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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



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 ft® 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.



1. Introduction

The Mona Lake watershed covers an area of 75.02 mi?; the lake itself covers an area of
1.02 mi%, 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.

Mona Lake Watershed
i
) ;
Jer La%s
4 5 % 3 3 i
LR
TS
SRl
Little Black Creek  Black Creek Lake ’_‘ég;\r I :
. Michigal i
R SR A A Bk
Mona Lake i 53 \ & it
Cress Creek s
Ellis Drain

Fig. 1-1 Location of the 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



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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Fig. 2-1 Location of the stream flow monitoring sites
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&
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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
Gauge 2
Gauge 3

-86.2333 43.1667 Muskegon County Airport
-86.2892 43.1924 Nina Lane
-86.0623 43.2639 Muskegon Wastewater Management System




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 43°10"N/86°14"'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.

Q (cfs)

0 T T T T T T T T T T T

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

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



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



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:

0= j j | Vdd = j j |V (x,y)dxdy (2-1)

in which O = water discharge (L/T); ¥ = velocity (L/T); and 4 = area (L?).

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:

l_Li +Li _Li—l
2 2

— —( L, —L.,—L.
qz:V:Al:V:( s jdl:Vledl (i:2, 3, ...,I’l-l) (2'2)

2

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

0. =T, (2-3

g, =7V, L, (2-4)
in which

V,=0.657, (2-5)

V. =065V (2-6)

Hence, the total discharge can be given by:

0-34 (2-7)

where ¢; = water discharge of section i (L¥T); V.= mean velocity at observation

point/vertical i (L/T); L; = distance from the initial point to observation point/vertical i
(L); and d; = depth of water at observation point/vertical i (L).



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 D <2/, one velocity was measured at a depth of
0.6D (D is the total depth of water). The mean velocity is given by

v, =v® (2-8)

1

(2) Two-Point Method (0.2D & 0.8D): For D =2-10 f#, two velocities were measured
at depths of 0.2D and 0.8D, respective. The mean velocity is given by

Z:iww+1ﬁw (2-9)
2 2

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

(1) Overall average velocity:
V_g_i " 4 2-10
== =240/ 2 A (2-10)
i=1 i=1

(2) Wetted Perimeter:

P, = dl + Zn:\/(di - di—l )2 + (Li _LH)Z + dn (2'11)
i=2
(3) Hydraulic Radius:

R=2 (2-12)

(4) Conveyance Factor:
Jx = ARY® (2-13)

(5) Slope-Roughness Factor:



fo -2 (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 Field Channel
Site Name (4/6/05 0:00 — 9/15/05 0:00) Measurements ~ Survey
Dmax  EST atDmax Dmin~ EST atDmin© Dmax  Dmin Dmax
(in) (in) (in) (in) (in)
Site 2 21.19  8/12/050:10  3.39 6/29/05 3:52 | 18.90  4.65 27.17
Site 4 30.20  5/13/0511:01 13.03 6/30/055:50 | 26.89 15.94 39.00
Site 5 26.46  8/12/054:49  7.83 9/11/051:00 | 24.65 9.53 34.30
Site 6 23.03  4/6/050:03 1.23 7/20/050:41 | 23.40 2.75 23.40
Site 7 28.78  4/6/05 0:57 5.85 9/11/0520:04 29.25 8.10 29.25
Site 1-US31 | 20.53  5/28/058:02  12.92  8/11/058:07 | 26.38 15.35 26.40
Site 9 1432  5/13/0510:35 7.34 8/11/054:51 | 14.00 8.60 21.50
Site 10 1458  5/13/0512:43 5.05 9/11/057:08 | 1450 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

10



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.

==
a). Site 2
e e

b). Site 4

o.00 237 e72 1010 1247 1882 20.20 2357 2592 20.20 2367

o.00 210 az20 &20 240 1050 12.80 1470 1820 12.90 21.00

E—
_—"a).Site 9
e
200in,
Depth m
I L/ b). Site 10

Fig. 2-6 Channel survey for Sites 9 and 10
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Fig. 2-7 Channel survey for the BC sites

2.5.1 Computation of Rating Curves

The general relationship between the stream discharge O and the stage D can be
mathematically expressed as:

O=a(D-d,) (2-15)
ie.,

Ln(Q) = Ln(a) + BLn(D - d,) (2-16)
or

y=y,+pLn(D-d,) (2-17)

where o and S = parameters; dy = depth adjustment constant (zero-flow depth) or “scale
offset” (Kennedy, 1984); y = Ln(Q); and yy = Ln(a).

Nonlinear regression method was used in the analysis and a 3-parameter logarithm
equation (yy, # and dy in Eq. 2-17) was fitted to each set of the measured data [D-Ln(Q)].

12



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)
9
i y=0.0211¢"%®
—~ 7 . b
] 6 R“=0.9567
S
qé’ 5
8 4
2 3 o
e,
1
0 ‘ ‘ ‘ ‘ T T
2 3 4 5 6 7 8 9
Adjusted Depth (in)

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),

| 1.486
n

0 AR??5Y? (2-18)

letting

13



fi = AR? (2-19)

1. _ 1486 g O (2-20)
n K
we have
0=fof, =10 fy) (2-21)

where O = stream discharge; » = Manning roughness coefficient; 4 = cross-sectional
area; R = hydraulic radius; S = slope; fx = conveyance factor; and f£;, = 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 D,-fx and D,-f;, curves (note D, =
D-d,) 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

f = AR?® =0.2888D " (2-22)
s, =220 g _ o 0744p,7 (2-23)
n

Thus, the discharge can be written as

0= f.f, =0.0215D *"* (2-24)

Da(in) vs. AR?3
35

% 30 -

5 25 y = 0.2888x"613

3] 2 _

£ 20 | R? = 0.9852

]

e 15 |

S

o 10

>

5

o 57

2 4 6 8 10 12 14 16 18 20

Adjusted Depth (in)

Fig. 2-9 Relation between the adjusted depth D, and the conveyance factor fx
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Da(in) vs. Q/(AR??)

