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EXECUTIVE SUMMARY 

The Mukwonago River is one of the cleanest rivers in Southern Wisconsin. It is 
treasured for its high- quality waterways and diverse wetlands that are home to many 
species of plants and animals, some of which are endangered. 

Located in one of the fastest growing areas in the state, the Mukwonago River watershed 
is facing the prospect of urbanization. The growing population exerts increased pressure 
on groundwater resources, the dominant source for water in the area. The deep sandstone 
aquifer has historically supplied most of the water to the area. Heavy withdrawal has led 
to depletion, and concentrations of radium in the drinking water drawn from the deep 
aquifer now exceed EPA regulations. As water from the deep aquifer becomes less 
suitable for consumption, the focus for water supply shifts to the shallow sand and gravel 
aquifer, which is believed to provide baseflow to the Mukwonago River. 

The impact of development and the accompanying groundwater withdrawals could 
adversely affect the hydrologic regime of the watershed. The introduction of impervious 
area decreases the opportunity for the infiltration required for aquifer recharge. 
Decreased recharge coupled with increased groundwater withdrawal leads to a reduction 
of baseflow in the river. In addition, increased impervious land cover generates a greater 
quantity of runoff. Substantial fluctuations in water level resulting from decreased 
baseflow in increased stormflow will likely make it difficult to manage lake levels at the 
outlet of the watershed. 

To understand the effects of urbanization on the hydrologic regime and methods that 
could be used to mitigate these effects, I created a hydrologic model of the Upper 
Mukwonago River watershed. The SCS curve number method is used to determine the 
stormflow hydrograph resulting from various design storms under different development 
scenarios. A spreadsheet-based reservoir model routes storrnflow runoff through the lake 
network at the outlet of the watershed and simulates changes in lake levels in response to 
various storms. The model demonstrates that increased runoff resulting from scenarios in 
which there are higher levels of urbanization causes flooding of the areas around the 
lakes. 

Two management options were evaluated based on their ability to dampen lake level 
fluctuations and decrease the extent of flooding. The first investigates the reduction of 
runoff through the use of stormwater management practices. The practices considered 
include detention, detention with infiltration, and on-site infiltration distributed 
throughout the watershed. The second evaluates the flood control benefits of various 
dam management schemes. 

Model results suggest that dam management will do little to alleviate elevated lake levels 
resulting from the increased urbanization. Replacing the current dam with a more 
sophisticated outlet structure would not decrease flooding because the rate of release is 
limited by downstream flooding potential. Model results also show that detention basins 
offer little benefit in decreasing flooding of a slow-draining system such as this; detention 



only delays runoff and does nothing to decrease the volume of runoff. Distributed on-site 
infiltration practices exhibit the greatest potential for decreasing runoff volumes. Further 
study is recommended and should include a monitoring plan that can provide information 
for future modeling of the system. 
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CHAPTER ONE: INTRODUCTION 

1.1 Problem Statement 

The Mukwonago River, deemed "one of four last great places in Wisconsin" by the 
Nature Conservancy, is considered one of the cleanest waterways in southern Wisconsin. 
It has ear=] the status of "Exceptional Resource Water" under provisions set forth in 
Chapter NR 102 of the Wisconsin Administrative Code. The surface water system of the 
Mukwonago River provides habitat for an array of fish and mussel species, some of 
which are on the State of Wisconsin endangered or threatened species list. Of the 150 
species of fish native to Wisconsin, 59 of them can be found in the Mukwonago River 
(TNC, 2006). For example, the Mukwonago is home to Wisconsin's last self-sustaining 
population of long-ear sunfish, which has been on the state's threatened species list since 
1979 (WDNR, 2006). In addition to hgh-quality waterways, the Mukwonago contains 
intact wetland complexes that support many different plant species and wildlife. The 
Mukwonago is also valued as a recreational site by fishermen, boaters, and swimmers 
allke. 

A tributary of the Fox River, the Mukwonago River is located within the Southeastern 
Wisconsin Regional Planning Commission (SEWRPC) district, which encompasses 
seven counties in the southeast corner of Wisconsin. The watershed lies mainly within 
Waukesha and Walworth counties. The river flows eastward to its confluence with the 
Fox River, yet it is west of the sub-continental drainage divide. Hence, water flowing 
from the Mukwonago River ultimately joins the Mississippi River, rather than continuing 
eastward into Lake Michigan. This study focuses on the Upper Mukwonago River, 
defined as the first six miles of the 14-mile river course, starting at the headwaters and 
ending at the outlet of Eagle Spring Lake. This boundary was chosen because the outlet 
of the watershed is controlled by a dam and previous studies have provided information 
on Upper Mukwonago area. 

The Mukwonago Watershed is located in the transitional area between forested land and 
prairies known as the Prairie-Forest Border ecoregion. The watershed, much like the rest 
of southern Wisconsin, has been extensively modified by European settlement which 
began around 1830. Prairie land and forest cover were converted for agricultural 
purposes. Although agriculture is currently the dominant land use in the watershed, 
another transformation is taking place. Suburban developments are replacing agricultural 
lands, creating competition for the water resources of the Mukwonago River. 

As populations grow, so does the demand for water. In addition to increased water 
consumption, urbanization transforms the landscape by increasing impervious area. The 
expansion of impervious area leads to increased stormwater runoff volumes, discharge 
peaks, and pollutant loads (Simmons et al., 1982). Increasing impervious area reduces 
groundwater recharge, which coupled with increased groundwater withdrawal, can 
deplete groundwater resources. The lakes and surrounding wetlands rely upon 
groundwater discharge to maintain water levels and provide baseflow for the 



Mukwonago River. The loss of groundwater discharge and an increase in stormwater 
runoff could have a devastating effect on the overall health of the watershed. 

1.2 Study Objectives 

This study analyzes the effects of different levels of urban development on the hydrologic 
regime of the Mukwonago River watershed. The Wisconsin Department of Nature 
Resources (DNR) requires that the lakes be managed to limit water level variation to a 
0.3-foot range. Maintaining th s  range of lake level fluctuation may become more 
difficult as the watershed develops. Looking specifically at water levels in Eagle Spring 
Lake and Lulu Lake, which are located in series at the outlet of the watershed, t h s  study 
investigates how development may affect lake levels and how management practices can 
mitigate these effects. 

To understand the current and future effects of urbanization, two models were developed. 
The first is a rainfall-runoff model that characterizes the hydrologic response of the 
watershed to various storm events under different levels of development. The second, a 
reservoir model, routes the stormflow runoff resulting from the first model through the 
system of lakes at the outlet of the watershed. The reservoir model simulates increases in 
lake levels resulting fkom the increase in runoff caused by urbanization. 

Following the assessment of the effects of urban development, this study evaluates ways 
to compensate for these effects. Two methods of mitigation were examined: 1) 
conventional stormwater management practices deployed throughout the watershed; 2) 
modifications to the structure and management of the dam at the outlet of Eagle Spring 
Lake. Stormwater management practices, such as detention and infiltration, were built 
into the watershed model to assess the effectiveness of each practice at decreasing 
stormwater peaks and volumes for each development scenario. To analyze the ability to 
control lake levels through dam management, various dam operation practices were 
modeled. These practices were applied to the existing dam as well as a conceptual outlet 
structure designed to optimize performance. 

1.3 Previous Studies 

Several graduate students at the University of Wisconsin have studied the Mukwonago 
River watershed. Shoemaker (2002) presents a hydrologic model for Eagle Spring Lake 
to estimate inflows to the lake using known outflows from the lake and uses this model to 
evaluate different strategies for managing lake levels. The study estimates the long-term 
mean stormflow and baseflow into the lake. Gitings (2005) examines groundwater 
discharge to the springs and wetlands in the Mukwonago River watershed. 

