (19 to 66 % RR).

Using the workflows presented above, estimates for several widely used BMP types
were compared with the Water Budget Triangle findings from Chapter 3 in Table [£.6] The
site types with the best agreement between the two sets of models were detention basins
(DB) and green roofs (GR). These site types are also likely more narrowly defined than
bioretention (BR) or porous pavement (PP). Retention ponds have an obvious difference in
effect estimate because the water budget triangle results account for runoff reduction
calculation differently than the linear mixed models that generated the marginal estimates.
The water budget data assumes that () represents total discharge from a site over time,
and RR = 100 — @), where 0 < ) < 100. The earlier model does not compare inflow to
outflow, and the estimates of runoff reduction cannot be negative. The water budget
triangle numbers from Chapter 3 tend to represent longer-term performance estimates,
whereas the linear mixed models in this chapter are event-based. This means the events in
the imputed dataset end once discharge is complete, which specifically ignores ET and soil

moisture drawdown that are captured in the water budget dataset.

4.4.3 Addressing estimate variability

There are several components that represent variability in the dataset, which overlap in the

results seen in Tables [4.5] and First, the mapped structural features observed for
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Table 4.6: Effect estimates for five BMP types (gray rows), and water budget triangle (WBT)
runoff reduction values from Tables and (in bold). Equivalent effect sizes and error
estimates for WBT values were back-calculated based on mean inflow for each system type

reported in Table

BMP Type Source Estimate OM Est Error RR  RRrange
Structural Estimate -1.00 02190 84 - 94
Area-normalized Estimate -144 011 96 95 - 97
Site Estimate -1.49 0.13| 97 96 - 98

BR WBT mean -0.24 54
WBT median -0.28 48
WET event scale 0.44 25 - 90
WET long term 0.13 41 - 67
Structural Estimate -0.28 0.19| 48 19 - 66
Area-normalized Estimate -0.28 014 | 48 28 - 62
Site Estimate -0.20 017 37 7 - 57
DB WEBT mean -0.37 57
WBT median -0.32 52
WET event scale 0.42 30 - 90
WET long term 0.15 43 - 71
Structural Estimate -0.64 019 77 65 - 85
Area-normalized Estimate -0.68 020 79 67 - 87
Site Estimate -0.44 027 64 32 - 81
GR WEBT mean -0.41 61
WBT median -0.44 64
WET event scale 0.27 30 - 80
WEBT long term 0.04 57 - 64
Structural Estimate -126 019 95 91 - 96
Area-normalized Estimate -146 0.20| 97 95 - 98
Site Estimate -1.30 0.27| 95 91 - 97
PP WBT mean -0.47 66
WBT median -0.70 80
WET event scale 2.33 20 - 100
WET long term 0.11 56 - 74
Structural Estimate 0.34 0.19 |-119 -239 - 41
Area-normalized Estimate -0.14 010 28 9 - 42
Site Estimate 001 014)| -2 -41 - 26
RP WBT mean -0.14 27
WBT median -0.08 17
WET event scale 0.25 5 - 70
WET long term 0.09 13 - 42
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each site show that there is considerable variability within the same BMP type categories.
The minimum standard error observed in any category is approximately ~ 0.1 orders of
magnitude (RP); this minimum value seems to hold throughout the causally inferred
estimate findings. The limitation on precision is likely due to poor model fit on
zero-discharge events. However, it may be possible to overcome the limitation and reduce
the error associated with estimates by using a two-step hurdle model in the linear mixed
model imputation workflow or using a difference-in-differences approach (see Chapter [3)).
The maximum standard error can be quite high (0.80-0.92 OM), which occurs for sites with
few observations or diverse structural design implementations. None of the BMP type
categories has homogeneous characteristics, and categories with more heterogeneity in
structural features also have less well-defined effect estimates. For example, constructed
wetlands are particularly difficult to describe because they have more complex
combinations of structures, flow paths, and vegetation than many other types of BMPs.
This condition translates to poor estimation for sites that have wetland-like characteristics

(BW, WB, WC), with little agreement between the estimates for each wetland category.

In addition to differences in structural feature sets, there is also variability in the
implementation of the structures that are mapped to each structural feature category. For
example, there is considerable variation within the types of media amendments that are
represented in the binary Media covariate, as well as different plant communities
represented within each categorical level of the Vegetation covariate. These details were
intentionally generalized to allow for representation in a model that depicts a large,
ecosystem-scale problem space with the level of detail that stormwater designers are likely
to be able to reproduce in their designs. The bulk of the literature that exists on
engineering better stormwater BMPs has focused on narrowly specific engineering changes
within a single design factor, such as choosing the optimum depth, particle size
distribution, or chemical composition for green roof media. These findings have important

implications for later phases of engineering design, but do not help address whether a BMP
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site design will meet future catchment hydrology goals, or if a current site needs to be
retrofitted. Therefore, similar features were grouped intentionally as an attempt to
compare the functional similarities of BMP systems with different colloquial names and
structures with similar hydrologic activity. The results from Model Sets 1 through 5 show
the general ranges that designers can expect from their systems, including the potential
variability in performance. With additional research it may be possible to estimate the
structural feature from a sliding scale for a more nuanced predictive model. The
comparison of variability between the linear mixed model estimates and the water budget
triangle datasets from Chapter |3| show relatively good agreement, with a clear decrease in
variability for longer term water budget observations when compared with ranges
representing measurements at the event scale. This level of agreement is expected; the
effect estimates from the linear mixed model are event-based observational results that

liken most closely to the event-based WBT results.

As described in the results, the model fits are poor in general, but particularly for
Model Sets 1 and 2. This condition is an artifact of the data at some sites having many
real zeroes in the response variable (Outflow) below a threshold value in the predictor
variable (Inflow). In practical terms this condition occurs when a site captures all the
inflow associated with an event and generate no runoff. This situation is visible in Figure
BMP Type ‘BR’ (Bioretention) and is a common characteristic at specific types of
sites. Several attempts were made to fit a model that improves on this problem, but the
challenge was too great; the appropriate solution must be able to handle semi-continuous
multilevel data log-transformed to base 10, not base e (natural log). The approach that
will give the best fit is to treat the zeroes as part of a two-step hurdle model (first estimate
the likelihood of a discharge occurring, then estimate the magnitude of discharge).
However, I was not able to find a package that would accommodate this two-step
generalization while grouping by site (maintaining a mixed model format). Apparently, the

glmmTMB package cannot easily treat semi-continuous data for a two-step hurdle model.
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The GLMMadaptive package likely can address this condition, but the model syntax is not
the same as the Ime4/glmmTMB standard. I was not able to successfully build my own
two-part model template format from scratch. Additionally, the computational load for
GLMMadaptive is also much greater than the glmmTMB approach, which makes multiple
imputation and pooling steps slower and harder to troubleshoot. Therefore, I determined
the best course of action was to use the glmmTMB model and make predictions between
the middle quartiles of the precipitation and inflow distributions, where the model fits are
the most acceptable. The distribution of precipitation events is shown in Figure [£.4] at the
measurement scale and log-transformed scale. All predictions were made for a 1-cm
notional event, which is represented at 0 on the base 10 log-transformed scale; this is quite
close to the distribution mean of the log-transformed distribution, (0.13) and is a practical
point of interest. The matched model fits (Model Sets 3-5) are also relatively poor in the

tails, but they have fits that are considerably better than Model Sets 1 and 2.
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4.5 Conclusions and recommendations

4.5.1 Conclusions from linear mixed model estimation of structural feature

effects
Features with the greatest influence on runoff reduction at the event scale are:

e vegetation: -0.74 to -1.1 orders of magnitude (OM), equivalent to 86 to 92% runoff
reduction (RR)

e media amendment: -0.3 to -0.6 OM; 52 to 75% RR
e upturned elbow drains or internal water storage zones: ~ —0.50 OM; 68% RR, and
e unrestricted groundwater connection: -0.13 to -0.40 OM; 28 to 60% RR

Adjustments to design and retrofits should prioritize these factors, as they are the most
cost-effective ways to improve event-scale hydrologic performance. Additionally, features

that have a negative impact on hydrologic performance are:

e permanent standing water: +0.54 to +0.62 OM; more than 250-320% increase in

discharge), and
e bypass routing structures: +0.25 OM; 78% increase in discharge)
Including these characteristics in the design of a BMP site should be closely examined to
understand why their use is necessary and if there are other ways to mitigate the marginal
gains associated with including them in the design.
4.5.2 Future recommendations
Several recommendations regarding the use of these model findings:

e Where possible, practitioners should monitor the actual performance of their existing
sites for no less than 10 events at each site, including: inflow volume; outflow volume;

and, precipitation depth.
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e Field observations can be used to calculate actual performance and generate an

area-normalized order of magnitude reduction distribution.

e These values can be compared to the expected performance ranges estimated by
BMP type and by structural feature set to evaluate how the site performs against the

modeled benchmarks.

e Adjustments to design should be iterative, and focus on small, incremental changes
to improve each of the structural features that exist onsite; and confirmed by ongoing

monitoring.

Future refinement of this modeling technique should employ a two-step hurdle model to
account for the discontinuity in the dataset associated with zero-discharge events. This
approach should improve overall model fit and reduce the error associated with individual

marginal estimates.
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5 Estimation of biogeochemical flux in green stormwa-

ter infrastructure

5.1 Introduction

5.1.1 Understanding controls on solubility and transport in the urban

environment

Precipitation in urban locations transforms into stormwater through a complex and diverse
pattern of water interacting with human-made materials and artificially constructed
surfaces under hyper-localized physical and chemical conditions. The chemical
transformation from precipitation to stormwater is observable; urban precipitation and
surface water have distinct profiles of suspended particles and dissolved solutes (Table ,
Figures and , even within the same catchments (apparent from the summaries
from from the BMP database subset used in this study). The chemical distinction is not
simply due to physical separation of contaminant generation processes between the
atmosphere and landscape; localized physico-chemical conditions differentiate contaminant
transport in these two ecospheres. Localized conditions occur because urban drainage
systems characteristically display a complex interconnection between natural and built
drainage structures. Urban drainage paths interweave rill and gully formations with roofs,
downspouts, gutters, culverts, and subsurface drainage pipes before emptying into urban
streams. The localized set of physico-chemical factors that act as controls on the solubility
and transport of contaminants in the urban environment are the same as those that have
been observed in the laboratory: pH, temperature, dissolved oxygen, exposure to
ultraviolet radiation, as well as stormwater kinetic energy, and introduction of biological
material and organisms. These physico-chemical factors may seem simple, but they act as
fundamental controls on the mobility and transport of contaminants and are highly locally

diverse along the drainage pathways that run across the urban mosaic. These control
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factors also interact to govern solubility and transport; careful observation of the
precipitation-to-stormwater transformation can facilitate construction of a causal
understanding of how the physical and chemical conditions interact to control contaminant
mobility and transport in the urban ecosystem (Figure , in blue). The resulting causal
information allows engineered intervention on these factors to manipulate the
physico-chemical system and treat stormwater contaminants more effectively (Figure 5.1}
in green). Ecological engineering practices seek treatment methods that intervene on
specific variables to modify surface water runoff toward an outcome that supports good

water quality, human health, and aquatic habitats.

Table 5.1: Comparison of dissolved solute concentrations in stormwater and precipitation in
pig/L.

Stormwater Stormwater Rainwater
(as reported in WERF 2019) (this study subset) (this study subset)
Contaminant {ug/L) low Bca median range high 10th %ile 50th %ile 90th %ile 10th %ile 50th %ile 90th %ile
TDS| 24000. 46000. - 390000. 1600000. 20000. 70000. 310000. 29000. 82000. 270000.
TS5( 10000. 26000. - 77000. 160000. 8000. 46000. 250000. 3000. 66000. 420000.
TP 64. 99. = 320. 690. 40, 200. 860. 10. 120. 660.
Dissolved P 20. 43. = 130. 230. 10. 70. 320. 40, 120. 380.
PO4asP 8.6 BR7A = 260. 510. 3.2 20. 250. 2, 16. 110.
TN 450, 710. = 2800. 4300. 610. 1500. 3600. 300. 1100. 3500.
TKN 370. 760. - 2000, 3000. - -
NH3asN 33. 66. - 1200. 2200. - -
NOxas N 72, 270. - 530. 1300. 40. 380. 1400. 60. 330. 1100.
Total Cd 061 d3 - 5 1 a1 A8 2 1 25 1
Dissolved Cd 012 031 - .3 3 .04 17 .97 .04 .05 1
Total Cr| 1.2 1.7 = 7. 12. 1. 4. 14. .73 2.4 9.2
Dissolved Cr .29 5 = 2.7 1.4 5 1.6 7.9 .25 5 1.3
Total Cu 3.8 74 - 25, 52. 3.1 13. 54. 1. 8. 48,
Dissolved Cu 1.8 3.9 - 12. 24, 1.6 6.2 27. 3.2 6. 130.
Total Pb 1.3 3.8 - 17. 43. 1. 3. 54. .75 4. 34,
Dissolved Pb 044 094 - 1.3 7.8 .09 1. 6.9 13 5 ]
Total Zn 14, 27 = 110. 390. 15. 65. 280. 10. 52. 180.
Dissolved Zn 4.6 10. = 190. 380. 6. 27. 130. 2.5 17. 66.