1.4
<]
= 1.2
8 y = 0.0744x™1813 ©
2~ R° = 0.8891 <o
%’) E:: 0.8 |
Dg: \5" 0.6 £
N 0.4 4
)
g 02

0.0 : : : :

2 4 6 8 10 12
Adjusted Depth (in)

Fig. 2-10 Relation between the adjusted depth D, and the slope-roughness factor f; ,

Method 2: In this method, stream discharge O was calculated by using the area 4 and the
flow velocity ¥, 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-A4 curves. That is,

A=a(D-d,) (2-25)
V=e(D-dy) (2-26)
Q=AY =ae(D—d,)"" (2-27)

where a, b, e, f are the fitted parameters. Again, Site 9 was selected as an example
showing how to use this computation method to generate high-stage rating curves. The
fitted D,-4 and D,-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

A=1.1622D " (2-28)
V =0.0195D "% (2-29)
Q= AV =0.0227D *™ (2-30)

In the above example for Site 9, both methods yielded good results (very high R? values
for all fitting equations). For several other sites, however, the second method generally
yielded better results.
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Da(in) vs. A(ft?)
30
25 -
- y = 1.1622x %81
p R? = 0.9868
< 151
g
< 10
5 J
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
2 4 6 8 10 12 14 16 18 20
Adjusted Depth (in)

Fig. 2-11 Relation between the adjusted depth D, and the cross-sectional area A

Da(in) vs. V(ft/s)
1.2
(03

—~ 1.0
4) = 0.0195x1:69%°
£ 038 - y=>=
> R* = 0.963
8 06 -
2
= 041
o
L 02

0.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

2 3 4 5 6 7 8 9 10 11 12
Adjusted Depth (in)

Fig. 2-12 Relation between the adjusted depth D, and flow velocity 7/

2.5.4 Summary of the Developed Rating Curves

Low Stage: O = 0.3031(D — 2.2505)"** (D (in) < 4.65)
Mid Stage: O = 0.2941(D — 2.2505)"*** (4.65 < D (in) < 18.9)
High Stage: O = 4V =0.0795(D - 2.2505)*®* (D (in) > 18.9)

A=0.212(D - 2.2505)**
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V =0.3748(D — 2.2505)>*"* (2-35)

Da(in) vs. Q(cfs)
25
_— y=0.29415% ¢
S 5] R%=0.9864
5
5 D
.é’
5
0 T
0 2 4 6 8 0 12 1 16 8B
Adjusted Depth (in)
Fig. 2-13 Mid-stage rating curve for Site 2
Site 4.
Low Stage: O = 0.00006(D — 3.0)**** (D (in) < 15.94) (2-36)
Mid Stage: Q0 =0.0014(D —3.0)***" (15.94 < D (in) < 26.89) (2-37)
High Stage: O = AV =0.0244(D -3.0)**% (D (in) > 26.89) (2-38)
A =0.4468(D - 3.0)"*% (2-39)
V =0.0545(D —3.0)**% (2-40)

Da(in) vs. Q(cfs)

y=0.0014x3187°
R%2=0.949

<

Discharge (cfs)
3

0 2 u 5 B 20 22 24 26
Adjusted Depth (in)

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

Low Stage: O = 0.143(D - 3.0)"* (D (in) < 9.53) (2-41)
Mid Stage: Q0 =0.1317(D - 3.0)"** (9.53 < D (in) < 24.65) (2-42)
High Stage: Q= 4V =0.1352(D -3.0)"*** (D (in) > 24.65) (2-43)
A=1.2517(D -3.0)"*% (2-44)
V =0.108(D —3.0)*** (2-45)

Da(in) vs. Q(cfs)

40 -
. y=0.1317x"8%3
—~ 2 _
2 5 R?=0.9398
g 25
f__U 20 -
(&)
8 5~
o
10 -
5 4
0

Adjusted Depth (in)

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

Site 6 (before 8/15/2005):

Low Stage: O =1.7603(D + 2.4028)""*** (D (in) < 2.75) (2-46)
Mid Stage: 0 =1.7777(D + 2.4028)""*** (2.75 < D (in) < 23.4) (2-47)
High Stage: Q= AV =1.7775(D + 2.4028)""*" (D (in) > 23.4) (2-48)
A =5.4675(D + 2.4028)" "% (2-49)
V =0.3251(D +2.4028)"*% (2-50)
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Discharge (cfs)
e
o

Da(in) vs. Q(cfs)

y=1.7777x
R?=0.9876

5 "] 5 20 25
Adjusted Depth (in)

30

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

Site 6 (after 8/15/2005):

Low Stage:
Mid Stage:

High Stage:

=1. D-2. ' In)<7.

1.7606(D — 2.5975)" "' (D (in) < 7.75)

Q=1 D-2. ' .75 <D (in) < 28.
1.7779(D — 2.5975 ) (7.75 < D (in) < 28.4)

Q= AV =1.7776(D - 2.5975)""*" (D (in) > 28.4)

A =5.4679(D - 2.5975)""*®

V =0.3251(D — 2.5975)**%®

Discharge (cfs)

80

70 A
60
50
40 -
30

20

Da(in) vs. Q(cfs)

y=1.7779x-1%
R?=0.9876

0 5 0 5 20 25
Adjusted Depth (in)

30

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

High Stage:

0 =0.9635(D +0.7397)"** (D (in) < 8.1)

O =1.5506(D +0.7397)" (8.1 <D (in) < 29.25)

O = AV =1.5506(D +0.7397)°" (D (in) > 29.25)

A =2.8295(D +0.7397)>**

V =0.548(D +0.7397 )%

90
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Site 1 US-31:
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High Stage:

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

0 =0.035(D - 3.0)**** (D (in) < 15.35)
0 =0.0892(D —3.0)*"*
Q= AV =0.0893(D-3.0)*"™ (D (in) > 26.38)
A=0.8487(D-3.0)*"

V =0.1052(D -3.0)*™

20

(15.35 < D (in) < 26.38)

(2-56)
(2-57)
(2-58)
(2-59)

(2-60)
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Da(in) vs. Q(cfs)

y=0.089221768
R?=0.9425

o

» “ 5 B 20 22 24
Adjusted Depth (in)

26

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

0 =0.0211(D - 3.0)*"* (D (in) < 8.6)
0 =0.0236(D —3.0)*™* (8.6 <D (in) < 14.0)
O = AV =0.0227(D-3.00*™ (D (in) > 14.0)