The engineering firm of Graef, Anhalt, Schloemer & Associates, Inc. prepared a dam 
failure analysis and emergency action plan for the Eagle Spring Lake Management 
District (Graef et al., 2001). This study simulated the failure of the Wambold Dam on 



Eagle Spring Lake. The dam has a Dam Hazard Rating of High Hazard (Class 111) 
according to NR 333. In addition, the study predicts the extent of downstream flooding, 
based on results from the National Weather Service (NWS) Simplified Dam Break 
(SMPDBK) Flood Forecasting Model. Also included are the results from a SEWRPC 
analysis of Eagle Spring Lake using the Soil Conservation Service (SCS) TR-20 
computer program conducted in the late 1960s. Graef et al. (2001) estimates 1000-year 
and 100-year peak inflows and outflows for Eagle Spring Lake using PondPack software 
and the watershed information established by SEWRPC in their TR-20 analysis. Section 
3.5 compares this study with aspects the SEWRPC TR-20 analysis. 



CHAPTER TWO: GENERAL WATERSHED INFORMATION 

The delineation of the Upper Mukwonago River watershed, shown in Figure 1, 
encompasses approximately 24 square miles of wetlands, forests, grasslands, and 
agriculture. The area is roughly enclosed by State Highway 67 on the northwest side, 
County Highway E on the east, and County Highway J on the south. The watershed is 
bordered on the northwestern edge by the Southern Unit of the Kettle Moraine State 
Forest. The headwaters of the Mukwonago River originate just south of the Village of 
Eagle, the only municipality in the watershed. The river flows in a generally eastward 
direction through Lulu Lake and Eagle Spring Lake. 

Figure 1: The Upper Mukwonago River Watershed 

2.1 Land Use and Soils 

Source: SEWRPC 

A majority of the land in the Mukwonago River watershed is devoted to agriculture. 
These agricultural lands include croplands, pastures and a small percentage of orchards 
and tree farms. Upland regions contain endangered oak openings and oak woodlands 
with patches of intact prairies (WDNR, 2005). Low-lying lands throughout the 



watershed and along the river and lakes are occupied by wetland complexes composed of 
sedge meadows, calcareous fens, marshes, and bogs (SEWRPC, 1997). The most 
widespread urban land use is residential, covering just over 10 percent of the watershed 
(SEWRPC, 1997; 2000). 

A soil survey conducted by the U.S. Natural Resources Conservation Service (NRCS), 
formerly known as the U.S. Soil Conservation Service (SCS), identifies over 90 soil types 
within the watershed. Each soil type has been classified into four NRCS hydrologic soil 
groups (A, B, C, or D). Approximately 91 percent of the soils in the Mukwonago River 
watershed are classified into hydrologic group B, which is defined as "moderately well 
drained; between coarse and fine; moderately rapid to moderate permeability; low to 
moderate shrink-swell potential" (SEWRPC, 1997). With an exception of the soils found 
along lakes, streams, and wetlands, the soils have moderately high recharge capacity. 

2.2 Geology and Hydrogeology 

The basin was formed during the late Wisconsin stage of glaciation by the retreat of the 
Michigan and Green Bay Lobes of the continental glacier. Glacial deposits have created 
a surface characterized by rolling pitted outwash with well-drained sandy loams over 
calcareous, gravelly sandy outwash (SEWRPC, 1997; Clayton, 2001). These glacial 
deposits make up the unconfined surface sand and gravel aquifer which, along with the 
Silurian dolomite aquifer directly beneath it, make up the hydrologic unit referred to as 
the shallow aquifer (SEWRPC, 2002). It is believed that this aquifer supplies 
groundwater discharge to the river, lakes and wetlands through spring flow (West et al., 
2004). 

Underlying the Silurian dolomite aquifer is the Maquoketa Shale confining unit. It 
separates the shallow aquifer from the confined deep aquifer, which consists of the 
Galena-Platteville dolomite aquifer and lower sandstone aquifer. The lower sandstone 
aquifer is an important source of groundwater for municipalities and industries 
(SEWRPC, 2002). The Precambrian crystalline basement rock forms the lower 
boundary of the lower sandstone aquifer and is believed to be impermeable. 

2.3 Surface Water Network 

The Mukwonago River is both spring fed and drainage fed. Shoemaker (2002) estimates 
that 70 percent of stream flow above Eagle Spring Lake is baseflow. A majority of this 
baseflow flows from a large spring complex upstream of Lulu Lake (Gitings, 2005). The 
lake system at the outlet of the watershed lies in a flat, wide, wetland-filled basin. Shown 
in Figure 2, the lake system consists of Lulu Lake on the upstream side, Eagle Spring 
Lake on the downstream side, and a nearly flat reach of the Mukwonago River linking the 
two. 



Figure 2: Lake System at Watershed Outlet Source: Topozone 

2.3.1 Lulu Lake 

Lulu Lake, an 86-acre kettle lake, is the centerpiece of the Nature Conservancy's Lulu 
Lake Preserve. The Preserve, owned jointly by the Nature Conservancy and the 
Wisconsin DNR, protects 438 acres of diverse wetlands of exceptionally high quality 
surrounding the lake. Supporting several intact fish populations, Lulu Lake has earned 
the designation "Outstanding Resource Water" (DNR, 1998). Lulu Lake is fed by the 
Mukwonago River and also receives significant groundwater contributions. The 
maximum depth of the lake is 40 feet with an average depth of 24 feet. The Preserve 
keeps most of the shoreline natural; there are, however, a few residences on the east 
shore. The only outlet is the Mukwonago River which flows north to Eagle Spring Lake, 
about one-half mile downstream. 



2.3.2 Eagle Spring Lake 

Eagle Spring Lake, located at the outlet of the Upper Mukwonago River watershed, has a 
surface area of 31 1 acres. The average lake depth is 4 feet, although the northwestern 
portion of the lake was dredged to a maximum depth of 12 feet in 1995. Approximately 
20 percent of the lake is less than three feet deep (SEWRPC, 1997). 

Eagle Spring Lake has two outlets, both on the eastern shore and both with discharge- 
control structures. The northernmost outlet structure, the Wambold dam, controls lake 
levels. It is manually operated by a local resident and member of the Eagle Spring Lake 
Management District. The other structure is a former mill race known as the Kroll dam. 
It is not actively managed and only accounts for a small percentage of discharge from the 
lake. The shoreline of Eagle Spring Lake is almost fully developed, with an exception of 
the western shore which is part of the wetland complex of the Lulu Lake Preserve. 

2.3.3 Connecting Mukwonago Channel and Surrounding Wetlands 

The channel connecting Lulu Lake to Eagle Spring Lake winds through the diverse 
wetland complexes of Lulu Lake Preserve. In May of 2005, I investigated the channel 
between the lakes and the surrounding wetlands. Five cross sections chosen to represent 
average channel dimensions were taken along the 3000 foot length of the channel. It was 
determined from this site investigation that the channel had an average width of 45 feet 
with an average depth of 3.3 feet. I also observed significant interconnectedness between 
the channel and the wetlands. Many backwater channels branch off the main channel and 
snake through the wetlands. This portion of the Mukwonago River does not have an 
obvious bank, but rather an unclear boundary of wetland vegetation with the ability to 
store significant amounts of water during major events. 

2.4 Dam Management 

The Wisconsin DNR requires that water levels in Eagle Spring Lake not fluctuate by 
more than 0.3 feet. Although the exact operating interval has changed throughout time, 
the current interval is between 820.53 feet and 820.83 feet NGVD-29 (SEWRPC, 1997). 
Water levels below this range could damage fish populations and adversely affect 
recreational opportunities on the lake (SEWRPC, 1997). Equally undesirable are water 
levels above this range which could cause flooding of properties immediately adjacent to 
Eagle Spring Lake. 

The Wambold Dam controls water levels in Eagle Spring Lake. The dam, pictured in 
Figure 3, consists of a 3.5-foot wide dam gate that can be moved vertically to change 
discharge rates. On either side of the dam gate are wooden stop boards that can be 
removed to achieve maximum discharge. To keep lake levels within the prescribed 
range, the dam keeper adjusts the position of the dam gate in response to rainfall events 
and changes in lake levels. 