5.1.2 Contaminants present in urban waters

Urban stormwater chemistry is dependent on localized precipitation patterns and land use.
Some solutes and particulates are observed to associate more closely with urbanization (ClI,
N, P, K, synthetic plastics and oils), anthropogenic activities (Zn, Cd, Cr, pesticides,

dissolved residual medication and pharmaceutical breakdown products in wastewater), and

built structures (Cu, Ni, Zn, resins and asphalt breakdown products), as opposed to
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Figure 5.1: A directed acyclic graph (DAG) conceptual model showing causal hypothesis
on the interaction of physico-chemical processes as controls on the general solubility and
transport of most contaminants in the urban environment, represented in blue. General
solubility rules affect the solubility of salts and other ions, dissolved metals, nutrients, and
organic molecules. Solubility of gases is excluded due to a different set of constraints on
gaseous solubility. A suggested set of engineered treatment interventions for distinct variables
are labeled in green. Biological processes have been excluded for the sake of clarity. A more
detailed version of this figure with empirical and observational equations is included in
Appendix [C]
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natural landscape biogeochemistry (HCOs, Fe, As, DOC, F) (Drever [1997]). While many
solutes are considered benign or beneficial to humans (Fe, Na, K, Ca, Mg), others are
known to cause negative health effects at nearly any concentration (Pb, methylmercury,
waterborne pesticide residues, PFAS and PCB family chemicals). Yet more may present
little threat to human health but cause environmental degradation and aquatic habitat loss
(Al, Cu, N, P, Na) (Drever| [1997]). Freshwater ecosystems are particularly sensitive to
soluble nutrients (N, P) in runoff; for example, the ecological limits for soluble reactive
forms of phosphorus range widely depending on the receiving water body type, salinity and
locale. Concentrations considered low in one water body may cause eutrophication in
another. For example, New York State has ambient water quality guidance values of 20
ug/L total phosphorus (TP) in ponds, lakes, and reservoirs, but half that for Lake Ontario.
These concentrations contrast with urban stormwater runoff TP concentrations that
frequently occur between 60 and 700 pg/L. Likewise, the EPA’s ecoregional nutrient
criteria for total nitrogen (TN) in water bodies of the Western forested mountain regions is
more than an order of magnitude lower than the limit for those in the Southern Florida
coastal plain (2.18 mg/L) (US EPA Office of Water|[2013]). Nutrients are well known as
the most widespread stressor impacting rivers and streams and the residents who rely on
them for drinking water, recreation, and economic activity (Fox|[2022]). There are more
than 1.1 million kilometers of impaired stream reaches in the US (Kelderman et al. [2022]).
Due to chemical forms or biophysical partitioning, specific contaminants vary in mobility
and and/or bioavailability. Dissolved solutes are more readily transported than
particulate-bound ones, and contaminants that are bound with organic or particulate
ligands interact differently with biota than inorganic forms (Drever| [1997]). Interactions
between ions and organic molecules cause changes in molecule structure and shape, due to
effects of altered polarity, bond angles, and ionic radii. For example, organo-metallic
complexation can have a protective effect on metal toxicity, while methylation or

phenylation of metals can increase toxicity by bioconcentration and biomagnification,
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interrupting normal enzyme, protein or cell signaling functions. As a general rule, mobile
and labile forms pose a greater threat to human and environmental health than those

forms that are non-reactive or isolated.

5.1.3 Chronic exposure and toxic effects

Exposure to toxic substances in stormwater is poorly understood as a potential threat to
humans and aquatic ecosystems alike; most of the concern in US cities has been focused on
reducing and treating bacterial loads from combined sewer overflow events (Clary et al.
[2014, 2022], |[Ergas Sarina J. and Fassman-Beck Elizabeth|[2023]). However, the ongoing
presence of complex chemical mixtures from urban stormwater has chronic degrading
effects on aquatic habitats and may pose a risk to humans even at low concentrations
(Bradley et al. [2023]). My previous work on this topic with Balderas Guzman et al.| [2022]
shows that concentrations of nutrients, trace metals and other contaminants are above
ecological effects limits following nearly all urban storm events, and more than a quarter of
events have concentrations of single contaminants within the mixture that approach or
exceed levels of concern for human health. Cousins et al.| [2022] recently found that
exposure to the PFAS family of chemicals occurs globally during nearly all precipitation
events and exceed both US and European health advisory limits. Previous analyses and
regulations have focused mainly on the status of a single analyte or contaminant family. In
any given stormwater runoff event, some individual contaminants from within the mixture
will exceed limits of concern and others will not. Even if no single contaminant regularly
exceeds an acute ecological exposure limit, there is often at least one contaminant from
within the stormwater mixture that does, and many different contaminants commonly
exceed a chronic exposure limit during pulsed hydrologic events. The concern over toxic
exposure to urban stormwater is twofold: 1) chronic occurrence becomes insidious and
unavoidable for human and non-human inhabitants; and 2) the likelihood of any one

analyte exceeding a chronic exposure limit increases along with the diversity of
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contaminants within the chemical mixture. Contaminant mixtures have become so complex
that they are difficult to adequately monitor, regulate and treat (Bradley et al.| [2023)]).
Toxic solute mixtures are the norm rather than the exception for stormwater; the fifty
largest American urban metropolises typically experience between 59 (San Jose, CA;
relatively arid) and 154 (Pittsburgh, PA; abundant precipitation) precipitation days per
year (Arguez et al|[2010]). This frequency of precipitation and potential runoff events
suggests that ecologically toxic levels of any one contaminant within the chemical mixture
occurs in urban watersheds approximately 1 to 3 times per week, and human health limits
are likely exceeded between 1 to 3 times per month. These calculations are simple averages
based on the annual frequency of rainfall; toxic conditions likely occur more frequently in
regions where annual precipitation is compressed into a rainy season. Stormwater toxicity
is higher when the weather switches from a long dry period to intense rainfall, and in
locations with frequent seasonal flooding or degraded surface contamination. While actual
human exposure to contaminants from stormwater effluent is difficult to gauge, more than
182 miillion people live in the fifty largest US metropolises (this accounts for 55% of the US
population) (US Census Bureau| [2022b]). These metropolitan areas account for
approximately 8% of the US land area, and all include reaches with chronically degraded
watershed conditions (US Census Bureau| [2022a]). Human health is affected by chronic
activities that occur with regularity (e.g., diet, drug or alcohol consumption). Weekly or
biweekly stormwater exposure that has high levels of lead or other trace metals would

negatively impact both human and animal inhabitants of urban ecosystems.

As mentioned previously, much of the stormwater treatment literature tends to focus
on treatment to reduce concentrations of individual contaminants. For example, the US
EPA and state environmental agencies use the total maximum daily limit (TMDL)
approach to regulate contaminants on an analyte-by-analyte and waterbody-by-waterbody
basis. This approach is probably the appropriate method for municipal drinking water

regulation, but it is not suitable for trying to manage many different contaminants in
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urban runoff for a wide range of waterways. The approach stems from the limitation of
detecting single analytes or analyte families for analysis, and it neglects the fact that
stormwater contains a diverse array of chemical constituents in a complex mixture.
Successful water quality improvement relies on overall mass reduction of contaminant
loads, which is heavily dependent on volumetric reduction of efluent. Focusing design of
stormwater control measures (SCMs) on volumetric reduction of runoff also reduces the
mass of all contaminants in the complex mixture of effluent, not just a single analyte
targeted for treatment. Even modest volumetric reduction can often result in very good
contaminant mass reduction (80% or more) (Driscoll et al 2017). General reduction of all
contaminants in urban receiving waters leads to less chronically toxic aquatic habitats and
better overall downstream water quality. Sometimes SCM design will focus on single
analyte percent-based concentration reductions (e.g., targeting 90% reduction of TN
concentrations from 2 ppm to 0.2 ppm). This approach places the emphasis of the
reference benchmark on the initial concentration value, which may be elevated (compare
with 90% reduction of TN from 20 ppm to 2 ppm). The target reduction is the same, but
the benchmark is being measured against the initial concentration instead of the
ecoregional nutrient criteria. In both cases, the effluent would be above the ecoregional
nutrient criteria for the western forested mountains (0.12 mg/L), including urban streams
surrounding Seattle, WA, the foothills of Denver, CO, Santa Barbara, CA, and many other
smaller municipalities in the western US (US EPA Office of Water| [2013]). Using the
ecoregional nutrient criteria as the relevant benchmark for BMP design will help municipal

managers align local treatment efforts with state and federal guidelines.

Chronic exposure to toxic substances can be decreased in two ways: 1) reduction of the
frequency of exposure, and 2) reduction in the dose of exposure. Humans are largely
unable to control the frequency of chronic stormwater exposure, since this is based on local
precipitation and runoff patterns. As a result, management of chronic surface water toxicity

is limited to mitigating the severity of the chronic conditions. In addition to volumetric
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reduction as a driver of mass removal of contaminants, engineers can reduce exposure of
chemicals to humans and the environment by manipulating key physico-chemical features
that govern contaminant transport (Table . Nutrient mobility and particulate
retention is controlled by intervening on the causes of contaminant solubility and transport
(Figure : filtration of suspended particles, pH and pE adjustment through soil media
amendments, changing sunlight exposure patterns to adjust temperature and ultraviolet
exposure, changing airflow patterns to improve or reduce dissolved oxygen, designing site
topography to modulate kinetic energy and appropriate ponding characteristics. In
addition, biochemical and biological mechanisms are also key removal strategies, including
biologically-mediated complexation, flocculation or transformations of dissolved metals,
particulate and dissolved organic matter. Understanding how these factors can be
engineered and implemented appropriately will help improve the contaminant treatment
capacity of SCMs in general and help tailor the function of individual facilities to meet
water quality goals in the urban environment. Urban stormwater managers have little
control over contaminant generation processes; yet, by careful engineering design they may
succeed in controlling solubility and transport conditions to minimize contaminant flux in

stormwater as it acts as a solvent and transport mechanism.
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5.2 Data and methods
5.2.1 Dataset preparation

As described in Chapter [d] the International BMP Database (BMPDB) contains a large
compilation of stormwater control structures and best management practices (BMPs).
These are compiled observational data from case studies with information about structural
design, hydrologic activity, and water quality performance for more than three dozen BMP
types (BMP Database, 2019). The 2019 version of the database contains more than
374,000 observations of approximately 600 unique analytes, among these are details about
whether the samples represent dissolved, suspended (particle-bound) fractions, or total
concentrations. The raw water quality dataset covers one or more observations at over 500
unique stormwater control structures and includes information about the location of the
monitoring station for the sample (inflow, outflow, rain gauge, etc.). There are
approximately 24 different BMP types with water quality observations represented in the
raw database. The sampling plans are unique to each site; overlap among common
analytes, detection limits and methods is irregular (Table . Despite these
inconsistencies, there are enough observations in the dataset to gain a general
understanding of how BMP structural choices affect the retention of some analytes on an
event timescale. Data missingness was high, but complete observations were not required
for inclusion in the study dataset to maintain as much common support and statistical
power as possible. The concentrations of eleven of the most commonly monitored analytes
were selected for analysis: N (dissolved and total), NOx (dissolved), P (dissolved and
total), total soluble reactive P (SRP, sometimes labeled POy in the figures; the records in
the BMPDB use these terms exchangeably), Cd (dissolved and total), Cr (dissolved and
total), Cu (dissolved and total), Pb (dissolved and total), Zn (dissolved and total), total
suspended solids (T'SS) and total dissolved solids (TDS). The initial sub-selection of water

quality data comprises 122,010 unpaired observations of inflow and outflow concentrations
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for 9802 unique storm events at 536 BMP sites. In a minority of cases, a reference sample
stands in for the inflow value, depending on the BMP type. The number of observations
with reported laboratory detection limits, and the percentage of analytical measurements
greater than the detection limit are presented in Table Observations that were known
to be below the detection limit were set to half the reported detection limit. Where
possible, the volume of water associated with the storm event was also paired with the
observed water quality value (about 55% of observations) to allow calculated estimates of
analyte masses. Each of the following methods described employs and limits this dataset in
different ways.

Table 5.2: Crosstable of observations, detection limit ranges and estimated number of sam-
ples above a known detection limit. Green values indicate analytes with the greatest fraction

of observations above a reported detection limit, red values indicate lower proportions of ob-
servations above the recorded detection limit.

