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Abstract

The Yahara River Chain of Lakes (RCL), located in central Dane County, WI recently have
experienced flooding (water quantity) and eutrophication (water quality), resulting in negative
outcomes. The objective of this dissertation is to address water quantity, such as appropriate water
levels and flood risk, and water quality atbeaches and streams in the Yahara RCL. The results of
this dissertation are intended to increase our understanding of one of the world’s well-known lake
systems - Yahara River Chain of Lakes. Furthermore, better understanding of how to manage and
improve the Yahara RCL with broader impacts in application to other lake systems throughout the
world is considered.

In Chapter 2, the state of the art Integrated Nowcast and Forecast Operation System (INFOS)
is developed to provide water imformation for the Yahara RCL. The system infrastructure consists
of a web portal to retrieve and display observations that are used to drive models under a high-
performance computing server. Water level and flow information are obtaned from a suite of
models that directly simulates the RCL system. INFOS reliably and effectively models real-time
reverse flows due to sustained wind forcings or seiches, and flow choking due to channel
constriction. Water level planning scenarios provide nsight for lake management to reduce floods
under extreme rainfall events. Overall, INFOS provides reliable and timely water information for
the RCL for sharing to the public, managers, and researchers.

In Chapter 3, sustamability assessment of flood risks from environmental, social, and
economic perspectives in a RCL is performed. The flood assessment framework consists of five
components including compiling data, modeling, mapping, estimating loss, and estimating risk.
The modeled economic impact analysis reveals that the Yahara RCL is susceptible to large loss

(in USD) at high return periods and long storm durations but a large risk at low return periods and



long durations. The results of social impacts show that the risk of people displaced is of concern
at a low return period (10 year) independent of storm duration. From a sustainability viewpoint,
Lake Monona is most at risk than the other lakes, suggesting flood mitigation efforts to improve
Lake Monona would be beneficial. Overall, this chapter illustrates the importance of conducting
flood risks in a RCL which vary depending on storm duration and return period.

In Chapter 4, an nnovative Water Exclosure Treatment System (WETS) is developed and
mstalled to mmimize the occurrence of beach closures due to algae and Escherchia coli (E. coli).
WETS consists of an “exclosure” sub-system with a five-sided polypropylene, barrier that
excludes offshore lake contaminated water from the swimming area. To determine sizing of the
treatment system, evaluate efficiency of UV disinfection, and aid in the design of the mlet and
outlet locations for the pump system, computational fluid dynamics modeling is employed.
Flushing time and Residence time maps are developed, depicting the duration of particles within
the swimming area. Since deployment of WETS, there have been no beach closures issued.
Overall, WETS, an innovative Water Exclosure Treatment System, provides safe, clean water
mside the exclosure for minimizing beach closure.

In Chapter 5, the effect of legacy phosphorus (P) in streams on water quality before and
after dredging stream sediments is assessed. Legacy P in sediments in the stream bed was
discovered based on age and high concentrations of P. Laboratory microcosm and field mesocosm
experiments revealed stream sediments were diffusing legacy P. Water quality response before
and after dredging was evaluated from long term gage station data showing stream dredging
reduced legacy P concentration from previously a source to presently asink of upstream P. Overall,
this chapter shows the important role that legacy P plays in stream sediments and how they can

affect water quality outcomes and be remediated for the future.
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also shown for subsurface sediment 0.15 m deep under anaerobic conditions (green) at
site 1. Microcosms of water only without sediments under aerobic (cyan dashed line)
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Fig 5-6. (a) Total phosphorus and (b) SRP concentrations comparing outside stream water (green),
before dredging in mesocosm (red), after dredging in mesocosm (light blue), and after
dredging with stream water replaced by distilled water in mesocosm (dark blue)...... 143

Fig 5-7. (a) Total P Loading from upstream S1 gage (green) and downstream S2 gage (orange).
(b) Difference of total P release between downstream and upstream gage stations. (¢)
SRP median concentrations for annual (red), growing season (green), and spring melt
[0 L) I3 1S5 0 T PR 145

Fig 5-8. Stream discharge at upstream (purple) and downstream (orange) gage stations (a) before
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1. Introduction

1.1 Background

The Yahara River Chain of Lakes (RCL) is located in Dane County, Wisconsin, USA and
includes five major lakes (Mendota, Monona, Wingra, Waubesa, and Kegonsa) that are fed by
1,345 km? of watershed area. The Yahara watershed land is approximately 67% agricultural but
has a densely populated urban area (state capital, Madison, Wisconsin) and suburban areas. The
Yahara River enters Lake Mendota, links all four lakes, and exits the chain on the western shore
of Lake Kegonsa. Lake levels on Mendota are controlled by Tenney Dam where water is released
into Lake Monona. Lake Monona is surrounded by an urban-dominated watershed. After leaving
Lake Monona, water travels through anuncontrolled natural channel, consisting of a large wetland
complex, to Upper Mud Lake before discharging to Lake Waubesa. The outlet of Lake Waubesa
is at Babcock Dam and releases water through the Lower Mud Lake river-wetland corridor. The
last lake in the chain is Lake Kegonsa which is controlled by the LaFollette Dam and water is
released to the Yahara River which ultimately connects with the Rock River. The Yahara Lakes
are central to Dane County’s identity (Stedman et al, 2007), but recently high lake levels and
deteriorating water quality conditions are concerning (Carpenter et al., 2006). Therefore, it is
critical to understand and implement solutions to reshape and improve the Yahara RCL for current
and future generations.

Flooding in the Yahara lakes has commonly occurred in recent and past years. The top ten
highest water levels recorded for Lake Mendota since 1916 from high to low occurred in years
2000, 2008, 2018, 1993, 1959, 2007, 2004, 1980, 1978, and 1996. Seven of the top flood levels
occurred in the past 25 of 103 years of record. Several factors are responsible for increased flow

into the Yahara RCL. First, climate change has altered hydrological flows and increased the



occurrence of extreme rainfall events (Motew and Kucharik, 2013). According to the Wisconsin
Initiative on Climate Change Impacts, the average annual precipitation in Dane County has
increased by approximately five percent since 1950 (WICCI, 2011). Second, the extent of
urbanization in the watershed has greatly increased and the amount of impervious surface such as
roads, parking lots, and rooftops, reduces the amount of water that infiltrates into the ground and
increases surface water runoff. Specifically, since 1970, the area of urbanized land has almost
doubled from 41,000 acres to 71,000 acres. Third, over 50% of wetlands have been lost in the
Yahara Watershed and drained (Lathrop et al., 1992), increasing the amount of runoff into the
lakes. For delivery of water through the chain of lakes, several flow limitations are witnessed. The
Yahara RCL is flat which limits delivery of water. For example, under normal conditions, the
change in water levels between Lakes Monona and Waubesa is 0.4 feet over 2 miles (0.004%
slope). Other flow limitations in the rivers exist such as narrow river cross sections (e.g. bridge
constrictions) and sediment deposits that result in flow choking (Reimer and Wu, 2016). Also,
aquatic plants cause friction and reduce water flow. In summary, flooding has commonly occured
due to increased runoff into the Yahara lakes and inefficient delivery of water through the Yahara
River.

Water quality conditions in the Yahara lakes have deteriorated since the early 1900s. In the
late 1940s, excessive nutrient inputs (e.g., phosphorus) entered the Yahara Lakes from increased
sewage discharges, fertilizer and manure application, and agricultural and urban runoft (Carpenter
et al. 2006, Lathrop 2007). Large efforts have begun since the 1950s to reduce nutrient loading
and eutrophication (Wardropper et al., 2015) including sewerage diversion, soil erosion control,
storm water management, agriculture nutrient management plans, and wetland restoration

(Lathrop 2007). Recently, several government and environmental organizations have increased



public awareness of the state of the Yahara Lake eutrophication issues and advocated for
sustainable policy actions. While policy and practice implementation have been made to reduce
nutrient inputs to the Yahara Lakes, elevated levels of nutrients from long-term legacies remain in
the Yahara Lakes and Watershed (Betz et al., 2005; Gillon etal., 2016; Lathrop 2007).

The results of this dissertation are intended to increase our understanding of water quantity
and quality of one of the world’s well known studied lake systems —the Yahara River Chain of
Lakes. Furthermore, better understanding of how to manage and improve the Yahara RCL and
apply to other lake systems throughout the world is an important goal. Specifically, in this
dissertation, knowledge gaps for improving water quantity (flooding) and quality (nutrients) in the

Yahara Lakes are identified by the following questions:

1 First, how to model water level fluctuations and flooding to provide effective and
timely water information in the Yahara Lakes? In recent years, timely water
information obtained from nowcast and forecast systems have become more
popular due to research, public, and management needs. Recognizing the
importance of water level fluctuations, several advancements have been made in
developing forecasts in the Great Lakes (Schwab and Bedford 1995), rivers
(Baptista et al., 1998; Schmalz, 2011), estuaries (Lanerolle et al., 2011; Wei and
Zhang, 2011), and oceans (Aikman et al. 1996). While great progress has been
made in developing online systems for rivers, estuaries, or oceans, there has not
been attention in literature towards onlne water level fluctuations and flow

dynamics in a RCL system.
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Second, what are the flood risks from environmental, social, and economic
perspectives in the Yahara RCL? Managing water levels in the Yahara Lakes are
often debated (Isthmus, 2007). Nevertheless, achieving targeted water levels for
each lake in a RCL during flooding is challenging and controversial to meet
environmental, social, and economic concerns (Nyberg et al, 2014). No
information is available for flood risks considering these three perspectives in the

Yahara RCL.

Third, how to provide safe swimming water conditions in the event of poor water
quality conditions (e.g. algae andE. coli) that threaten beachesin the Yahara Lakes?
Beaches provide well-being of local residents for swimming opportunities and
boost economies from tourism (Englebert et al., 2008; Houston, 2008; Wheeler et
al, 2012; Ashbullby et al., 2013). Nevertheless, poor water quality at beaches can
cause health threats or illness problems along shorelines for swimmers or
recreational users (Patz et al., 2008). Cyanobacteria and E. coli bacteria are two
main causes that pose a great health risk to recreation users in the Yahara Lakes.
When elevated levels are measured, the current protocol is to issue a beach closing.
The beach may remain closed from 1 day to several months preventing users from

swimming with little attention paid to minimize the duration of beach closures.

Lastly, how to assess the impacts of legacy phosphorus in streams on water quality
and evaluate dredging for reducing phosphorus? Legacy phosphorus, often

referred to as accumulated P in agricultural soils, can deteriorate water quality and



be remobilized or recycled as a continuous source to downstream surface waters
for years, decades, or even centuries (McDowell et al, 2002). Reduction of
nonpoint source pollution from wuplands is successfully addressed by field
management practices (e.g., cover crops, no tillage, fertilizer reductions) and
watershed management practices (e.g., converting land use, creating detention
ponds, and meandering stream networks). Nevertheless, the intent of reducing load
downstream by these practices results in P accumulation, leading to erosion and
diffusion of legacy P as an unintended source. As a result, legacy P may mask or
buffer load reductions and remediation of legacy P has yet to be addressed in the

Yahara Lakes.

1.2 Research objectives

The aims of this dissertation are to address flood risks and present solutions to improve

water quality in the Yahara chain of lakes. Specifically, four overarching objectives of this

dissertation are as follows:

1)

2)

3)

4)

Develop and provide real-time water information including of a RCL system for
effective and timely water level management to the public, managers, and researchers.
Examine flood risks from environmental, social, and economic perspectives in a river
chain of lakes.

Test an innovative Water Exclosure Treatment System (WETS) to reduce beach
closures from cyanobacteria and E. coli bacteria originating from either offshore or
onshore.

Investigate impacts of legacy phosphorus in streams before and after dredging stream

sediments.



1.3 Outline of the dissertation

Chapter 2 aims to characterize water level fluctuations and provide timely water
information in Yahara Lakes. Specifically, the Integrated Nowcast and Forecast Operation System
(INFOS) is developed to provide reliable and timely information for the Yahara RCL for sharing
information to the community, planning for water use and delivery, and management. The system
infrastructure comprises a web portal to retrieve and display observations that are used to drive
models under a high performance computing server. Water level and flow information are obtained
from a suite of models that directly simulate the RCL system. Two key contributions of this chapter
are: first, a new data assimilation technique based upon flow routing algorithm and a nested-mesh
domain reduction is developed to update the Manning’s roughness. Second, INFOS provides real-
time water level information in a RCL for the first time. Chapter 2 was published in Journal of
Water Resources Management (2016).

In Chapter 3, the objective is to present a sustainability assessment of flood risks from
environmental, social, and economic perspectives in a RCL. A flood assessment framework
consisting of five components including compiling data, modeling, mapping, estimating loss, and
risk is employed to characterize sustainability. Flood risk is shown to have different environmental,
economic, and social impacts depending on storm duration and return period (rainfall amount).
The key contribution of this chapter is revealing the unrecognized flood risks from a sustainability
perspective and how they are influenced by rainfall amounts and duration. Chapter 3 is in
preparation to be submitted to Science of the Total Environment.

Chapter 4 aims to test the hypothesis that that an innovative Water Exclosure Treatment
System (WETS) can prevent algal scums and reduce beach closures from cyanobacteria and E.

coli bacteria originating from either offshore or onshore mn inland lakes. WETS consists of an



“exclosure” with a five-sided polypropylene, barrier that excludes offshore lake contaminated
water from the swimming area. Inside the exclosure, water is pumped to a portable filtration-
ultraviolet treatment sub-system. Computational fluid dynamics modeling with a Lagrangian
particle-tracking method are employed to determine sizing of the treatment system and reveal the
residence time for the duration of particles within the swimming area. In this chapter, the key
contribution is the development of an innovative Water Exclosure Treatment System to provide
safe, clean water inside the exclosure for minimizing beach closures. Chapter 4 was published in
Science of the Total Environment (2019).

In Chapter 5, the objective is to investigate impacts of legacy phosphorus in before and
after dredging stream sediments in an agricultural watershed. Before stream dredging, microcosm
experiments in the laboratory were performed to measure P diffusion into the stream water. After
stream dredging, mesocosm experiments in the field were conducted to evaluate reductions in P
concentrations. Overall water quality response before and after dredging was evaluated from long
term gage station data. The key contribution of this chapter is to evaluate legacy P and reveal water
quality improvements due to removal of legacy P from stream dredging. Chapter 5 is in preparation
to be submitted to Journal of Environmental Management.

Lastly, in Chapter 6, a summary and recommendations for future work are presented.
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2. Development and Application of a Nowcast and Forecast System Tool for

Planning and Managing a River Chain of Lakes

The following has been published in Journal of Water Resources Management
Reimer, J.R., Wu, C.H., 2016. Development and Application of a Nowcast and Forecast System

Tool for Planning and Managing a River Chain of Lakes. Journal of Water Resources
Management. 30:1375-1393.

2.1 Introduction

Planning and managing a river chain of lakes (RCL) is a challenging task that requires the
consideration of public interest for each individual lake and the chain of lakes among several
municipalities and entities. Oftentimes, “correct” lake level orders are continuously debated,
particularly in high water flooding or low water drought periods. Different from a river chain of
reservoirs that usually are controlled by hydraulic structures, e.g., sluice gates, dams, weirs, or
culverts (Afshar et al., 2011; Fallah-Mehdipour et al., 2013), a RCL, defined here, is connected
with rivers with or without hydraulic control structures. If episodic storms or sustained droughts
happen, the lake level orders, usually setby regulatory agencies, cannot be complied due to larger
watershed runoff into the lakes greater that can be delivered through the RCL. As a result, better
predicting the response of a RCL will provide timely information to release an appropriate amount
of water from upstream lakes during certain time duration to downstream lakes for effective
planning and management of an RCL.

Several factors affect the response of a lower gradient RCL system that can determine the
overall water levels of lakes and discharge capacity in rivers. For the connected rivers, backwater
caused by the downstream lakes influences the release of water from the upstream lake. Channel

narrowing due to bridges create flow constriction (Hunt et al., 1999; Kaatz and James, 1997) or
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flow choking (Sturm, 2001). Seasonal aquatic plant density in the connected channel can vary
friction, affecting channel-conveyance capacity (Kowen and Fathi-Moghadam, 2000; Tsihrintzis
and Madiedo, 2000; Green, 2005). For lakes, rainstorms can cause each lake to rise at different
rates due to varying lake sizes and watershed characteristics. In addition, storm-induced water
levels due to wind can push water towards one end of the lake, which can impede river discharge
and even cause reverse flow. Peters and Buttle (2010) showed that the outflow obstruction of lakes
within a river-lake-delta system canact as a ‘hydraulic dam’, temporarily leading to reverse flow.
To address the complex response of an RCL system due to several factors mentioned above,
reliable and timely water information is crucial.

In the recent years, timely water information obtained from nowcast and forecast systems
have become more popular due to research, public, and management needs. Recognizing the
importance of water level fluctuations, Schwab and Bedford (1995) first developed a hindcast and
forecast online system for the hydrodynamics in the Great Lakes. Afterwards, substantial progress
on online web infrastructure has been made to characterize the ocean and estuary environment,
e.g., the East Coast Ocean Forecast System (Aikman et al. 1996); the Tampa Bay Operational
Forecast System (Wei and Zhang, 2011); Delaware River and Bay Operational Forecast System
(Schmalz, 2011); Chesapeake Bay Operational Forecast System (Lanerolle et al., 2011); and the
Columbia River estuary (CORIE) nowcast and forecast system (Baptista et al., 1998). For riverine
environment, the NWS River Forecasting System (NWSRFS) has been used by National Oceanic
and Atmospheric Administration (NOAA) National Weather Service to issue forecasts for the
nation’s major rivers over the last thirty years. In NWSRFS, hydrologic and hydraulic models are
used to calculate runoff (watershed overland flow) and channel routing processes to produce flood

outlooks (Day, 1985). Due to the limited capability in forecasting ability, a new operational
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nfrastructure, known as the Community Hydrologic Prediction System (CHPS), was recently
advanced by Roe et al. (2010). CHPS employs the Delft Flood Early Warning System (FEWS)
that combines the U.S. Army Corps of Engmneers (USACE) hydrologic and hydraulic models.
Nevertheless the connection between hydraulic river routing and reservoir/lake modeling is still
lacking. Taking the advantage of flexible unstructured grids, Anderson etal (2010) developed the
Huron to Erie Connecting Waterways Forecasting System (HECWEFS) to provide real-time
discharge and water level information on Lake St. Clair and the St. Clair River. In view of the
great progress in developing online systems for rivers, estuaries, or oceans, to date little attention
has been paid to obtain online water level fluctuations and flow dynamics mn a RCL system.
Several modeling approaches are available for predicting discharge and water level
changes for a RCL system. Rating curve models have been commonly used to estimate river
discharge based on waterlevels (Fread, 1975). However, backwater or unsteady flow due to floods
and flow reversal complicates the development of rating curve models (Herschy, 2009) and often
requires continuous field measurements to correct rating curves that may not be timely for water
level management decisions. A lumped hydrologic water balance model was used to determine the
appropriate amount of water released through hydraulic structures to meet the regulated target
water levels (Krug, 1999). Water balance models may be timely; however, hydraulic river process
including flow constrictions and backwater could not be addressed. To remedy this issue, a one-
dimensional hydraulic river model was employed to connect each lake treated as a reservoir with
a control gate. Nevertheless, reverse flows caused by downstream lake motions (i.e. hydraulic dam
effects) cannot be simulated. Twigt et al., (2009) proposed to couple a two-dimensional lake model
with a one-dimensional river model for a RCL system but special care for matching the boundaries

between of two models is required (Lai et al. 2013). One approach is to use one-way nesting by
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passing output of a river model to a lake model (Steinebach et al., 2004); but this approach can
mtroduce conservation errors due to different mass or momentum exchanges between the models.
Another approach is to simultaneously employ river and lake models without matching boundary
conditions (Fernandez-Nieto etal., 2010). Nevertheless the time steps required for each model can
be different, which could lead to computational stability issues (Morales-Hernandez et al., 2013).
To date, there has been no attention paid to reliably predict real-time reverse flow for RCL with
controlled hydraulic structures, as far as the authors are aware.

The overall objective of this paper is to provide real-time water information including water
level and discharge of a RCL system. Specifically, we incorporate a new data assimilation
technique to an Integrated Nowcast and Forecast Operation System (INFOS) that can
automatically retrieve real-time observations and drive models under a high performance
computing server. Accuracy and efficiency of the INFOS are carefully compared and examined.
Outcomes of INFOS are used for sharing information to the community, planning for water use

and delivery, and managing water levels in an RCL system.



2.2 Material and methods

2.2.1 Study site
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Fig 2-1. The Yahara River chain of lakes study site located in the state of Wisconsin, United

States.

