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Abstract: Real-time control of stormwater infrastructure is an emerging technology that can improve stormwater system function. However,
this technology has not been adopted widely, nor is it typically addressed within current stormwater regulations. This study addressed these
gaps by identifying barriers to the adoption of real-time controls of stormwater and exploring ways in which real-time controls of stormwater
can fit within current regulatory frameworks. To identify barriers, a survey was distributed to municipal and consultant stormwater engineers
in Wisconsin. The results indicated that cost, operations and maintenance, and failure to qualify for regulatory credits are significant perceived
barriers to real-time control of stormwater. Municipal engineers were reluctant to adopt real-time controls and were concerned with regulatory
credits for real-time controls. In light of these concerns, a case study was performed to evaluate how a detention pond augmented with a real-
time control valve at the outlet performed in terms of common stormwater design standards and regulatory criteria, including peak flow
reduction and total suspended solids (TSS) removal. Model results indicated that the controlled pond reduced the magnitude of peak flows.
It also improved annual total suspended solids removal from 70% to 96%, thereby exceeding the 80% TSS removal requirement for municipal
separate storm sewer systems in many US states. Given the identified barriers and model performance, this study discussed potential paths
forward for overcoming barriers in attributing regulatory credits to real-time controls of stormwater. DOI: 10.1061/JSWBAY.0000961.
© 2021 American Society of Civil Engineers.
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Introduction

Stormwater management faces significant challenges including
aging infrastructure (Grigg 2019), changing precipitation patterns
(Mallakpour and Villarini 2017; Reidmiller et al. 2018), evolving
regulations (Albright 2012), and growing water quality impairments
(USEPA 2019). These challenges require adaptive and resilient man-
agement solutions that can address the needs for flood control, cli-
mate resiliency, and mitigation of surface water pollution. Existing
structural stormwater management solutions, such as traditional gray
infrastructure, detention ponds, green infrastructure, and wetlands,
commonly are used to manage stormwater systems. However, this
built infrastructure often is designed to remain in place through many
decades, and may not have the adaptive capacity to adequately ad-
dress increasing changes in climate, rapid land development, and

growing water quality impairments. Therefore, it is important to con-
sider new and innovative approaches to stormwater management that
can dynamically manage stormwater runoff.

Real-time control or active control of stormwater infrastructure
is a technology that can help to meet many of these challenges.
Real-time control of stormwater systems joins sensors, actuators,
and weather and model-based runoff forecasts to adaptively man-
age stormwater runoff. Real-time controls have been used for dec-
ades to control flows within combined sewer systems (Trotta 1976),
and more recently have been applied in separated stormwater sys-
tems to improve runoff management. Model results demonstrated
that real-time control systems can improve removal of pollutants
such as total suspended solids (TSS) by 29%–44% and improve
peak flow reduction by up to 50% in detention ponds (Gaborit
et al. 2016, 2013; Muschalla et al. 2014; Sharior et al. 2019). Fur-
thermore, actively controlled detention ponds can achieve similar
performance to uncontrolled ponds during low-return-period events
with only half the storage volume (Wong and Kerkez 2018). The
recent proliferation of research in this area has led to the potential
for real-time controls to become part of smart stormwater networks,
in which sensors and valves are managed actively to optimize de-
tention and conveyance of stormwater runoff (Kerkez et al. 2016).

However, despite the potential of real-time control of storm-
water to improve runoff management, this technology has not been
adopted on a broad scale. This could be due to several barriers to
implementation, including unfamiliarity with the technology, in-
creased potential for legal liability due to failure, or unclear or
unavailable regulatory crediting (Strifling et al. 2019). The most
challenging of these may be the regulatory credits issue. Storm-
water management is a regulatory-driven field in which cities
and developers manage stormwater runoff to remain in compliance
with local, state, and federal statutes and regulations (McDonald
and Naughton 2019). If there is no incentive from state or municipal
stormwater regulations in the form of credits attributed to real-time
controls for peak flow or water quality reductions, then adoption of
real-time control technologies is highly unlikely. To date, there is
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little evidence that governments have directly addressed real-time
controls of stormwater within their stormwater regulations, and
methods to provide regulatory credits for reductions in flood peaks
or improved water quality remain poorly defined. Furthermore, it is
unclear where these barriers persist among different stormwater
management stakeholders such as municipalities and engineering
consultants. There is a clear need therefore for a better understand-
ing of the barriers to real-time control of stormwater and methods to
overcome them through regulatory changes.