A4=1.1622(D-3.0)"**

V =0.0195(D —3.0)-%*

g
g
Site 9:
Low Stage:
Mid Stage:
High Stage:
g
.g

Da(in) vs. Q(cfs)

o v~ o 0o BR EB B

y=0.0236x273
R?=0.9837

Adjusted Depth (in)

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

21

(2-66)
(2-67)
(2-68)
(2-69)

(2-70)



Site 10:

Low Stage: O =0.089(D —3.0)**® (D (in) < 6.8) (2-71)
Mid Stage: Q0 =0.1228(D —3.0)*** (6.8 <D (in) < 14.5) (2-72)
High Stage: Q= AV =0.1066(D —3.0)***® (D (in) > 14.5) (2-73)
A=1.6531(D —3.0)**% (2-74)
V =0.0645(D —3.0)"** (2-75)

Da(in) vs. Q(cfs)
25

201 y=0.12282%%6

R?=0.9746

Discharge (cfs)

Adjusted Depth (in)

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

2.6 Computation of Observed Stream Flow

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
discharges, all stream stage data recorded by the Odyssey pressure sensor were reviewed
and checked. Some data were discarded or not recorded by the sensors for certain time
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
period from 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

temperature 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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3. 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:

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

(2) 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.

(3) 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.

(4) 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.

(5) Geometric parameters of all subbasins and stream reaches were computed.

(6) 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

Element Description Element Description
Basinl BC1 Outlet6 Site 1-BC Rd
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Basin2
Basin3
Basin4
Basin5
Basin6
Basin7
Basin8
Basin9
Basin10
Basinll
Basin12
Basin13

Mona Lake

Outletl
Outlet2
Outlet3
Outlet4

BC2
BC3
BC4
BC5
LBC1
LBC2
LBC3
LBC4
LBC5
CcC
ED
ML Adjacent Areas

Upper ML Outlet
Site 6

Site 7

Site 1-US31

Outlet5
Outlet7
Outlet8
Outlet9
Outlet10
Outlet11
Outlet12
Outlet13
Reachl
Reach2
Reach3
Reach4
Reachb5
Reach6
Reach7
Reach8
Reach-WWMS

BC Outlet (Site 8)
Site 2

Site 3-Summit

Site 4

LBC Outlet (Site 5)
CC Outlet (Site 9)
ED Outlet (Site 10)
ML Areas Oultlet
Outlets1-2 Reach
Outlets2-3 Reach
Outlets3-4 Reach
Outlets4-5 Reach
Outlets6-7 Reach
Outlets7-8 Reach
Outlets8-9 Reach
Outlets9-10 Reach

WWMS-Outletl Reach

Table 3-2 Subbasins and their parameters

Subbasin Area (mi®) Perimeter (ft) AOFD (ft) BS (ft/fty MFD (ft)y MFDS (ft/fty 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
6 3.019 66,906 3,845 0.0033 26,884 0.0017 25,941
7 2.283 58,793 2,204 0.0084 16,006 0.0030 12,256
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 0.0018 31,434
12 4.880 71,754 2,998 0.0110 22,969 0.0019 21,546
13 6.637 110,841 2,720 0.0210 27,582 0.0017 23,926
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Notations:

AOFD = Average overland flow length

BS = Basin (overland) slope

MFD = Basin length along main channel from outlet to upstream boundary
MFDS = Basin slope along main channel from outlet to upstream boundary
MSL = Maximum flow (watercourse) length

Table 3-3 Reaches and their parameters

Reach Length (ft) Elevationl (ft) Elevation2 (ft) Average Slope

1 19646.9 647.6 629.6 0.0009
2 28126.7 629.6 601.7 0.0010
3 16991.2 601.7 589.6 0.0007
4 5934.3 589.6 581.8 0.0013
5 8198.5 624.3 598.6 0.0031
6 6650.1 598.6 589.6 0.0013
7 3051.9 589.6 589.0 0.0002
8 2969.7 589.0 582.6 0.0022
WWMS 30098.8 685.9 647.6 0.0013

Subbasins, channels, and outlets in the Mona Lake watershed

Fig. 3-1 Subbasins, channels, and outlets in the Mona Lake watershed
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Fig. 3-2 HEC-HMS conceptual model for the Mona Lake watershed

3.2 Computation of Curve Numbers

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.

(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
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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

Crop Land

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

Major soil: different types of sand

CROSWELL
LU GRES

-y I ” i »
Al GRES i
. - %, DEFORD

GRAYLIN

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

Land Use |Land Use Type Hydrologic Soil Group
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
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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 Composite curve numbers for each subbasin

Subbasin 1 2 3 4 5 6 7 8 9 10 11 12 13

CN 70.7 472 545 634 753 655 694 675 68.7 812 644 718 71.1

3.3 Computation of Time-Related Parameters for Subbasins and Reaches

Preliminary values for the lag time and/or time of concentration of each basin 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 estimating lag time) and the
geometric parameters computed in the watershed delineation (Tables 3-2 and 3-3) (e.g.
basin length and slope, and reach length and slope); (2) the observed stream flow data
(e.g., average flow velocity); and (3) comparison of rainfall event data with the observed
hydrographs. Final parameter values were determined by the model calibration.
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4. Hydrologic Modeling

Based on the watershed delineation described in 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 have been carried out. The former
characterized small-scale hydrologic processes while the latter revealed hydrologic
phenomena over a longer time period. The modeling provided 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.

4.1 Event Hydrologic Modeling and Model Calibration

The event simulations provided valuable information on response of the system to
individual rainfall events on a fine time scale (a 5-minute time step was selected in all
event models). Thus, the event modeling was primarily used for identifying major
hydrologic parameters. In particular, all event models have been calibrated and validated
by using the observed stream data collected from the monitoring sites. Considering the
significant difference in spatial scales and hydrologic characteristics, the Black Creek
Basin was calibrated separately from other smaller basins. Specifically, two rainfall
events were selected for the BC basin (one for calibration and another for validation). For
the LBC and other small basins, three rainfall events were selected for calibration and
validation of the model. In the event models, the SCS curve number loss method, the
Clark transform method, and the recession baseflow method were selected for all
subbasins. The straddle stagger method or Muskingum method were selected for stream
reach routing. The calibrated parameters associated with these methods from all the event
simulations are listed in Tables 4-1 and 4-2.