The Yahara RCL, located in Dane County, Wisconsin, is made up of a chain of lakes

including Cherokee, Mendota, Monona, Upper Mud, Waubesa, Lower Mud, and Kegonsa
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connected in between lakes by approximately 18 km of river (Fig 2-1). The RCL system is not a
supply for drinking water or agriculture use, but does provide recreation purposes and ecological
services. The Yahara RCL is a mixed system featuring natural channels and several bridges that
narrow river cross sections. In addition, there are three human-operated control dams. The Yahara
River nflow enters Cherokee Lake and discharges mto Lake Mendota through a narrow channel
at Highway 113 Bridge, which causes backwater flow. Due to the flat gradient between Cherokee
Lake and Lake Mendota (i.e., the bottom slope is less than 0.002%), flow reversals with flow rates
up to 14.2 m3/s can occur. According to the USGS station (05427850) atHighway 113, five reverse
flow events greater than 14.2 m3/s occurred over a five year period from 2008 to 2012. At Lake
Mendota, the water level is controlled by the Tenney Dam, which raised the original water level
by 1.4 meters after its construction in 1847. Water released from Lake Mendota enters Lake
Monona, travels through the uncontrolled natural channel to the Upper Mud Lake, and eventually
reaches Lake Waubesa whose water level is controlled by the Babcock Dam. After the dam, the
water flows along the Lower Mud Lake river corridor featuring the Native American fish weir and
historic corduroy log bridge. Under high water levels, both native and historic features are
submerged to cause flow restriction. Furthermore, seasonal aquatic plant growth and flow reversal
between Lake Waubesa and Lake Kegonsa inhibit water delivery. To mitigate the flow restriction
along the river, plant harvesting is regularly performed during the summer season which is
accounted for in the modeling using a time Manning # friction coefficient. Due to the wind setup,
reverse flows are frequently observed at the location before the water from the river enters Lake
Kegonsa. Finally the water level at Lake Kegonsa is controlled by the LaFollette Dam. Overall,
this complex mixed natural-manmade system presents several challenges to meet the regulated

target water levels (Table 2-1). Dane County Land & Water Resources (DCLWRD) is charged to
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manage the water levels for the chain of lakes through the operation of dam control structures to

deliver water from upstream to downstream.

Table 2-1. Regulatory levels for the Yahara Lakes (elevation in meters above mean sea level,

NGVD29)
Lake Name Annual Summer Minimum Winter Minimum 100-Year Flood
Maximum (March-October) (November-February) Elevation
m, (ft) m, (ft) m, (ft) m, (ft)
Mendota 259.11 (850.10) 258.96 (849.60) 258.53 (848.20) 259.94 (852.80)
Monona 257.62 (845.20) 257.47 (844.70) 256.71 (842.20) 258.38 (847.70)
Waubesa 257.56 (845.00) 257.41 (844.50) 256.64 (842.00) 258.17 (847.00)
Kegonsa 257.10 (843.50) 256.95 (843.00) 256.60 (841.85) 257.62 (845.20)

2.2.2 Nowcast and Forecast System
2.2.2.1 Components

Three major components for INFOS are observations, modeling, and high performance
computing server (Fig 2-2). Observations include the United States Geological Survey (USGS) for
surface water level and discharge data, as well as NOAA, UW-Madison Atmospheric Oceanic and
Space Sciences (http//metobs.ssec.wisc.edu/aoss/), and the Lake Mendota buoy
(http//metobs.ssec.wisc.edu/buoy/) for meteorological data. Supplemental water level stations,
using in-situ water level loggers with an accuracy of 0.1%, and rain gauges with accuracy of 1%,
are also added for further calibrating models. Webcams, installed at Lake Mendota, the Babcock
Dam, and LaFollette Dam, are used for management of lake levels to observe real-time

environmental conditions and visual observations of water levels and obstructions to flow that

need attention.
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Fig 2-2. INFOS Infrastructure consisting of observations, modeling, and a high performance
computing server.

The infrastructure of INFOS consists of a suite of integrated models in INFOS (Fig 2-2)
that features hydrologic process for runoff, hydraulic river flows and water levels, and lake
hydrodynamic circulation and temperature. In the Yahara RCL system, there are fifteen tributaries
where only certain tributaries contain a gauge station. The hydrologic model is used to provide
ungauged stream and storm sewer discharge. At present time, the Soil Conservation Service

dimensionless unit hydrograph (Mockus, 1972, Yenetal.,, 1997) is employed by relating watershed
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characteristics, e.g. shape, size, and slope, with rainfall properties like storm pattern, duration, and

amount with peak flow rate (m?/s)

()

where g, is the peak flow rate (m3/s), 4 is the drainage area (km?), R is the total runoff depth (cm),
T, 1s the time to peak (hr), K is constant of 2.083. Even though the unit hydrograph method has
been developed since Sherman (1932) it is still being applied and adopted today (Bhuyan et al.,
2015). An example of real-time results of the integrated hydrological model can be found at
http//www.infosyahara.org/monona. Overall, the hydrologic model serves to provide the water
budget of each lake, which is then used for hydraulic/hydrodynamic modeling.

A hydrodynamic model is implemented to provide linkage between lake circulation and
river hydraulic flow for the Yahara RCL system. Specifically, the Finite Volume Coastal Ocean
Model (FVCOM) is utilized, developed by Chen et al. (2003) for modeling estuaries and oceans
(Weisberg and Zheng, 2006; Chen et al, 2008). The hydrodynamic model solves the continuity
equation (Eq. 2), horizontal momentum equations (Eq. 3 and Eq. 4), vertical hydrostatic pressure
equation (Eq. 5), and temperature equation (Eq. 6) on horizontal unstructured meshes with a

vertical sigma coordinate system as follows
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where u, v, and w are velocity components (m/s) in the x, y, and z the Cartesian coordinates,
respectively; 7 is temperature (°C), p is density p, is reference density (kg/m’); P is pressure
(N/m?); fis the Coriolis parameter (//sec) ; g is gravitational acceleration (m/sec?); K, is vertical
eddy viscosity coefficient (m?/sec); K}, is thermal vertical eddy diffusion coefficient (m?/sec); F,
and F, are horizontal momentum diffusion terms (m/sec?); and Fr is horizontal thermal diffusion

term (°C/sec). The bottom boundary condition for the momentum equation is

ou oOv 1
o iy P 7
m(az 6zj po ( bx by) ( )

2
where (rbx,rby)zpog#CD u’ +v? (u,v) are the bottom stress (N/m?) in the x and y

components; D is water depth (m), and » is the Manning’s roughness. The choice of the Manning
roughness coefficient plays an important role in simulating reverse flows, seasonal evolution of
aquatic plants, and the heterogeneity of bottom morphology (i.e. boulders, submerged weirs, and
the historical submerged bridge).

The domain for the hydrodynamic model is determined by the following two steps. First,
merging land topography measured from LIDAR with a vertical root mean square error of 24.7 cm
at 95% confidence interval (Ayres Associates, 2010) and underwater bathymetry measured from
an acoustic sub-bottom profiler with a vertical resolution of 1.8 cm, within 1% of the measurement
range as described in Lin etal., 2009. Second, the 100 year floodplain is mapped to define the size
of the model domain. The LiDAR data describes floodplain storages and connectivity to the rivers
and lakes (Teng et al, 2015) applying a flooding/drying technique (Chen et al. 2008). To

mcorporate dams, an internal boundary condition is used, instead of separating the river chain of
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lakes into different portions (Fread, 1978). Specifically, the discharge for the unstructured mesh
elements intersecting the dam are replaced by the discharge of dam delivery curves, obtained from
historical measurements of known gate heights and lake stage. Finally, discharge at the dam is
obtained based on the gate opening height as an input. Flexible, unstructured meshes are employed
to characterize different sizes of the lakes and rivers. The meshes are designed to have smaller
sizes (~5m) in rivers and larger sizes (~100m) in lakes, allowing for accurate representation of the
river hydraulics and reliable characterization of lake circulation. The sizes of meshes are
determined by the balance of computational cost and resolution of flow resolved. Fig 2-3 shows
the unstructured meshes with 17,565 meshes and 10,340 nodes in the Yahara RCL. The meshes
overlay the water surface including the river chain of lakes and land surfaces including the 100
year floodplain. The multi-scale of meshes, ranging from 5 meters in the rivers to 100 meters in
the lakes, maintains optimal number of meshes, thereby greatly reducing model computational cost

on the whole domain of the Yahara RCL system.
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A new data assimilation technique, different from Hsu et al. (2006), is developed in this
paper to update the dynamic Manning roughness coefficient » n INFOS modeling. Two
approaches are discussed here and compared. The first approach is based upon several flow routing
algorithms including the steady state equation (Eq. 8), diffusive wave equation (Eq. 9), and fully

dynamic wave equation (Eq. 10), (Chow 1959, Quinn and Wylie, 1972, Akan 2006), as follows:

2/3 1/2
| _AR QSO )
B 4/3 2 12
e e L ©
_gQ|Q| A ) ox
[ 5473 2 12
C_| AR (180 20T0h [ Q°T)\oh
g0l \aa 4 o 5T 4 Jax

(10)
where A4 is cross sectional area (m?), Q is observed real-time discharge (m°/sec), R is hydraulic

radius (m), T is top width of the cross section area (m), & is the water level (m), and S, is river

o0

bottom slope. For the dynamic wave equation, the unsteady terms o and ?are obtained from
t t

the real-time observations at and previous time step values. The second approach is based upon a
nested mesh to reduce computational domain. For example, three sizes (i.e., I, II, and Il in Fig 2-
3) of nested computational domain are employed. The procedure for the two-way nested approach
starts with a global domain for the Yahara RCL, yielding water level boundary conditions at
upstream and downstream locations of a nested domain. Afterwards, the water level and velocity
field within the nested domain are computed. The Manning roughness 7 is thereby updated using

one of three Eqns (8), (9), or (10), and is feedback to the global computational domain for the next
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step simulation. Details of the two different approached will be compared and discussed in the
result section.

A high performance computing (HPC) server was used to efficiently perform data storage,
processing, archiving, and display. Specifically the server utilizes Rocks Cluster 6.0, an open-
source Linux cluster distribution capable of scalable and parallel computing. The serveruses AMD
Opteron 3.2 GHz Processor and consists of 64 Central Processing Units (CPUs). Model input data
is temporarily stored on the server for model simulation. Afterwards, each model simulation runs
in parallel mode with 8 CPUs. In the modeling configuration, the time ratio of run time to modeled
time is 1:72. Modeling results and observations are processed using Mathworks-Matlab and Perl
scripts in the forms of JavaScript Object Notation (JSON), American Standard Code for
Information Interchange (ASCII) text files, comma separated value (CSV) files, and Google
Keyhole Markup Language (KML or zip format KML known as KMZ). Data produced from
modeling and observations are archived to the server for the use of historic and future water
planning and management scenarios. The webserver is provided by Apache HTTP Server Project.
The display is written in combined codes including HyperText Markup Language (HTML), Adobe

Flash, JavaScript, and Google Maps JavaScript APIL.

2.2.2.2 Functions

Three functions, including hindcast, nowcast, and forecast, are incorporated in the INFOS.
The hindcast function in INFOS is used to calibrate the hydrologic and hydrodynamic models and
provide historical information of the Yahara RCL system. For the nowcast/forecast functions,
previous/current observations including water levels, discharge, and meteorological data are

required. Wind data obtained from the Lake Mendota buoy and weather stations is interpolated by
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mverse distance weighted method over the model domain. Tributary discharge is obtained from
real-time gauge stations or the hydrologic model with a time interval of 5 minutes. To reliably
predict flow in the current condition, we develop a new data assimilation technique to adjust river
roughness parameters based on observed water levels as targets to account for reveres flow. For
the forecast function, the roughness parameters are assumed the same as those in the nowcast
mode. Predicted precipitation amounts from the National Weather Service (NWS) are prescribed
mto the hydrologic model to estimate future tributary lake inflows. To address various time
intervals used in models, the 5-minute tributary flows and 1-minutes weather observations are
linearly mterpolated to prescribe to the hydrodynamic model with a time step of 0.6 seconds. The
hydrodynamic model projects 24-hour prediction of lake water levels and river discharges with the
purpose of providing flood outlooks or warnings. The nowcast and forecast functions provide

crucial water information for managing the Yahara RCL system.

2.3 Results and discussion
2.3.1 Flow reversal

Lake currents driven by winds are responsible for mixing and transport of nutrients or
chemicals (Gardner et al., 2006, Moskalsi et al., 2011). In the low gradient of the Yahara RCL,
flow reversals caused by winds are frequently observed. For example, a southern wind can push
the water toward the northern shore of Lake Mendota, causing the downstream water level higher
than the inlet of the Yahara River to yield flow reversal. If the direction or magnitude of the wind
changes, the water level fluctuates and sways back and forth. This is called seiches, first termed
by the Swiss hydrologist Frangois-Alphonse Forel n 1890 (Darwin, 1898). These oscillations of

water with periods, depending on the size of water body, interact with the river flow and temporally
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cause flow reversal. For example, the type of flow reversal has been commonly found in an
estuary-delta environment like Delaware Bay (Moskalsi et al., 2011) and the Slave River Delta
(Gardner et al., 2006). Seiche events reverse river flows which can result in upstream flooding of
lagoons and wetlands as well, which is the case on River Murray, Australia (Webster etal., 1997).
On the Yahara RCL, lake seiches can reverse flow from the Yahara River daily. Based upon the
water level records at the Highway 113 on Lake Mendota (USGS 05427850 gauge, Fig 2-1), the
occurrence of flow reversals ranges from 1 to 5 times per day over the ten-year period from 2003
to 2013. As a result, the ability on measuring and modeling flow reversals, influenced by
meteorological wind forcing and opposing hydraulic flows, is crucial to address the overall inflow
from the Yahara River to Lake Mendota.

Two types of flow reversals are identified at the Highway 113. First, wind-forcing can
induce reverse flow. As shown in Fig 2-4, a south wind of 8.5 m/s sustainably blew across Lake
Mendota from 14:00 to 18:00 on 7/25/12, creating the wind setup on the north side of lake to cause
flow reversal up to -5.66 m3/s. The strength of the reversed flow depends on the magnitude of the
wind stresses. As soon as the wind decreased,the wind setup also became smaller and flow reversal
disappeared. In contrast to the sustained reverse flow, the second type is transient reverse flow
caused by seiching. On the same day, the wind direction changed to be northerly, which is in the
same direction as the incoming flow at 22:00 and thus the water level on the southerly end of the
lake was raised. As the wind decreased gradually, the water level imbalance in Lake Mendota
forced the water to slosh back to the north, creating seiches with an approximate 25 minute period
of repeated transient reverse flow events with magnitude up to 7.0 m3/s until 3:00 on 7/26. To
compare with the theoretical period of a seiche in an enclosed body of water, Merian’s formula

(Merian, 1828, Proudman, 1953) can be applied:
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where T'is the longest natural period (sec), g the acceleration of gravity (m/s?), and L and /4 are the
length and the average depth of the body of water (m), respectively, is used. The theoretical period
of seiches for Lake Mendota is estimated to be 27.1 minutes, further supporting the common
occurrence of this type of flow reversal. In the past, modeling dynamic flow reversals, influenced
by meteorological wind forcing and opposing hydraulic flow, has been challenging due to the
difficulties in parameterizing the Manning roughness coefficient to address high frequency water

level fluctuations and flow direction changes.
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Fig 2-4. The time series of (a) wind field, (b) water level, and (c) discharge for the Yahara River
inflow at Highway 113. The shadow zones delineate two reverse flow events.

In this paper, a new data assimilation technique for accurately simulating flow reversal is
developed. Results of the two approaches (i.e. flow routing algorithm and nested-mesh domain
reduction), described previously, are shown here. Table 2-2 summarize results using three flow

routing algorithms based upon steady state Manning’s equation, diffusive wave equation, and
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dynamic wave equation to simulate flow reversals at Highway 113 on Lake Mendota. In comparing
with constant Manning roughness without data assimilation, the daily average iterations on July
25, 2012 1s 12 times using the steady Manning equation, greater than the 7 times based upon the
diffusion and dynamic equations. For the computational cost, a 3-day simulation period is used
here. It is found that the run time for the diffusive and dynamic equations is 1.44 and 1.45 hours,
respectively, versus 2.40 hours using steady state Manning equation. The results indicate that the
average iteration number for the diffusion and dynamic wave equations is the approximately the
same; and the root mean square deviation (RMSD) for the dynamic wave equation algorithm is
further reduced. Fig 2-4 shows the two types of flow reversals are well resolved by the dynamic
wave equation algorithm (blue solid line) with the local and convective accelerations, which are
absent from the steady Manning equation (green solid line) and diffusion wave equations (orange

solid line).

Table 2-2. Comparison of algorithm and domain approaches on number of iterations, statistical

results (R?), and computation speed.

Discharge . .
Approach Case I\Itr;?ieornzf RMSDg 3 Dgursll,r[niﬁzmn Computation Speed
(m3/s)

None None 0 1.73 0.91 hr 1:78.6
Algorithm Manning's 10 1.08 2.40 hr 1:30.0
Algorithm Diffusive 7 0.41 1.44 hr 1:50.1
Algorithm Dynamic 7 0.23 1.45 hr 1:49.8

Domain I 7 0.23 1.20 hr 1:60.2
Domain 11 7 0.23 1.04 hr 1:69.4
Domain 111 7 0.23 1.00 hr 1:72.1
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The computational efficiency is further addressed by the second approach based upon a
nested-mesh domain reduction. Table 2-1 shows the computational time linearly decreases for the
three nested domains (Fig 2-3) using the dynamic wave flow routing algorithm approach. Itis also
noted that the reduction of the nested domain does not affect RMSD for the three domains,
indicating the efficiency and effectiveness of the new data assimilation technique. Similar flow
reversal at the inlet of Lake Kegonsa (Fig 2-1) is also modeled using INFOS with the data
assimilation technique with a 1:90 computation speed with a nested domain and dynamic flow
routing algorithm but not shown here for brevity. Overall, it is demonstrated that the INFOS model
based upon the new data assimilation technique for obtaining Manning roughness coefficients can
reliably and effectively model real-time flow reversals, which have not yet been appeared in the

literature as far as the authors are aware.

2.3.2 Flow choking

In open channel hydraulics, specific energy is defined as energy head relative to channel
bottom, or the sum of the water depth and velocity head (Bakhmeteff in 1932). For flow to pass a
channel section, a minimum specific energy is needed (Sturm, 2001). Ifthe flow does not have the
minimum specific energy needed to pass a channel section, it would adjust itself to increase the
specific energy, decrease the discharge, or both. This is often referred to as flow choking (Sturm,
2001). Flow choking canoccur due to a constriction caused by narrowing river widths, rise in bed
elevation, or both that influences the upstream flow and/or water level (Henderson, 1966). In this
paper, the authors employ the INFOS model for flow choking that occurs among 10 of the 14

bridge constrictions along the Yahara River. Specifically, the Railroad Trestle constriction (Fig
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2-1) that connects Lake Monona and Lake Waubesa is presented. The finding is critical for future
decisions regarding widening the channel at the Railroad Trestle.

Two cases are presented to examine if specified flow rates can be passed through a narrow
channel width (i.e. 26 m) of the Railroad Trestle under the summer minimum waterlevel of 257.41
m (NGVD29) at the downstream, Lake Waubesa. Depending on the condition at the Railroad
Trestle, the upstream water level (Upper Mud Lake) may adjust itself or maintain the same flow
condition. First, for a flow rate of 5.66 m?/s (200 cfs), Fig 2-5a shows the water depth (referenced
to summer minimum water level in NGVD29) versus specific energy diagram, obtained from the
INFOS model. Three cross sections are examined here. At the upstream of the Trestle (pont G),
the channel width is 405 m, yielding the discharge per unit width ¢ = 0.014 m?/s and the water
depth of 0.55 m. At the Trestle (point H), the cross section becomes narrower with a width of 26
m, yielding g =0.222 m?/s. The water depth drops to 0.51 m under the same specific energy (0.54
m). At the downstream of the Trestle (point 1), the cross section becomes wider with the channel
width of 45 m, yielding g = 0.125 m?/s. The water depth increases up to 0.53 m. Overall the flow
can pass from the upstream G, through the Trestle H, and to the downstream I, indicating the
feasibility of operating to 5.66 m?/s discharge condition without choking to alter the specific
energy. Fig 2-5b shows the corresponding water surface profile. To compare the modeled water
surface profile (solid line), the normal depth (dashed line) is plotted, computed from the Manning’s
equation. The modeled water profile is greater than the normal depth indicating an M1 water
profile. At a distance of 0.3 km the modeled and normal depth profiles intersect the so-called long
channel. The mtersection indicates that the Railroad Trestle does not impact water levels on Lake

Monona under the 5.66 m3/s flow condition.
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For the second case, a higher flow rate 11.32 m3/s (400 ft3/s) is set with the same summer
minimum water level at the downstream, Lake Waubesa. Using the INFOS modeling, Fig 2-5c
shows the modeled specific energy diagram versus water depth under this condition. At the
upstream G, the iitial water depth is 0.55 m and the specific energy is 0.56 m with the discharge
per unit width ¢ =0.028 m?2/s. To reach the Trestle H with the discharge per unit width g = 0.446
m?/s, the minimum  specific energy is around 0.61 m, which is larger than that of G (0.55 m). As a
result the flow does not have the mmimum specific energy to pass through the Trestle, causing the
flow choking to occur. The specific energy is raised to 0.61 m at G’, in which the water depth is
also elevated to 0.61 m. After passing the Trestle, the widening cross section at I yield the water
depth to decreases to 0.58 m under the discharge per unit width ¢ = 0.251 m?/s, still equivalent to
total flow rate of 11.32 m3/s. Fig 2-5d shows the water surface profile from Lake Monona (0 km)
to Lake Waubesa (3.2 km). At a distance of 2.9 km (Point G’), an M1 water profile curve would
form, followed by a water drop through the Railroad Trestle. In this mild channel, the normal depth
line (dashed line) does not intersect with the modeled water surface profile (solid line), yieldng a
so-called a short-channel condition between the Trestle and Lake Monona (Akan, 2006). Since the
choke occurs at the Railroad Trestle, an increase in water depth upstream of the Trestle would
propagate through the short connecting river, which would impact the water level in Lake Monona.
Overall, the two cases for examining flow choking are successfully addressed, demonstrating the

capability of the INFOS model to provide real-time choked flow conditions.
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Fig 2-5. (a) The specific energy diagram at the upstream (light gray line), downstream (dark gray
line), and the Railroad Trestle (black line) for Q = 5.66 m?/s; (b) The modeled water
surface profile (solid line) and normal depth (dashed line) from Lake Monona at distance
= 0 km to the Railroad Trestle at distance = 2.9 km; (c¢) Same as (a) except for 11.33 m’/s
discharge; (d) Same as (b) except for Q = 11.33 m?/s.