Reported detection limit ranges Count of Observations % Detects (estimated)
Analyte (ug/L) Inflow Cutflow Rainwater |Inflow Outflow Rainwater|Inflow Outflow Rainwater
TS5| 0.5-45000 0.5 - 40000 500 - 10000 7257 6957 852 99 92 98.9
TDS| 100 - 50000 100 - 50000 unreported 2049 1773 122 94 95.3

TP| 0.01-1500 0.01- 2500 5-500 7207 6758 1002 96.4 95.2 99.6

PO4asP| 0.003-2500 0.003- 2500 1.6-225 2798 2526 358 82.1 86.4 86.3
Dissolved P 2-500 2-500 10- 500 2342 2237 399 91.9 93.1 91.6
TN 2-500 2-500 100- 100 3441 3204 633 97.6 99.8 100

NOx asN| 0.05- 25000 1.3 - 10000 4- 10000 61586 5749 930 94.8 92 95.8
Total Cd| 0.004- 500 0.0006 - 10 0.02-2 2827 2619 636 55.1 39.3 24.4
Dissolved Cd 0.01-10 0.01- 10 0.05-0.5 1817 1604 160 33.3 31.2 18.1
Total Cr 0.1-50 0.1-250 0.5-5 1804 1573 134 74 63.6 62.1
Dissolved Cr 0.1- 1000 0.1- 1000 0.1-2 1449 1184 146 65.6 65.9 50.7
Total Cu 0.01 - 100 0.002 - 100 0.1-10 44392 4348 863 93.4 87.7 82.6
Dissolved Cu 0.01-10 0.01- 10 0.1-10 2921 2755 235 92.5 92.6 100
Total Pb 0.003-73 0.002-73 0.08- 10 3838 3649 801 78.1 58.9 53.7
Dissolved Pb 0.003-73 0.003-73 0.05-2 2208 2040 153 33.7 3.5 8.2
Total Zn| 0.005- 500 0.003 - 500 0.5-50 5114 4987 902 95.3 83.7 75.8
Dissolved Zn|  0.005- 30 0.005- 30 0.5-10 2916 2767 222 92.6 86.2 88.5

5.2.2 Method 1: Estimates of concentration and mass flux by BMP Type

The dataset for Method 1 was limited to BMPs with at least 3 unique observations, and

chemical analytes represented by at least 3 BMP sites and a pool of 100 total observations
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or more. The trimmed Method 1 dataset contained 94,909 observations of 14 different
BMP types reporting results for between 2 and 11 analytes (Table[5.3)). This subset is

referred to as the ‘clean’ starting water quality dataset for Methods la and 1b, summarized

in Table (.3

Table 5.3: Summary of data coverage for BMP types with at least 100 pooled observations
at 3 or more unique BMP sites. Each site had at least 3 local observations.

BMP Type n analytes n sites
Grass strip biofilter (BI) 11 44
Bioretention (BR) 10 53
Grass swale biofilter (BS) 9 39
Detention basin (DB) 10 39
Sand media filter (FS) 10 26
Green roof (GR) 2 11
Hydrodynamic separator (HDS) 9 27
High rate biofilter (HRBF) 2 6
High rate media filter (HRMF) 8 18
Oil and grit separator (OGS) 4 15
Modular block porous pavement (PM) 5 15
Retention pond (RP) 11 67
Wetland basin (WB) 7 32
Wetland channel (WC) 8 14

Method 1la: Concentration estimates. Cleaned concentration measurements of
each analyte and sample fraction were grouped by BMP type and sampling location
(inflow, outflow), but remained unpaired at the event and site levels. The distributions of
concentrations were right-skewed and bounded at zero; these values were normalized using
a log base 10 transformation and a small amount of jitter introduced as a tiebreaker for
identical values. The log concentration distributions of analytes monitored at inflow and
outflow stations were tested for mean equivalence using an unpaired non-parametric
two-sample Wilcoxon test. The estimate from the non-parametric unpaired two-sample
Wilcoxon test for log transformed concentrations represents the order of magnitude (OM)
change associated with treatment by each BMP type. A 95th percentile confidence interval

range for the mean OM change estimate was calculated for each analyte sample fraction
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concentration, along with its corresponding p-value. The OM confidence interval bounds

were used to calculate a percent reduction value range as described in Chapter 4.

Next, the distribution of (untransformed, jittered) concentration observations was
resampled 10,000 times using a non-parametric bias-corrected and accelerated (bca)
bootstrap (nptest package, method ‘bea’) to find the median inflow and outflow values for
each BMP type and a credible interval representing 90th percentile of the median
bootstraps. This method is similar to the 2020 BMP Database summary methods, which
also used a bca bootstrap. The credible intervals were compared for median inflow and

outflow concentrations to assess whether the median ranges overlapped.

Method 1b: Mass flux estimates. The cleaned concentration dataset from Method
la was matched with hydrologic flux (stormwater flow volume) measurements at the same
station during the same event using cleaned hydrologic data from Chapter 4 (about 38% of
the water quality data were missing event-matched volumes). The missing hydrologic
values were each imputed 5 times (using the Amelia package), and the five imputed
datasets were used to create five estimates of analyte mass flux in grams for each of the
rows in the clean Method 1 concentration dataset (see Chapter [4| methods for more
discussion about multiple imputation). An estimate of the mean order of magnitude (OM)
change mass flux for each analyte sample fraction was calculated using the same process as
Method 1a. Rubin’s rules for pooling confidence intervals do not apply for nonparametric
tests, so the confidence interval range estimates were pooled crudely by calculating the
mean of the bounds. The median of the five p-values was chosen as a representative

estimate of significance.

Next, each of the five imputed mass flux datasets was resampled using the same bca
bootstrapping procedure described in Method 1a to calculate the credible interval of the
median mass flux of each analyte sample fraction at each BMP type. The median mass

flux estimates were pooled by averaging them as described for imputed concentration

117



datasets above. A simple difference-in-differences estimate was made between the
concentration estimates (Mla) and the mass flux estimates (M1b) and used to compare
and group which BMP technologies show a boosted mass removal (or export) effect in
comparison to their estimate of concentration effects for each analyte. Difference in
differences is a simple difference between mass flux and concentration OM change. The
DID estimates were used to qualitatively group technologies into 4 groups that have 1) net
mass capture associated with a hydrologic treatment effect on water quality through
volumetric runoff reduction, 2) an effect on concentration, with equal or lesser effect on

mass flux 3) no effect on mass flux or concentration, and 4) mass export.

5.2.3 Method 2: Dissolved fraction estimates

The cleaned concentration measurements for Method 2 were limited to only those
measurements with a total concentration value above the reported detection limit, then
total and dissolved fractions were paired for each event. This method has a more limited
subset of data, because only observations with both paired measurements were included in
the analysis (n = 27,453 paired observations). Next, a simple ratio was calculated to
estimate the dissolved fractional ratio (dissolved concentration =+ total concentration)
during each event. The precision of the observations varied by laboratory and study, pairs
of values that were imprecise enough to estimate the dissolved concentration above the
total concentration value were rounded to 1, which means they were interpreted to be
samples where the dissolved fraction represented the entire total concentration. The
median dissolved fractional inflow and outflow ratios were bootstrapped using the same
process as Method la. Then the highest probability density representing 51% of the data
(shortest half) and median ranges were compared to assess whether the median dissolved

fractional ratios overlapped.

Next, the single point and range summary statistics were plotted on the inflow and

outflow empirical cumulative distribution functions (for each BMP Type and each chemical
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sample fraction with more than 20 observations. The empirical cumulative distribution
functions (ECDF's) were tested for equivalence using a nonparametric Kolmogorov-Smirnov
test, a measure of the maximum vertical distance between two CDFs. Mean differences in
inflow and outflow dissolved fractional ratio were calculated to estimate the shift between

particulate and dissolved forms of each chemical analyte during stormwater treatment by

each BMP Type.

Lastly, a simple difference-in-differences estimate was made between the effect of each
technology on treating solids versus all other contaminants. As in Method 1, this value was
used to qualitatively assess whether the treatment of each trace metal or nutrient
contaminant was greater or less than the treatment of solids for a given BMP type. This
qualitative grouping represents technologies that have a chemical, biochemical or biological
treatment effect on water quality through one or more of the solubility controls from

Figure 5.1

5.2.4 Method 3: Matched difference-in-difference estimates for individual

structural features.

The inflow and outflow observations from the cleaned concentrations dataset were paired
by event and then joined with the same structural features dataset from Chapter 4. Next,
the paired inflow and outflow concentration observations were used to calculate the OM
change in concentration for all storm events with complete data. The DAGs and model
specifications from Chapter 4 were used to duplicate the matching process used in Model
Sets 3, 4 and 5 and control for the same sets of confounders in order to infer the causal
effects of soil media amendments, liners, standing water and vegetation on individual water
quality parameters. Next, the data were matched using the Matchit package in R using the
coarsened exact matching method and a logit link. The matched datasets were used within
a difference-in-differences regression model framework to determine the causal effect

estimates for each of the four structural features. A separate model was used for each
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contaminant, but only one model specification was used to estimate the causal effects of
each feature. Using regression for difference-in-difference estimation results in the same

effect estimates as simple subtraction:

DDtreatment = (Toutflow - inflow) - (Uoutflow - Uinflow) (1)

Where T represents concentrations of contaminants observed at sites in the treatment
group, and U represents concentrations of contaminants observed at untreated sites. In this
context, treated sites include the structural feature of interest: subsurface liner, standing
water, soil media amendment or vegetation. Using regression to make the estimation
supports automated calculation of associated standard errors and p values. Details for

modeling each feature follow below.

Soil media. To block confounders on the effect of soil media amendments, the media
treatment features (amended, unamended) were matched on the presence of a liner, the log
area of the site, and the log influent concentrations (see Appendix for details). After
matching, difference-in-differences regression was used to estimate order of magnitude

change as predicted by presence of soil media amendment.

Liners. To block confounders on the effect of liners, the liner treatment features
(lined, unlined) were matched on the log area of the site, and the log influent
concentrations (see Appendix for details). After matching, difference-in-differences
regression was used to estimate order of magnitude changes as predicted by presence of a

liner for each contaminant.

Ponding. To block confounders on the effect of standing water, the ponding treatment
feature (no standing water, intermittent ponding, permanent ponding) was binarized into
two groups (no standing water, any ponding) then matched on the presence of a liner,
underdrain type, and the log influent concentrations (see Appendix for details). After

matching, difference-in-differences regression was used to estimate order of magnitude
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changes as predicted by presence of standing water for each contaminant (using the original

three factor levels in the ponding feature).

Vegetation. To block confounders on the effect of planted vegetation, the vegetation
treatment feature (unplanted, grass and sedum, shrubs and trees) was binarized into two
groups (unplanted, any planting) then matched on the binarized ponding feature (from
method above), presence of amended media, and the log influent concentrations (see
Appendix for details). After matching, difference-in-differences regression was used to
estimate order of magnitude changes as predicted by presence of planted vegetation (using

the original three factor levels from the vegetation feature).

121



5.3 Results and Discussion

The following discussion relies results presented in Appendices C, D, E, F and G.

5.3.1 Total suspended and total dissolved solids

Results of the paired median bootstrap ranges for TDS and TSS concentration and mass
estimates are presented numerically in Table and visually for each BMP type in the
pair plots in Figure [D.I] Non-parametric two-sample test estimates of the order of
magnitude (OM) change in concentration and mass flux, and the corresponding percent
reduction ranges derived from the confidence intervals around the OM change for each
BMP type are presented in Tables and [E.2] These tables also contain text describing
the interpreted difference-in-difference results, qualitatively grouped into four categories: 1)
net removal due to reduction in concentration (green), 2) a boost in net removal likely
caused by volumetric reduction (blue), 3) net export due to hydrologic or other processes
(yellow), or 4) no net effect (gray). The distributions of dissolved fractional ratios for raw
stormwater and for each BMP type are reported in Figures and and the shifts
between inflow and outflow for each technology is summarized in Table [5.4 Effects of

individual structural features are represented in Table [5.5] and visualized in Figure [G.6]

All BMP types display reduced concentrations of TSS in effluent compared with
untreated stormwater. Most technologies also effectively reduce some portion of influent
TSS mass, notably constructed wetlands are the only type that may or may not be effective
sinks. This pattern for constructed wetlands is likely site dependent and may involve
complex surface and groundwater inflows or interaction with urban streams. Effective
removal mechanisms that were observed for suspended solids include physical filtration or
straining (sand media filters), settling (retention ponds), sedimentation and saltation across
grassy or mulched basin surfaces (detention basins, bioretention, grass biofilter strips).

Catch basin inserts and hydrodynamic separators show reduction of T'SS concentrations,
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but surprisingly do not appear to shift the ratio of particulates and dissolved solids.
Technologies that appear to display volumetric reduction effects that boost net capture are:
grassed bioswales and biofilter strips, porous pavement, bioretention and high-rate
biofiltration. The matched difference in difference estimates of the effects of individual
structural features on TSS were mixed. Soil media amendments (physical filtration and
straining) decrease TSS concentrations by 30-40% (p < 0.001). Subsoil geotextile and clay
liners cause no effect or marginally slight increase in T'SS concentration (5-10%,

p = 0.0503). Intermittent ponding causes a decrease in T'SS concentration by 35-45%

(p < 0.001) and permanent ponding a slightly smaller reduction of 25-35% (p < 0.001).
Sedum and low grassy vegetation has little or no effect on T'SS concentration, but taller

plantings of shrubs and trees do reduce TSS concentrations by 25-40% (p < 0.001).

