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EXECUTIVE SUMMARY 


1. Introduction 

This is a report documenting the background, creation, and findings of an 
integrated suite of computer models used to simulate the phosphorus dynamics of 
Lake Okeechobee, the largest lake in Florida and second largest wholly within the 
(lower 48) United States. The models and the lake regions they are designed to 
simulate include: 

LOPOD 

LOP3D 

Pelagic 

Sediment 

Model LOPOD is mass balance phosphorus model of 
Lake Okeechobee that simulates the phosphorus for time 
periods on the order of years. The model contains 5 
large "boxes:" north lake, mud zone, sand zone, South 
Bay, and littoral area (macrophyte zone). 

Model LOP3D is a three dimensional phosphorus model 
of Lake Okeechobee that meshes with model EHSMSED 
(developed by the University of Florida, Dept. of Coastal 
and Oceanographic Engineering = UF COE), a three 
dimensional model of the hydrodynamics and suspended 
sediment dynamics of Lake Okeechobee. LOP3D 
contains 486 boxes each with a surface area of 4 km2 

and 5 vertical layers. Simulation times are on the order 
of weeks. 

The phosphorus dynamics of the open water column are 
simulated. Seven phosphorus components are simulated: 
soluble reactive phosphorus (SRP), dissolved organic 
phosphorus (DOP), green algae (GRN), blue-green algae 
(BLU), zooplankton (ZOO), particulate inorganic 
phosphorus (pIP), and particulate organic phosphorus 
(ORG). An eighth component is total phosphorus (TP), 
the. sum of the other seven components. 

The phosphorus dynamics of the bottom sediments of the 
lake are simulated. The digenesis or the change of 
organic phosphorus to inorganic phosphorus in the 
sediment is simulated using 50 sediment layers. The 
sediment phosphorus interacts with the pelagic phos
phorus through the processes of erosion, deposition, and 
diffusion. 
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2. Report Fonnat 

The contents of this report are divided into 14 chapters and four appendices. 
The chapters discuss water quality characteristics of Lake Okeechobee, the basis of 
the finite difference fonnulation used in the two models, and summarize the models' 
results. The appendices define notation, discuss trends in Lake Okeechobee 
phosphorus data, and present some of the voluminous model output. Each chapter 
discusses a major component in the dynamic phosphorus model(s) of Lake Okee
chobee: 

Chapter 1 Background infonnation on the history of phosphorus 
concentrations in Lake Okeechobee. 

Chapter 2 The complexity of the phosphorus cycle in lake waters, 
measured phosphorus species, and modeled phosphorus 
components. 

Chapter 3 Loading and location of the tributaries to Lake 
Okeechobee. 

Chapter 4 An analysis of the trend in the major atmospheric, 
hydraulic, and phosphorus input components affecting 
Lake Okeechobee. 

Chapter 5 Background infonnation on the history of phosphorus 
concentrations in Lake Okeechobee. 

Chapter 6 Solar radiation, temperature, and pelagic light 
attenuation. 

Chapter 7 Description of the suspended sediment model used in 
LOPOD. 

Chapter 8 Description of the diagenetic phosphorus model used in 
LOPOD and LOP3D. 

Chapter 9 Description of the littoral phosphorus model used in 
LOPOD and LOP3D. 

Chapter 10 Governing differential equations for advection and 
diffusion used in LOP3D. 

Chapter 11 Testing of the advection and diffusion finite difference 
scheme used to solve the equations discussed in Chapter 
10. 
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Chapter 12 	 Formulations of the phosphorus reactions used in models 
LOPOD and LOP3D. 

Chapter 13 	 Calibration and alternative analysis using the model 
LOPOD. 

Chapter 14 	 Calibration and analysis using the model LOP3D. 

3. 	 Major External or Environmental Factors 

• 	 Solar radiation is the source of energy for photosynthesis. The 
processes of algal uptake and release of SRP, algal light 
shading, suspended sediment light shading, and algal loss to the 
bottom sediments are all predicated on correctly calculating the 
vertical attenuation of light. The models contain mechanisms to 
predict the surface light intensity on a daily basis, and attenuate 
the light vertically based on the light absorption and light 
scattering properties of water, organic color, algae, and 
suspended sediments. 

• 	 Wind is the major source of mixing energy in the lake to drive 
horizontal and vertical advection. The wind generated waves 
generate bottom shear stresses that erode bottom sediment. The 
wind's cessation allows the suspended sediment to deposit on the 
sediment bed. Model LOP3D has an erosion/deposition model, 
developed by the University of Florida Department of Coastal 
and Oceanographic Engineering (UF COE), to predict the ben
thic contributions to the pelagic phosphorus pooL Model 
LOPOD has a simpler erosion/deposition model based on gross 
characteristics of wind-generated waves and bottom shear. 

• 	 The diurnal variation in temperature and light energy in Lake 
Okeechobee as well as the time scale of SRP uptake and 
phosphorus transformations predicate a model time step 
requirement of less than one day. Model LOPOD uses an 
approximate quarter-day time step (two daylight and two night). 
The time step duration is dependent on the day of the year. 
Model LOP3D uses time steps ranging from 15 minutes to 3 
hours. 

• 	 Temperature affects the uptake and reaction rates of the algal 
species and remineralization of SRP. The models contain 
formulas for altering the reaction rates depending on the external 
temperature. 
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• 	 The import of new SRP and TP loads through the tributaries 
strongly affects in-lake concentrations. Both models include 
these driving forces as well as loading due to rainfall on the 
lake. 

• 	 Due to the shallowness of Lake Okeechobee the mean flow is 
not as significant as the horizontal advection caused by direct 
wind action and associated wind-wave setup. The horizontal 
mixing due to littoral-pelagic gradients in temperature may also 
be significant in Lake Okeechobee. Temperature gradients 
affect the 3D hydrodynamic model of the UF COE and thus 
affect model LOP3D. However, they are not included in model 
LOPOD. 

• 	 The atmospheric contribution of phosphorus to the lake (302 
mg/m2 SRP plus 130 mg/m2 DOP based on the nine-year 
simulation of Chapter 13) through the processes of wet and dry 
deposition is approximately equal to the phosphorus losses from 
the lake through the surface outflow canals (417 mg/m2). 

4. 	 Summary of Impacts on Algal Components 

Model simulations highlighted the following factors influencing algal growth in 
Lake Okeechobee: 

• 	 The light shading of algae by wind-mixed suspended sediment in 
the mud zone controls algal uptake and has the secondary effect 
of decreasing algal sedimentation loss, thus increasing the mean 
concentrations of SRP and TP concentration. This is 
demonstrated by the sensitivity of both models to light 
attenuation parameters. 

• 	 On the basis of runs of model LOP3D (Chapter 14), algal self 
shading may be one of the causes of blue-green algal dominance 
in Lake Okeechobee. Because of the lake's turbidity and algal 
self shading, most especially in the mud zone, phosphorus is 
likely not limiting algal populations in Lake Okeechobee. 
Similarly, other nutrients limiting algal growth are masked by 
the physical processes of light shading and temperature. 

5. 	 Summary of the Major Findings of This Study 

Most of the major objectives and findings of this study are based on the 
LOP3D and LOPOD computer simulations presented elsewhere in this report. The 
reader should be cognizant of the fact that improvements, refinements and reduction 
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of errors always accompany computer model development. Thus, numerical values 
presented in the text below should be understood to be provisional and subject to 
moderate changes as models improve. Nonetheless, conclusions drawn from them are 
felt by the report authors to be qualitatively correct at the very least. 

To place some of the concentrations listed below in context, the 1979-1988 
measured whole-lake averages for TP and SRP are 90.2 and 29.5 ug/l, respectively 
(Table 13-12). Predicted values using model LOPOD are 93.3 and 28.4 ug/l, 
respectively, with similar variance (as indicated by coefficients of variation) for 
measured and predicted phosphorus time series. 