This project addressed these gaps by identifying barriers to real-
time control of stormwater and exploring ways in which real-time
control of stormwater can operate within current regulatory frame-
works. Specifically, this paper (1) reports the results of a survey of
municipal and consultant stormwater engineers to identify barriers
to stormwater real-time controls and explore differences in per-
ceived barriers among these groups, (2) summarizes engineering
design criteria and regulations across the US to determine what
regulatory criteria real-time controls of stormwater will need to ad-
dress, and (3) developed a case study model of a detention pond to
evaluate the performance of real-time controls in the context of
regulatory criteria. In doing so, we identified several practical bar-
riers to adoption of real-time control of stormwater and explore
options for overcoming regulatory barriers. Ultimately, this study
contributes to the advancement of an emerging technology that can
protect human and environmental health through improved flood
control and pollution mitigation.

Methodology

Survey of Municipal and Consultant Stormwater
Engineers

We surveyed municipal and consultant stormwater engineers to iden-
tify perceived barriers to real-time control of stormwater. The survey
was developed by the authors with input from regulators at the
Wisconsin Department of Natural Resources (WDNR), personnel
at the Milwaukee Metropolitan Sewerage District (MMSD), and
consultants who implement real-time stormwater controls. The goals
of the survey were to evaluate the respondent’s familiarity with real-
time controls and to identify perceived values and barriers to imple-
menting real-time control of stormwater.

The survey recipient sample included 695 practicing municipal
(125) and consultant (570) stormwater engineers in the state of
Wisconsin, as provided by an internal database of stormwater engi-
neers from the WDNR. Municipal engineers are defined as those
who work at a municipal separate storm sewer system (MS4) and
who are required to apply for permits to the WDNR to discharge
stormwater as part of the Wisconsin Pollutant Discharge Elimination
System (WPDES) regulatory program. Consultant engineers are de-
fined as those who work at a private consulting firm to design storm-
water infrastructure. Because of their unique roles in stormwater
management, there may be differences in the perspectives of these
groups that influence the barriers to stormwater technologies.

The survey consisted of 10 questions that were a mixture of
open-ended, closed-ended multiple choice, and Likert-scale ques-
tions (Appendix). The survey instrument underwent an informal
review by a survey expert at the Marquette Law School Poll to
check for bias and effective use of language. After it was finalized,
the online survey was sent by email through survey software Qual-
trics. The data from this survey were summarized to identify per-
ceived barriers to real-time controls, and ANOVA was applied to
evaluate the differences between the response given by municipal
and consultant engineers.

Review of MS4 Postconstruction Permit Language
and Criteria

To identify how real-time control of stormwater might fit within
existing regulatory frameworks and design criteria, we reviewed
both state-level and municipal-level engineering design criteria
for postconstruction stormwater management. State-level review
included (1) National Pollutant Discharge Elimination System
(NPDES) guidelines and regulations as written in state regulatory
codes, and (2) state-level departmental standards such as those of
the state Department of Natural Resources (DNR) or Department
of Environmental Quality (DEQ). Municipal review included post-
construction stormwater management guidelines provided at the
city or district level. State and municipal engineering design criteria
for postconstruction stormwater management were identified
through internet searches of governmental websites, and relevant
data from these criteria were cataloged in an internal database.

Within the guidelines for postconstruction stormwater man-
agement, we searched for quantitative metrics such as mandatory
pollutant load reductions, peak flow standards, or infiltration re-
quirements, and recorded this information in a database. These
documents typically define the stormwater mitigation requirements
for new developments or redevelopments that seek to protect the
downstream environment from adverse impacts of runoff; however,
this study focused on criteria for new developments because these
typically are more stringent than those for redevelopments. They
also are easier to compare because they are applied uniformly to
all new developments, as opposed to redevelopment criteria that
often are scaled based upon increases in impervious area. In some
cases, requirements for new development are based upon the size of
the development, and in these cases the most stringent regulatory
criteria were selected. The database was reviewed to identify the
most common guidelines and trends in stormwater criteria, which
then were used as a basis to compare the results of a modeled
stormwater pond with a traditional passive outlet against the same
pond with a real-time control retrofit.

Model of Controlled Detention Pond

We used the USEPA Stormwater Management Model (EPA
SWMM) to evaluate the impact of a real-time control placed on a
stormwater detention pond outlet within the context of the previ-
ously identified regulatory criteria (Rossman 2015). The storm-
water pond is located in Milwaukee, Wisconsin and drains an
area of approximately 0.2 km2, of which 91% is impervious. The
stormwater pond has a surface area of approximately 5,760 m2, a
permanent pool at a depth of 4.8 m, and a maximum depth of 6 m.
The original outlet structure had a 0.6-m opening above the
permanent pool level and a riser at the maximum depth, with a
1.2-m-diameter outlet pipe. This structure was modified with a
valve placed upstream of the outlet pipe to control all flow through
the outlet structure. A pressure transducer and water quality probe
were placed at the center of the pond to record water level and tur-
bidity, and periodic water quality samples were collected at this
location and tested for TSS. Using these samples, an empirical re-
lationship between TSS and turbidity was developed for the site,
and continuous measurements of turbidity were used as a surrogate
for TSS.

