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~ Study Goal

Develop a dynamic water quality model for
Brewster lake using explicit “process-oriented”
mechanistic basis that includes the chemical and
biological interactions that take place in the lake.

Why This Study:

Most lake water quality models (studies) use
steady-state input-output “data-oriented” mass
balance equations.
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~——Obijectives =
Collect/obtain physical data of the lake.

Develop a graphical model of the lake.

Perform hydrodynamic analysis of the lake’s
watershed - water budget.

Collect and analyze water samples for a set of
water quality variables.

Obtain atmospheric/weather data.

Develop/derive a mathematical model for the
lake’s water quality.

Develop a numerical model.

Perform water quality simulations using
COMSOL Multiphysics®.



Pierce Cedar Creek Biological Field Station,
Barry County, Southwest M






~— Physical Data Collected

Bathymetric data — lake depth

USGS topographic data — watershed delineation
GPS data

Field dimensional measurements

Google areal images

Lake elevations

Outlet flow rate measurements



Graphical Model — Brewster Lake

AutoCAD Civil 3D 2013



COMSOL Multiphysics®
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raphical Model — Brewster Lake

COMSOL Multiphysics®



-Hydrodynamic Analysis — Water Budget

Used the USGS conceptual model to perform the

hydrodynamic analysis

4 main
components

Water Storage in
L the Atmosphere

Runoff
Groundwater
Evaporation
Precipitation
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—Hydrodynamic Analysis — Water Budget

Runoft and Precipitation Evaporation was
was calculated using estimated using a
TR-55 mathematical model
s T — Groundwater was
‘”I:d'-"lfnil'ﬂw."ﬁ Sn;-:tll ."k;i'a'rer.:.shed Hydrology estimated by USing a
o ] — water budget balance
:.s:f:-‘.:v;j[ﬁls area De :.."‘"l Te (he) ‘




Welcone to
rewster kake

Lake Water Level Monitoring

12



/Hyd/rodynamic Analysis — Water Budget

Brewster Lake Discharge Creek 06-15-12

=—Sensor Depth, feet
& Coupler Detached
¥ Coupler Atached
2 Stopped

¥ End Of File

& Coupler Detached
¥ Coupler Atached
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P/Ni U20-001-01  S/N: 9738918

- www.onsetcomp.com

Outlet flow rate measurements
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Watershed Analysis

L-THIA 2.0
web-based
watershed
software —
Purdue
University
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~Hydrodynamic Analysis — Water Budget

L-THIA Basic Input

* Name to identify output: wdcjy22636

s State : Michigan -

s County : Barry -

® Areain: acras -

LAND USE HYD. SOIL GROUP 1 2 3
SCENARIO 1 SCENARIO 2 SCENARIO 3
Water/Wetlands - B - 74
Agricultural - B - 71
Grass/Pasture - B - 222
Forest - B - 617
SELECT LAMDUSE - A -
SELECT LAMDUSE - A r
SELECT LAMDUSE - A -
SELECT LAMDUSE - A r
Total Area 985 0 0
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~ Hydrodynamic Analysis — Water Bu dget

L-THIA OUTPUT

Scenario Name - wdcjy22636
Total area : 98.5 acres
State : Michigan
County : Barry

Link To GIS RAINFALL DATA Text File

Average Annual Runoff Volume for SCENARIO 1

Hydrologic Soil Average Annual

‘ Land Use Group Area (acres) Runoff Volume
(acre-fi)
|  WaterWetlands | B | 74 | 0
| Agricultural | B | 7.1 | 1.07
| Grass/Pasture | B | 222 | 1.01
| Forest | B | 617 | 168
| Total Annual Volume (acre-ft) | 377
| Average Annual Runoff Depth (in) | 046

| Average Runoff Depth For Hydrologic Soil Group And Landuse Combination

Hydrologic Soil

Land Use Group Curve Number Runoff Depth (in)
| Water'Wetlands | B | 0 | 0
| Agricultural | B | 75 | 182
| Grass/Pasture | B | 61 | 055
| Forest | B | 35 | 033
| Average Annual Rainfall Depth (in) | 3206
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~Hydrodynamic Analysis — Water Budget

