










Seasonal Variations in Water Quality
Figure 3
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Months: 5 thru 9

Figure 4
Excursion Frequencies vs. Total Phosphorus

y = 0.6007Ln(x) - 2.5444

R2 = 0.7172

y = 0.368Ln(x) - 1.6613
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Months: 6 thru 7

Figure 5
Excursion Frequencies vs. Total Phosphorus

y = 0.418Ln(x) - 1.3625

R2 = 0.429

y = 0.3022Ln(x) - 1.1481

R2 = 0.2227

0%

20%

40%

60%

80%

100%

120%

0 50 100 150 200 250 300

Total Phosphorus (ppb)

p
H

 F
re

q
u

en
cy

>9.0

>9.5

>10.0

y = 0.1281Ln(x) - 0.5318

R2 = 0.3079

0%

10%

20%

30%

40%

50%

60%

0 50 100 150 200 250 300

Total Phosphorus (ppb)

D
.O

. F
re

q
u

en
cy

< 8 ppm

< 6

< 4

y = 0.4954Ln(x) - 1.9626

R2 = 0.5928

y = 0.4056Ln(x) - 1.8263

R2 = 0.7369

0%

20%

40%

60%

80%

100%

120%

0 50 100 150 200 250 300

Total Phosphorus (ppb)

C
h

l-
a 

F
re

q
u

en
cy

> 50 ppb

> 100

> 200



Symbols: Mean Values for June & July Sampling Dates, 1990-1999, Total P < 190 ppb
Dashed Lines Show ~80% Prediction Intervals for Individual Sampling Dates

Figure 6
Empirical Models Relating Phosphorus, Chlorophyll-a & pH

y = 0.0045x2.0875

R2 = 0.6466

0

50

100

150

200

250

300

0 50 100 150 200

Lake-Mean Total Phosphorus (ppb)

C
h

lo
ro

p
h

yl
l-

a 
(p

p
b

)

y = 0.5743Ln(x) + 6.5899

R2 = 0.8729

8.0

8.5

9.0

9.5

10.0

10.5

0 50 100 150 200 250 300

Chlorophyll-a (ppb)

L
ak

e-
M

ea
n

 p
H

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

8.0 8.5 9.0 9.5 10.0 10.5

Lake-Mean pH

P
er

ce
n

t 
o

f 
S

am
p

le
s

Model:
Normal Frequency

Distribution
Std Dev = 0.25

pH > 9.0

pH > 9.5

Chl-a = 66 ppb

Standard

TP = 100 ppb

Chl-a = 66 ppb



Symbols: Mean Values for June & July Sampling Dates, 1990-1999, Total P < 190 ppb
Dashed Lines Show ~80% Prediction Intervals for Individual Sampling Dates

Figure 7
pH vs. Total P Relationships Derived from Linked Empirical Models
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Lake Mean Concentrations;  lines = Observed; Symbols = June-July Observed Total P, Predicted Chlorophyll-a, & Predicted pH

Figure 8
Phosphorus, Chlorophyll-a, & pH Time Series
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Lake Means by Sampling Event (June+July), Calibration: Lake Means by Month:

Site Means by Year (June+July): Lake Regional Means by Year (June+July):

pH Excursion Frequency vs. Total Phosphorus on Variations Spatial & Temporal Scales
Figure 9
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Lake Means, June-July

Trends in Phosphorus & Nitrogen Species
Figure 10
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Biweekly Averages

Input Hydrologic & Climatologic Time Series

Figure 12
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Data: Paired Light & Chlorophyll-a Measurements at Individual Stations
June-July, 1990-1999 One outlier removed

Figure 13
Calibration of Light Extinction Model

y = 0.0097x + 1.3234
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Figure 14
Algal Maximum Growth & Respiration Rates vs. Temperature
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Y = a  +  b ln(Chl-a)  +  c [ Max (Julian Day,200) ]

a = 7.9310 R2 = 0.803

b = 0.5338 SE = 0.242

c = -0.0060

Calibration Months: June-August

Figure 15
Calibration of pH Model
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Top: Observed Lake P & Outlet P concentrations
Lines: Chl-a, pH, & pH Frequency predicted from observed Total P & other factors regulating chlorophyll-a & pH (light, temp., depth,  flushing, etc.)
Squares: Observed values used for model calibration (May-July, 1994-1999)
Circles: Observed values used for model testing

Observed & Predicted Time Series - Linked Chl-a & pH Models
Figure 16
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Months: 3 thru 5