2.3.3 Planning of water levels in the RCL

Planning scenarios for plausible circumstances to create the desired water level of each
lake are employed. These scenarios are examined through the aid of INFOS lake-river modeling
for an example for water levels on Lake Monona that are prone to flooding due to several extreme
rainfall storm events in June 2008. The storm caused tremendous damage and economic loss of

$77.9 Million in Dane County (County of Dane Emergency Management, 2014). Water release
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from Lake Monona travels through an uncontrolled river channel with a narrow cross section at
the Railroad Trestle. During flood periods with high flow, choking can occur (Fig 2-5) so as to
block the flow release and increase the water level in Lake Monona. The regulatory maximum
water level orders, listed in Table 2-1, for Lake Monona and Lake Waubesa are 257.62 and 257.56
meter, respectively. Between the two lakes, 0.06 meter difference in water levels is regulated.
Nevertheless, there was 0.21 meter of water level difference between the two lakes for
approximately half of a month.

Previous studies for reducing water levels include the use of wetlands (Tsihrintzis et al.,
1998), dams (Montaldo et al, 2004, Onusluel et al, 2010), and levees (Gergel et al, 2002;
Castellarin et al., 2011). In this paper, the authors address this issue by altering downstream river
geometries due to limitations (e.g., private ownership, permitting) with altering adjacent land. Fig
2-6 shows the outcome of the three planning scenarios. For the first scenario, the Railroad Trestle
is widened to 49 m from the original 24 m width but bottom depth remamned unchanged. The
Railroad Trestle widening does not change the long-standing water level n Lake Monona,
suggesting that flow choking still exists. For the second scenario, the entire channel is dredged
1.52 to 3.05 meter deep with 0.3 meter increment but maintained the width of the Railroad Trestle.
Due to the entire river being affected versus local widening at the Railroad Trestle, the systems
thereby responds more to dredging. As a result, it is found that dredging 2.45 m deep (shown in
Fig 2-6 for brevity) would mitigate the water level on Lake Monona below the 100 year flood
elevation. For the third scenario, both dredging and railroad widening actions are considered. The
difference of waterlevel between Lake Waubesa and Lake Monona is decreasedto 0.055 m, lower
than the required order of 0.061 m. The results from the three planning scenarios obtained from

the INFOS modeling provide quantitative measure for lake management to reduce the magnitude
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of extreme water levels and the occurrences of violations of regulatory water level orders. In this
paper, the INFOS model is used to assess the impacts of future climate scenarios on high or low

water levels in an RCL system.
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Fig 2-6. The time series water elevations during the extreme storm events in 2008 and Lake
Monona of the three planning scenarios.
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2.3.4 Management of RCL

Water level management of an RCL involves full consideration for delivering an
appropriate amount of water (i.e. discharge) to each lake to achieve regulated water levels for the
entire chain of lakes system. Water level operating ranges (Table 2-1) for each lake in the Yahara
RCL were set by the Wisconsin Department of Natural Resources (Morrisette, 1979). Large or
repetitive rainfall events can quickly cause water levels to become out of compliance. Challenges
are to determine the amount and the time to release water by operating the three dams in the Yahara
RCL (Fig 2-1) to meet water level orders timely. Currently the midrange of the setlake level orders
was operated (County of Dane, 2010). Two other management philosophies have been debated.
First, the flow-through management aims to quickly release water, which would lower water level
on its supporting lake but increase the risk of causing high water levels in the downstream lakes.
Second, the storage management targets to store water on its supporting lake to reduce the risk of
flooding on downstream lakes. The authors employ INFOS to compare the outcomes of the current
operation with those by the other two management philosophies.

Fig 2-7 shows the water elevations and the duration of flooding for an extreme (i.e. 50-
year) rainfall event in June 2008 that caused Lake Mendota and Lake Waubesa to experience 53
days and 52 days above the targets (black lines), respectively. In comparison, the authors employ
the flow-through management by setting the targeted water level at the 3 inches and 6 inches higher
than the midrange of the lake level, ie., 259.04 m. As a result, Lake Mendota would experience
49 days (dotted black line) and 45 days (dashed black line) above the target level due to the
immediate release of water to the downstream. Lake Waubesa would increase of the flooding
period from 52 days (black line) to 58 days (dotted black line) and 64 days (dashed black line). In

other words, in comparison with the current target lake levels, the flow-through management
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would reduce the flood duration of Lake Mendota by 4 (= 53-49) days and 8 ( = 53-45) days and
increase the flood duration of Lake Waubesa to 6 (=58-52) days and 12 (64-52) days, respectively.
In contrast, employing the storage management by setting water level lower than the midrange of
the lake level would extend the flood duration of Lake Mendota from 53 days to 57 days (dotted
gray line) and 60 days (dashed gray line), but reduce that of Lake Waubesa from 52 days to 43
days (dotted gray line) and 35 days (dashed gray line) for at the 7.62 cm inches and 15.24 cm,
respectively. While the duration of floodng in Lake Waubesa is reduced at the cost of flood
extension in Lake Mendota, the peak water level of Lake Waubesa is reduced by approximately 1
foot as compared to the current targets. Overall the flood durations for the Yahara RCL system
under the current operation and the two management philosophies canbe quantitatively obtained
and compared using INFOS. This information, not available in the past, nowadays provides sound
and scientific justification for managing the water level orders for the Yahara RCL. Future research

that considers multi-purpose water body networks (Anand etal, 2013) is currently underway.
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2.4 Summary and conclusions

In this paper, an Integrated Nowcast Forecast Operation System (INFOS), consisting of

observations, modeling, and high performance computing server, is developed to provide real-time

water information including water level and discharge of the Yahara RCL system. Specifically, a

new data assimilation technique based upon flow routing algorithm and nested-mesh domain

reduction is developed to update the Manning’s roughness. It is demonstrated that the INFOS can

reliably and effectively model real-time sustained reverse flow due to wind forcing and transient

reverse flow due to seiches, which have not yet been appeared in the literature as far as the authors
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are aware. INFOS can also predict flow choking condition that can provide the information to
release an appropriate amount of water for the overall Yahara RCL system. Applications of the
INFOS are illustrated both planning and management. Specifically the INFOS model is employed
to effectively assess the compliance of water level orders for all lakes under extreme rainfall storm
events through planning scenarios like river channel widening, dredging, or both. Moreover,
INFOS is used to address the suitability of the current dam operation, compared with two other
management philosophies. The flood durations of the Yahara RCL system are quantitatively
obtained and compared, providing sound and scientific justification for managing the water level
orders for the Yahara RCL. Through the illustration, INFOS is shown to successfully provide for
reliable and timely nowcasting and forecasting water information of the Yahara RCL system for

the public, managers, and researchers.
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3. Sustainability Assessment of Flood Risks for a River Chain of Lakes

The following is in preparation to be submitted to Science of the Total Environment.

3.1 Introduction

Flooding has devastating consequences that can impact the environment, the economy, and
society across the world (Dottori et al., 2018). Among the natural disasters, flooding accounts for
24% of deaths (CRED, 2019), prompts evacuation of people (Simonovic and Ahmad, 2005), and
makes millions of people homeless (Faganello and Attewill, 2005). From the environmental
aspect, high water levels and elevated flow velocities due to flooding can dislodge hazardous
storage tanks, rupture underground gas pipelines, and disrupt water purification or sewage disposal
systems (Schmidt, 2000). Runoff from flooding can transport nutrients and contaminats, which
can threaten human health (Albering et al., 1999; Konat and Kowaleska, 2001; Sarria-Villa et al.,
2016) and impact aquatic integrity for fish and other aquatic species (Aborgiba etal., 2016). From
the economic aspect, flooding can cause damage to infrastructure (Petit-Boix, et al, 2017),
reduction in tourism and business (Chatterton et al., 2010, Holmes et al., 2010), destruction to
roads and transportation (Kubal et al, 2009), and a decrease in agricultural productivity
(Posthumus et al., 2009). In 2018, $90.5 US billion of economic loss was caused by storms and
flooding (CRED, 2019). From the societal aspect, some governments and communities seeking
for financial assistance to cope with flooding resulted in debt that took decades to repay (Grahn
and Nyberg, 2014). Countries diverting vital resources to flood relief have set back their own
economic growth (Loayza et al., 2012). In view of the consequences of flooding, a holistic

approach to flooding is crucially needed.
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Sustainability assessment for flooding, critical for the stability, progress, and wellbeing to
benefit communities, consists of three steps (The National Academies, 2012). First, hazards (e.g.,
rainfall) with flood probabilities are determined. Second, flood vulnerabilities (e.g., buildings,
roads, land) are characterized. Third, risk or loss due to flood are evaluated through the three
aspects of sustamability including environmental, economic, and social perspectives (UNCED,
1992). Specifically, environmental assessment of flood risk considers metrics such as inundation
area (Snoussi etal., 2007), landscape changes (Brouwer and van Ek, 2004), pollutants (Kriiger et
al., 2005), and habitat and biodiversity loss (Apel et al., 2004). Economic assessment of flood risk
evaluates financial losses to building property and utility infrastructure (Meyer et al., 2009; Kubal
etal, 2009). Social assessment of flood risk focuses on health and psychological effects (Brouwer
and van Ek, 2004; Tapsell et al, 2002); mjuries to people (Hall and Solomatine, 2008); and
population estimates exposed to flood risk (Johnson et al., 2007b; Middelkoop et al., 2004) that
can affect people and their wellbeing and livelhood (Hall and Solomatine, 2008). Several
methodologies for holistic sustanability assessment for flooding such as optimization (Fu, 2008;
Malekmohamma de et al., 2011), ranking (Vaidya and Kumar, 2006; Li et al, 2011), and goal-
orientated acceptability (Behzadian et al, 2012; Lee et al., 2015), etc., have been implemented in
rivers (Ahmadisharaf et al, 2017; Edjossan-Sossou et al., 2014; Lee et al., 2018), coast areas
(Harwell, 1998; McGahey et al., 2009), and lakes (Harvey et al., 2009; Chen et al., 2017). To date,
no study on sustamnability assessment of flooding in river chains of lakes has been reported in the
literature, as far as the authors are aware.

Flooding in ariver chain of lakes (RCL), defined as a series of lakes connected with rivers
with or without hydraulic structures (Reimer and Wu, 2016), is one of the most demanding issues

due to competing environmental, economic, and social mterests as evident in the Yahara RCL
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(Capital Times, 2018). For example, controlling water levels in a RCL during flooding is often
contested among municipalities or entities within in each individual lake to the whole connected
lakes (Wisconsin State Journal, 2018a) from environmental, economic, and social perspectives.
Due to various characteristics of watersheds in a RCL system, rainstorm induced runoffs entering
mto eachdistinct lake canyield water level rise at different rates. In the connected rivers between
lakes, discharge or conveyance capacity can be limited due to increased resistance of seasonal
aquatic plant density (Kowen and Fathi-Moghadam, 2000; Green, 2005) and backwater effect
caused by the downstream lake water level, bridge constriction, or hydraulic control structure
(Hunt et al., 1999; Kaatz and James, 1997). Recently, an Integrated Nowcast, Forecast Operation
System (INFOS), developed by Reimer and Wu (2016), was employed for managing water levels
in the Yahara RCL system and to cope with flood hazards (Isthmus, 2007). Nevertheless,
regulating water level within the targeted range for each lake during flooding are continuously
challenging and even controversial to meet both social and economic concerns (Nyberg et al,
2014). To date, no study on sustainability assessment of flood risks for RCL systems has been
reported in the literature, as far as the authors are aware.

The objective of this paper is to present sustainability assessment of flood risks from
environmental, social, and economic perspectives in a river chain of lakes. Specifically, the flood
risk assessment framework consists of six components including data compiling, modeling,
mapping, risk calculation, loss estimating, and sustainability assessment. A stochastic storm
transposition tool is employed to generate 35 rainfall scenarios comprising of 7 return periods (1,
10, 25, 50, 100, 250, and 500 year) and 5 rainfall durations (2, 4, 6, 8, and 10-day). Environmental,
social, and economic impacts and their associated flood risk are determined for individual and the

entire lakes with their competing outcomes emphasized. At last, the importance of rainfall duration
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and actions to improve flood resiliency are discussed for individual and all lakes within a RCL

System.

3.2 Methods
3.2.1 Study site

The Yahara RCL, spanning 28.5 kilometers in length in Dane County, Wisconsin, consists
of a series of lakes including Cherokee, Mendota, Monona, Wingra, Upper Mud, Waubesa, Lower
Mud, and Kegonsa (Fig 3-1). Water from the Yahara River enters Lake Cherokee and flows
through the narrow river at Highway 113 Bridge.to Lake Mendota. The Tenney Dam consisting of
two 3.7-meter wide tainter gates and one lock chamber was built in 1847 on the east side of Lake
Mendota to raise the lake water level of 1.4 meters. Lake Monona surrounded by an urban
watershed is vulnerable to flooding due to the input of water from upstream Lake Mendota and
stormwater runoff. Water continuously flows through a relatively flat bottom gradient (i.e. slope
is less than 0.004%) of an uncontrolled natural channel to the Upper Mud Lake consisting of a
large wetland complex and a narrow cross section of Railroad Trestle at the outlet to Lake
Waubesa. Babcock Dam consisting of two automated sluice gates, two stoplog weirs, and one lock
chamber is located at the downstream of Lake Waubesa to regulate water discharge to the Lower
Mud Lake river-wetland corridor. Previous study (Reimer and Wu, 2016) showed that several
features including a Native American fish weir, historic sunken corduroy bridge, and seasonal
aquatic vegetation growth within the Lower Mud Lake River corridor could cause flow choking
and inhibit water delivery to Lake Kegonsa. At last, the LaFollette Dam consisting of one
automated sluice gate, two stoplog weirs, and one lock chamber is located at the outlet of Lake

Kegonsa to regulate flow out of the Yaraha RCL system.
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Fig 3-1. (a) The study site is located m Wisconsin, United States (left). The black bounding box
represents the stochastic storm transposition domain. Colors of the symbols represent the
locations of the 1 (dark green), 10 (green), 25 (light green), 50 (yellow), 100 (orange),
250 (dark orange), and 500 (red) year return periods. The 2-day (circles), 4-day (stars),
6-day (squares), 8-day (triangles), and 10-day (diamonds) storm durations are denoted
(b) The Yahara River Chain of Lakes (right) shows the sub watershed boundary (gray
and hydraulic model grids of water (dark red) and overland (orange).

Over the last century, the Yahara RCL experienced frequent flooding events (Reimer et al.,

2019). Since 1916, the top ten highest recorded water levels of Lake Mendota occurred in years

2000, 2008, 2018, 1993, 1959, 2007, 2004, 1980, 1978, and 1996. Seven of the top ten floods

occurred in the past 25 years. The two recent floods, June of 2008 and August of 2018, resulted in

property damage and infrastructure loss that were estimated approximately $35.8 Million and $154

Million USD, respectively (DC Emergency Management, 2018). As a result, flooding in the

Yahara RCL has been the top concern for the communities (Channel 3000, 2018; Wisconsin Public

Radio, 2018; Wisconsin State Journal, 2018b)
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3.2.2 Flood risk assessment framework

The framework of flood risk assessment for the RCL, shown in Fig 3-2, consists of six
components. First, data is compiled in three main databases: rainfall hazard, land information
(digital elevation model, soils, and use), and building asset. Second, flood vulnerability modeling
employs an integrated hydrologic-hydrodynamic model (Arnold et al., 1998, Reimer and Wu,
2016) to simulate water level inundations on the Yahara RCL under a range of rainfall occurrence
conditions. Third, a Geographic Information System (GIS) is used to map flood inundation areas
and damage locations over the Yahara watershed. Fourth, economic loss of buildings and social
loss of people displaced are estimated using Hazus. Fifth, flood risk is calculated by the product
of the probability of a given rainfall hazard and estimated loss. Lastly, sustainability assessment is
performed using analytic hierarchy process. Details of each component is described in the

following sub-sections.
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Fig 3-2. Flood risk assessment framework consisting of six components including data compiling,
flood scenario modeling, GIS mapping, Loss estimation, risk calculation, sustainability
assessment.
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3.2.2.1 Data Compiling

Datasets for flood risk assessment can be classified into three types. First, the rainfall
dataset is used an mput to a hydrologic model to generate runoff hydrographs. Rainfall hazards
can be characterized by point precipitation frequency analysis like NOAA ATLAS 14 (Stedinger
et al, 1993, Perica et al., 2013), deterministic storm transposition with probabilistic storms of
exceedance probability and uncertainties (Merz et al., 2008; Nicholas et al., 2017), and stochastic
storm transposition (Wright et al, 2017). Previously, a deterministic storm transposition was
conducted by transporting the preserving intensity and timing of rainfalls from anevent occurring
approximately 50.5 km north-west in Baraboo, WI (329.9 mm) in 2008 to the Yahara RCL system
(Hayden et al., 2016). In this study, we employ a stochastic storm transposition approach for the
purpose of creating a dataset with various rainfall durations and return periods for evaluating flood
risks. Specifically, the RainyDay toolkit (Wright etal, 2017) is utilized that combines 2002-2017
rainfall data from Stage IV radar (Lin and Mitchell, 2005) with rain gages, satellite rainfall
estimates from the National Weather Service Next-Generation Radar network (Crum and Alberty,
1993). Table 3-1 shows a total of 35 rainfall scenarios comprising 7 return periods (1, 10, 25, 50,
100, 250, and 500 year) and 5 rainfall durations (2, 4, 6, 8, and 10-day) with the cumulative rainfall
amounts (in mm). Fig 3-la shows generated rainfall data with the specified colors for return
periods and shapes by durations over an area of 4km x 4km (see the black box with latitude and

longitude coordinates).
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Table 3-1. Cumulative rainfall (in millimeters) from 35 scenarios of various return periods and

rainfall durations.

Return Period (vears) Rainfall Duration (days)
2 4 6 8 10
1 13 13 17 8 16
10 103 120 136 149 162
25 142 157 166 192 198
50 172 192 189 227 229
100 204 217 221 249 267
250 264 286 241 272 329
500 288 337 252 293 346

Second, a land dataset, consisting of elevations, soils, and land use is used for hydrological
and hydraulic models to delineate watersheds, determine water flow paths, configure
computational mesh extents, generate runoffs, and map vulnerable areas susceptible to flooding.
Specifically, a digital elevation model (DEM) data is created by mergng land topography
measured from LIDAR with a vertical root mean square error of 24.7 cm at 95% confidence
mterval (Ayres Associates, 2010) and underwater bathymetry measured from an acoustic sub-
bottom profiler with a vertical resolution of 1.8 cm, within 1% of the measurement range (Lin et
al., 2009). Soil texture classifications and soil hydrologic groups are compiled from the Soil Survey
Geographic (SSURGO) database. Land use data including mapped areas of agriculture, airport,
commercial, industrial, residential, roadway, utility, and wetland are obtained from the Soil Survey
Geographic database (NRCS).

Third, a building asset dataset is used to estimate loss based upon inundation depths
(FEMA, 2018). Specifically, we use an inventory created by the Capital Area Regional Planning

Commission in 2010 (CARPC, 2020). Based upon a Geographical Information System (GIS),
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identified building footprints are classified into residential, industrial, commercial, and agricultural
types. In addition, identified building footprints categorized into different foundation type
(basement, crawlspace, and floor slab) and exterior siding types (wood, brick, vinyl, composite)

that are joined with tax records to provide economic damage to buildings.

3.2.2.2 Flood vulnerability modeling

Flood vulnerability are assessed by common methods like empirical-based mnterpolation
models and physically-based hydraulic models for quantifying the extent of flood mundation (Apel
et al., 2009). Based upon simulated water level nundation, physical stage-damage functions and
environmental impacts can be obtaned (HEC, 1998, Smith, 1994). In this study, an integrated
hydrologic model for watershed runoff and a hydraulic-hydrodynamic model for river flows and
lake waterlevels in the Yahara RCL system are employed to obtain flood outcomes of 35 stochastic
rainfall scenarios. The Soil and Water Assessment Tool (SWAT) model (Montgomery Associates,
2011; Neitsch et al, 2002) with a total of 201 subwatersheds ranging from 1 to 40 square
kilometers (see Fig 3-1) were created to simulate watershed hydrology for overland, tributary, and
channel flow. DEM data of 3 meter horizontal spacing is used to delineate flow paths of perennial
and intermittent streams. Land use and cover data are used to estimate model parameters such as
curve number and overland flow Manning’s roughness. To calculate infiltration, the Green-Ampt
model based on 1-hour rainfall input and channel routing with an hourly time step is used (Arnold,
1998). Overall, the SWAT hydrologic model yields an amount of water discharge (ie., runoff
hydrographs), which is used to the input to the hydraulic-hydrodynamic model.

