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Disclaimer
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The information in this presentation has been reviewed and approved for public 

dissemination in accordance with the U.S. Environmental Protection Agency.  Any opinions 

expressed in this presentation are those of the author and do not necessarily reflect the views 

of the Agency, therefore, no official endorsement should be inferred.  Any mention of trade 

names or commercial products does not constitute endorsement or recommendation for use.
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https://www.louisberger.com/our-work/project/hoboken-green-
infrastructure-strategic-plan-new-jersey-us

Presenter
Presentation Notes
Hello – graduate or undergraduate
Degrees?  Geology. Hydrogeology, environmental science, engineering, policy? Other?
Miami – two sisters and brother went here – microbiology, accounting, architecture




Introduction

Michelle Simon
BS Chemical Engineering, University of Notre Dame
MS Chemical Engineering, Colorado School of Mines
PhD Environmental Science, 

Minor Chemical Engineering, University of Arizona

Went to US EPA in 1990 –Vadose Zone and Groundwater

Worked on Superfund Site Cleanup until 2010

Since then, I worked on Storm Water Run-off
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Aging US Water Infrastructure

•ASCE Grade D +

•Drinking Water

• Storm Water and Waste Water

• https://www.infrastructurereportcard.org/

• https://www.infrastructurereportcard.org/wp-content/uploads/2016/10/ASCE-
Failure-to-Act-2016-FINAL.pdf
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Presenter
Presentation Notes
Each family $3400, need to pay $3/day, Costs $3.9Trillion
The cost of deteriorating infrastructure takes a toll on families’ disposable household income and impacts the quality and quantity of jobs in the U.S. economy.... 
 From 2016 to 2025, each household will lose $3,400 each year in disposable income due to infrastructure deficiencies

https://www.infrastructurereportcard.org/
https://www.infrastructurereportcard.org/wp-content/uploads/2016/10/ASCE-Failure-to-Act-2016-FINAL.pdf


How to Upgrade the Infrastructure
Drinking Water – EPANET 

https://www.epa.gov/water-research/epanet

–

research/storm

SWMM Contains Green Infrastructure  

water

Storm Water Management Model Storm Water and Waste Water - SWMM 

https://www.epa.gov/water- - -management-model-swmm

–
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SWMM was developed in 1970’s, and then redeveloped by Dr. Lew Rossman (EPA 1978 2014 emeritus) in the 2000s

https://www.epa.gov/water-research/epanet
https://www.epa.gov/water-research/storm-water-management-model-swmm


Accuracy\Uncertainty

• Physical Reality

• Scientific Understanding

• Mathematical Abstraction

• Program

• Parameter estimation

• Results, compared to observations

• Repeat
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https://www.google.com/search?q=mathematical+abstraction+of+hydrology+images&tbm=isch&source=iu&ictx=1&fir=e
Dv9KY_znXaWlM%253A%252CYzICHXicd0xv_M%252C_&usg=AI4_-kS544Xrnn5UpDuff0UJU6D1Tpt-
VA&sa=X&ved=2ahUKEwjT0vG6jb7eAhXN0VMKHWipC30Q9QEwAHoECAQQBA#imgdii=j7R4otA9j2apTM:&imgrc=B3LrwJ
mLR84z9M:  

Presenter
Presentation Notes
www.geology.wisc.edu/courses/g724/week11b.ppt 

Misleading results otherwise…  “Flaw of averages”

Explicit “precision” of results.

Some decisions are about uncertainty,  e.g., to gather more information and contingency 	planning

Improved combining of information sources.

Productivity:  Probabilities & distributions can often be estimated more quickly than 	expected values (!)

Sensitivity analyses

Causal modeling & abduction (diagnostic reasoning)




Combined Sewer Overflows
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http://phci.rutgers.edu/wp-content/uploads/2016/07/Hoboken-
Stormwater-HIA_FinalReport_v9-19-16.pdf



Hoboken, NJ 

9http://phci.rutgers.edu/wp-content/uploads/2016/07/Hoboken-Stormwater-HIA_FinalReport_v9-19-16.pdf

Presenter
Presentation Notes
https://youtu.be/4TdPpjevNSE



Flooding in Hoboken
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http://phci.rutgers.edu/wp-content/uploads/2016/07/Hoboken-
Stormwater-HIA_FinalReport_v9-19-16.pdf



Flooding in Hoboken May 31, 2015
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http://phci.rutgers.edu/wp-content/uploads/2016/07/Hoboken-Stormwater-HIA_FinalReport_v9-19-16.pdf



What is SWMM?