Table 4-1 Event simulation results 1 — Subbasin parameters

Subbasin SCS Loss Clark Transform Recession Baseflow
IAo(in) | CN | IP; (%) | TC (hr)| SC (hr) [QBq (cfs)] RC RP

Basinl 0.87 70 0.32 6.80 8.80 6.5 0.97 0.30
Basin2 1.94 51 0.70 1.60 5.20 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
Basinll 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 14 0.93 0.20

Basin13 0.85 71 5.00 2.20 2.50 2.5 0.95 0.01

Note: 1A, = initial abstraction; CN = curve number; IP, = computing impervious area percentage;
TC = time of concentration; SC = storage coefficient; QB, = initial baseflow; RC = recession
constant; and RP = ratio to peak

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

Reach T. (min) | D (min) Method
Reachl 380 100 Straddle Stagger Method
Reach? 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: T, = lag time; D = duration; K = travel time of the flood wave through routing reach; X =
dimensionless weight (0 < X <0.5); and No-R = number of subreaches

4.1.1 Event Hydrologic Modeling for the Black Creek Basin

Two rainfall events in 2005 (Event 1: 8/10-8/15 and Event 2: 8/26-8/30) were selected for
calibrating and validating the hydrologic model for the Black Creek Basin, which
includes five subbasins (Basins 1-5), five outlets (Outlets 1-5), five reaches (Reaches 1-4
and the WWMS reach), and water discharge from the Muskegon County Wastewater
Management System (Figs 3-1 and 3-2). Simulation results for the two rainfall events are
summarized in Tables 4-3 — Table 4-7. The simulated peaks (both quantity and occurring
time) for the subbasins, outlets, and reaches during the two rainfall events are shown in
Table 4-3. According to model output, only a small portion of rainfall becomes excess
water available for surface runoff (Table 4-4). In contrast, average losses of water for the
entire BC basin for the two events are as high as 97.64% and 98.57%, respectively. For
all subbasins, baseflow is the primary source of runoff (Tables 4-5 and 4-6). This is
particularly true for the BC basin, even during rainfall events. The average percentages of
baseflow for the two events are 81.05% and 90.12%, respectively. At the final outlet of
the BC basin (Outlet 5), the average flow and cumulative water discharge are 22.422 cfs
and 9.687x10° ft* for the first event and 19.324 cfs and 6.679x10° ft* for the second event
(Table 4-7).
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The field data at the three BC sites (Site 6, Site 7, and Site1-US31; refer to Fig. 2-1) were
used for the model calibration and validation. Comparisons of the simulated stream
hydrographs and the observed ones for the three sites for both rainfall events are shown
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 NOF and EF are respectively given by:

n

NOF =—LJEZ(QM,[ 0. (1)

obs V1 it

n

Z (Qobs,i - stm,i )2

EF =1-5 - (4-2)
(0 =0

where Q,, , = observed discharge; O, = simulated discharge; O, = mean of the

observed discharge; and » = number of the observed and simulated data set. Note that if
all observed discharges are the same as the simulated ones, the NOF and EF values will
be 0 and 1, respectively. Results from the two evaluation methods are shown in Table 4-
8. Average NOF values for the three monitoring sites are 0.095 and 0.073 for the two
events, respectively. Average EF values are 0.820 and 0.805. In addition, relative errors
between the simulated and observed discharges were also calculated and the average
relative errors for the two events are 4.316% and 2.574%, respectively. These evaluation
parameters indicate that good agreements between the simulated and observed discharges
were achieved.

obs i

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

Event 8/10-8/15 Event 8/26-8/30
Element | Qp (cfs) Tp Vp (in) | Qp (cfs) Tp Vp (in)
Basinl 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]
Outletl 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)
Outlets 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
Reachl 14.90f 12Aug2005, 14:00 0.05 14.48 27Aug2005, 18:05 0.04
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Reach?2 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 (%)
Basinl 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
8/52)/-687[15 Basin4 1.224 0.037 1.260 97.07 2.93 100.00
Basin5 1.200 0.069 1.260 94.56 5.44 100.00
BC 1.093 0.026 1.118 97.64 2.36 100.00
Basinl 0.501 0.000 0.501f 100.00 0.00 100.00
Basin2 0.498 0.003 0.501 99.40 0.60 100.00
Event  |gasin3 0.489 0.015 0.504 97.02 2.98 100.00
8/26-8/30 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
BC 0.497 0.007 0.505 98.57 1.43 100.00

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

Event |Subbasin|Direct Flow (cfs) | Baseflow (cfs) | Total Flow (cfs)
Basinl 0.8774 6.0292 6.9066
Basin2 0.2314 1.7829 2.0143
Event  |gasin3 1.2313 6.4075 7.6387
8/10-8/15 :
Basin4 1.1350 1.3649 2.4999
Basin5 0.4875 1.3794 1.8669
BC 3.9626 16.9639 20.9265
Basinl 0.3263 6.1196 6.4459
Basin2 0.1491 1.8082 1.9572
Event  |Basin3 0.6901 5.8228 6.5130
8/26-8/30 :
Basin4 0.5040 1.0582 1.5622
Basin5 0.0539 0.9226 0.9765
BC 1.7234 15.7314 17.4549
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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

Event |Subbasin| QD (ft) | QB (ft%) QT (f}) | QD (%) | QB (%) | QT (%)
Basinl 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
Event Basin3 532,279 2,767,965 3,300,242 16.13 83.87 100.00
8/10-8/15 Basin4 490,663 589,622 1,080,289 45.42 54.58 100.00
Basinb5 210,745 595,896 806,637 26.13 73.87 100.00
BC 1,713,014 7,328,334 9,041,347 18.95 81.05 100.00
Basinl 112,868 2,114,945 2,227,813 5.07 94.93 100.00
Basin2 51,560 624,901 676,464 7.62 92.38 100.00
Event Basin3 238,720 2,012,345 2,251,072 10.60 89.40 100.00
8/26-8/30 Basin4 174,348 365,721 540,069 32.28 67.72 100.00
Basin5 18,639 318,858 337,500 5.52 94.48 100.00
BC 596,136 5,436,771 6,032,918 9.88 90.12 100.00