Figure 3: Wambold Dam at Outlet of Eagle Spring Lake 

The dam keeper must be mindful of not only the levels in Eagle Spring Lake, but also 
how much water is discharged downstream. The two properties directly downstream of 
the dam are within the 100-year floodplain. While it could be damaging to release too 
much water from the dam, it is required that at least 25 percent of the low flow is released 
in order to keep the reach of the Mukwonago river immediately downstream flowing 
(Day, 2006). 

Although there is no set protocol for dam management, Tom Day, chairperson of the 
Eagle Spring Lake Management District explained how the dam is controlled in response 
large storm events. About 1 to 3 times a year, depending on weather conditions and the 
occurrence of large storm events (approximately 1.5 inches of precipitation or greater), 
the dam operator raises the dam gate to its maximum height or fully open position. When 
discharging with the dam gate fully open, the only flooding reported downstream is at 
Rainbow Springs Golf Course, a portion of which is closed until water levels recede. 

The two properties immediately downstream of the dam have stone floodwalls tall 
enough to prevent flooding when dam gate is fully open and Eagle Spring Lake is below 
flood levels. Figure 4 compares water levels at the property immediately downstream of 
the Wambold Dam. The photo on the left shows water levels when the dam gate is 
completely closed, and the structure acts as a weir. The photo on the right show water 



levels downstream when the dam gate is fully open following, as was the situation on 
March 13, 2006 following a 1.5-inch storm event. This photo demonstrates that while 
water levels in the Mukwonago River downstream of the dam elevated, the properties are 
not flooded when water is discharged through the fully open dam gate. 

Figure 4: Water Level Comparison at Property Downstream of Wambold Dam. (Photo on the left 
was taken when the dam gate was closed, while the photo on the right was taken when the Wambold 
Dam was discharging with the dam gate fully open.) 

Over a three-year period the dam keeper kept a log of the operation of the dam and water 
level in Eagle Spring Lake. Each time the dam gate was adjusted, the position of the dam 
gate was recorded the using a meter stick on the dam itself as well as the lake stage which 
is read from a scale located on the west wing wall of the dam. Although the record is not 
continuous, interpolation between measurement points allows for a good picture of lake 
level fluctuations over this three-year period. 

Figure 5 illustrates the strict regulation of water levels in Eagle Spring Lake over the 
recorded period. Only four times throughout the three-year record did the lake levels 
exceed the required range, denoted by the orange dashed lines. The mean stage for this 
time period was 820.69 with a standard deviation of only 1 inch. 
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Figure 5: Eagle Spring Lake Levels, June 2001 to July 2003 

2.5 Urban Development 

The seven counties included in the SEWRPC district make up only about 5 percent of the 
land area of Wisconsin, yet are home to roughly 36 percent of the state's population 
(SEWRPC, 2002). Easily-accessible transportation networks have allowed populations 
to migrate westward from the City of Milwaukee and its suburbs, and still maintain 
access to these urban centers. In southeast Wisconsin, urban land use increased by 44 
percent from 1963 to 1990 (SEWRPC, 2002). 

Only 35 minutes southwest of Milwaukee, the Mukwonago River watershed is located in 
one of the fastest-growing areas of the state. A Milwaukee Journal Sentinel article states, 

[The population ofJ Greater Mukwonago is expected to grow by 73 
percent between 2000 and 2035 (from 7,409 to 12,836), far faster 
than the projected 30 percent in all of southeastern Wisconsin, 
according to the Southeastern Wisconsin Regional Planning 
Commission (911 7/05). 

The population of Waukesha County grew 255 percent from 1950 to 1990, and it is 
projected to expand by another 30 percent from 1990 to 2020 under the intermediate- 
growth scenario (SEWRPC, 2002). Walworth County has seen a similar upward trend in 
population growth and is expected to experience a 30.7 percent population increase from 
1990 to 2020 (SEWRPC, 2002). 



2.5.1 Groundwater Use 

It is important to note that as the population increases in the Mukwonago River 
watershed, so does demand for water. Waukesha and Walworth counties rely almost 
completely on groundwater for their water supply, with 99.7 percent of the water used 
coming from the ground (SEWRPC, 2002). 

Water was originally harvested from the deep sandstone and dolomite aquifers. 
Historically known for its hlgh quality and quantity, water from the lower sandstone 
aquifer was bottled and made famous at the 1893 World's Fair in Chicago (DNR, 2002). 
Over time, withdrawal from this aquifer by municipalities such as the City of Waukesha 
and some of the western suburbs of Milwaukee have stressed the resource and led to 
depletion. Records of groundwater levels in the deep aquifer extending back to the 1880s 
have shown a maximum drop of 450 feet, centered over eastern Waukesha County (PPF, 
2006). Lower groundwater levels have led to a number of water quality problems, 
including concentrations of radium, a naturally occurring contaminant, that exceed EPA 
standards for drinking water. 

Elevated levels of contaminants and depletion of the deep aquifer have forced 
municipalities to look at alternative sources of water. The two most feasible options 
involve withdrawing water from Lake Michigan or pumping groundwater from the 
shallow aquifer. Each option has its own set of advantages and disadvantages. 

Currently the Great Lakes Charter, an agreement signed by the governing officials in the 
states and Canadian Provinces bordering the Great Lakes, forbids the withdrawal of water 
from the lakes without return. Since a majority of Waukesha and Walworth counties are 
located to the west of the sub-continental divide, it would be very costly to transport 
water from and return it to Lake Michigan. 

In defiance of the Great Lakes Charter, the City of Waukesha has proposed pumping 
from Lake Michigan, but returning the waste water to the Fox River, which runs south 
through Illinois and eventually meets the Mississippi River (Hayes, 2006). Opponents of 
this proposal contend that allowing this net export of water from the Great Lakes basin to 
the Mississippi River would set a dangerous precedent that could lead to political and 
environmental consequences for the entire Great Lakes region. 

The shallow sand and gravel aquifer, which until a few years ago has only been used for 
agricultural practices and private residential water supply, has become a more attractive 
option for municipalities looking for new sources of water. The Village of Eagle recently 
installed two high capacity wells that pump from the shallow aquifer. The water 
harvested by these wells is mixed with waters from the deep wells, diluting radium levels 
to acceptable levels. Pumping from the shallow aquifer may adversely affect the 
hydrologic regime of the Mukwonago River. It is believed that this shallow aquifer is the 
source of the springs that contribute a majority of the baseflow to the Mukwonago River. 



2.5.2 Effects of Urbanization 

As land cover in the Mukwonago River watershed becomes more impervious, there will 
be less opportunity for recharge of the shallow aquifer. Climatic conditions, such as 
drought, could further reduce recharge to the shallow aquifer. The combined effect of 
increased groundwater withdrawal and decreased groundwater recharge could lead to 
drastic decreases in baseflow. Decreased baseflow would lower water levels in the river, 
lakes and wetlands and would drastically affect the recreational use of the lakes as well as 
the aquatic habitats in and around the lakes. 

The expansion of impervious area also produces an increase in stormflow runoff. These 
increases are evident in higher runoff volumes and peak flows. As the watershed 
develops, the hydrologic regime of the system takes on the characteristics of an urbanized 
stream including decreased baseflow. Baseflow reductions result in a decreased average 
daily flow. During a storm event, however, additional runoff causes a drastic flow 
increase in the river. Large fluctuations in streamflow will make it difficult to maintain 
the water level in the lakes at the outlet of the watershed within the current prescribed 
range. Properties on the edge of Eagle Spring Lake are at a higher risk for flooding under 
these conditions. 



CHAPTER THREE: MODELING APPROACH 

This study is designed to determine the effect of different levels of urban development on 
the hydrologic regime of the Mukwonago River watershed and flooding around Eagle 
Spring Lake and Lulu Lake. Various flood mitigation methods were examined and 
compared, including conventional stormwater management practices and modifications 
to the structure and management of the Wambold dam at the outlet of Eagle Spring Lake. 