1. 	 Evaluate the phosphorus exchange between the bottom sediments and pelagic 
phosphorus on weekly and yearly time scales. 

Based on the measured (from tributaries) and modeled phosphorus 
fluxes given for the nine-year simulation period in Chapter 13 and in Figures 
from Appendix D, the diagenetic diffusion of SRP across the pelagic-sediment 
interface (528 mg/m2, Figure D-63) D) was approximately 17 percent of the 
tributary loading of TP (3,081 mg/m2, Table D-l at end of Appendix D) 
during the years 1979 to 1988. Short-term exchange (e.g., weekly) depends 
strongly on the loadings and wind conditions at the instant of time. The 
transfer of pelagic phosphorus to the bottom sediments was mainly 
accomplished by the twin loss processes of algal settling (Figure D-59) and 
PIP deposition to the sediment (Figure D-78). The losses were 1,853 mg/m2 

and 4,413 mg/m2, respectively, for algal settling and PIP deposition. The 
total of 6,266 mg/m2 is approximately balanced by the main sources of SRP 
and TP-SRP: diagenetic diffusion (D-63, 528 mg/m2), erosion (D-77, 1,980 
mg/m2), tributary loading (Appendix D table, 3,081 mg/m2), and atmospheric 
loading (D-60 and D-61, 432 mg/m2), which totaled 6,021 mg/m2• 

2. 	 Determine the role of phosphorus mineralization in the sediments as a source 
of supply to the pelagic region. 

The anaerobic transformation from organic phosphorus to inorganic 
phosphorus is composed of a two stage transformation (pollman, 1991). The 
first stage lasts 100 days and 30% of the organic phosphorus is transformed l'= 

(Reddy et al., 1991). The second stage is the transformation and burial of 
refractory organic phosphorus. 

3. 	 Determine the effects of sediment mixing and resuspension on pelagic SRP 
release. 

The adsorption of pelagic SRP on suspended sediment was a significant 
loss of SRP from Lake Okeechobee. Based on the ten-year simulation 
(Chapter 13 and Appendix D), this loss pathway (2,832 mg/m2 adsorption of 
PIP, Figure D-41) was 153 percent of the algal settling loss pathway (1,853 
mg/m2). Desorption of PIP was 399 mg/m2 (Figure D-40). Thus, the net 
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effect of sorption is still an SRP release of 2,832-399 = 2,433 mg/m2 or a net 
release that is 131 percent of the algal settling loss pathway. The fate of most 
of the adsorbed phosphorus is settling: PIP deposition (Figure D-78) was 4,413 
mg/m2. 

4. 	 Determine the relative phosphorus retention capacity of the bottom sediments 
over a mUlti-year simulation. 

Organic phosphorus erosion and deposition are in an approximate 
balance for each box and for the lake as a whole (compare Figures D-74 and 
D-75). However, the north lake and central mud zone are a net sink of 
inorganic sediment related phosphorus for the ten-year simulation period 
(compare Figures D-77 and D-78). The littoral area, sand zone and South Bay 
were net exporters of inorganic sediment-related phosphorus based on these 
phosphorus balances. 

5. 	 Develop an internal nutrient budget for the lake. The internal nutrient budget 
combines the sediment phosphorus transformation pathways with pelagic 
absorption-desorption, and algal settling. 

The many diagrams of Chapter 13 and Appendix D quantify most of 
the phosphorus pathways in the lake. Because the fluxes vary among the eight 
phosphorus components and from area to area, the reader must refer to the 
diagrams, in units of mg/m2 over the ten-year simulation, to determine the 
magnitude of the flux of interest. However, see item 1 above for an 
approximate balance for the lake as a whole. 

6. 	 Determine the relationship between lake stage and internal loading from the 
bottom sediments and littoral zone. 

This was not accomplished as part of the modeling study. However, 
using time series analysis, Carey and Huber (1990) showed that SRP was more 
sensitive to lake stage (increasing with higher stage) than was TP, presumably 
because of flooding of the macrophyte (littoral) zone during high stages. 

7. 	 A management goal for Lake Okeechobee is likely to be the reduction of the 
tributary concentrations of SRP and TP. Because the net adsorption-desorption 
process is dependent on the equilibrium phosphorus concentration (EPC), a 
lake sediment type may change from a net sink of SRP to a net source of SRP 
if the new SRP < EPC. 

The response of the bottom sediment to a reduction in SRP is negligible 
based on the ten-year simulation. The gradient at the sediment-water interface 
is so sharp that water column SRP concentrations under 200 ugll almost 
always result in the net diffusion of SRP from the bottom sediment to the 
water column. Thus, the diagenetic modeling indicates that the sediment is not 
currently acting as a net sink. In addition, modeling results discussed below 
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indicate a reduction in SRP concentrations with a reduction in tributary loads. 
For the LOPOD modeling performed during this study, there is no sorption 
reversal effect as described above. 

8. 	 Determine the effect of tributary load reductions on TP and SRP concentra
tions in the lake. 

Nine-year simulations of TP and SRP were made using model LOPOn 
under assumptions of 40 percent, 50 percent, and 70 percent reductions in 
tributary loads of TP and SRP (see Chapter 13 and Section 13.12). These 
simulations predicted corresponding reductions of 26, 33, and 46 percent in 
SRP and 19, 23, and 33 percent in TP (Table 13-12). The reduction is 
approximately a linear function of loading reduction, but the percent reduction 
in concentration is not I: 1 with percent reduction in loading because of other 
internal and rainfall loadings and because of internal recycling. For example, 
the magnitude of the SRP diffusive flux from bottom sediments is in the range 
of 500 to 700 mg/m2, depending on the loading scenario, and erosion of PIP is 
in the range of 1,900 to 2,100 mg/m2. Internal loading is insensitive to 
external loading and approximately constant. 

A three-month simulation with model LOP3D was performed with the 
cooperation of the UP COE hydrodynamic and sediment modeling effort 
(Sheng et al., 199Ib). Results are only summarized in Chapter 14 (due to the 
detailed presentation by Sheng et al., 1991b), but indicate that concentrations 
in the north lake zone were reduced with a reduction in loadings (eliminated 
for comparison purposes). Thus, localized effects of tributary reduction will 
be greater than the impact on the whole of Lake Okeechobee. 

The principal point is that a reduction in loadings results in a reduction 
of in-lake concentrations, although the predicted percentage reductions given 
above are unlikely to be precise. Future model improvements and refinements 
should enhance the evaluation of management alternatives based on tributary 
load reduction. 

9. 	 What is the effect of limiting the TP concentration in Nubbin Slough/Taylor 
Creek to 180 ug/l? 

When this alternative was run, it resulted in only an 8 percent reduction 
in SRP and 5 percent reduction in TP concentrations in the. lake (Table 13-12). 
This option does not have a substantial effect on whole-lake concentrations. 

10. 	 Can TP concentrations in Lake Okeechobee be reduced to the 50 ugll range of 
the early 1970s? 

From the LOPOD modeling of Chapter 13, when tributary loads were 
reduced by 70%, the average TP concentration in the lake was predicted to be 
62.9 ug/l, not down to 50 ug/l, but down. Again, this prediction is unlikely to 
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be precise but does indicate that significant in-lake TP reductions can be 
expected with large reductions in tributary loads. 

11. What is the time scale for phosphorus changes in the lake? 

This depends in part upon the residence time of phosphorus in the lake. 
As shown in Chapter 13, when based on the reciprocal of first-order kinetic 
coefficients, the residence time of phosphorus in the lake (on the order of a 
few months) is much shorter than the residence time of water (three to five 
years). Response time is a multiple of residence time (Chapra and Reckhow, 
1983). This means that changes in lake phosphorus concentrations (in 
response to external changes) will occur faster -- on the order of one to ten 
years -- than one would assume based strictly on the hydraulic residence time. 