The model was forced with 30 years of hourly precipitation
measured at Mitchell International Airport in Milwaukee, Wiscon-
sin that were obtained from NOAA (2021) SWMM model was
modified using a Python software package called PySWMM
(McDonnell et al. 2020) that acts as a wrapper around the EPA
SWMM computational engine. In PySWMM, control algorithms
were developed in Python to simulate a real-time stormwater
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control using an on–off control rule. This controlled the release of
the valve based upon a critical threshold height (hc) of 6 m, which
represented the maximum depth of the pond. The valve remained
closed if the height of the pond was below hc. However, if runoff
entering the pond caused the water level to exceed hc., the valve
opened to prevent flow from going over the emergency spillway.
After the pond level dropped to the permanent pool depth of 4.8 m,
the valve closed again. This type of control rule was intended to
increase retention time to improve pollutant settling while still min-
imizing uncontrolled outflow. Details of the data collection, model
development and model calibration were given by Sharior et al.
(2019).

Ithe present study, four model simulations were carried out: pre-
development, postdevelopment with no pond, postdevelopment
with a passive pond, and postdevelopment with real-time control
at the pond outlet. The results of the model were evaluated based
upon how the performance of the pond met stormwater regulatory
criteria as identified in the previous section. This included compari-
son of peak discharges from the SWMM model with predevelop-
ment conditions (e.g., City of Milwaukee 2018). In addition, we
compared the TSS loads in the model to TSS reduction standards
(e.g., City of Portland 2016). We also developed peak-duration and
load-duration curves under each condition to evaluate how the real-
time controls impacted return period flows and sediment loads
based on the model output.

Results and Discussion

Barriers to Implementation Survey

The survey was sent to a sample of 695 municipal and consultant
stormwater engineers, and resulted in a 6.7% response rate (47 total:
29 consultants, and 18 municipal engineers). The first two survey
questions focused on evaluating the types of stormwater challenges
and technologies that affected the respondent’s communities
[Figs. 1(a and b)]. Regarding challenges, 42 of 47 survey respond-
ents reported flooding concerns; 39 of 47 reported water quality
degradation issues; and 8 experienced combined sewer overflows.
Respondents who selected Other indicated challenges of costs and
best management practice upgrades. In terms of technologies, 35 of
the 47 respondents reported that green stormwater infrastructure
had been implemented within their communities, followed by 20
who reported water quality monitoring and 15 who reported flow
monitoring. Six of the 47 respondents indicated that they had real-
time controls within their communities, whereas five respondents
indicated that they had none of the listed technologies. Those who
indicated Other primarily listed traditional dry detention ponds to
reduce TSS and for volume control.

Additional questions focused on the respondents’ familiarity
with and perceptions of real-time controls and their capability and
likelihood of implementing real-time control of stormwater. Most
respondents had slight or moderate familiarity with real-time con-
trols, but nearly 30% of the respondents indicated that they were
not at all familiar with them [Fig. 1(c)]. Half the respondents were
not sure if real-time controls were an effective way to manage
stormwater, 38% perceived them to be effective, and 11% per-
ceived them to not be effective [Fig. 1(d)]. Similarly, 43% of re-
spondents agreed or strongly agreed that there are advantages to a
stormwater real-time control system that would be beneficial to
their organizations or communities, and 11% disagreed [Fig. 1(e)].
The two final Likert-scale questions focused on their organizations’
capability and likelihood of implementing real-time control, and re-
sponses to each question were similar, with nearly 50% respondents

selecting neutral [Figs. 1(f and g)]. Only 19% of respondents in-
dicated that their organizations would be likely or extremely likely
to consider implementing real-time controls, indicating that barriers
to implementation exist.

To identify some of these barriers, respondents were asked
about their perceived concerns with real-time controls, and results
indicated that costs and operations and maintenance were their larg-
est concerns (Fig. 2). These concerns are practical, because storm-
water management budgets often are constrained, and it can be a
challenge to allocate resources in a way that is most impactful for
stormwater improvements (Allerhand et al. 2012). In addition,
operations and maintenance of stormwater infrastructure often ac-
counts for a significant portion of stormwater budgets (McDonald
and Naughton 2019). Following costs and operations and mainte-
nance, performance uncertainty and regulatory barriers or credits
were the next greatest concerns. Because these systems are a new
technology with limited applications in the survey respondents’
jurisdictions (13%), respondents may have concerns about how
well these systems perform. In addition, it remains unclear how
respondents might receive regulatory credit for the systems, either
as a consultant meeting local design criteria or as a municipality
setting criteria and implementing infrastructure to meet the require-
ments of the statewide WPDES program.