Table 4-7 Event simulation results 7 - Average flow and cumulative discharge volume at

the BC outlets

Event Outlet |Average Flow (cfs) | Discharge Volume (ft*) | Monitoring Site
Outletl 8.671 3,746,373 (Upper ML Outlet)
Outlet2 10.548 4,557,188 Site6
Event Outlet3 18.193 7,860,605 Site7
8/10-8/15 |~ ' i e
Outlet4 20.645 8,919,814 Site1-US31
Outlet5 22.422 9,687,281 (BC Outlet)
Outletl 8.720 3,013,543| (Upper ML Outlet)
Outlet2 10.346 3,575,775 Site6
Event Outlet3 16.859 5,827,183 Site7
8/26-8/30 |- ' il e
Outlet4 18.410 6,363,283 Site1-US31
Outlet5 19.324 6,678,943 (BC Outlet)

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

Event

Outlet

NOF

EF

Relative Error (%)

Event

Outlet2 (Site6)

0.136

0.641

8.495
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8/10-8/15 |outlet3 (Site7) 0.068 0.897 4.421
Outlet4 (Site1-US31) 0.082 0.922 0.031
Average 0.095 0.820 4.316

Outlet2 (Site6) 0.084 0.852 2.129
Outlet3 (Site7) 0.069 0.753 4.424

Event
8/26-8/30 |Outlet4 (Site1-US31) 0.066 0.810 1.169
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
during 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
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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 2.166x10°
ft® for Event 1, 9.073 cfs and 2.353x10° ft* for Event 2, and 6.881 cfs and 1.784x10° ft*
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 Vp | Qp Vp | Qp Vp
(cfs) Tp (in) | (cfs) Tp (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

Basinl0| 9.84| 27Aug2005, 05:25| 0.87| 5.05| 28Sep2005, 18:25 0.88 8.78| 30Jun2005, 06:15 0.71

Basinll| 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

Basin13|30.86| 27Aug2005, 07:10] 0.08|32.60| 28Sep2005, 21:10 0.08 30.73| 30Jun2005, 08:00] 0.06

Outleté | 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, 06:35f 0.1

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

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

Outletl2| 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, 07:05f 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

Event Basinll 0.504 0.003 0.510 99.41 0.59 100.00

8/26-8/30 Basin12 0.492 0.015 0.510 97.04 2.96 100.00
Basinl13 0.483 0.024 0.510 95.27 4.73 100.00

LBC 0.435 0.073 0.509 85.61 14.39 100.00

Basin6 0.927 0.006 0.951 99.36 0.64 100.00

Basin7 0.840 0.036 0.876 95.89 4,11 100.00

Basin8 0.649 0.158 0.807 80.42 19.58 100.00

Event (Basin9 0.588 0.221 0.807 72.68 27.32 100.00

9/28-10/1 |Basinl10 0.483 0.323 0.807 59.93 40.07 100.00
Basinll 0.777 0.003 0.789 99.62 0.38 100.00

Basin12 0.786 0.028 0.810 96.56 3.44 100.00

Basin13 0.759 0.033 0.807 95.83 4.17 100.00

LBC 0.697 0.149 0.850 82.42 17.58 100.00

Event |Basin6 0.333 0.006 0.336 98.23 1.77 100.00

6/30-713 |Basin7 0.405 0.018 0.426| 95.74 4.26)  100.00
Basin8 0.439 0.069 0.510 86.42 13.58 100.00

Basin9 0.401 0.112 0.510 78.17 21.83 100.00

Basin10 0.355 0.157 0.510 69.34 30.66 100.00

Basinl11 0.540 0.006 0.546 98.90 1.10 100.00

Basin12 0.486 0.012 0.501 97.59 241 100.00
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Basinl3

0.486 0.024

0.510

95.29

4.71

100.00

LBC

0.387 0.072

0.458

84.23

15.77

100.00

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

subbasins
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 0.0577 0.2712 0.3289
Event Igasin11 0.2095 2.2435 2.4530
8/26-8130 | sin12 0.4680 1.5679 2.0359
Basin13 1.1367 2.2602 3.3969
LBC 1.7675 45198 6.2873
Basin6 0.3819 0.3789 0.7608
Basin7 0.8520 0.8947 1.7467
Basin8 2.3315 1.4603 3.7918
Event [Basin9 1.1717 1.1989 2.3706
9/28-10/1 |Basin10 0.1611 0.2781 0.4391
Basinll 0.4336 2.4109 2.8445
Basinl2 1.4809 1.8854 3.3663
Basinl3 2.4064 2.3172 4,7236
LBC 4.8982 4.2108 9.1090
Basin6 0.1370 0.3594 0.4965
Basin7 0.3986 1.0777 1.4763
Basin8 1.0151 1.4603 2.4754
Event |Basin9 0.5812 1.5335 2.1147
6/30-7/3 |Basinl0 0.0769 0.2781 0.3550
Basinl1l 0.2989 2.4110 2.7100
Basin12 0.6092 1.6402 2.2494
Basin13 1.5152 2.3172 3.8323
LBC 2.2088 4.7090 6.9178
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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