In contrast, most stormwater technologies show little effect on TDS concentrations or
mass flux. Three features showed a causal effect that reduced TDS concentrations: shrubs
and trees (30-50%, p = 0.001) and both permanent and intermittent ponding (25-40% and
25-35% respectively, both p < 0.001). Organic leaf litter could affect TDS concentrations
directly through adsorption/protein binding or indirectly affect TDS concentrations
through redox or pH pathways. The unknown mechanism behind the ponding effects could
be related to redox, biological or chemical factors. It seems counter-intuitive that ponding
shows a causal reduction of TDS while retention ponds show increased TDS concentrations
in effluent, as do sand media filters. The net export of dissolved solutes on a mass basis is
likely due to evaporative concentration in between precipitation events or groundwater

influx during the observed storm event period.
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5.3.2 Nutrients

Results of the paired median bootstrap ranges for nitrogen (TN, NO,) concentration and
mass estimates are presented numerically in Tables and visually for each BMP type in
the pair plots in Figure [D.2] Non-parametric two-sample test estimates of the order of
magnitude (OM) change in concentration and mass flux, and the corresponding percent
reduction ranges derived from the confidence intervals around the OM change for each
BMP type are presented in Tables and [E.4l These tables also contain the interpreted
difference-in-difference results described earlier. Phosphorus results (TP, DP and reactive
P) are presented numerically in Appendix , and visually in Appendix with OM
change and percent reduction ranges presented in Appendix and [E.6] Dissolved and
total fractions for TN and TP were available for a limited set of BMPs, the ECDFs
showing the shift in distributions of dissolved fractional ratios is presented in Figure

and summarized in Table [5.4] Individual structural feature effects are represented in Table

and visualized in Figure

Nitrogen in stormwater is mostly dissolved (dissolved fractional ratios of raw
stormwater are at least 80% of total N load, Figure . Most treatment technologies
either decrease total nitrogen concentrations in effluent or have no effect. For those that
decrease TN concentrations in effluent (sand media filters, constructed wetland basins,
bioretention, bioswales and retention ponds), the reduction is moderate, about 0.10 OM or
20% reduction, not a very large chemical /biochemical effect. Bioretention and constructed
wetland basins reduce TN mass flux, but based on their nitrate mass flux, they likely
nitrify TN into nitrate, as do sand media filters and grass biofilter strips. The total mass
flux of nitrate in all of these systems is net neutral (no effect), but this is most likely due to
offset by volumetric reduction. The systems that export the highest concentrations of
nitrate are porous pavement and sand media filters, but the highest net export by mass is

from constructed wetlands due to very high volumes of influent water, which may include
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groundwater influx. Both retention and detention ponds are moderately effective in
decreasing nitrate concentrations, likely through denitrification. Green roofs and grass
biofilter strips also decrease nitrate, but do not receive large runoff volumes or high N

concentrations, so their application is somewhat limited for stormwater nutrient abatement.

Permanent and intermittent ponding both show a strong causal effect on decreasing
concentrations of TN in stormwater at the event scale. Permanent ponding reduces TN by
40-50% (p < 0.001); intermittent ponding by 35-45% (p < 0.001); and grass and sedum by
a small amount (p = 0.009). As discussed in the previous paragraph, the nitrogen cycle is
complex, and there are multiple mechanisms simultaneously occurring in these stormwater
treatment systems. Where permanent ponding causes 55-60% nitrate reduction,
intermittent ponding and media amendments cause increases in NO, concentrations (both
p < 0.01). It is apparent that technologies with rapid draw-down and very dry conditions
in the vadose zone between storm events affect nitrification and net export of NO,,
whereas systems that drain intermittently and remain moist or saturated facilitate N
removal by denitrification. This pattern is clear because, in addition to permanent
ponding, liners and vegetation also both decrease nitrate concentrations in effluent. These
features point to moisture as a key facilitator of the appropriate redox conditions and
biological activity driving denitrification. Nutrient-poor mulch and vegetative shading can
be used to even out evapotranspiration over the inter-event dry period, which can increase

denitrification and decrease nitrate export.

Phosphorus in stormwater is primarily particulate (dissolved fractional ratios are about
35% of total P load). Although not statistically significant, there is a consistent decrease in
mass of dissolved and total phosphorus across all technologies, about 0.1 OM, or 20%
reduction. Many technologies achieve net TP capture, and the mechanisms may be diverse:
particle settling or sedimentation (porous pavement, constructed wetland basins, retention

ponds), physical filtration or straining (sand media filters), as well as soil adsorption and
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biological uptake. Bioretention, grass biofilters and constructed wetland channels show
evidence of mobilizing total reactive P, possibly due to fertilizer application or mobilization
of iron due to reducing conditions. Notably, although bioretention, grass biofilter strips and
detention basins boosted capture of TP and reactive P via volumetric reduction, and
shifted TP from particulate to dissolved fractions, neither show evidence of net mass
capture. This is consistent with the causal estimates: permanent and intermittent ponding
cause very good decreases of TP and DP, but only permanent ponding reduces PO,
concentrations during the event scale timeframe. This is likely because intermittent
ponding activates the redox cycle of alternating reducing and oxidizing conditions, causing
mineralization and demineralization of phosphate with iron. Permanent ponding may
support biological intervention or sedimentation after complexing with colloids in the water
column. Technologies with vegetation tended to perform better at shifting the dissolved
fractional ratio as compared with removal of solids. There is a causal export associated
with plantings, but it is unknown whether that is due to fertilizer application or the
vegetation itself. Future studies of phosphorus dynamics should collect data from the total
and dissolved fractions, and soluble reactive phosphorus should be measured with a

detection limit no higher than 3 pg/L.

Vegetation and microbiota are well-known to immobilize various forms of N and P, there-
fore it is somewhat surprising that there is not more biotic uptake observed for these essential
nutrients. However, it would be erroneous to conclude that bioretention and other vegetated
stormwater control structures do not have significant effects on nutrient capture. The event-
based sampling timescale is likely too short to observe the biotic effects associated with
plants and soil microbiome. There is relevant selection interval bias in the choice of pre-
cipitation events—most plants utilize nutrients for growth during sunny weather, not during
the rain events used in this dataset. It is likely that the effects reported here underestimate
the nutrient capture value of vegetation, and highlight the importance of increasing both

hydrologic capture volume and hydraulic retention time of stormwater within GI systems.
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5.3.3 Trace metals

Results of the paired median bootstrap ranges for trace metal (Cd, Cr, Cu, Pb, Zn)
concentrations and mass estimates are presented numerically in Appendices through
and visually for each BMP type in the pair plots in Appendices [D.4] through [D.§]
Non-parametric two-sample test estimates of the order of magnitude (OM) change in
concentration and mass flux, and the corresponding percent reduction ranges derived from
the confidence intervals around the OM change for each BMP type are presented in Tables
through [E.13] These tables also contain the interpreted difference-in-difference results
described earlier. Dissolved and total fractions for trace metals were available for limited
sets of BMPs, the ECDFs showing the shift in distributions of dissolved fractional ratios
are presented in Figures through and summarized in Table [5.4 Individual

structural feature effects are represented in Table [5.6) and visualized in Figure [G.6]

The distribution of dissolved and total trace metals observed in this stormwater
dataset spans 3 to 3.5 orders of magnitude (Cd: 1072 to 10! pug/L; Cr: 1072 to 10! pg/L;
Cu: 10795 to 10%® pg/L; Pb: 107! to 102 pg/L; Zn: 10° to 10 ug/L). The concentrations
of observed trace metals were often below the EPA’s drinking water standards, with the
notable exception of lead, which has a drinking water standard set at 0 ug/L (no known
safe level). The proportion of storm events with concentrations above toxicity limits that
are known to be ecologically damaging is between 25% and 85% for any of these 5 trace
metals individually. On average, the cumulative probability of observing any one trace
metal at concentrations exceeding EPA recommended drinking water limits is about 45%;
the probability of exceeding ecologically harmful levels is approximately 99% (see Figure
. Trace metals results are often below the method detection limit, especially for

dissolved fractions.

Unsurprisingly, trace metals are very sensitive to reduction-oxidation cycling caused by

soil moistening and drying cycles. Physical filtration (sand media filters, grass biofilter
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strips and bioretention) and settling (retention ponds) are effective methods for particulate
trace metals removal, and volumetric reduction boosts net capture of many types.
Volumetric reduction is also effective for net capture even when influent concentrations are
low, and is the only mechanism for capturing dissolved lead. When compared to total
solids capture rates, vegetation shows an additional biological or biochemical removal effect
for all five trace metals types. Roadway-adjacent grass strip biofilters receive some of the
highest concentrations of Cu, Zn, and Cr, and also show good net capture. Creative
vegetation maintenance of highway systems may be able to increase their efficacy or retrofit

new stretches of high speed, high traffic roads.
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5.4 Conclusions and recommendations

Nearly all storm events create runoff with contaminant concentrations above limits that are
known to cause ecological degradation and/or harm to human and aquatic life. Special
attention should be paid to treating runoff in locations where roadways cross streamlines.
BMP designers should be cognizant of the effects of wetting and drying cycles on the redox
sequence, which drives effects on many contaminants simultaneously. Some contaminants
are largely unaffected by green or gray stormwater infrastructure systems, notably total
dissolved solids and dissolved lead concentrations. These two types of contamination may

benefit from watershed-level policy changes, rather than catchment-scale treatment.

5.4.1 Conclusions from estimation of structural feature effects
Features with the greatest influence on suspended solids reduction at the event scale are:

e intermittent ponding: -0.2 orders of magnitude (OM), equivalent to 38 to 46% TSS

concentration reduction
e media amendment: -0.2 OM; 33 to 39 % TSS concentration reduction
e shrubs and trees: -0.16 OM; 24 - 38% TSS concentration reduction

Redox cycling occurs during wetting and drying cycles and has a strong influence on
solubility and mobility of nutrients and trace metals. Permanent and intermittent ponding

have the greatest influence on nutrient reduction at the event scale:
e permanent ponding: -0.26 OM, equivalent to 40 to 49% TN concentration reduction
e permanent ponding: -0.47 OM, equivalent to 64 to 68% TP concentration reduction

Vertical flow through soil media profiles that alternately wet and dry has the greatest

influence on nutrient export at the event scale:

e soil media: 4+0.21 OM increase in NO,, concentration
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e soil media: +0.28 OM increase in reactive P concentration

Systems with multiple treatment zones that have different hydrologic action in sequence are
likely the most effective (these are sometimes called multi-chamber treatment trains). The
cause of this is likely decoupled redox cycling patterns in each treatment cell. Vegetation
management likely plays a role in whether systems export nutrients, and management

choices that affect soil moisture in the near-surface vadose zone will affect trace metals.

Adjustments to design and retrofits should prioritize hydrologic reduction, as it is a driv-
ing factor in total contaminant removal for many contaminant types. Roadside biofilter
strips, grass swales, and bioretention are very cost-effective ways to capture trace metals
and improve event-scale contamination. Additional landscape management experimentation
may improve contaminant removal in existing retention, detention and constructed wetland

systems.
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6 Synthesis and future recommendations

6.1 Interpretation and synthesis of model results

The overarching lesson that emerges from the models in this body of research is that
improving urban stormwater hydrology and water quality means adopting structural
features that mimic those present in natural ecosystems. Focusing interventions on
decreasing the total volume of effluent from stormwater control structures will decrease
downstream flooding, channel incision in the urban environment, and improve overall
surface water quality. Allowing vegetation and soil composition to develop to maturity will
improve both volumetric reduction and biochemical intervention, and mimic natural
evaporation and transpiration patterns. Specifically, four natural conditions to emulate in

the urban environment are:
1. better surface-to-groundwater exchange,
2. enhanced vadose zone storage,
3. flatter event discharge peaks, and
4. less reactive wetting-drying cycles.

Precipitation in the urban environment quickly outpaces infiltration rates, due to
compaction and impermeable paved surfaces, creating a saturated and poorly hydraulically
connected surface layer above the vadose zone. This results in flashy’ runoff patterns,
often with little more than 5 mm of rain. Improving the infiltration of surface water
through the unsaturated zone and into the water table requires less compact soil with good
porosity and continuity between the surface and the groundwater table. Vertical
connection can be achieved by using at least 1 meter of amended media that is more
porous and less compacted than native soil. Deep-rooted vegetation also provides vertical
connectivity from the surface along the rooting tunnels. Roots help prevent compaction by

constantly growing and dying, leaving new infiltration pathways through the amended
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zone, and into the surrounding native soil. Liners isolate exchange from an amended zone
into the natural groundwater table, they should be used specifically for sites that have
concerns about contamination in the native soil profile, but otherwise should be used
sparingly. Liners should not be used to isolate stormwater from infiltration in locations
with a high water table. Liners rarely remain completely watertight, and application as a
barrier prevents evaporation from wet sites in between events. Removing the liner allows
groundwater to wick up through the amended soil profile and evaporate or transpire.
Evapotranspiration between events reduces soil moisture and increases the subsurface
storage volume available for stormwater capture during the next event. Media
amendments, vegetation and surface mulching help create and maintain less compact soil

surface profiles with better continuity with the native soil profile.

In addition to the measures described for improving vertical connectivity, vadose zone
storage can also be improved by slightly increasing the latent soil moisture between events,
and widening the soil media pore distribution to make it larger and less uniform. Surface
layers become baked dry in urban heat islands, creating hydrophobic surface conditions
and preventing the wetting front from forming across the soil profile. This results in an
infiltration delay, and contributes to flashy discharge peaks. A site that has rapidly
infiltrated water during a storm event will continue to seep or wick water into the
surrounding soil profile for several days as it equilibrates with the local groundwater table.
A site that has surface compaction or hydrophobic crust will remain relatively dry in the
vadose zone, generate runoff quickly and have limited subsurface storage. Better shading
conditions at the surface, and sorptive leafy carbon matter in the soil profile can help
maintain soil moisture slightly above the minimum value necessary for pore moisture to
maintain readily wettable conditions and reduce air entrainment. Natural wetlands achieve
this condition through repeated seasons of growth and deposition of leafy organic material,
which increases soil carbon content. The organic content helps the soil maintain latent

moisture between storm events, which promotes prolonged periods of evaporation, and
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quick re-wetting. Shading of the infiltrating surface can be achieved with direct planting,

stones, mulch, or adjacent overhanging structures/vegetation.