12. What is the prognosis for phosphorus concentrations in Lake Okeechobee? 

Mixing caused by Hurricane David in 1979 and the large influx of SRP 
and TP in the early 1980s is still causing elevated SRP and TP concentrations 
in the lake (Carey and Huber, 1990). However, in-lake concentrations and 
tributary loads concentrations show a decreasing trend from 1984 (see 
Appendix C and Carey and Huber, 1990). If tributary loads are reduced, 
in-lake TP concentrations should drop from their ten-year average level of near 
90 ugfl. The exact drop cannot be precisely predicted, but the results 
discussed in items 8 and 10 above may serve as indicators. 
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ABSTRACT 

As part of a comprehensive study of phosphorus dynamics and sediment 
interaction in Lake Okeechobee, Florida, two dynamic phosphorus simulation models 
were developed: 

1. 	 LOP3D - a three-dimensional, transient, five-layer model, 
running on a 15-min to 3-br time step for simulation time 
periods on the order of weeks. This model is run in parallel 
with a hydrodynamic and sediment transport model developed 
by the University of Horida Department of Coastal and 
Oceanographic Engineering (UF COE). 

2. 	 LOPOD - a lumped, transient model simulating Lake 
Okeechobee as five "boxes" with distinct sediment 
characteristics, running on an approximate quarter-day time step 
for simulation time periods on the order of years. 

Both models include the influence of tributary loadings, wind-driven resuspension and 
deposition, diagenetic exchange with the sediment, advection, diffusion, and in-lake 
phosphorus kinetics. Phosphorus species simulated are phosphorus contained in the 
lake as soluble reactive phosphorus (SRP), dissolved organic phosphorus (DOP), 
green algae (GRN), blue-green algae (BLU), diatom algae (DIA), zooplankton 
(ZOO), particulate inorganic phosphorus (PIP), and organic sediment phosphorus 
(ORG). The models also predict the sum of the phosphorus species as total 
phosphorus (TP). The LOP3D model uses sediment concentrations provided by the 
UF COE model for adsorption-desorption exchange. 

This report summarizes the history of Lake Okeechobee insofar as its water 
quality characteristics are concerned. The development of model algorithms and 
procedures for all the processes mentioned above is described in separate chapters. 
Runs of the LOPOD model are described documenting calibration and use of the 
model for alternative analyses. The baseline TP value in the lake is predicted to 
average 93.3 ug/l for the time period 1979-88 (measured to be 90.2 ug/l). In 
particular, in-lake phosphorus reductions are predicted by the model for hypothetical 
tributary reductions in SRP and TP of 40, 50 and 70%. The lowest predicted TP at 
a 70% reduction is 62.9 ug/l. All predicted concentrations in this report are subject 
to improvements in model parameterization and calibration. Runs of the LOP3D 
model illustrate its calibration and application for spatial and temporal resolution of 
phosphorus distributions in the lake. A separate 3-month LOP3D simulation is 
described elsewhere. 



ACKNOWLEDGEMENTS 

This research has been supported by the South Florida Water Management 
District (SFWMD). Statements made in this report are the opinion of the authors and 
not necessarily those of the SFWMD. 

The support and patience of Dr. Peter Sheng and his colleagues in the Depart
ment of Coastal and Oceanographic Engineering at the University of Florida is 
gratefully acknowledged. We also appreciate the support and patience of Dr. Ramesh 
Reddy of the Soil Science Department and other colleagues at the University of 
Florida for their input and support. 

We wish to thank most of all Mr. Brad Jones and colleagues at the SFWMD 
for their untiring patience and good-willed support in the face of untoward delays in 
the production of this final report. 

This report involved the work of several individuals, but there are two standouts: 
Ms. Doris Smithson of the University of Florida, Department of Environmental 
Engineering Sciences faithfully logged the progress of the project and report and 
provided a first pass through the report draft. As an interface and buffer alone, she 
deserves our thanks. Ms. Laurie Dockendorf of the Oregon State University, College 
of Engineering stepped in at the eleventh hour to provide expert word processing in a 
time of great need. The production of this report would have been even further 
delayed without the help of these persons. 