A hydraulic-hydrodynamic model, implemented by Reimer and Wu (2016), is used to

calculate river discharges and lake levels for the Yahara RCL. The model is based upon the Finite
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Volume Coastal OceanModel (FVCOM, developed by Chen et al. 2003) that solves the governing
equations are the continuity equation, momentum equation, and temperature equation under
hydrostatic pressure assumption. Fig 3-1b shows the unstructured meshes containing 21,965
elements and 12,925 nodes in the Yahara RCL, determined from bathymetry data and DEM
topography with the 500-year floodplain. The meshes connect the water surface including the river
chain of lakes and land surfaces for the floodplain, as shown in blue/red and orange color areas,
respectively, in Fig 3-1b. The multi-scale of meshes with smaller sizes (~3m) i rivers and larger
sizes (~100 m) in lakes are designed to accurately represent river hydraulics and reliably
characterize lake surge and circulation (Reimer and Wu, 2016). The flooding/drying technique

(Chen et al. 2008) is employed to simulate flood inundation area.

3.2.2.3 Flood mapping

To map flood area in the Yahara RCL, we use a Geographical Information System (GIS)
based upon the horizontal datum North American Datum of 1983 (NADS83) and vertical datum
called National Geodetic Vertical Datum of 1929 (NGVD29). The flood vulnerability map
includes infrastructures and properties susceptible to overland flood mundation, damaged
buildings associated with magnitude of loss to aid in mitigation strategies, building relocations,
development restriction areas,and communications for increasing public awareness of flood risks
(Jalayer etal., 2014). Additional layers of map include land use, transportation (streets, bike paths,
bus routes), and utilities (water, sanitary, and storm water) to assess economic and social impacts.
For example, transportation impacts include street closures that could hinder emergency service
response such as fire or ambulance services. Utility service outages impact includes drinking water

or sewer backups in basements causing further economic and health risks. The flood mapping data
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combined with additional layers provide sustainability assessment of flood risks to address

environmental-social-economic impacts.

3.2.2.4 Flood risk calculation

Flood risk including mundation impact, economic impact due to financial loss to buildings,
and social impact due to temporary displacement of people is calculated. Specifically, risks for the
35 rainfall scenarios are obtained by multiplying the probability (return period) with economic
(USD) and social loss, i.e. people displaced with the purpose of examining the most at risk for
future planning efforts. A large risk can arise from a high probability of a flood with only minor
vulnerabilities or a small probability of a flood (e.g. 500 year) with high vulnerabilities (National
Academies, 2000) such as near populated areas of the isthmus area in downtown Madison. Due to
spatial variability in vulnerabilities (people and buildings), flood risk for individual lake (Mendota,

Monona, Waubesa, and Kegonsa) on the Yahara RCL is calculated and compared.

3.2.2.5 Loss estimate

Flood loss for social and economic impacts is characterized using HAZUS-MH, a multi-
hazard risk assessment and loss estimation software program developed by Federal Emergency
Management Agency (FEMA) in collaboration with the National Institute of Building Sciences
(Smith, 1994; Scawthorn et al., 2006; Schneider et al., 2006; Remo et al., 2016; FEMA, 2018).
Specifically, more than 900 damage curves relating inundation depth to loss have been provided
by FEMA and US Army Corps of Engineers (FEMA, 2018). In this paper, the default damage
curves developed in Hazus-MH (Schneider and Schauer, 2006) are applied to estimate losses for

all rainfall scenarios. Damage loss estimate is determined by the multiplication of percent damaged
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within census block (Remo et al., 2016) and user supplied buildings (Scawthorn et al., 2006) with
weighted by the area of inundation for an average flood depth. Note that the composition of the
building stock within a given census block is commonly assumed to be evenly distributed
throughout the block (FEMA, 2018). Nevertheless, higher valued buildings are generally located
adjacent to lakes and rivers for the Yahara RCL. We employ spatially defined building locations
and associated economic data. Loss for the number of individuals who need short-term shelter and
to be evacuated is calculated by the number of displaced people and not on the degree of damage
to structures (Scawthorn et al, 2006). Flood damages for each building is determined and
aggregated within a 1 kilometer radius. Specifically, the expected annual damage (EAD), defined
as yearly flood damage times the probabilities occurring atall return periods (Dierauer et al., 2012;

Guida, et al., 2016), and is

EAD = [, D(p)dp (1)

where D is flood damage loss n 2018 US dollars and p is the probability of the corresponding
rainfall event. In this study, the EAD is calculated for two limiting the return periods: 100 year
(probabilities of 0.1, 0.04, 0.02 and 0.01) and 500 year (probabilities of 0.1, 0.04, 0.02 and 0.01,

0.004 and 0.002) for comparison.

3.2.2.6 Sustainability assessment

In this study, the analytic hierarchy process (AHP) by Saaty (1980) is employed to the
Yahara RCL. The AHP has three main levels including indicators (social, economic, environment),
criteria (return period), and goals of sustamability assessment, as shown in Fig 3-2. The criteria in
the AHP is determined using return period. A pairwise comparison matrix is conducted as shown

in Table 3-2 with judgement values ranging from 1 to 9 where a higher number indicates that return
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period is considered more important. The matrix is designed where it is more important to consider
sustainability impacts at lower (e.g. 10 year) versus higher (e.g. 500 year) return periods because
they are more likely to occur. For example, comparison of 10 year (.1) and 500 year (0.002) yields
a value of 50 (1/0.002) which is normalized to 6.04 using the formula Cij=1.2873*In(RP1/RPj)+1,
where where Cjj is the judgement value of the criterion in the pairwise comparison matrix and RP
is the return period. Other literature has reported consistency concerns when developing the
pairwise matrix when there are three or more criteria (Maiolo & Pantusa, 2018; Piengang,
Beauregard, & Kenné, 2019; Sarmiento & Vargas-Berrones, 2018). To address this concern, a
Consistency Ratio (CR) is calculated to show if judgements in the pairwise comparisons are
appropriate. If CR exceeds 0.1, the set of judgements may be too inconsistent to be reliable.
Otherwise, if the CR is less than 0.1, then the comparison matrix can be considered to have an
acceptable consistency.

Table 3-2. AHP matrix judgements, criteria weights (PV), and consistency measure (CM).

lyear | 10year | 25year | 50year | 100year | 250year | 500year | Sum PV cM

lyear 1.00 3.96 5.14 6.04 6.93 8.11 9.00| 40.18| 0.45| 7.67
10year 0.25 1.00 2.18 3.07 3.96 5.14 6.04 | 21.65| 0.20| 7.53
25year 0.19 0.46 1.00 1.89 2.78 3.96 486 | 15.15| 0.13| 7.32
50year 0.17 0.33 0.53 1.00 1.89 3.07 396 10.95| 0.09| 7.16
100year 0.14 0.25 0.36 0.53 1.00 2.18 3.07 7.54 | 0.06| 7.06
250year 0.12 0.19 0.25 0.33 0.46 1.00 1.89 4251 0.04| 7.07
500year 0.11 0.17 0.21 0.25 0.33 0.53 1.00 2.59| 0.03]| 7.18
Sum 1.99 6.36 9.67 13.11 17.35 24.00 29.82 1.00

The CR is calculated from three steps. First, the consistency measure (CM) is calculated by

multiplying PV (Equation 3) by the weighted sum of the normalized criteria weights and is

provided in Table 3-2.

Xij:

n
Lty

Ci]'

)
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_ T Xij

PV;; = )
n
where Cj is the value of the criterion in the pairwise comparison matrix, Xij is the normalized

score, PVij is the priority vector of a criteria. Second, the consistency index (CI) is calculated as

described in equation 4 where Amax is the sum of CM divided by n which equals 123.

_ ()lmax—n)
Cl =250 4

Third, the consistency ration (CR) is determined by dividing the consistency index by the random
index (CI/RI). Since the number of criteria in this study is 7, the RI is 1.32 as given by Saaty

(1980).

_ (Amax—n)
CR = D 4

In our study the CR is found to be 0.04 which indicates a reasonable level of coherency in the
pairwise comparison.

Three indicators of social, economic, and environment were evaluated in the AHP using
the results of the flood risk calculation. Specifically, four criteria for each indicator are created
with judgement values ranging from 1 to 4 where a higher number means that the chosen risk is
considered more important than the other risk used in the comparison. The AHP provides outputs
of importance of each sustainability and are compared by lake in the results. Also, comparisons

are made for individual sustainability perspectives by lake.

3.3 Results
3.3.1 Rainfall hazards

Rainfall hazards to the Yahara RCL, characterized by stochastic storm transposition and
statistical approaches, are presented here. Fig 3-3a shows the 35 scenarios of rainfall depth-
frequency curves as in the gray bounds. Specifically, the 4-day (solid blue line) and 10-day (solid

red line) of the RainyDay results are compared with those (dashed lines) obtained by the NOAA
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Atlas 14, based upon L-moment regionalization techniques to combine with observations from 5
rain gages from 1896 to 2010 (Perica et al., 2013). For return periods less than 50-year, rainfall
hazards based upon the RainyDay are lower than those based upon NOAA Atlas 14. Conversely,
for return periods greater than 100-year, rainfall hazards by the RainyDay are higher, which may
be attributed to increasing intense precipitation storm events in the last ten years (WICCI, 2020).
Three rainfall observations are compared with the rainfall depth-frequency curves by NOAA Atlas
14 and the RamnyDay. First, the 10-day rainfall depth in June 2008 storm in Madison was 267.2
mm, corresponding to close return periods: 96-year (crossing red solid line) by Rainy Day and 94-
year (crossing red dashed line) by NOAA Atlas 14. Second, the same storm with higher 10-day
rainfall in Baraboo was 329.9 mm, corresponding to a return period of 237-year (crossing red
solid line) by RamnyDay but a larger return-period of 413-year (crossing green dashed line) by
NOAA Atlas 14. Third, the 4-day rainfall depth in July 2007 storm in Madison was 145.1 mm,
corresponding to similar return periods: 19-year (crossing blue solid line) by Rany Day and 14-
year (crossing blud dashed line) by NOAA Atlas 14. In short, rainfall hazards obtained from the
RainyDay of return periods less (more) than 50-year, are lower (larger) than those from NOAA
Atlas 14. Furthermore, RanDay based upon stochastic storm transposition approach faithfully

characterizes the rainfall hazards n the Yahrara RCL.
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rainfall duration shown in the gray bounds. Specifically, the 4-day rainfall duration (blue

solid line) and 10-day duration (red solid line) is plotted to compare with NOAA Atlas
14, 4-day (blue dashed line) and 10-day duration (red dashed line). Most recently, large

rainfall occurred in 2007 in Madison (blue), 2008 in Madison (magenta), and Baraboo
(green) shown by square and circle markers. (b) Cumulative rainfall is compared for
2008 Madison (magenta circles) and corresponding Rainy Day 96 year return period
results (magenta solid line). Also, 2008 Baraboo (green circles) and corresponding Rainy
Day 237 year return period results (green solid line) is shown.
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Cumulative rainfall over a specified duration obtained by the RainyDay are compared to
observations of 2008 rainfall events in Fig 3-3b. Both cumulative rainfalls, RainyDay 96-year
return period (solid magenta line) and 2008 rainfall observations in Madison (magenta circles), at
day 10 are the same while the ntensity and rainfall timing over the 10-day duration between the
two are different. Comparable results can be seen in the RainyDay 237-year return period results
(solid green line) and 2008 rainfall observations in Baraboo rainfall (green circles). Furthermore,
results of the 2007 4-day duration of 2007 storm in Madison, not shown for brevity, are similar.
Overall, cumulative rainfalls obtained by the stochastic RainyDay storm transposition toolkit for

a given duration and return period represent total rainfalls but not the incremental rainfalls.

3.3.2 Flood inundation impacts

Inundation spatial extents and locations of building damage impacted by 100 and 500-year
return periods over 4-day and 10-day durations of flood are depicted here. For urban areas around
Lake Monona (see the square in Fig 3-1b), Fig 3-4a shows that the 100-year flood mnundation
extents (light orange) over the 10-day duration are slightly larger than those over the 4-day duration
(light blue). Additional damaged buildings (yellow and red dots) caused by the 10-day flood
duration are seen, compared to those (red dots only) over the 4-day duration. Fig 3-4b shows that
the 500-year flood inundation extents (light orange) over the 10-day duration are nearly equal to
those over the 4-day (light blue). Similar damaged buildings are seen for both 10- and 4-day
mundation. In other words, extreme (e.g., 500-year) flood-induced inundation impacts on the
highly urbanized Lake Monona areas are not sensitive to storm durations. Nevertheless, longer
durations of 100-year floods are of concerns to inundation impacts on spatial extents and locations

of building damage.
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Yellow

(b)

(d)

Fig 3-4. (a) Lake Monona 100 year flood inundation (light blue) and building damage locations
(red) for 4-day rainfall duration in comparison to inundation (light orange) and building
damage locations (red and yellow) for 10 day rainfall duration. (b) Lake Monona 500
year flood inundation (light blue) and building damage locations (red and green) for 4-
day rainfall duration in comparison to inundation (light orange) and building damage
locations (red) for 10 day rainfall duration. (c) Lake Mendota 100 year flood inundation
(light blue) and building damage locations (red) for 4-day rainfall duration in comparison
to nundation (light orange) and building damage locations (red and yellow) for 10 day
rainfall duration. Shown in dark orange are building footprint locations. (d) Lake
Mendota 500 year flood inundation (light blue) and building damage locations (red and
green) for 4-day rainfall duration in comparison to inundation (light orange) and building
damage locations (red) for 10 day rainfall duration.
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For sub-urban areas like the entrance of Lake Mendota (see star in Fig 3-1b), similar results
of flood inundation extents and damaged building are found to those of Lake Monona under the
100-year flood (Fig 3-4c). In contrast, Fig 3-4d shows the 500-year flood nundation extents (light
blue) over the 4-day duration are larger than those over the 10-day duration (light orange).
Additional damaged building locations (red and green dots) over the 4-day duration, in comparison
with those over the 10-day (red dots only), are clearly seen. In other words, shorter durations of
extreme (e.g. 500-year) flood-induced mundation impacts on sub-urban upstream areas of Lake
Mendota are noted. Similar flood results are found in sub-urban areas in Lake Waubesa and Lake
Kegonsa, not shown here for brevity. Overall, flood mnundation impacts indicate that the
importance of flood return periods and durations on inundation spatial extents and locations of

building damage can vary depending on the urban and sub-urban areas on the Yahara RCL.

3.3.3 Social impacts

Social impacts due to flooding are assessed and examined. Fig. 4-5a shows nundation
extents and various social vulnerabilities on the Madison isthmus area caused by the 500-year
flood over the 4-day duration. Specifically, a large portion of the isthmus area is inundated (light
blue), affecting homes and businesses access like flooded bus stops (red dots), bike paths (purple
lines), and streets (satellite image) as well as threatening utility services such as sanitary pump
stations (green dots), storm sewermanholes (magenta dots), and water hydrants (yellow triangles).
The east side of Madison, in comparison with the west, is depicted to be more vulnerable to these
social impacts.

Social vulnerabilities including land use types, transportation means, and utility services

of all the Yahara RCL area (solid lines) and the Madison downtown area (dashed lines) due to the
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4-day storm duration are quantified in Figs 4-5b, c,and d. In each figure, two flood return periods,
100-year (blue) and 500-year (red), are portrayed and compared. Fig 3-5b shows areas of land use
type affected by flooding, measured in hectares. The shapes of two radar charts caused by the 100
and 500-year return period are similar except for different sizes of polygons, indicating that
mundation areas of land use types increase with respect to larger return periods. Comparing all
Yahara Lakes (solid lines) to Madison isthmus (dashed lines) for the same return period (e.g. 500-
year, red), relative flood impacted areas of land use types are different. For example, areas of
agriculture and woodland land use in all the Yahara Lakes, relative to the urbanized Madison
isthmus, are more vulnerable to flood. Fig 3-5¢ shows lengths of transportation means like streets,
bus routes, bike paths, and railroads affected by flooding, measured in kilometers. The
transportation means are vulnerable to floods under 100-year and 500-year return periods except
that railroads are of concerns for 500-year return period. Inundation lengths of transportation
means of the all the Yahara Lakes (solid line) are much larger than those of Madison isthmus
(dashed line), suggesting the importance of ensuring transportation means in flood assessment
from the regional Yahara River watershed aspect. Fig 3-5d shows malfunction of utility services
affected by flooding, measured in numbers. All utility services that can impact sewage to pose
economic and health risks are susceptible to floods under 100-year and 500-year return periods.
Specifically, numbers of stormwater conveyance systems are much larger than those of sanitary
sewer networks. Numbers of impacted utilities between Yahara Lakes (solid lines) to Madison
isthmus (dashed lines) are similar, indicating the emphasis of ensuring utility services under
rainfall hazards in the urban Madison areas. In summary, vulnerabilities of land use types,

transportation means, utility functions impacted by flood inundation of all the Yahara RCL area
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and the Madison downtown area under 100- and 500 year return periods are examined and

compared.
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Fig 3-5. (a) Map of flood inundation (light blue) and vulnerabilities impacted. Radar charts
showing vulnerabilities by (b) land use types in hectares, (c) transportation means in
kilometers, and (d) malfunction of utility services in numbers. Four cases are presented
showing the 500 (red) and 100 (blue) year return periods for Madison isthmus area
(dashed line) and all Yahara Lakes (solid line).

Vulnerability of people evacuation on the Yahara RCL due to a range of flood return
periods of the 10-day duration are compared. Fig 3-6a shows that numbers of people displaced are
the highest in Lake Monona (red line), followed by Lake Mendota (blue line), Lake Waubesa

(orange line), and Lake Kegonsa (green line). In comparison with the other three lakes, the rate of
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people displaced on Lake Monona rapidly increases from 5 to 25-year return periods, ndicating
the importance of reducing flood mnundations of these return periods in Lake Monona. Fig 3-6b
shows the risk of people displaced among the four lakes. In particular, the highest risk occurs
between 5-year and 25-year flood return periods; the risk of people displaced on Lake Monona is
approximately 4, 7, 8 times greater than that of Lake Mendota, Lake Waubesa, and Lake Kegonsa,
respectively. Overall, social impacts of land use types, transportation means, utility services, and
people evacuation due to rainfall flood hazard are assessed and examined. The outcomes provide

critical information to address social impacts for individual lake and the entire Yahara RCL.
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Fig 3-6. (a) Number of people displaced and (b) risk of people displaced versus return periods of
the 10-day flood duration on Lakes Mendota (blue), Monona (red), Waubesa (orange),
and Kegonsa (green).
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3.3.4 Economic impacts

Risks of damaged buildings under the three return periods (10, 100, and 500-year) flooding
on Lake Mendota (blue), Monona (red), Waubesa (orange), and Kegonsa (green) are assessed in
Fig 3-7. For the 10-year return period (Fig 3-7a), economic risks of all lakes, ie., $7,016 to
$34,700, linearly increases five times as storm duration increases from 2 days to 10 days, indicating
the importance of storm duration in economic risks. In comparison among the lakes, the risk of
Lake Monona (red bar) for the 2 day storm duration is largest, suggesting that Lake Monona is
more vulnerable to short-duration tense storms. For the 100-year return period (Fig 3-7b), the risks
of all lakes increase with respect to storm duration. Nevertheless, risks of each lake tend to be
similar under all storm duration. For the 500-year return period (Fig 3-7c), a trend of similar risks
of each lake is seen but the economic risk of all lakes is nearly two times from $19,082 to $39,651,
corresponding to 2 days and 10 days flood durations. The largest risk occurring under 10-day
duration is $39,651, which is smaller than $42,479 for the entire Yahara RCL occurring under the
100-year return period with 10-day duration. Overall, for the Yahara RCL, an economic risk
increases with longer storm durations, larger return periods, or combination of the two.
Individually, Lake Monona (red bars) and Mendota (blue bars) experiences the largest risk at the
10 year return period ($20,924) and 500 year ($15,070), respectively. The assessment provides

critical economic risks of entire Yahara RCL and individual lake susceptible to flooding.
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Fig 3-7. The risk of buildings is estimated for the (a) 10, (b) 100, and (c) 500 year return period.
The colors blue, red, orange, and green represent Lakes Mendota, Monona, Waubesa,
and Kegonsa, respectively. The risk in US Dollars of the sum of all lakes is displayed
above each bar.
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Spatial distributions of expected annual damage (EAD) for the entire Yahara RCL are
assessed here. For the 500-year return period, Fig 3-8a shows that the largest EADs for Lake
Monona, Lake Mendota, Lake Kegonsa, and Lake Waubesa are $147k, $45k, 41K, and 8k,
respectively. The top two EADs occur at the two vulnerable locations: the urban area around Lake
Monona and the sub-urban areas around Lake Mendota illustrated in Fig 3-4. In comparison, EAD
of building on the Madison isthmus area is relatively smaller. From the whole lake perspective,
the sums of EADs of each lake in the descending order are $190k (Lake Monona), 167K (Lake
Kegonsa), 67K (Lake Mendota), and 27K (Lake Waubesa). The results provide the matrices for
the priority to protect flood damage. If the 100 year return period is used to estimate EAD, Fig 3-
8b shows that the EADs are smaller and the general spatial pattern of EADs (values greater than
$10k) are similar. Nevertheless, EADs become zero at several vulnerable locations, e.g. Madison
isthmus area of $5k, which can lead to underestimate of EADs. Therefore, the 500-year return
period for estimating EAD is strongly recommended. Overall, the spatial distributions of EADs on
each individual lake and the entire Yahara RCL provide information on locations for flood

mitigation response during the floods.
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Fig 3-8. Spatial distributions of expected annual damage (EAD) that are aggregated within a 1
kilometer radius in $1,000 US dollars over the 10 day storm duration of the return periods
of (a) 500 year and (b) 100 year.

