
 

Development of Hydrologic Monitoring and 

Modeling System in the Mona Lake Watershed 

(Draft) 

 

(Prepared for Mona Lake Watershed Council)  

 

 

 

Xuefeng Chu, Ph.D. 
 

Annis Water Resources Institute 

Grand Valley State University 

740 West Shoreline Drive, Muskegon, MI 49441 

 

 

 

 

 

 

 

 

September, 2006 



Acknowledgments 
 
 
This project was supported by the Michigan Department of Environmental Quality and 
Grand Valley State University. The author would like to thank Annoesjka Steinman for 
her support and management of the overall project. I am very grateful to David Fongers, 
Tim Hall, and John Wuycheck for providing the DEQ guidance and hydrologic data. 
Special thanks go to David Kendrick and Vivek Singh for providing the valuable water 
discharge data from the Muskegon Wastewater Management System and rainfall data at 
their weather station (Gauge 3-WWMS).  
 
The project would not have been possible without the help of a number of AWRI-GVSU 
faculty/staff and students. I would like to thank Al Steinman for supporting the project 
and reviewing the draft of this report, Rick Rediske for providing field work support, 
Kurt Thompson and Rod Denning for providing the GIS data that have been used in the 
hydrologic modeling, and Patrick Womble, Brian Hanson, Eric Nemeth, Lori Nemeth, 
and Mary Ogdahl for their contributions in the relevant field work.  

 ii



Table of Contents 
 

Title Page ........................................................................................................ i 
Acknowledgments ......................................................................................... ii 
Table of Contents ......................................................................................... iii 
List of Tables ................................................................................................. v 
List of Figures.............................................................................................. vii 
Executive Summary...................................................................................... 1 
1 Introduction.............................................................................................. 3 
2 Hydrologic Monitoring............................................................................ 4 
 2.1 Information on the Monitoring Sites....................................................................4 

  2.1.1 Stream Monitoring Sites .................................................................................4 

  2.1.2 Rain Gauges....................................................................................................4 

  2.1.3 Water Discharge from the Muskegon County Wastewater Management 
System to Black Creek ...................................................................................6 

 2.2 Continuous Monitoring of Stream Stage and Temperature ..............................6 

 2.3 Stream Flow Measurement and Computation ....................................................7 
  2.3.1 Stream Flow Measurement .............................................................................7 

  2.3.2 Computation of Discharge..............................................................................8 

  2.3.3 Computation of Mean Velocity ......................................................................9 

  2.3.4 Computation of Other Hydraulic Parameters .................................................9 

 2.4 Stream Channel Survey.......................................................................................10 

 2.5 Development of Rating Curves ...........................................................................10 

  2.5.1 Computation of Rating Curves .....................................................................12 

  2.5.2 Extension for Low-Stage Rating Curves ......................................................13 

  2.5.3 Extension for High-Stage Rating Curves .....................................................13 

  2.5.4 Summary of the Developed Rating Curves ..................................................16 

 2.6 Computation of Observed Stream Flow ............................................................22 

 2.7 Observed Stream Water Temperature ..............................................................22 

3 Watershed Delineation .......................................................................... 25 
 3.1 Watershed Delineation Using WMS and Development of the HEC-HMS 

Conceptual Model................................................................................................25 

 iii



 3.2 Computation of Curve Numbers ........................................................................28 

 3.3 Computation of Time-Related Parameters for Subbasins and Reaches.........31 

4 Hydrologic Modeling ............................................................................. 32 
 4.1 Event Hydrologic Modeling and Model Calibration ........................................32 
  4.1.1 Event Hydrologic Modeling for the Black Creek Basin...............................33 

  4.1.2 Event Hydrologic Modeling for the Little Black Creek Basin and Others...38 

 4.2 Continuous Hydrologic Modeling and Model Calibration...............................48 

5 Conclusions............................................................................................. 60 
6 Estimation of Contaminant Loading to Mona Lake .......................... 62 
 6.1 Computation Methods .........................................................................................63 

 6.2 Summary of Loading Estimation Results ..........................................................71 

References.................................................................................................... 74 
 

 iv



List of Tables 
 

Table 2-1 Geographic locations of the eight stream monitoring sites (Lat-Long 
decimal degree) ..................................................................................................4 

Table 2-2 Locations of the three rain gauges .....................................................................5 

Table 2-3 Information on the weather station at Muskegon County Airport .....................6 

Table 2-4 Maximum and minimum depths at the monitoring sites .................................10 

Table 3-1 Hydrologic element inventory .........................................................................25 

Table 3-2 Subbasins and their parameters........................................................................26 

Table 3-3 Reaches and their parameters...........................................................................27 

Table 3-4 Land use and curve numbers for different hydrologic soil groups ..................30 

Table 3-5 Composite curve numbers for each subbasin...................................................31 

Table 4-1 Event simulation results 1 – Subbasin parameters...........................................32 

Table 4-2 Event simulation results 2 - Parameters for reach routing...............................33 

Table 4-3 Event simulation results 3 - Global summary for the BC subbasins ...............34 

Table 4-4 Event simulation results 4 - Water loss and excess for the BC subbasins .......35 

Table 4-5 Event simulation results 5 - Direct flow and baseflow for the BC subbasins..35 

Table 4-6 Event simulation results 6 – Cumulative volume and percentage of direct 
flow (QD), baseflow (QB), and total flow (QT) for the BC subbasins ...........36 

Table 4-7 Event simulation results 7 - Average flow and cumulative discharge 
volume at the BC outlets..................................................................................36 

Table 4-8 Event simulation results 8 - NOF and EF for the BC monitoring sites ...........36 

Table 4-9 Event simulation results 9 - Global summary for the LBC and other 
subbasins ..........................................................................................................39 

Table 4-10 Event simulation results 10 - Water loss and excess for the LBC and other 
subbasins ..........................................................................................................40 

Table 4-11 Event simulation results 11 - Direct flow and baseflow for the LBC and 
other subbasins.................................................................................................41 

Table 4-12 Event simulation results 12 – Cumulative volume and percentage of direct 
flow (QD), baseflow (QB), and total flow (QT) for the LBC and other 
subbasins ..........................................................................................................42 

Table 4-13 Event simulation results 13 – Average flow and cumulative discharge 
volume at the LBC and other outlets ...............................................................43 

Table 4-14 Event simulation results 14 - NOF and EF for the LBC and other 
monitoring sites................................................................................................43 

 v



Table 4-15 Continuous simulation results 1 - Parameters for the Clark transform 
method and the recession baseflow method.....................................................48 

Table 4-16 Continuous simulation results 2 - Parameters for reach routing......................49 

Table 4-17 Continuous simulation results 3 - Parameters for the SMA loss method ........49 

Table 4-18 Continuous simulation results 4 - Global summary.........................................51 

Table 4-19 Continuous simulation results 5 – Water loss and excess for all subbasins ....52 

Table 4-20 Continuous simulation results 6 - Direct flow and baseflow for all 
subbasins ..........................................................................................................53 

Table 4-21 Continuous simulation results 7 – Cumulative volume and percentage of 
direct flow and baseflow for all subbasins.......................................................53 

Table 4-22 Continuous simulation results 8 - Average flow and cumulative discharge 
volume at all outlets .........................................................................................54 

Table 4-23 Continuous simulation results 9 - Cumulative discharge and contribution 
percentage of all tributaries of Mona Lake ......................................................55 

Table 4-24 Continuous simulation results 10 - NOF and EF for the monitoring sites.......55 

Table 6-1 Concentrations of TP and SRP from the 2005 grab samples...........................62 

Table 6-2 Average increased rates between the low-flow and high-flow 
concentrations ..................................................................................................65 

Table 6-3 Monthly average flow (cfs) (threshold flow in the 2-C method).....................66 

Table 6-4 Monthly average low-flow concentrations of TP and SRP computed by the 
2002-2005 water quality data...........................................................................67 

Table 6-5 Loads of TP and SRP from the four major tributaries in 2005........................72 
 

 vi



List of Figures 
 

Fig. 1-1 Location of the Mona Lake Watershed..............................................................3 

Fig. 2-1 Location of the stream flow monitoring sites ....................................................5 

Fig. 2-2 Location of the rain gauges................................................................................5 

Fig. 2-3 Discharge of the treated wastewater from WWMS to Black Creek in 2005 .....6 

Fig. 2-4 Stream flow computation tool in the HYDROL-INF software..........................7 

Fig. 2-5 Channel survey for the LBC sites ....................................................................11 

Fig. 2-6 Channel survey for Sites 9 and 10 ...................................................................11 

Fig. 2-7 Channel survey for the BC sites.......................................................................12 

Fig. 2-8 Example for the low-stage stream flow computation ......................................13 

Fig. 2-9 Relation between the adjusted depth Da and the conveyance factor fK............14 

Fig. 2-10 Relation between the adjusted depth Da and the slope-roughness factor fs r....15 

Fig. 2-11 Relation between the adjusted depth Da and the cross-sectional area A ..........16 

Fig. 2-12 Relation between the adjusted depth Da and flow velocity V ..........................16 

Fig. 2-13 Mid-stage rating curve for Site 2 .....................................................................17 

Fig. 2-14 Mid-stage rating curve for Site 4 .....................................................................17 

Fig. 2-15 Mid-stage rating curve for Site 5 .....................................................................18 

Fig. 2-16 Mid-stage rating curve for Site 6 (before 8/15/05) ..........................................19 

Fig. 2-17 Mid-stage rating curve for Site 6 (after 8/15/05) .............................................19 

Fig. 2-18 Mid-stage rating curve for Site 7 .....................................................................20 

Fig. 2-19 Mid-stage rating curve for Site 1-US31...........................................................21 

Fig. 2-20 Mid-stage rating curve for Site 9 .....................................................................21 

Fig. 2-21 Mid-stage rating curve for Site 10 ...................................................................22 

Fig. 2-22 Observed hydrographs at all sites from April 6 to September 15, 2005..........23 

Fig. 2-23 Observed stream water temperature at all sites from April 6 to September 
15, 2005............................................................................................................24 

Fig. 3-1 Subbasins, channels, and outlets in the Mona Lake watershed .......................27 

Fig. 3-2 HEC-HMS conceptual model for the Mona Lake watershed ..........................28 

Fig. 3-3 Land use of the Mona Lake watershed ............................................................29 

Fig. 3-4 Soil types of the Mona Lake watershed ...........................................................29 

Fig. 3-5 Hydrologic soil groups of the Mona Lake watershed......................................30 

 vii



Fig. 4-1 Comparison between the simulated and observed hydrographs for the 
event 8/10-15/2005 ..........................................................................................37 

Fig. 4-2 Comparison between the simulated and observed hydrographs for the 
event 8/26-30/2005 ..........................................................................................38 

Fig. 4-3 Comparison between the simulated and observed hydrographs for the 
event 8/26-30/2005 for the LBC sites ..............................................................44 

Fig. 4-4 Comparison between the simulated and observed hydrographs for the 
event 8/26-30/2005 for Sites 9 and 10 .............................................................45 

Fig. 4-5 Comparison between the simulated and observed hydrographs for the 
event 9/28-10/1/2005 for the LBC sites...........................................................46 

Fig. 4-6 Comparison between the simulated and observed hydrographs for the 
event 9/28-10/1/2005 for Sites 9 and 10 ..........................................................47 

Fig. 4-7 Comparison between the simulated and observed hydrographs for the 
event 6/30-7/3/2005 for the LBC sites.............................................................47 

Fig. 4-8 Comparison between the simulated and observed hydrographs for the 
event 6/30-7/3/2005 for Sites 9 and 10 ............................................................48 

Fig. 4-9 Simulated discharge of all tributaries of Mona Lake.......................................56 

Fig. 4-10 Contribution percentage of all tributaries of Mona Lake.................................56 

Fig. 4-11 Temporal distribution of the contribution percentage of all tributaries of 
Mona Lake .......................................................................................................56 

Fig. 4-12 Comparison between the simulated and observed hydrographs for the LBC 
sites ..................................................................................................................57 

Fig. 4-13 Comparison between the simulated and observed hydrographs for the BC 
sites ..................................................................................................................58 

Fig. 4-14 Comparison between the simulated and observed hydrographs for Sites 9 
and 10...............................................................................................................59 

Fig. 6-1 Low-flow TP concentrations of the four major tributaries from April to 
July 2005..........................................................................................................62 

Fig. 6-2 Low-flow SRP concentration of the four major tributaries from April to 
July 2005 (detection limit: 5 ppb) ....................................................................63 

Fig. 6-3 Rainfall and daily average discharge of the four major tributaries of Mona 
Lake..................................................................................................................63 

Fig. 6-4 Daily (a) and cumulative (b) TP loads of the four major tributaries from 
April 6 to July 31, 2005 computed by the 1-C method....................................64 

Fig. 6-5 Daily (a) and cumulative (b) SRP loads of the four major tributaries from 
April 6 to July 31, 2005 computed by the 1-C method....................................64 

Fig. 6-6 Daily (a) and cumulative (b) TP loads of the four major tributaries from 
April 6 to July 31, 2005 computed by the 2-C method....................................66 

 viii



Fig. 6-7 Daily (a) and cumulative (b) SRP loads of the four major tributaries from 
April 6 to July 31, 2005 computed by the 2-C method....................................67 

Fig. 6-8 Monthly average low-flow TP concentrations of the four major tributaries 
from 2002 to 2005............................................................................................68 

Fig. 6-9 Monthly average low-flow SRP concentrations of the four major 
tributaries from 2002 to 2005 (detection limit: 5 ppb) ....................................68 

Fig. 6-10 Daily (a) and cumulative (b) TP loads of the four major tributaries from 
April 6 to July 31, 2005 computed by the 1-C method and 2002-2005 
monthly average low-flow concentrations.......................................................69 

Fig. 6-11 Daily (a) and cumulative (b) SRP loads of the four major tributaries from 
April 6 to July 31, 2005 computed by the 1-C method and 2002-2005 
monthly average low-flow concentrations.......................................................69 

Fig. 6-12 Daily (a) and cumulative (b) TP loads of the four major tributaries from 
April 6 to July 31, 2005 computed by the 2-C method and 2002-2005 
monthly average low-flow concentrations.......................................................70 

Fig. 6-13 Daily (a) and cumulative (b) SRP loads of the four major tributaries from 
April 6 to July 31, 2005 computed by the 2-C method and 2002-2005 
monthly average low-flow concentrations.......................................................71 

Fig. 6-14 Fig. 6-14 Percentages of TP and SRP loads from tributaries to Mona Lake 
(a. TP from 2005 2-C Method; b. TP from 2005 1-C Method; c. TP from 
2002-05 2-C Method; d. TP from 2002-05 1-C Method; e. SRP from 2005 
2-C Method; f. SRP from 2005 1-C Method; g. SRP from 2002-05 2-C 
Method; and h. SRP from 2002-05 1-C Method) ............................................73 

 

 ix



Executive Summary 
 
Mona Lake receives water from Black Creek, Little Black Creek, Cress Creek, Ellis 
Drain, and other small tributaries adjacent to the lake, and eventually discharges into 
Lake Michigan via a small channel. Mona Lake and its major tributaries are all 
characterized by chemical and biological degradation (Evans, 1982; Wuycheck, 1992; 
Walker, 2000 and 2002; Steinman et al., 2006). High nutrient concentrations in the lake 
and continued loading of hazardous contaminants and sediments have been documented 
since the 1970s. The sediments throughout Little Black Creek are heavily contaminated 
with metals and organic chemicals, and the biotic community of the creek has been 
adversely affected. Clearly, knowledge of hydrology of the Mona Lake watershed is 
essential to better understand the transport processes and distributions of those 
contaminants and is critical to further evaluate their adverse impacts on the ecosystem, 
and to identify water quality management strategies.  
 