Event [Subbasin| QD (ff) | QB (ft%) QT (f}) | 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
Event Basin9 150,819 530,126 680,943 22.15 77.85 100.00
8/26-8/30 [Basinl0 19,961 93,735 113,696 17.56 82.44| 100.00
Basinll 72,456 775,367 847,820 8.55 91.45] 100.00
Basin12 161,897 541,870 703,766 23.00 77.00, 100.00
Basin13 393,186 781,128 1,174,316 33.48 66.52| 100.00
LBC 611,365 1,562,147 2,173,511 28.13 71.87] 100.00
Basin6 99,105 98,200 197,303 50.23 49.77| 100.00
Basin7 221,096 231,940 453,035 48.80 51.20, 100.00
Basin8 605,034 378,505 983,538 61.52 38.48] 100.00
Event Basin9 304,058 310,767 614,826 49.45 50.55| 100.00
9/28-10/1 Basinl0 41,796 72,072 113,867 36.71 63.29] 100.00
Basinl11l 112,517 624,921 737,438 15.26 84.74) 100.00
Basin12 384,281 488,697 872,980, 44.02| 55.98 100.00
Basinl3 624,472 600,605 1,225,077| 50.97| 49.03| 100.00
LBC 1,271,089| 1,091,484 2,362,568 53.80| 46.20 100.00
Basin6 35,559 93,169 128,728 27.62] 72.38 100.00
Basin7 103,445 279,432 382,877 27.02 72.98, 100.00
Basing 263,410 378,505 641,915 41.03| 58.97| 100.00
Event |Basin9 150,819 397,565 548,383 27.50| 72.50 100.00
6/30-7/3 |Basin10 19,963 72,072 92,034/ 21.69 78.31] 100.00
Basin1l 77,569 624,983 702,553 11.04] 88.96 100.00
Basin12 158,086 425,178 583,260, 27.10| 72.90, 100.00
Basin13 393,185 600,605 993,789 39.56| 60.44/ 100.00
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) | Discharge Volume (ft®) | Monitoring Site
Outlet6 0.501 173,216 Sitel-BC
Outlet7 1.814 627,041 Site2
Event |Outlet8 3.979 1,375,598 Site3
8/26-8/30 |Outlet9 5.939 2,053,084 Site4
Outlet10 6.265 2,165,809| Site5 (LBC Outlet)
Outletl1 2.453 847,820, Site9 (CC Outlet)
Outlet12 2.025 699,979| Sitel0 (ED Ouitlet)
Outletl3 3.397 1,174,316 (ML Areas)
Outlet6 0.761 197,303 Site1l-BC
Outlet7 2.510 650,940 Site2
Event |Outlet8 6.283 1,629,614 Site3
9/28-10/1 |Outlet9 8.636 2,239,865 Site4
Outlet10 9.073 2,353,210| Site5 (LBC Outlet)
Outlet11 2.844 737,438| Site9 (CC Outlet)
Outlet12 3.315 859,571| Sitel0 (ED Outlet)
Outlet13 4.724 1,225,077 (ML Areas)
Outlet6 0.496 128,728 Sitel-BC
Outlet7 1.977 512,703 Site2
Outlet8 4.435 1,150,172 Site3
Outlet9 6.529 1,693,230 Site4
Event  loutlet10 6.881 1,784,413 Site5 (LBC Outlet)
630713 15 et 2.710 702,553  Site9 (CC Outlet)
Outlet12 2.236 579,763| Sitel0 (ED Outlet)
Outletl3 3.832 993,789 (ML Areas)

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

sites
Event Outlet NOF EF Relative Error (%)
Event |Outlet9 (Site4) 0.186 0.954 0.588
8/26-8/30 |0ytlet10 (Site5) 0.300 0.921 10.835
Outlet11 (Site9) 0.159 0.723 2.648
Outlet12 (Site10) 0.242 0.861 1.193

43




Average 0.222 0.865 3.816
Outlet7 (Site2) 0.425 0.793 28.025
Outlet9 (Site4) 0.212 0.962 14.527
Event [OutletlO (Site5) 0.238 0.961 0.916
9/28-10/1 |Outlet11 (Site9) 0.115 0.887 2.856
Outlet12 (Sitel10) 0.182 0.932 3.815
Average 0.235 0.907 10.028
Outlet7 (Site2) 0.355 0.930 20.329
Outlet10 (Siteb) 0.135 0.971 6.767
Event | itletl1 (Site9 0248  0.380 7.375
6/30-7/3 utle (Site9) . . .
Outlet12 (Site10) 0.207 0.877 6.729
Average 0.236 0.790 10.300
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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

Subbasin Clark Transform Recession Baseflow
TC (hr) | SC (hr) | QB (cfs) RC RP
Basinl 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
Basinll 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
Reachl 380 100 Straddle Stagger Method
Reach? 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 | Surface | Maximum Soil | Tension Soil
Soil | Storage | Storage | Infiltration | Impervious| Storage | Storage | Percolation

Subbasin | (%) (in) (in) (in/hr) (%) (in) (in) (in/hr)
Basinl 50 0.05 0.82 5.9 0.8 10 8 1.5
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 15
Basin4 50 0.05 1.05 5.9 4.3 10 8 15
Basin5 50 0.05 0.73 5.9 1.2 10 8 15
Basin6 50 0.1 0.95 5.9 1 10 8 15
Basin7 50 0.1 0.75 5.9 4 10 8 15
Basin8 50 0.05 0.23 5.9 13 10 8 15
Basin9 50 0.05 0.21 5.9 21 10 8 15
Basin10 50 0.05 0.1 5.9 30 10 8 15
Basinll 50 0.05 0.9 5.9 1.8 10 8 15
Basin12 50 0.05 0.55 5.9 3.6 10 8 15
Basin13 50 0.05 0.8 5.9 5 10 8 15