TABLE OF CONTENTS 


EXECUTIVE SUMMARY ...................................... 1 


1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1 


2. Report Format ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2 


3. Major External or Environmental Factors. . . . . . . . . . . . . . . . . . . .. 3 


4. Summary of Impacts on Algal Components ................... 4 


5. Summary of the Major Findings of This Study ................. 4 


1. INTRODUCTION TO THE PELAGIC PHOSPHORUS MODEL ...... . 1-1 


1. 1 Project Overview ................................ 1-1 


1.2 Glossary...................................... 1-4 


1.3 Project Approach ................................ 1-4 


1.4 Model Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-5 


1.5 Physical Setting of Lake Okeechobee .................... 1-7 


1.5.1 Word Origins .............................. 1-7 

1.5.2 Geological Beginnings of Lake Okeechobee . . . . . . . . . . . . 1-9 


1.6 Ecological Setting of Lake Okeechobee . . . . . . . . . . . . . . . . . .. 1-12 


1.7 Trophic Status of Lake Okeechobee .. . . . . . . . . . . . . . . . . . .. 1-15 


2. PHOSPHORUS CYCLE AND COMPONENTS ................. . 2-1 


2.1 Introduction.......... . . . . . . . . . . . . . . . . . . . . . . . . . . 2-1 


2.2 Phosphorus Cycle in Lake Okeechobee . . . . . . . . . . . . . . . . . . . 2-3 


2.3 Dissolved Organic Phosphorus (OOP) . . . . . . . . . . . . . . . . . . . . 2-4 


2.4 Soluble Reactive Phosphorus (SRP) ..................... 2-5 


2.5 Dissolved Organic Phosphorus (DOP 2-5 


i 



2.6 Particulate Phosphorus ............................. 2-6 


2.7 Particulate Algal and Detrital Phosphorus . . . . . . . . . . . . . . . . . . 2-7 


2.8 Chlorophyll a and Phosphorus Relationship in Lake Okeechobee ... 2-7 


2.9 Relationship Between SRP and TP-SRP in Lake Okeechobee . . . . . . 2-9 


2.10 Nutrient and Yield Limitation on Lake Okeechobee Algae ....... 2-11 


2.11 Algae - Bacteria Pelagic Interaction 2-13 


2.12 Zooplankton Particulate Phosphorus 2-14 


2.13 Summary ..................................... 2-15 


3. LAKE OKEECHOBEE BOUNDARY INFORMATION ............ . 3-1 


3.1 Introduction.......... . . . . . . . . . . . . . . . . . . . . . . . . .. 3-1 


3.2 Tributary Flow and Loading Data for Lake Okeechobee. . . . . . . . . 3-3 


3.3 Seasonal Rainfall and Evaporation Patterns ................ . 3-7 


3.4 Lake and Marsh Evaporation ......................... 3-9 


3.5 Precipitation Loading Model. . . . . . . . . . . . . . . . . . . . . . . . . . 3-9 


4. LAKE OKEECHOBEE WATER QUALITY ................... . 4-1 


4.1 Introduction.... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 4-1 


4.2 Chemical and Physical Data in Lake Okeechobee . . . . . . . . . . . . . 4-2 


4.2.1 Data Sources . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 4-2 

4.2.2 Lake Okeechobee Turbidity and Suspended Solids . . . . . . . . 4-3 

4.2.3 Lake Okeechobee Organic Color, pH, and Secchi Disc . . . . . 4-5 


4.3 Nutrient Data in Lake Okeechobee . . . . . . . . . . . . . . . . . . . . . . 4-8 


4.4 Summary of Nutrients in Lake Okeechobee ................ 4-10 


5. DOUBLE MASS TREND ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . 5-1 


5.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5-1 


5.2 Double Mass Trend Analysis of Mud and Non-Mud Stations. . . . . . 5-1 


11 



5.3 Double Mass Curve Analysis of Boundary Conditions . . . . . . . . . . 5-5 


5.4 Rainfall. Evaporation and Wind Data .................... 5-7 


6. SOLAR RADIATION AND TEMPERATURE MODEL ............ . 6-1 


6.1 Daily and Seasonal Solar Radiation Model . . . . . . . . . . . . . . . . . 6-1 


6.1.1 Net Surface Heat Flux . . . . . . . . . . . . . . . . . . . . . ... . . 6-1 

6.1.2 Clear Sky Shortwave Radiation . . . . . . . . . . . . . . . . . . . . 6-2 

6.1.3 Clear Sky Longwave Radiation . . . . . . . . . . . . . . . . . . . . 6-6 

6.1.4 Longwave Back Radiation from the Lake Surface ........ 6-8 

6.1.5 Atmospheric Cloud Effect on Shortwave and Longwave .... 6-9 

6.1.6 Nonradiative Heat Loss from Water Surface. . . . . . . . . . .. 6-11 


6.2 Lake Temperature Model ........................... 6-12 


6.3 Additional Temperature-Related Parameters ................ 6-14 


6.4 Vertical Light Attenuation in Water ..................... 6-15 


6.4.1 Disposition of Radiation . . . . . . . . . . . . . . . . . . . . . . .. 6-15 

6.4.2 Pelagic Light Absorbance and Scattering Coefficients . . . . .. 6-17 

6.4.3 CaC03 Precipitation in Lake Okeechobee ............. 6-20 

6.4.4 Vertical Light Attenuation Coefficient. . . . . . . . . . . . . . .. 6-21 


6.5 Light Limiting Growth Functions. . . . . . . . . . . . . . . . . . . . . .. 6-22 


6.6 Temperature Growth Limiting Functions .... . . . . . . . . . . . . .. 6-24 


7. PELAGIC SEDIMENT PHOSPHORUS . . . . . . . . . . . . . . . . . . . . . . . 7-1 


7.1 Introduction... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 7-1 


7.2 Pelagic Adsorption-Desorption ........................ 7-2 


7.3 Sediment Organic Phosphorus and PIP ................... 7-5 


7.4 Wind Fields Near Lake Okeechobee . . . . . . . . . . . . . . . . . . . . . 7-6 


7.5 Lake Okeechobee Wind Model . . . . . . . . . . . . . . . . . . . . . . . . 7-7 


7.6 Magnitude of Internal Wind Loading .................... 7-10 


7.7 Interaction with Diagenetic Model ................... . .. 7-11 


7.8 Interaction with Deposition-Resuspension Model 7-11 


iii 



7.9 Summary..................................... 7-16 


8. DIAGENETIC ADVECTION-DIFFUSION MODEL .............. . 8-1 


8.1 Introduction... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-1 


8.2 Basic Equations and Boundary Conditions ................. 8-1 


8.3 Vertical Grid Resolution ............................ 8-3 


8,4 Data Required for Diagenetic Model. . . . . . . . . . . . . . . . . . . . . 8-3 