Dense, short-mowed grass can also create a muddy, saturated mat at the surface,
preventing infiltration through the unsaturated zone to the water table. Turf aeration,
taller/deeper vegetation, reduction of mowing frequency, and mixed species grasses are
good ways to create a vadose zone that is quick to infiltrate, increases surface roughness
coefficients and initial abstraction of precipitation. It is key to continue maintenance and
mowing around the inlet and outlet structures to make sure vegetation does not prevent
water from entering from sheetflow or pointflow inlets and prevent outlet clogging.
However, the common practice of mowing entire detention basins can be replaced with
simply clearing the inlet and outlet structures. Decreased mowing improves soil
compaction, vegetation generates more diverse infiltration pathways, and both help to
maintain latent moisture during antecedent dry periods and prepare soil pores to fill

quickly during a storm event.

Thus far, this discussion has focused primarily on improving subsurface storage and
vertical connectivity. However, the discharge peak can also be flattened by increasing
surface roughness and vertical ’complexity’” above the vadose zone. Trees and shrubs
provide excellent surface complexity — they enhance runoff reduction through initial
abstraction and delay inflow through throughfall and stemflow. Woody vegetation also
increases evaporative losses, which creates additional subsurface pore storage in root zones
where shallower vegetation does not grow roots. The role of vegetation cannot be
overlooked for most stormwater management sites, even for BMP types that are
traditionally planted with short-mowed grass. Landscape management experimentation is
key to understanding how best to enhance the hydrologic performance of the many
detention basins, retention ponds and vegetated strips that already exist across the United

States. Trees may not be appropriate for every location, but it does not mean that
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hydrologic performance cannot be enhanced with vegetation. For example, some
transportation conduits require mowing of adjacent vegetation to maintain adequate driver
visibility. The results of Model Set 5 in Chapter [ indicate there is likely a good
improvement in runoff reduction at a site that is mowed quarterly or annually in
comparison with a location that is mowed weekly and will maintain sufficient visibility
requirements. The results of Chapter 5| indicate that grass biofilter strips are very effective
for water quality improvement. If short grass is necessary to protect adjacent structures or
roadways, it is possible the mowing strategy can be adjusted to allow for a vegetation
gradient, with the tallest grasses growing 2-5 meters away from structures, particularly on
slopes and low-lying areas. At sites with standing water, mowing should never extend to
the waterline, but leave as much 'riparian’ vegetation as possible (no less than ~3 meters).
Vegetation gradients and no-mow zones should be demarcated clearly using flags, stones, or
other visual aids to prevent mower creep, which occurs when a mowed space grows
successively larger with each mowing. Roadside vegetation and biofilter strips are some of
the cheapest and most effective ways to reduce trace metals from highway road runoff.
Reduced mowing and taller, more complex vegetation may be a simple and cost effective

method for low density urban and suburban areas to improve water quality.

In dry climates where evaporative losses are less desirable, vertical connectivity from
the surface to the water table and shading of the site surface is equally important. Vertical
connections can be artificially induced by using large stones at the surface, and throughout
the amended media profile, allowing fast percolation to a depth below the local root zone
(usually more than 2-3 meters). These types of infiltration basins should be unlined to
promote drainage into the water table. Another alternative approach is to use a
closely-spaced field of wooden or bamboo stakes, roughly 10-20 cm apart, and driven 20-50
cm into the vadose zone. The above-ground portion of the field will provide some surface
shading, and the lower portion provides some limited artificial stemflow, allowing water to

seep into the ground along the interface between the stake and the soil.
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6.2

Future Recommendations

e Stormwater control design should prioritize volumetric reduction through: 1) limiting

the use of subsurface liners and geotextiles and adding upturned elbow drains; 2)
increasing the height, diversity, and density of vegetation; and 3) periodically adding

0.5-1 m of nutrient-poor organic matter or mixed-density soil media.

Urban precipitation events produce runoff that nearly always contain levels of
contaminants that are harmful to aquatic ecosystems and/or human health. To
minimize the negative impact of these contaminants, it is crucial to 1) treat the
contaminated stormwater as close to the source as possible, and 2) recognize that the
most effective treatment will remove all contaminants within the complex and
dynamic stormwater mixture. Use of spatial data to identify locally-specific point
sources of contamination in areas that are usually managed for non-point source
pollution will open new opportunities for treatment. Urban culverts, bridges, and
overpasses, for instance, are identifiable intersections between transportation and

stream networks that could benefit from biofiltration.

Water quality is closely tied to local land use, including unhoused and vulnerable
populations who may lack access to municipal waste services and regularly experience
exposure to urban stormwater. Municipalities may achieve water quality benefits by
implementing creative incentives that link housing access with watershed cleanup
efforts (e.g., Butler| [2023]). Effective stormwater control can be achieved through
creative landscape management experiments and retrofits, particularly for traditional
retention and detention basins. Incentivizing lower mowing frequency and/or
increased vegetation density can be more effective when integrated with local

stormwater credit and fee systems across various land use types.
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e Constructed wetlands are not sufficient replacements for natural wetlands that have
been disturbed. The conservation of existing natural wetlands is more effective in
providing stormwater control through ecological services and should be incentivized

over constructed wetlands or stream restoration.

e To achieve more accurate estimates of the causal effects of individual features, data
collection efforts for stormwater monitoring should take two actions: 1) introduce
randomization to reduce observational selection bias in the dataset, and 2)
deliberately include reference sites for all relevant design features to increase common
support. Additionally, data collection efforts should report a standard set of
contextual metadata for all BMP system types. For better design, metadata should
help clarify the local interaction between the constructed site and its ecohydrological
loss pathways (groundwater hydrology, atmospheric interaction, surface water
characteristics). Useful metadata includes: site and watershed area, site flowpath
length and site perimeter length, liner material, density and height of vegetation,
depth of soil media amendment, permanent ponding depth, freeboard fluxing depth,

local hydraulic head elevation, surface aspect and shading.
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A Data sources used for analysis
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A.1 Water budget sources from Chapter

Water budget data sources by type; data files are available in the github repository :

https://github.com/cgeger/WaterBudgetTriangle/tree/master/data.

Bioretention and Lysimeter estimates and observations. Hess et al.|[2015], Kosmerl

[2012], Li et al|[2009], Pitt et al.|[2007], Strauch et al.|[2016]

Bioretention model. Wardynski et al. [2011]

Cistern models and observations. Guizani| [2016], Millar et al.| [2003], Steffen et al.|

[2013], Zhang and Hu| [2014]

Continental scale estimates. |Jones et al. [2012]

Detention basins. Harper et al.|[1999b] 2002, Shukla et al. [2015]

Detention basin models. Emerson| [2003]

Green roofs/Ahiablame et al. [2012], Berghage et al.| [2009], (Carpenter and Kaluvakolanu|

[2011], |Carson et al. [2013], |Carter and Rasmussen| [2005, 2007, Czemiel Berndtsson| [2010],

Fassman-Beck et al.| [2013], [Fioretti et al|[2010], Getter et al.|[2007], Gregoire and Clausen|

[2011], [Hathaway et al.| [2008], Hutchinson et al. [2003], Liu and Minor| [2005], Mentens |

et al|[2006], Moran et al.|[2005], Nawaz et al.|[2015], Palla et al.| [2011], Riley et al.| [2009],

Stovin, [2010], |Stovin et al.| [2012], |Teemusk and Mander| [2007], Toronto Regional |

\Conservation Authority| [2006], [Van Seters et al. [2009], [Villarreal and Bengtsson| [2005],

Voyde et al,| [2010], Wadzuk et al.| [2013]

Green roof models. Berghage et al. [2007], Stovin et al.| [2013], Vanuytrecht et al.| [2014]

Blue roofs. |Carpenter and Kaluvakolanu| [2011], Mentens et al.| [2006], VanWoert et al.|

2005

Control roofs. Berghage et al.|[2009], Carpenter and Kaluvakolanu| [2011], Mentens et al.|

[2006], [Van Seters et al. [2009], Vanuytrecht et al. [2014]
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Lab-scale roofs. Buccola and Spolek [2011], Carson et al. [2013], Fassman-Beck et al.

[2013], [VanWoert et al.|[2005], |Villarreal and Bengtsson| [2005]

Porous pavement and controls. Brown and Borst| [2015], |[Drake et al|[2014], |Gobel |

et al|[2013], Pratt et al|[1995], Rim| [2011], Winston et al. [2016]

Porous pavement model. 12016]

Retention ponds. [Harper et al| [2003], [Harper| [2010a]blid, [2011], [Teague et al.| 2005

Retention ponds models. [Hartigan et al.| [2009)

Natural lakes. Lent et al. [1997]

Natural wetlands. (Crisp| [1966], Daniels et al.| [2000], Hemond, [1980], Hey et al. [1994],

Lent et al. [1997], Mitsch et al.| [2014]

Natural wetlands model. Caldwell et al|[2007]

Constructed wetlands. Ayub et al.| [2010], Choi and Harvey| [2000], Daniels et al.| [2000],

Mitsch et al.|[2014], [Hey et al| [1994], Nungesser and Chimney| [2006]

Constructed wetlands model. Strosnider et al. [2007]

Sewers and sewer sections. Amick and Burgess [2000], [Ellis et al. [2003], |Guizani

[2016], Rieckermann et al.| [2007], Rutsch et al. [2006, 2008], Selvakumar et al.| [2004]
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A.2 Description of International BMP Database dataset cleaning

Preprocessing the International BMP Database. This section outlines the data
loading, cleaning and joining process for data tables extracted as flat files from the
International BMP database. The description matches the scripts called in the DRIVER.R
file in the github repository associated with this project

(https://github.com/cgeger/clary).

bmp table was created from BMPInfo and tb1BMPType tables: These tables were joined on
the BMPType and BMPTypeCode fields to identify which structural BMP sites were
suitable for this analysis. Nonstructural BMPs were dropped from the analysis. ID
Fields were converted to character strings so they would work more reliably for joins.
Dates were converted to date format. Several fields were refactored to improve data
integrity and uniformity: BypassorOverflow was collapsed into three categories:
"‘Bypass’, 'Overflow’ and 'NULL’. Installation_Descr was collapsed into three categories:
"No oversight identified’, ’Installed per engineering design’, "Installed as designed, no
eng oversight’, 'Not installed as designed, no eng oversight’. BMPType, BMPGroup,
BMPCategory_Code and X_BMPAnalysisGroup were all factored from strings. Fields
with yes/no factors were collapsed into 'N” and 'Y’ and 'NULL’. The SitelD field was
converted to uppercase to match cross-table data format. X_HasMonitoringData and
LastRehabDate were dropped from the dataset due to mostly missing values. Five
records with incorrect WSIDs and SITEIDs were corrected to match the tables
containing watershed and site information. Empty cells, cells with errant whitspace,
and blank strings were replaced with missing values. Missingness in the bmp table
fields is approximately 41%, but no missing values are present in the fields required to
match records {BMPID, SITEID, WSID} or in fields that indicate details about the
structural features present at bmp type categories {BMPType, BMPGroup,
BMPCategory_Code, BMPType_Desc, BMPCategory_Desc, X_BMPAnalysisGroup},
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which were used as the reference basis for site-by-site dummy variable encoding.

climat table was created from tblClimateStation table: The raw data was trimmed of
whitespace and blank cells, and converted to metric units. The latitude and longitude
at one site in Alaska was corrected to represent the same format as the other locations.
Missingness in the climat table is 1%, three records are missing climate summary

information.

site table was created from TestSite table: The SitelD, ClimateID and USGSHUCS fields
were converted to character strings to act reliably as join fields. All character fields
were trimmed of whitespace and empty strings were replaced with missing values.
Missingness values ”Z7” and ”” in State and ZipCode columns were refactored as NA
or NULL values. Elevation and ElevationUnit fields were converted to meters (m).
Missingness in the site table was approximately 26% before dropping all columns
containing information about documentation. In the remaining fields, {SITEID,
SiteName, City, County, State, ZipCode, Country, Latitude, Longitude, CLIMATID,
Elevation, Elevation_Unit, USGSHUCS, Comment} missingness was reduced to 12%,

including the CLIMATID field, which is missing for 38 sites.

stn table was created from MonitoringStation table: The SiteID, WSID, BMPID, MSID,
and PDFID fields were converted to character strings to act reliably as join fields. All
character fields were trimmed of whitespace and empty strings were replaced with
missing values. Fields with yes/no factors were collapsed into "N’ and "Y” and "NULL’.
SiteID was changed to capital case. Two fields {HydroFlag and WQFlag} were
initialized to keep track of which stations referenced hydrologic and/or water quality
information, and which stations should be eliminated because they contained no data,
or were identified to record poor quality data. {nPraw, nFraw, nWQraw} were
populated with a preliminary count of the number of precipitation, flow and wq records

present at each station. Since hydrology and water quality are marked at the site level,
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the stations were checked to make sure they were properly assigned the right bmp or
eliminated from analysis by marking the HydroFlag field "N”. All Sediment/Solids
stations were marked to be dropped from analysis. Two Underdrain stations were
reclassified as Subsurface. Overflow from two retention sites was reclassified as bypass
or eliminated from the analysis, since it was not clear if the water actually entered the
BMP. Stations measuring at intermediate points within the BMP were eliminated from
analysis. Two porous pavement bypass stations were reclassified as outflow, since
bypass from porous pavement is surface water runoff. A few stations were marked with
the wrong BMPID, and this was corrected when the correct BMP was apparent.
Missingness in stn data from the original MonitoringStations table was approximately