This study is aimed to develop a hydrologic monitoring and modeling system in the 
Mona Lake watershed. Specific objectives of the project are: (1) to fill the current data 
gap by conducting intensive stream flow and temperature monitoring for the major 
tributaries of Mona Lake; (2) to provide detailed hydrologic information concerning 
quantity, variability, and sources of the lake and all tributaries by delineating the 
watershed and conducting GIS-based hydrologic modeling; and (3) to estimate external 
loads of phosphorus (TP and SRP) to Mona Lake by integrating this hydrologic 
monitoring and modeling effort with the water quality sampling and analyses conducted 
in the Clean Michigan Initiative (CMI) project. 
 
Hydrologic monitoring was conducted at eight sites selected in Black Creek, Little Black 
Creek, Cress Creek, and Ellis Drain. Intensive stream stage and temperature data were 
collected by using the Odyssey pressure and temperature recording system during the 
entire study period in 2005. Stream flow at each site also was measured manually by 
using the Marsh-McBirney flow meter (Flo-Mate Model 2000) for a number of selected 
times that covered both rainfall events and dry time periods. Rating curves were then 
developed and observed hydrographs were generated for all monitoring sites. 
Furthermore, watershed delineation was performed by using the WMS software. Based 
on the DEM and existing GIS data, overland flow directions and accumulations were 
determined; stream network and drainage boundaries of 13 subbasins were generated; 
and geometric parameters of the subbasins and stream reaches were computed. In 
addition, composite curve numbers of the subbasins and other parameters/input data used 
in the hydrologic modeling were estimated based on the land use, soil type, other GIS 
data, and the monitoring data.  
 
Both event and continuous GIS-based hydrologic models were developed for the Mona 
Lake watershed by using the HEC-HMS software. The former (event model) 
characterized small-scale hydrologic processes while the latter (continuous model) 
revealed hydrologic phenomena over a longer time period. The event modeling with a 
finer time scale was primarily used for identifying major hydrologic parameters. In the 
event model, the SCS curve number loss method, the Clark transform method, and the 

 1



recession baseflow method were selected for all subbasins. The straddle stagger method 
or Muskingum method was used for stream reach routing. The event model was 
calibrated and validated by using the observed stream flow data collected from the 
monitoring sites. The continuous hydrologic modeling was conducted for the period from 
April 6 to September 15, 2005. Unlike the event modeling, the soil moisture accounting 
(SMA) loss method was used for continuously simulating surface runoff. The continuous 
hydrologic model was also calibrated by using the field monitoring data. Good agreement 
between the simulated and observed hydrographs was achieved in both event and 
continuous hydrologic modeling. 
  
The simulation results suggested that Mona Lake received 620 million ft3 of inflow 
during the study period in 2005, of which 74.91% and 11.31% were contributed by Black 
Creek and Little Black Creek, respectively. The modeling also indicated that baseflow 
was a dominant source of stream flow and its overall contributing percentage in the entire 
watershed was as high as 93.9%. Depending upon the sizes, land use/land covers, soil 
types, and other hydrologic conditions, the subbasins had dissimilar sources of runoff, 
timing of response to rainfall, and retention properties. It was found that Black Creek had 
distinct hydrologic characteristics from others. It was primarily supported by subsurface 
flow while Little Black Creek and other small tributaries were particularly “sensitive” to 
rainfall. Thus, the hydrograph of Black Creek showed a consistent, relatively stable 
pattern. During the study period, a continuous decline, from the highest in early spring 
down to the lowest in late summer and early autumn, has been observed in both simulated 
and observed flow data. This phenomenon emphasized the significance of the water 
sources from melting of snow and frozen soils in early spring. In contrast, the 
hydrographs of Little Black Creek and other small tributaries were characterized by a 
number of short-duration peaks dominated by rainfall events, which can be attributed to 
their higher percentage of impervious areas. This hydrologic monitoring and modeling 
study provides valuable information on the quantity and variability of runoff from all 
subbasins, sources of the contributing water (direct runoff and baseflow), and inflows of 
Mona Lake from tributaries. 
 
Finally, external loading of phosphorus from the four major tributaries (BC, LBC, CC, 
and ED) to Mona Lake was evaluated for the period from April to July 2005. 
Specifically, daily loads of total phosphorus (TP) and soluble reactive phosphorus (SRP) 
were estimated by using the daily averaged discharge from this project and the 
concentration data provided by the CMI project. Based on the monthly grab water quality 
data collected in 2002 – 2005 and a series of samples from two storms, four different 
methods were utilized for calculating the daily averaged concentrations of TP and SRP, 
which were then used in the loading computation. The impact of stream flow conditions 
(high flow for rainfall events and low flow for dry time periods) on concentrations of TP 
and SRP were taken into account in this study. 
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1. Introduction 
 
The Mona Lake watershed covers an area of 75.02 mi2; the lake itself covers an area of 
1.02 mi2, and receives water flows from Black Creek (BC), Little Black Creek (LBC), 
Cress Creek (CC), Ellis Drain (ED), and other small tributaries adjacent to Mona Lake 
(Fig. 1-1). The lake discharges into Lake Michigan via a small channel.  

Lake 
Michigan 

Mona Lake 

Black Creek Little Black Creek 

Ellis Drain 
Cress Creek 

Fig. 1-1 Location of the Mona Lake Watershed 

Mona Lake Watershed 

 
According to surveys conducted by the Michigan Department of Environmental Quality 
(DEQ), Mona Lake, Black Creek, and Little Black Creek are all characterized by 
chemical and biological degradation. High nutrient concentrations in the lake and 
continued loading of hazardous contaminants and sediments have been documented since 
the 1970s. The sediments throughout Little Black Creek are heavily contaminated with a 
number of metals and organic chemicals and the biotic community of the creek has been 
adversely affected. Hence, knowledge of hydrologic processes in the Mona Lake 
watershed is essential to better understand the underlying mechanisms, transport, and 
distribution of various pollutants and contaminated sediments, identify their sources, and 
evaluate their adverse impacts on the ecosystem. The hydrologic information can be 
further used to develop the TMDLs and identify Best Management Practices (BMPs).  
 
This study is aimed to improve our understanding of the hydrology in the Mona Lake 
watershed by developing a hydrologic monitoring and modeling (M-M) system. Specific 
objectives are: (1) to fill the current data gap by developing a stream-flow-temperature 
monitoring network in the Mona Lake watershed; (2) to provide detailed hydrologic 
information concerning quantity, variability, and sources of the lake and stream water by 
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characterizing hydrologic processes in the Mona Lake watershed and conducting GIS-
based hydrologic modeling; and (3) to quantitatively evaluate pollutant loadings (total 
phosphorus and soluble reactive phosphorus) to Mona Lake. 
 
2. Hydrologic Monitoring 
 
2.1 Information on the Monitoring Sites 
 
2.1.1 Stream Monitoring Sites 
 
Eight stream sites were selected for hydrologic monitoring in this project, six of which 
are located in Black Creek and Little Black Creek (three sites in each creek), and the 
remaining two sites are located at final outlets of Cress Creek and Ellis Drain, 
respectively. The geographic locations of the sites (Lat-Long decimal degree) are shown 
in Table 2-1 and are schematically displayed in Fig. 2-1.  
 
Table 2-1 Geographic locations of the eight stream monitoring sites (Lat-Long decimal 
degree) 

Site* X Coordinate Y Coordinate Location 

Site 2 -86.2155 43.2079 Roberts St 

Site 4 -86.2383 43.1929 Airline Rd 

Site 5 -86.2406 43.1884 Hoyt St 

Site 6 -86.1069 43.207 Wolf Lake Rd 

Site 7 -86.1656 43.2012 Broadway Ave 

Site 1-US31 -86.2054 43.1879 US-31 

Site 9 -86.2201 43.1797 Grand Haven Rd 

Site 10 -86.2791 43.1663 Rood Rd 

* Ten monitoring sites were originally selected in this project. However, 
some changes were made because of malfunction of some sensors. In 
addition, Site 1 originally located in Little Black Creek was moved to a 
more important control point in Black Creek in May 2005.  
 
2.1.2 Rain Gauges 
 
Rainfall data were collected at three rain gauges within or close to the Mona Lake 
watershed. Their geographic locations (Lat-Long decimal degree) are shown in Table 2-2 
and displayed in Fig. 2-2. Gauge 1 at the Muskegon County Airport is the major one. 
Information on the weather station is detailed in Table 2-3. Hourly rainfall data at that 
station were obtained from the NOAA National Climatic Data Center. The Davis Tipping 
Bucket Rain Gauge with a HOBO Event Data Logger was installed at Gauge 2 and 
rainfall data were collected. Gauge 3 at the Muskegon County Wastewater Management 
System (WWMS) was maintained by the County Public Works. The rainfall data at 
Gauges 2 and 3 were processed, and 15-min, hourly, and daily rainfall was computed. 
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Site 6
Site 7

Site 1-US31
Site 9 

Site 2
Site 4

Site 5 

Site 10

Stream flow monitoring sites

Fig. 2-1 Location of the stream flow monitoring sites

Gauge3-WWMS 

Gauge2-Nina 

Gauge1-Muskegon Airport 

Rain gauges 

Fig. 2-2 Location of the rain gauges 

 
Table 2-2 Locations of the three rain gauges 

Rain Gauge X coordinate Y Coordinate Location 

Gauge 1 -86.2333 43.1667 Muskegon County Airport 

Gauge 2 -86.2892 43.1924 Nina Lane 

Gauge 3 -86.0623 43.2639 Muskegon Wastewater Management System 
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Table 2-3 Information on the weather station at Muskegon County Airport 
Type ASOS-NWS FCWOS 

Call Sign/ICS MKG/KMKG 

WBAN 14840 

COOP ID 205712 

Climate Division MI-05 – West Central Lower 

WMO ID 72636 

Elevation 190.5 m (624.8´) above s/l 

Lat/Lon 43º10´N/86º14´W 
 
2.1.3 Water Discharge from the Muskegon County Wastewater Management System to 
Black Creek 
 
The Muskegon County Wastewater Management System, located outside the study 
domain, collects, processes, and recycles wastewater. The system discharged a certain 
amount of the treated water into Black Creek. It was considered as an additional water 
source of the creek. Discharges of the treated wastewater in 2005 are shown in Fig. 2-3. 

Fig. 2-3 Discharge of the treated wastewater from WWMS to Black Creek in 2005 
Date

1//05  2//05  3//05  4//05  5//05  6//05  7//05  8//05  9//05  10//05  11//05  12//05  1//06  

Q
 (c

fs
)

0

1

2

3

4

5

6

7

 
2.2 Continuous Monitoring of Stream Stage and Temperature 
 
At each of the eight sites, an Odyssey pressure and temperature recording system was 
installed for continuously collecting the stream water level and temperature data. The 
recording time interval was 10 minutes for all sites. To ensure that the pressure and 
temperature sensors function properly and accurately, the monitoring equipment was 
tested and calibrated in the laboratory before the field installation. In the field, the sensors 
were maintained on a weekly or bi-weekly basis (clean sediments and leaves around the 
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sensors) and the recorded data were downloaded to a laptop computer for further 
processing. 
 
2.3 Stream Flow Measurement and Computation 
 
2.3.1 Stream Flow Measurement 
 
In order to develop rating curves that relate the stream water stage recorded by the 
pressure sensor to discharge, stream flow was manually measured at all sites by using a 
Marsh-McBirney flow meter (Flo-Mate Model 2000). A number of measurements have 
been collected at the sites. Basically, the measured stream stages covered the primary 
range of the sensor-recorded data at most sites. The Windows-based hydrologic software, 
HYDROL-INF (Fig. 2-4; Chu, 2006) was used for processing the measured stream data 
and computing stream discharges and other hydraulic parameters. Detailed computation 
methods for stream discharge are described in the following sections. 
 
 

Fig. 2-4 Stream flow computation tool in the HYDROL-INF software 
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2.3.2 Computation of Discharge 
 

Flow velocity and depth of a stream may change significantly over a cross-sectional area. 
The velocity near the water surface can be greater than that close to the bottom and the 
water in the center of the stream channel may flow faster than on the edges. Discharge of 
a stream through a cross-sectional area can be expressed as: 

 

∫∫∫∫ ==
AA

dxdyyxVVdAQ ),(  (2-1) 

 
in which Q = water discharge (L3/T); V = velocity (L/T); and A = area (L2). 

 
A number of methods have been developed for estimating discharge of a stream. The 
velocity-area methods (midsection method and mean-section method) are commonly 
used. In this study, the midsection method was selected for calculating water discharge 
across a stream channel. The related equation can be expressed as: 

 

i
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iiii
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For the first and last sections, following equations are used for calculating the 
corresponding discharge (Gupta, 1989): 

 

1
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in which  
 

21 65.0 VV =  (2-5) 
 

165.0 −= nn VV  (2-6) 
 
Hence, the total discharge can be given by: 

 

∑
=

=
n

i
iqQ

1

 (2-7) 

where qi = water discharge of section i (L3/T); iV = mean velocity at observation 
point/vertical i (L/T); Li = distance from the initial point to observation point/vertical i 
(L); and di = depth of water at observation point/vertical i (L). 
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The number of observation points/verticals or the size of each section depends on the 
width of the stream channel, variability in the stream depth and velocity, and other 
factors. In this project, the number of sections/verticals ranged from 10 to 30. 

 
2.3.3 Computation of Mean Velocity 

 
Depending on the depth of water, one or two flow velocities were measured at each 
point/vertical and hence two different methods were used for computing the mean 
velocity in the program. 

 
(1) One-Point Method (0.6D): For ftD 2≤ , one velocity was measured at a depth of 

0.6D (D is the total depth of water). The mean velocity is given by  
 

D
ii vV 6.0=  (2-8) 

 
(2) Two-Point Method (0.2D & 0.8D): For ftD 102 −= , two velocities were measured 

at depths of 0.2D and 0.8D, respective. The mean velocity is given by 
 

D
i

D
ii vvV 8.02.0

2
1

2
1
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2.3.4 Computation of Other Hydraulic Parameters 
 
The following hydraulic parameters also were computed in the HYDROL-INF software: 

 
(1) Overall average velocity: 
 

∑∑
==

==
n

i
i

n

i
i Aq

A
QV

11

 (2-10) 

 
(2) Wetted Perimeter: 

 

( ) ( ) n

n

i
iiiiw dLLdddP +−+−+= ∑

=
−−

2

2
1

2
11  (2-11) 

 
(3) Hydraulic Radius: 

 

wP
AR =  (2-12) 

 
(4) Conveyance Factor: 

 
32ARf K =  (2-13) 

 
(5) Slope-Roughness Factor: 
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32AR
Qf sr =  (2-14) 

 
2.4 Stream Channel Survey 
 
As mentioned in the preceding section, the measured stream stages generally covered a 
significant portion of the water depths recorded by the pressure sensors at most sites. 
However, extension of rating curves can be still needed for some sites although the 
extension is generally limited to a very small range of stages. To reflect the variability in 
the cross-sectional area of channels and the related hydraulic properties in the extension 
of rating curves, stream channel surveys were conducted (focusing on the locations of all 
monitoring sites). Comparison of the range of the observed water depths (maximum and 
minimum), range of the field measured depths (maximum and minimum), and the 
maximum surveyed depths are listed in Table 2-4. The comparison indicates that the 
maximum surveyed depths have completely covered the range of the observed water 
depths for all sites. The cross-sectional areas and the maximum depths of the eight 
monitoring sites obtained in the channel survey are shown in Figs. 2-5 to 2-7. 
 