water quality model used for continuous simulation of runoff quantity and quality from primarily urban areas.
SWMM is a public domain, distributed, dynamic hydrologic - hydraulic -

Presenter
Presentation Notes
SWMM was first released in 1971 with funding from the Water Quality Office of the U.S. Environmental Protection Agency (EPA) with development led by Metcalf & Eddy, Inc., the University of Florida, and Water Resources Engineers, Inc. During the 1980’s and 90’s the model was periodically updated by the University of Florida, Oregon State University and CDM-Smith with funding and oversight provided by the EPA Research Lab, Athens, GA. In 2002 a CRADA was established between the EPA National Risk Management Research Laboratory (NRMRL) and CDM-Smith to re-write the entire SWMM computational model in object-based C and provide it with a modern graphical user interface. The result of this effort, SWMM 5, was released in 2005. NRMRL has continued to develop SWMM in-house, by adding new features such as LID modeling and making numerous other improvements.
The current version of SWMM, release 5.1.012, is maintained by EPA NRMRL.
Model Status 
The current version of SWMM (5.1.012) was released in 2017.
Very popular downloaded 33,000 times last year, open source, public-domain basis of commercial products PCSWMM, XPSWMM, InfoSWMM,etc




What is SWMM Used For?
Design and sizing of drainage system components.

Control of combined and sanitary sewer overflows.

Modeling Inflow & Infiltration in sanitary sewer systems.

allocation studies.
-Generating non point source pollutant loadings for load 

Evaluating green infrastructure for sustainability goals.

Flood plain mapping of natural channel systems.

Presenter
Presentation Notes
Used for $B, multi decade water infrastructure upgrades




How does SWMM Model?
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SWMM is a distributed, dynamic rainfall-runoff simulation model used for 
single event or long-term (continuous) simulation of runoff quantity and 
quality from primarily urban areas.

Presenter
Presentation Notes
Focus on runoff – CSO, MS4, can be used for Urban TMDLs
PCSWMM, XPSWMM, InfoSWMM etc.



Hydrology – Governing equations
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d =     depth (ft)
t      =     time (s) 

SWMM Hydrology Reference Manual Equation 3-1

Presenter
Presentation Notes
Assuming that the flow across the subcatchment’s surface behaves as if  it were uniform within a rectangular channel
Hargreaves evaporation
Q/A ft3/s/ft2



SWMM’s Conceptual Model
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Presenter
Presentation Notes
The first component of SWMM to discuss is the subcatchment, the surface intercepting the rain.



Idealized Subcatchment
(Courtesy of Rob James, CHI Water, www.openswmm.org)
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https://www.youtube.com/watch?v=HZnX_GsABUA

Presenter
Presentation Notes
Recognize CHI Water

https://www.youtube.com/watch?v=HZnX_GsABUA


Hydraulic Model
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Presenter
Presentation Notes
Strongest Hydraulic Public Domain model
Model Status 
The current version of SWMM (5.1.012) was released in 2017.
Very popular downloaded 33,000 times last year, open source, public-domain basis of commercial products PCSWMM, XPSWMM, InfoSWMM,etc
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Hydraulic Governing Equations
https://www.youtube.com/watch?v=ziWy5qbVIWo

Continuity – also used in EPANET

SWMM Hydaulics Reference Manual Equation 3 - 1

Presenter
Presentation Notes
At nodes, storage units
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Hydraulic Governing Equations 

Momentum – also used in EPANET

SWMM Hydraulics Reference Manual Equation 3 - 2

Presenter
Presentation Notes
Solved at midpoint of conduit
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Level of sophistication

1.
2.

Steady Flow Routing
Kinematics Wave Routing

3. Dynamic Wave Routing

SWMM Hydraulics  Reference Manual Equation 3-1

Presenter
Presentation Notes
𝐹=  𝑉   𝑔 ℎ 𝑚    
 
 
F < 0.5 prevents wave action
F = 1 critical velocity = velocity of wave propagation, downstream wave cannot travel up stream
Dynamic wave – unsteady, gradually varied, open channel flow
Kinematic wave – uniform, Manning formulae, steeper wave with less dispersion and attenuation 




Water Quality - Pollutant Buildup and Wash-off
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Presenter
Presentation Notes
Mass Balance of contaminant Section 4 of Water Quality Reference
Dry buildup
Wet Buildup – Exponential, Rating Curve, EMC



Types of Low Impact Development Storm Control 
Measures that SWMM can model
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Disconnection

Infiltration Trench

Infiltration Basin

Cistern Green Roof

Rain Garden

Porous Pavement Vegetative Swale Street Planter

Presenter
Presentation Notes
These are the types of GI BMPs that can be explicitly modeled for both individual sites and large scale urban watersheds in SWMM.