Because these two groups—municipalities and consultants—
have different roles within stormwater management, they may per-
ceive these barriers differently. Therefore, we performed an ANOVA
test of the means of the two groups’ responses about their perceived
concerns with real-time controls. Although none of the responses
were statistically significant (p < 0.05), the greatest difference be-
tween the two groups was for regulatory credits (p ¼ 0.21), with
more concern from municipal engineers (3.61) than from consul-
tants (3.18). This may be because municipalities are the entities
responsible for complying with the National Pollutant Discharge
Elimination System Municipal Separate Storm Sewer System reg-
ulations set by each state. In Wisconsin, this program requires that
municipalities demonstrate a modeled 80% TSS removal within
their jurisdictions (Wisconsin 2010). Therefore, municipal engi-
neers may be more concerned with how real-time controls translate
to regulatory credits for stormwater infrastructure. Cost was the
second greatest difference between the two groups (p ¼ 0.22), with
more concern among municipal engineers (4.44) than among con-
sultants (4.1). This could be because municipalities fund a signifi-
cant amount of stormwater infrastructure, and although consultants
are also concerned with costs, they ultimately provide a service and
do not own stormwater infrastructure.

We performed ANOVA tests of the means of the two groups for
additional Likert-scale questions in Fig. 1. Results indicated that
municipal engineers were more likely to disagree with several sup-
porting statements regarding real-time controls. For example,
municipal engineers indicated that they were less likely to consider
implementing stormwater real-time controls (p ¼ 0.046) and less
likely to agree that there are advantages to a stormwater real-time
control system that would be beneficial to their organizations or
communities (p ¼ 0.05). In this case, municipal engineers may
be less likely to implement real-time controls due to their greater
concerns with regulatory credits and costs, as identified previously,
among other factors. Finally, municipal engineers also were less
likely to agree that real-time controls are an effective way to man-
age stormwater runoff (p ¼ 0.16).

In summary, these survey results identified several barriers to
the implementation of real-time controls, with cost, maintenance,
performance uncertainty, and regulations being the greatest con-
cerns. In addition, the results demonstrated that there are distinct
differences in the perspectives between engineering consultants
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Fig. 1. Survey responses to questions focused on community stormwater issues and technologies: (a) identification of issues; (b) identification
of technologies; (c) familiarity with real-time controls; (d) perception of real-time controls; (e) advantages of real-time controls; (f) capability
of implementing real-time controls; and (g) likelihood of implementing real-time controls.
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and municipal engineers that may influence the barriers to real-time
controls. Among the concerns with real-time controls, the greatest
disagreement between consultants and municipal engineers in-
volved regulatory credits for real-time controls. This is not surpris-
ing, because municipalities are primarily responsible for obtaining
permits for their stormwater discharge through the NPDES and
total maximum daily load (TMDL) programs. Furthermore, the
unavailability of regulatory credits for real-time controls could be
a nonstarter for many municipalities that would consider real-time
controls as a way to manage stormwater runoff. Therefore, given
these findings, we sought to evaluate how real-time controls could
fit within a regulatory credit system.

Review of Municipal Engineering Design Criteria

We reviewed stormwater engineering design criteria at the state and
municipal level, and selected criteria that fit within the categories of
water quality, peak flow, and volume control. In total, stormwater
guidelines from 15 municipalities and 12 states were identified, and
commonalities were identified among municipal and state criteria
for peak flow and water quality controls. Peak flow controls gen-
erally require developers to match the postdevelopment peak runoff
rate to the predevelopment runoff rate for design storms that range
between 1-year and 100-year events; however, within this range,
the specific events varied considerably. Water quality guidelines
generally require a TSS removal rate between 70% and 85%, and
19 of 27 guidelines required 80% removal. In addition to TSS, five
of the guidelines also had requirements for the removal of total
phosphorus (TP), and one guideline had requirements for the re-
moval of total nitrogen (TN). Volume controls were less consistent,
and generally required sites to capture, detain, infiltrate, or treat a
volume of runoff. In some cases, this volume was based upon a
design storm or a specified rainfall depth that is computed based
upon various factors that may include soil composition, impervious
surfaces, or a difference between the pre- and postdevelopment
runoff.

In many cases volume and water quality requirements were the
same. For example, in Nashville, Tennessee, stormwater guidelines
require developers to capture and treat up to 1 in. of the runoff from
impervious areas (Nashville and Davidson County 2016). The
Nashville standard is both a volume (capture) and water quality
(treat) guideline, and is provided in lieu of a direct removal percent-
age of pollutants. In most of the cases, the TSS pollutant removal
percentage must be demonstrated through a modeling approach;

however, some regulations assume a percentage removal of pollu-
tants given a total water volume that is captured, infiltrated, and/or
treated. For example, in Maryland, it is assumed that 80% TSS and
40% TP removal will be achieved if a specified volume of water is
captured and treated, as computed based upon rainfall depth and
impervious area (Maryland Department of the Environment 2000).