Table 2-4 Maximum and minimum depths at the monitoring sites 

Sensor-Recorded Depths                    
(4/6/05 0:00 – 9/15/05 0:00) 

Field 
Measurements 

Channel 
Survey 

 
Site Name 

Dmax 
(in) 

EST at Dmax Dmin 
(in) 

EST at Dmin Dmax 
(in) 

Dmin 
(in) 

Dmax  
(in) 

Site 2 21.19 8/12/05 0:10 3.39 6/29/05 3:52 18.90 4.65 27.17 

Site 4 30.20 5/13/05 11:01 13.03 6/30/05 5:50 26.89 15.94 39.00 

Site 5 26.46 8/12/05 4:49 7.83 9/11/05 1:00 24.65 9.53 34.30 

Site 6 23.03 4/6/05 0:03 1.23 7/20/05 0:41 23.40 2.75 23.40 

Site 7 28.78 4/6/05 0:57 5.85 9/11/05 20:04 29.25 8.10 29.25 

Site 1-US31 20.53 5/28/05 8:02 12.92 8/11/05 8:07 26.38 15.35 26.40 

Site 9 14.32 5/13/05 10:35 7.34 8/11/05 4:51 14.00 8.60 21.50 

Site 10 14.58 5/13/05 12:43 5.05 9/11/05 7:08 14.50 6.80 20.00 

 
 
2.5 Development of Rating Curves 
 
Following the QAPP of the project, rating curves were developed primarily based on the 
USGS Techniques of Water Resources Investigations (TWRI), Chapter A10 of Book 3 
(Kennedy, 1984). As mentioned in the preceding section and shown in Table 2-4, only 
minor extensions (either backward for low-stage rating or forward for high-stage rating) 
are needed for some sites. To better reflect the relationship between the stage and 
discharge for different hydraulic conditions and achieve the best fitting curves, three 
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separate rating curves were developed for each site, which correspond to low-stage, mid-
stage, and high-stage conditions, respectively. Detailed computation results are 
summarized in Section 2.5.4. 
 

27.17 in

a). Site 2

39 in

b). Site 4 

34.3 in

c). Site 5 

Fig. 2-5 Channel survey for the LBC sites

20.0 in 

b). Site 10 

21.5 in

a). Site 9 

Fig. 2-6 Channel survey for Sites 9 and 10 
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23.4 in 

a). Site 6 

29.25 in 

b). Site 7 

26.4 in 

c). Site 1-US31 

Fig. 2-7 Channel survey for the BC sites

2.5.1 Computation of Rating Curves 
 
The general relationship between the stream discharge Q and the stage D can be 
mathematically expressed as: 
 

( )β0dD −αQ =

)

 (2-15) 
 
i.e.,  

 
( 0)()( dDLnLnQLn −+= βα  (2-16) 

 
or 
 

( 00 dDLnyy −+= )β  (2-17) 
 

where α and β = parameters; d0 = depth adjustment constant (zero-flow depth) or “scale 
offset” (Kennedy, 1984); y = Ln(Q); and y0 = Ln(α). 
 
Nonlinear regression method was used in the analysis and a 3-parameter logarithm 
equation (y0, β and d0 in Eq. 2-17) was fitted to each set of the measured data [D-Ln(Q)]. 
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Then, the final equation for rating curve can be expressed in the form of Eq. (2-15). The 
computation results for the eight sites are summarized in section 2.5.4. 
 
2.5.2 Extension for Low-Stage Rating Curves 
 
As shown in Table 2-4, only minor extension (backward) is needed for low-stage rating 
curves. In this study, a separate rating curve was computed by using the low-stage 
measurements obtained in the field for each site. An example of the backward extension 
for Site 9 is shown in Fig. 2-8. 
 

Da(in) vs. Q(cfs)
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Fig. 2-8 Example for the low-stage stream flow computation  
 
 
2.5.3 Extension for High-Stage Rating Curves 
  
A separate rating curve also was developed for the high-stage condition for each site. 
High-stage measured data, including the channel survey data, were used for this purpose. 
The high-stage stream discharge was computed by using two methods in this study. 
Depending upon their performance, the better result was selected. 
 
Method 1: In this method based on the Manning’s equation, stream discharge was 
calculated by using the conveyance factor and slope-roughness factor, both of which 
were calculated and fitted by using the measured data. In particular, the channel survey 
data were taken into account in the computation of conveyance factor. 
 
According to the Manning’s equation (for the U.S. customary unit), 

 
2132486.1 SAR

n
Q =   (2-18) 

 
letting 
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32ARf K =    (2-19) 
 

K
sr f

QS
n

f == 21486.1   (2-20) 

 
we have 

 
( KKsrK fQfffQ == )   (2-21) 

 
where Q = stream discharge; n = Manning roughness coefficient; A = cross-sectional 
area; R = hydraulic radius; S = slope; fK = conveyance factor; and fsr = slope-roughness 
factor. 

 
As an example, a high-stage rating curve was developed for Site 9 by using this method. 
The computation results are shown below and the fitted Da-fK and Da-fsr curves (note Da = 
D-d0) for the high-stage condition are shown in Figs. 2-9 and 2-10. For Site 9, the 
conveyance factor and slope-roughness factor are given by 
 

6013.132 2888.0 aK DARf ==   (2-22) 
 

1813.121 0744.0486.1
asr DS

n
f ==   (2-23) 

 
Thus, the discharge can be written as 

 
7826.20215.0 asrK DffQ ==   (2-24) 
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Fig. 2-9 Relation between the adjusted depth Da and the conveyance factor fK
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Method 2

Fig. 2-10 Relation between the adjusted depth Da and the slope-roughness factor fs r

Da(in) vs. Q/(AR2/3)
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: In this method, stream discharge Q was calculated by using the area A and the 

  (2-25) 
 

0−=   (2-26) 
 

+−== 0   (2-27) 
 

here a, b, e, f are the fitted parameters. Again, Site 9 was selected as an example 

  (2-28) 
 
=   (2-29) 

 
==   (2-30) 

 
 the above example for Site 9, both methods yielded good results (very high R2 values 

flow velocity V, both of which were fitted by using the measured data. In particular, the 
highest depth from the channel survey was used when fitting the Da-A curves. That is, 
 

( )bdDaA 0−=

( ) fdDeV

( )( )fbdDaeAVQ

w
showing how to use this computation method to generate high-stage rating curves. The 
fitted Da-A and Da-V curves for the high-stage condition are shown in Figs. 2-11 and 2-
12. For Site 9, the area, velocity, and discharge are given by  
 

0581.11622.1 aDA =

6959.10195.0 aDV

754.20227.0 aDAVQ

In
for all fitting equations). For several other sites, however, the second method generally 
yielded better results. 
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Da(in) vs. A(ft2)
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Fig. 2-11 Relation between the adjusted depth Da and the cross-sectional area A 
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Fig. 2-12 Relation between the adjusted depth Da and flow velocity V 

 
.5.4 2 Summary of the Developed Rating Curves 

 
Site 2: 
 

Low Stage: (D (in) < 4.65) (2-31) 
 

)  18.9) 

 

( ) 5082.12505.23031.0 −= DQ  

Mid Stage:  (4.65 ≤ D (in) ≤ (2-32) ( 5280.12505.22941.0 −= DQ
 

( ) 0284.25  (D (in) > 18.9) (2-33) High Stage: 250.20795.0 −== DAVQ

  
 
 (2-34) ( ) 6518.12505.2212.0 −= DA
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( ) 3766.02505.23748.0 −= DV   (2-35) 

Site 4:
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Fig. 2-13 Mid-stage rating curve for Site 2 

 

Low Stage: (D (in) < 15.94) (2-36) 

id Stage:  (15.94 ≤ D (in) ≤ 26.89) (2-37) 

igh Stage: 

 
( ) 3819.40.300006.0 −= DQ  

 
M ( ) 1879.30.30014.0 −= DQ
 

( ) 2659.20.30244.0 −== DAVQ  (D (in) > 26.89) (2-38) 

  (2-39) 

  (2-40) 

H
 
 ( ) 3023.10.34468.0 −= DA
 
 ( ) 9636.00.30545.0 −= DV
 

Da(in) vs. Q(cfs)

y = 0.0014x3.1879

R2 = 0.949

0

5

10

15

20

25

30

35

40

10 12 14 16 18 20 22 24 26

Adjusted Depth (in)

D
is

ch
ar

ge
 (c

fs
)

Fig. 2-14 Mid-stage rating curve for Site 4 
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Site 5: 
 

Low Stage: (D (in) < 9.53) (2-41) 
 
Mid Stage:  (9.53 ≤ D (in) ≤ 24.65) (2-42) 
 
High Stage: 

( ) 8267.10.3143.0 −= DQ  

( ) 8663.10.31317.0 −= DQ

( ) 8624.10.31352.0 −== DAVQ  (D (in) > 24.65) (2-43) 
 
   (2-44) 
 
   (2-45) 

 

 

( ) 0562.10.32517.1 −= DA

( ) 8062.00.3108.0 −= DV

Da(in) vs. Q(cfs)
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Fig. 2-15 Mid-stage rating curve for Site 5 

Site 6 (before 8/15/2005): 

Low Stage: ( ) 1164.14028.27603.1 += DQ  (D (in) < 2.75) 

( ) 1151.14028.27777.1 += DQ  (2.75 ≤ D (in) ≤ 23.4) 

High Stage: 

 
(2-46) 

 
Mid Stage: (2-47) 
 

( ) 1151.14028.27775.1 +== DAVQ  (D (in) > 23.4) 

( ) 7286.04028.24675.5 += DA   

( ) 3865.04028.23251.0 += DV   

(2-48) 
 
 (2-49) 
 
 (2-50) 
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Da(in) vs. Q(cfs)

y = 1.7777x1.1151

R2 = 0.9876

0

10

60

80

0 5 10 15 25 30

Adjusted Depth (in)

ha
r

s)

70

40

50

ge
 (c

f

20

30

D
is

c

20

Fig. 2-16 Mid-stage rating curve for Site 6 (before 8/15/05) 

 
Site 6 (after 8/15/2005): 
 

Low Stage: (D (in) < 7.75) (2-51) 
 
Mid Stage:  (7.75 ≤ D (in) ≤ 28.4) (2-52) 
 
High Stage: 

( ) 1163.15975.27606.1 −= DQ  

( ) 1151.15975.27779.1 −= DQ

( ) 1151.15975.27776.1 −== DAVQ  (D (in) > 28.4) (2-53) 
 
   (2-54) 
 
   (2-55) 
 

 

( ) 7286.05975.24679.5 −= DA

( ) 3865.05975.23251.0 −= DV
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Fig. 2-17 Mid-stage rating curve for Site 6 (after 8/15/05) 
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Site 7: 
 

Low Stage: (2-56) 
 
Mid Stage: (2-57) 
 
High Stage: 

( ) 3386.17397.09635.0 += DQ  (D (in) < 8.1) 

( ) 1373.17397.05506.1 += DQ  (8.1 ≤ D (in) ≤ 29.25) 

( ) 1373.17397.05506.1 +== DAVQ  (D (in) > 29.25) 

( ) 9018.07397.08295.2 += DA   

( ) 2355.07397.0548.0 += DV   

(2-58) 
 
 (2-59) 
 
 (2-60) 

Site 1_US-31:
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Fig. 2-18 Mid-stage rating curve for Site 7 

 
 

 
(2-61) 

 
(2-62) 

 

Low Stage: ( ) 5295.20.3035.0 −= DQ  (D (in) < 15.35) 

Mid Stage: ( ) 1768.20.30892.0 −= DQ  (15.35 ≤ D (in) ≤ 26.38) 

High Stage: ( ) 1765.20.30893.0 −== DAVQ  (D (in) > 26.38) 

( ) 4115.10.38487.0 −= DA   

( ) 765.00.31052.0 −= DV   

(2-63) 
 
 (2-64) 
 
 (2-65) 
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Fig. 2-19 Mid-stage rating curve for Site 1-US31 

 
Site 9: 
 

Low Stage: (D (in) < 8.6) (2-66) 
 
Mid Stage:  (8.6 ≤ D (in) ≤ 14.0) (2-67) 
 
High Stage: 

( ) 7935.20.30211.0 −= DQ  

( ) 7353.20.30236.0 −= DQ

( ) 754.20.30227.0 −== DAVQ  (D (in) > 14.0) (2-68) 
 
   (2-69) 
 
   (2-70) 
 

( ) 0581.10.31622.1 −= DA

( ) 6959.10.30195.0 −= DV
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Fig. 2-20 Mid-stage  rating curve for Site 9
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Site 10: 
 

Low Stage: (D (in) < 6.8) (2-71) 
 
Mid Stage:  (6.8 ≤ D (in) ≤ 14.5) (2-72) 
 
High Stage: 

( ) 2966.20.3089.0 −= DQ  

( ) 0963.20.31228.0 −= DQ

( ) 1808.20.31066.0 −== DAVQ  (D (in) > 14.5) (2-73) 
 
   (2-74) 
 
   (2-75) 
 

2.6 Computation of Observed Stream Flow 
 

discharg
and checked. Som  time 

 

period from
 

 

temp

( ) 9592.00.36531.1 −= DA

( ) 2216.10.30645.0 −= DV
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Fig. 2-21 Mid-stage rating curve for Site 10 

 

Using the developed rating curves and the sensor-recorded stage data, observed 
hydrographs (Q-t) were created for all monitoring sites. Before converting the stages into 

es, all stream stage data recorded by the Odyssey pressure sensor were reviewed 
e data were discarded or not recorded by the sensors for certain

periods because of malfunction of the monitoring equipment or other reasons. Further 
verification of the observed data also was performed during the calibration of the
hydrologic models. The observed hydrographs for the eight monitoring sites during the 

 April 6 to September 15, 2005 are displayed in Fig. 2-22. 