Figure 17
Observed & Predicted Spring Phosphorus Concentrations

y = 1E+73e-0.0824x

R2 = 0.3679
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Observed Internal Load =  Predicted Gross Sedimentation - Observed Net Sedimentation

Predicted recycle rates (squares, bottom panel) vary with pH because they are also dependent on sediment P content

Figure 18
Calibration of Internal Recycle Function
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Biweekly Phosphorus Fluxes
Figure 19
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Top: Observed Lake P & Outlet P concentrations
Lines: TP, Chl-a, pH, & pH Frequency predicted from external P loads & other controlling factors (light, temp., depth, flushing, etc.)
Squares: Observed values used for model calibration (May-July, 1994-1999)
Circles: Observed values used for model testing

Observed & Predicted Time Series Driven by Phosphorus Loads
Figure 20
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Figure 21

Observed & Predicted Seasonal Variations
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Light/Temperature Limited = Predicted Chl-a with Infinite P Concentration at Ambient Temperature & Light
P Limited = Predicted Chl-a with Optimal Light Intensity & Temperature at Ambient P Concentration
Both = Predicted Chl-a Considering All Factors

Figure 22
Factors Controlling Algal Density
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Curve Labels = Percent Reduction in Historical P Load

Figure 23
Phosphorus, Chlororophyll-a, & pH Simulations
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Figure 24

A,B:   Total P & Chl-a Frequencies for January-
December, Averaged over 7 Years

C:   % of  pH Measurements, Averaged Over 7 Years, 
For Jan-Dec & June-July

D: % of  Lake-Mean pH Values, Averaged Over 7 
Years, For Jan-Dec & June-July

E:  Maximum% of Measurements in Any 2-Week 
Period,  All Seasons & Years (i.e., worst-case)

Excursion Frequencies vs. Phosphorus Load Reduction

F:  Lake Mean pH for June-July (Mean, Mean Yearly 
Maximum, 1/7 Year Maximum)
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Low, Best Estimate, High =  Approximate 80% Confidence Interval for Estimated Background Inflow Concentration (55, 63, & 70 ppb)
Corresponding to Reductions of  33%, 40%, & 47% in 1992-1998 Watershed P Loads

Figure 25
pH Simulations with Estimated Background Loads
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Figure 26
Apparent Trends in Inflow & Lake Spring Phosphorus Concentrations
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R = P%,  Model Prediction for Total Load Reduction of P%
Spring P = March-May Average,   Freq [ pH > 9 ] =  June-July Average
Inflow P = Flow-Wtd-Mean Inflow Conc in Watershed Inflows, Oct-Sept Water Year

Figure 27
Spring P & Summer pH Excursion Rate vs. Inflow P Concentration
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1 Phosphorus

2 Nitrogen

3 Chlorophyll-a

4 Algal Bloom Frequency

5 pH

6 pH Excursion Frequency

7 Dissolved Oxygen Excursion Frequency

8 Secchi Depth

9 Light Extinction Coefficient

10 Total N/P Ratio

11 Inorganic N/P Ratio

Appendix A

Spatial & Temporal Variations in Water Quality



Spatial & Temporal Variations in Water Quality A-1
Variable: Phosphorus Species Months: 5 thru 9
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Spatial & Temporal Variations in Water Quality A-2
Variable: Nitrogen Species Months: 5 thru 9
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Spatial & Temporal Variations in Water Quality A-3
Variable: Chlorophyll-a Months: 5 thru 9
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Spatial & Temporal Variations in Water Quality A-4
Variable: Algal Bloom Frequency Months: 5 thru 9
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Spatial & Temporal Variations in Water Quality A-5
Variable: pH Months: 5 thru 9
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Spatial & Temporal Variations in Water Quality A-6
Variable: pH Excursion Freq. Months: 5 thru 9
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Spatial & Temporal Variations in Water Quality A-7
Variable: D.O. Excursion Freq. Months: 5 thru 9
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Spatial & Temporal Variations in Water Quality A-8
Variable: Secchi Depth Months: 5 thru 9
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Spatial & Temporal Variations in Water Quality A-9
Variable: Light Extinction Coef Months: 5 thru 9

Computed from 1.66 / Secchi Depth (m)
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Spatial & Temporal Variations in Water Quality A-10
Variable: Total N/P Ratio Months: 5 thru 9
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Spatial & Temporal Variations in Water Quality A-11
Variable: Inorganic N/ SRP Ratio Months: 5 thru 9
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