8.5 Steady-State Numerical Solution ....................... 8-3 


8.6 Time Scale Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-7 


9. LITTORAL ZONE PHOSPHORUS MODEL ................... 9-1 


9.1 Introduction..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-1 


9.2 Littoral Source of Phosphorus to Pelagic Area. . . . . . . . . . . . . . . 9-3 


9.3 Lake Stage Influence on Pelagic Phosphorus Concentrations ...... 9-3 


10. PELAGIC ADVECTION-DIFFUSION EQUATION ....... . . . . . . .. 10-1 


10.1 Introduction.................................... 10-1 


10.2 Basic Equations and Boundary Conditions 	 10-2 


10.3 3-D Equation in Sigma Coordinate System 10-2 


10,4 Time Scales and Dimensionless Parameters ................ 10-6 


10.5 Transformation of Governing Equations to Dimensionless Form . . . . 10-9 


11. PELAGIC ADVECTION-DIFFUSION SCHEMES ................ 11-1 


11.1. Introduction.................................... 11-1 


11.2 Upwind Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 11-5 


11.3 Central Difference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 11-7 


11.4 Combined Upwind and Central Difference . . . . . . . . . . . . . . . .. 11-7 


11.5 	 Vertical Advection and Diffusion . . . . . . . . . . . . . . . . . . . . . .. 11-8 


iv 




11.6 3-D Advection-Diffusion Solution ...................... 11-9 


11.7 Advection and Diffusion Solution Testing . . . . . . . . . . . . . . . . .. 11-10 


11.8 Summary ..................................... 11-12 


12. REACTION MODEL FOR PELAGIC PHOSPHORUS 	 12-1 


12.1 Introduction to the Pelagic Water Quality Model 	 12-1 


12.2 Phosphorus Components in Lake Okeechobee . . . . . . . . . . . . . .. 12-2 


12.3 Simulated Pelagic Algae ............................ 12-3 


12.3.1 Algal Forms .............................. 12-3 

12.3.2 Allometric Differences Between Algal Classes. . . . . . . . .. 12-9 

12.3.3 Algal Blooms in Lake Okeechobee . . . . . . . . . . . . . . . .. 12-10 


12.4 Algal Growth Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . .. 12-11 


12.4.1 Alternative Formulations . . . . . . . . . . . . . . . . . . . . . .. 12-11 

12.4.2 Species Specific Growth Rates ................... 12-15 

12.4.3 Algal Carbon/Chlorophyll a . . . . . . . . . . . . . . . . . . . .. 12-16 

12.4.4 Algal Carbon/Phosphorus ...................... 12-18 

12.4.5 Model Formulation for Chlorophyll a Prediction ........ 12-19 


12.5 Effect of Light/Temperature on Algal Growth . . . . . . . . . . . . . .. 12-19 


12.6 Algal Respiration and Excretion ....................... 12-20 


12.7 Algal Non-Predatory Mortality 	 ..... . . . . . . . . . . . . . . . . . .. 12-21 


12.8 Algal Settling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 12-22 


12.9 Zooplankton Uptake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 12-24 


12.10 Reaction Model for Littoral, Sediment and Pelagic Phosphorus .... 12-25 


12.11 Phosphorus Boundary Conditions . . . . . . . . . . . . . . . . . . . . . .. 12-29 


12.12 Summary of Pelagic Phosphorus Model . . . . . . . . . . . . . . . . . .. 12-29 


13. MASS BALANCE APPROACH TO PREDICTING PHOSPHORUS ..... 13-1 


13.1 Introduction.................................... 13-1 


13.2 	 Previous Water Quality Models of Lake Okeechobee. . . . . . . . . .. 13-2 


v 




13.3 Five-Box Model of Phosphorus in Lake Okeechobee. . . . . . . . . .. 13-3 


13.4 Algal Growth in Lake Okeechobee. . . . . . . . . . . . . . . . . . . . .. 13-5 


13.5 Finite Difference Model of Lake Okeechobee ............... 13-6 


13.5.1 Box Model Formulation ....................... 13-6 

13.5.2 Diffusion and Advection . . . . . . . . . . . . . . . . . . . . . .. 13-7 

13.5.3 Reaction Pathway Finite Difference Equations . . . . . . . . .. 13-12 


13.6 Sediment Erosion and Deposition. . . . . . . . . . . . . . . . . . . . . .. 13-12 


13.7 Stage-Area-Volume in Lake Okeechobee ...... . . . . . . . . . . .. 13-16 


13.8 Lake Okeechobee LOPOD Boundary Conditions. . . . . . . . . . . . .. 13-16 


13.9 Normalized Nutrient and Hydraulic Loading . . . . . . . . . . . . . . .. 13-19 


13.10 General Modeling Considerations. . . . . . . . . . . . . . . . . . . . . .. 13-19 


13.10.1 TimeSteps .............................. 13-19 

13.10.2 DOP Remineralization . . . . . . . . . . . . . . . . . . . . . . .. 13-20 

13.10.3 Lake Precipitation Loading. . . . . . . . . . . . . . . . . . . .. 13-20 

13.10.4 Lake Diagenetic Flux ........................ 13-20 

13.10.5 Macrophyte, Corbicula, and Algal Mat fluxes ......... 13-21 

13.10.6 Algal and Zooplankton Reaction Pathways ........... 13-21 

13.10.7 Dynamic Adjustment of Algal Functions ............ 13-22 

13.10.8 Algal Populations and Time Scales . . . . . . . . . . . . . . .. 13-24 

13.10.9 Phosphorus Import and Export .................. 13-25 

13.10.10 Initial Phosphorus Conditions .. . . . . . . . . . . . . . . . .. 13-26 

13.10.11 Lake Area and Lake Box Areas ................ " 13-27 

13.10.12 Conservation of Mass . . . . . . . . . . . . . . . . . . . . . . .. 13-28 


13.11 Calibration and Verification of LOPOD Model. . . . . . . . . . . . . .. 13-28 


13.11.1 Whole-Lake Results .. . . . . . . . . . . . . . . . . . . . . . .. 13-28 

13.11.2 Individual Box Results ....................... 13-30 

13.11.3 Output of Miscellaneous Fluxes, Storages, etc. ........ 13-36 


13.12 Comparative Analysis: Baseline vs. Simulation with Load Reduction 13-39 


13.13 General Discussion of Baseline Results ........ . . . . . . . . . .. 13-42 


13.13.1 Comparisons of Modeled Fluxes, Rates, Timing . . . . . . .. 13-42 

13.13.2 Comparison of Flux Magnitudes ................. 13-49 

13.13.3 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13-49 

13.13.4 Further General Discussion. . . . . . . . . . . . . . . . . . . .. 13-50 


vi 

http:13.10.12
http:13.10.11
http:13.10.10


13.14 Summary ..................................... 13-51 


14. RESULTS OF 3-D PHOSPHORUS MODELING . . . . . . . . . . . . . . . .. 14-1 


14.1 Introduction.................................... 14-1 


14.2 Synoptic Data Interpolation and Initial Conditions. . . . . . . . . . . .. 14-1 


14.3 Results....................................... 14-6 


14.3.1 Interfacing and Time Steps. . . . . . . . . . . . . . . . . . . . .. 14-6 

14.3.2 TP and SRP Comparisons ............ . . . . . . . . .. 14-7 

14.3.3 Other Phosphorus Parameters . . . . . . . . . . . . . . . . . . .. 14-16 

14.3.4 Water Depths . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 14-28 


14.4 Three-Month Simulation ....... . . . . . . . . . . . . . . . . . . . .. 14-28 


14.5 Sensluvlty..................................... 14-48 


14.6 Summary ..................................... 14-48 


REFERENCES .......................................... Ref-l 


Appendix A: Dictionary of FORTRAN Variables ..................... A-I 


Appendix C: Lake Okeechobee SRP and TP-SRP Trends ................ C-l 


Appendix D: Output from Baseline Run of LOPOD . . . . . . . . . . . . . . . . . . .. D-l 


Appendix B: List of Symbols ................................. B-1 


vii 



LIST OF FIGURES 


1-1 Satellite photograph of Lake Okeechobee, showing the major regions 
of the lake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-1 

1-2 Lake Okeechobee is the largest lake in Florida, and the second largest 
in the lower 48 states .................................. 1-2 

1-3 Location of Lake Okeechobee and its tributary drainage areas in 
Florida ........................................... 1-2 

1-4 TP and SRP concentrations in Lake Okeechobee for 1972 to 1989 . . . . . . . 1-4 

1-5 Temporal variation in lake models .......................... 1-5 

1-6 Spatial variation in lake models ............................ 1-5 

1-7 Structure of the combined advection-diffusion-reaction three 
dimensional model of pelagic, littoral, and sediment phosphorus 
species in Lake Okeechobee .............................. 1-6 

1-8 Florida coastline during the Pamilco period, showing the extension 
of the continental shelf and the coastline at the time of high 
water between glacial periods ............................. 1-9 

1-9 Physiographica1 regions near Lake Okeechobee, showing the sculpturing 
effect the raising and lowering of the mean sea level by ice ages had 
on the features of Florida . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1-10 

1-10 An early map of Lake Okeechobee (1838), showing the greater extent 
of the lake especially in the western littoral zone and southern 
lake due to higher water surface elevations ..................... 1-11 

1-11 Vegetation regions of Lake Okeechobee before 1900, showing custard 
apple groves in the southern lake, and less area of emergent 
macrophytes in the western lake compared to the present lake. . . . . . . . .. 1-12 

1-12 Stage history of Lake Okeechobee since 1932, showing the periodicity 
of stages in the lake ................................... 1-13 

1-13 Mean lake stage of each decade beginning in 1932 ................ 1-14 

1-14 The total phosphorus (TP) and soluble reactive phosphorus (SRP) 
burdens in Lake Okeechobee have increased greatly since 1979 . . . . . . . .. 1-14 

V111 



2-1 Definition of phosphorus forms in water . . . . . . . . . . . . . . . . . . . . . . . 2-2 


2-2 Conceptual model of Scavia (1980) 2-2 


2-3 Size spectrum of particles in water 2-2 


2-4 Particulate phosphorus grouping along axes of size and organic 

content ........................................... 2-3 


2-5 Biological movements of phosphorus from Lean (1975) ............. 2-4 


2-6 Phosphorus pathway between DOP and SRP is a combination of bacterial 

uptake of DOP and excretion of SRP in Subroutines REAC3D and 

REACOD . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2-4 


2-7 SRP versus TP for the non-mud stations in Lake Okeechobee . . . . . . . . .. 2-10 


2-8 SRP versus TP for mud stations in Lake Okeechobee . . . . . . . . . . . . . .. 2-10 


2-9 Lake Okeechobee mean station TN/TP . . . . . . . . . . . . . . . . . . . . . . .. 2-12 


2-10 Lake Okeechobee mean station DIN/SRP .................. . . .. 2-12 


2-11 A zooplankter (Daphnia spp.) ............................. 2-15 


3-1 Inflow tributaries and outflow control structures in Lake Okeechobee . . . . . 3-1 


3-2 Inflow drainage area and outflow canals in southern Lake Okeechobee .... 3-2 


3-3 Major Lake Okeechobee inflow/outflows ...................... 3-4 


3-4 Lake Okeechobee hydraulic loadings .. . . . . . . . . . . . . . . . . . . . . . . . 3-4 


3-5 Lake Okeechobee inflow time series for the period 1972-1989 ......... 3-5 


3-6 Lake Okeechobee outflow time series for the period 1972-1989 . . . . . . . . . 3-5 


3-7 Lake Okeechobee inflow time series for phosphorus. . . . . . . . . . . . . . . . 3-5 


3-8 Lake Okeechobee phosphorus loading ........................ 3-5 


3-9 SRP loading to Lake Okeechobee (1977-1988) . . . . . . . . . . . . . . . . . . . 3-6 


3-10 TP loading to Lake Okeechobee (1977-1988) . . . . . . . . . . . . . . . . . . . . 3-6 


3-11 DOP loading to Lake Okeechobee (1977-1988) . . . . . . . . . . . . . . . . . . . 3-7 


ix 



3-12 Precipitation near Lake Okeechobee ......................... 3-8 


3-13 Pan evaporation near Lake Okeechobee 3-9 


3-14 Precipitation and evaporation difference 3-9 


4-1 Long term sampling station locations in Lake Okeechobee . . . . . . . . . . . . 4-1 


4-2 Correspondence between long term sampling station locations in Lake 

Okeechobee and the generalized areas in the box model of Lake 

Okeechobee ........................................ 4-2 


4-3 Mean station turbidity and TP during 1988-1989 . . . . . . . . . . . . . . . . . . 4-3 


4-4 Mean station suspended solids and TP during 1988-1989 . . . . . . . . . . . . . 4-3 


4-5 Mean monthly suspended solids during 1988-1989 . . . . . . . . . . . . . . . . . 4-4 


4-6 Mean monthly turbidity during 1988-1989 . . . . . . . . . . . . . . . . . . . . . . 4-4 


4-7 Mean lake TSS concentrations before and after 1979 from the SFWMD data 

set YPROJ.DAT ..................................... 4-4 


,..--... 