The initial task of this study was the creation of a hydrologic model for the watershed. 
The model first simulated the hydrologic response of the watershed in its current state to 
different storm events. The watershed was also modeled under various levels of 
development. The hydrologic response of the system under current conditions is 
compared to the response under developed conditions. Also analyzed was the impact that 
stormwater management practices, such as detention and infiltration, would have on the 
various development scenarios. Finally, various dam operation practices were applied to 
the current structure and a structure that optimized performance to determine if lake 
levels could be controlled under these different scenarios. 

3.1 Watershed Model 

The Soil Conservation Service (SCS) curve number method was chosen to model the 
watershed. This method was chosen because there was no observed data upon which to 
calibrate model results. The SCS curve number method enables estimates of the response 
of the watershed to hypothetical design storms. It does not, however, model inter-storm 
processes. 

According to the Technical Release 55, Urban Hydrology for Small Watersheds (TR-55) 
manual, the curve number method is best suited for use with design storms because the 
curve number values represent average conditions. Accuracy of the method decreases 
when considering an actual historical storm event because there is a range of curve 
numbers that could be applied to that particular situation, depending on antecedent 
conditions such as soil moisture. It should also be noted that runoff from snowmelt and 
rain falling on frozen ground are not accounted for in the curve number method. 
Although the actual stormflow amounts derived from this method may not reflect exactly 
what would be observed in the field, the curve number method is acceptable for 
comparative purposes. This method is more accurate for larger storm events, where 
errors in curve number have less impact because the storm will produce large amounts of 
runoff regardless of land cover (NRCS, 1986). 

3.1.1 Watershed Characterization 

The first step of the modeling process is characterization of the watershed. Delineation 
of the Upper Mukwonago River watershed, which is considered to be the portion of the 
watershed above the outlet at Eagle Spring Lake, was accomplished through the use of 
Geographic Information Systems (GIs) and USGS topographic maps. The final 



boundary of the Upper Mukwonago excludes closed watersheds. (A closed watershed is 
defined as an area in which all surface water drains to a depressed area that has no 
surface outlet in the watershed, thus separating it from the rest of the surface drainage 
system.) 

Further delineation of the watershed into subbasins was accomplished using the Arc 
Hydro Tool Set for GIs, developed by Dr. David Maidment at the University of Texas at 
Austin. This program uses a digital elevation model (DEM) to analyze the topography 
and drainage patterns of a watershed. The Arc Hydro analysis generates data on flow 
direction and accumulation, defines the stream network, and delineates catchments within 
the watershed. In addition to catchment delineation, Arc Hydro also creates contour 
maps and hillshade images that are helpful in understanding the drainage patterns of the 
watershed. 

The DEM used in h s  study has a 30-meter resolution, which introduces errors due to its 
coarse nature. Therefore, the catchments delineated using Arc Hydro were used as a 
rough outline. Final delineation of these catchments was completed using USGS 
topographic maps. The resulting nine subwatersheds and the lake system at the outlet of 
the watershed into which they drain shown are in Figure 6.  

Figure 6: Subwatershed Delineation of the Upper Mukwonago Watershed 



3.1.2 Curve Number Estimation 

Curve numbers, which determine the amount of runoff that can be expected from a given 
rainfall amount, are based upon land cover and soil type. Impervious surfaces have a 
curve number of 98, while pervious surfaces such as lawns have lower curve numbers, 
and produce less runoff. Estimation of the curve number for each of the nine 
subwatersheds required the use of GIs to analyze digital land use and soil data. 

Digital soil data for Waukesha and Walworth counties were obtained from the Natural 
Resources Conservation Service (NRCS) Soil Survey database known as SSURGO. 
Each of the 90 different types of soil were classified into one of the four hydrologic soil 
groups (A, B, C, or D) using the list given in the TR-55 manual. Digital land use 
information was obtained from a land cover survey conducted by SEWRPC in 2000. 
From this survey, land cover was grouped into 10 major land use categories that have 
curve numbers defined in the TR-55 manual. For each subwatershed the land use and 
soil layers were overlaid, allowing for the delineation of different combinations of land 
use and hydrologic soil groups. 

With 10 different land uses and 4 different soil groups, there are 40 possible 
combinations of land use and soil type, each having a unique curve number value. These 
combinations were delineated, and an area-weighted composite curve number was 
defined for each subbasin. The resulting composite curve number of the overall 
watershed, found by combining the nine subbasins, is 60.9, which is very close to 
SEWRPC's estimated curve number of 60. 

3.1.3 Development Scenarios 

This study models the hydrologic response of the watershed under current conditions and 
compares it to the hydrologic response of the watershed assuming various levels of 
development. The curve number estimation of 60.9 represents current conditions. Using 
GIs attribute tables, the amount of impervious area in the nine subbasins was found to 
range between 2 percent and 7 percent, with the overall impervious cover for the entire 
watershed being approximately 5 percent of the land area. These values offer a baseline 
for comparison against scenarios of increased urbanization. 

Modeling of these hypothetical development scenarios was based on criteria used by the 
Steuer and Hunt (2001) study of the effects of urbanization on Pheasant Branch Creek in 
Middleton, Wisconsin. That study compares current conditions with moderate and 
extreme levels of development. The moderate development case, labeled Scenario A, 
describes the watershed development as 90 percent low density residential and 10 percent 
commercial development, resulting in an overall impervious cover of 20 percent. 
Scenario B, the extreme development case, assumes that 60 percent of the land cover is 
impervious area. Of this development, 50 percent is medium-density residential and 50 
percent is commercial. It is unlikely that the Mukwonago River watershed will ever 



achieve the levels of urbanization outlined by Scenario B, but it serves as good 
comparison for a worst-case scenario against the development represented by Scenario A, 
which represents impervious cover values entirely possible for the watershed. A 
summary of curve numbers for current conditions as well as the two urbanization 
scenarios can be seen in Table 1 below. 

Table 1: Curve Numbers for each Development Scenario 

3.2 Hydrograph Development 

3.2.1 Precipitation Distribution and Runoff Determination 

The design storms used have a 24-hour duration with recurrence intervals of 2 years, 10 
years, and 100 years. The rainfall amounts were obtained from Huff and Angel (1992). 
These rainfall amounts were distributed over a 24-hour period into 15-minute increments 
using the SCS equation for a Type I1 storm. This type of storm distribution, which is the 
most common in the US, centers the mass of the storm around the midpoint of the storm, 
in this case the 12-hour mark. Runoff, also known as effective precipitation, is dependent 
upon the curve number. Effective precipitation was found for each 15-minute 
precipitation interval under current and developed conditions using equation 1, the SCS 
runoff equation (SCS, 1986). 

Where: 
Q = runoff (in) 
P = precipitation (in) 
I, = initial abstraction (in) 
S = potential maximum retention after runoff begins (in) = 0.2 I, 

Single design storm events assume average initial conltions. Initial conditions include, 
but are not limited to, antecedent soil moisture, water levels in the lakes, and water levels 
in the hypothetical detention ponds. Often, these average initial conditions do not 



appropriately represent the physical world because they do not take into account the 
effects of storm events that may have occurred prior to the modeled event. 

While continuous modeling is not possible using the SCS curve number method, it is 
important to illustrate the hydrologic response of the watershed under circumstances in 
which initial conditions may not be average due to previous storm events. To investigate 
the effects of preceding storm events, this study modeled two back to back storm events. 
A hydrograph for two 10-year, 24-hour storms separated by two 24-hour periods of no 
precipitation was created using the same methods explained in the preceding paragraph. 
The first 10-year storm is exactly the same as the single 10-year design storm; however, 
curve numbers were increased for the second storm in the sequence because this rain fell 
on soil that has received considerable rainfall during the previous event. Curve numbers 
under high antecedent moisture conditions were based on equation 2 (Chow et al., 1998). 