14%.

wshed table was created from Watershed table: The SitelD, WSID, fields were converted
to character strings to act reliably as join fields. All character fields were trimmed of
whitespace and empty strings were replaced with missing values. Area and length units
were converted to metric units. The original Watershed table in the MS Access
database has 75% missingness, therefore, only the {SITEID, WSID, WSName, Type,
LandUse_Descr, Area_Descr, Area, Area_unit, Arealmpervious_pct,
DOT _ActivityType_flag} fields were included in the analysis set. Two WSIDs that had
been swapped were corrected to match their low and precip data. The areas for two
watersheds were added from external sources, and one from the BMP description. The
final analysis set has approximately 12% missingness, including 61 watersheds that are

missing area estimates.

env table is created to represent a record of all bmps in the database, and act as as
comprehensive and essential metadata for each BMPID-SITEID-WSID combination.
env is compiled from the five tables listed above (bmp, site, wshed, stn, climat). env

provides a lookup source of information for any {SITEID, CLIMATID, BMPID, WSID,
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or MSID} field to enable the analyst to quickly get a snapshot of the site in order to try
to answer questions or fix incorrectly joined data. It includes fields with the preliminary
counts of the number of precip, flow and wq records (nPraw, nFraw, nWQraw), a list of
relevant MSIDs (MSIDIs), as well as a count of the number of bmp design details

present in the BMPDesign table (ndesnotes). Overall missingness in the env metadata

for 771 bmps in the env table is approximately 24%.

envkeys table provides a set of keys to match precipitation, low and water quality
information. The script drops sites and bmps from the study dataset via the exclusion
vectors in (exc if it was not clear how the observed flows should match up for that
location, or if something about the site’s data seemed otherwise questionable.
Sometimes this occured when multiple bmps were present at one site, and it was not
clear which inflow/outflow pairs represented each bmp. There are currently 24 BMPs
excluded, some have suggested FIXMEs which could correct the problem. BMPs with
the labels 7CO”, "LD”, 7OT”, "UN”, or "DIS” were excluded from the study dataset
because they are sites with combined structures, general LID practices or other
well-defined structures. The stnkeys script identifies a clean list of monitoring stations
that belong to the BMPs in the study dataset and matches up each station id with the
other location id keys. The refkeys script searches plausible reference stations in
cleaned stnkeys object and the cleaned stn object to locate station IDs that act as

reference flows at control sites.

precip table is based on the 'qry4PrecipFlatFile_Web’ query in the MS Access version of
the BMP Database, and created from the Precipitation table in the BMP database:
The precipitation data was read in and column names, dates and factor formattings
were corrected to match the other tables. Empty precipitation values marked as -99999
or other negative values were dropped from the dataset, and so were records that had

been previously flagged for elimination in the UseForAnalysis_flag. All units were
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converted to metric (cm/hr or cm). Some sites with mixed rain gauge station IDs were
recoded to simplify the matching process, for example, a station which had recorded on
two different gauges at the same location was recoded to have a single MSID. A few
records with dates that did not match their flow dates were recoded to correct typos.
Sites were flagged as having one MSID or multiple MSIDs at the site. Four sites with
single MSIDs were identified with duplicate events, or ones that had more than one
event on the same date. About 9600 events were monitored at a single station, and
were non-duplicates. The duplicate events were eliminated, and the ones that were split
across multiple measurements with the same event id were added together to represent
the total precipitation depth for a single storm event. Sites with multiple MSIDs were
identified as those with multiple stations at multiple BMPs, or multiple stations at a
single BMP. Where multiple rain gauge stations were present at the same site, the
average precipitation value was calculated for the event, and a single MSID was
assigned for the each bmp. After all the cleaning steps, 11550 precipitation unique
SITEID-MSID-EVENTID records in the precip table.

flow table is a modified version of the Flow table, and the site-event-flows pairings are

based on the 'qrybFlowFlatFile_Crosstab’ in the BMP database: the Flow table was
corrected for missing values which were coded as -99999 and other negative numbers.
Cells that contained empty white space were trimmed and changed to values reflecting
missingness. Fields that contained categorical data were re-factored to contain uniform
factor levels. Fields were renamed to match the naming conventions set in the previous
tables. All measured volumetric fluxes (Volume Total, also coded as TOTFLOWVOL) and
flow rates were converted to metric values (L or L/sec). The dates for about 20 records
were corrected to match other paired observations of flow and/or precipitation. Fluxes
from one irrigated site were marked elimination. Fluxes that were measured at a single
station and assumed to be equal at both inflow and outflow sites were marked for

elimination from the inflow/outflow volume comparison. Initial missingness in the
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variable indicating the total volume of flux (inflow, outflow, or other types of flow) was
about 9%. Missing values were dropped and the data in the flow dataset was checked

for duplicate entries and split records (see above in precip).
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A.3 Structural features sources for causal effects

The structural features for each site were encoded from narrative and descriptive informa-

tion contained in the design table of the BMPDB and from mapped observations on the

BMP database mapping tool (WREF| [2019], WRF, EWRI, US EPA, US DOT, Geosyntec|

\Consultants, Wright Water Engineers| [2023]). The BMP database mapping tool and dataset

acted as the starting point for locating and observing most sites, but some sites had lit-
tle or incomplete structural information recorded in the International Stormwater BMP
Database (BMPDB). To reduce missingness in the BMPDB regarding contextual metadata

and measurable structural features, virtual site visits were conducted to try to verify ground

conditions, view the site location and take measurements remotely using Google| [2023a] and

\Google [2023b]. Technical documents and white paper references referenced in the database

and identified through internet search were also used to try to capture as many observ-
able structural characteristics as possible. The complete list of technical references used to
identify structural features is presented alongside the data in the github code repository at

www . github.com/cgeger/clary. A subset of relevant data sources are listed here: BWE|

[2021], Bateman et al. [1999], Bean et al.| [2007], CALTRANS Division of Environmental|

'Analysis| [2003, [2004], |City of San Diego [2023], |City of Tacoma, Washington| [2012, |2015],

(Contech ES| [2012, 2014] [2023alb], [Corsi et al| [1999], [CPWJ| [2012], Dally et al| [1983],

Harper et al.| 2004} [1999a], Horwatich and Bannerman| [2008, 2010], Hussain et al.| [2005],

l]
]
Davis et al|[2012], [ETV, US EPA, NSFT [2004, [2008], Field et al., |Glass and ETEC| [2007],
l]
]

HydroLogic Solutions| [Jensen Precast| [2020], KCI Technologies [2015], Knight et al.| [2013],

Lenhart and Hunt| [2011], Line| [2006], Lin et al.| [2007], |Luell [2011], [Messamer| [2011], Owen|

et al.| [2015], Orange County Public Works| [2014], Prokop| [2003], Rushton| [2006], Selbig and|

Balster| [2010], [Sharkey]| [2006], Simon| [2016], Stanley| [1994], Tellessen and Allen| Terre Hill

Stormwater Systems [2017], Walch [2008], Wanielista et al. [1986], Welborn and Veenhuis|

[1987], Winston et al| [2011], [Yu et al| [1998]
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A.4 Exploratory data analysis of the BMP database

Table A.1: Hydrologic observations in each imputed dataset by BMP Type.

BMP Type nsites nobs Description of structure
Bl 43 730  Biofilter- grass strip
BR a7 3253  Bioretention
BS 25 313 Biofilter - grass swale
BW 1 21 Biofilter - wetland vegetation swale
CBI 11 114 Catch basin insert
DB 29 391  Detention basin - open surface grass-lined basin (dry)
DC 4 74 Detention basin - open surface concrete or lined tank/basin (dry)
DU 2 23 Detention - underground vault, tank or pipe(s) (dry)
FL 3 44 Media filter - combination of media or layered media
FO 4 81 Media filter - other media types
FP 2 18 Media filter - peat mixed with sand
FS 23 392  Media filter —sand
FvV 1 24 Vertical filter —geotextile fabric membrane
GR 15 613  Green roof
HDS 19 350  Hydrodynamic swirl concentrator or separation system
HRBF 3 74 High rate biofiltration
HRMF 15 363  High rate media filtration
1B 3 125  Infiltration basin
MCTT 2 21 Multi-chambered treatment train
OGS 10 167  Qil/grit separators and baffle boxes
PC 258 Porous pavement - pervious concrete
PF 38 Permeable friction course pavement
PM 11 480  Porous pavement - modular blocks
RP 58 1053 Retention pond —Open surface pond with a permanent pool (wet)
RV 108  Retention underground vault or pipes (wet)
ViC 31 Volume control/attenuation structures
WE 20 713 Wetland - basin with open water surfaces
WiC ] 119 Wetland - channel with wetland bottom
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Figure A.3: Logyo of distribution of inflow and outflow volumes (all units converted to L) by

BMP Type from the TOTFLOWVOL variable in the BMP database. The symbol key for
the BMP Type is given in Table
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Table A.2: Number of observations and log;y of distribution of inflow and outflow volumes
(in L) by BMP Type. Color gradient shows magnitude of mean stormwater flux (red: 10°
L; white: 10* L; blue: 10 L). The symbol key for the BMP Type is given in Table A.1

BMP Type MSType n_ochs mean min q01 qlo q25 q50 q75 qe0 Q29 max
5, Inflow 750 | 94E:03 93E:01 23E:07 12E+03 3.4E+03 B.OEs03 24E+D4 GOE:D4 16E:06  6.1E+06
Qutflow 750 0OE+00 OOE+DD 46E+02 14E+03 6.1E+03 LBE+D4 47E+04 57E+05 2.3E+06

gp  Inflow 3253 QOE+D0 ZOE+01 1.4E+0Z 5.7E+02 A47E+03 3.3Es04 O.1E+D4 43E+05 4.3E+06
Outflow 3253 0OE+D0 OOE+D0 O.0FE+00 O.OE+00 O0.0E=00 0.0Es00 1BEsD4 24E+05 4.2E+06

gg  Inflow 316 34E+04 20E+02 7.AE+02 3.6E+03 12E+04 A3E+04 11E+05 24E+05 B.BE+05 1OE+06
Outflow 316 |[JOMEFOSH 0.0E+00 O0.0FE+00 12E+03 5.9E+03 15E+04 39E+04 11E+05 4.5E+05 13E+06

gy Inflow 21 3.8Es02 3.BEs02 39Es02 T.6E+02 24E+03 50E+03 BIE+03 2SE+D4  3.2E+04
Outflow 21 0OE+00 OOE+D0 O.0FE+00 5.E+03 258+04 5.4E+04 7.5E+04 33Es05  3.8E+05

g Inflow 114  31E+04 22E+03 23E+03 7.4E+03 18E+04 30E+04 6.2E+04 O6E:04 35605 3.8Es05
Outflow 114  31F+04 22E+03 23E+03 T7.4E+03 18E+04 3.0E+04 6.2E+04 O6E+04 35605 3.8E+05

op Inflow 421  3.1F+05 1BE+D3 7.2E+03 35E+04 ESE+04 26Es05 1O0Es06 A4.3E+D6 256407 A4.3E+07
Outflow 421  18E+05 2.0FE+D0 26E+00 2.0E+04 7.9E+04 2.1E+05 5.6E+05 20E+06 BBE06 2.7E<07

oc  Inflow 74 176405 156403 15E+03 23E+04 60E+04 2.2E+05 5S0E05 17E+06 4.2E+06 S5.0E+06
Outflow 74  16E+05 11F+03 11FE+03 1O0E+04 3.9E+04 16Es05 7.5E+05 15E:06 6.6E:06 7.6E<06

oy Inflow 23 [JBIBESGEN 15E:05 22Es05 50E+05 11F+06 12E+07 15E+07 19Es07 11F+08 12E+08
Outflow 23 A40E+05 5.6E+03 7.E+03 3.6E+04 2.3E+05 4.1E+05 B.BE+05 3.3E+06 2.1E+07 2.BE+07

f  Inflow 44 17606 3.3Es05 35E+05 57E+05 BOE+05 13E+06 42E+D6 5BE+D6 7AE+D6  7.6E+06
Outflow 44  9.2E+04 O0.0FE+00 56E+00 14E+04 5.3E+04 21F+05 3.8E+05 49E+05 BGE+D5 9.5E+05

o Inflow 81  3.0£+05 3.4Es02 BIF+02 94E+04 22E+05 37Es05 BOE+D5 156406 3.1E+06 4.5E+06
Outflow 81 | LAE04| D.0E+00 DOE+0D 00E+0D 2.4E+03 17E+05 48E+05 B.OE+05 3.0E+D6  4.1E+06

ep  Inflow 18 GOE+04 13F+D4 13E+04 15E+04 24F+04 6.3E+04 18E+05 2.0E+05 21F+D5 2.1E+05
Outflow 18  6.0E+04 13Es04 13E+04 15E:04 24E+04 63E+04 18E+05 20E:05 21E+05 2.1E:05