Although these results demonstrated typical requirements for
postdevelopment stormwater management in terms of overall site
outcomes, in most cases there also are additional requirements be-
yond general volume, peak flow, or water quality controls. These
include guidelines specific to green infrastructure such as maxi-
mum drawdown times, limits on water quality effluent concentra-
tions, or minimum infiltration rates. In other cases, there are erosion
criteria that go beyond peak flow reductions for locations where
outfalls discharge to streams. Portland, Oregon requires a reduction
of the 2-year 24-h peak flow to one-half of the predevelopment
conditions in cases in which discharging flows could cause channel
erosion (City of Portland 2016). There also are special cases that
call for additional requirements, such as in developments located
within combined sewer regions or that discharge to impaired urban
streams (Maine DEP 2019). Finally, in locations with stormwater
fees, there may be tax incentives for developers to go beyond the
minimum requirements listed in Table 1 (e.g., City of Portland
2011).

The purpose of identifying these criteria was to determine the
flow and water quality goals that real-time controls of stormwater
must meet in order to receive regulatory credit. Volume control
requirements were the most inconsistent, and included various re-
quirements to infiltrate, capture, or treat with green infrastructure.
Therefore, volume criteria are difficult to generalize across states
and municipalities. Peak control requirements were fairly consis-
tent across all states, with requirements to match postdevelopment
to predevelopment peak flows. In addition, real-time control of the
stormwater outlet will have a direct impact on flow rates leaving
the pond, and therefore it significantly can influence the ability
of the pond to meet peak flow rate requirements. It also will impact
the overall detention time, which influences the total settling vol-
ume of pollutants and therefore the TSS removal percentage.
Therefore, TSS removal requirements largely were consistent
across all states and municipalities. The following section therefore
evaluated how the real-time control of stormwater impacts peak
flow reductions and TSS removal through a case study of a deten-
tion pond augmented with a real-time control.

Model Results

Given the focus of many regulations on peak discharge and TSS
load, we evaluated the impact of the real-time control on peak flow
rates and TSS loads at the case study location. A simulation was run
using 30 years of rainfall data, and found that the real-time con-
trolled pond outperformed the passive pond with respect to both
peak flow and TSS load reductions.

The real-time control had lower peak discharges than the passive
pond across all runoff durations, as illustrated by the duration curves
for peak flow [Fig. 3(a)]. These duration curves represent the exceed-
ance probability for different peak flow rates based upon the modeled
scenarios of predevelopment, postdevelopment with no pond, post-
development with a passive pond, and postdevelopment with a pond
augmented with a real-time control. The 5-year peak runoff event
decreased from 1.06 m3/s (37.4 cfs) with the passive pond to
0.12 m3/s (4.29 cfs) with the real-time control [Fig. 3(a)]. The
real-time control peak runoff also matched the predevelopment peak
runoff for high flows with low exceedance probabilities, which is
important because all regulations identified in Table 1 require the

0 1 2 3 4 5

Cybersecurity

Legal issues

Data Management

Unfamiliarity with RTC

Public Safety

Regulatory credits for RTC

Regulatory barriers

RTC performance uncertainty

Operations and Maintenance

Cost

Fig. 2. Average response to the question “In implementing stormwater
real-time controls, how concerned are you about the following? (1—not
at all concerned; 2—slightly concerned; 3—don’t know/not sure;
4—moderately concerned; 5—very concerned).”
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Table 1. Summary of stormwater regulations in cities and states

Location Volume controls Volume rainfall depth Peak controls Peak design storma Water quality removal Source

Cities
Anchorage, Alaska — — Match (pre × 1.05) to post 2–100 years 80% TSS Municipality of Anchorage

(2016)
Boise, Idaho — — Match pre to post 2, 5, 10, and 50 years 80% TSS City of Boise (2018)
Boston, Massachusetts Infiltration 0.25–1.5 cm (0.1–0.6 in.)b Match pre to post 2 and 10 years 80% TSS Boston WSC (2013)
Chapel Hill, North Carolina Match pre to post 2 years 24 h Match pre to post 1, 2, and 25 years 85% TSS Chapel Hill PWD (2005)
Charleston, South Carolina Infiltration 5 years Match pre to post 2, 10, and 25 years 80% TSS Charleston County (2007)
Charleston, West Virginia Capture/infiltrate 2.5 cm (1 in.) Match pre to post 1, 2, 10, and 25 years Capture/infiltrate City of Charleston (2014)
Chicago, Illinois Capture 1.3 cm (0.5 in.)c Match pre to post 10 and 100 years — City of Chicago (2014)
Little Rock, Arkansas Match pre to post 25 years, 6 h Match pre to post 25 years, 6 h — City of Little Rock (2016)
Milwaukee, Wisconsin Infiltrate with GI 1.3 cm (0.5 in.)c Match (pre × 1.1) to post 2 and 100 years 80% TSS City of Milwaukee (2018)
Minneapolis, Minnesota — — Match pre to post 2, 10, and 100 years 70% TSS Minneapolis PWD (2017)
Billings, Montana Capture 50 years, 24 h Match pre to post 2, 10, 50, and 100 years 80% TSS, 30% TN, and 50% TP Billings PWD (2016)
Nashville, Tennessee Capture and treat 2.5 cm (1 in.) Match pre to post 2, 5, 10, 25, 50, and 100 years 80% TSS Nashville and Davidson Co.