Where: 
CNIII = curve number for high antecedent soil moisture conditions 
CN = curve number for average antecedent soil moisture conditions 

3.2.2 Time of Concentration 

The time of concentration is the time it takes water to travel from the farthest point in the 
watershed to the outlet. Time of concentration was estimated for each subbasin. The 
distance of the longest flow path was found using GIs and topographic maps, while 
Manning's equation and the overland flow equations for shallow concentrated flow and 
sheet flow were used to find the velocity of flow over different sections of the watershed. 
The time of concentration for the longest flow path, which originates in subbasin 1, is 
approximately 8 hours with 5.5 hours of flow through subbasin 1 and 2.5 hours travel 
time through the stream network to the reservoir. Table 2 shows time of concentration 
for overland flow and travel time through the stream network for each subbasin. 

Table 2: Subwatershed Travel Times 



In comparison, SEWRPC used a 30-hour time of concentration for their TR-20 analysis 
of the Upper Mukwonago River. It is surmised that SEWRPC's estimation of time of 
concentration is so large because it includes routing the flow through Lulu Lake before it 
enters the reservoir at the inlet of Eagle Spring Lake. This assumption is supported by a 
single sentence on page 148 of SEWRPC's Lake Management Plan for Eagle Spring 
Lake that states Lulu Lake is considered a part of the tributary drainage area to Eagle 
Spring Lake. Therefore, it is believed that the SEWRPC study did not use reservoir 
routing through Lulu Lake because it was considered part of the watershed; instead the 
study included the travel time through Lulu Lake in the time of concentration. In 
contrast, the time of concentration used in this study is smaller because the longest flow 
path ends where it enters the reservoir system at the inlet to Lulu Lake. 

3.2.3 Stormflow Hydrograph 

A continuous 15-minute unit hydrograph was developed for each subwatershed using the 
curvilinear dimensionless unit hydrograph in equation 3 (Haan, 1994). 

Where: 
q(t) = hydrograph value at any time t (cfs) 
qp = peak flow rate (cfs) 
tp = time to'peak (hours) 
K = coefficient (3.77) 

There are 96 15-minute intervals in a 24-hour period. To create a 24-hour stormflow 
hydrograph, 15-minute unit hydrographs were lagged and summed, with each hydrograph 
starting 15 minutes after the one before it. Each of the 96 unit hydrographs was scaled 
according to the excess precipitation for that 15-minute interval explained in section 
3.2.1. The resulting 24-hour storm hydrograph is the summation of the 96 lagged and 
scaled unit hydrographs. 

Stormflow hydrographs were created for the 2-year, 10-year and 100-year storm events 
under current, moderate, and extreme development conditions. Peak flow and total 
stormflow volume for each scenario, calculated using the midpoint method to determine 
the area under the stormflow hydrograph, are displayed in Tables 3 and 4. 

Table 3: Peak Runoff in Cubic Feet per Second and [Percent Increase] 

2 yr 
10 yr 
100 yr 

Scenario B 
2318 [468%] 
4305 [226%] 
8796 [ l o g % ]  

Current 
408 
1320 
4210 

Scenario A 
736 [80%] 
1940 [47%] 
5340 [27%] 



Table 4: Runoff Volume in Acre-Feet and [Percent Increase] 

3.3 Stormwater Management Practices 

3.3.1 Detention Basin Design 

Wisconsin Adrmnistrative Code NR 15 1 requires that post-development peak discharge 
of runoff not exceed predevelopment values of peak discharge. Detention basins, which 
provide temporary storage and gradually release stormwater runoff, have traditionally 
been used to control these stormflow peaks. To model the benefits of detention 
management, one detention basin was placed at the outlet of each subwatershed to 
capture all runoff generated by that subwatershed. This study does not endorse the use of 
this type of detention management; rather, this single regional detention basin was used 
to approximate the performance of several detention basins spread throughout a 
subwatershed. 

The nine subwatershed detention ponds were designed to match the stormflow peaks of 
the 2-year, 10-year, and 100-year storms under both the moderate and extreme 
development scenarios to the stormflow peaks under current conditions. Consequently, a 
storage-outflow equation was needed that would provide enough storage for the 
stormwater while releasing it at a rate that would not exceed pre-development storm 
peaks. Basin storage was estimated using the TR-55 method, based on equation 4 (SCS, 
1986). 

Where: 
V, = storage volume required (ft3) 
V, = runoff volume (ft3) 
qo = peak outflow (cfs) 
ql = peak inflow (cfs) 
Co = 0.682 for Type I1 storms 
C 1 = - 1.43 for Type I1 storms 
C2 = 1.64 for Type I1 storms 
C3 = -0.804 for Type I1 storms 



Three points were plotted on a graph of storage versus outflow using the calculated 
storage required and the desired peak outflow for each of the three design storms. Fitting 
a power equation to these points yields a storage-outflow relationship that governs 
stormflow routing through the detention basin. The general form of this relationship is 
represented by equation 5. 

Where: 
Q = outflow discharge (cfs) 
C = coefficient 
S = storage (ft3) 
P = exponent 

Using this storage relationship, the 2-year, 1 0-year, and 100-year storms were routed 
through the regional detention basins and the resulting outflow peaks were compared to 
current (pre-development) stormflow peaks. The original equations underestimated the 
storage required to lower stormflow peaks to pre-development values. An integrated 
basin model was then created so that the value of the coefficient (C) and exponent (P) 
could be manipulated to find the resulting peaks. After several iterations, a relationship 
was derived that brought the post-development stormflow peaks down to pre- 
development levels. 

3.3.2 Infiltration Basin Design 

While detention ponds control the peak of stormflow by temporarily storing runoff and 
releasing it at slower rates, they do nothing to control the overall amount of stormflow. 
Therefore, infiltration is important for controlling the increase in stormflow from 
urbanization. 

The detention basins, designed in 3.3.1, were modified to include infiltration. Rather 
than increasing the stormwater management footprint in each subwatershed, the area over 
which stormflow is infiltrated was assumed to be the same as the area of the detention 
basin. This area is defined as the volume of storage required for the 100 year storm 
divided by a 6 foot depth. This study assumes an infiltration rate of 0.5 inches per hour, 
which is the saturated hydraulic conductivity of sandy loam soils (Rawls et al., 1998). 
Stormflow was routed through this basin as it was in the previous section; infiltration, 
however, was represented by a constant outflow determined by infiltration rate multiplied 
by the area of infiltration. 

3.3.3 Distributed Infdtration Practices 

Another way to achieve infiltration is through the use of multiple on-site infiltration 
practices that are distributed throughout the watershed to capture stormwater directly 
from impervious surfaces. These on-site infiltration practices can be more effective at 



reducing runoff and increasing recharge because they are smaller than infiltration basins, 
making them easier to site, and they can be placed higher in the watershed where soils are 
generally more permeable. (Potter, 2003) To attain maximum recharge rates for the 
climate of southern Wisconsin, numerical modeling has shown that the area of an 
infiltration facility should be approximately 15 percent of the area of impervious surface 
that contributes runoff to the facility (Dussaillant et al., 2004). Note that multiple 
infiltration facilities can be modeled as one facility as long as the ratios of infiltration 
facility to contributing impervious area are equal (Atchison et al., 2005). 

Distributed on-site infiltration practices were modeled using the same method as for the 
centralized infiltration basin approach, except the area over which stormwater can be 
infiltrated was increased. The area of infiltration was set at 15 percent of the total 
impervious area, utilizing the optimal facility to contributing area ratio. It is important to 
note that this simulation assumes that all impervious surfaces, including rooftops and 
roadways, are being treated with infiltration practices. 

3.4 Lake Model 

3.4.1 One Reservoir Assumption 

The governing equation for routing through a reservoir is the average inflow minus the 
average outflow equaling the change in storage of the reservoir for a given interval of 
time. This relationship, illustrated by equation 6, assumes a linear change in flow over 
each interval. 