3.3.5 Sustainability assessment

Sustainable assessment of three perspectives of social (people evacuation), economics (US
dollars), and environment (area of inundation) are summarized by lake in Fig 3-9 using AHP. In
Fig 3-9a, Lake Mendota is most at risk economically (0.40, light orange) as compared to social
(0.33, light blue) and environment (0.28, light green). For Lake Monona, a similar order of
perspectives are witnessed to that of Lake Mendota; however, there is greater economic risk. For
Lake Waubesa (Fig 3-9c), the largest risk is witnessed to the environment which is different than
lakes Mendota and Monona which showed the lowest impact. Environmental impacts on Lake
Waubesa is mainly attributed to inundation on the southwest shore where the Waubesa Wetlands

reside that are of high quality and diversity. Lake Kegonsa (Fig 3-9d) is most at risk economically
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(0.43) followed by environment (0.31) and social (0.25). Overall we see a response of the three

sustainability perspectives which have different sequences of risk impacts for eachindividual lake.

(a) (b)
(c) (d)

Fig 3-9. Comparison of social (light blue), economic (light orange), and environment (light green)
risk for Lake Mendota (a), Monona (b), Waubesa (c) and Kegonsa (d).




77

To assess sustainability perspectives of social, economic, and environment differences
between lakes, AHP results are shown in Fig 3-10. The largest social risk occurs on Lake Monona
(0.40, red), followed by Lake Mendota (0.22, blue), Waubesa (0.20, orange), and Kegonsa (0.17,
green). Similarly, economic risk on Lake Monona is nearly two times more than that of any other
lake in the Yahara RCL. Lastly, environmental risks of inundation are pretty well balanced among
lakes. Overall, Lake Monona is most at risk socially and economically than the other lakes and
suggests flood mitigation efforts to improve Lake Monona would be beneficial. However, if
management efforts are attempted to store and delivery flood waters on other lakes, that could

result in negative affects socially, environmentally, and economically.
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Fig 3-10. Comparison of social, economic, and environment for Lake Mendota (blue), Monona
(red), Waubesa (orange) and Kegonsa (green).
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3.4 Discussion
3.4.1 Rainfall duration

Rainfall duration affects flood loss and risk differently for each lake in the Yahara RCL.
Generally, in urban areas, greatest loss occurs at shorter durations (e.g. hourly) where rainfall
intensities are large. For the Yahara RCL losses are experienced at longer durations (e.g. daily)
but vary due to dam operations and water release from lake to lake. The largest flood loss as shown
in the economic results occurs at the 500-year return period. For rainfall duration, the three lakes
Mendota, Waubesa, and Kegonsa experience peak flood loss of $6.7M, $2.8M, and $4.5M,
respectively atthe 8-day. However, Lake Monona loss of $4.6M is experienced at the 6-day which
is mainly attributed to its flashy, urbanized watershed and storage of water on upstream Lake
Mendota to provide protection during larger rainfall durations. Assessing a variety of rainfall
durations is valuable to determine peak loss in a RCL otherwise flood loss may be under predicted.
For example, if the 8-day duration was only used to characterize loss then Lake Monona would be
under predicted by 13%. Similarly, if the 6-day duration was used then loss would be under
predicted by 18%, 25%, and 23% for Lakes Mendota, Waubesa, and Kegonsa, respectively. On
the extreme, if a shorter duration of 2-day was only assessed on all lakes, then significant under
prediction of loss would be experienced by 44%, 45%, 66%, 48%, for Mendota, Monona,
Waubesa, and Kegonsa, respectively. Overall, flood loss in the Yahara RCL is highly dependent
on rainfall duration is an important factor to consider.

Peak flood risk also depends on rainfall duration and varies among lakes in the Yahara
RCL. For the two lower lakes of Waubesa and Kegonsa, the largest risk occurs at the 8-day which

is similar duration as flood loss but with different return periods. For lakes Mendota and Monona,
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the peak flood risk both occur ata 10-day duration versus 8 and 6-day peak flood loss, respectively
revealing that peak risk and loss is experienced at different durations. Peak risk in the Yahara RCL
generally occurs at longer durations and for comparison to the 2-day, flood risk would significantly
be under predicted from 44 to 76% depending on lake. Overall, the Yahara RCL experiences the
largest risk and loss with various rainfall durations ranging from 6 to 10 day and are noted to be

of most concern.

3.4.2 Sustainability assessment approach

Sustainability assessment in this study utilized AHP where the pairwise judgement values
were calculated based on return period probability. Alternatively, surveys from the community or
expert opinions may be carried out to determine judgment values and AHP repeated as a
representation of people’s views. To test the sensitivity of AHP to different judgement values such
asa community survey, integer values ranging from 1 to 7 were mput for each criteria. Specifically,
judgement values of 1 year compared to 10 year return period was 2, 1 year compared to 25 year
return period was 3, and so on. AHP results using integer values showed similar outcomes for
economic, environmental, and social perspectives of that using return period probability to
calculate judgement values. Overall, minor differences were found in the sustainability assessment
with the largest variation less than 11%. These results suggest that different judgement values that
consider low return period as more important than a high return period will generate similar
outcomes in the Yahara RCL.

Other studies have identified alternative assessment approaches for sustamnability and are
noted for future study (Vaidya and Kumar, 2006; Fu, 2008; Li etal., 2011; Malekmohamma de et

al., 2011; Behzadian et al, 2012; Lee et al., 2015). Alternatives to mitigate flooding such as storm
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water control projects, improvements to river conveyance, or water level management may
consider an optimization approach. For example, the objective function may consider to maximize
the benefit to sustamnability from social, economic, and environmental perspectives. The AHP
method employed here has limitations to perform this analysis; however, the framework provided

here could be applied to other sustainability assessment approaches such as optimization.

3.4.3 Flood actions

Recently, flood actions have been proposed to reduce flooding in the Yahara RCL due to
2018 event, costing millions of dollars of damage (Dane County Emergency Management, 2018).
In response, a technical workgroup composed of engineers, researchers, scientists, and managers
were brought together to evaluate various scenarios as shown in Table 3-3 that represents water
level changes as compared to 2018. Also, a policy task force that consisted of members from the
public, county board supervisors, and interest groups were charged to provide recommendations.
The flood risk assessment modeling described in this paper was used to provide modeling results
for various policy scenarios. As a result, two notable policy recommendations were made. First,
updates to the stormwater ordinance for increased volume reduction measures (green
infrastructure). Second, dredging the Yahara River to remove accumulated sediment and improve
flow conveyance with an estimated $15 million budget. In summary, the development of the tools
of flood risk assessment has been greatly beneficial to improve society impacts to flooding.
Furthermore, this study provides useful results for further analysis in addressing community needs,

policies, and actions to reduce flooding.
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3.5 Conclusions

Flooding of the Yahara RCL has frequently occurred over the past few decades, resulting
mn large damage and economic loss. A sustainability assessment of flood risk was utilized to
improve understanding of environmental, social, and economic impacts to flooding. Specifically,
stochastic storm transposition results of RainyDay were cataloged for 35 rainfall scenarios from
seven return periods (1, 10, 25, 50, 100, 250, and 500 year) and 5 rainfall durations (2, 4, 6, 8, and
10-day). Storm transposition results were utilized by integrated models to provide watershed
runoff, river flow, and water levels. Outcomes of water levels for flooding were incorporated into
Hazus-MH developed by Federal Emergency Management Agency (FEMA) to provide economic
and social risks. The following conclusions canbe made from the results of the study:

e Flood mundation in urban areas are not sensitive to storm durations under extreme

rainfall.

e Flood inundation in non-urban areas are largest under shorter rainfall durations

e Largestsocial risk occurs between 5-year and 25-year flood return periods independent
of rainfall duration.

e Economic risk is unbalanced among lakes in the Yahara RCL under low return periods
as is mostly attributed to Lake Monona but becomes shared among all lakes under high
return periods.

e Individually, Lake Monona (red bars) and Mendota (blue bars) experiences the largest
economic risk at the 10 year return period ($20,924) and 500 year ($15,070),
respectively.

e The 500-year versus 100-year return period for estimating EAD is strongly

recommended.
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e Sustainability assessments reveal Lake Monona is most at risk socially and

economically when compared relative to other lakes.
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4. Water Exclosure Treatment System (WETS): An innovative device for

minimizing beach closures

The following has been published at Science of the Total Environment
Reimer, J.R., Wu, C.H., Sorsa, K.K., 2018. Water Exclosure Treatment System (WETS): An

mnovative device for minimizing beach closures. Science of the Total Environment. 625,
809-818.

4.1 Introduction

Beaches, a large part of the economies worldwide, provide well-being of local residents
for swimming opportunities and attract tourism (Englebert et al., 2008; Houston, 2008; Wheeler
et al, 2012; Ashbullby et al., 2013). Tourism in Wisconsin is a 12 billion dollar per year industry
(Kleinheinz, 2003). Nevertheless, poor water quality at beaches can cause health threats or illness
problems along shorelines for swimmers or recreational users (Patz et al, 2008). As a
precautionary measure for the condition when water quality is below the standards, beach closures
are issued. Surveys conducted by the Natural Resources Defense Council showed that over 20,000
beach closures every year were issued in the United States (Dorfman and Haren, 2013), yielding
an estimated economic loss of approximately $35 for each person and up to $37,030 per day at a
Lake Michigan beach (Rabinovici et al., 2004). Other economic impacts are medical costs to
stricken beachgoers (Dwight et al., 2005). A previous study by Given et al. (2006) reported that
each year, fecal contamination at Los Angeles and Orange County beaches caused between
627,800 and 1,479,200 gastrointestinal illnesses, resulting in a public health cost of $21 to $51
million USD. Furthermore, a recent study estimated that the cost of illness attributed to freshwater
recreation was $1,676 per 1,000 people engaged in swimming or wading at freshwater and marine

locations  (DeFlorio-Barker et al., 2017). In view of these consequences, it is of high desire to
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minimize beach closures to reduce health risk or medical cost and enhance economies through
tourism.

Cyanobacteria and E. coli bacteria are two main causes of beach closures that pose a great
health risk to recreation users. Cyanobacteria are a group of photosynthetic bacteria that can
produce inherent toxins like hepatoxins, neurotoxins, cytotoxins, dermatoxins, and irritant toxins
(Wiegand and Pflugmacher, 2005). Exposure to cyanobacteria hepato- and neurotoxins can cause
impaired health or death of livestock wildlife, pets, and humans (Turner et al., 1990; Chorus and
Bartram 1999; Falconer, 1999; Charmichael et al., 2001). Since many cyanobacteria contain gas
vacuoles, they can form as floating scum mats regularly reported at downwind shorelines fouling
beaches in the Yahara Lakes, Wisconsin (Lathrop et al., 2013). As a result, cyanobacteria scums
are considered nuisance due to unaesthetic appearance and offensive odors associated with
decomposition (Speziale and Dyck, 1992, Lathrop et al., 2013). Bacteria, present in fecal material,
can be transmitted to humans during recreational water use via contaminated water carrying
pathogens (McLellan and Salmore, 2003), posing a serious health concern to beach users. Possible
sources of fecal organisms include humans (Lee etal., 2014), gulls (Araujo et al., 2014), geese, or
domestic animals (Winfield and Groisman, 2003). For water quality monitoring, Escherichia coli
(E. coli) 1s an indicator for fecal organisms for beach contamination (Kleinheinz and Englebert,
2005). Previous studies have shown that high occurrences of E. coli in water are associated with
gastrointestinal disorders and other illnesses mn swimmers (Dufour, 1984; Dufour and Cabelli,
1986; Pruss, 1998; Wade, 2003). Both cyanobacteria and E. coli can harbor within filamentous
green algae (Whitman et al., 2003; Kleinheinz and Englebert, 2005; Englebert et al., 2008; Badgley
etal, 2011; Viayavel et al, 2013) that can then release free-floating bacteria and cyanobacteria

by wave action, storms, and secasonal sloughing (i.e. detaching), accumulating along beach
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shorelines (Whitman et al., 2003). In general, cyanobacteria and E. coli bacteria pose a threat to
public health in recreational waters and beaches.

A great deal of efforts has been devoted to improving water quality, decrease
contamination, and protect the health of beach users. For example, beach management practices
often employed are stormwater runoff practices, combined sewer overflow mitigation, wildlife
control, beach sediment nourishment, and source control policies. Based on the origination of
contaminant, practices can be generally classified into two, onshore and offshore categories
(Przybyla-Kelly, 2013). Onshore de-contamination practices like beach grooming are conducted
to remove litter, vegetation, detritus, and animal fecal droppings in nearshore sand to reduce
microbes harmful to human health (Sabino et al., 2014). As a result, fecal indicator bacteria can
be reduced, mproving beach water quality (Kinzelman et al., 2004). Similar onshore practice is to
alter beach sediments from sand to gravel beaches to decrease concentrations of fecal bacteria
(Aragones et al, 2016). Another onshore practice is to deter gull and geese populations from
residing at beach areas, reducing bacteria concentration in the swimming water (Converse et al.,
2012, Lee et al., 2013). Offshore de-contamination practices use devices to trap, deflect, or block
offshore polluted lake water from entering swimming areas. For example, a floating boom to
deflect long-shore currents in an inland lake in Wisconsin prevented swimming beaches to become
fouled with blue-green algal (cyanobacteria) scums and other floating debris (Lathrop etal., 2013).
This boom device was effective for blocking surface floating materials but could not prevent
contaminants from entering into the swimming area through the open flowing water underneath of
the floating boom. In comparison, a full depth permeable curtan was installed at Harbor Island
Beach, New York within an ocean environment. The mechanism of tidal fluctuations provides the

filtration to remove contaminants, effectively reducing E. coliby 81.9% (Lowe, 2008). A similar
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filtering curtain was installed at Calumet Beach, Chicago but the swimming beach trapped more
phytoplankton, higher E. coli, and turbidity (Przybyla-Kelly et al, 2013), suggesting that the
effectiveness of full depth curtains depends on tides which are minimal at inland lakes. To date,
little attention has been devoted to develop devices that minimize beach closures in inland,
freshwater lakes where tidal effects are not significant.

The objective of this paper is to test the hypothesis that an innovative Water Exclosure
Treatment System (WETS) can prevent algal scums and reduce beach closures from cyanobacteria
and E. colibacteria originating from either offshore or onshore in inland lakes. The WETS consists
of two sub-system: an exclosure consisting of an impermeable curtain at the offshore and a water
treatment device at the shore. The design of WETS water treatment intake and outlet piping
locations were evaluated using computational fluid dynamics to estimate contaminant flushing and
residence time scales. WETS was installed at a pilot beach in 2011 which has experienced
contamination from onshore due to resident geese populations and offshore due to floating
cyanobacteria scum and bacteria. The effectiveness of WETS in reducing cyanobacteria and E.
coli concentrations to safe levels for beach users was evaluated. Overall it is found that WETS

eliminated the need for beach closures in a non-tidal, freshwater lake.

4.2 Materials and methods
4.2.1 Study site

Brittingham Beachis located on the north shore of Monona Bay within the Yahara River
Chain of Lakes in Dane County, Wisconsin, (see star location in Fig 4-1a). The beach, originally
built in 1910, was the City of Madison’s first water park boasting an expansive water slide and

rental swimsuits. Brittingham Beach was one of the City’s most popular beaches nearly 100 years
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ago. Nevertheless, today it is one of the least frequented beaches due to poor water quality; high
cyanobacteria and E. coli bacteria levels. From 2005 to 2009, the beach was closed 14 days due to
high cyanobacteria and E. coli levels. As a result, Brittingham Beach was listed on the
Environmental Protection Agency (EPA) 303(d) list of impaired beaches for high bacteria levels
for several attributes. Onshore contamination is suspected to be a source of E. coli due to large
numbers of waterfowl (i.e. geese and ducks) residing at the beach. Offshore contamination due to
stormwater outfalls exits the shoreline riprap, approximately 350 feet away on each side of the
beach. The outfalls drained from anurbanized and mixed use watershed where similar studies have
shown that the discharge water contains pollutants such as oil and grease, chemicals, nutrients,
metals, and bacteria (Brownell etal., 2007). Since the 1950’s, Public Health of Madison and Dane
County (PHMDC) has conducted sampling at Brittingham Beach. When water sampling shows
elevated levels of cyanobacteria or E. coli, beach closing (a passive approach) is issued by
PHMDC. Nevertheless, users may swim at their own risk. In this paper, we report an active
approach, Water Exclosure-Treatment System (WETS, see Fig 4-1b) that was designed and

mstalled at Brittingham Beach in 2011.
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Fig 4-1. (a) The study site, Brittingham Beach (star on map), is located with the Yahara River
Chain of Lakes, Dane County, Wisconsin, United States. WETS were also installed at
other three sites (circle on map) that are Bernie’s Beach, Mendota County Beach, and
Goodland County Beach. (b) Aerial view of the Brittingham Beach with the exclosure
system in the summer of 2011.

4.2.2 Water Exclosure-Treatment System
4.2.2.1 Exclosure sub-system

The exclosure sub-system consists of a five-sided polypropylene barrier (Seaman
Corporation XR Membrane, 8130 X6-5) that excludes offshore contaminating lake water from the
swimming area (Fig 4-2a). The total volume of water enclosed for swimming is 868 cubic meters.
Each barrier contains a floatation boom consisting of five, 3.05-m long (15.25 meter total length)
by 15-cm diameter styrofoam tubes. All five barriers were bolted together using a stainless steel
accordion hinge to allow the floatation boom to freely float in response to fluctuating lake levels
and waves. A tension steel cable located under the flotation boom traveled along the entire

perimeter of the exclosure and anchored on shore to metal, tie-down rods. Each barrier was
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designed to match the lake bathymetry with an additional 3 foot skirt with two ballast chains added
to seal at the lake bottom, excluding lake water from swimming water (Fig 4-2b). An orange buoy
marker is connected at each hinged section for two purposes. First, additional uplift is provided to
counteract the downward force imposed from securing the barrier wall to the lake bed. Second,
visibility for navigation to other lake users is addressed. Installation of the exclosure barrier was
performed by using two barges and two boats to stretch out the exclosure at each orange buoy
delivering tension on the exclosure. At last, eachanchor weighing 300 pounds was chained to each
orange buoy to retain tension for structure and prevent movement. The exclosure was deployed in

the swimming season and removed after September.

) (b) Buoy Flotation
Boom connection Boom
at each buoy - Water Level
with accordion hinge pr— p: "
— Tension

P r\
& Cable

(a)

& Outside Inside

- Exclosure Exclosure

a

Anchor &
.

& Chain

Iron Tie

P
&
P
/ Down Rod & ‘No
Lake Bottom <— 3 Foot Skirt

Iro nTTie ‘\L/

N Down Rod

v Treatment LBackwash to

j Sanitary Sewer

Underground—g
PVC Pipe

Fig 4-2. (a) The enclosure sub-system of WETSs consists of five booms to separate the swimming
area water from the lake proper. A treatment sub-system pumps influent water through
a sand filter and ultraviolet disinfection, returning clean water to the swimming area and
backwash water to the sanitary sewer. Labels O1, I1, 12, and O2 are the water sampling
locations. (b) Section A-A shows the configuration of the exclosure sib-sub-system with
the anchor.
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4.2.2.2 Treatment sub-system

A strainer-filtration-ultraviolet treatment sub-system is housed inside an enclosed portable
trailer (see Fig 4-3a). Lake water influent is entered through two-inch, underground polyvinyl
chloride (PVC) pipes using a self-priming centrifugal pump (Gorman Rupp model 11-1/2A52-B).
Fig 4-3b shows the three major components. First, a strainer (Eaton model 72 with 4 perforated
stainless steel strainer) is used to remove heavy debris such as aquatic plants. Second, a sand filter
(Pentair model TR140C Triton Commercial Series) is utilized to remove fine particles with
diameter greater than 40 microns. Third, two parallel ultraviolet (UV) disinfection purifiers
(Atlantic Ultraviolet model S10,000C) are used to produce short wave radiation lethal to
pathogens, cyanobacteria, bacteria, and viruses. The treated and clean water effluent is sent back
to the swimming area through two-inch underground PVC piping (see Fig. 2a). A fully automated
Programmable Logic Controller (PLC) is designed to execute commands based on pressure sensor
readings (Fig. 3c). If the differential pressure across the sand filter is larger than a set threshold,
the PLC would initiate a backwash by opening valves reversing lake water through filter media
and discharging to the sanitary sewer. The differential pressure was set near 50 kPA which
generated at least one backwash per day. The PLC also triggers alarms for low pumping pressure
and dirty strainer conditions. The dirty filter alarm was triggered three times and occurred on days
with many swimmers due to excessive aquatic plants uprooted or broken by swimming activity.
The low pump pressure alarm occurred once and caused be fishing line tangled around the pump
impellor. When an alarm is issued, the system shuts down to protect damage to the equipment.
The automated treatment component was mnstalled 1 week prior to the opening of beach season

and was designed to run 24 hours a day.
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Fig 4-3. (a) A portable trailer enclosed with the treatment sub-system. (b) A schematic of the
detailed components of the strainer-filtration-ultraviolet system. Lake water influent is
pumped through a strainer removing heavy debris such asaquatic plant fragments, a sand
fiter removing fine particles, and ultraviolet water purifiers to produce short wave
radiation lethal to microorganisms. The treated effluent water is returned to the
swimming area. (¢) An automatic logic control uses pressure sensors to monitor
performance and trigger backwashing of the sand filter to the sanitary sewer.