(2016)
Newark, New Jersey Infiltrate 2 yearsd Match pre to post 2, 10, and 100 years 80% TSS City of Newark (2017)
Portland, Oregon — — Match pre to post 5, 10, and 25 years 70% TSS City of Portland (2016)
Milwaukee, Wisconsin Detain with GI 1.3 cm (0.5 in.)c Match (pre × 1.1) to post 2, 100 years 80% TSS City of Milwaukee (2018)
Georgia Capture/infiltrate 2.5 cm (1 in.) Match pre to post 1, 25, and 100 years 80% TSS AECOM et al. (2016)
Massachusetts Infiltration 0.25–1.5 cm (0.1–0.6 in.)b Match pre to post 2 and 10 years 80% TSS Massachusetts (2008)
South Carolina Infiltration 1.3 cm (0.5 in.) Match pre to post 2 and 10 years 80% TSS South Carolina DHEC

(1993)
Michigan Match pre to post 2 years 24 h Match pre to post 2 years 80% TSS Michigan DEQ (2014)
Delaware — — Match pre to post 2, 10, and 100 years 80% TSS Delaware DNR and The

Environmental Management
Center, Brandywine
Conservancy (1997)

Minnesota Filter/infiltrate 1.3 cm (0.5 in.) Match pre to post 10 and 100 years 80% TSS Minnesota PCA (2005)
Tennessee Capture 2.5 cm (1 in.) Match pre to post 2–100 years 80% TSS Tennessee DEC (2012)
New Jersey Infiltrate 2 yearsc Match pre to post 2, 10, and 100 years 80% TSS New Jersey (2016)
New Hampshire Infiltrate 0–1 cm (0–0.4 in.)b,c Match pre to post 10 and 50 years Capture and treat 2.5 cm (1 in.)c McCarthy (2008)
New York Capture 1 years, 24 hc Match pre to post 10 and 100 years 80% TSS; 40% TP New York State DEC (2015)
Maine Capture and treat 2.5 cm (1 in.)c Match pre to post 2, 10, and 25 years Capture and treat 1 in.c; TPe Maine DEP (2019)
Maryland Capture and treat (2.3–2.5 cm) (0.9–1 in.)c Match pre to post 2 and 10 years 80% TSS; 40% TP Maryland Department of the

Environment (2000)
Vermont Infiltration (0.25–1 cm) 0.1–0.4 in.b Match pre to post. 10 and 100 years 80% TSS; 40% TP Vermont ANR (2002)
Wisconsin Infiltrate Annual precipitationc Match pre to post 1 and 2 years 80% TSS Wisconsin (2010)

Note: GI = green infrastructure.
a24-h storm unless otherwise noted.
bVaries based upon hydrologic soil group.
cVolume computed from impervious area.
dInfiltrate volume equal to difference between pre- and postdevelopment runoff.
eAllocation of pollutant load based upon departmental decision.
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postdevelopment peak flows to match those of the predevelopment.
This also indicated that the real-time control can capture stormwater
and reduce flow rates during high-runoff events. However, because
the real-time control model retains water for peak flow reduction and
sediment settling, the peak discharge for many smaller events is in-
creased, as evident by the increase in the median peak flow rate from
0.025 to 0.106 m3/s (0.9 to 3.74 cfs) [Fig. 3(a)].

The model also demonstrated an increase in sediment removal
efficiency with the real-time controls. The real-time control reduced
sediment loads from the pond based upon the load duration curves
[Fig. 3(b)], with the 5-year sediment load decreasing from
2.06 t=day to 0.12 t=day. This was due to the increased settling
time in the pond provided by the real-time control, which resulted
in lower outflow sediment concentrations even though the median
discharge was higher. This also is evident from the distribution of
the storm event loads, which increased the annual sediment load
removal from 70% to 96%. This improved sediment load reduction
is notable because it exceeded the 80% TSS removal required by
most regulations identified in the section “Review of Municipal
Engineering Design Criteria” (e.g., Table 1).