2.7 Observed Stream Water Temperature 

In addition to water depths, stream water temperatures also were recorded by the Odyssey 
erature sensor at all monitoring sites. The observed water temperature data were 

processed and shown in Fig. 2-23.  
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Fig. 2-22 Observed hydrographs at all sites from April 6 to September 15, 2005 
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Fig. 2-23 Observed stream water temperature at all sites from April 6 to September 15, 2005 
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 Watershed Delineation 

Watershed delineation is a fundamental step for GIS-based hydrologic modeling. The 
involved work primarily includes processing of GIS data (e.g., DEMs, land use, and soil 
type), determination of stream networks (channels and outlets) and sub-basin boundaries, 
and computation of geometric and hydrologic parameters. In this project, the Watershed 
Modeling System (WMS, 1999) was used for delineating the watershed and computing 
geometric and hydrologic parameters (such as curve numbers). However, the information 
and data obtained from MDEQ have also been incorporated in the entire process of 
watershed delineation. Specifically, (1) the original USGS boundaries of the Mona Lake 
watershed and the upper and lower sub-watersheds (polygon shapefiles) have been used 
in this study, instead of ones delineated solely by the DEM. Only unavailable, internal 
subbasin boundaries were determined by the DEM-based delineation process; (2) all 
available stream channels (arc shapefile) have been used in the watershed delineation; 
and (3) the DEQ data related to computation of curve numbers have been utilized.   

3.1 Watershed Delineation Using WMS and Development of the HEC-HMS 
Conceptual Model 

Using the WMS software, following steps have been performed for the watershed 
delineation: 

 The USGS digital elevation model (DEM) for the Mona Lake watershed was first 
imported into WMS. 

 Using the topographic parameterization program (TOPAZ) in WMS, which was 
specially developed for automated analysis of landscape topography from DEMs, 
overland flow directions and accumulations were computed. 

  Based on the watershed hydrologic characteristics and distributions of actual stream 
channels, thirteen outlets (a point layer) were defined and the stream network was 
created for the Mona Lake watershed. 

 After the point layer of outlets and the arc layer of the stream channels were 
generated, a polygon layer representing subbasin boundaries was determined. Note 
that the available USGS boundaries were imported into the system before the 
delineation. Accordingly, the entire watershed was divided into thirteen subbasins. 

 Geometric parameters of all subbasins and stream reaches were computed.  
 Based on the watershed delineation results, a conceptual model was created for 

further development of the HEC-HMS hydrologic model. 

The hydrologic elements (subbasins, reaches, and outlets) are summarized in Table 3-1. 
Primary parameters of the subbasins and reaches are listed in Tables 3-2 and 3-3, 
respectively. The delineated Mona Lake watershed and the developed HEC-HMS 
conceptual model are shown in Figs. 3-1 and 3-2, respectively.  

Table 3-1 Hydrologic element inventory 

ment Description Element Description 

Basin1 BC1 Outlet6 Site 1-BC Rd 



Basin2 BC2 Outlet5 BC Outlet (Site 8) 

Basin3 BC3 Outlet7 Site 2 

Basin4 BC4 Outlet8 Site 3-Summit 

Basin5 BC5 Outlet9 Site 4 

Basin6 LBC1 Outlet10 LBC Outlet (Site 5) 

Basin7 LBC2 Outlet11 CC Outlet (Site 9) 

Basin8 LBC3 Outlet12 ED Outlet (Site 10) 

Basin9 LBC4 Outlet13 ML Areas Outlet 

Basin10 LBC5 Reach1 Outlets1-2 Reach 

Basin11 CC Reach2 Outlets2-3 Reach 

Basin12 ED Reach3 Outlets3-4 Reach  

Basin13 ML Adjacent Areas Reach4 Outlets4-5 Reach  

Mona Lake   Reach5 Outlets6-7 Reach  

Outlet1 Upper ML Outlet Reach6 Outlets7-8 Reach  

Outlet2 Site 6 Reach7 Outlets8-9 Reach  

Outlet3 Site 7 Reach8 Outlets9-10 Reach  

Outlet4 Site 1-US31 Reach-WWMS WWMS-Outlet1 Reach 

 
 

le 3-2 Subbasins and their parameters  Tab

Subbasin Area (mi2) Perimeter (ft) AOFD (ft) BS (ft/ft) MFD (ft) MFDS (ft/ft) MSL (ft)

1 30.365 189,278 2,703 0.0079 83,812 0.0018 76,693

2 6.341 80,733 4,171 0.0076 30,204 0.0015 29,948

3 7.267 98,293 4,354 0.0110 37,169 0.0019 37,169

4 4.906 72,775 3,101 0.0140 24,416 0.0026 17,414

5 1.311 40,610 2,060 0.0160 12,664 0.0038 8,252

06 0.0030 12,256

0.0018 31,434

,998 0.0110 22,969 0.0019 21,546

 110,841 0 0.0 2 0.0017 23,926

6 3.019 66,906 3,845 0.0033 26,884 0.0017 25,941

7 2.283 58,793 2,204 0.0084 16,0

8 1.642 33,463 2,015 0.0094 16,160 0.0025 12,544

9 0.581 32,045 2,590 0.0170 9,775 0.0044 2,972

10 0.056 8,712 473 0.0140 3,838 0.0110 2,895

11 4.703 69,418 2,669 0.0078 31,873

12 4.880 71,754 2

13 6.637 2,72 210 27,58
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Notations: 
rage ove and flow length 

n (over lope 
asin len ng main channel t to upstre

 main channel from  upstream
aximum  (watercourse) len

AOFD = Ave
BS = Basi

rl
land) s

MFD = B
MFDS = Basin slop

gth alo
e along

from outle
 outlet to

am boundary 
 boundary 

MSL = M  flow gth 

 
 
Table 3-3 Reaches and their param

h Length (ft) Elevation1 (ft n2 (ft)

eters 

Reac ) Elevatio Average Slope

1 1  647. 629.69646.9 6 0.0009

2 2 629. 601.7

 1 601. 589.6

 . 581.8

98.5 624. 598.6

 98. 589.6

589. 589.0

589. 582.6

 3 685.

8126.7 6 0.0010

3 6991.2 7 0.0007

4 5934.3 589 6 0.0013

5 81 3 0.0031

6 6650.1 5 6 0.0013

7 3051.9 6 0.0002

8 2969.7 0 0.0022

WWMS 0098.8 9 647.6 0.0013

 

Basin1 

2

Basin3

sin5 

6

7 

BasinB

Basin13 

9 

Basin

Basin

Basin4
Ba

Basin

Basin
Basin8

11 asin12 

Basin

10 

Subbasins, channels, and outlets in the 

Fi ubb tl e M ke wa

Mona Lake watershed 

g. 3-1 S asins, channels, and ou ets in th ona La tershed 
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Fig. 3 MS con l model f ona Lake watershed -2 HEC-H ceptua or the M

 
.2 Computation of Curve Numbers 

(4) Composite curve numbers for the subbasins were then computed by taking area-
weighted averages of the curve numbers specified by land use and soil type polygons 

3
 
The curve number (CN) method (USDA, 1986) has been widely used for watershed-scale 
hydrologic modeling. The dimensionless curve number is an essential parameter in the 
model, which relates cumulative rainfall and direct surface runoff. The CN value depends 
on land use, soil type, and hydrologic conditions. To compute composite curve numbers 
for subbasins, information on land use and soil type is needed. The land use, soil type, 
and hydrologic soil groups (A-D) are schematically shown in Figs. 3-3 to 3-5. The three 
figures indicate: (1) forest, residential, and crop land are three dominant land use types; 
(2) sand is the major soil type; and (3) Groups A and B that have relatively lower runoff 
potential and higher infiltration capability are the two primary hydrologic soil groups in 
the watershed. To compute composite curve numbers using the tool in WMS, the 
following steps have been implemented:  
 
(1) A land use coverage was created and a GIS land use polygon shapefile for 1997-1998 

in the Mona Lake watershed was imported into the WMS. 

(2) A soil type coverage was created and a soil type polygon shapefile in the Mona Lake 
watershed was read in the WMS. 

(3) A land use table (Table 3-4), relating land use to hydrologic soil type, was imported 
into the WMS. 
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included in the subbasins. The computed composite SCS curve numbers for all 
subbasins are listed in Table 3-5. As input data of the hydrologic model, these 
parameters are subject to change during the model calibration. 

 

 

Three major land use types: forest, residential, and crop land 

Fig. 3-3 Land use of the Mona Lake watershed 

 

Major soil: different types of sand 

Fig. 3-4 Soil types of the Mona Lake watershed 
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Group A:  Low runoff potential and high infiltration 
Group B:  Moderate infiltration rates 
Group C:  Low infiltration rates 
Group D:  High runoff potential  

Fig. 3-5 Hydrologic soil groups of the Mona Lake watershed 

Table 3-4 Land use and curve numbers for different hydrologic soil groups 
Hydrologic Soil Group Land Use Land Use Type 

Label   A B C D 
12  Commercial 89 92 94 95 
13  Industrial 81 88 91 93 
21  Cropland 72 81 88 91 
22  Orchards, Bush-Fruits, and Ornamentals 43 65 76 82 
23  Cinfined Feeding 68 79 86 89 
24  Permanent Pasture 49 69 79 84 
29  Other Agriculture 59 74 82 86 
31  Herbaceous Open Field 30 58 71 78 
32  Shrub Open Field 30 48 65 73 
43  Other Forested Lands 30 55 70 77 
52  Lakes 100 100 100 100 
53  Reservoir 100 100 100 100 
72  Beach-Riverbanks 63 77 85 88 
73  Sand Dune 63 77 85 88 

112  Multi-Family (low-rise) 77 85 90 92 
113  Single-Family/Duplex 61 75 83 87 
115  Mobile Home park 77 85 90 92 
121  Primary/Central Business District 89 92 94 95 
122  Shopping Center 89 92 94 95 
124  Secondary/Neighborhood Business 89 92 94 95 



125  Other Commercial Services 89 92 94 95 
126  Institutional (School church etc) 89 92 94 95 
127  Indoor Cultural Public Assembly etc 89 92 94 95 
138  Industrial Park 81 88 91 93 
141  Air Transportation 98 98 98 98 
144  Road Transportation 98 98 98 98 
145  Communication 98 98 98 98 
146  Utilities 98 98 98 98 
171  Open Pits 77 86 91 94 
192  Outdoor Public Assembly 39 61 74 80 
193  Outdoor Recreation 39 61 74 80 
194  Cemeteries 39 61 74 80 
222  Other Orchards 43 65 76 82 
291  Farmsteads 59 74 82 86 
292  Other Agriculture 1 59 74 82 86 
293  Other Agriculture 2 59 74 82 86 
411  Upland Hardwood (Northern Zone) 30 55 70 77 
412  Upland Hardwood (Central Zone) 30 55 70 75 
414  Lowland Hardwood 30 55 70 77 
421  Upland Conifer-Pine 30 55 70 77 
422  Other Upland Conifer 30 55 70 77 
423  Lowland Conifer 30 55 70 77 
429  Christmas Tree Plantation 32 58 72 79 
611  Wooded Wetland (seasonally flood) 30 55 70 77 
612  Shrub Wetland (Seasonally flood) 30 58 71 78 
621  Aquatic Bed 100 100 100 100 
622  Emergents/Shallow Marsh 100 100 100 100 

 
 
Table 3-5 Co sin

Subbasin 4 5 6 7 8 11 12 13

mposite curve numbers for each subba  

1 2 3 9 10 

CN 7 75.3 65.5 69.4 .5 6 81 64.4 .8 71.10.7 47.2 54.5 63.4 67 8.7 .2  71

 
 
3.3 Computation of Time-Related Parameters for S asi d he
 
Preli ary e and/or time of concentration of h b  and the 
travel time for each reach were determined primarily by: (1) using the methods available 
in the WMS software (e.g., the SCS method was used for estimatin g t ) and the 
geom  pa  the watershed delineation (Tables 3-2 and 3-3) (e.g. 
basin length and slope, and reach length and slope);  the erv trea low data 
(e.g. rage son of rainfall event da ith observed 
hydr phs values were determined he m el c atio
 

ubb ns an  Reac s 

min values for the lag tim  eac asin

g la ime
etric rameters computed in

 (2)  obs ed s m f
, ave  flow velocity); and (3) compari ta w the 
ogra . Final parameter by t od alibr n. 
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4. H rol
 
Base  the  the preceding section, hydrologic models 
have been developed for the Mona Lake watershed by using the HEC-HMS software. 
Both event and continuous hydrologic modeling h bee arri ut. e former 
char ized ogic processes while the latter 
phen na o e period. The modeling provided valuable information on 
the q  and variability of runoff from all subbasins, sources of the contr ng water 
(direct runoff and baseflow), and inflows of Mona Lake from tributaries.  
 
4.1 E t H  and Model Calibra  
  
The t s ided valuable information on response of the system to 
individual rainfall events on a fine time scale (a 5-m te ti
even l t modeling was prim ly u  fo ent g major 
hydr ic p lar, all event models have been calibrated and validated 
by u the om the i  the 
significant d drolog hara isti he k Creek 
Basin was calibrated separately from other smaller sins eci lly, two rainfall 
events were selected for the BC basin (one for calibration and another for validation). For 
the and hree rainfall event re cted  and 
valid  of e event models, the SCS curve numb oss thod, the 
Clar nsf cession baseflo met  w sele  for all 
subbasins. T kingu eth ere ecte r stream 
reac ting ated w hese thods from the event 
simu ns a bles 4-1 and 4-2. 
 

able 4-1 Event simulation results 1 – Subbasin parameters 

yd ogic Modeling 

d on  watershed delineation described in

ave n c ed o  Th
acter  small-scale hydrol revealed hydrologic 
ome ver a longer tim
uantity ibuti

ven ydrologic Modeling tion

even imulations prov
inu me step was selected in all 

t mode s). Thus, the even ari sed r id ifyin
olog arameters. In particu
sing  observed stream data collected fr  monitoring s tes. Considering

ifference in spatial scales and hy ic c cter cs, t Blac
 ba . Sp fica

LBC  other small basins, t s we sele  for calibration
ation  the model. In th er l  me

k tra orm method, and the re w hod ere cted
he straddle stagger method or Mus m m od w  sel d fo

h rou . The calibrated parameters associ ith t  me  all 
latio re listed in Ta

T

SCS Loss Clark Transform Recession Baseflow Subbasin 
 IA0 (in) CN IPc (%) TC (hr) SC (hr) QB0 (cfs) RC RP 

Basin1 0.87 70 0.3 8.80 .5 0. 02 6.80 6 97 0.3

Basin2 4 0 5 .1.9  51 0.70 1.6 .20 2 0 0.95 0.40

Basin3 1.50 58 2.80 3.50 6.80 5.8 0.96 0.50

Basin4 1.10 65 3.00 3.30 5.00 0.7 0.92 0.21

Basin5 0.78 72 1.20 1.10 3.90 1.0 0.96 0.20

Basin6 1.00 67 1.50 1.50 2.30 0.4 0.93 0.07

Basin7 0.80 72 4.60 0.38 0.92 0.4 0.93 0.07

Basin8 0.30 78 11.00 0.50 1.50 1.6 0.94 0.02

Basin9 0.28 79 19.00 0.67 0.70 1.2 0.91 0.06

Basin10 0.18 88 20.00 0.35 0.10 0.3 0.95 0.02

Basin11 0.90 65 1.30 3.20 2.60 2.2 0.95 0.38
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Basin12 0.60 72 2.80 2.50 3.80 1.4 0.93 0.20

