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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, | worked on Storm Water Run-off




<z EPA \\ Aging US Water Infrastructure

ASCE Grade D +
; SCIENCE anp ENGINEERING for A SUSTAINABLE FUTURE

Addressing the Challenge
Through SCIENCE and INNOVATION

® Drinking Water

® Storm Water and Waste Water

® https://www.infrastructurereportcard.org/

Office of Research and Development
- National Risk Management Research Laboratory

® https://www.infrastructurereportcard.org/wp-content/uploads/2016/10/ASCE-
ailure-to-Act-201 E-FINFE.p_%?
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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

o FPL SWMK 5 Swimm5_Runoff.inp
F Fr R
TRACE LAKE e Edt View Project Report Window Help

100 Data  Map | & Study Area Map

40,00
0,00
000

Storm Water and Waste Water — Storm Water Management Model - SWMM

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

Auto-Lengin OH CFS a 100% | HY IT24ET 0%, 1106993 5

SWMM Contains Green Infrastructure

SWMM was developed in 1970’, 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

<ZEPA Accuracy\Uncertainty

® Physical Reality

What is a model?

® Scientific Understanding

A useful simplification of

® Mathematical Abstraction

r Program Abstraction

__Behavior

® Parameter estimation Fidelity __

Mechanism

® Results, compared to observations

https://www.google.com/search?q=mathematical+abstraction+of+hydrology+images&tbm=isch&source=iu&ictx=1&fir=e
DvIKY_znXaWIM%253A%252CYzICHXicdOxv_M%252C_&usg=Al4_ -kS544Xrnn5UpDuffOUJUED1Tpt-
VA&sa=X&ved=2ahUKEwjTOvG6jb7eAhRXNOVMKHWipC30Q9QEWAHOECAQQBA#imgdii=j7R40tA9j2apTM:&imgrc=B3LrwJ
mLR84z9M:
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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)
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EPA \\ ‘Combined Sewer Overflows

Impervious surfaces

Dry Weather

increased volume
and speed of
surface runoff

Outfall pipe
1 to river

Qutfall pipe
[ to nver

decreased
groundwater

Impervious ‘hard’ surfaces (roofs, roads, large areas
of pavement, and asphalt parking lots) increase the
volume and speed of stormwater runoff. This swift
surge of water erodes streambeds, reduces
groundwater infiltration, and delivers many pollutants
and sediment to downstream waters.

Source: U.S. Environmental
Protection Agency

Figure 4. Combined Sewer Systems

Diagram courtesy of the Integration and Application Netwark (ianumces.edu), University of Maryland Center for E

Reducing Water Quantity and Improving Water Quality. AN press, newsletter publication.

Pervious surfaces

decreased
volume and
speed of
surface

increased
groundwater

e R

Pervious 'soft’ surfaces (green roofs, rain gardens,
grass paver parking lots, and infiltration trenches)
decrease volume and speed of stormwater runoff.
The slowed water seeps into the ground, recharges
the water table, and filters out many pollutants and
sediment before they arrive in downstream waters.

Conceptual diagram illustrating impervious and pervious surfaces, Impervious surfaces are hard and increase stormwater runoff, causing pollutant and sediment delivery in downstream waters,
Pervious surfaces are soft and decrease stromwater runoff, which filters out pollutants and sediments before they arrive in downstream waters.

Sclence. Source: C aned Atlantic Coastal Bays Trust Fund, 2013, Starmwater Management:

Source: U.S. Department of Environmental Protection

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

Figure 5. How Green Infrastructure Works
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<vEPA Flooding in Hoboken

Hoboken’s Topography
== Topography Lines
[0 Lowest Area

=== Recurring Flooded Streets
= =) Water Flow Direction

- F g z:l’r f
it el
=2 L7 ﬁ"'l'f."
s 5 j S

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

Source: Hoboken Green Infrastructure Strategic Plan

Figure 1. Hoboken Topography Overlaid with Water Flow & Recurring Flooded Streets



EPA Flooding in Hoboken May 31,2015

Photo credits: Jeff Scott (center), Betsy Hook (top right), Uncredited (bottom left)

Figure 3. Flooding in Hoboken, May 31, 2015

http://phci.rutgers.edu/wp-content/uploads/2016/07/Hoboken-Stormwater-HIA _FinalReport_v9-19-16.pdf
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SWMM is a public domain, distributed, dynamic hydrologic - hydraulic -
water quality model used for continuous simulation of runoff quantity and quality from primarily urban areas.
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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.

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

Evaluating green infrastructure for sustainability goals.