As' 1 1 -=-(r0 + I,)--(oo +o,) 
At 2 2 

Where: 
AS = change in storage (ft3) 
At = length of time interval (sec) 
I. = inflow at start of time interval (cfs) 
1, = inflow at end of time interval (cfs) 
Oo = outflow at start of time interval (cfs) 
O1 = outflow at end of time interval (cfs) 

At the outlet of the Upper Mukwonago River watershed is a system of two lakes, Lulu 
Lake at the upstream end of the lake system and Eagle Spring Lake at the downstream 
end, with a 3000 foot channel running between them (a description of this lake system 
can be found in Chapter 2 of this report). The two lakes, the channel between the lakes, 
and the surrounding wetlands were modeled as one reservoir. Modeling the lake system 
as one reservoir provides a more realistic representation of storage in the system than 
modeling the lakes as separate entities. The resulting reservoir is roughly outlined in 
Figure 7. 



Figure 7: Boundary of Reservoir Representing the Combined Lake and Wetland System 

Many factors contributed to the decision to make the one reservoir assumption over 
modeling the lakes and wetlands as separate entities. The inlet to the Mukwonago hve r  
from Lulu Lake is relatively wide, so it is likely that the channel would not restrict water 
flow through the system. Also, lateral flow into the wetlands across the boundaries of the 
channel and lakes is not inhibited by a definite bank, as explained in section 2.3.3. The 
DEM and topographic maps are not fine enough to show differences in elevation across 
the wetland complex, therefore the most plausible approach is to model the entire 
complex as one entity. Although USGS topographic maps label the water elevation of 
Lulu Lake as one foot higher than that in Eagle Spring Lake, a differential leveling 
survey, conducted by Todd Shoemaker, showed the difference in water elevation of the 
two lake to be negligible. (Shoemaker, 2002) 

3.4.2 Stage-Storage Relationship 

A spreadsheet-based model was created to simulate the hydrologic response of this 
system. An event in the form of a stomflow hydrograph was fed into the reservoir and 
water levels rose according to the stage-storage equation. A stage-storage relationship 
was developed for the reservoir that includes Lulu Lake, Eagle Spring Lake, the channel 
between the two, and the surrounding wetlands. The stage-storage relationship for Lulu 
Lake was derived from maps while similar information for Eagle Spring Lake was 
provided in the Graef et al. (2001) report. Storage in the channel was estimated using 
channel dimensions established during the 2005 research trip. The area of wetlands 



contributing to storage was determined using GIs to analyze digital land use layers and 
the DEM. Wetlands do not contribute to storage until an elevation of 820.3 feet, which is 
near the lower end of the range of acceptable lake levels for Eagle Spring Lake. 

Figure 8 shows the stage-storage relationship for this reservoir as it compares to the 
stage-storage relationship created by SEWRPC. The reservoir used in this study contains 
much more storage for elevations less than 820.5 feet because it includes storage in Lulu 
Lake, the channel between the two lakes and some of the surrounding wetlands. 
SEWRPC's reservoir does not include these storage elements at these lower elevations, 
but instead approximates their effects through the time of concentration. The two storage 
estimations converge as reservoir water levels increase. 

Reservoir Stage vs. Storage 

Storage (AF) 

I -Lake System Reservoir Storage - SEWRPC Calculated Storage I 
Figure 8: Stage-Storage Relationship Comparison 

3.4.3 Dam Operation 

Inflows to the reservoir are given by the stormflow hydrographs developed in the 
watershed model while storage in the reservoir is governed by the stage-storage 
relationship explained in 3.4.3, leaving the outflow term as the only unknown in the 
reservoir routing equation. Discharge from the reservoir is dependent upon the position 
of the dam gate, and therefore is user specified. The standard operating procedure of the 
dam in response to a large storm event is to open the dam gate completely (Day, 2006). 
This operation regime was used for modeling, because the storm events modeled in this 
study are considered large events (the smallest storm event modeled had 2.7 inches of 
precipitation). 



This study compared the performance of two different outlet structures, the current 
structure and an optimized structure. The current structure was modeled as a sharp- 
crested weir with discharge as a function of stage, up to a set maximum discharge rate. 
Flow over the weir was estimated using the Equation 7 (Bos, 1976; Shoemaker, 2002). 
The coefficients were established by Shoemaker (2002) based on rating curve calibration 
with observed flow measurements. 

Where: 
Q = discharge rate (cfs) 
C,= effective discharge coefficient (0.591) 
W = width of spillway (ft) 
H = head above spillway crest (ft) 
g = gravitational constant (32.2 ft/s2) 

The optimized structure was designed to release at the inflow rate up to a maximum 
value. Per Wisconsin DNR regulations, a new structure must not increase the existing 
100-year flood levels downstream. SEWRPC calculates the maximum outflow from 
Eagle Spring Lake for the 100-year storm to be 192 cfs. Functioning as the upper limit 
for discharge, t h s  value represents the discharge rate when the dam gate is fully open and 
both sets of stop boards are removed. It is unknown, however, if this rate will cause 
flooding of the properties downstream. When only the dam gate is opened fully and the 
stop boards are in place, the properties downstream of the dam are not flooded (Day, 
2006). The discharge rate when the dam gate is opened fully with stop boards in place is 
estimated at 100 cfs. 

In addition to modeling both the existing and optimized structures at various discharge 
rates, an early release operating scheme involving forecasting was modeled. Early 
release assumes the dam keeper is notified of an approaching storm and is able to release 
water in advance of the storm to provide extra storage for incoming stormflows. 

3.5 Comparison to SEWRPC TR-20 Modeling 

SEWRPC conducted a study of the Mukwonago River watershed above Eagle Spring 
Lake in the late 1960s using SCS TR-20 Hydrologic Computer Model. Results from the 
TR-20 analysis were originally published by SEWRPC in "A Comprehensive Plan for the 
Fox River Watershed," and were also cited in Graef et al. (2001). Although the Graef et 
al. (2001) report contains data sheets showing the parameters used in the SEWRPC 
analysis, there is no documentation explaining the assumptions used in the analysis. The 
watershed model in this study was conducted using the same principles as the SEWRPC 
analysis, yet some of the parameters and the results are markedly different. 



The main differences in model inputs are the time of concentration and the stage-storage 
relationship, which are discussed in sections 3.2.2 and 3.4.3, respectively. It is clear that 
SEWRPC models the lakes separately, stating that Lulu Lake is considered part of the 
tributary drainage area of Eagle Spring Lake reservoir (SEWRPC, 1997). The reservoir 
modeled in this study, however, includes not only Eagle Spring Lake, but also Lulu Lake, 
the reach of the Mukwonago River between the two, and the surrounding wetlands. The 
decision to model both lakes as one reservoir and use a time of concentration much 
shorter than the one used by SEWRPC gives a more appropriate representation of the 
storage in the system. 

The initial lake level used in the SEWRPC analysis is 817 feet and results show lake 
levels rising to 82 1.8 feet following a 100-year storm event. A surveying error that was 
corrected in 1986 created a vertical datum shift resulting in lake elevations 2.9 feet higher 
than original SEWRPC estimates. While the actual elevations used in the TR-20 analysis 
are no longer valid, the change in lake levels of 4.8 feet is important to note. 

The model used in this current study suggests that water levels rise 2.4 feet for a 100-year 
storm under current conditions. To verify the current model, it was run using the same 
conditions used for the previous TR-20 study conducted by SEWRPC. Starting at an 
elevation of 817 feet and using a time of concentration of 30 hours for the subbasin 
farthest from the outlet and prorating the times of concentration for the other subbasin 
accordingly, the model produces a peak lake elevation of 821.3 feet, translating to a 4.3- 
foot rise in lake levels. Thls result is slightly lower than but still acceptably close to the 
rise of lake levels calculated by SEWRPC for the 100-year storm. Using SEWRPC's 
starting elevation of 8 17 feet in conjunction with the values of time of concentration used 
in this study yielded a peak stage increase of 4.6 feet, which is even closer to S E W C ' s  
stage increase. 

The minor lfferences between the results from the current model run under SEWRPC's 
conditions and the findings from the TR-20 modeling conducted by SEWRPC can be 
attributed to differences in the stage-storage relationship of the reservoirs. Although the 
methods used in both studies were similar, the disagreement of modeling results is due 
largely to the differences in starting stage, time of concentration, and stage-storage 
assumptions used in modeling. 