eg  Inflow 392 L6E+D5 1.1E+03 26E+03 L1E+04 34E+04 15E+05 G6.1E+05 2.3E+D6 15E+07 3.2E+08B
Qutflow 382  1.26+05 O0.0E+00 17E+03 11E+04 3.1E+04 12E+05 44F+05 10E+D6 16E+D7 LGE-0E
Inflow 24 [ 16E+D4 | 43E+03 44E+03 55E+03 LOE+04 16E+04 23E+04 3BE+D4 156405 21E+05
Outflow 24 16E+04 43E+03 44E+03 5.5E+03 10E+04 16E+04 23E+04 3.8E+04 15E+05 2.1E+05

cr Inflow 613 32E+01 4BEs01 19E+02 15E+03 A47Es03 11F+D4 19E+04 53Es04 6.8E+04
Outflow 613 0.0E+D0 O0OE+DD 00E+00 6.2E+01 17E+03 556403 12F+04 42E+D4  B.6E+D4
hps  Inflow 350  L1E+D5 3.0E+02 13E+03 7.6E+03 27E+04 10E+05 52E+05 2.3E+D6 13E+07 3.96+07
Outflow 350  10E+05 17E+02 11E+03 74E+03 24E+04 97E+04 456405 18E+06 11E+D7 19E+07
hrge  IMflow 74 [THES0H"| 10E+03 126+03 27E+03 6.0E+03 11E+04 22E+04 3.6E+04 11E+05 LIE+05
Outflow 74 | J8E203 | 67E+02 10E+03 20F+03 40E+03 7OE+03 14E+04 25Es04 7.9E+D4 B.OE+04
iR InFlow 428 20E+04 20E+02 7.3E+02 33E+03 7.1E+03 20FE+04 57E+D4 14E+05 46E+D5  B.OE+D5
Outflow 428  2.E+04 2.0B+02 7.2E+02 3.6E+03 7.9E+03 23E+04 57E+D4 14E+05 4.4E+05 8.0E+05

g Inflow 125 | 17E+04 28E-01 6.3E-01 6.6E+03 10E+04 2.0E+04 52E+D4 B7E+D4 16E+05  3.6E+05
Qutflow 125 | L.JE+04 | 0.0E+00 O0OE+00 2.5E+03 6.2E+03 18E+04 49E+D4 B.OE+04 16E+05 3.6E+05
werr Inflow 1 17E+03 17E+03 20F+03 209E+03 G5.1E+03 B.6E+03 20F+D4 3.8E+04 4.2F+04
outflow 21 176403 17E+03 1BE+03 24E+03 346403 G65E+03 BAE+D3 90E+03  9.1E+03
ogs Inflow 167  7.5E+4 9.3Es02 11F+D3 5.2E+03 15E+04 97E=04 3.0F+05 6.2E+D5 17E+07 3.9E+07
Outflow 167  5.1E+04 19E+02 6OE+02 A49E+03 14E+04 56E+04 28E+05 56E:05 18E+D6 2.1E+06

o Inflow 258 [ISES04) 246401 6OE+02 27E+03 AS5E+03 13E+04 31F+04 69E+D4 23E+05 43E+05
Outflow 258 |EBESOBN 0.0E:00 DOE:00 55E-01 10E+02 19E+03 11E+04 25Es04 BIE+DS 4.2E:05

g Inflow 38 L5E+D5 43E+D4 A43E+04 A45E+04 7.2F+04 156405 29E+05 49E+D5 596405  6.2E+05
Outilow 38 [DOESOSN 20E:02 26E+02 45E+02 S.6E+02 23E+03 A4T7E:03 B3E03 26E+04 3.2E:04

oy Inflow 517 | 92E:03 00E:00 4.0E:02 1BE:03 37E+03 BBE:D3 22E:04 55Es04 31E+05 4.3E:05
Outflow 517 [JSIGEROSN 0.0F:00 0.0F:00 O0OFE+00 OOF+00 29E+03 12E+04 27E+04 7.8E+04  6.0E+05

gp Inflow 1053 126406 OODE00 O5E+03 9.2E+04 28E+05 126:06 45E+06 1BEO7 15E+08  12E+09
Outflow 1053  10E+06 OD.OFE+D0 3.1E+03 57E+04 22«05 12E+06 5.0E+06 19E+07 2.0E+DB  9.0E+0B

y  Inflow 108 29E+04 12E+03 15E+03 4.1E+03 O9E+03 26E+04 96E+04 256405 55E+05 6.7E+05
Outflow 108  18Es04 12Es03 15E:03 4.1E:03 B6E+03 17E+04 32E+04 7.1E:04 20E+D5 2.9E:05

ve Inflow 31 25E+04 26E+D3 28E+03 5.6E+03 LI1E+04 19F+04 64E+04 7.E+04 20F+D5 2.3E+05
Qutflow 31 25604 26E+03 2.8E+03 5.6E+03 1.1E<04 19F+04 64E+D4 7.7E+04 19E+05 2.1E+05
we Inflow 717  40E:05 O00E+D0 13E:03 46E:04 14E+05 35E+05 14E+06 6.3Es06 53E+07 1G6E+0B
Outflow 717  A0E+05 O.0FE+00 O0OE+00 2.6E+04 19E+05 B83E+05 22E+06 6.6E+06 4.6E+D7 5.BE+0B

we  Inflow 119 | 2.8F+D6 8.3E+04 12JE+D5 3.6E+05 10E+06 3.0E=06 7.8E+06 14E+D7 2.1E+D8 2.3E+08

Outflow 118 27EH6 | 1.3E+05 14FE+05 34E+05 7BE+05 26E+06 BBE+H)6 2 OE+D7 2.0EH)8  2.JE+0B
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B Supplementary water budget datasets
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Maturation of vegetation changes water budgets over time. The Water Budget
Triangle can be used to visualize hysteresis of water budgets across seasonal time scales,
look at variable and to clarify ranges of expected summer and winter performance. A time
series of water budgets for the first five years following construction of the Everglades
Nutrient Removal Project (ENRP) is shown for each wetland treatment cell in a multi-cell
series (Figure [B.1] data from [Nungesser and Chimney| [2006]). The water budget for the
constructed wetland shows a reduction in surface water runoff through improvements in
operation and the maturation of vegetation. Increased infiltrative losses accounted for 80%
of the decrease in surface discharge whereas the remaining 20% was associated with

increased ET.

Rainwater Harvesting: Rain Barrels and Cisterns. Two important variables
affecting the effectiveness of long-term stormwater retention of cisterns and rain barrels are
barrel volume and usage pattern. Undersized and under-used cisterns overflow more
frequently (Q increases). Cistern sizing is based on regional climate, roof or collection area,
expected demand (usage), as well as cost. Real and modeled water budget estimates for
cisterns over a range of sizes (190 L to 900 m3) and climatic conditions (36.5 to 1092 mm
rainfall) are shown in Figure Some measurements estimate an initial loss on the roof
of the capture structure (used to estimate ET) or include a first flush to eliminate

particulates from harvested water (used to estimate Q).

Sewered watersheds versus natural hydrologic function. Urban development
and implementation of sewers fundamentally change the hydrologic budget of a watershed.
Undeveloped watersheds generally evaporate about half or more of incoming precipitation,
even in wet, energy-limited ecosystems such as coastal Maryland, Maine and Ontario
(Jones et al.|[2012]). Jones et al.| [2012] estimate that the most energy-limited systems,
such as temperate wet rainforest in Washington State, evaporate about 20% of incoming

precipitation. Water-limited systems often evaporate greater than 80% of incoming
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Figure B.1: Five years of water budgets for five treatment cells: Buffer Cell (pink), Cell
1 (gray), Cell 2 (yellow), Cell 3 (orange), Cell 4 (green) and overall wetland water budget
performance (ENRP, in blue). Numbers and size of circle indicates progressive series of per-
formance during years 1 through 5. Temporal patterns of water budgets from the first five
years of monitoring the Everglades Nutrient Removal Project (ENRP), a constructed wet-
land site in Florida, USA. Circled numbers represent the year of operation. Each coloured
line series represents data from one of the five cells in the constructed wetland. Note that
the scale is expanded to show only the bottom 50% of the ternary diagram. The second
year shows a decrease for all cells, likely due to a combined ecosystem establishment period
and higher total influx in year 2. Overall,the ENRP’s volumetric reduction of stormwater
improves approximately 25% over time (in blue); 20% is attributable to increased ground-
water infiltration and 5% attributable to greater ET. Data from Nungesser and Chimney
(2006).

159



ET - Evapotranspiration

Z
I 2 5 > 2 2 ET o
4 4 4 4 4 Precipitation
(mm)
® 250
@ 500

@ 50
@ 1000

Type
e Cumulative retention
® Model

- Monthly measurement

Figure B.2: Reported cumulative and monthly water budgets from a cistern in Queensland,
Australia (n = 1 long-term measurement and 8 monthly measurements), and model estimates
for 17 locations in the US, China, Saudi Arabia and Australia (n = 27 model estimates with
varied climates). Data from Millar et al. 2003, Steffen et al. 2013, Zhang and Hu 2014,
Guizani 2016. Thirty sewer exfiltration water budgets measured in pipe sections (n = 13),
whole sewersheds (n = 12), a long-distance water supply pipeline in Saudi Arabia (n = 1),
estimates from salt tracer models (n = 3) and an experimental laboratory model (n = 1).
Evaporation from pipe sections and sewershed networks is assumed to be 0. Data compiled
from Amick et al. 2000, City of Detroit Water and Sewerage Department and Michigan
Department of Environmental Quality 2001, Ellis et al. 2003, Amick and Burgess 2003,
Rieckermann et al. 2005, Rutsch et al. 2005, Rutsch 2006, Xu et al. 2014, Guizani 2016.
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Figure B.3: 106 monthly water budgets from monitoring reports of seven retention ponds
in Florida (Club II, Elder Creek, Navy Canal, Palm Bay 7, Poppleton and Tampa) and
two years of modelled wet pond performance in Austin, Texas (Austin 1953, Austin 1956).
Symbols are sized by monthly precipitation depth. Data compiled from Harper et al. 2003,
Teague and Rushton 2005, Hartigan and Kelly 2009, Harper 2010a, 2010b, 2010c, 2011.
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precipitation, even in low-temperature alpine or high-desert regions including Alaska,
California and New Mexico. Annual continental-scale water balances from [Rodell et al.
[2015] estimate the average distribution of water budgets around 25 to 55% runoff, 40 to
70% ET and 2 to 10% contribution to groundwater flux (not including Antarctica, n = 6;
Figure . An estimate for non-landscaped vegetation in semi-humid temperate climates
is approximately Q = 10%, ET = 60%, I = 30% (Starke et al.| [2010]), supporting the
concept that vegetated surface roughness plays a role in capturing and infiltrating runoff.
In contrast, sewer networks in developed watersheds may discharge more than 75% (Q =
55 to 98%) of incoming precipitation into receiving waterways (Figure [B.4] yellow
triangles). The hardscape development in urban sewered catchments reapportions
evaporative losses primarily to runoff (compare Figures and . Starke et al.[[2010]
report that increasing impervious surfaces from zero to a range of 10-20% can double the
volume of runoff delivered to waterways. This level of hydrologic alteration often results in

flow regimes that are outside ecological flow limits, contributing to urban stream syndrome

and flooding (Walsh et al.| [2005], Poft and Zimmerman| [2010]).

Estimated water budgets from exfiltration studies of catchment-scale sewersheds and
individual sewer sections show very little loss to ET, but may exfiltrate up to half the
conveyed volume of water to groundwater in very dry ecosystems (Figure . On average,
water budgets for sewersheds in the literature report 88% runoff, 12% infiltration and 0% ET
(n = 12). As expected, estimates for individual pipe sections tend to be a bit more leaky (i.e.
infiltration is greater) than for entire sewersheds. Due to scant data and the complexity of
urban water budgets, we have not presented case studies representing watershed-scale water
budgets for urban watersheds; however, they are expected to plot near the lower vertex of
the Water Budget Triangle. For reference, an urban watershed budget was developed for

Baltimore by Bhaskar and Welty| [2012].
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ET- Evagotransgiragon

Type
® Sewer section(s)
Sewershed
B Long-distance freshwater conveyance
- Salt tracer model

X Experimental model

Figure B.4: Thirty sewer exfiltration water budgets measured in pipe sections (n = 13),
whole sewersheds (n = 12), a long-distance water supply pipeline in Saudi Arabia (n = 1),
estimates from salt tracer models (n = 3) and an experimental laboratory model (n = 1).
Evaporation from pipe sections and sewershed networks is assumed to be 0. Data compiled
from Amick et al. 2000, City of Detroit Water and Sewerage Department and Michigan
Department of Environmental Quality 2001, Ellis et al. 2003, Amick and Burgess 2003,
Rieckermann et al. 2005, Rutsch et al. 2005, Rutsch 2006, Xu et al. 2014, Guizani 2016.
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Figure B.5: Continental water budget estimates from Rodell et al. (2015), where infiltration
is estimated as the magnitude of vertical groundwater flux (n = 7).
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C Causal theory for engineered treatment
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Figure displays a high-level systems diagram describing causal flow of information
for one storm event at a BMP site. From this diagram, the factors affecting inflow diverge
from those affecting outflow; the following textual description denotes individual DAG
variables in codefont. One way arrows point in the direction from cause to effect.
Double-headed arrows indicate a connection for which the causal direction is not obvious.
Pink area shows environmental variables, which are mostly constrained to have
observational, non-replicable data. (These are largely unavailable for randomization,
experimentation, or intervention in the traditional experimental sense.) Blue area shows
structural variables, which decision makers may have some ability to modify. Effect of
interest is marked in orange, (effect of Structural Features on Site Runoff), which
represent design features that engineers can directly control. Variables underlined in blue
have cleaned data from the BMP Database. Direct onsite precipitation is a minimal input
compared to influent surface and groundwater; the connection between the variable
Precipitation and Total Influent Water was eliminated in the interest of simplifying
the diagram as much as possible. Likewise, the evapotranspiration portion of the water
budget was eliminated from the systems diagram because of the short, rainy time window
represented. The Site variable defines which features are present at each observed
location, but it opens a back-door path that confounds estimation of the unique effect of
each treatment feature on the hydrologic performance of the site (see Figure , Box A).