Basin13 0.85 71 5.00 2.20 2.50 2.5 0.95 0.01

Note: IA0 = initial abstraction; CN = curve number; IPc = computing impervious area percentage;  
TC = time of concentration; SC = storage coefficient; QB0 = initial baseflow; RC = recession 
constant; and RP = ratio to peak 
 
Table 4-2 Event simulation results 2 - Parameters for reach routing 

Reach TL (min) D (min)  Method 

Reach1 380 100 Straddle Stagger Method

Reach2 520 500  Straddle Stagger Method

Reach3 260 360  Straddle Stagger Method

Reach4 150 450  Straddle Stagger Method

Reach-WWMS 640 480  Straddle Stagger Method

Reach5 240  Lag Method

Reach K(hr) X No-R Method 

Reach6 2 0.05 4 Muskingum Method

Reach7 3 0.005 4 Muskingum Method

Reach8 0.4 0.1 1 Muskingum Method

Reach9 3.8 0 1 Muskingum Method

Note: TL = lag time; D = duration; K = travel time of the flood wave through routing reach; X = 
eaches 

ent Hyd odeling eek 

wo rainfa  i 05 t 8 /2 0) were selected for 
ing an ida  th dro  mo or th lack ek n, which 
s five s ins sin ), f tlet tlets 1 , fiv he aches 1-4 
 WWM ach nd r d rge the M kego un astewater 
ment System (F 3-1  3-2 ulation results for the two rainfall events are 
ized in es 4  T 4-7  sim  peak oth tity occurring 
r the s ins tlet d re s du he tw infa ents are shown in 
-3. Ac g t odel output, only a  port of ra es excess 
ailable for surface runoff (Table 4 4). In  
C bas  the o ev  are igh .64%  98.
asins, low  th ar rce noff bles and ). This is 

arly tru  the  b ven ng ra l even The ge ntages of 
 for t o e ts .05 d 90.12%, respectively. At the final outlet of 
asin t 5) e e fl nd c ative er di ge 2.422 cfs 
7×10 r th rst  an 24 d 6.6 106  th ond event 

(Table 4-7).  

dimensionless weight ( 5.00 ≤≤ X ); and No-R = number of subr
 
4.1.1 Ev rologic M  for the Black Cr Basin 
 
T ll events n 20  (Even 1: 8/10- /15 and Event 2: 8 6-8/3
calibrat d val ting e hy logic del f e B  Cre Basi
include ubbas  (Ba s 1-5 ive ou s (Ou -5) e reac s (Re
and the
Manage

S re ), a
igs 

wate
 and

ischa
). Sim

from us n Co ty W

summar  Tabl -3 – able . The ulated s (b quan  and 
time) fo ubbas , ou s, an ache ring t o ra ll ev
Table 4
water av

cordin o m small
 contrast, av

ion 
erage lo

infall becom
sses of water for the-

entire B in for  tw ents  as h as 97  and 57%, respectively. For 
all subb  basef  is e prim y sou of ru (Ta  4-5  4-6
particul
baseflow

e for
he tw

 BC
ven

asin, e
are 81

 duri
% an

infal ts. avera  perce

the BC b (Outle , th averag ow a umul wat schar  are 2
and 9.68 6 ft3 fo e fi event d 19.3 cfs an 79× ft3 for e sec
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The field data  thr C (Site 6, Site 7, and Site1-US31; refer to Fig. 2-1) were 
e m tion and validation. pariso s of the simulated stream 

phs a e ob ved s fo thre s for  rai ev re shown 

NOF and EF are respectively given by: 

 at the ee B sites 
used for th
hydrogra

odel calibra
nd th

 Com
e site

n
bothser  one r the nfall ents a

in Figs 4-1 and 4-2, respectively. Furthermore, performance of the model was evaluated 
by using two quantitative methods: normalized objective function (NOF) and modeling 
efficiency (EF). The values of 

( )∑ −=
n

isimiobs QQNOF 2
,,

11  
=obsQ

(4-1) 
in 1

( )

( )∑

∑

=

=

− obsQ

−Q
− n

i
iobs

n

i
isimiobs

Q

Q

1
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,
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1  (4-2) 

 = observed discharge;  = simulated discharge; 

=EF

where Q iobs , isimQ , obs

 and simulated data set. Note that if 
Q  = mean of the 

arge; a f the observed
ved discharges are the same s the simulated ones, the N  values will 

be 0 and 1, respectively. Results from t  evaluation are shown in Table 4-
8. Average NOF values for the three m

espectively. Average EF es are 0 0 and 0. lative errors 
 the simulated and observed discharges were a the average 
errors for the t vents .316% a  2.574% e evaluation 

ents betw
ieved. 

lation results 3 - Global summary for the BC subbasins 

observed disch nd n = number o
all obser  a OF and EF

he two
onitoring sites are 0.095 and 0.073 for the two 

methods 

events, r  valu .82 805. In addition, re
between lso calculated and 
relative 
parameters indicate that good agreem

wo e are 4 nd
een the sim

, respectively. Thes
ulated and observed discharges 

were ach
 
Table 4-3 Event simu

Event 8/10-8/15 Event 8/26-8/30  
Elem nt e Qp (cfs) Tp Vp (in) Qp (cfs) Tp Vp (in) 

Basin1 13.00 12Aug2005, 09:45 0.04 8.72 27Aug2005, 12:05 0.03

Basin2 4.41 12Aug2005, 05:00 0.06 4.14 27Aug2005, 07:25 0.05

Basin3 16.31 12Aug2005, 05:50 0.20 12.92 27Aug2005, 08:50 0.13

Basin4 12.39 12Aug2005, 05:55 0.09 7.66 27Aug2005, 08:15 0.05

Basin5 9.96 12Aug2005, 04:50 0.26 2.03 27Aug2005, 06:20 0.11

Outlet1 14.93 12Aug2005, 07:45 0.05 14.61 27Aug2005, 11:45 0.04

Outlet2 17.18 12Aug2005, 13:35 0.05 16.62 27Aug2005, 18:00 0.04

Outlet3 27.12 12Aug2005, 06:35 0.08 24.61 27Aug2005, 08:55 0.06

Outlet4 33.18 12Aug2005, 08:20 0.08 25.93 27Aug2005, 13:50 0.06

Outlet5 35.22 12Aug2005, 08:50 0.08 26.04 27Aug2005, 15:20 0.06

R-WWMS 5.17 11Aug2005, 19:15   6.54 29Aug2005, 21:40

Reach1 14.90 12Aug2005, 14:00 0.05 14.48 27Aug2005, 18:05 0.04
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Reach2 16.45 12Aug2005, 21:25 0.05 14.82 28Aug2005, 02:50 0.04

Reach3 26.30 12Aug2005, 11:50 0.08 23.05 27Aug2005, 14:30 0.06

Reach4 32.22 12Aug2005, 11:30 0.08 25.00 27Aug2005, 15:30 0.06

WWMS 6.65 14Aug2005, 09:00   6.76 26Aug2005, 09:00

Note: Qp = peak discharge; Tp = peak time; and Vp = volume (depth of water). 
 
Table 4-4 Event simulation results 4 - Water loss and excess for the BC subbasins 

Event Subbasin Loss (in) Excess (in) Precip (in) Loss (%) Excess (%) Precip (%)

Basin1 0.967 0.002 0.969 99.79 0.21 100.00

Basin2 0.966 0.003 0.969 99.69 0.31 100.00

Basin3 1.110 0.021 1.134 98.14 1.86 100.00

B .037 2.asin4 1.224 0 1.260 97.07 93 100.00

Basin5 1.200 0.069 1.260 94.56 5.44 100.00

Event
8/10-8/1

 
 

 
5 

BC 1.093 0.026 1.118 97.64 2.36 100.00

Basin1 0.501 0.000 0.501 100.00 0.00 100.00

Basin2 0.498 0.003 0.501 99.40 0.60 100.00

Basin3 0.489 0.015 0.504 97.02 2.98 100.00

Basin4 0.492 0.015 0.510 97.04 2.96 100.00

Basin5 0.504 0.003 0.510 99.41 0.59 100.00

Event 
8/26-8/30 

 
 
 BC 0.497 0.007 0.505 98.57 1.43 100.00

 
Table 4-5 Event simu - Direct flow and baseflow for the BC subbasins lation results 5 

Event Subbasin cfs) TotDirect Flow (cfs) Baseflow ( al Flow (cfs)

Bas 0292in1 0.8774 6. 6.9066

Basi 7829n2 0.2314 1. 2.0143

Bas 407in3 1.2313 6. 5 7.6387

Bas 3649in4 1.1350 1. 2.4999

Basi 3794n5 0.4875 1. 1.8669

Event 
5 8/10-8/1

 
 
 3.9626 16.9639 20.9265BC 

Bas 119in1 0.3263 6. 6 6.4459

Bas 808in2 0.1491 1. 2 1.9572

Bas 822in3 0.6901 5. 8 6.5130

Bas 058in4 0.5040 1. 2 1.5622

Basi 0.9226n5 0.0539 0.9765

Event 
0 8/26-8/3

 
 
 1.7234 15.BC 7314 17.4549
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Table 4-6 Event sim  Cu tive volum f t flow ulation results 6 – mula e and percentage o direc
(QD), baseflow (QB), and total flow (QT) for the BC subbasins 

Event Subbasin QD (ft ) 3 QB (ft ft ) 3 QD (%) QB (%) 3) QT ( QT (%) 

Basin1 379,301 2,604,629 2,983,930 12.71 87.29 100.00

Basin2 100,026 770,221 870,249 11.49 88.51 100.00

Basin3 532,279 2,767,965 3,300,242 16.13 83.87 100.00

Basin4 490,663 589,622 1,080,289 45.42 54.58 100.00

Basin5 210,745 595,89

Event 
8/10-8/15 

6 7 73.87 100.00806,63 26.13
 
 
 BC 1,713,014 7,328,334 9,041,347 18.95 81.05 100.00

Basin1 112,868 2,114,945 3 .07 94.93 100.002,227,81 5

Basin2 51,560 624,901 4 .62 92.38 100.00676,46 7

Basin3 238,720 2,012,345 2 89.40 100.002,251,07 10.60

Basin4 174,348 365,721 9 67.72 100.00540,06 32.28

Basin5 18,639 318,858 .52 94.48 100.00337,500 5

Event 
8/26-8/30 

 
 

 

BC 596,136 5,436,771 6,032,918 9.88 90.12 100.00

 
 
Table 4-7 Event simulati lts 7 rage nd lative d ge  at 
the B  out

on resu  - Ave  flow a  cumu ischar volume
C lets 

Event Outlet Av low (cerage F fs) Dischar umge Vol e (ft3) Monitoring Site 

Outlet1 8.671 3,746,373 (Upper ML Outlet) 

Outlet2 10.548 4,557,188 Site6 

Outlet3 18.193 7,860,605 Site7 

Outlet4 20.645 8,919,81 Site1-US31 4

Event 
8/10-8/15 

 
 22 9,687,28 (BC Outlet) Outlet5 22.4 1

Outlet1 8.720 3,013,54 r ML Outlet) 3 (Uppe

Outlet2 10.346 3,575,77 Site6 5

Outlet3 16.859 5,827,18 Site7 3

Outlet4 10 6,363,28 Site1-US31 18.4 3

Event 
8/26-8/30 

 24 6,678,94 (BC Outlet) 
 

Outlet5 19.3 3

 
 

mulation re  NOF a or the BC ring sites Table 4-8 Event si sults 8 - nd EF f  monito

Event Outlet NOF EF Relative Error (%) 

Event Outlet2 (Site6) 0.641 8.495 0.136
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Outlet3 (Site7) 0.068 0.897 4.421 8/10-8/15 

Outlet4 (Site1-US31) 0.082 0.922 0.031 
 

Average 0.095 0.820 4.316 

Outlet2 (Site 0.0 0.8 26) 84 52 .129 

Outlet3 (Site7 .0 53 .4) 0 69 0.7 4 24 

Outlet4 (Site1 10 .1-US31) 0.066 0.8 1 69 
Event 

8/  26-8/30
 Average 0.073 0.805 2.574 
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Fig. 4-1 Comparison between the simulated and observed hydrographs
              for the event 8/10-15/2005  
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Fig. 4-2 Comparison between the simulated and observed hydrographs
              for the event 8/26-30/2005

 
 
 
4.1.2 Event Hydrologic Modeling for the Little Black Creek Basin and Others 
 
Three rainfall events in 2005 (Event 1: 8/26-8/30; Event 2: 9/28-10/1; and Event 3: 6/30-
7/3) were selected for calibrating and validating the hydrologic model for the LBC 
subbasins (Basins 6-10), CC subbasin (Basin 11), ED subbasin (Basin 12), and a number 
of small tributaries adjacent to Mona Lake (Basin 13) (Figs 3-1 and 3-2). Simulation 
results for the three rainfall events are summarized in Tables 4-9 – Table 4-13. The 
simulated peaks (both quantity and occurring time) for the subbasins, outlets, and reaches 
uring the three rainfall events are shown in Table 4-9. Similar to the BC subbasins, a 

small portion of rainfall becomes excess water for surface runoff (Table 4-10). 
Percentages of the excess rainwater for the entire LBC basin during the three events are 

d
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14.39%, 17.58%, and 15.77%, respectively. For Basins 11-13 (CC, ED, and ML adjacent 
subbasin), the percentages of rainfall excess are generally less than 5%. Concerning 
sources of runoff, unlike the BC subbasins, these smaller subbasins generally have higher 
percentages of direct runoff during rainfall events (Tables 4-11 and 4-12). For example, 
the average percentages of direct runoff for the LBC basin are 28.13%, 53.80%, and 
31.95% during the three selected rainfall events. At the final outlet of the LBC basin 
(Outlet 10), the average flow and cumulative water discharge are 6.265 cfs and 2.166×106 
ft3 for Event 1, 9.073 cfs and 2.353×106 ft3 for Event 2, and 6.881 cfs and 1.784×106 ft3 
for Event 3 (Table 4-13).  
 
The field data at the three LBC sites (Site 2, Site 4, and Site 5), the CC site (Site 9), and 
the ED site (Site 10) (Fig. 2-1) were used for the model calibration and validation. 
Comparisons of the simulated stream hydrographs and the observed ones for the five sites 
for the three rainfall events are shown in Fig 4-3 – Fig. 4-8. The performance of the 
model was also evaluated by using the two quantitative methods: normalized objective 
function (NOF) and modeling efficiency (EF). The evaluation results are shown in Table 
4-14. Average NOF values for these monitoring sites are 0.222, 0.235, and 0.236 for the 
three events, respectively. Average EF values are 0.865, 0.907, and 0.790. The relative 
errors between the simulated and observed discharges for the three events are 3.816%, 
10.028%, and 10.300%, respectively.  
 