Rainfall Rainfall : Relative Wind

Weeks total Average szc?;))ff Evap(ci)r:';]tlon Temp(elzzr)ature Humidity Speed

(in) (in/day) (%) (kt)

May 26 -June 1 0.99 0.14 0 1713 66.7 7059 9i:
June 2 -June 8 0 0.00 0 1525 60.2 6155 6.9
June 9 - June 15 1.19 0.17 0 1525 68.3 73.6 757
June 16 —June 22 0.18 0.03 0 1525 70.9 5959 7
June 23 - June 29 11.67 1.67 2 1.25 73.8 74.2 7.4
June 30 - July 6 10.92 1.56 1.36 1.44 69.7 69.6 6.2
July 7 -July 13 6.59 0.94 0 1.44 73.1 72.8 6.4
July 14 - July 20 18.29 2.61 14.99 1.44 80.8 70.4 6.6
July 21 - July 27 10.14 1.45 0.83 1.44 68.1 70.5 6.8
July 28 - August 3 20.54 2.93 21.52 1.13 64.4 77.8 6.7

Weekly Weather Averages =



2133
1.69
1117
1214

July14 - 20 1.366
1188
1.099

Weekly Water Budget

—
-Hydrodynamic Analysis — Water Bu

Average Volume of
discharge (cfs) Discharge (m3)

36529.8
28943.0
19129.8
20791.0
23394.2

20345.7
18821.5

dget

Volume of
evaporation
(m3)
1682.8
1682.8

1935.2
1935.2
1935.2
1935.2
1514.5
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~Hydrodynamic Analysis — Water Budget

Weel Volume of Average Change in Groundwater
£ Runoff (m3) Delta height (m) Volume (m3) Volume (m3)
0.0

June 16 - 22

0.143 7579 45791.6

une 23- 2 4252.1 0.122 6466 2839.7
3- 29 3425
une 30 - July 6 23201.4 -0.239 -12667 -14893.5
uly7-1 0.0 -0.314 -16642 6084.2
y 3 3
uly14 - 20 256719.2 -0.2 -10600 -241989.9
uly 21 - 27 14214.6 -0.148 -7844 222.3

July 28 - August 3 368552.1 -0.028 -1484 -349700.2

Weekly Water Budget — Groundwater Flow Rate
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~—Nutrient Loading to
Watershed

Scenario Name : wdcjy21636
Total area: 983
State : Michigan

Scenario Name : wdcjy22636
Total area- 98.5
State : Michigan

Scenario Name : wdcjy22636
Total area- 98 3
State : Michigan

County : Barry County : Barry County : Barry
NPS Nitrogen losses NPS Phosphorous losses NPS BOD losses
; SCENARIO 1 . SCENARIO1 . SCENARIO]
Land U

Land Use (“JS) Land Use (lbs) and Use (“js)
| Water Wetlands | 0 | Wt Wellands | 0 \ Water Wetlnds \ 0
| Agicutrd | 3 | Agcibd | 3 \ Agrahd \ 1t
| Grass Pasture | 1 ‘ Grass Pasture ‘ 0.027 ‘ GrassPasture ‘ 1
| Forest | 3 ‘ Torest ‘ 0.046 ‘ Forest ‘ 2
| TotalScenario | 7 ‘ Total/Scenario ‘ 107 ‘ Total/Scenario ‘ b
| Avg Aunual Concentration (ppm) | 1681 ‘ Avg Amnual Concentration (ppm) ‘ 0304 ‘ Avg Aunual Concentration (ppm) ‘ 1385
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P Monitoring PlaniDesign

le 18
e d sample»19

sample 15 sample 20
sample,16

sample 11 ‘ & sample 17
sample 12 g d ‘sampli,m

» sample 14

sample 9

d sample 10

sample 6

sample 8
P saﬁwﬂe 5‘ SEI#FHE?I‘

sample 2
sample 4 d & sample 3

& 2012 Google
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onitoring Plan