4.2.2.3 Measurements and analysis

Water quality samples were collected in accordance with the EPA’s national beach
guidance and required performance criteria (USEPA, 2014). Specifically, grab water samples were
collected within the swimming area and 6 meters outside of the barrier by placing a sample bottle
15.2 cm below the water surface within 76.2 cm of water. Samples were collected for turbidity, E.
coli, cyanobacteria, and total phosphorus. The frequency of water quality sampling was conducted

at least twice per week for the duration of the study period from Memorial Day to Labor Day.
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Turbidity was measured on 26 samples for water outside (O1) and inside (I1) the exclosure as
located in Fig 4-2. Turbidity measurements were performed using a Hach turbidity meter (NTU;
2100N Turbidimeter, Hach Company, Loveland, CO). E. coli is measured in many states,
including Wisconsin, as an indicator organism of recent fecal contamination (Dufour, 1984;
Dufour and Cabelli, 1986; Kleinheinz and Englebert, 2005). E. coli was measured on 24 samples
to measure water outside (O1) and inside (I1) the exclosure. Samples for E. coli were analyzed
using Colilert-18 defined substrate technique (IDEXX, Inc., Westbrook, ME). Testing results for
E. coli were reported as most probable number (MPN) per 100 mL of water. A beach closure is
issued if the E. coli count is greater than 1000 MPN/100 mL, consistent with Wisconsin DNR
criteria for the Great Lakes beaches (WDNR, 2000).

Cyanobacteria samples were taken at two locations outside (O1 and O2) and two locations
mnside (I1 and 12). Cyanobacteria testing provided 644 data. Up to ten cyanobacteria genera were
tested including Aphanizomenon sp., Aphanocapsa sp., Anabaena sp., Cylindrospermopsis sp.,
Gloeotrichia sp., Limnothrix sp., Merismopedia sp., Microcystis sp., Osillatoria sp., and
Planktothrix sp. Cyanobacteria densities and toxins were assessed using a multi-tier approach for
a screening program using microcystin toxin as a surrogate for other cyanotoxins (e.g., anatoxin,
saxitoxin, cylindrospermopsin). The multi-tier approach allowed for near real-time decision
making for relaying health alerts as performed by the following procedure. First, rapid microscopic
screening of the dominant taxa and their abundance were evaluated to ascertain whether a bloom
event was occurring. If a bloom occurrence was identified and human health risk was suspected,
semi quantitative immunoassay-based strip tests of microwave-digested samples were used to
evaluate a potential hazard. If strip tests exceeded a designated threshold level, enzyme-linked

immunosorbent assay (ELISA) testing was used to verify the strip test result for microcystin. The



103

results of the evaluation would dictate whether any intervention (beach closure or alert) was
appropriate. The decision for a beach closure is based on microcystin levels above the World
Health Organization recommended limit of 20 pg/L (Chorus and Bartram, 1999). Cyanobacteria
levels are fueled by excessive nutrient levels such as phosphorus. Lastly, fifteen samples,
transported on ice and processed within 6 hours, were tested for total phosphorus inside (I1) and
outside (O1) the exclosure.

A one-way Analysis of Variance (ANOVA) was performed to test the statistical difference
for water outside the exclosure versus inside for three constituents (turbidity, E. coli, and one of
the cyanobacteria genera, Cylindrospermopsis sp. We prescribe the outside water (O1) as the
dependent value to determine if differences exist compared to other sample site locations. When
p<0.05, past studies for beach monitoring of E. coli and cyanobacteria indicate a significant
difference between sites (Englebert et al., 2008; Hernandez et al., 2014).

Land topography of site surveys was conducted using a Real-Time Kinematic-Global
Positioning System (Trimble R6) with horizontal and vertical accuracy of 10 and 20 mm.
Elevations of land at the Brittingham Beach were aided in the design for selecting an appropriate
pump based on liftng head requirements in the water treatment sub-system. Underwater
bathymetry of site surveys was conducted using an acoustic sub-bottom profiler with a vertical
resolution of 2 mm (L et al., 2009). Elevations of underwater lake bed with a horizontal grid
spacing of 5 meters within the swimming area were used for specifying locations of the exclosure

sub-system and modeling next.



104

4.2.2.4 Modeling

Computational fluid dynamics (CFD) modeling was used for two purposes including: (1)
aid m the design of the mlet and outlet locations mside the exclosure sub-system and (2)
determination of sizing of sand filters and evaluation of efficiency of UV disinfection. In the past
two decades, CFD modeling has been widely employed to design treatment systems such as UV
disinfection (Lyn etal, 1999; Sozzi and Taghipour, 2006; Liu et al, 2007), stirred tanks (Sahu et
al., 1999; Kasatetal., 2008), and waste stabilization ponds (Abbas et al., 2006). In this paper, the
hydrodynamic Finite Volume Coastal Ocean Model (FVCOM) developed by Chen et al., (2003)
was implemented. The hydrodynamic model consists of the continuity equation, momentum
equation under hydrostatic pressure assumption, and temperature equation. Details of model
description can refer to Reimer and Wu (2016). Flexible unstructured meshes to delineate the
horizontal domain can be generated. Fig 4-4 shows an example of horizontal meshes with 0.3 to
Im node spacing for a study case of a water intake inlet at the middle location and an effluent
outlet at the shallow location. In the vertical model domain, 20 sigma layers are used to cover the
water depths ranging up to 2.2 meters with a mean depth of 1.0 meter. In this study, wind impacts
on circulation patterns and velocity magnitudes were negligible due to short fetch distance in the
bay and small size of the swimming area (approximately 3% difference with 10 m/s southwest
wind compared to no wind). Therefore, wind fields were not considered here. The model was
applied to examine nine cases, i.e., the combination of three different water ntake (shallow,
middle, deep) and three effluent outlet (shallow, middle, deep) locations. The implemented
FVCOM model was run to reach steady state conditions to generate hydrodynamic (flow and

turbulent) fields for the use of modeling particle motions in the next.
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Fig 4-4. An example of unstructured meshes in the hydrodynamic model for the case of inlet at the
middle and outlet at the shallow. Spatial resolution for meshes ranges from 0.3 to 1
meter.

A Lagrangian particle tracking model was employed to assess how water flows within the
swimming area bounded by the exclosure barrier. Particle tracking models have been widely used
to simulate the transport pathways, mixing and exchange of pollutants (Gomez-Gesteira et al.,
1999; Perianez, 2004; Cerejo and Dias, 2007; Delpeche-Ellmann and Soomere, 2013). In this
study, algae or bacteria are assumed to be passive and neutrally buoyant particles, which undergo
flow advection and turbulent mixing processes. Specifically, each particle is moved to new
positions by a time step times the flow field obtained from the hydrodynamic model and a random

walk model using turbulence mixing estimates. Specifically, the horizontal eddy diffusivity
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coefficients, based upon the Smagorinsky parameterization (Liu et al., 2008), are the order of 10-
2 m?/s, which is consistent to turbulent mixing values in a nearshore zone of a small lake with low
wind conditions (Lemmin, 1989; Kimura et al., 2016). The vertical eddy diffusivity, based upon
the k- (turbulence closure scheme Rodi, 1987; Umlauf and Burchard, 2005), are 103 m?%/s, similar
to the numbers for the shallow water and an energetic near surface layer (Rehmann and Dudda,
2000; Bugucki etal., 2005). Particles were initially released using a 1.0 meter uniform, horizontal
and vertical spacing, resulting in 1424 mitial locations. Monte Carlo simulations of the particle
tracking model were performed at least 100 times to calculate two fundamental timescales, ie.
flushing time and residence time. Note that several definitions for both timescales have been
employed in the literature. In this study, we employ the definition of flushing time as the amount
of time required to exchange the water within the swimming area bounded by the exclosure.
Specifically, flushing time is obtained based on a 37% renewal time for a continuous stirred tank
reactor (Monsen et al., 2002). Different from flushing time, residence time is the amount of time
that a particle initially in the domain of mterest resides in domain before leaving through its
boundaries (Zimmerman, 1976; Shen and Haas, 2004). Residence time for each water parcel
depends on its starting location (Prandle, 1984). As a result, spatial residence time can depict the
duration of particles within the swimming area. The model was setup similar to previous
calculation of flushing time except that each particle is tagged with its starting location and the
time it takes to exit the swimming exclosure is recorded. Through Monte Carlo simulations, the
mean time to exit the exclosure for each of the 1,424 coordinate locations was thereby calculated.
In short, the two timescales are used to address the two purposes mentioned at the beginning of

the section.
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4.3 Results

4.3.1 Flushing time

Flushing time is a bulk value that reflects the integral time scale of combined effects of
physical transport processes of the water body (Dyer, 1973; Fisher etal., 1979; Geyer etal., 2000;
Monsen et al., 2002). In this study, we find that steady values of flushing time are reached after
approximately 20 ~ 25 Monte Carlo simulations. Table 4-1 lists the mean flushing time for nine
cases consisting of the combination of shallow, middle, and deep water depths for both water
intake and effluent outlet locations. Values of flushing time vary over a day, indicating that
locations of water intake and effluent outlet play an important role on the efficiency of lake water
treatment. For example, the flushing time for the case of deep inlet with deep outlet (flushing time
= 1.89 days) and the case of middle inlet and shallow outlet (flushing =0.67 days) differs up to a
factor of three. The flushing time for the cases with the same depths of inlet and outlet is longer in
comparison with cases with varying depths of either mlets or outlets. For example, the flushing
time for the case with the inlet atthe middle depth and the outlet at the middle depth is longer than
the one with the shallow/deep inlet location and the outlet atthe middle depth; or the one with the
inlet at the middle depth and the shallow/deep outlet location. Overall, the results suggest that
minimal mixing can occur for the cases of same depth of the inlet and the outlet. Consequently,
inlet and outlet locations at different depths are desired to enhance mixing. The two short flushing
times are 0.67 and 0.96 days when the outlet is at the shallow location and mlet is at either the

middle location, which are chosen to be the design inside the exclosure sub-system.



Inlet Shallow Middle Deep

Outlet
Shallow 1.12 0.67 0.96
Middle 1.39 1.61 1.33
Deep 0.98 1.43 1.89
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Table 4-1. Flushing time (in days) for nine simulations comparing inlet and outlet locations.

4.3.2 Spatial residence time

Based upon the modeling described in Section 2.4, Fig 4-5 reveals the spatial distribution
for mean residence time for the nine cases with the combination of three different water intake
(shallow, middle, deep) and three effluent outlet (shallow, middle, deep) locations. The depth
averaged velocity vectors (white arrows) are plotted over the residence time map. Two type of
spatial circulation patterns are seen. First, a two-gyre circulation pattern occurs for the three cases
with the outlet at the middle, yielding less mixing due to short circuiting. The residence time at the
dead zones at the middle water depth can go up to 3 days (see color map in Fig. 5). Second, a one-
gyre circulation pattern is seen in all other six cases. Specifically, a clockwise/counter-clockw ise
gyre pattern occurs for the cases with the outlet at the deep/shallow water. Similar to the two-gyre
circulation, the residence time at the dead zone can go up to 3 days. Among all nine cases, the
residence time maps for the two cases with the intake at the middle and deep water locations under
a shallow effluent outlet exhibit less than 0.5 days for most of the areas. Interestingly, the results
are consistent to the two smaller flushing times (0.67 days and 0.96 days), as shown in Table 4-1.
From a different perspective, Brittingham Beach has been most used by toddlers and young
children. Klenheinz et al. (2006) showed that concentrations of E. coli are inversely related to
water depth of recreation waters, suggesting that young children confined to shallow depths have

higher risk. As aresult, we select the inlet in the middle and the outlet in the shallow water as the
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pipe configuration that has short residence time in the shallow water and overall lowest flushing

time.

Inlet Shallow Inlet Middle Inlet Deep

Outlet Shallow

Residence Time
(days)
3

Outlet Middle

Outlet Deep

Fig 4-5. The mean residence time map for nine cases with the combination of three different water
intake (shallow, middle, deep) and three effluent outlet (shallow, middle, deep) locations.

4.3.3 Turbidity and E. coli

High turbidity is often an indicator of high suspended solids which may be responsible for
the transport of viruses and bacteria (Wong et al., 2009). Fig 4-6a shows that turbidity levels inside
the exclosure were up to 15 times lower than outside. The lake water was turbid with peak nearing
100 Nephelometric Turbidity Unit (NTU) on August 16. In contrast, the turbidity mside the
exclosure was consistently low (less than 5 NTU) during the whole period. Table 4-2 shows that

ANOVA tests of turbidity is p=0.000003, indicating that a significant difference is apparent for
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water inside (I1) versus outside (O1) the exclosure. Fig 4-6b shows the range of turbidity as a box
plot with the central mark as the median, the extent of the box as the 25th and 75th percentiles, the
whiskers range to the most extreme data points not considered outliers, and the outliers,
individually. A larger span of percentiles is outside (26.38-41.03 NTU) versus inside (2.02-3.59
NTU). Overall, the median turbidity outside is 31.60 NTU versus inside is 2.43 NTU, indicating
WETS has successfully reduced turbidity or suspended solids to yield clearer swimming water.
Furthermore, the decreased turbidity may increase the natural UV killing of microbes mnside the
exclosure.

E. coliresults mside the exclosure were consistently lower than those outside, as shown in
Fig 4-6¢c. The water outside experienced two peaks in high levels of E. coli on August 16 and
September 1. On these peak days large rainfalls occured, a slight rise n E. colialso occurred nside
the exclosure due to runoff into the swimming area; however, E. colilevels inside were about 30
times lower than those outside. A beach closure is issued by the local health department, PHMDC,
when E. coli levels exceed a threshold of 1000 MPN/100mL. E. coli values mside the exclosure
ranged from non-detectable limits up to 20 MPN/100 mL, significantly less than criteria for issuing
a closure. Table 4-2 shows that ANOVA tests of E. coliis p=0.059 between inside (I1) and outside
(O1) water for all data, which is not significant. If only peak days of elevated E. coli levels were
used for ANOVA testing, it is found that p=0.012, showing water inside is significantly different
than outside. Fig 4-6d shows that the 25th to 75th percentiles of E. coli outside is 7.5 to 90
MPN/100 mL and nside is 4.5 to 15 MPN/100 mL, respectively. Overall, the results indicate that
WETS reduced E. coli levels, an indicator of fecal contamination, providing safer swimming

water.
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Fig 4-6. Time series of (a) turbidity and (b) box plot at the outside sample site O1 (triangle symbol)
and the inside sample site 11 (o symbol). Similarly, time series of (c) E. coli and (d) box
plot at the outside sample site O1 (triangle symbol) and the inside sample site I1 (o
symbol).

Both turbidity and E. coli samples were evaluated for how well they were related using the
Pearson correlation for water outside versus inside the exclosure. Correlation analysis showed that
turbidity and E. coli for outside water were moderately, positively correlated (Pearson: 0.545)
suggesting turbidity may serve as an indicator for E. coli. However, inside the exclosure, a weak
and negative correlation (Pearson: 0.073) was found, indicating that the relationship does not hold.
Overall, the moderate correlation outside versus weak correlation inside suggests the benefit of the
exclosure to minimize wind and waves that stir up bottom sediments and the effectiveness of the

treatment system to remove particulates and disinfect E. coli in the water column.



Table 4-2. One-way analysis of variance comparing site O1 (outside) to other sampling

locations.

Measurement Variables at Ol | Source of Variation P Value
Turbidity Site 11 (inside) 0.000003
E. coli Site I1 (inside) 0.059 (all samples)
0.012 (peak days)
Cylindrospermopsis sp. Site I1 (inside) 0.0001
Site 12 (inside) 0.0001
Site O2 (outside) 0.732

4.3.4 Cyanobacteria genera
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Cyanobacteria, were found to be the dominant forms among the phytoplankton populations

at the study site. Fig 4-7 shows a visual of the phytoplankton content witnessed during the study

period. In eachphoto, three samples are shown from left to right (tap water, water inside exclosure,

and water outside exclosure at four different times. Water outside the exclosure was significantly

greener in color compared to tap water suggesting that photosynthetic organisms are present. Tap

waterand inside exclosure water were visually difficult to distinguish implyng WETS has reduced

cyanobacteria levels. In addition to qualitative data, quantitative analysis was performed.
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Fig 4-7. Three sample bottles (from left to right) show water clarity of tap water, swimming water
mside the exclosure, and lake water outside the exclosure at four different times. The
outside lake water is green with peak occurring on 8/16/11, suggesting high
cyanobacteria concentration. Inside swimming water remains clear as compared to tap
water.

Cylindrospermopsis sp., one of ten cyanobacteria genera tested, are shown in Fig 4-8a
comparing outside (O1 and O2) versus inside (I1 and 12) the exclosure. Cylindrospermopsis sp.
peaked in quantity around August 16 and September 1 outside of the exclosure. In contrast, a
consistent low concentration of Cylindrospermopsis sp. was found mside the exclosure and did
not exhibit any response to peaking cyanobacteria levels in the lake. Table 4-2 shows that ANOVA
testing for Cylindrospermopsis sp. between outside O1 and O2 is 0.732, indicating that the lake
water is at similar cyanobacteria levels. In contrast, ANOVA testing between outside water is

significantly ~ different than the inside water (p=0.0001). Fig 4-8b shows the median
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Cylindrospermopsis sp. values outside are 8000 colonies/mL and inside are 595 colonies/mL or
approximately 16 times less concentrated inside. Similar results and conclusions canbe drawn for
the remaining ten cyanobacteria tested and for brevity are not shown.

Cyanobacteria levels are often fueled by excessive nutrient levels such as phosphorus.
Fifteen samples were tested for total phosphorus and the results inside the exclosure were
consistently, up to eight times lower than outside the exclosure, reflecting phosphorus content
removed during the treatment. Specifically, total phosphorus inside and outside the exclosure
ranged from non-detectable to 0.07 mg/l and 0.08 to 0.16 mg/l, respectively. Interestingly, total
phosphorus levels inside the swimming area were less than targets (0.075 mg/l) setby the EPA in
the development of the Total Maximum Daily Load (TMDL) for the Yahara Lakes (Cadmus
Group, 2011). In conclusion, WETS appears to be effective in reducing elevated cyanobacteria

concentrations, providing clean and safe swimming water.
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Fig 4-8. Time series of (a) Cylindrospermopsis sp. and (b) box plot atthe outside sample site O1

(triangle symbol) and site O2 (square symbol) and the inside sample site 11 (solid circle)
and site 2 (pentagon symbol).



115

4.4 Discussion

4.4.1 Beaches in the Yahara River Chain of Lakes

WETS was successfully deployed and implemented at Brittingham Beach, WI, n 2011.
Due to strong support and further demand from the communities in the Yahara River Chain of
Lakes, WI, WETS was thereby implemented at other beaches including Bernie’s Beach in Lake
Monona, in 2012, Mendota County Park Beach in Lake Mendota in 2016, and Goodland County
Park Beach n Lake Waubesa in 2017 (see Fig. 1a). In comparison with WETS at Brittngham
Beach, WETS at other beaches have different configurations of inlet and outlet to further enhance
efficiency of water treatment. For example, it is found that two inlets on each side of the swimming
area and one outlet pipe atthe center inside the excloure can enhance mixing and reduce flushing
time. From visual observations, young children are attracted to play with the flowing clean water
at the center of beach. Another feature of WETS is the design of polypropylene barriers that can
attenuate wave height of a range of up to 0.3 m (one foot). Overal, WETS mstalled and
implemented at all beaches in the Yahara River Chain of Lakes all have delivered water quality
improvement, in terms of cyanobacteria and E. coli results (not shown here for brevity). To date,

no closures atall the WETS beaches have been issued and reported.