GO TO SWMM



Green Infrastructure Subcatchment
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Presenter
Presentation Notes
Typical bioretention LID, SCM, DUD, BMP
Section 6 of Water quality Reference



More Green Infrastructure Subcatchments
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Green Roof Permeable Pavement

Roof Disconnection
Vegetative Swale 

Presenter
Presentation Notes
Typical bioretention LID, SCM, DUD, BMP
Section 6 of Water quality Reference



Infiltration

• Horton
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• Modified Horton

• Green_Ampt, Modified Green_Ampt

• Curve_Number

Presenter
Presentation Notes
Richards equation – non linear, need soil permeability and surface tension(soil moisture) 



Types of LIDs Hydrology Tested
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Rain Garden/Bioretention

Infiltration Trench Green Roof

Porous Pavement Vegetative Swale

Presenter
Presentation Notes
These are the types of GI BMPs that can be explicitly modeled for both individual sites and large scale urban watersheds in SWMM.

GO TO SWMM
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LID Studies used for testing 
LID Type Research Organization Location Name of Project Reference

Bio-retention North Carolina State University, NC Graham Bio-Retention (Passeport et al. 2009)

Rain Garden Villanova University, PA Villanova BTI Rain Garden (Lord 2013)
Infiltration Trench Villanova University, PA Villanova Infiltration Trench (Emerson 2008)

Vegetated Swale University of Maryland, Savage, MD UMD BioSwale (Davis et al. 2012)

Vegetated Swale Washington State Department of 
Transportation, King County, WA

Washington DOT BioSwale (Maurer 2009)

Green Roof City of Portland, OR Hamilton Ecoroof (Hutchinson et al. 2003) 
(She and Pang 2010)

Green Roof City of Seattle, WA EOC Green Roof (Cardno TEC. 2012)

Green Roof City of Seattle, WA FS10 Green Roof (Cardno TEC. 2012)
Porous Pavement North Carolina State University, 

Kingston, NC
Boone Porous Pavement (Wardynski et al. 2013)

Presenter
Presentation Notes
Get Elizabeth’s student’s reference
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Seattle ECO Green Roof Hydrograph

0

0.2

0.4

0.6

0.8

1

5/4/09 23:31 5/5/09 5:31 5/5/09 11:31 5/5/09 17:31 5/5/09 23:31

Fl
ow

 (i
n/

hr
)

Observed Inflow Observed Outflow Simulated Outflow



30

Goodness of Fit 

Coefficient of Determination 

𝑅𝑅2 =
∑𝑖𝑖=1𝑛𝑛 𝑂𝑂𝑖𝑖 − 𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

∑𝑖𝑖=1𝑛𝑛 𝑂𝑂𝑖𝑖 − 𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 2 ∑𝑖𝑖=1𝑛𝑛 𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 2

2

Nash-Sutcliffe Efficiency Statistic 

𝑁𝑁 − 𝑆𝑆 = 1 −
∑𝑖𝑖=1𝑛𝑛 𝑂𝑂𝑖𝑖 − 𝑃𝑃𝑖𝑖 2

∑𝑖𝑖=1𝑛𝑛 𝑂𝑂𝑖𝑖 − 𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 2
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Hydrograph from UMD Bioswale analysis depicting early 
outflow start-time
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Boone Porous Pavement hydrograph depicting early 
outflow start-time
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Multi-event Calibration Method

Storm 1 Storm 2 Storm 3 Storm 4 Average 

Calibration 
NSE

NSE NSE NSE Storm 1 Calibration AVG NSE

NSE Calibration 
NSE

NSE NSE Storm 2 Calibration AVG NSE

NSE NSE Calibration 
NSE

NSE Storm 3 Calibration AVG NSE

NSE NSE NSE Calibration 
NSE

Storm 4 Calibration AVG NSE
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PEST

http://www.pesthomepage.org/
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How PEST Works

https://www.google.com/search?q=parameter+estimation+images&tbm=isch&tbo=u&source=univ&sa=X&ved=2ahUKEwik0dbkzbHeAhVyTt8KHW6TDR0QsAR6BAgFEAE&biw=1680&
bih=941#imgrc=FbdsdbiAFfzVvM:  J. Doherty 2007

https://www.google.com/search?q=parameter+estimation+images&tbm=isch&tbo=u&source=univ&sa=X&ved=2ahUKEwik0dbkzbHeAhVyTt8KHW6TDR0QsAR6BAgFEAE&biw=1680&bih=941#imgrc=FbdsdbiAFfzVvM