® 2 Cross sections
* 14 water columns

* 3 sampling depths
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~Monitoring Plan

E-W Cross Section

Depth {m):

Column 1
3.19

Column 2
6.54

Column 3
8.97

\//

EW cross-section

Column 4
7.90

Column 5
3.34

1 16635866 E
4711105 N

2 16635337 E
4711126 N

3 168635807 E
4711144 N

4 16639778 E
4711162 N

5 16635745 E
4711175 N
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~Monitoring Plan

NE-SW Cross Section

Depth (m):
Column 1
2.13 Column 9
2.13
,_/ Column 8
Column 2 —_— 4.26
351 Column 6 = -
| ——"|columns |6.08 olumn
—_ 5.47
Column 4 | 633
Column 3 2 21
3.66 :
NS cross-section
1 2 3 4 5 3 7 B 5
16639718 E | 16639745E | 16639772F | 16639799EF | 16639826F | 16639854F | 166398B1E | 16639008 E | 16639935 E
4711041 N AT110B1N | 4711121 N [ 4711161N | 4711201N | 4711241 N 4711281 N | 4711321 N | 4711361 N
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onitoring and Sampling




—Monitoring and Sampling

14 water columns

3 sampling depths

YSI Unit In-lake measurements
e Dissolved Oxygen
e Temperature
e pH
e Conductivity
Water Sampler



¢ 8 Parameters
e Total Nitrogen
e Total Phosphorus
e Reactive Phosphorus
e Ammonia
e Nitrates

e Chemical Oxygen
Demand

e Biochemical Oxygen
Demand

e Total Organic Content




—Modeling Process

R

Variable Notation Concentration Units:

C, = Ammonia Nitrogen NH;, mg N/L
C, = Nitrate Nitrogen NO;, mg N/L

C; = Inorganic Phosphorus PO,, mg P/L
C, = Phytoplankton Carbon PHYT, mg C/L
C. = Carbonaceous BOD CBOD, mg O,/L
C, = Dissolved Oxygen DO, mg O,/L

C7 = QOrganic Nitrogen ON, mg N/L

Cg = Organic Phosphorus OP, mg P/L



~— Modeling Process

Wool, et al., 2006 (WASP6 Manual):

Dissolved Oxygen DO, mg O./L

dC, = C; 64 C;
e etk At G0 = E
dt 2(Cs = Co) — ky knos bl 141 K+ Ce
~ SoD 39259 39
(T 20) s (T 20)
——1.08 + Gp (12 —14(1 PNHg))C4 17 K1r1.045 Cs

InCs = —139.34 + (1.5757x10°)Tx" — (6.6423x10”)Tx* + (1.2438x10')T*
— (8.6219x10)Tx* — 0.5535 5 (0.031929 — 19.428T%" + 3867.3Tk*

= ( C6 VS3
dt 12 e ot )

k
= kyy1.087-20 (M%)
e -

)kldCPHYT — kg1.0477720)
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~— Modeling Process

Ammonia Nitrogen
ac T-20 Cy
a_tl = Dpf_awc(l i fon)C4 = ‘[‘571@5'1 ) (KmPc+C4) C? =3 GplaNCPNH3 C‘i*
Nitrate Nitrogen

6C2 (T—20) Cﬁ

= ko® C:1—G 1 =P C

o = k1201, e planc( ni3)Ca

K
(T—20) NO3
—kon® &
Tl (me i Cﬁ) z

B ( 2 )+C ( . )
NS = I\ Komis + €2)(Kmia + C3) "\ (C1+ C)(Kp1a + C3)
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Phytoplankton Nitrogen
d(Csanc) Vsa
5 GpiancCs — DpancCy — FsaNCCIL
Organic Nitrogen
ac,

C1

C4 )CI = V_S-g(l —_ fD'?)