4.4.2 Economic costs and socio-economic benefits

WETS is typically deployed for a duration of 3.5 months in the summer, starting a week
proceeding Memorial Day and removed a week after Labor Day. The electrical cost to operate
WETS equates to an average of $5.91 per day or $579.18 per summer season. Other operational
costs include labor to install/remove the exclosure, startup/winterization of the treatment system,

and transportation of one portable trailer with the treatment system to be used at other beaches.
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The capital costs including pump, strainer, sand filter, UV disinfection, PLC, cooling fan, electrical
wiring, PVC pipes, trailer, polypropylene exclosure, and buoys was approximately 25,000 USD.
For a larger treatment system, the capital cost for items such as the pump, strainer, sand filter, and
polypropylene exclosure are estimated to linearly increase proportional to flow. In this study,
WETS is capable of treating swimming water with a flow of 380 I/m. The cost for items such as
PLC, cooling fan, electrical wiring, PVC pipes, and trailer would remain similar. In the first month
of WETS operation at Brittingham Beach, the pump was shut down for maintenance. During the
shutdown 5-day period, we continued to monitor water quality inside the swimming area. Results
indicate water quality inside the exclosure remained excellent due to the barrier curtain that was
effective in preventing outside lake water from polluting the swimming water, suggesting that
continuous watertreatment at a single beach is not necessary. Therefore, WETS inside the portable
trailer can be moved to other beach sites to optimize the cost and early deployment may be
considered to insure beaches are treated before opening. Overall, WETS is a cost-effective system
to provide clean and safe swimming water at Brittingham Beach. Furthermore, the WETS project
mspired the startup of a food/coffee shop and a rental store for water sport equipment (kayaks,
canoes, paddleboards, sailboats, etc.) in 2012 at Brittingham Beach. From social-economic
perspective, WETS has offered an incentive to local business development for revitalizing

recreational park and provided benefits to the community with increased beach user activities.

4.5 Conclusions

Closures of Brittingham Beachat an inland freshwater lake im Wisconsin were frequently
issued due to high levels of cyanobacteria and E. coli transported from onshore (resident geese)
and offshore. An mnovative Water Exclosure Treatment System (WETS) was designed and

implemented. WETS consists of an “exclosure” with a five-sided polypropylene barrier that



117

excludes offshore lake contaminated water from the swimming area. Inside the exclosure, water
was pumped to a portable filtration-ultraviolet treatment system. Computational fluid dynamics
modeling with a Lagrangian particle-tracking method was employed that provided flushing time
to determine sizing of sand filters and evaluation of efficiency of UV disinfection and aid in the
design of the inlet and outlet locations for the pump network of the treatment system. It was found
that the design of inlet and outlet locations play an important role on efficiency of lake water
treatment. Specifically, residence time maps and flushing times range from 1.89 days (deep inlet
with deep outlet) to 0.67 days (middle inlet and shallow outlet). Installation of WETS required a
crew of two barges and two boats totaling 6 people and 18 person-hours. Water samples were
tested two times per week during the study period. Water sampling showed that cyanobacteria and
E. coli levels were 30 and 16 times lower mside the swimming area, respectively as compared to
outside lake water. ANOVA testing reinforced that WETS created an environment that improves
water quality significantly different from the outside lake water. After the success of implementing
WETS in Brittingham Beach in 2011, WETS was deployed at other three beaches in the Yahara
River Chain of Lakes (see Fig. 1) including Bernie’s Beach in 2012 to 2017, Mendota County
Beach in 2016 to 2017, and Goodland County Beach in 2017. Prior to WETS deployment at
Bernie’s Beach, Mendota County Beach, and Goodland County Beach, closings averaged 5, 8, and
16 days per year, respectively. Outcomes for other others are similar, in terms of excellent water
quality improvement. To date, no closures at the WETS implemented beaches have been issued
and reported. WETS provides safe, clean water inside the exclosure for minimizing beach closure,

which has proved to promote social-economic benefits.
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5. Impacts of Legacy Phosphorus in Streams on Water Quality before and after

Dredging

The following is in preparation to be submitted to Journal of Environmental Management.

5.1 Introduction

Legacy phosphorus (P), often referred to as accumulated P in agricultural soils, can
deteriorate water quality, posing health risks of livestock wildlife, pets, and humans (Turner et al.,
1990; Tanner et al., 1995; Chorus and Bartram, 1999; Falconer, 1999; Charmichael et al., 2001).
Legacy in surface waters (e.g., lakes and streams) with high P levels can cause eutrophication of
freshwater systems resulting in seasonal hypoxia and harmful algal bloom (HAB) which can
mtroduce toxins into drinking-water supplies (Michalak etal., 2013; Sayers etal., 2016) and pose
a threat to public health in recreation waters and beaches (Reimer and Wu, 2018). To address
issues of P on water quality, the United States Environmental Protection Agency (EPA)established
the Total Maximum Daily Load (TMDL) to regulate the maximum amount of P that a water body
canreceive and meet water quality targets. While P loads under the TMDL can be reduced as point
and nonpoint sources of pollution, legacy P in watershed uplands and stream beds can be
remobilized or leached as a continuous source to downstream surface waters for years, decades, or
even centuries (McDowell et al., 2002). As a result, the time lag between the TMDL reduction in
P loads and improvement of downstream surface water quality threaten stream health (Haygarth
et al, 2014; Sharpley et al, 2013; Powers et al., 2016). Also, the leaching of legacy P results in
delayed water quality improvements following significant economic investments for TMDL
reductions on upland sources, resulting in increased public pressure on government and watershed

organizations to respond (Sharpley et al., 2013).
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Water quality related to legacy P in streams can be influenced by physical, chemical, and
biological processes. Water quality may be degraded by physical processes that accumulate legacy
P as deposition of particulate or suspended P sediments to stream beds (Owens and Walling, 2002;
Ballantine et al., 2009; Rawlins, 2011) with milder slopes and lower overlaying flow velocities
(Sharpley et al, 2013) and turbulence (Wood and Armitage 1997). On the other hand,
improvement of water quality is found when stream P is dispersed due to erosion of particulate P
under high velocities (Dorioz et al., 1989; Drake etal., 2012). Water quality is affected by legacy
P through chemical processes like sorption of dissolved P in the water column to bed sediments
depending on pH and redox conditions (Reddy et al., 1999; Haggard et al, 2001; Withers and
Jarvie, 2008; Stutter et al., 2010). Alternatively, P is diffused due to desorption of dissolved P if
the water column P concentrations are lower than P source in stream beds (House and Denison,
2000; Haggard et al., 2005; Hamilton, 2012). Water quality altered by biological processes like
microbial activititcs commonly occurred in shallow stream environments with good light
penetration (e.g., pools, eddies) canimpact recycling of legacy P in bed sediments. When microbial
cells become anaerobic or decompose as a result of enhanced rates of organic matter breakdown,
anoxia in the bed sediments and the release of polyphosphate, can degrade water quality due to
release of legacy P (Ensign and Doyle, 2005; Hupfer et al, 2007; Withers and Jarvie, 2008).
Overall, understanding processes that alter legacy P is important to improve agricultural
sustainability and mitigate water quality deterioration.

For several decades, efforts for improving stream water quality have been implemented
and the outcome has been compromised due to legacy P (Sharpley et al., 2013). Reduction of
nonpoint source pollution from uplands has been successfully addressed by field management

practices (e.g., cover crops, no tillage, fertilizer reductions) and watershed management practices
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(e.g., converting land use, creating detention ponds, and meandering stream networks).
Nevertheless, the ntent of reducing load downstream by these practices results in P accumulation,
leading to erosion and diffusion of legacy P to the stream later in time as an unintended source. As
a result, legacy P may mask or buffer the benefits of upland practices (Meals etal., 2010; Hamilton,
2012; Spears etal., 2012). Several strategies have been successful to remediate P by altering crop
rotations (Zhang et al, 2004; Dodd and Mallarino, 2005; Sharpley et al, 2004), protecting
streambanks (Meals and Hopkins, 2002), restoring and dredging wetlands (Oldenborg and
Steinman, 2019), and adding alum to lakes (Huser etal., 2011). However, no study on remediation
of legacy P in stream sediments by dredging has been reported to date, as far as the authors are
aware.

The objective of this paper is to nvestigate the impacts of legacy phosphorus in streams
on water quality before and after dredging stream sediments in an agricultural watershed. First, the
age of legacy P i stream sediments was evaluated by radionuclide dating testing. Next, P analysis
in the field and laboratory was conducted to determine the role of legacy P on water quality impact.
Specifically, field mesocosm experiments were carried out to measure P release before and after
dredging. Laboratory microcosm testing was carried out to determine rates of P diffusion. Results
of water quality response before and after dredging were presented. Achieving TMDL regulations,

impacts to hydrologic functions, and enhancements to ecology and recreation are discussed.

5.2 M aterials and methods

5.2.1 Study site
The study site is Dorn Creek, located at north of Madison in Dane County, WI (Fig 5-1).

The Dorn Creek watershed is 32.6 square kilometers, comprised of 78% agricultural and 16%
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wetland land use (Lathrop etal 1998). The length of Dorn Creekis 6 km, exhibiting three distinct
slope characteristics of 0.24% upstream, 0.41% middle, and 0.046% downstream between S1 and
S2. A large wetland complex consisting of soil types Houghton muck and Wacousta silt clay loam
is located between S1 and S2 on the creek that provide wildlife habitat and spawning for northern
pike. The outlet of downstream Dorn Creek connects to Lake Mendota with water level regulated
by Tenney Dam, As a result, Dorn Creek is subjected to backwater levels of Lake Mendota that

influences release of flow, sediments, and nutrients (Reimer and Wu, 2016).
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Fig 5-1. The study site is located at Dorn Creek in Dane County, Wisconsin. Circles show sampling
location with colors representing P concentrations in stream sediments. Long term gage
stations were installed upstream of study site at Highway Q called S1 and downstream
at Highway M called S2 to measure water quality and quantity. Three slope (S) locations
are shown which represent the average stream bed slope. The locations of microcosm
and mesocsom experiments are shown.

Water quality issues in Dorn Creek continue to be of concerns despite many field and
watershed practices. The average annual P loading from 1989 to 1998 was 2,097 kg. A TMDL
load allocation of 238 kg or a 91% reduction was thereby determined (Cadmus Group, 2011). In

1993, the Mendota Priority Watershed was initiated to install conservation practices to reduce
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runoff from barnyards, farm fields, and streambanks (Betz et al., 2000). Most recently in 2016, a
Yahara Watershed Improvement Network formed a partnership among Madison Metropolitan
Sewerage District, Dane County, area cities, villages, towns, and environmental, farm, and
business groups to meet regulatory TMDL requirements of phosphorus loads (MMSD, 2017).
Specifically, a four-year pilot project (MMSD 2012) took a collaborative approach to implement
cost effective phosphorus controls with over 800 conservation practices (e.g., conservation tillage,
waterways, roofs over barnyards). Despite these efforts, Dorn Creek is still on the 303(d) Lst,
referred to as Wisconsin’s list of impaired and threatened water list due sediment loading

impacting aquatic habitat, E. coli impacting recreation, and high levels of phosphorus.

5.2.2 Field Measurements
5.2.2.1 Sediment sampling

A total of 58 sediment cores with depths ranging from 40.6 to 106.7 cm were acquired
underwater near the left bank, thalweg, or right bank. Specifically, 43 sediment cores were
obtained at 8 cross sections within the low slope (0.046%) of Dorn Creek located 0.3 to 1.3 km
upstream of highway M in March 2015 and December 2015. In March 2018 and September 2019,
15 sediment cores were taken at 13 cross sections to characterize the remamning 6 km of Dorn
Creek as shown in Fig 5-1. The procedure for collecting sediment samples is described as follows.
A modified piston coring apparatus made of a polycarbonate tube measuring 1.5-m long and 3.8-
cm diameter (Fisher et al., 1992; Steinman etal., 2004) was driven into the stream bed sediments
by hand until refusal. Retrieval of sediment samples was conducted by placing a rubber stopper at
the waterline to create suction to prevent sediment from falling out of the tube. Sediment cores

were stored in an upright position during transport. Stratigraphic layers of sediment classification
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were identified by pushing a stop plug into the tube to extract the layer samples in heights of 15
cm. The remaining sample was left in the acrylic tube or pushed out to a tray and stored in plastic

containers for later laboratory testing.

5.2.2.2 Water sampling

Continuous water samples were taken for total phosphorus and soluble reactive phosphorus
(Valderrama, 1981; Hosomi and Sudo, 1986; D’Ela etal., 1997). Specifically, an automated ISCO
sampler was installed at highway Q (S1) and highway M (S2) to collect water samples during base
flow and rainfall events. From 2013 to 2019, 749 and 677 water samples were collected at S1 and
S2, respectively. Sampling intervals ranged from 1 minute to 43 days and averaged 3.6 days. Daily
P loads and concentrations were generated using the Graphical Constituent Loading Analysis
System (Koltun et al., 2006). In addition, water temperature, DO, pH, and specific conductance at
the water surface and near bottom were measured using a Y SI 6600 sonde (YSI Incorporated,

Yellow Springs, OH).

5.2.2.3 Mesocosms

Three mesocosm experiments were conducted in the field before and after dredging with a
6-day period starting November 14, 2016 at 7:00 a.m. Fig 5-2 shows the mesocosm set up using
clear acrylic core tubes that are 1.83 meters long and 14.0 cm diameter driven 0.6 meters deep in
the streambed to simulate natural conditions (Zhou et al., 2016) Water inside the mesocosms is
prevented from contact with outside surface water (Jerauld et al., 2020) but is in contact with
bottom sediments and exposed at the top to the atmosphere (Stephen et al., 2004). To minimize

disturbance of bottom sediments when sampling, a peristaltic pump connected to a 12.7 mm
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transparent polyvinyl chloride tubing withdrew water from within the top 15 cm of the mesocosm.
Before dredging, water samples were collected to verify the mesocosm experiment inside (green)
represent the outside natural environment (red) as shown in Fig 5-2. After dredging, water samples
were collected from the mesocosms to compare differences between before dredging stream water

(light blue) and clean distilled water (blue). TP and SRP of water samples were analyzed in the

laboratory.
Before Dredging After Dredging
Sampling Tube Microcosm Before B T s Distilled
. Dredging bl Water
Inside Water ; R
Outside '
/ —
@
.

Legacy P
Sediment L | L |

Fig 5-2. Mesocosm experiments were conducted before dredging (left) with water sampling
performed inside (green) and outside (red). After dredging (right), mesocosm were
mnstalled using water before dredging (light blue) and distilled water (blue).

5.2.3 Laboratory experiments
5.2.3.1 Radionuclides

Radionuclide activities were determined based upon 4 cm spaced slices of the sediment
core for Beryllum-7 (Be-7), Cesium-137 (Cs-137), Lead-210 (Pb-210), and Radium-226 (Ra-226)
(Abril, 2003; Van Metre et al, 2004). Unsupported or excess Pb-210 was determined by
subtracting total Pb-210 from Ra-226 (Appleby and Oldfield, 1992). Procedures for testing

samples are similar to previous studies (McMurtry et al., 1995; Van Metre et al., 2004; Evrard et
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al., 2010) and briefly summarized as follows. All sediment samples were freeze dried, ground with
mortar and pestle, and sealed into polypropylene containers to insure no radon gas leaked out. The
sealed containers were allowed to incubate for at least 30 days to allow Radum-226 and Radon-
222 to reach secular equilibrium. Afterwards, samples were counted on a low energy high purity
germanium planar detector from Canberra (Mirion Technologies) with Genie 2000 data acquisition
software until a detection limit of 0.75 pCi/g or less was achieved for the Pb-210 activity. All
samples were corrected to the date of sample collection. Quality control samples were counted for

a Ra-226, CS-237, Pb-210, K-40 standard and a blank standard (Van Metre et al., 2004).

5.2.3.2 Microcosms

Laboratory microcosm experiments were performed to measure P diffusion from stream
sediment samples following the method described in James and Barko (1991). A total of 10 of 43
cores collected in 2015 were used to make 12 microcosms, consisting of various sediment layers
(surface, 15 cm, and 30 cm) to relate corresponding P release rates under aerobic and anaerobic
conditions. Under aerobic conditions, 10 microcosms were made from 9 cores of stream sediment
and 1 blank core without sediment. Under anaerobic conditions, 4 microcosms were made from 3
cores with sediment and 1 core without. P diffusion tests are briefly summarized n the following.
The overlying water was drained from each sediment core and replaced with water collected at the
site, filtered through a glass fiber (Whatman GF/A). Then the sediment core tubes were sealed
with rubber stoppers and placed in a darkened environmental chamber (Psychrotherm) and
mcubated at 20°C for 10 days. The oxidation-reduction environment was controlled by gently
bubbling air (aerobic) or nitrogen (anaerobic) through an air stone placed just above the sediment

surface. Water samples were collected daily from the center of each incubation system and
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replaced by site water filtered through a glass fiber (Whatman GF/A). The water volumes were
measured to adjust SRP for dilution effects. Rates of SRP release from stream sediments (mg/(m2
day) were calculated as the change in SRP in the overlying water divided by time and the area of

the sediment core liner.

5.2.4 Sediment age calculation

Sediment ages are calculated to understand stream sediment dynamics (Binford, 1990;
Appleby and Oldfield, 1992; Holmes, 1998; Abril, 2003). Potential longevity of sediment dredging
was estimated using Cs-137 and unsupported Pb-210. Cs-137 to provide a date marker correlating
to the year 1963 due to peak atmospheric testing of nuclear weapons in the United States
corresponding to peak Cs-137 activity in undisturbed sediment cores (Holmes, 1998). In this study,
two models were used to calculate sediment age. The first model, Constant Initial Concentration
(CIC), 1s based upon the assumption that Pb-210 activity in the uppermost layer of sediment is
constant through time (Goldberg, 1963; Robbins, 1978). The second model, Constant Rate of
Supply (CRS), assumes a constant flux of Pb-210 to the sediment surface through time (Goldberg,

1963; Robbins, 1978; Appleby and Oldfield, 1992).

5.2.5 Hydraulic dredging

In this study, legacy phosphorus in the stream was removed by hydraulic dredging during
5 months from June 2018 to October 2018. An amphibious hydraulic dredge that floats with its
sealed tracks in the shallow stream water would self-propel using a hydraulic direct drive track
system on land (Fig 5-3). The dredge was equipped with a wide track system to distribute ground

pressure to minimize the impact on wetland land use surrounding Dorn Creek (dark green dashed
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line in Fig 5-3). At the upstream, a creek plug was mstalled at approximately 300 m downstream
of highway Q to prevent water back to the 2003 flood-routed path (blue color in Fig 5-3) that short
circuited its adjacent wetland complex. Dredging was taken along the original stream to restore to
the pre 2003 conditions. The hydraulic dredge was connected to an 8” high density polyethylene
pipe (light blue line) that was 4.7 km long with a booster pump to discharge stream sediment into
a 3 hectare dewatering basin (red polygon). At the dewatering basin sediment was trapped and
effluent water was redirected back to the stream. Polymers were used as necessary to reduce total
suspended sediment effluent concentrations to not exceed40 mg/1 above background stream levels.
Inspring 2019, the dewatering basin was the dredged sediments were capped by topsoil and seeded
with prairie. Overall, a total of 18,050 cubic meters of sediments with an average depth of one
meter of mucky sediments containing 34,050 kg of legacy phosphorus was removed from the

upstream at highway Q to the downstream highway M (see Fig 5-3).
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Fig 5-3. Hydraulic dredging schematic performed between Highway Q and M as shown in blue.
Hydraulic dredge transports legacy P sediment through influent pipeline (light blue) to
dewatering area (red) to trap sediment and clean water is discharged back to stream
through effluent pipeline (light blue).

5.3 Results
5.3.1 Legacy P

A spatial map of TP concentrations in the top 5 cm of stream sediments is shown in Fig 5-
1. Downstream of highway Q with a bed slope of 0.046%, TP concentrations are significantly
higher than that upstream with bed slope of 0.42%. The result is consistent to previous studies that
high phosphorus sediments are deposited in the low gradient stream locations (Hoffman et al,
2009; Rogers etal., 2009). In other words, low-slope of downstream Dorn Creek between highway

Q and M are most likely the areas that may have legacy P.
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Sediment age was calculated to reveal sediment dynamics and confirm the legacy P
between highway Q and M. Be-7 was found only within the top 4 cm of each sediment core,
indicating age deeper than 4 cm is greater than 1 year. Fig. 5-4a shows a depth profile versus age
dating of Pb-210. At a depth of approximately 70 cm, sediment age is 1890. This date matches
with the time when Tenney Dam on the downstream of Lake Mendota was built, suggesting that
backwater of Lake Mendota may cause sediment deposition in Dorn Creek. At the depth of 50 cm,
a dated age based upon Pb-210 is 1963, corresponding well to peak Cs-137 (black dot) at 45 cm,
indicating good fit of the Pb-210, CRS model. As depth from 50 cm to near surface, the Pb-210
plot becomes steeper with increasing sediment depths in shorter time periods. Fig 5-4b shows
sediment accumulation rates (black line). Starting in 1890 accumulation rates were near 0.1
cm/year and consistently increased to a peak rate of 1.1 cm/year in 1994. Accumulation steadily
decreased to more than half to 0.5 cm/year of present day. A change in accumulation rates in 1994
appears one year after the Lake Mendota priority watershed initiatives to implement conservation
practices in 1993. The change in accumulation rates suggest that these efforts to control sediment
and erosion from upland agriculture sources provided great benefit. Lastly, cumulative mass rates
were calculated using accumulation rates and sediment density as shown as the gray line in Fig 5-
4b. Starting in the early 1900’s the mass rate dramatically increases indicating deposition of heavy
grained sediment particles compared to present day small changes of mass rate. Overall, the
sediment age dating provides useful insight mto the sediment dynamics of Dorn Creek that

provides a depositional area accumulating legacy P since 1890.
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Fig 5-4. (a) Sediment Age calculated from PB-210 (line) and CS-137 peak value (red circle). The
error bars represent measurement uncertainty (£1c). (b) Sediment Accumulation (black)
and Cumulative Mass Rate (gray).