Flood plain mapping of natural channel systems.
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Used for $B, multi decade water infrastructure upgrades
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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.
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Focus on runoff – CSO, MS4, can be used for Urban TMDLs
PCSWMM, XPSWMM, InfoSWMM etc.


vEPA . Hydrology — Governing equations

od
ot el

where:
i = rate of rainfall + snowmelt (ft/s)
e = surface evaporation rate (ft/s)
f = infiltration rate (ft/s)
g = runoff rate (ft/s).
d = depth (ft)
t = time (s)

SWMM Hydrology Reference Manual Equation 3-1
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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


B <EPA . 9WMM's Conceptual Model

Raingage| &
Subcatchment

Junction

Divider Outfall
Orifice
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The first component of SWMM to discuss is the subcatchment, the surface intercepting the rain.


|dealized Subcatchment
. (Courtesy of Rob James, CHI Water, www.openswmm.org)

Subcatchment parameters

» Parameters may be
averaged (lumped) over
a coarse number of
subcatchments

' * Or further sub-divided
o\ T (distributed) into a finer
= 3\ number of
| J subcatchments

https://www.youtube.com/watch?v=HZnX GsABUA
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Recognize CHI Water

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

Treatment Plant
“
Junction —  Conduit
o Outfall ' Pump
Station

Storage Unit
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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



o~ \-;;;_ Hydraulic Governing Equations
<sEFA “hteps://www.youtube.com/watch?v=ziWy5qbVIWo

Continuity — also used in EPANET

0A 9Q 7
E —+ E — Junction
Conduit  Weir
Divider Qutfall
Orifice
where
x = distance (ft)
t = fime (sec)
A = flow cross-sectional area (ﬁg)

¢ = {flow rate (cfs)
SWMM Hydaulics Reference Manual Equation 3 -1
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At nodes, storage units


SEPA X _ Hydraulic Governing Equations

Momentum — also used in EPANET

2

@+M+QA6—H+ gASs =0

dt dx dx
H = Thydraulic head of water in the conduit (£ + V) (ft)
Z = conduit invert elevation (ft)

Y = conduit water depth (ft)
Sr = friction slope (head loss per unit length)
g = acceleration of gravity (ft/ secz)

SWMM Hydraulics Reference Manual Equation 3 - 2

20
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Solved at midpoint of conduit


<« EPA Level of sophistication

. Steady Flow Routing
2. Kinematics Wave Routing
3. Dynamic Wave Routing

SWMM Hydraulics Reference Manual Equation 3-1

21
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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 
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v EPA > Water Quality - Pollutant Buildup and Wash-off
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““’"
W

washolf
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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

Infiltration Trench

Porous Pavement Vegetative Swale Street Planter

23
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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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SURFACE
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Rainfall ET Runon
Overflow l -
: 11 &N
Surface L,VQ// Infiltratign
—
Soil La f
o Percolation
Storage Layer B
Underdrain |
Infiltration
(B)

ot 0x

dx

(028) o
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Typical bioretention LID, SCM, DUD, BMP
Section 6 of Water quality Reference


<vEPA More Green Infrastructure Subcatchments

m Eu rface

l - Pﬂwt
Sand”
Stnﬁ:ge : Drain®
J\} *Cptional
Green Roof Permeable Pavement

Roof Disconnection
Vegetative Swale =
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Typical bioretention LID, SCM, DUD, BMP
Section 6 of Water quality Reference
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Infiltration

°Ho

F(t,) - ] fode = foty + LT (1 = ek
® Modified Horton

fo = foo + (fo = foo)e et

® Green_Ampt, Modified Green_ Ampt

F
F=K 6,1 (1 )
S+lp5 dn +lp50d

® Curve_Number

1000
Smax =N

Infiltration Editor X
Infiltration Method HORTON v
e MODIFIED_HORTON

MBX. |nfl|. Rate GREEN_AMPT

Min. Infil. Rate MODIFIED_GREEN_AMPT

Decay Constant CUR\'/E-NUMBER

Drying Time 7

Max. Volume 0

Maximum rate on the Horton infiltration curve (in/hr or
mm/hr)

OK Cancel Help
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Richards equation – non linear, need soil permeability and surface tension(soil moisture) 


Green Roof

Porous Pavement Vegetative Swale
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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


- EPA \ LID Studies used for testing

\
-

LID Type Research Organization Location Name of Project

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

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 Washington DOT BioSwale (Maurer 2009)
Transportation, King County, WA
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, Boone Porous Pavement (Wardynski et al. 2013)

Kingston, NC
28
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<vEPA \ Seattle ECO Green Roof Hydrograph

—Observed Inflow —Observed Outflow —Simulated Outflow
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- EPA Goodness of Fit

Coefficient of Determination

R2 Z?:l(oi _ Omean)(Pi _ Pmean)

(\/Z?=1(0i _ Omean)z \/Z?=1(Pi _ pmean)z

Nash-Sutcliffe Efficiency Statistic

Y, (0; = Py)?