This continuous hydrologic model includes all hydrologic elements (subbasins, outlets,
and reaches) that are listed in Table 3-1 and shown in Figs 3-1 and 3-2. Simulation results
are summarized in Tables 4-18 — Table 4-22. The simulated peaks (both quantity and
occurring time) for the subbasins, outlets, and reaches during the entire simulation period
are shown in Table 4-18. The peaks at the BC outlet (Outlet 5), LBC outlet (Outlet 10),
CC outlet (Outlet 11), and ED outlet (Outlet 12) are 92.02, 45.69, 14.49, and 13.38 cfs.
The peak inflow of Mona Lake from all tributaries is 158.44 cfs at 10:00 AM on May 13,
2005. The modeling suggests that the overall percentage of rainfall excess for the entire
Mona Lake watershed is only 6.8% and the remaining portion of rainfall (93.2%) is
subject to various losses (Table 4-19). Additionally, it is consistent with the event
simulation results that the BC subbasins have higher loss and lower excess percentages
than other smaller subbasins. During the simulation period from April 6 to September 15,
2005, 583.287x10° ft® of water had been generated from the 13 subbasins, of which
93.9% came from baseflow and 6.1% was contributed by direct runoff (Tables 4-20 and
4-21). Thus, baseflow is the primary source of runoff. The total inflow of Mona Lake
during the simulation period is 619.626x10° ft* (Table 4-22). The cumulative discharge
and contribution percentages of all tributaries of Mona Lake are summarized in Table 2-
23 and schematically shown in Figs. 4-9 and 4-10. Specifically, the average flow and
cumulative water discharge from Black Creek to Mona Lake are 33.169 cfs and
464.170x10° ft3, respectively. Black Creek is the largest tributary of Mona Lake, which
contributed 74.91% of the inflow. LBC is the second largest tributary of Mona Lake. Its
average flow and cumulative water discharge are 5.008 cfs and 70.09x10° ft°,
respectively and the contribution percentage is 11.31%. The remaining water (<15%)
comes from Cress Creek, Ellis Drain, and other small tributaries adjacent Mona Lake.
The temporal distribution of the contribution percentages of all tributaries of Mona Lake
over the entire simulation period is displayed in Fig. 4-11. It can be observed from the
figure that the water contribution of Black Creek generally ranges between 70% and 80%
during most of the time, especially for dry time periods without rainfall. For certain short-
duration rainfall times, however, the contribution of Little Black Creek could be higher
than that of Black Creek.
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Like the event hydrologic models, this continuous hydrologic model was calibrated by
using the observed flow data at the eight monitoring sites (Site 2, Site 4, Site 5, Site 6,
Site 7, Site1l-US31, Site 9, and Site 10; refer to Fig. 2-1). Comparisons between the
simulated stream hydrographs and the observed ones for the eight sites are shown in Figs
4-12 and 4-14. The performance of the model was also evaluated by using the two
quantitative methods: normalized objective function (NOF) and modeling efficiency
(EF). Results from the two evaluation methods are shown in Table 4-24. Except for Site
2, good results have been achieved. The average NOF value for all eight monitoring sites
is 0.312 and the average EF value is 0.691. These evaluation parameters suggest good
agreement between the simulated and observed discharges. Basically, the simulated
hydrographs for the eight sites reflect the dominant trends and variations in the observed
stream flows. Due to the limitations in the data and model capabilities, the model failed
to capture some small-scale hydrologic behaviors and variability. For example, the
observed hydrographs at Sites 6 and 7 exhibit regular oscillations, which reflect the
variations in the discharge from the Muskegon County Wastewater Management System.
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)
Basinl 50.00f 06Apr2005, 00:00 3.07
Basin2 7.69] 13May2005, 10:00 2.16
Basin3 22.91f 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

Basinl10 4.60; 13May2005, 08:00 6.43
Basinll 14.49| 13May2005, 10:00 4.12
Basinl2 21.67| 13May2005, 10:00 2.49
Basinl3 47.92] 13May2005, 10:00 0.78
Mona Lake 158.44| 13May2005, 10:00 3.60
Outletl 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
Outletl1 14.49] 13May2005, 10:00 412
Outlet12 13.38/ 13May2005, 13:00 2.49
Outlet13 47.92| 13May2005, 10:00 0.78
Reachl 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
Reach?7 39.27| 13May2005, 12:00 3.05
Reach8 41.59] 13May2005, 13:00 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 — Water loss and excess for all subbasins

Subbasin | Loss (in) |[Excess (in)| Precip (in) | Loss (%) | Excess (%) | Precip (%)
Basinl 8.223 0.057 8.280 99.31 0.69 100.00
Basin2 8.207 0.068 8.280 99.18 0.82 100.00
Basin3 7.999 0.280 8.280 96.62 3.38 100.00
Basin4 7.939 0.340 8.280 95.89 4.11 100.00
Basin5 8.191 0.089 8.280 98.93 1.07] 100.00
Basin6 8.207 0.068 8.280 99.18 0.82 100.00
Basin7 7.959 0.321 8.280 96.12 3.88 100.00
Basin8 7.213 1.065 8.280 87.13 12.87 100.00
Basin9 6.551 1.724 8.280 79.17 20.83 100.00
Basin10 5.796 2.484 8.280 70.00 30.00 100.00
Basin11 8.140 0.140 8.280 98.31 1.69 100.00
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Basin12 7.991 0.289 8.280 96.51 3.49 100.00
Basinl13 7.884 0.394 8.280 95.24 4.76 100.00
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)
Basinl 0.3303 15.1316 15.4619
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
Basinl11 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
CC(11) 0.1163 3.1043 3.2207
ED(12) 0.2413 1.7739 2.0152
ML-Areas(13) 0.4559 0.4046 0.8605
Sum 2.5406 39.1391 41.6796

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

Direct Flow| Baseflow | Total Flow Direct Baseflow | Total Flow
Subbasin (ft) (ft) (ft) Flow (%) (%) (%)
Basinl 4,621,770( 211,751,899 216,373,653 2.14 97.86 100.00
Basin2 1,217,408 30,644,579 31,862,153 3.82 96.18 100.00
Basin3 4,867,882 92,053,699 96,921,628 5.02 94.98 100.00
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Basin4 4,049,192 74,778,703 78,827,888 5.14 94.86 100.00
Basin5 302,440, 3,688,241 3,990,667 7.58 92.42 100.00
Basin6 580,763 5,211,484 5,792,200 10.03 89.97 100.00
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
Basin10 323,107 513,745 836,928 38.61 61.39 100.00
Basinll 1,628,816 43,444,946 45,073,651 3.61 96.39 100.00
Basin12 3,377,767 24,825,022 28,202,864 11.98 88.02 100.00
Basin13 6,383,480, 5,659,643 12,043,127 53.01 46.99 100.00
Sum 35,562,465| 547,724,290 583,286,864 6.10 93.90 100.00
BC(1-5) 15,058,692 412,917,122| 427,975,988 3.52 96.48 100.00
LBC(6-10) 9,113,710 60,877,557| 69,991,234 13.02 86.98 100.00
CC(11) 1,628,816 43,444,946 45,073,651 3.61 96.39 100.00
ED(12) 3,377,767| 24,825,022| 28,202,864 11.98 88.02 100.00
ML-Areas(13) | 6,383,480, 5,659,643 12,043,127 53.01 46.99 100.00
Sum 35,562,465| 547,724,290 583,286,864 6.10 93.90 100.00