Table 4-9 Event simulation results 9 - Global summary for the LBC and other subbasins 

Event 8/26-8/30 Event 9/28-10/1 Event 6/30-7/3  
Element 

 
Qp 

(cfs) Tp 
Vp 
(in) 

Qp 
(cfs) Tp 

Vp Qp Vp 
(in) (cfs) Tp (in) 

Basin6 4.58 27Aug2005, 07:00 0.02 5.73 28Sep2005, 20:45 0.03 3.28 30Jun2005, 07:25 0.02

Basin7 19.80 27Aug2005, 06:00 0.09 18.26 28Sep2005, 18:55 0.09 18.75 30Jun2005, 06:25 0.07

Basin8 35.65 27Aug2005, 05:50 0.20 37.61 28Sep2005, 21:05 0.26 31.71 30Jun2005, 06:40 0.17

Basin9 33.01 27Aug2005, 05:50 0.50 22.58 28Sep2005, 19:55 0.46 29.99 30Jun2005, 06:35 0.41

Basin10 9.84 27Aug2005, 05:25 0.87 5.05 28Sep2005, 18:25 0.88 8.78 30Jun2005, 06:15 0.71

Basin11 6.57 27Aug2005, 08:00 0.08 7.27 28Sep2005, 21:45 0.07 6.98 30Jun2005, 08:50 0.06

Basin12 9.78 27Aug2005, 07:30 0.06 13.22 28Sep2005, 22:45 0.08 9.62 30Jun2005, 08:20 0.05

Basin1  30.86 27Aug2005, 07:10 0.08 32.60 28Sep2005, 21:10 0.08 30.73 30Jun2005, 08:3 00 0.06

Outlet6 4.58 27Aug2005, 07:00 0.02 5.73 28Sep2005, 20:45 0.03 3.28 30Jun2005, 07:25 0.02

Outlet7 20.17 27Aug2005, 06:00 0.05 18.64 28Sep2005, 18:55 0.05 19.14 30Jun2005, 06:25 0.04

Outlet8 36.73 27Aug2005, 05:50 0.09 51.84 28Sep2005, 21:10 0.10 33.47 30Jun2005, 07:00 0.07

Outlet9 35.44 27Aug2005, 05:50 0.12 44.01 29Sep2005, 00:15 0.13 32.53 30Jun2005, 06:35 0.1

Outlet10 29.57 27Aug2005, 06:10 0.12 44.41 29Sep2005, 00:10 0.13 29.39 30Jun2005, 06:55 0.1

Outlet11 6.57 27Aug2005, 08:00 0.08 7.27 28Sep2005, 21:45 0.07 6.98 30Jun2005, 08:50 0.06

Outlet12 5.59 27Aug2005, 10:20 0.06 10.08 29Sep2005, 02:35 0.08 5.57 30Jun2005, 11:10 0.05
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Outlet13 30.86 27Aug2005, 07:10 0.08 32.60 28Sep2005, 21:10 0.08 30.73 30Jun2005, 08:00 0.06

Reach5 4.58 27Aug2005, 11:00 0.02 5.73 29Sep2005, 00:45 0.03 3.28 30Jun2005, 11:25 0.02

Reach6 11.91 27Aug2005, 07:55 0.05 14.81 28Sep2005, 21:35 0.05 10.2 30Jun2005, 08:35 0.04

Reach7 22.57 27Aug2005, 09:40 0.09 38.27 28Sep2005, 23:55 0.10 18.19 30Jun2005, 11:05 0.07

Reach8 29.09 27Aug2005, 06:10 0.12 43.50 29Sep2005, 00:30 0.13 27.46 30Jun2005, 07:05 0.1

Reach9 5.59 27Aug2005, 10:20 0.06 10.08 29Sep2005, 02:35 0.08 5.57 30Jun2005, 11:10 0.05

 
 
Table 4-10 Event simulation results 10 - Water loss and excess for the LBC and other 
subbasins 

Event Subbasin Loss (in) Excess (in) Precip (in) Loss (%) Excess (%) Precip (%) 

Basin6 0.498 0.006 0.504 98.81 1.19 100.00

Basin7 0.480 0.024 0.510 95.24 4.76 100.00

Basin8 0.442 0.067 0.510 86.84 13.16 100.00

Basin9 0.398 0.113 0.510 77.89 22.11 100.00

Basin10 0.359 0.156 0.510 69.71 30.29 100.00

Basin11 0.504 0.003 0.510 99.41 0.59 100.00

Basin1 0.015 2.96 2 0.492 0.510 97.04 100.00

Event 
8/26-8/30 

Basin1 0.024 4.73 3 0.483 0.510 95.27 100.00
 
 
 LBC 0.435 0.073 0.509 85.61 14.39 100.00

Basin6 0.927 0 0.951 99. 0.64 100.000. 06 36

Basin7 0.840 0.036 0.876 95. 4.11 89 100.00

Basin8 0.649 0.158 0.807 80. 942 1 .58 100.00

Basin9 0.588 0.807 72. 7.32 100.000.221 68 2

Basin10 0.483 3 0.807 59. 0.07 100.000. 23 93 4
Event 

Basin11 0 . 0.38  0.777 0. 03 0.789 99 62 100.00

9/28-10/1 
 

Basin12 . 3.44  0.786 0.028 0.810 96 56 100.00

Basin1

 

3 0.759 0.807 95. 4.17 100.000.033 83
 
 
 LBC 0.697 0.149 0.850 82.42 17.58 100.00

Basin6 0.333 0.006 0.336 98. 1.77 23 100.00

Basin7

Event 

 0.405 0.018 0.426 95. 4.26 74 100.00

Basin8 0.439 0.510 86. 3.58 100.000.069 42 1

Basin9 0.401 0.510 78. 1.83 100.000.112 17 2

Basin10 1 . 0 0.355 0. 57 0.510 69 34 3 .66 100.00

Basin11 . 1.10  0.540 0.006 0.546 98 90 100.00

6/30-7/3 

Basin12 0.486 0.012 0.501 97.59 2.41 100.00
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Basin13 0.486 0.024 0.510 95. 429 .71 100.00

LBC 0.387 0.072 0.458 84.23 15.77 100.00

 
 
Table 4-11 Event simulation re o  o  

s
sults 11 - Direct flow and baseflow f r the LBC and ther

subbasin  

Event Subbasin Direct Flow (cfs) Baseflow (cfs) Total Flow (cfs) 

Basin6 0.1539 0.3472 0.5011 

Basin7 0.3583 0.9502 1.3086 

Basin8 0.7615 1.4174 2.1789 

Basin9 0.4360 1.5338 1.9698 

Basin10 0. 712 0.3289 0577 0.2

Basin11 0. 435 2.4530 2095 2.2

Basin12 0. 6794680 1.5 2.0359 

Basin13 1. 6021367 2.2 3.3969 

Event 
8/26-8/30

 
 
 

 

LBC 1.7675 4.5198 6.2873 

Basin6 0. 789 0.7608 3819 0.3

Basin7 0. 947 1.7467 8520 0.8

Basin8 2. 603 3.7918 3315 1.4

Basin9 1. 9891717 1.1 2.3706 

Basin10 0. 781 0.4391 1611 0.2

Basin11 0. 109 2.8445 4336 2.4

Basin12 1. 8544809 1.8 3.3663 

Basin1

Event 
9/28-10/1 

 
 

3 2. 1724064 2.3 4.7236 
 
 
 LBC 4.8982 4.2108 9.1090 

Basin6 0. 594 0.4965 1370 0.3

Basin7 0. 777 1.4763 3986 1.0

Basin8 1. 603 2.4754 0151 1.4

Basin9 0. 3355812 1.5 2.1147 

Basin10 0. 781 0.3550 0769 0.2

Basin11 0. 110 2.7100 2989 2.4

Basin12 0. 4026092 1.6 2.2494 

Basin13 1. 1725152 2.3 3.8323 

Event 
6/30-7/3 

 
 
 
 
 LBC 2.2088 4.7090 6.9178 
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Table 4-12 Event sim  resu  – C tiv me and percentage of direct 
flow (QD), baseflow (QB), 

ulation lts 12 umula e volu
and total flow (QT) for the LBC and other subbasins 

Event QD (ft3) QB (ft3) QT (ft3) Subbasin QD (%) QB (%) QT (%) 

Basin6 53,234 119,982 173,216 30.73 69.27 100.00

Basin7 123,941 328,459 452,400 27.40 72.60 100.00

Basin8 263,411 489,845 753,256 34.97 65.03 100.00

Basin9 150,819 530 4 85 100.00,126 680,9 3 22.15 77.

Basin10 19,961 3,735 6 17.56  100.009 113,69 82.44

Basin11 72,456 5,367 0 8.55  100.0077 847,82 91.45

Basin12 161,897 1,870 6 23.00  100.0054 703,76 77.00

Basin13 393,186 1,128 6 33.48  100.0078 1,174,31 66.52

Event 
8/26-8/30 

 
 
 
 
 LBC 611,365 1,562,147 2,173,511 28.13 71.87 100.00

Basin6 99,105 8,200 3 50.23  100.009 197,30 49.77

Basin7 221,096 1,940 5 48.80  100.0023 453,03 51.20

Basin8 605,034 8,505 8 61.52  100.0037 983,53 38.48

Basin9 304,058 0,767 6 49.45  100.0031 614,82 50.55

Basin10 41,796 2,072 7 36.71  100.007 113,86 63.29

Basin11 112,517 4,921 8 15.26  100.0062 737,43 84.74

Basin12 384,281 8,697 0 44.02  100.0048 872,98 55.98

Basin13 624,472 0,605 7 50.97  100.0060 1,225,07 49.03

Event 
9/28-10/1 

 
 
 
 
 LBC 1,271,089 1,091,484 2,362,568 53.80 46.20 100.00

Basin6 35,559 3,169 8 27.62  100.009 128,72 72.38

Basin7 103,445 9,432 7 27.02  100.0027 382,87 72.98

Basin8 263,410 8,505 5 41.03  100.0037 641,91 58.97

Basin9 150,819 7,565 3 27.50  100.0039 548,38 72.50

Basin10 19,963 2,072 4 21.69  100.007 92,03 78.31

Basin11 77,569 4,983 3 11.04  100.0062 702,55 88.96

Basin12 158,086 5,178 0 27.10  100.0042 583,26 72.90

Basin13 393,185 0,605 9 39.56  100.0060 993,78 60.44

Event 
6/30-7/3 

 
 
 
 
 LBC 573,196 1,220,743 1,793,937 31.95 68.05 100.00
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Table 4-13 Event simulation results 13 – Average flow and cumulative discharge volume 
at the LBC and other outlets 

Event Outlet Average Flow (cfs) Discha e rge Volum (ft3) Monitoring Site 

Outlet6 0. ,21 1501 173 6 Site -BC 

Outlet7 1. ,04 S814 627 1 ite2 

Outlet8 3. ,59 S979 1,375 8 ite3 

Outlet9 5. ,08 S939 2,053 4 ite4 

Outlet10 6.26 ,80 u5 2,165 9 Site5 (LBC O tlet) 

Outlet11 2. ,820 ite9 (CC Ou453 847 S tlet) 

Outlet12 2. ,97 u025 699 9 Site10 (ED O tlet) 

Event 
8/  

3. ,31 r

26-8/30
 
 
 
 
 Outlet13 397 1,174 6 (ML A eas) 

Outlet6 0 ,30 1.761 197 3 Site -BC 

Outlet7 2.51 ,94 S0 650 0 ite2 

Outlet8 6. ,61 S283 1,629 4 ite3 

Outlet9 8. ,86 S636 2,239 5 ite4 

Outlet10 9. ,21 u073 2,353 0 Site5 (LBC O tlet) 

Outlet11 2.84 ,43 ite9 (CC Ou4 737 8 S tlet) 

Outlet12 3. ,57 u315 859 1 Site10 (ED O tlet) 

Event 
9/28-10/1 

4. ,07 r

 
 
 
 
 Outlet13 724 1,225 7 (ML A eas) 

Outlet6 0. ,72 1496 128 8 Site -BC 

Outlet7 1 ,70 S.977 512 3 ite2 

Outlet8 4.43 ,17 S5 1,150 2 ite3 

Outlet9 6. ,23 S529 1,693 0 ite4 

Outlet10 6. ,41 u881 1,784 3 Site5 (LBC O tlet) 

Outlet11 2. ,55 ite9 (CC Ou710 702 3 S tlet) 

Outlet12 2.23 ,76 u6 579 3 Site10 (ED O tlet) 

 
Event 

6/30-7/3 

3. ,78 r

 
 
 Outlet13 832 993 9 (ML A eas) 

 
 
Table 4-14 Event simu
ites

lation results 14 - NOF and EF for the LBC and other monitoring 
s  

Event Outlet NOF EF Relative Error (%) 

Outlet9 (Site4) 0.186 0.954 0.588 Event 

Outlet10 (Site5) 0.300 0.921 10.835 

Outlet11 (Site9) 0.159 0.723 2.648 

8/26-8/30 

Outlet12 (Site10) 0.242 0.861 1.193 
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Average 0.222 0.865 3.816 

Outlet7 (Site2) 0.425 0.793 28.025 

Outlet9 (Site4) 0.212 0.962 14.527 

Outlet10 (Site5) 0.238 0.961 0.916 

Outlet11 (Site9) 0.115 2.0.887 856 

Event 
9/28-10/1 

Outlet12 (Site10) 0.182 3.0.932 815 

Average 0.235 0.907 10.028 

Outlet7 (Site2) 0.355 0.930 20.329 

Outlet10 (Site5) 0.135 0.971 6.767 

Outlet11 (Site9) 0.248 0.380 7.375 

Outlet12 (Site10) 0.207 0.877 6.729 

Event 
6/30-7/3 

0.790 10.300 Average 0.236

 
 
 

8/26/05 0:00 8/27/05 0:00 8/28/05 0:00 8/29/05 0:00 8/30/05 0:00

D
is

ch
ar

ge
 (c

fs
)

0

5

10

15

20

25

30

35

40

Observed
Simulateda). Site4

5
10
15
20
25
30
35
40
45

Date

Observed
Simulated

b). Site5

D
is

ch
ar

ge
 (c

fs
)

0
8/26/05 0:00 8/27/05 0:00 8/28/05 0:00 8/29/05 0:00 8/30/05 0:00

Fig. 4-3 Comparison between the simulated and observed hydrographs
            for the event 8/26-30/2005 for the LBC sites  
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              for the event 6/30-7/3/2005 for Sites 9 and 10  

 
4.2 Continuous Hydrologic Modeling and Model Calibration 

The continuous hydrologic modeling was conducted for all subbasins for the period 
ranging from April 6 2005, 0:00 to September 15 2005, 0:00. An hourly time step was 
selected in the simulation. As in the event models, the Clark transform method, the 
recession baseflow method, and the straddle stagger or Muskingum reach routing method 
were used in this continuous hydrologic model. Most relevant parameters were the same 
as those calibrated in the event models, as summarized in Tables 4-15 and 4-16. Unlike 
the event model, in which the SCS-CN loss method was selected (note that the CN 
method is not applicable for continuous hydrologic modeling), the lumped soil moisture 
accounting (SMA) loss method was used for continuously simulating rainfall excess in 
this continuous model. Initial estimates of the parameters used in the SMA method were 
given primarily based on actual conditions and suggestions by the model developer. The 
parameters were then calibrated in the modeling. Therefore, calibration of the continuous 
model focused on determining the parameters related to the SMA loss method. The 
calibrated parameters are shown in Table 4-17. 
 