These results indicate that there are clear benefits and trade-offs
of using real-time controls based upon the control rules that were
used in this study. The number of extreme peak discharge events
and the peak-duration curve [Fig. 3(a)] both were reduced using a
real-time control compared with a passive pond; however, the over-
all median peak discharge was higher. This was because the valve
remains closed during a nonzero fraction of time and, therefore, the
discharges when the valve is open must be consistently higher on
average (Parolari et al. 2018). The real-time control also signifi-
cantly outperformed the passive pond in terms of TSS removal,
with an annual TSS load reduction of 96%. This demonstrated that
where pollutant removal is a high priority—such as in impaired
watersheds where TMDLs are implemented—augmenting or de-
signing ponds with real-time controls can outperform passive sys-
tems in protecting downstream water quality.

Discussion of Implications for Integrating Real Time
Controls

This study presented a survey to identify barriers to adoption of
real -time controls and presented a case study demonstrating how

real-time controls of stormwater can be used to improve perfor-
mance and meet regulatory criteria. The results of the survey dem-
onstrated that cost, operations and maintenance concerns, and
regulatory credits are the most significant barriers to real-time
controls of stormwater in the opinions of municipal and consul-
tant stormwater engineers. Municipal engineers were more con-
cerned overall about real-time controls, and the greatest difference
in concern between municipal and consultant engineers was for
regulatory credits.

To determine how real-time controls might be addressed within
current stormwater regulatory criteria, we first reviewed the require-
ments of state and municipal postdevelopment stormwater manage-
ment regulations. The regulations largely can be broken down into
volume, peak flow reduction, and water quality reduction require-
ments. Volume requirements had the greatest degree of variation,
and included general volume removal, infiltration, or capture across
a wide range of precipitation scenarios, including specific rainfall
depths (i.e., the first inch of rainfall) or design storms (e.g., a 2-year
24-h storm). Peak flow reduction criteria were more uniform, and all
required reducing postconstruction peak flows to some form of pre-
development conditions for storms that ranged between the 1- and
100-year events. Water quality criteria largely required the removal
of TSS at rates between 70% and 85%; however, a few states also
had nutrient reduction requirements. Due to the uniformity among
states and municipalities of peak flow and water quality reduction
requirements, these criteria may present the greatest opportunity
to demonstrate the value of real-time control of stormwater flows.

Therefore, we developed a case study model to demonstrate how
real-time controls impact peak flow and TSS reduction for a deten-
tion pond. Results indicated a reduction in TSS pollutant loads
from 70% to 96%. However, despite these improvements, the
median peak flow rate increased from 0.025 to 0.106 m3/s (0.9 to
3.74 cfs). The increase in the median flow partially could be mi-
tigated by controlling the flow using a staged release in which the
valve is opened only partially after the water level reaches a critical
height threshold. Depending upon the site conditions, the increase
in median peak flows could cause erosion downstream, and there-
fore this could be a limitation to using real-time controls. In fact,
some regulations require ponds that discharge to a receiving stream
to have peak flow rates for the 2-year storm of half that of the pre-
development runoff conditions (e.g., City of Portland 2016).

(a) (b)

Fig. 3. Duration curves for (a) daily peak discharge; and (b) TSS load.
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Given the focus of water quality regulations on TSS both in
Wisconsin as well as across the US, these results demonstrate that
real-time controls could have a significant positive impact on pol-
lutant mitigation. These results also agree with others in the liter-
ature that found that ponds retrofitted with real-time controls can
reduce TSS by 29%–44% and improve peak reduction by up to
50% in detention ponds (Gaborit et al. 2016, 2013; Muschalla
et al. 2014). This study and others suggest the possibility of a regu-
latory crediting system for real-time controls of detention ponds
that goes beyond the baseline TSS removal rates attributed to pas-
sive detention ponds. How credits are awarded might be influenced
by several factors, including local precipitation patterns, type of
stormwater practice that is controlled, and the control rules used.
This study used a control rule based upon a water level threshold;
however, there are any number of other rules with which these sys-
tems could be controlled and that will impact how the system func-
tions (Sharior et al. 2019). Therefore it is important that these rules
are defined clearly within a regulatory system in order to know how
the system will function. Therefore, evaluating how rules influence
stormwater system function is an important and ongoing area of
research.

In our review of regulatory criteria, we found that there gener-
ally are two ways in which a water quality removal percentage
could be demonstrated: (1) by following a volume reduction
guideline, or (2) by demonstrating removal through a modeling
approach. Under the first approach, regulators could attribute a
greater pollutant removal efficiency to capture and treat with
real-time control than they give to standard capture and treat
(e.g., Nashville and Davidson County 2016). Under the second
approach, the same method could be applied to models that attrib-
ute water quality removal efficiencies based upon the practice
type (e.g., WinSLAMM). The more difficult decision is defining
how much TSS removal to attribute to real-time control systems.
In general, these removal efficiencies are based upon research
studies, experience, and engineering judgment of the regulators.
Given the performance of this case study and others in the liter-
ature (Gaborit et al. 2016, 2013; Muschalla et al. 2014; Sharior
et al. 2019), it may be appropriate to attribute a TSS removal ef-
ficiency that is greater than the typical credits given to a detention
pond. However, this would be dependent upon site conditions, the
placement of the controls within system, and the rules used to
operate the controls, among other factors.