= (T—20)
e Dpianct ,Ca — k7107, (Kmpc + Cy D

33



~— Modeling Process

Inorganic Phosphorus

d0C; (T-2
¢ DpiOpc (1 = fop) Cy + kg3Og3

Phytoplankton Phosphorus

d(Caayc) Visa
Tpc = Gp1apcCy — Dpiaycly — - a

Organic Phosphorus

0)

pc

dCg T—20 Cy
9 Dpiaycf ,,Ca = kgzOf5 2

KmPC T C4-

)

( 4
Kmpe + Cy

Cy

) Cg — Gpa,Cy

= Vs3(1 = fDB) G

D
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S

— Modeling Process

Rearation:

Flow-Induced
Dependent on depth

Wind Induced
Wind velocity

d<2ft
2<d<20ft
d>20ft

W< 6m/s
6<w<20m/s
w > 20 m/s
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| /meling Process

Rearation:
Flow-Induced
Dependent on depth

<2ft
2<d<20ft

d> 20 ft

ko (20°C)=5.349y ‘;"5? D ;1-35

krﬂ (20°C)= 5.049 1;"?--"”[) ;r_f-ﬂf?

gy (20°C)= 3.93,9°° p7}3°
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~— Modeling Process

Rearation:
Wind Induced - Wind velocity

W< 6m/s

6<w<20m/s ks

w > 20 m/s

2/3 72

86400 - > 173

oy = ( Do ] e ] R JC.(100eT7)
100 D; \ vy D, T

_ 86400
100 D,

[(TER’rﬂ e J00W J'+(TERM2 100 W )-f}f

\1/2
86400 ,
= {Eb” F%lﬁ-dC}] 1007

" 100 I)J' Kz, )Olrr Vir

7
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First Round Results

Dissolve .
Water Cohumn Oxygen pH Tem]jﬂéranm C?glnéusggnj
mgL) o |
Surface 8035 241 2018 0343
1 hMiddle g.44 g2.04 1841 0348
Bottom 4.10 7.30 17.70 0.423
S 862 g6l 20.01 0343
2 M 1294 228 15.83 0363
E 043 6.69 7.58 0410
S 832 g£47 20.11 0343
3 M 1327 7.66 10.70 0372
B 0.67 705 6.40 0.343
S 863 g£47 2008 0343
4 M 14 26 833 1226 0366
B 0.33 743 6.63 0474
S 863 833 2035 0.343
3 M 175 g24 1897 0328
E 1.02 747 17.29 0328
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First Round Results

Total Total Beactive : :
Water Cohumn Phosphons MNitrogen Phosphons AE:_;:;? :EI:IT;E? [;2?_.}
(mgl) (mgl) (mgl)
Surface 0.39 0.0 - - 0.1 7.1
1 hMiddle 0.34 0.1 - 0.006 0.0 13
Bottom 0.40 0.5 0.03 0012 0.3 50
S 032 03 - - 0.1 6.6
2 M 045 1.1 0.01 0.006 0.1 52
E 0.44 14 0.13 0.052 0.1 71
S 0.30 1.7 0.07 - 0.1 34
3 M 037 - 0.001 0.001 0.1 5.0
B 325 5.0 229 3 - 152
S 0.40 0.9 0.07 - 0.1 6.8
4 M 0.36 1.8 0.013 0013 0.1 55
B 1.10 2.0 0.65 1.608 - 17
S 029 0.0 - 0.007 0.1 6.6
3 M 031 34 0.007 0.007 0.1 59
B 0.63 12 011 0127 0.1 15
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Second Round Results

Dissolve .
Water Column Oy gen pH Temﬁg; e C?;;éu,f%m
(mg/L) '
Surface 745 212 2637 0321
1 Middle 720 220 1636 0322
EBottom 462 688 2600 0334
g 707 233 2645 03522
2 b 0.40 733 1546 0303
E 0.00 6.60 T7.64 0.523
5 747 233 2647 0323
3 Y1 023 T.16 1328 0.404
E 0.34 6.33 T.0E 0667
5 642 234 2647 0322
4 Y1 083 737 18.06 038
E 0.40 3.84 244 0482
g 6.63 241 2658 0320
5 M 6.62 237 1640 0321
E 6.06 217 1633 0321