Table 4-15 Continuous simulation results 1 - Parameters for the Clark transform method 
and the recession baseflow method 

 

Clark Transform Recession Baseflow Subbasin 
 TC (hr) SC (hr) QB0 (cfs) RC RP 

Basin1 6.80 8.80 50.0 0.98 0.40
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Basin2 1.60 5.20 6.0 0.97 0.45

Basin3 3.50 6.80 5.8 0.98 0.50

Basin4 3.30 5.00 25.0 0.96 0.30

Basin5 1.10 3.90 1.0 0.96 0.20

Basin6 1.50 2.30 1.3 0.97 0.10

Basin7 0.38 0.92 3.0 0.97 0.08

Basin8 0.50 1.50 2.9 0.98 0.05

Basin9 0.67 0.70 1.6 0.97 0.08

Basin10 0.35 0.10 0.3 0.95 0.02

Basin11 3.20 2.60 7.5 0.98 0.30

Basin12 2.50 3.80 5.0 0.98 0.10

Basin13 2.20 2.50 2.5 0.95 0.01

 
 
Table 4-16 Continuous simulation results 2 - Parameters for reach routing 

Reach TL (min) D (min)  Method 

Reach1 380 100 Straddle Stagger Method

Reach2 520 500  Straddle Stagger Method

Reach3 260 360  Straddle Stagger Method

Reach4 150 450  Straddle Stagger Method

Reach-WWMS 640 480  Straddle Stagger Method

Reach5 240  Lag Method

Reach K(hr) X No-R Method 

Reach6 2 0.05 4 Muskingum Method

Reach7 3 0.005 4 Muskingum Method

Reach8 0.4 0.1 1 Muskingum Method

Reach9 3.8 0 1 Muskingum Method

 
 
Table 4-17 Continuous simulation results 3 - Parameters for the SMA loss method 

Canopy 
Storage 

Surface 
Storage 

Maximum 
Infiltration 

Soil Tension Soil 
Soil Impervious 

Subbasin (%) (in) (in) (in/hr) (%) 
Storage 

(in) 
Storage Percolation 

(in) (in/hr) 

Basin1 0 0. 5.9 0 10 8 1.550 .05 82 .8

Basin2 50 0.05 1.89 5.9 1 10 8 1.5
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Basin3 50 0.05 1 5.9 3.5 10 8 1.5

Basin4 50 0.05 1.05 5.9 4.3 10 8 1.5

Basin5 50 0.05 0.73 5.9 1.2 10 8 1.5

Basin6 50 0.1 .95 5.9 1 10 8 1.50

Basin7 50 0.1 .75 5.9 4 10 8 1.50

Basin8 50 0.05 0.23 5.9 13 10 8 1.5

Basin9 50 0.05 0.21 5.9 21 10 8 1.5

Basin10 50 0.05 0.1 5.9 30 10 8 1.5

Basin11 50 0.05 0.9 5.9 1.8 10 8 1.5

Basin12 50 0.05 0.55 5.9 3.6 10 8 1.5

Basin13 50 0.05 0.8 5.9 5 10 8 1.5

 
This continuous hydrologic model includes all hydrologic elements (subbasins, outlets, 
nd reaches) that are listed in Table 3-1 and shown in Figs 3-1 and 3-2. Simulation results 

h quantity and 
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In the modeling, however, only daily discharge data were available. Additionally, 
mismatches between the simulation and observation data for certain periods may result 
from errors in the monitoring data.    
 
Table 4-18 Continuous simulation results 4 - Global summary 

Hydrologic Element Peak Discharge (cfs) Peak Time Volume (in) 

Basin1 50.00 06Apr2005, 00:00 3.07 

Basin2 7.69 13May2005, 10:00 2.16 

Basin3 22.91 13May2005, 11:00 5.74 

Basin4 25.00 06Apr2005, 00:00 6.92 

Basin5 2.06 13May2005, 09:00 1.31 

Basin6 5.07 13May2005, 09:00 0.83 

Basin7 23.83 13May2005, 09:00 3.38 

Basin8 46.38 13May2005, 09:00 6.65 

Basin9 32.85 13May2005, 09:00 14.86 

Basin10 4.60 13May2005, 08:00 6.43 

Basin11 14.49 13May2005, 10:00 4.12 

Basin12 21.67 13May2005, 10:00 2.49 

Basin13 47.92 13May2005, 10:00 0.78 

Mona Lake 158.44 13May2005, 10:00 3.60 

Outlet1 54.23 06Apr2005, 00:00 3.52 

Outlet2 60.23 06Apr2005, 00:00 3.30 

Outlet3 66.03 06Apr2005, 00:00 3.72 

Outlet4 91.03 06Apr2005, 00:00 4.05 
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Outlet5 92.02 06Apr2005, 00:00 3.98 

Outlet6 5.07 13May2005, 09:00 0.83 

Outlet7 24.30 13May2005, 09:00 1.93 

Outlet8 55.45 13May2005, 09:00 3.05 

Outlet9 43.60 13May2005, 09:00 3.96 

Outlet10 45.69 13May2005, 09:00 3.98 

Outlet11 14.49 13May2005, 10:00 4.12 

Outlet12 13.38 13May2005, 13:00 2.49 

Outlet13 47.92 13May2005, 10:00 0.78 

Reach1 54.23 06Apr2005, 00:00 3.54 

Reach2 60.23 06Apr2005, 00:00 3.32 

Reach3 66.03 06Apr2005, 00:00 3.73 

Reach4 91.02 06Apr2005, 00:00 4.05 

Reach5 5.07 13May2005, 13:00 0.83 

Reach6 18.20 13May2005, 11:00 1.93 

Reach7 39.27 13May2005, 12:00 3.05 

Reach8 41.59 13 :00  May2005, 13 3.96

Reach9 13.38 13May2005, 13:00 2.49 

Reach-WWMS 5.36 19Apr2005, 16:00  

WWMS 5.36 19Apr2005, 01:00  

 
 
Table 4-19 Continuous simulation results 5 – cess for a asins  Water loss and ex ll subb
Subbasin Loss (in) Excess (in) oss (%) Excess (%Precip (in) L ) Precip (%) 

Basin1 0.057 .69 18.223 8.280 99.31 0 00.00

Basin2 0.068 .82 18.207 8.280 99.18 0 00.00

Basin3 0.280 .387.999 8.280 96.62 3 100.00

Basin4 0.340 8 .11 17.939 .280 95.89 4 00.00

Basin5 0.089 .07 18.191 8.280 98.93 1 00.00

Basin6 0.068 .82 18.207 8.280 99.18 0 00.00

Basin7 0.321 .88 17.959 8.280 96.12 3 00.00

Basin8 1.065 .87 17.213 8.280 87.13 12 00.00

Basin9 1.724 .83 16.551 8.280 79.17 20 00.00

Basin10 2.484 .00 15.796 8.280 70.00 30 00.00

Basin11 0.140 .69 18.140 8.280 98.31 1 00.00
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Basin12 0.289 .49 17.991 8.280 96.51 3 00.00

Basin13 0.394 8 .76 17.884 .280 95.24 4 00.00

Average 7.715 0.563 8.280 93.20 6.80 100.00

 
 
Table 4-20 Continuous simulation results 6 - Direct flow and baseflow for all subbasins 

Subbasin Direct Flow (cfs) Baseflow ( )cfs Total Flow (cfs) 

Basin1 0.3303 6 915.131 15.461

Basin2 0.0870 2.1898 2.2768

Basin3 0.3478 6.5766 6.9244

Basin4 0.2893 5.3447 5.6340

Basin5 0.0216 0.2636 0.2852

Basin6 0.0415 0.3724 0.4139

Basin7 0.1255 1.1560 1.2814

Basin8 0.2933 1.5192 1.8125

Basin9 0.1676 1.2655 1.4332

Basin10 0.0231 0.0367 0.0598

Basin11 0.1163 3.1043 3.2207

Basin12 0.2413 1.7739 2.0152

Basin13 0.4559 0.4046 0.8605

Sum 2.5406 39.1391 41.6796

BC(1-5) 1.0760 29.5063 30.5823

LBC(6-10) 0.6510 4.3499 5.0009

C 4C(11) 0.1163 3.10 3 3.2207

ED(12) 0.2 9 2.01413 1.773 52

ML-Areas(13) 0. 6 0.864559 0.404 05

Sum 2.5406 39.1391 41.6796

 
 
Table 4-21 C ous tion s 7 – Cumulative volume and percentage of 

low and low subb
ontinu simula result

direct f  basef for all asins 

Subbasin 
Direct Flow 

(ft3) 
Baseflow 

(ft3) 
Total Flow 

(ft3) 
Direct 

Flow (%) 
Baseflow Total Flow 

(%) (%) 

Basin1 4,621,770 1,89 6,373 2. 97.86 100.00211,75 9 21 ,653 14

Basin2 1,217,408 4,57 1,862 3. 96.18 100.0030,64 9 3 ,153 82

Basin3 4,867,882 3,69 6,921 5.0 94.98 100.0092,05 9 9 ,628 2
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Basin4 4,049,192 8,70 8,827 5.1 94.86 100.0074,77 3 7 ,888 4

Basin5 302,440 8,24 3,990 7.5 92.42 100.003,68 1 ,667 8

Basin6 580,763 1,48 5,792 10.0 89.97 100.005,21 4 ,200 3

Basin7 1,756,681 16,176,964 17,933,623 9.80 90.20 100.00

Basin8 4,106,110 21,262,486 25,368,599 16.19 83.81 100.00

Basin9 2,347,049 17,712,878 20,059,884 11.70 88.30 100.00

Basin1 836,92 61.39 100.000 323,107 513,745 8 38.61

Basin11 1,628,816 43,444,946 51 96.39 100.0045,073,6 3.61

Basin12 3,377,767 24,825,022 64 88.02 100.0028,202,8 11.98

Basin13 6,383,480 5,659,643 27 46.99 100.0012,043,1 53.01

Sum 35,562,465 547,724,290 583,286,864 6.10 93.90 100.00

BC(1-5) 15,058,6 7,122 5,988 96.48 100.0092 412,91 427,97 3.52

LBC(6-10) 9,113,71 57 34 86.98 100.000 60,877,5 69,991,2 13.02

CC(11) 1,628,81 46 51 96.39 100.006 43,444,9 45,073,6 3.61

ED(12) 3,377,767 24,825,022 64 88.02 100.0028,202,8 11.98

ML-Areas(13) 6,383,48 643 27 46.99 100.000 5,659, 12,043,1 53.01

Sum 35,562,465 547,724,290 583,286,864 6.10 93.90 100.00

 
 
Table 4-22 Continuou - Average nd cumulative discharge 

e at all outlets 
s simulation results 8  flow a

volum
Outlet Disc lume (ft3) harge Vo Monito Average Flow (cfs) ring Site 

Outlet1 17.762 248,565,704 r ML Outlet)(Uppe

Outlet2 20.115 281,494,109 Site6

Outlet3 27.149 379,942,324 Site7

Outlet4 32.838 459,541,957 Site1-US31

Outlet5 4,170,601 (BC Outlet)33.169 46

Outlet6 0.414 5,792,200 Site1-BC

Outlet7 1.696 23,741,617 Site2

Outlet8 3.511 49,133,025 Site3

Outlet9 4.948 2069,246,2 Site4

Outlet10 5.00 90,3  (LB tlet)8 70,0 87 Site5 C Ou

Outlet11 51  (CC3.221 45,073,6 Site9  Outlet)

Outlet12 23 0 (ED2.019 28,248,5 Site1  Outlet)

Outlet13 27 (ML0.861 12,043,1  Areas)

Discharge Volume (ft3) Tributary Average Flow (cfs) Outlet 
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BC 33.169 464,170,601 Outlet5

LBC 5.0 87 tlet1008 70,090,3 Ou  (Site5)

CC 3.2 51 tlet1121 45,073,6 Ou  (Site9)

ED 2.019 28,248,523 et12 Outl (Site10)

ML-Areas 27 O0.861 12,043,1 utlet13

Sum 44.276 619,626,289 (Total flow into ML)

 
 
Table 4-23 Continuous simulation results 9 - Cumulative discharge and contribution 

ge of a s akpercenta ll tributarie  of Mona L e 
Tributary BC LBC CC ED ML-Area Sum 

Cumulative 
Discharge (ft3) 7 28,248 12,0 619,464,170,601 70,090,38 45,073,651 ,523 43,127 626,289

Percent (%) 74.911 11.312 7.274 4.559 1.944 100.000

 
 
Table 4-24 Con u lts and E the m ing sitinuous sim lation resu  10 - NOF F for onitor tes 

NOF EF Outlet 

Outlet2 (Site6) 0.172 0.916

Outlet3 (Site7) 0.101 0.954

Outlet4 (Site1-US31) 0.200 0.605

Outlet7 (Site2) 0.663 0.341

Ou ite4 2tlet9 (S ) 0.3 3 0.681

Outlet10 (Site5) 510.3 0.715

Outlet11 (Site9) 410.2 0.703

Outlet12 (Site10) 450.4 0.613

Average 0.312 0.691
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5. Conclusions 
 

W

 
(1)

A hydrologic monitoring-modeling system has been developed in the Mona Lake 
atershed. Eight sites were selected in the four major tributaries and intensive stream 

stage and temperature data were collected. Stream flow at each site also was measured at 
a number of selected times that covered both storm events and dry time periods. Rating 
curves were then developed and observed hydrographs were generated for all monitoring 
sites. Furthermore, watershed delineation was performed and GIS-based hydrologic 
models were developed for the Mona Lake watershed by coupling the Watershed 
Modeling System (WMS) and the widely used HEC-HMS. Both event and continuous 
hydrologic modeling was carried out. The models were calibrated and validated by using 
the field data and good agreements between the simulated and observed flows were 
achieved. From this hydrologic monitoring and modeling study, the following 
conclusions can be reached:  

 Sources of Mona Lake: During the study period from April to September 2005, Mona 
Lake received 620 million ft3 of inflow from Black Creek, Little Black Creek, Cress 
Creek, Ellis Drain, and other small tributaries adjacent to the lake. The contribution 
percentage of each tributary varies in time. Black Creek is the largest tributary of 
Mona Lake, with a contribution percentage ranging from 70% to 80%. During the 
entire study period, 74.91% of the inflow to Mona Lake came from Black Creek. The 
second largest tributary is Little Black Creek, which contributed 11.31% of the 
inflow.  

 Partitioning of Rainfall
 
(2) : Rainfall is partitioned into infiltration and other losses and 

excess water for surface runoff. The continuous hydrologic modeling suggested that 
93.2% of rain water was subject to infiltration into soils and other losses, and only 
6.8% excess water was available for surface runoff. 

 Sources of Stream Flow
 
(3) : Stream flow consists of direct runoff and subsurface 

flow/baseflow (note that interflow is not explicitly simulated in HEC-HMS). In the 
entire study period, 583 million ft3 of water was generated from the 13 subbasins, of 
which 93.9% originated from baseflow and the remaining 6.1% came from direct 
runoff.  