CHAPTER FOUR: MODEL RESULTS 

The following is a list of the different modeling parameters and variables used in this 
study. Chapter 3 contains explanations of each variable. Table 7 below is a summary of 
the variables used for different model runs. 

Storm Events 
Single 24-hour Design Storms (2-year, 10-year, 100-year) 
Storms in Sequence (two 10-year, 24-hour storms) 

Urban Development Scenarios 
Current Conditions 
Moderate Development (Scenario A) 
Extreme Development (Scenario B) 

Stormwater Management Practices 
Detention Basins 
Infiltration Basins with Detention 
Distributed On-Site Infiltration with Detention 

Dam Management 
Current Structure 
Optimized Structure 

= Variation of Maximum Discharge Rate 
Early Release 

Table 5: Model Runs 

4.1 Urbanization Scenarios 

As anticipated, as the percentage of impervious land cover in the watershed was 
increased, the stormflow runoff peaks and volumes increased. Figures 9 and 10 
document the stormflow peaks and volumes, respectively, for each storm under the 



various development scenarios generated by each subwatershed. These tables include 
both the value and the percent increase over current conditions. 

Peak Runoff Flow 
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Figure 9: Peak Runoff Flow (2-year, 10-year, and 100-year Storm Events under each 
Development Scenario) 

Runoff Volumes 
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Figure 10: Volume of Runoff (2-year, 10-yrear, and 100-year Storm Events under each 
Development Scenario) 



Figures 1 1, 12, and 13 display the resulting stage levels for each storm under the current 
conditions and the two development scenarios. As the level of development increases 
from current conditions to moderate development to extreme development, the lake levels 
also increase, signifying flooding around the lakes. It is important to note that the excess 
stormflow resulting from increased levels of urbanization causes lake levels to stay 
elevated longer. For example, lake levels following the 2-year storm event under 
Scenario B stay elevated four times longer than under current conditions and over two 
and a half times longer than under Scenario A. 

Lake Levels for 2-Year Storm 
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Figure 11: Lake Level Response, 2-Year Storm [Current Conditions, Moderate 
Development (Scenario A), and Extreme Development (Scenario B)] 

Lake Levels for 1 0-Year Storm 
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Figure 12: Lake Level Response, 10-Year Storm [Current Conditions, Moderate 
Development (Scenario. A), and Extreme Development (Scenario B)] 
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Figure 12: Lake Level Response, 10-Year Storm [Current Conditions, Moderate 
Development (Scenario A), and Extreme Development (Scenario B)] 

4.2 Dam Management Scenarios 

4.2.1 Structure Comparison and Sensitivity to Discharge Rate 

To compare the performance of the current structure with the optimized structure, the 
100-year storm event was modeled under Scenario B using a maximum discharge rate of 
100 cfs for both structures. Because lake levels rise quickly, the outlet discharges at the 
maximum rate over 99 percent of the time. Model results show there nearly 
imperceptible differences in lake levels response for the current and optimized structures. 
This held true when other storms and development scenarios were used to compare the 
structures. Modeling the 2-year storm under current conditions exhibited the largest 
dissimilarity between the two structures, a 0.07-foot difference in peak stage. Therefore, 
it can be concluded that the maximum discharge rate is more important than the type of 
structure used for large storm events. Hence, the rest of the model runs used the 
optimized structure. 

Since the outlet discharges at the maximum rate for a majority of the time, it is important 
to test the model for sensitivity to the maximum discharge rate. The 100-year storm 
event was modeled under the three development scenarios to compare maximum 
discharge rates of 100 cfs and 192 cfs. Section 3.4.4 explains why these values were 
chosen. Figure 14 shows the resulting lake level increases. Although the discharge rates 
differ by nearly a factor of two, differences in peak lake stages are 0.15 feet in the most 
disparate case. Outcomes are the similar for the 2-year and 10-year storm events. 
Therefore, these results demonstrate that raising the maximum discharge rate to 192 cfs 
does not provide flood reduction benefit for a single design storm. 
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Figure 14: Dam Release Rate Comparison 

4.2.2 Early Release 

Weather forecasting could give the dam operator advanced warning about imminent 
storm events and allow an early release of water. The benefits of this method are 
dependent on how early the operator opens the dam. This early release method draws 
down lake levels, thus providing extra storage for the approaching storm. If the forecast 
is wrong, however, water levels could be lowered below the required minimum level and 
remain low, which is undesirable. 

This model run assumes the dam operator starts releasing 12 hours before the storm. 
Using an aggressive release rate of 100 cfs for that 12-period, the dam operator is able to 
draw lake levels down only 0.1 1 feet before they start rising. This drawdown value is 
small compared to the total stage increase, and lake levels rise to nearly the same height 
with the early release than without. Results suggest that early release does not alleviate 
flooding for large storm events. 

4.3 Stormwater Management Practices 

4.3.1 Detention Basins 

Figure 15 depicts how lake levels change with time for current conditions, development 
Scenario B, and Scenario B with detention. With an aggressive release rate of 192 cfs, 
detention practices exhibit some benefit in stage reduction, as compared to the developed 
scenario without detention management. Lower rises in lake levels imply that a smaller 
volume of runoff enters the lakes when detention basins are used; yet, this is not true 



because detention management does not reduce the amount of runoff generated by a 
storm event. Detention basins temporarily store runoff and release it at a slower rate, 
thus causing a lag in the time it takes for the stormflow to reach the outlet of the basin. 
This delay allows more water to be discharged fiom the reservoir before the runoff 
reaches the reservoir. 
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Figure 15: Lake Level Response to the 100-year Storm (Comparing Current 
Conditions. Development Scenario B, and Develo~ment Scenario B with Detention) 

It is important to note that when the maximum discharge rate is lowered to 100 cfs, the 
benefit of lake level reduction is minimized. The reason for this is that as discharge rates 
decrease, less water is released fiom the reservoir. Decreased discharge rates result in a 
smaller drawdown before the stormflow, which is delayed by the detention basins, 
reaches the reservoir. To further illustrate this fact, the model was run with the discharge 
rate set to zero so that the reservoir acts as a plugged bath tub. Model results show lake 
levels rising to the same peak stage under both developed and developed with detention; 
the only difference being that it takes longer for the scenario with detention to reach the 
peak stage. Although detention basins decrease and delay the peak of the stormflow 
hydrograph, they do not decrease the total volume of stormflow. 

4.3.2 Infiltration 

Two infiltration methods were modeled in this study. The first infiltration method 
modifies the detention basins to include infiltration without changing the size of the 
basin. The second infiltration method represents on-site infiltration practices distributed 
throughout the watershed. Figure 16 compares runoff volumes for current conditions, 
development without stormwater management practices, and development with detention 
management and with the two different infiltration practices for Scenarios A and B. 
Figure 16 shows that on-site infiltration exhibits the greatest benefit in runoff volume 



reduction, while reiterating the fact that detention does not reduce runoff volume. The 
volume reduction resulting from infiltration translates to lower lake levels in response to 
large events. 

Stormwater Management Practice Comparison: 
Runoff Volume for 100-year Storm 
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Figure 16: Runoff Volume Comparison of Stormwater Management Practices (Current 
Condition (baseline), Development without Stormwater Management, Detention Basins, 
Infiltration Basins, and Distributed On-Site Infiltration) 

The benefit of on-site infiltration is most obvious when examining lake level increases as 
illustrated in Figure 17. On-site infiltration shows the largest reduction in peak stage for 
the 100-year storm under both Scenario A and %enario B. Detention, in comparison, 
shows the smallest reduction in peak stage of all three stormwater management practices. 
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Figure 17: Lake Stage Comparison of Stormwater Management Practices (Current Condition 
(baseline), Development without Stormwater Management, Detention Basins, Infiltration 
Basins, and Distributed On-Site Infiltration) 32 



It is important to note that not all water that infiltrates the ground surface becomes 
recharge to the aquifer. Often during heavy rains, water uses subsurface paths to get into 
surface water bodies. While overland flow contributes to the rise in lake levels, there is 
also a subsurface flow component. A sophisticated rainfall-runoff model of the 
watershed would allow for better understanding of actual amount of recharge that can be 
generated from infiltration practices. 