Conclusions

In this study, we performed a survey to identify barriers to real-time
controls perceived by municipal and consulting stormwater engi-
neers and found that cost, operations and maintenance, and regu-
latory credits were significant barriers. In addition, the survey
results demonstrated that there are distinct differences in the per-
spectives on barriers expressed by engineering consultants and
municipal engineers, with regulatory compliance being the biggest
difference. Based upon a review of stormwater regulations and a
modeled case study, we explored how real-time control of storm-
water might be able to address these regulatory concerns. The key
findings from this study are:
• Only 7% of survey respondents were aware of real-time controls

implemented within their communities, but 71% of respondents
were slightly or moderately familiar with real-time control of
stormwater. This indicates that although real-time control may
not be widely adopted among the stormwater community in
Wisconsin, it is a technology that is somewhat familiar to storm-
water professionals.

• Cost, operations and maintenance, and qualification for regu-
latory credits were the greatest concerns among survey re-
spondents; the lowest concerns were for cybersecurity and legal
issues.

• Of these barriers, the greatest degree of disagreement among
municipalities and consultants was regarding regulatory credits
(p ¼ 0.21), with more concern from municipal engineers than
from consultants.

• Municipal engineers also indicated they were less likely to con-
sider implementing stormwater real-time controls (p ¼ 0.046)
and less likely to agree that there are advantages to a stormwater
real-time control system that would be beneficial to their organ-
izations or communities (p ¼ 0.05).

• Most stormwater regulations require postdevelopment storm-
water management to match peak flows to predevelopment
conditions and remove TSS at a percentage ranging between
70% and 85%.

• In a modeled stormwater pond, real-time controls improved TSS
removal from 70% to 96%, exceeding regulatory requirements.

• The modeled pond with real-time control had lower peak dis-
charges than the passive pond across all runoff durations. It also
matched closely the predevelopment peak flows for return peri-
ods that exceeded the 30-year event.
Overall, our findings suggest that there are significant bar-

riers to implementing real-time controls of stormwater, which
may be explain why adoption within the survey respondents’
communities are relatively low. However, our exploration of
regulatory barriers indicated that there may be opportunities to
demonstrate the impact of real-time controls on peak flows and
TSS removal through a modeling approach. As these technolo-
gies continue to mature, studies such as this are important for
understanding how real-time control of stormwater fits within
the institutional and regulatory environments that drive stormwater
management. This understanding can help to provide stormwater
practitioners with another stormwater best management practice,
ultimately leading to improved stormwater management and down-
stream water quality.

Appendix. Real-Time Control Survey

Q1. Which of the following describes your profession?
• Municipal engineer/manager
• State regulator
• Engineering consultant
• Academic
• Other (please explain)

Q2. Stormwater management issues affecting my community
include (choose all that apply):
• Combined sewer overflows
• Water quality pollution
• Flooding
• None
• Other (please explain)

Q3. The following are stormwater technologies that are imple-
mented within my community (choose all that apply):
• Green stormwater infrastructure
• Flow monitoring
• Water quality monitoring
• Real-time controls
• None
• Other (please explain)
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Q4. How familiar are you with stormwater real-time controls?
• Very familiar
• Moderately familiar
• Slightly familiar
• Not at all familiar

Q5. My organization or community has expertise capable of
implementing and maintaining a stormwater real-time control
system.
• Strongly agree
• Agree
• Don’t know
• Disagree
• Strongly disagree

Q6. There are advantages to a stormwater real-time control system
that would be beneficial to my organization or community.
• Strongly agree
• Agree
• Don’t know
• Disagree
• Strongly disagree

Q7. In implementing stormwater RTCs, how concerned are you
about the following? (1—Not at all concerned; 2—Slightly con-
cerned; 3—Don’t know; 4—Moderately concerned; 5—Extremely
concerned)
• Public safety
• Cybersecurity
• Operations and maintenance
• Cost
• Data management
• Unfamiliarity with RTCs
• RTC performance uncertainty
• Regulatory credits for RTC
• Regulatory barriers
• Legal issues

Q8. Do you perceive real-time controls to be an effective way to
manage stormwater runoff?
• Yes
• No
• Maybe
• Not sure

Q9. How likely is your organization to consider implementing
stormwater real-time controls?
• Extremely likely
• Likely
• Neutral
• Unlikely
• Extremely unlikely

Q10. Please provide any additional comments.

Data Availability Statement

All data, models, or code that support the findings of this study
are available from the corresponding author upon reasonable
request. The exception are the survey responses, which are
confidential per Marquette Universities Institutional Review
Board (IRB).
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