Formal DAGs created with dagitty.net (Textor et al. [2016]).

Variables that affect Total Influent Water (Surface Water Runoff and
Groundwater Influx) are due to environmental inputs (Precipitation), or watershed
conditions (Watershed Characteristics, Slope, Land Use and Area). In contrast,
variables affecting Site Runoff (Structural Features, Site Characteristics, Total
Effluent) are primarily influenced by structural choices made by engineers, which are
indirectly affected by climate and watershed conditions. The complexity of the problem

represented by the DAG means that it is easy to assume that variables in the pink zone
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(e.g., Watershed Area) have a causal effect on site runoff because they are connected by
multiple mediating variables and/or backdoor paths. However, if the mediating variable
Inflow is being measured directly, as it is in the BMP Database, indirectly connected
variables can be eliminated as control variables in a regression model for which the
predictor is site outflow. By focusing on the variables from the blue region of the systems
diagram in Figure [C.I] three narrower DAGs were constructed to examine the model

identification problem for specific structural features of interest (Figure [4.3)).
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'—' Site

Area

L
M S
S

Figure C.2: DAG describing the model specification for identifying the effect of media amend-
ment (M, in green) on Runoff (Q, in blue). First, coarsened exact matching on Area and
Liner (L) were used to re-balance the dataset and isolate the treatment effect on the effect
of interest (green arrow). The matching step counteracts the Area — M and L — M paths.
Next, the model specification set Site as a random effect to block the remaining backdoor
paths between () — Site < M, and from Q < T;, < GW <« L < Site — M with Inflow
(SW) as a random covariate and offset, similar to Model Sets 1 and 2.
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Figure C.3: DAG describing the model specification for identifying the effect of ponding (P,
in green) on runoff (Q, in blue). Matching on D, L and SW inflow disrupts the D — P,
L — P and SW — T, — P paths. D and L remain covariates in the regression model,
and (similar to earlier models) surface water inflow (SW) and Site are included as random
effects.

Figure C.4: DAG describing the model specification for identifying the effect of vegetation
(V, in green) on runoff (Q, in blue). Matching on M and P disrupts the M — V, P - V
paths, and irrigation (I) is subsetted to include uniform treatment (no irrigation). M, P, and
L remain covariates in the regression model, because they are ancestors of Q, and (similar
to earlier models) surface water inflow (SW) and Site are included as random effects.
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Figure C.5: A DAG displaying a generalized causal theory of solubility. Structural controls
on general solubility and transport of contaminants in stormwater. See named equations

listed on the following page.
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Mathematical models of described
physical and chemical processes

* Egn 1: General solubility equation
* In (S,/S,) = -AH/RT + AS/R * (T,-T,)
* Eqn 2: Oxygen saturation curve
P C=Co T (- (@™ (T-Toed))

* Egn 3: Acid-Base equilibrium constant
* K, = [H+][A-]/[HA]
* Egns 4: Reynolds number and Froude number
* Re = pyL/u
* Fr=v/sqrt(gD)
* Egn 5: Kramers empirical mass transfer coefficient
* Ka=k*ue
* Egns 6: Stokes’ Law and Shields empirical curve
*v=(2/9)* (p,-p) *g*d?/ 1
* 1c/pgD = 0.3 + 0.056(1 - e-20R"sart(tc/peD))
* Eqns 7: Beer-Lambert and photolysis rate laws
. | = |0“c e=tL
. d[C]/dt = -K[C]
* Egn 8: Nernst redox potential equation
* E, = E, + (RT/nF) In([oxidized]/[reduced])
* Egn 9: Kohlrausch’s electrical conductivity law
.« k=k*I[C*2)
* Egn 10: Arrhenius activation energy and E6tvos Rule

* Arrhenius: u =, * exp(E, / (RT))
o EGLVOS: V0o, = 0.07275N/m * (1 - 0.002 * (T - 291 K))

Figure C.6: Equations describing physical and chemical processes in Figure
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Table C.1: Summary of contaminant removal mechanisms

Dissolved Suspended
Solids Solids
0.45 um | 2um ‘ 75 um 4750 um
Salts Colloids Fines Coarse Solids Gross Solids

Removal Mechanisms for Dissolved and Particulate Solids

Mechanisms for Treating
Dissolved Solids

Evaporation

Chemical reaction

Chemical precipitation

Reverse osmaosis

Removal of solids to change
partial solubility product

Phytoremediation

Mechanisms for Treating
Suspended 5olids
Skimming
Straining/Filtration
Sedimentation

Impaction

Interception

Adhesion
Flacculation/coagulation
Chemical adsorption
Physical adsorption
Biological transformation
Periodic removal/cutting,/harvest/excavation

Removal Physical and Chemical Controls on Selubility and Particle Transport

Solubility Controls

Temperature

pH

Organic Matter or surfactant
Presence of complexing ligands
Alkalinity

lonic strength

Mixture of solutes present
Dissolved oxygen

Turbulence or mixing

Contaminant Fractionation in Stormwater

Particle Transport Controls

Temperature

Electrical charge

Viscosity of the carrier
Particle size distribution
Solute and particle densities
Kinetic energy of media

Primarily Dissolved

Potassium

Sodium

Calcium

Cadmium (also colloidal)

Carbon dicxide

Copper

Magnesium

Carbonate and Bicarbonate

Oxygen

Soluble reactive phosphorus

Inorganic Nitrogen (Nitrate, Nitrite,
and Ammonia)

Sulfate
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Primarily Suspended

Chromium

Fats, Qils, Greases
Organic N
Orthophosphate
Total Nitrogen
Total Phosphorus
Lead

Zinc



D Median contaminant concentration and mass flux

ranges
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Figure D.1: Bootstrapped median T'SS and TDS concentrations (top) and mass fluxes (bot-
tom). BMPs with overlapping median inflow and outflow 90th percentile credible interval
ranges are labelled to the left of the pairplots (no difference), those without overlap are
labelled to the right (statistically different). Reference line representing 1 gram flux at 10°.
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Figure D.2: Bootstrapped median total N and NO, concentrations (top) and mass fluxes
(bottom). BMPs with overlapping median inflow and outflow 90th percentile credible interval
ranges are labelled to the left of the pairplots (no difference), those without overlap are
labelled to the right (statistically different). Reference lines at the most commonly reported
concentration detection limits (dotted lines) and 1 gram mass flux (solid line, 10°g).
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Figure D.4: Bootstrapped median total and dissolved Cd concentrations (top) and mass
fluxes (bottom). BMPs with overlapping median inflow and outflow 90th percentile credible
interval ranges are labelled to the left of the pairplots (no difference), those without overlap
are labelled to the right (statistically different). Reference lines at the most commonly
reported concentration detection limits (dotted lines) and 1 gram mass flux (solid line, 10°g).
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Figure D.5: Bootstrapped median total and dissolved Cr concentrations (top) and mass
fluxes (bottom). BMPs with overlapping median inflow and outflow 90th percentile credible
interval ranges are labelled to the left of the pairplots (no difference), those without overlap
are labelled to the right (statistically different). Reference lines at the most commonly
reported concentration detection limits (dotted lines) and 1 gram mass flux (solid line, 10°g).
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Figure D.6: Bootstrapped median total and dissolved Cu concentrations (top) and mass
fluxes (bottom). BMPs with overlapping median inflow and outflow 90th percentile credible
interval ranges are labelled to the left of the pairplots (no difference), those without overlap
are labelled to the right (statistically different). Reference lines at the most commonly
reported concentration detection limits (dotted lines) and 1 gram mass flux (solid line, 10°g).
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Figure D.7: Bootstrapped median total and dissolved Pb concentrations (top) and mass
fluxes (bottom). BMPs with overlapping median inflow and outflow 90th percentile credible
interval ranges are labelled to the left of the pairplots (no difference), those without overlap
are labelled to the right (statistically different). Reference lines at the most commonly
reported concentration detection limits (dotted lines) and 1 gram mass flux (solid line, 10°g).
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Figure D.8: Bootstrapped median total and dissolved Zn concentrations (top) and mass
fluxes (bottom). BMPs with overlapping median inflow and outflow 90th percentile credible
interval ranges are labelled to the left of the pairplots (no difference), those without overlap
are labelled to the right (statistically different). Reference lines at the most commonly
reported concentration detection limits (dotted lines) and 1 gram mass flux (solid line, 10°g).
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G Causal effects in order of magnitude change
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G.1 BMP type effects on hydrologic performance

Site Magnitude of effect by BMP Type
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Figure G.1: Site effect size estimates for each BMP type (units of OM change). Imputed
estimates (small black points) are pooled (black diamond) with color-coded pooled standard
error range. Colors indicate BMP types that reduce effluent (red, to the left of the dotted
line) or have no effect (blue, crossing dotted line).
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Area-Normalized Magnitude of effect by BMP Type
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Figure G.2: Area-normalized site effect size estimates for each BMP type feature sets (units
of OM change). Imputed estimates (small black points) are pooled (black diamond) with
color-coded pooled standard error range. Colors indicate BMP types that reduce effluent
(red, to the left of the dotted line) or have no effect (blue, crossing dotted line).
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G.2 Individual effects by structural feature

features nsites nobs estimate std.error tstatistic df p.value
liner| 150 3899
c unamended| 215 5086
:g no surface ponding| 85 2270
-g surface drainage| 225 5917
o unplanted| 115 2576 | -0.08 0.20 -0.39 3993 0.70
= enclosed| 319 8996
g pointflow| 243 6339
= overflow path| 292 7892
channel shape| 125 2233
no liner 220 6112 -0.39 0.20 -1.98 6325 0.05 *
media amended 153 4887 | -0.32 0.14 -2.25 1617 o0.02 *
seive or screen 2 38 0.15 0.61 0.25 1560 0.80 --
" intermittent ponding 129 4514 0.04 0.14 0.29 3714 0.77 --
S |permanentponding | 156 3227 [IN0w2NN 0.16 3.98 5329 0.00 ***
% underdrain 91 2644 0.13 0.14 0.54 5722 0.35
§ elbow or IWZ a7 1128 -0.44 0.17 -2.53 4236 0.01 *
45' internal baffles 17 322 -0.27 0.25 -1.09 3051 0.28
E grass or sedum 236 5963 -0.07 0.14 -0.52 2268 0.61
8 |shrubs and trees 19 w2 B o2 390 9737 0.0+
- open to air 51 1015 -0.30 0.19 -1.53 3768 0.12
sheetflow 121 3112 -0.15 0.12 -1.25 8571 0.21
bypass routing 78 2119 0.25 0.11 2,24 2238 0.03 *
basin shape 245 7778 -0.27 0.11 -2.57 2663 0.01 *

Table G.1: Pooled Model Set 2 effect estimates and std errors for each structural feature,
units are in orders of magnitude. T-statistic and degrees of freedom for pooled calculation are
also reported. Estimates that are statistically significant are marked with “***" (p < 0.01) or
7 (p < 0.05) depending on their level of significance, poor estimates are marked with ‘—’ in
red based on unusually large Z-statistics (|| > 5), which may indicate that the parameters

are near the edge of the range and the random effects are near zero for the sites represented.
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G.3 Covariate balance after matching

Covariate Balance

L_no liner* - o
Sample
Unadjusted
® Adjusted
SSA10 : °:
04 02 0.0

Standardized Mean Differences

Figure G.3: Love plot indicating standardized mean
difference for liner (L, no liner) and site surface area
(SSA 10) covariates before (unadjusted in red) and af-
ter (adjusted in blue) matching. An absolute value of
standardized mean difference below 0.1 is considered a
relatively well-matched feature (blue dots should be be-
tween black dotted lines).
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Covariate Balance

L_no liner* - ]
D_surface drainage* o
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Inflow_A10 - . of

04 02 00 02
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Figure G.4: Love plot indicating standardized mean dif-

ference for liner and site surface area covariates before
(unadjusted) and after (adjusted) matching.
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Covariate Balance

Mmatch* 5 ]
Sample
Pmatch* o Unadjusted
: : ® Adjusted
Inflow_A10 o

04 03 02 -01 00 0.1
Standardized Mean Differences

Figure G.5: Love plot indicating standardized mean dif-
ference for media, ponding, and site surface area covari-
ates before (unadjusted) and after (adjusted) matching.
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