13



Second Round Results

Total Total Feactive : :
Water Column Phosphomi  MNitrogen Phosphons H?In]:;?ﬁa ?&?;E‘ [glg_%} (512-3} [Elg__[}]_.}
(mgl) (mgl) (mgl)
Surface 0.440 1.700 0.130 0.006 0.133 52 10900 -
1 Middle 0303 0.700 0.090 0.003 0.100 5.3 £.300 -
Eottom 0330 19350 0.110 0.004 0.100 46 2.700 -
g 0207 0000 0.130 0.020 0.100 46 4633 287
2 M 0247 0.600 0.113 0.007 0.100 25 15567
E 2143 3.500 5.163 4781 0.700 5.0 5667 0351
5 0.240 0200 0.097 0.018 0.100 2.7 16000 -
3 M 0187 0.000 0.130 0.021 0.100 1.9 3.630 -
E 6333 4000 43550 6.840 0.667 133 24367 -
S 0287 0.600 0.103 0.013 0.100 25 5767 234
4 M 0210 0.600 0223 0018 0.133 2% 10300 o022
B 0.737 2200 0.710 2048 0300 1.6 5000 0453
g 0243 0500 0.133 0.021 0.200 25 B233 -
5 M 0203 0430 0.110 0.003 0.100 2.6 9150 -
B 0213 0.900 0.110 0.009 0.133 235 10435 -
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First Round Results

Diszolve ..
WaterCohmn  Owygen  pH 1RSI Conduciy
(mg/L) ("C) !

Surface 2351 g1 2245 0343
1 Middle 0&9 827 2142 0341
Bottom 6.73 233 0098 0349
5 822 203 2216 0343
2 M 17.13 204 10.93 0372
B 021 7.54 642 0.5340
8 703 002 2220 0344
3 M 13.69 204 10.84 0373
B 087 354 6.64 0548
8 793 o0z 2220 0343
4 M 1392 004 11.283 0371
B 0.63 220 650 0500
s 062 243 2375 0323
3 M 13.67 213 16.04 0366
B 090 752 877 0446
g 013 274 2381 0323
] M 10.37 £325 1242 0336
B 067 7.51 073 0425
s 88 .58 23.72 0327
7 M 020 30 20.14 0333
B 0.64 T.80 10.17 04035
g 064 266 23.76 0322
2 M 226 g32 2215 0324
B 051 833 15.17 0419
s 234 837 2382 0325
Q M 263 g38 2335 0323
B 1.10 7.59 12949 0367
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First Round Results

Total Total Feactive . :
Water Cohumn Phosphoms MNitrogen Phosphons Agﬁ;?ﬁa :EI:IT;TI'_? [11‘12?_.}
(mgl) (mgl) (mgl)
Surface 022 13 003 0.003 01 6.7
1 Middle 023 1.8 0.06 0.019 0.1 6.9
Bottom 0.26 0.6 008 - 0.1 7.8
8 027 09 0.07 0.003 0.1 6.6
2 M 031 0.8 0.06 0.01 0.2 6.3
B 203 4.1 1.64 2.806 - 7.9
8 023 03 0.06 - 01 72
3 it} 029 - 008 - 0.1 55
E 229 6.4 1.96 2943 - 71
8 023 1.8 003 - 01 57
4 M 0.23 - 0.07 - 0.2 6.2
E 0.68 12 017 0444 - 6.7
8 029 - 0.06 - 02 6.2
3 M 029 0o 003 - 0.1 6.1
B 0.63 - 0.10 0371 - 8.5
8 026 - 0.12 - 0.1 6.0
& M 0.30 - 003 - 0.1 6.0
B 043 - 0.20 0.308 0.1 6.7
8 027 - 0.07 - 02 6.3
T M 024 - 003 - 01 3.1
B 098 - 0.12 0.021 0.1 8.3
8 028 - 003 - 0.1 6.2
2 M 0.24 - 0.06 - 0.1 6.1
B 0.54 0.8 003 0.122 1.8 8.2
8 032 - 003 - 0.1 6.2
9 M 0.34 - 0.07 - 0.1 176
J= 0.39 - 0.08 - 0.2 7.3
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Second Round Results