4.4 Two Storms in Sequence: The Effects of Back-to-Back Storm Events 

While it is important to monitor peak reservoir stage, another point of significance is the 
duration of time that reservoir levels remain elevated. Figure 18 shows that water levels 
in the reservoir stay above the initial stage for nearly 2 weeks in response to the 100-year 
storm event under Scenario B without stormwater management. While reservoir levels 
are elevated, the system can not offer additional storage without exacerbating flooding. 
Following a large storm event, the reservoir is vulnerable to increased flooding if a 
second storm event were to occur while reservoir levels are elevated from a previous 
storm. 
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Figure 18: Duration of Elevated Lake Levels, 100-year Storm Event (Compares Current 
Condition (baseline), Development without Stormwater Management, Detention Basins, 
Infiltration Basins, and Distributed On-Site Infiltration) 

To simulate the effects of storms in sequence, two 10-year, 24-hour storms separated by 
two 24-hour periods of no precipitation were run through the model under development 
Scenario A, with a maximum dam release rate of 100 cfs. Model results, summarized in 
Figure 19, show that the second 10-year storm, which comes into the reservoir while 
water levels are still elevated from the previous event, produced peak stages nearly as 
large as those created by 100-year storm for the same level of urban development. 
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Figure 19: Lake Level Repsonse to Two 10-Year Storms in Sequence (Compares Current 
Condition (baseline), Development without Stormwater Management Practices, 
Detention Basins, Infiltration Basins, and Distributed On-Site Infiltration) 

The performance of stormwater management practices follows trends similar to model 
results for single design storm events, with on-site infiltration producing the greatest 
benefit in lake level reduction. In fact, on-site infiltration can reduce peak reservoir 
stages to levels lower than current conditions. In comparison, detention exhibits slight 
benefit for the first storm and virtually no benefit for the second storm in the sequence. 

Figure 20 illustrates the lake level response to back-to-back 10-year storm events under 
various stormwater management practices with a maximum dam release rate of 192 cfs. 
A comparison of Figures 19 and 20 demonstrates how variations in maximum discharge 
affect lake levels for the two storms in sequence scenario. Differences between peak 
stage with a maximum discharge rate 192 cfs and 100 cfs is shown in Figure 2 1. It is 
important to note that sensitivity to release rate becomes more significant for multiple 
storms. This further illustrates the importance of using continuous modeling to examine 
the effects of urban development. 
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Figure 20: Lake Level Repsonse to Two 10-Year Storms in Sequence (Compares Current 
Condition (baseline), Development without Stormwater Management Practices, 
Detention Basins, Infiltration Basins, and Distributed On-Site Infiltration) 
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Figure 21: Maximum Dam Release Rate Comparison (using peak stage as an indicator) 



CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS 

5.1 Watershed Management Recommendations 

One of the most important findings of this study is that in a slow-draining system, such as 
the Upper Mukwonago, detention alone will not prevent flooding at the outlet of the 
watershed. While detention basins delayed storm runoff in the modeled system, the 
water can not be released from the lake system fast enough to prevent flooding. Current 
dam management allows for less than 0.3 feet lake level variation; it is unlikely, however, 
that this range can be maintained as the watershed develops, even if the current structure 
is replaced by a structure that optimizes performance. 

An optimized outlet structure cannot effectively decrease lake levels because the risk of 
flooding properties downstream of the structure limits the rate at whch water can be 
drained from Eagle Spring Lake. While t h s  study did not include an exhaustive 
floodplain analysis for the reach of the Mukwonago downstream of Eagle Spring Lake, 
consideration should be given to alternatives that would allow for increased discharge 
from the lake. 

The hdarnental problem with urban development is the flooding caused by increased 
runoff. Control of this excess stormwater is vital to controlling water levels in Eagle 
Spring Lake. Detention does nothing to reduce the total volume of storm runoff. 
Infiltration, in comparison, controls excess stormwater by reducing runoff volume, and 
thus alleviating flooding problems around the slow-draining lakes at outlet of the 
watershed. In addition, infiltration fosters recharge of the upper sand and gravel aquifer. 

Therefore, it is recommended that both detention and infiltration stormwater management 
practices be employed as the Mukwonago River watershed develops. It is not 
advantageous to replace the current structure at the outlet of Eagle Spring Lake unless it 
becomes possible to increase the maximum discharge rate. 

5.2 Recommendations for Future Study 

These results rest on assumptions that require further testing and verification. This report 
recommends continued study of the Mukwonago River watershed through the use of 
monitoring and rainfall-runoff modeling on a continuous time basis. Accurate modeling 
requires at least one year of reliable data that could be collected through monitoring 
(Potter, 2006). An effective monitoring program includes: 

1) Recording of water levels in Lulu Lake and Eagle Spring Lake 

2) Deployment of a precipitation gage in the watershed 

3) Measuring streamflow in the upper portion of the watershed. 



This continuous data would be useful for calibration and verification of the continuous 
rainfall-runoff model to be used in a future study. 

5.2.1 Lake Level Monitoring 

This study asserts that Eagle Spring Lake, Lulu Lake, and the stretch of the Mukwonago 
River connecting the two and the surrounding wetlands act as one reservoir. To better 
understand the hydraulic relationship between the lakes, it is recommended that stage 
recorders be deployed in each lake with an additional recorder in the Mukwonago River 
or the adjacent wetlands. These recorders would continuously monitor water levels and 
provide data on which to compare different parts of the reservoir system. A monitoring 
record would give a better idea as to how these systems react to storm events and how 
independent or dependent they are on one another. Water level records could also be 
used to calibrate a continuous rainfall-runoff model. 

5.2.2 Precipitation Measurement 

The modeling method of this study mandated the analysis of design storm events or two 
design storms in sequence. To ensure greater modeling accuracy, only extreme events 
were simulated in the model. With the curve number method, it is much harder to model 
smaller events because initial conditions, which are harder to represent accurately, have 
more influence. Continuous modeling of smaller events would give a clearer 
understanding of the hydrologic response of the watershed under current conditions. 

A functioning USGS precipitation gage that records precipitation seasonally is located in 
the Village of Mukwonago. Unfortunately, the record is discontinuous and the gage is 
located approximately 8 miles east of the study area, introducing error due to the spatial 
variability of precipitation. Installation of a precipitation gage within the Upper 
Mukwonago River watershed would give a more accurate representation of the 
precipitation falling on the study area, thus reducing errors caused by spatial and 
temporal variability of precipitation. The gage could provide continuous rainfall data 
consisting of smaller, more common events to be used as input for a continuous rainfall- 
runoff model. 

5.2.3 Streamflow Measurement 

While the curve number method is well-suited to comparing runoff amounts resulting 
from various storms and land us scenarios, it is not as good at predicting exact values of 
those runoff amounts. In order to get a better understanding of the amount of runoff 
resulting from an actual storm event, it is recommended that a stream gage be placed near 
the outlet of a single, representative subwatershed. Streamflow data, in conjunction with 
accurate precipitation data, could be used to calibrate a continuous rainfall-runoff model. 
Once the model is calibrated for the subwatershed, producing stormflow hydrographs that 
are a reasonable match to observed data, the model can be extended to cover the entire 
watershed. 



5.3 Conclusion 

This study highlighted the difficulty of controlling excess stormwater runoff as urban 
development expands. It is imperative that stormwater management practices accompany 
urban development in order to dampen fluctuations in lake levels and preserve the 
integrity of the Upper Mukwonago River system. A continuous rainfall-runoff model of 
the Mukwonago River watershed would provide a better understanding of the water 
budget and hydrologic response of the watershed under current and future development 
conditions. A reliable watershed model could rectify discrepancies in past studies and 
provide a realistic framework on which to make management decisions that balance the 
needs of expanding populations with those of a healthy, viable environment within the 
watershed. 
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