 Hydrologic Characteristics of Tributaries
 
(4) : Black Creek has hydrologic characteristics 

distinct from Little Black Creek, Cress Creek, Ellis Drain, and other small tributaries 
adjacent to Mona Lake, which can be attributed to the dissimilar sizes, land use/land 
covers, soil types, and other hydrologic conditions of their subbasins. They have 
different sources of stream flow, timing of response to rainfall, and retention 
properties.  

Black Creek was primarily supported by subsurface flow while Little Black Creek 
and others were particularly “sensitive” to rainfall. Thus, the hydrograph of Black 
Creek showed a consistent, relatively stable pattern. During the simulation period 
from April to September, the flow of Black Creek exhibited a continuous decline, 
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from the highest in early spring down to the lowest in late summer and early autumn. 
This observed phenomenon implies: (1) melting of snow and frozen soils can be a 
significant source of water in Black Creek (subsurface interflow and groundwater 
baseflow), which results in the seasonal peak in early spring; and (2) the persistent 
decrease in the discharge can also be attributed to reduction in that primary source 
(snowmelt) and the elevated evapotranspiration during summer months. In contrast, 
the hydrographs of Little Black Creek and other small tributaries were characterized 
by a number of short-duration peaks dominated by rainfall events. They had relatively 
low baseflow. Rainfall events often produced very high short-duration peaks, which 
can be attributed primarily to their higher percentage of impervious areas. 

 
(5) Future Studies: This hydrologic monitoring and modeling study provides (1) intensive 

stream flow and temperature data for all major tributaries of Mona Lake; and (2) 
fundamental hydrologic information concerning quantity, variability, and sources of 
water of Mona Lake and its tributaries. The monitoring data and the hydrologic 
modeling results will be valuable for other relevant studies, such as development of 
TMDLs and BMPs for the Mona Lake watershed. However, long-term hydrologic 
monitoring and in-depth hydrologic studies are still needed for better understanding 
the underlying hydrologic processes and mechanisms, and their variability in response 
to changes in climatic and hydrologic conditions, as well as anthropogenic influences.  
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6. 
 
Thi
obj
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200
(SR
con
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SR  low-flow 
onditions because the samples were taken during dry time periods. The monthly low-

sho
the
 
Tab

Estimation of Contaminant Loading to Mona Lake 

s is a collaborative effort between this project and the Mona Lake CMI project. The 
ective herein is to evaluate external loading of phosphorus from the four major 
utaries (BC, LBC, CC, and ED) to Mona Lake during the period from April to July 
5. Specifically, daily loads of total phosphorus (TP) and soluble reactive phosphorus 
P) were estimated by using the daily-averaged discharge from this project and the 
centration data provided by the CMI project. In the CMI project, grab water quality 
ples have been taken from outlets of the four tributaries and analyzed for TP and 

P. Note that the concentrations of TP and SRP generally referred to
c
flow concentrations of TP and SRP of the four tributaries are listed in Table 6-1 and 

wn in Figs. 6-1 and 6-2, respectively. Rainfall and daily average water discharge of 
 four tributaries during the time period are shown in Fig. 6-3. 

le 6-1 Concentrations of TP and SRP from the 2005 grab samples 

TP (mg/L) SRP (mg/L) 

Date BC-US31 LBC CC ED BC-US31 LBC CC ED 

4/11/2005 0.029 0.024 0.015 0.016 0.011 0.005 0.005 0.005 

5/9/2005 0.028 0.035 0.018 0.020 0.005 0.017 0.005 0.005 

6/6/2005 0.046 0.072 0.032 0.042 0.005 0.005 0.005 0.005 

7/11/2005 0.037 0.059 0.036 0.032 0.008 0.010 0.007 0.007 
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Fig. 6-1 Low-flow TP concentrations of the four major tributaries from April to July 2005 
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Fig. 6-2 Low-flow SRP concentration of the four major tributaries from April to July 2005 
(detection limit: 5 ppb) 
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Fig 6-3 Rainfall and daily average discharge of the four major tributaries of Mona Lake

 
 

6.1 Computation Methods 
 
In this study, four different methods were used to estimate daily loads of TP and SRP 
from the four tributaries during the selected period in 2005. They are detailed as follows: 
 
Method 1. 2005 One-Concentration Method (2005 1-C Method):  
 

ethod, it is assumed that the monthly low-flow concentrations of TP and SRP 
om the grab samples in 2005 are applicable to all flow conditions in the corresponding 
onths. Thus, daily loads of TP and SRP were computed by using the monthly low-flow 

oncentrations and daily average water discharge for the four major tributaries of Mona 

In this m
fr
m
c
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Lake. The loads of TP and SRP computed by using this 1-C method are shown in Figs. 6-
4 and 6-5.     
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Fig. 6-4 Daily (a) and cumulative (b) TP loads of the four major tributaries 
from April 6 to July 31, 2005 computed by the 1-C method 

a). Daily Loads 

b). Cumulative Loads 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Lo
ad

 (k
g/

da
y)

4/6/05 4/26/05 5/16/05 6/5/05 6/25/05 7/15/05
Date

BC-US31
LBC
CC
ED

a). Daily Loads

0

50

80
90

05

k

BC-US31

 

10
20
30
40

Lo
ad

 (

60
70

g)

4/6/05 4/26/05 5/16/05 6/5/05 6/25/05 7/15/
Date

LBC
CC
ED

b). Cumulative L soad

Fig. 6-5 Daily (a) and cumulative (b) SRP loads of the four major tributaries 
from April 6 to July 31, 2005 computed by the 1-C method 
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Method 2. 2005 Two-Concentration Method (2005 2-C Method):  
 

 of TP 
 

sed 
for com lated by 

onthly 
thresho putation. 

tion 
and the in
 
For 

In order to take into account the concentration difference between low flow (base flow) 
and high flow (storm runoff) conditions, two storm events were selected in 2004 and 
2005 and a number of water quality samples were continuously collected and analyzed 
for TP and SRP. Based on the two storm data, average high-flow concentrations
and SRP were computed. By comparing these high-flow concentrations with the
corresponding low-flow concentrations, average increased rates of TP and SRP 
concentrations were then estimated (Table 6-2). These increased rates were further u

puting high-flow concentrations. Daily loads of TP and SRP were calcu
using the daily water discharge and concentrations (either low- or high-flow 
concentration, depending on daily flow conditions). Monthly averaged discharge was 
calculated and used as a threshold for determining high and low flow conditions (Table 6-
3). For each daily step, if the daily water discharge is smaller than or equal to the m

ld flow, the low-flow concentration was used in the loading com
Otherwise, a high-flow concentration was computed by using the low-flow concentra

creased rate as follows:  

jTi QQ ,>  
( )1001,, rCQCQM jLFijHFii +==  (6-1) 

 
For 

 (6-2) 
 
where Mi = load at daily time step i [M]; Qi = water discharge at daily time step i [L3/T]; 
CHF, j = high-flow concentration in month j with respect to daily time step i [M/L3]; CLF, j 
= low-flow concentration in month j with respect to daily time step i [M/L3]; QT, j = 
threshold flow in month j with respect to daily time step i [L3/T]; and r = increase rate 
between low- and high-flow concentrations. 
 
In the computation, the relationship between TP and SRP loads was automatically 
checked so as to make sure that the SRP loading does not exceed the TP loading for any 
specific time, i.e., . The loads of TP and SRP computed by using this 2005 
2-C method are shown in Figs. 6-6 and 6-7. 
 
Table 6-2 Average increased rates between the low-flow and high-flow concentrations 

 BC-US31 LBC CC ED

jTi QQ ,≤  

jLFii CQM ,=

 SRPTP MM ≥

TP (%) 79.5 164.1 151.6 81.6

SRP (%) 97.0 971.5 110.0 140.0
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Table 6-3 Monthly average flow (cfs) (threshold flow in the 2-C method) 

Month BC-US31 LBC CC ED

Apr-05 66.694 8.038 5.636 4.198

May-05 45.200 6.311 4.291 3.546

Jun-05 28.920 4.368 2.746 1.880

Jul-05 22.089 5.550 2.529 1.744

 
 

0

2

4

6

8

10

12

14

Lo
ad

 (k
g/

da
y)

BC-US31
LBC
CC
ED

 
 
 
 
 
 
 

 
 

 
 
 
 

4/6/05 4/26/05 5/16/05 6/5/05 6/25/05 7/15/05
Date

a). Daily Loads 

200

300

40

50

600

Lo
ad

 (k
g)

BC-US31

0

0
LBC
CC
ED

0

100

4/6/05 4/26/05 5/16/05 6/5/05 6/25/05 7/15/05
Date

Fig. 6-6 Daily (a) and cumulative (b) TP loads of the four major tributaries 
from April 6 to July 31, 2005 computed by the 2-C method 

b). Cumulative Loads 
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Method 3. 2002-05 One-Concentration Method (2002-05 1-C Method):  

Unlike Method 1 where one monthly “grab” concentration was used in the loading 
putation, average monthly low-flow concentrations of TP and SRP were com

Method 3 by using the 2002-2005 low-flow water quality data and used for estim
daily loads of TP and SRP. The computed monthly average low-flow concentrations of 
TP and SRP are listed in Table 6-4 and shown in Figs. 6-8 and 6-9. The loads of TP and 

puted by using this 2002-05 1-C method are shown in Figs. 6-10 and 6-11. 

 

com puted in 
ating 

SRP com
 

trations of TP and SRP computed by the 
002-2005 water quality data 

TP (mg/L) SRP (mg/L) 

Table 6-4 Monthly average low-flow concen
2

Month BC LBC CC ED BC LBC CC ED 

1 0.035 0.060 0.025 0.035 0.0125 0.0125 0.0175 0.0125
2 0.055 0.055 0.035 0.020 0.03 0.0125 0.005 0.0075
3 0.040 0.060 0.040 0.050 0.0133 0.01 0.0167 0.015
4 0.040 0.030 0.020 0.030 0.0075 0.005 0.005 0.005
5 0.080 0.045 0.025 0.020 0.0075 0.0125 0.005 0.005
6 0.073 0.053 0.030 0.043 0.005 0.005 0.005 0.005
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Fig. 6-7 Daily (a) and cumulative (b) SRP loads of the four major tributaries 
from April 6 to July 31, 2005 computed by the 2-C method 

a). Daily Loads 

b). Cumulative Loads 

 67



7 0.068 0.055 0.038 0.030 0.01 0.015 0.0113 0.0163
8 0.053 0.047 0.027 0.023 0.0117 0.0133 0.005 0.005
9 0.055 0.040 0.020 0.030 0.015 0.02 0.02 0.015
10 0.045 0.045 0.040 0.040 0.0075 0.0075 0.005 0.005
11 0.035 0.030 0.020 0.030 0.0075 0.0075 0.005 0.005
12 0.030 0.013 0.025 0.105 0.005 0.005 0.005 0.005
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Fig. 6-8 Monthly average low-flow TP concentrations of the four major 
tributaries from 2002 to 2005 
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Fig. 6-10 Daily (a) and cumulative (b) TP loads of the four major tributaries 
from April 6 to July 31, 2005 computed by the 1-C method and 2002-2005 
monthly average low-flow concentrations 
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Fig. 6-11 Daily (a) and cumulative (b) SRP loads of the four major tributaries 

b). Cumulative Loads 

from April 6 to July 31, 2005 computed by the 1-C method and 2002-2005 
monthly average low-flow concentrations 

a). Daily Loads 
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Method 4. 2002-05 Two-Concentration Method (2002-05 2-C Method):  
 
This method is similar to Method 2. Like Method 3, however, an average monthly low-
flow concentration of TP or SRP, computed by using the 2002-2005 water quality data, 
were used for each month in the loading estimation, instead of one monthly “grab” 
concentration. The same increase rates used in Method 2 were used in this method for 
computing high-flow concentrations of TP and SRP. The daily and cumulative loads of 
TP and SRP computed by using this 2002-05 2-C method are shown in Figs. 6-12 and 6-
13, respectively. 
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Fig. 6-12 Daily (a) and cumulative (b) TP loads of the four major tributaries 
from April 6 to July 31, 2005 computed by the 2-C method and 2002-2005 
monthly average low-flow concentrations 

a). Daily Loads 

b). Cumulative Loads 
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Fig. 6-13 Daily (a) and cumulative (b) SRP loads of the four major 
tributaries from April 6 to July 31, 2005 computed by the 2-C method and 
2002-2005 monthly average low-flow concentrations 
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b). Cumulative Loads 
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6.2 Summary of Loading Estimation Results 

Results of the TP and SRP loads estimated by using the aforementioned four me
 in Table 6-5. The estimated percentages of TP and SRP loads from

jor tributaries are also schematically shown in Fig. 6-14. More reasonable estim
the TP and SRP loads were yielded by the 2-C methods (2005 2-C method and 2002-05 

thod) because both 2-C methods took into account the differences in 
ns with respect to flow conditions (high and low flow conditions).

contrast, the two 1-C methods tend to underestimate the TP and SRP loads. It can be 
 Fig. 4-14 that Black Creek, as the largest water contributor of Mona Lake, 

ajor source of TP and SRP. Table 6-5 and Fig 4-14 also suggest that the 
concentrations of TP and SRP estimated by the 2005 2-C or 1-C method are very sim

ated by the 2002-05 2-C or 1-C method (i.e., Fig 4-14a similar to F
14c; Fig 4-14b similar to Fig. 4-14d; Fig 4-14e similar to Fig. 4-14g; and Fig 4-14f 

ilar to Fig. 4-14h). Thus, the TP and SRP concentrations in 2002 represent the 
average levels of TP and SRP in 2002-2005. 
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Table 6-5 Loads of TP and SRP from the four major tributaries in 2005 

   Method   BC-US31 LBC CC ED Sum

Sum (kg) 495.398 124.928 40.042 27.075 687.442
2005 2-C 

Percent(%) 72.06 18.17 5.82 3.94 100.00

Sum(kg) 372.754 75.921 23.851 19.465 491.991
2005 1-C 

Percent(%) 75.76 15.43 4.85 3.96 100.00
TP 

Sum(kg) 521.912 123.266 43.453 31.413 720.044
2002-05 2-C 

Percent(%) 72.48 17.12 6.03 4.36 100.00

Sum(kg) 392.020 75.511 26.180 22.626 516.337
2002-05 1-C 

Percent(%) 75.92 14.62 5.07 4.38 100.00

Sum (kg) 119.771 60.020 8.015 6.935 194.741
2005 2-C 

Percent(%) 61.50 30.82 4.12 3.56 100.00

Sum(kg) 85.587 16.293 5.524 4.229 111.634
2005 1-C 

Percent(%) 76.67 14.60 4.95 3.79 100.00

Sum(kg) 116.105 69.100 9.015 8.807 203.026
2002-05 2-C 

Percent(%) 57.19 34.03 4.44 4.34 100.00

Sum(kg) 83.074 15.652 6.195 5.354 110.276

SRP 
 
 
 
 
 

2002-05 1-C 
Percent(%) 75.33 14.19 5.62 4.86 100.00
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Fig. 6-14 Percentages of TP and SRP loads from tributaries to Mona Lake (a. TP from 
2005 2-C Method; b. TP from 2005 1-C Method; c. TP from 2002-05 2-C Method; d. 
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