Dissolve P
Water Column Oxygen pH TEH}EE?ME C?;EJEE:}I}
(mgL) '

Surface 711 240 26.34 0322
1 Middle T.06 238 2633 0522
Bottom 368 g2.00 26.01 0323
) T.66 244 26.30 0522
2 M 0.52 740 1552 0397
E 038 713 704 0.522
) 208 240 2414 0326
3 M 0.30 210 1440 0.400
E 0.30 767 717 0616
s 778 227 2414 0327
4 M 038 £.20 15.84 0399
E 037 200 .17 0303
g 7322 230 2411 0327
5 M 191 213 081 0376
E 039 g.16 1071 0.448
3 722 2E7 2418 0327
] M 6.70 874 1304 0327
E 0.66 233 12.11 0.501
g 691 268 2422 0326
7 M 737 378 2416 0326
E 041 243 12.85 0.453
) 626 252 2433 0324
2 M 738 263 2413 0323
E 048 T.85 1296 0567
g 678 247 24 33 0323
9 M 6.69 23 2433 0323
E 542 243 2375 0323
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Second Round Results

Total Total Feactive . :
Water Cohumn Phosphone  Mitrogen Phosphons Agin]:;li?a ng;i? [11‘12?_.} [E‘EII]_.} [S_:;[I]_.}
(mgl) (mgl) (mgl)
Surface 0.086 063 0.11 0.026 0.10 23 132 -
1 hiiddle 0.043 0.70 0.11 0.020 0.10 3.0 16.6 -
Bottom 0.060 3.86 0.1¢ 0.112 0.10 3l 16.2 -
g 0300 0.30 0.10 0013 0.10 23 71 248
2 it} 0240 0.10 0.13 0.012 0.13 19 12.5 0.08
E 2523 283 284 4182 0.73 ERY 193 0.48
3 0.653 0.30 0.13 0.034 0.10 23 6.9 -
3 i} 0323 0.87 0.11 0.014 0.13 2% 1.3 -
E 5013 1133 4232 6.391 087 6.3 159 -
5 0.320 0.00 0.09 0.130 0.10 7.6 55 -
4 i} 0427 0.40 0.14 0.014 0.17 6.9 6.5 -
E 1.873 4.13 236 4388 0.60 0.6 43 -
g 0340 030 0.1% 0.143 0.20 74 52 1.63
3 i} 0.267 203 0.1% 0.008 0.10 73 53 0.06
E 0930 0.70 131 23245 033 87 36 039
3 0283 353 0.13 0121 0.10 6.8 6.2 -
& it} 0.330 1.43 0.1¢ 0.192 0.10 6.0 2.7 -
E 0.660 1.00 046 0.809 0.20 6.2 3.7 -
3 0280 0.00 0.10 0.162 0.10 7.1 47 -
7 | 0.247 2.00 0.09 0.002 0.13 6.7 37 -
E 0.387 1.07 0.54 1368 0.20 72 43 -
3 0.287 0.03 0.04 0.231 0.10 15 7.0 134
g M 0317 0.73 0.09 0.000 0.13 6.6 19 1.17
E 0.357 0.00 0.12 0484 0.20 7.1 55 021
3 0310 020 0.07 0.181 0.13 7.1 44
9 i} 0.287 0.70 0.08 0.005 0.10 6.3 22 -
E 0277 0.40 0.11 0217 0.13 6.3 1.1 -
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