Table 4-22 Continuous simulation results 8 - Average

volume at all outlets

flow and cumulative discharge

Outlet | Average Flow (cfs) | Discharge Volume (ft%) Monitoring Site
Outletl 17.762 248,565,704 (Upper ML Outlet)
Outlet2 20.115 281,494,109 Site6
Outlet3 27.149 379,942,324 Site7
Outlet4 32.838 459,541,957 Site1-US31
Outlets 33.169 464,170,601 (BC Outlet)
Outlet6 0.414 5,792,200 Site1-BC
Outlet? 1.696 23,741,617 Site2
Outlet8 3.511 49,133,025 Site3
Outlet9 4.948 69,246,220 Site4
Outlet10 5.008 70,090,387 Site5 (LBC Outlet)
Outletll 3.221 45,073,651 Site9 (CC Ouitlet)
Outlet12 2.019 28,248,523 Site10 (ED Outlet)
Outletl3 0.861 12,043,127 (ML Areas)

Tributary | Average Flow (cfs) | Discharge Volume (ft°) Outlet
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BC 33.169 464,170,601 Outlet5
LBC 5.008 70,090,387 Outlet10 (Siteb)
CC 3.221 45,073,651 Outlet11 (Site9)
ED 2.019 28,248,523 Outlet12 (Site10)
ML-Areas 0.861 12,043,127 Outlet13
Sum 44.276 619,626,289 (Total flow into ML)

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

Tributary BC LBC CC ED ML-Area Sum
Cumulative

Discharge (ft3) 464,170,601 70,090,387| 45,073,651 28,248,523 12,043,127 619,626,289
Percent (%) 74.911 11.312 7.274 4.559 1.944 100.000

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

Outlet NOF EF
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
Outlet9 (Site4) 0.323 0.681
Outlet10 (Siteb) 0.351] 0.715
Outletll (Site9) 0.241 0.703
Outlet12 (Site10) 0.445 0.613
Average 0.312 0.691
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5. Conclusions

A hydrologic monitoring-modeling system has been developed in the Mona Lake
Watershed. 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:

(1) Sources of Mona Lake: During the study period from April to September 2005, Mona
Lake received 620 million ft® 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.

(2) Partitioning of Rainfall: 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.

(3) Sources of Stream Flow: 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 ft* of water was generated from the 13 subbasins, of
which 93.9% originated from baseflow and the remaining 6.1% came from direct
runoff.

(4) Hydrologic Characteristics of Tributaries: 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. Estimation of Contaminant Loading to Mona Lake

This is a collaborative effort between this project and the Mona Lake CMI project. The
objective herein is to evaluate external loading of phosphorus from the four major
tributaries (BC, LBC, CC, and ED) to Mona Lake during 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. In the CMI project, grab water quality
samples have been taken from outlets of the four tributaries and analyzed for TP and
SRP. Note that the concentrations of TP and SRP generally referred to low-flow
conditions because the samples were taken during dry time periods. The monthly low-
flow concentrations of TP and SRP of the four tributaries are listed in Table 6-1 and
shown in Figs. 6-1 and 6-2, respectively. Rainfall and daily average water discharge of
the four tributaries during the time period are shown in Fig. 6-3.

Table 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):

In this method, it is assumed that the monthly low-flow concentrations of TP and SRP
from the grab samples in 2005 are applicable to all flow conditions in the corresponding
months. Thus, daily loads of TP and SRP were computed by using the monthly low-flow
concentrations and daily average water discharge for the four major tributaries of Mona
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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
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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):

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 of TP
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 used
for computing high-flow concentrations. Daily loads of TP and SRP were calculated by
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 monthly
threshold flow, the low-flow concentration was used in the loading computation.
Otherwise, a high-flow concentration was computed by using the low-flow concentration
and the increased rate as follows:

For O, > QT' ;

M,=0,Cy =0,C, (1+7r/100) (6-1)
For O, <0;,

M, = QiCLF,j (6'2)

where M; = load at daily time step i [M]; O; = water discharge at daily time step i [L*/T];
Cur, ; = high-flow concentration in month j with respect to daily time step i [M/L®]; Cur j
= low-flow concentration in month j with respect to daily time step i [M/L?]; Or i =
threshold flow in month j with respect to daily time step i [L*/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., M, > M, . 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
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
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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
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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

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
computation, average monthly low-flow concentrations of TP and SRP were computed in
Method 3 by using the 2002-2005 low-flow water quality data and used for estimating
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
SRP computed by using this 2002-05 1-C method are shown in Figs. 6-10 and 6-11.

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

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

Month = BC LBC cC ED BC LBC cC ED
1 0.035 0.060 0.025 0.035 gp125 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 (0133 001 00167 0015
4 0.040 0.030 0.020 0.030 Qo075 0005 0005 0005
5 0.080 0.045 0.025 0.020 o075 0.0125 0.005 0.005
6 0.073 0.053 0.030 0.043 (005 0005 0.005 0005
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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. 6-9 Monthly average low-flow SRP concentrations of the four major
tributaries from 2002 to 2005 (detection limit: 5 ppb)
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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
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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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
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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

6.2 Summary of Loading Estimation Results

Results of the TP and SRP loads estimated by using the aforementioned four methods are
summarized in Table 6-5. The estimated percentages of TP and SRP loads from the four
major tributaries are also schematically shown in Fig. 6-14. More reasonable estimates of
the TP and SRP loads were yielded by the 2-C methods (2005 2-C method and 2002-05
2C method) because both 2-C methods took into account the differences in
concentrations with respect to flow conditions (high and low flow conditions). In
contrast, the two 1-C methods tend to underestimate the TP and SRP loads. It can be
observed from Fig. 4-14 that Black Creek, as the largest water contributor of Mona Lake,
is also the major 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 similar
to those estimated by the 2002-05 2-C or 1-C method (i.e., Fig 4-14a similar to Fig. 4-
14c; Fig 4-14b similar to Fig. 4-14d; Fig 4-14e similar to Fig. 4-14g; and Fig 4-14f
similar 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) 495398 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 75921  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(%) 7248  17.12 6.03 436  100.00
Sum(kg) 392.020 75511  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 4.12 356  100.00
Sum(kg) 85.587  16.293 5524 4229 111.634
2005 1-C
SRP 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 4.44 434  100.00
Sum(kg) 83.074  15.652 6.195 5354 110.276
2002-05 1-C
Percent(%) 75.33  14.19 5.62 486  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.

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)
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