5.3.2 Microcosm P diffusion

Microcosm P diffusion to evaluate water quality impacts before dredging is discussed here.
Fig 5-5 shows that soluble reactive phosphorus (SRP) released from bottom sediments to stream
water (solid lines) and SRP in only stream water (dashed lines) under both aerobic (cyan) and

anaerobic (green) conditions. SRP released from both sediment samples (solid lines) at the surface
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I(surface) with total P of 4,036 mg/kg and 0.15 m depth 1(0.15) with total P of 815 mg/kg are
similar. Negligible differences of SRP 0.076 ~ 0.078 mg/1 (see the solid lines), under peak aerobic
and anaerobic conditions suggest that phosphorus release is independent of dissolved oxygen
content. Spatially, sediment from sites 1 (square), 7 (triangle), and 8 (circle) as shown by location
in Fig 5-1 are tested by microcosm experiments, revealing that sediment samples (solid lines) are
larger than those in only stream water (dashed lines), confirming release of legacy P in Dorn Creek.

SRP release rates from other sites show similar results and are not shown here for brevity.

=@ 1(surface) =l 1{0.15) = 7(surface)
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Fig 5-5. Microcosm soluble reactive phosphorus (SRP)release from surface sediments considering
aerobic conditions (cyan) at site 1 (square), 7 (triangle), and 8 (circle). SRP release is
also shown for subsurface sediment 0.15 m deep under anaerobic conditions (green) at
site 1. Microcosms of water only without sediments under aerobic (cyan dashed line)
and anaerobic (green dashed line) are shown.
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5.3.3 Mesocosm P response

Water quality response before and after dredging based upon field mesocosm experiments
are discussed here. For TP measurements in Fig 5-6a, results show that concentrations of ambient
stream water (green line) are similar to those of water inside the mesocosm before dredging (red
line), indicating the mesocosm testing condition can be representative to the corresponding
ambient stream water condition before dredging. After dredging, TP concentrations of stream
water inside the mesocosm (light blue line) decline from 0.18 mg/l to 0.06 mg/l (or a 3 times
reduction) over a 5-day period, suggesting the effectiveness of dredging legacy P on water quality
improvement. Furthermore, concentrations (dark blue line) of the mesocosm with distilled water
added to mimic upstream clean water transported through the stream reach dramatically decrease
to 0.02 mg/1 at day 5, suggesting the negligible residues in the dredged stream beds. Fig 5-6b shows
that the SRP concentrations obtained from the mesocosm experiments have similar trends of TPE
results except for the 2/3 of the magnitude. Itis noted that SRP is a large proportion and important

to consider when evaluating and improving water quality due to bioavailability in producing algae.
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Fig 5-6. (a) Total phosphorus and (b) SRP concentrations comparing outside stream water (green),
before dredging in mesocosm (red), after dredging in mesocosm (light blue), and after
dredging with stream water replaced by distilled water in mesocosm (dark blue).

5.3.4 Stream water quality response

Water quality response was evaluated by comparing upstream (S1) and downstream (S2)
gage station P loads and concentrations from 2013 to 2019. In Fig 5-7a, large variabilities in TP
are witnessed, ranging from an annual load of 956 to 7,880 kg. From the seven years evaluated,
the top two largest rainfall years are 2018 and 2019 which correspond to the top two largest P load
years. In every year except 2019, the downstream (orange) loads are larger than upstream (purple)
indicating the study site is releasing P downstream. In 2019, the stream was dredged and loads

decreased suggesting the study site area has trapped P, reducing loads delivered downstream.
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Specifically, mn 2018 approximately 1,500 kg of TP was released followed by 800 kg trapped in
2019 after dredging shown in Fig 5-7b. Lastly, Fig 5-7c shows the median TP concentration
calculated by the difference of upstream (S1) and downstream (S2) for three different time periods
of annual (red), growing season (green), and spring melt (blue). The annual and growing median
concentration difference shows every year except 2019 to be releasing phosphorus. In 2019,
reduced P concentrations delivered downstream are witnesses. For the spring melt period, large
reductions in P concentrations were greatest m 2019. Overall, water quality improvements are
witnessed after dredging (2019) due to trapping of P loading and reduced concentrations delivered

downstream.
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Fig 5-7. (a) Total P Loading from upstream S1 gage (green) and downstream S2 gage (orange).
(b) Difference of total P release between downstream and upstream gage stations. (c)
SRP median concentrations for annual (red), growing season (green), and spring melt

(blue) periods.
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5.3.5 Hydrologic Impacts

Hydrologic impacts after dredging were witnessed. Often times, stream dredging is
implemented to increase water flow due to sedimentation. In this study, we aim to not only remove
legacy P but also restore and enhance hydrologic functions. Fig 5-3 shows that the stream rerouted
from a large flood in 2003 and short circuited its adjacent wetland complex before dredging. The
dredging was designed to realign the stream to preserve the historical meandering shape, allowing
flooded water over the adjacent floodplain and enhance base flows. The comparisons of upstream
and downstream hydrographs prior to dredging and after the dredging are shown in Fig 5-8a and
Fig 5-8b, respectively. Before dredging, the peak storm flow at the downstream (orange) was larger
than upstream (purple). In comparison, after dredging (Fig 5-8b), peak storm flow is less than
downstream showing that the sediment removal has attenuated peak storm flows. The annual
volume of storm flows was found by integrating the area under the hydrograph after separating
base flows from 2013 to 2019. Then a ratio was computed by dividing downstream by upstream
volumes. The average storm flow volume ratio is shown in Fig 5-8c by the dark blue bars. Before
dredging (2015 to 2017) the storm flow ratio is greater than 2.4 compared to after dredging (2019)
the ratio drops in half near 1.2 indicating reduced volume delivered downstream and stored within
its adjacent wetland. The flow ratio was repeated for volume of base flow. After dredging, a slight
increase in base flow volume is witnessed compared to before suggesting that dredging removed
sediment layers preventing groundwater from entering the stream. These results suggest that
hydrologic impacts due to dredging affect flood resilience and mitigate flooding by improving

hydrologic connectivity between the stream and wetland (Mitsch and Gosselink, 2000).
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Fig 5-8. Stream discharge at upstream (purple) and downstream (orange) gage stations (a) before
and (b) after dredging. Flow Ratio (c) comparing baseflow (light blue) and stormflow
(dark blue) changes.

5.4 Discussion
5.4.1 TMDL Targets

Achieving TMDL occurs when the median TP concentration is at or below 0.075 (stream)
and 0.10 mg/l (lake) in Dorn Creek and downstream Lake Mendota, respectively, during the
growing season (Cadmus Group, 2011). Mesocosm experiments showed TP concentrations at
0.06 mg/l suggesting sediment dredging can be effective for achieving water quality goals. Long

term station S2 shows the median concentration in Dorn Creek before dredging was greater than



148

0.15 mg/l compared to less than 0.07 mg/l after. Therefore, dredging reduced the median
concentration and can be effective in achieving TMDL. The median concentration in Dorn Creek
coincides during base flow conditions due to more days without rain compared to large loads from
storm flows. These large storm P loads are delivered downstream to Lake Mendota which has not
achieved its TMDL standard suggesting reducing P load is critical to achieve TMDL for the lake.
To reduce large loading a sediment basin constructed along Dorn Creek and upstream of the
current stream dredging (highway Q) may be considered. The sediment basin may provide a
strategic location to remove and harvest legacy P from traveling downstream and fouling the
current dredged area and downstream lake to meet TMDL. Further study is suggested to evaluate
pairing dredging to remove legacy P for achieving stream TMDL and creating sediment basins to

store P for achieving lake TMDL.

5.4.3 Ecological and recreational enhancements

Several ecological enhancements were witnessed after dredging due to mstallation of
several habitat enhancement features. Some features include exposure of a sandy-gravel stream
bed, previously covered by muck sediments, installation of rootwads along the stream banks, and
creation of a northern pike spawning area. After dredging, an increase in abundance of turtles (Fig
5-3) and fish were witnessed. To increase fish spawning, the short circuited section of Dorn Creek
was left intact as a large open body of water containing tall grasses and aquatic plants with low
flow shown be location in Fig 5-3. Northern pike are attracted to this area due to its aquatic
vegetation, shallow depths, and thus early warming of water in the spring. As suggested by other

studies we intend for stream dredging to improve biodiversity (Ward et al., 2002), filter nutrients
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(Fennessy and Cronk, 1997; Reddy etal., 1999), and store carbon (Kayranli et al., 2010). Further
study is suggested to quantify these ecological benefits.

Recreational enhancements such as kayaking were witnessed. Prior to dredging, navigation
of the stream was challenging and not possible by small water craft without portage around mucky
sediments. After dredging, water depths were increased and is possible to paddle by kayak for the
complete travel from highway Q to M. As reported by Miles Paddled
(https//www.milespaddled.com/2020/01/dorn-creek/), it is a pleasant paddle and will take 2.5
hours to travel by kayak from downstream to upstream and return back. Since Dorn Creek is
surrounded by public land, there are great opportunities to access the stream. Improving
recreational activities such as stream dredging provides a connection to people and nature for

continued interest in restoring and improving water quality.

5.5 Conclusions

In this paper, the impacts of legacy phosphorus in streams on water quality before and after
dredging are investigated. Specifically, the presence of legacy P was determined due to the age of
stream bed sediments accumulating since 1890. These legacy P sediments diffuse 0.076-0.078
mg/l of SRP into the water column indicating that hypothetically if all sources of TP entering Dorn
Creek were eliminated the stream would be above TMDL standards (0.075 mg/l) due to release of
legacy P. Therefore stream dredging was performed removing 34,050 kg of legacy P. After
dredging, in-field, mesocosm experiments were conducted to reveal effectiveness showing a three
times reduction of TP concentration from 0.18 mg/l before to 0.06 mg/l after. To understand the
overall water quality response before and after dredging, long term gage station data showed that
significant reductions in TP load and concentrations were achieved. Overall, stream dredging has

been shown to reduce legacy P and its impact on water quality.
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Other positive benefits from stream dredging were witnessed. Hydrologic functions were
restored and enhanced by removal of legacy P. Specifically, dredging was designed to realign the
stream to preserve the historical meandering shape, allowing flooded water to attenuate and spill
over the adjacent floodplain and enhance base flows. Also, ecological benefits were witnessed due
to the installation of habitat features (rootwads, sandy-gravel substrates) which mncreased
abundance of fish and wildlife. Recreational benefits such as kayaking canbe experienced due to
deeper navigational depths from removing accumulated muck sediments. Overall, dredging of
legacy P has been shown to provide a valuable management practice to improve water quality and
other positive benefits such as restoring hydrologic functions, enhancing ecological services, and

improving recreational activities.
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6. Summary and Future Work

6.1 Summary

Generally, water quantity and quality in the Yahara Lakes is becoming more understood
(Lathrop etal., 1992; Betz et al., 2005; Carpenter et al., 2006; Lathrop 2007; Motew and Kucharik,
2013; Remmer and Wu, 2016), and specifically there are still unanswered questions in
understanding lake level flood risk and remediation approaches to combat the effect of
eutrophication. The goal of this dissertation is to address the following: (i) how to assess and
provide timely water level information in the Yahara RCL; (i) what are the flood risks from
environmental, social, and economic perspectives in the Yahara RCL; (i) how to provide safe
swimming water conditions that threaten (e.g. algae and E. coli) beaches; (iv) how to assess the
impacts of legacy phosphorus in streams on water quality.

In Chapter 2, the state of the art, Integrated Nowcast and Forecast Operation System (INFOS)
is developed to provide reliable and timely information for the Yahara RCL. The system
infrastructure consist of a web portal to retrieve and display observations that are used to drive
models under a high performance computing server. Water level and flow information are obtained
from a suite of models that directly simulate the RCL system. It is demonstrated that the INFOS
can relably and effectively model real-time reverse flows due to sustamed wind forcings or
seiches, and flow choking due to channel constriction. Applications of the developed system are
illustrated. Specifically water level planning scenarios provide a quantitative measure for lake
management to reduce floods under extreme rainfall events. Overall, the Integrated Nowcast and
Forecast Operation System (INFOS) provides reliable and timely water information for the RCL
for sharing information to the community, planning for water use and delivery, and management

of the Yahara RCL.
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In Chapter 3, the sustainability assessment of flood risks from environmental, social, and
economic perspectives in a RCL are presented. The flood assessment framework consists of five
components including compiling data, modeling, mapping, estimating loss, and risk. Data is
compiled from stochastic storm transposition results of RainyDay producing 35 rainfall scenarios.
Economic and social impacts are produced from estimates of loss and risk. The results of the
economic impacts reveal that the Yahara RCL is susceptible to large loss (in USD) at high return
periods and long storm durations but a large risk at low return periods and long durations. The
results of social impacts show that the risk of people displaced is of concern at a low return period
(10 year) independent of storm duration. Overall, this chapter illustrates that flooding in a RCL
can have different economic and social impacts depending on storm duration and return period.

In Chapter 4, an innovative Water Exclosure Treatment System (WETS) is developed and
mstalled to minimize the occurrence of beach closures due to algae and Escherchia coli (E. coli).
WETS consists of an “exclosure” sub-system with a five-sided polypropylene, barrier that
excludes offshore lake contaminated water from the swimming area. Inside the exclosure, water is
pumped to a portable filtration-ultraviolet treatment sub-system. To determine sizing of the
treatment system, evaluate efficiency of UV disinfection, and aid in the design of the mlet and
outlet locations for the pump system, computational fluid dynamics modeling with a Lagrangian
particle-tracking method are employed. Flushing time is determined to range from 0.67 to 1.89
days. Residence time maps reveal inlet and outlet locations play an important role in depicting the
duration of particles within the swimming area. Comprehensive water quality sampling conducted
and analyzed with ANOVA testing reveal that water quality parameters inside the exclosure are

significantly different than those outside. There have been no beach closures issued since
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deployment of WETS. Overal, WETS, an mnnovative Water Exclosure Treatment System,
provides safe, clean water inside the exclosure for minimizing beach closure.

In Chapter 5, evaluation of legacy phosphorus in streams on water quality before and after
dredging stream sediments are presented. Legacy P sediments in the stream bed was discovered
due to age and high concentrations of P. Laboratory microcosm experiments before dredging
revealed stream sediments were diffusing soluble reactive phosphorus (SRP) at similar amounts
under aerobic and anaerobic conditions, suggesting legacy P is being released regardless of
dissolved oxygen content. Field mesocosm experiments after dredging showed that nearly a 3
times reduction (0.18 to 0.06 mg/l) was achieved due to removal of legacy sediments. Furthermore
concentrations of the mesocosm with distilled water added to mimic upstream clean water
dramatically decrease suggesting negligible residues in the dredged stream bed. Water quality
response before and after dredging was evaluated from long term gage station data showing stream
dredging reduced legacy P concentration from a source to a sink of upstream P. Overall, this
chapter emphasized the important role that legacy P in stream sediments, and how that can affect

water quality outcomes and be remediated for the future.
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6.2 Recommendations for future work

The Integrated Nowcast and Forecast Operation System (INFOS) would be enhanced to
perform hydrologic data assimilation when providing forecasts. This information would provide
improved accuracy in lake level predictions. Past research has shown that data assimilation
techniques have been used very successfully to improve operational weather forecasts (Daley,
1991) and in oceanography for improving ocean dynamics prediction (Bennett, 1992). However,
hydrological data assimilation has a smaller number of case studies demonstrating its utility for
use in realtime lake levels. Further study is suggested to determine ideal data assimilation method
for the Yahara RCL among several and a few are summarized as follows. First, direct insertion is
a simple approach that makes the explicit assumption that the model is wrong and that the
observations are correct and then imposed in the model (Houser et al., 1998). Second, statistical
correction which for example adjusts the mean and variance of the model states to match those of
the observations (Houser etal., 1998). Third, nudging or Newtonian relaxation consists of adding
a term to the model equations that causes the solution to be gradually forced towards the
observations. (Stauffer and Seaman, 1990). Fourth, Kalman filter minimizes the error or variance
of the analysis which can be further extended by ensemble Kalman filter using the Monte Carlo
approach rather than a single discrete forecast of variances (Turner et al., 2007). Further study
would be recommended to apply data assimilation for hydrologic forecasts to improve reliability
in water level predictions.

Flood risk assessment for sustainability mn this thesis employed the analytic hierarchy
process (AHP) by Saaty (1980) based on current lake level management of the three dams in the
Yahara RCL. Future research would expand this study and evaluate alternative management

strategies such as dam operations to minimize flood risk from three sustamnability perspectives of



163

environment, social, and economic. This proposed study would provide valuable information
regarding science driven lake management of the Yahara RCL such as “ideal” gate operations in
times of flooding based on sustainability perspectives. The AHP method in this thesis compares
pairs of sustainability criteria and determines how much more important one is than the other
according to a predefined scale (Li etal., 2011); however, this presents great difficulties when the
number of criteria is large such as alternative management options (Sangiorgio, et al., 2018).
Specifically, issues are encountered with the consistency of the judgment matrix (Sangiorgio, et
al., 2018). To overcome a drawback, further study is suggested to optimize AHP (Fu, 2008;
Malekmohamma de et al., 2011) or consider other alternatives such as optimized ranking (Vaidya
and Kumar, 2006; Li et al., 2011), preference ranking (Kangas et al., 2001), and goal-orientated
acceptability (Behzadian et al, 2012; Lee et al., 2015) with regards to dam operations. To date, no
study on optimizing management of lake levels by dam operations from a sustainability viewpoint
mn river chains of lakes has been reported m the literature, as far as I am aware.

The Water Exclosure Treatment System (WETS) has shown to be effective in minimizing
beach closures during the summer season; however, during the iitial install of the system (in May)
the system is under a great deal of stress due to extremely dirty lake (swimming) water and can
foul the system without human actions. Further study is suggested to develop an environmentally
friendly, economically viable, and energy-efficient processes for treating swimming water on onset
of startup and when high E. coli and cyanobacteria events are witnessed. During startup, an option
is to dose a one-time application of inorganic and synthetic coagulants over the surface water,
usually used in water treatment processes which are efficient and cost-effective. However,
synthetic coagulants need pH and alkalinity adjustments that may not be present in lake water,

generate high volumes of sludge, and therr residuals in treated water (like aluminium) are linked
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with neurodegenerative diseases such as Alzheimers, and neurotoxic and carcinogenic effects
(Rondeu et al., 2000). On the contrary, natural coagulants and adsorbents have increased during
last years for treatment of surface waters and are available in abundance, safe to human health,
and in general, toxic free (Teixeira et al., 2017). For example, vegetable coconut palm was found
to be effective for removal of cyanobacteria and E. coli within the treatment process (Teixeira et
al., 2017) but further study is suggested to incorporate other environmentally friendly treatment
processes to improve WETS functions.

Legacy P was assessed in Dorn Creek for attaming TMDL target concentration (0.075
mg/l) within the stream during the growing season (Cadmus Group, 2011). As such the median
concentration as determined by the TMDL in Dorn Creek coincides during base flow conditions
due to more days without rain compared to large loads from storm flows. However, large storm P
loads are delivered downstream to Lake Mendota which has not achieved its TMDL standard
suggesting reducing P load is critical to achieve TMDL for the lake. Future study would investigate
reductions to loading such as construction of a sediment basin along Dorn Creek and upstream of
the current stream dredging (highway Q). Sediment detention basins are intended to trap excess
sediment that exists within the stream system; however further study is suggested on implementing
to overcome potential negative effects. For example, large traps can act as dams and create a
discontinuity in sediment and debris flow (Ward and Standford, 1995). Interruption of this flow
may affectdownstream habitat value, particularly for spawning (Vannote etal., 1980). Segregation
of bedload into a coarse fraction (which is trapped) and a fine fraction (which may pass through
the trap) may cause downstream scour and incision, potentially leading to alteration in stream-
floodplain nteraction downstream (Ward et al, 2001). In view of these concerns, further study is

suggested to determine the role of sediment basins connected inline to Dorn Creek play in reducing
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P loads and legacy P for achieving downstream TMDL goals. Due to current regulation,
implementation and study of inline sediment basins would be the first of its kind in Wisconsin.
Future studies could extend current work in each chapter to assess climate change impacts
associated with water quantity and quality in the Yahara Lakes. Previous research has shown that
physical, biological, and chemical properties of lakes respond to climate changes (Rosenzweig et
al., 2007; Adrian et al., 2009). Physically, climate change is expected to have consequences for
river regimes, flow velocity, hydraulic characteristics, water levels, and mundation patterns
(Brown et al., 2007). In particular, anticipated flood risks are expected to increase in urban areas
(Wilby, 2008). Studies could focus on climate change impacts and their associated flood risks of
economic, social, and environmental perspectives in urban and suburban areas in the Yahara RCL.
Chemically, nutrient loads are expected to increase under climate change (Bouraoui et al., 2002)
driven by more intense rainfall resulting in increased loads of suspended solids (Lane etal., 2007)
and sediment yields (Wilby et al., 1997). Studies would focus on climate change impacts and how
increased sedimentation and nutrient loads may be affect legacy P diffusion from stream beds.
Biologically, climate change is expected to increase temperatures resulting in increased growth
rates of E. coli and algae (Whitehead & Hornberger, 1984), especially cyanobacteria. Studies
would focus on improving treatment technologies in WETS to combat increased growth rates of

E. coliand algae.
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