4-8 Mean station TP versus turbidity during 1988-89 ................. 4-5 


4-9 Mean station TP versus TSS during 1988-1989 . . . . . . . . . . . . . . . . . . . 4-5 


4-10 Mean monthly Lake Okeechobee organic color during 1988-1989 ....... 4-6 


4-11 Mean monthly Lake Okeechobee pH 1988-1989 .... . . . . . . . . . . . . . . 4-6 


4-12 Mean Lake Okeechobee pH and conductivity station data during 1988-1989. 4-6 


4-13 Mean monthly Lake Okeechobee Secchi Disc (m) . . . . . . . . . . . . . . . . . 4-7 


4-14 Mean station SD, Color, TSS, and turbidity during 1988-1989 ......... 4-7 


4-15 Mean Cond, pH by station 4-7 


4-16 Mean Cond, pH by month 4-7 


4-17 Turbidity (NTU) and suspended solids (TSS) by station ............. 4-8 


4-18 Turbidity (NTU) and suspended solids (TSS) by month . . . . . . . . . . . . . . 4-8 


4-19 Mean SRP and TP by station . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 4-9 


x 



4-20 Mean SRP and TP by month . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-9 


4-21 Mean station total nitrogen during 1988-1989 . . . . . . . . . . . . . . . . . . .. 4-10 


4-22 Mean station total phosphorus during 1988-1989 . . . . . . . . . . . . . . . . .. 4-10 


5-1 Lake Okeechobee volume weighted TP and SRP concentrations during 

1972 to 1989 ....................................... 5-2 


5-2 Lake Okeechobee TP and SRP concentrations for the five mud stations 

during 1972 to 1989 .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-2 


5-3 Lake Okeechobee TP and SRP concentrations for the three non-mud stations 

during 1972 to 1989 ............................... . . . . 5-3 


5-4 Mud zone TP double mass .......................... . . . . . 5-3 


5-5 Non-mud TP double mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-3 


5-6 Mud zone SRP double mass .............................. 5-4 


5-7 Non-mud SRP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-4 

--, 

5-8 Fractional increase in TP and SRP .......................... 5-5 


5-9 Lake SRP change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-5 


5-10 Inflow double mass for years 1972-1989 . . . . . . . . . . . . . . . . . . . . . . . 5-6 


5-11 Outflow double mass for years 1972-1989 . . . . . . . . . . . . . . . . . . . . . . 5-6 


5-12 Phosphorus loading double mass curve from 1979-1989 ............. 5-6 


5-13 Lake Okeechobee mean rainfall double mass for 1965-1989 . . . . . . . . . . . 5-7 


5-14 Evaporation double mass for 1965-1989 . . . . . . . . . . . . . . . . . . . . . . . 5-7 


5-15 Monthly wind movement at Moore Haven, Florida ................ 5-7 


5-16 Double mass curve for squared monthly wind at Moore Haven . . . . . . . . . 5-7 


6-1 Major components of surface heat transfer ..................... 6-2 


6-2 Definition of the solar altitude (a) and zenith angle (Z) of the incident 

solar ray .......................................... 6-3 


xi 



6-3 Normalized earth-sun radius. Solar declination as a function of Mday for 

the year . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6-3 


6-10 The transmittance, emissivity. and reflectivity of longwave radiation 


6-11 The optical air mass and shortwave radiation atmospheric transmission 


6-14 Mean monthly Lake Okeechobee water temperature measurements during the 


6-15 Mean monthly water temperature and dissolved oxygen concentration 


6-16 Mean station water temperature and dissolved oxygen concentrations 


6-18 Water density [gm· cm-3] , viscosity [gm· cm-I •sec-I], and heat capacity 


6-20 Definition of the measured and calculate pelagic light levels for SD 


xu 


6-4 Shortwave radiation at the top of the atmosphere at noon and the horizontal 

clear sky shortwave radiation at the earth surface without clouds . . . . . . . . 6-4 


6-5 Solar altitude and shortwave albedo for Lake Okeechobee . . . . . . . . . . . . 6-4 


6-6 Length of daylight and the hour angle at noon ................... 6-6 


6-7 Atmospheric emissivity at various air temperatures ................ 6-6 


6-8 Net atmospheric longwave radiation from the water vapor. carbon dioxide 

and ozone in the atmosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-7 


6-9 Longwave back radiation from the lake surface .................. 6-7 


from the water surface of Lake Okeechobee .................... 6-9 


coefficient ......................................... 6-10 


6-12 The effect of cloud cover on shortwave and longwave radiation ........ 6-10 


6-13 Saturation vapor pressure [mbar] and the latent heat of evaporation ...... 6-11 


years 1988 and 1989 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6-11 


measurements for Lake Okeechobee during the period 1972 to 1987 . . . . .. 6-12 


measurements for Lake Okeechobee during the period 1972 to 1987 . . . . .. 6-12 


6-17 Maximum and minimum air temperature for 1965 to 1989 . . . . . . . . . . .. 6-13 


[cal.g-I.K-1] ....................................... 6-13 


6-19 Differences in shortwave and longwave pelagic radiation characteristics . . .. 6-15 


depth, Kd • and photic depth .............................. 6-17 


6-21 Permutations of mixing depth, photic depth, and the bottom of a lake . . . .. 6-17 




6-22 Mean turbidity and TSS station concentrations in Lake Okeechobee during 

1972-1988 ...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6-18 


6-23 Mean monthly turbidity and TSS station concentrations in Lake Okeechobee 


6-24 Light scattering coefficients (b) and light extinction coefficients 


6-27 Smith light function ................................... 6.:23 


7-10 Removal of pelagic phosphorus and regeneration of sediment phosphorus 


during 1972-1988 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6-18 


(b/TSS) attributable to TSS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6-20 


6-25 Definition of the refracted angle in water of the incident solar ray . . . . . .. 6-20 


6-26 Monod light function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6-23 


6-28 Bannister light function ................................. 6-23 


6-29 Steele light function ................................... 6-23 


6-30 Sensitivity of the temperature parameter, (), used to modify reaction rates .. 6-25 


7-1 Interaction between sediment and pelagic phosphorus . . . . . . . . . . . . . . . 7-1 


7-2 Bottom sediment map from Reedy et al. (1991) .................. 7-3 


7-3 Bottom sediment map from Messer et al. (1979) . . . . . . . . . . . . . . . . . . 7-3 


7-4 Bottom sediment flag for the bottom of lake .................... 7-3 


7-5 Relationship between PIP and SRP in open water ................. 7-4 


7-6 Relationship between PIP and DOP is through SRP . . . . . . . . . . . . . . . . 7-4 


7-7 Mean monthly wind at Moore Haven . . . . . . . . . . . . . . . . . . . . . . . . . 7-6 