N-S=1-
Z'{l:l(Ol — Omean)z

>2
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Hydrograph from UMD Bioswale analysis depicting early
o outflow start-time

—Simulated Inflow —Observed Outflow —Simulated Outflow
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\e’EIDA \ Boone Porous Pavement hydrograph depicting early

outflow start-time

—Observed Inflow —Observed Outflow —Simulated Outflow
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<EPA \“\\ ‘Multi-event Calibration Method

Calibration
NSE
NSE
NSE

NSE

Calibration
NSE
NSE

NSE

NSE

Calibration
NSE
NSE

NSE

NSE

Calibration
NSE

Storm 1 Calibration AVG NSE

Storm 2 Calibration AVG NSE

Storm 3 Calibration AVG NSE

Storm 4 Calibration AVG NSE

33



Model-Independent Parameter Estimation & Uncertainty Analysis

http://www.pesthomepage.org/

Calibration and Uncertainty Analysis
for

Complex Environmental Models

PEST: complete theory and what it means for modelling the real world

John Doherty

34
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How PEST Works

PEST

(Parameter Estimation Software)

PEST is a nonlinear
parameter estimation
package capable of
estimating parameters
for any computer
model. It solves a
nonlinear least squares
problem and minimizes
the differences
between the model's
outputs and field
measurements such as
the calculated and
measured discharges.

PEST adapts to the modei

5/3/2015  Pag.11

Systern information
related to model inputs, use inmodel development

construction

models

Constder

predictions

Adjust parameter
vafueas and model

¥
Iodel(s), Observations
Parameters +— Related to model output.

Use to calibrate model

Compare simulated &
measured values using
objective fiincrion

Evaluate model fit and
estimated parameter values

Predictions

Evaluate predictions and
prediction uncertainty

Societal decisions

https://www.google.com/search?g=parameter+estimation+images&tbm=isch&tbo=u&source=univ&sa=X&ved=2ahUKEwikOdbkzbHe AhVyTt8KHW6TDROQsAR6BAgFEAE&biw=1680&

bih=941#imgrc=FbdsdbiAFfzVvM: J. Doherty 2007
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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












<ZEPA Parameter Estimation Algorithm

Levenberg—Marquardt algorithm (LMA or just LM),AKA damped least-squares (DLS)

https://en.wikipedia.org/wiki/File:Lev-Mar-best-fit.png y =acos(bX) =+ bsin(aX)
BY-SA 3.0, https://en.wikipedia.org/w/index.php?curid=7326407

36



<vEPA

Parameters for a SWMM LID Green

Roof

Parameter

Maximum Freeboard, inches ()

Surface Void Fraction (¢;)

Soil Layer Thickness, inches (D>)

Soil Parameters:

Porosity (¢2)

Field Capacity (Grc)

Wilting Point ( Gw»r)

Plant Available Water (8rc - Owp)

Saturated Hydraulic Conductivity, in/hr (K>2s)

Wetting Front Suction Head, inches (i2)

Percolation Parameter (HCO)

Drainage Layer Thickness, inches (D3)

Drainage Layer Void Fraction (¢3)

Drainage Layer Roughness (713)

Capture Ratio (R.p)

Rainfall ET Runon
Overflow tt @
. !
¢ T s

Infiltratign

Surface Layer/

|
|

Soil Layer |

Per on

Storage Layer

Underdrain

Sk k.

Infiltration
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\etEPA Most Sensitive Parameters

Width (ft.) 7

LID Usage o .
= ost sensitive Initial Saturation 5
7 = least sensitive Porosity 4
Field Capacity 2
Wilting Point 1
. Void Ratio 3

Drainage Mat

Roughness 6



FPA LID Module Performance Summary Table

Average NSE Value Average r? Value

LID Name
Graham Bio-retention 0.86 0.93

Villanova BTl 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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Conclusions

®PEST is a useful tool for parameter estimation

®*SWMM LID can model hydrology with

* NSE ranging from 0.65- 0.94
* R? 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 agsregations
> q Y g8reg
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Questions

}

Simon.michelle@epa.gov
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Urbanization Changes the Hydrologic Cycle

40% evapotranspiration

25% shallow
infiltration
25% deep
infiltration
MNatural Ground Cover

35% evapotranspiration

30%
l l runoff .
HER l [ | IEI

209% shallow
15% deep
infiltration

infiltration
35%-50% Impervious Surface

38% evapotranspiration

" 20%
runoff

21% shallow
infiltration

21% deep
infiltration

10%-20% Impervious Surface

30% evapotranspiration

1
'1

Emmm EmEmm
EEEE EEEE
2R a7ttt
- == G555 R
== unoff, SNSESE2
mm ( ===
=m l l ' l FIEELE
== 888
- i gposs
105 shallow
infiltration
5% deep
infiltration

75%-100% Impervious Surface

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
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<7EPA 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.
Combfnedsewm Outfall pip

Ll toriver

To EEWEQE ! e TR



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


- EPA US Map of Combined Sewer Overflow Agreements
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