Alternative models







Consider predictions







Adjust parameter values and model construction







Societal decisions







Evaluate predictions and prediction uncertainty







Predictions







Evaluate model fit and estimated parameter values







Parameter estimation







Compare simulated & measured values using objective function











Model(s),



Parameters







Observations



Related to model output. Use to calibrate model







System information 



related to model inputs, use in model development













Parameter Estimation Algorithm
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Levenberg–Marquardt algorithm (LMA or just LM), AKA damped least-squares (DLS)

https://en.wikipedia.org/wiki/File:Lev-Mar-best-fit.png
BY-SA 3.0, https://en.wikipedia.org/w/index.php?curid=7326407

y =acos(bX) + bsin(aX)



Parameters for a SWMM LID Green Roof
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Most Sensitive Parameters

Parameter Rank

LID Usage
Width (ft.) 7

Initial Saturation 5

Soil
Porosity 4

Field Capacity 2
Wilting Point 1

Drainage Mat
Void Ratio 3
Roughness 6

1 = most sensitive
7 = least sensitive
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LID Module Performance Summary Table

LID Name Average NSE Value Average r2 Value
Graham Bio-retention 0.86 0.93

Villanova BTI Rain Garden 0.86 0.96
Villanova Infiltration Trench 0.65 0.67

UMD BioSwale 0.78 0.87

Washington DOT BioSwale 0.70 0.91

Hamilton Ecoroof 0.92 0.90
EOC Green Roof 0.94 0.97
FS10 Green Roof 0.93 0.84

Boone Porous Pavement 0.74 0.89
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SWMM LID Modeling Weakness



Conclusions
•PEST is a useful tool for parameter estimation

•SWMM LID can model hydrology with 
• NSE ranging from 0.65- 0.94
• R2 ranging from  0.67 – 0.97

•SWMM LID Module does not account for lateral exfiltration which is 
important for deep, narrow, LIDs, such as Infiltration Trenches

•EWRI LID Group was formed to improve scientific underpinnings of SWMM

•Next step – test  water quality and LID aggregations
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Questions?

Simon.michelle@epa.gov
42

mailto:Simon.michelle@epa.gov


Most Recent ORD Publications
Niazi, M., C. Nietch; Mahdi Maghrebi; N. Jackson; B. R. Bennett; M. Tryby; and A. Massoudieh 
(2017).  "Storm Water Management Model: Performance Review and Gap Analysis." 
Journal of Sustainable Water in the Built Environment 

Platz, M.; M. Simon; and M. Tryby (2018).   “Testing of the SWMM Model’s LID Modules.”  
Submitted to Journal of Environmental Modelling and Software

Brad Barnhart, Heather Golden, Joseph Kasprzyk, James Pauer, Chas Jones, Keith Sawicz, 
Nahal Hoghooghi, Michelle Simon, Robert McKane, Paul Mayer, Amy Piscopo, Darren Ficklin, 
Jonathan Halama, Paul Pettus, Brenda Rashleigh.
“Embedding co-production and addressing uncertainty in watershed modeling decision-
support tools: successes and challenges” 
Journal of Environmental Modelling and Software 109 368-
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379

Presenter
Presentation Notes
Niazi downloaded 1339 times (5/1/2017-2/15/2018) 



Hoboken Flooding Events
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http://phci.rutgers.edu/wp-
content/uploads/2016/07/Hob
ken-Stormwater-
HIA_FinalReport_v9-19-16.pdf

o
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Urbanization Changes the Hydrologic Cycle

• Soils and vegetation are replaced 
with impervious surfaces

• Impervious surfaces are 
connected to dense drainage 
networks

• Runoff drains directly into 
streams, lakes, wetlands, and 
coastal waters

• Even small storms generate 
significant runoff



Urban Stormwater Impacts
Hydrologic, Geomorphic, and Biological Impacts:
 Increased stormwater volume and velocity causes flooding, 

erosion, and sewer overflows.

 Impaired habitat and water quality impact 
fisheries and shellfish harvesting due to 
microbials, metals, PAHs, and other 
pollutants.

• Reduced groundwater recharge impacts 
water supplies.

Presenter
Presentation Notes
Photo: www.lternet.edu  mention SW for erosion and groundwater
Urban stormwater is listed as the “primary” source of impairment for 13% of all rivers, 18% of all lakes, and 32% of all estuaries.

In 2010, stormwater caused more than 8,700  beach closing and advisory days; sewage spills and overflows caused more than 1,800 of those.

Insecticides often occur at higher 
      concentrations in urban streams 
      than in agricultural streams.

Fecal coliform bacteria commonly exceed
recommended standards for water recreation



US Map of Combined Sewer Overflow Agreements
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