7-8 Mean squared monthly wind at Moore Haven ................... 7-6 


7-9 Estimated internal loading from Lake Okeechobee for the years 1979-1988 7-10 


governs the removal capacity of the lake sediment. . . . . . . . . . . . . . . .. 7-15 


8-1 Layers in sediment diagenetic model ... . . . . . . . . . . . . . . . . . . . . . . 8-3 


8-2 Tridiagonal solution for any k level Caq . . • • . . . . • . . • • • . . . • • . • . • 8-4 


xiii 



9-1 Submergent and emergent vegetation regions currently are primarily in 

western and southern Lake Okeechobee ....................... 9-1 


10-1 Advective movement of a concentration peak with the velocity field 


10-2 Diffusive movement of a concentration peak from a higher concentration 


11-2 Computational cell used in advection-diffusion reaction equation in (I == k, 


11-9 Ending simulation concentrations at the end of 24 hours using a time step of 

3 hours and a constant initial concentration of 100 ug· rl subject to a 


9-2 Vegetation regions in Lake Okeechobee circa 1914 consisted primarily of 

custard apple trees in the South Bay region . . . . . . . . . . . . . . . . . . . . . 9-2 


9-3 Pelagic TP and SRP versus Lake Stage ....................... 9-5 


9-4 Mean pelagic SRP has a polynomial relationship with stage in 

Lake Okeechobee . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-6 


of the lake depends on the magnitude of the velocity ............... 10-1 


to a lower concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 10-1 


10-3 Sigma-stretched coordinate system .......................... 10-3 


10-4 Sigma (0) levels in a five layer model ........................ 10-3 


10-5 Longitudinal and transverse seiche periods ..................... 10-8 


11-1 Cell nomenclature in x and y directions ....................... 11-1 


Y == j, and x == i directions .............................. 11-2 


11-3 X and Y directions in finite difference pelagic model . . . . . . . . . . . . . .. 11-2 


11-4 Computational cell nomenclature in x and (I directions for a five layer model 11-3 


11-5 Center cell depth in meters for Lake Okeechobee ................. 11-3 


11-6 Cell nomenclature in y and (I directions for a five vertical layer model .... 11-4 


11-7 The depth at the U face cell ( meters) . . . . . . . . . . . . . . . . . . . . . . . .. 11-4 


11-8 The depth at the V face cells (meters) ........................ 11-5 


vertical (I-velocity of +50 sec-I ............................ 11-13 


xiv 



11-10 	 Ending simulation concentrations at the end of 24 hours using a time step of 

3 hours and a constant initial concentration of 100 ug· rl for O"-layers 2, 3, 

4, and 5 and 150 ug· rl for the bottom 0" layer using a vertical O"-velocity of 

50 sec-I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 11-14 


II-II 	Ending simulation concentrations at the end of 24 hours using a time step of 
3 hours and a constant initial concentration of 100 ug· r 1 for O"-layers 1, 2, 
3, and 4 and 150 ug· rl for the top 0" layer subject to a vertical O"-velocity of 
50 sec-I. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 11-15 


11-12 	 Ending simulation concentrations at the end of 24 hours using a time step of 

3 hours and a constant initial concentration of 100 ug· rl for O"-layers 1, 2, 

3, and 4 and 150 ug· r 1 for the top 0" layer subject to a vertical O"-velocity of 

-50 sec-I .......................................... 11-16 


11-13 	 Ending simulation concentrations at the end of 24 hours using a time step of 

3 hours and a constant initial concentration of 100 ug· r 1 for O"-layers 2, 3, 

4, and 5 and 150 ug· r 1 for the bottom 0" layer subject to a vertical O"-velocity of 

-50 sec-I .......................................... 11-17 


11-14 	 Ending simulation concentrations at the end of 1 hour using a time step of 
15 minutes and a constant initial concentration of 100 ug· r 1 for O"-layers 2, 3, 
4, and 5 and 150 ug· r 1 for the bottom 0" layer using a vertical diffusion 
coefficient of 1.0 cm2 • sec-I .............................. 11-18 


11-15 	 Ending simulation concentrations at the end of 1 hour using a time step of 

15 minutes and a constant initial concentration of 100 ug· r1 for O"-layers 2, 3, 

4, and 5 and 150 ug· r 1 for the bottom 0" layer using a vertical diffusion 

coefficientof5.0cm2 ·sec-1 .............................. 11-19 


11-16 	 Beginning simulation concentrations (200 ugll in macrophyte wne, 100 elsewhere) 

for comparison of advection schemes . . . . . . . . . . . . . . . . . . . . . . . .. 11-20 


11-17 	 Ending simulation concentrations at the end of 24 hours using a time step of 

1 hour and a constant initial concentration of 100 ug· r 1 for mud, north lake, 

sand, and south bay and 200 ug· r 1 for the macrophyte wne subject to a 

constant u and v velocity of 0.1 cm· sec-I, using the LOP3D solution and ISOL 

value of 1 ......................................... 11-21 


11-18 	 Ending simulation concentrations at the end of 24 hours using a time step of 

1 hour and a constant initial concentration of 100 ug· r 1 for mud, north lake, 

sand, and south bay and 200 ug· r 1 for the macrophyte wne subject to a 

constant u and v velocity of 0.1 cm· sec-I, using the WP3D solution and ISOL 

value of 2 ......................................... 11-22 


xv 



11-19 	 Ending simulation concentrations at the end of 24 hours using a time step of 

1 hour and a constant initial concentration of 100 ug· rl for mud, north lake, 

sand, and south bay and 200 ug· rl for the maerophyte zone subject to a 

constant u and v velocity of 0.1 em· sec-I, using the WP3D solution and ISOL 

value of 3 ..................... '. . . . . . . . . . . . . . . . . . .. 11-23 


11-20 	 Ending simulation concentrations at the end of 24 hours using a time step of 

1 hour and a constant initial concentration of 100 ug· rl for mud, north lake, 

sand, and south bay and 200 ug· rl for the macrophyte zone subject to a 

constant u and v velocity of 0.1 cm· sec-I, using the WP3D solution and ISOL 

value of 4 ......................................... 11-24 


11-21 	 Ending simulation concentrations at the end of 24 hours using a time step of 

1 hour and a constant initial concentration of 100 ug· rl for mud, north lake, 

sand, and south bay and 200 ug· r I for the macrophyte zone subject to a 

constant u and v velocity of 0.1 cm· sec-I, using the LOP3D solution equivalent 

to the EHSMIT solution and ISOL value of 3 ................... 11-25 


12-1 	 Advective, diffusive, and reactive components in the pelagic zone of 

the lake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 12-2 


12-2 	 Algal pathways in subroutines REAC3D and REACOD . . . . . . . . . . . . .. 12-7 


12-3 	 Doubling or reaction time for algal growth and respiration as a function of 

the reaction rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 12-12 


12-4 	 Intracellular algal nutrient processes in the model ................. 12-13 


12-5 	 Carbon/Chla = 8 ...•....•.•••..••..•••..••..•••.••• , 12-18c 


12-6 P-max = f(1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 12-18 


12-7 Zooplankton pathways in subroutines REAC3D and REACOD 

13-1 The 486 boxes of Lake Okeechobee 3-D model assigned to five sections in the 


......... 12-24 


coarse grid model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13-4 


13-2 Lake Okeechobee boxes used in coarse grid model ................ 13-5 


13-3 Stage, area, and volume relationship .......... : . . . . . . . . . . . . .. 13-17 


13-4 Normalized hydraulic inflow and outflow for 1979 to 1988 ........... 13-17 


13-5 Normalized loading of SRP and TP for 1979 to 1988 . . . . . . . . . . . . . .. 13-17 


13-6 Stage history for the period 1979 to 1988 . . . . . . . . . . . . . . . . . . . . .. 13-17 


xvi 



13-7 Daily wind movement above the pan evaporation station at Belle Glade for 

1979-1988 ......................................... 13-18. 


13-8 Average of pan evaporation measurements at Moore Haven, Clewiston, and Belle 

Glade for 1979-1988 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13-18 


13-9 Average of precipitation measurements at Moore Haven, Clewiston, and Belle 


13-10 Major hydraulic input (rainfall and inflow) and output (evaporation and 


13-12 Calibrated pan evaporation coefficient of 0.965 balances the total water 


Glade for 1979-1988 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13-18 


outflow) for 1979-1988 ................................. 13-18 


13-11 Predicted and measured stages for 1979-1988 . . . . . . . . . . . . . . . . . . .. 13-29 


inflows and outflows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13-29 


13-13 Mean whole-lake TP in Lake Okeechobee. . . . . . . . . . . . . . . . . . . . .. 13-31 


13-14 Mean whole-lake SRP in Lake Okeechobee . . . . . . . . . . . . . . . . . . . .. 13-32 


13-15 Mud zone total phosphorus in Lake Okeechobee . . . . . . . . . . . . . . . . .. 13-32 


13-16 Mud zone SRP in Lake Okeechobee ......................... 13-33 


13-17 North lake total phosphorus in Lake Okeechobee ................. 13-33 


13-18 North lake SRP in Lake Okeechobee . . . . . . . . . . . . . . . . . . . . . . . .. 13-34 


13-19 Sand zone total phosphorus in Lake Okeechobee. . . . . . . . . . . . . . . . .. 13-34 


13-20 Sand zone SRP in Lake Okeechobee .. . . . . . . . . . . . . . . . . . . . . . .. 13-35 


13-21 South Bay total phosphorus in Lake Okeechobee. . . . . . . . . . . . . . . . .. 13-35 


13-22 South Bay SRP in Lake Okeechobee .. . . . . . . . . . . . . . . . . . . . . . .. 13-36 


13-23 Whole-lake TP with 40% load reduction . . . . . . . . . . . . . . . . . . . . . .. 13-40 


13-24 Whole-lake SRP with 40% load reduction . . . . . . . . . . . . . . . . . . . . .. 13-40 


13-25 Whole-lake TP with 70% load reduction . . . . . . . . . . . . . . . . . . . . . .. 13-41 


13-26 Whole-lake SRP with 70% load reduction 13-41 


13-27 Algal concentrations in Lake Okeechobee 13-44 


XVll 



13-28 Deposition/erosion in Lake Okeechobee .................... . .. 13-44 


13-37 Fractional increases in mean station SRP and TP concentrations for the years 


14-3 Mean synoptic total phosphorus and suspended sediment concentrations 


14-4 Straight line relationship obtained by linear regression between the mean 


14-5 Box depths, areas, and volumes for the measured synoptic surveys during the 


13-29 Algal pathways in Lake Okeechobee ....................... .. 13-45 


13-30 SRP pathways in Lake Okeechobee . . . . . . . . . . . . . . . . . . . . . . . . .. 13-45 


13-31 Algal settling rates in Lake Okeechobee . . . . . . . . . . . . . . . . . . . . . .. 13-46 


13-32 Algal coefficients in Lake Okeechobee . . . . . . . . . . . . . . . . . . . . . . .. 13-46 


13-33 PIP balance in Lake Okeechobee ........................... 13-47 


13-34 Adsorption/desorption in Lake Okeechobee .. . . . . . . . . . . . . . . . . . .. 13-47 


13-35 Phosphorus components in Lake Okeechobee . . . . . . . . . . . . . . . . . . .. 13-48 


13-36 Monthly phosphorus in Lake Okeechobee . . . . . . . . . . . . . . . . . . . . .. 13-48 


1979-1982 and 1983-1988 over the baseline concentrations of 1972-1978 . .. 13-51 


14-1 Location of Coastal Engineering data collectors .................. 14-2 


14-2 Synoptic station locations used in model LOP3D . . . . . . . . . . . . . . . . .. 14-3 


in 1989 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 14-4 


synoptic TP and TSS for the five synoptic surveys during the spring of 1989 14-4 


spring of 1989 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 14-6 


14-6 Starting TP synoptic concentrations in ug/l on 89147 . . . . . . . . . . . . . .. 14-8 


14-7 SRP synoptic concentrations in ug/lon 89147 ................... 14-9 


14-8 Center cell depth on Julian day 89147 ........................ 14-10 


14-9 Predicted SRP concentration in ug/l on day 89154 . . . . . . . . . . . . . . . .. 14-11 


14-10 Predicted concentration for constituent DOP, in ug/l ............... 14-12 


14-11 Predicted concentration for constituent greens, ug/l .... . . . . . . . . . . .. 14-13 


14-12 Predicted concentration for constituent blue-greens, ug/l 14-14 


XVlll 



14-13 Predicted concentration for constituent ZOO, ug/l . . . . . . . . . . . . . . . .. 14-15 


14-14 Predicted concentration for constituent PIP, ug/l . . . . . . . . . . . . . . . . .. 14-17 


14-15 Predicted concentration for constituent OrgP-Sed, ug/l 14-18 


14-16 Predicted concentration for constituent sediment, mg/l .............. 14-19 


14-17 Predicted TP concentration in ug/l on day 89154 ................. 14-20 


14-18 Upper layer uptake for all algae species in kilograms . . . . . . . . . . . . . .. 14-21 


14-19 Lower layer uptake for all algae species in kilograms . . . . . . . . . . . . . .. 14-22 


14-20 Upper layer losses for all algae species in kilograms ............... 14-23 


14-21 Lower layer losses for all algae species in kilograms 14-24 


14-22 Total reaction change of zooplankton in kilograms. . . . . . . . . . . . . . . .. 14-25 


14-23 Total cell change of DOP in kilograms. . . . . . . . . . . . . . . . . . . . . . .. 14-26 


14-24 Total cell change of SED in kilograms . . . . . . . . . . . . . . . . . . . . . . .. 14-27 


14-25 Total mass flux of TP in an I,J center cell ..................... 14-29 


14-26 Total adjusted thickness (cm) of cell at end of simulation ............ 14-30 


14-27 Total original thickness (cm) of center cell ..................... 14-31 


14-28 Total advection-diffusion SRP change in kilograms ................ 14-32 


14-29 Total advection-diffusion DOP change in kilograms . . . . . . . . . . . . . . .. 14-33 


14-30 Predicted chlorophyll a in ug/l . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 14-34 


14-31 Total advection-diffusion algae change in kilograms . . . . . . . . . . . . . . .. 14-35 


14-32 Total advection-diffusion ZOO change in kilograms . . . . . . . . . . . . . . .. 14-36 


14-33 Predicted Secchi depth, meters ............................ , 14-37 


14-34 Total reaction SRP change in kilograms . . . . . . . . . . . . . . . . . . . . . .. 14-38 


14-35 Upper layer adsorption in kilograms ......................... 14-39 


14-36 Lower layer adsorption in kilograms 14-40 


XiX 



14-37 Total sediment organic flux in kilograms ...................... 14-41 


14-38 Total PIP flux from sediment to pelagic in kilograms . . . . . . . . . . . . . .. 14-42 


14-39 Total PIP flux from pelagic to sediment in kilograms . . . . . . . . . . . . . .. 14-43 


14-40 Measured TP synoptic concentrations in ug/l on day 89154 ........... 14-44 


14-41 Measured SRP synoptic concentrations in ug/lon day 89154 .......... 14-45 


14-42 Ending TP concentration differences in ug/l . . . . . . . . . . . . . . . . . . . .. 14-46 


14-43 Ending SRP concentration differences in ug/l . . . . . . . . . . . . . . . . . . .. 14-47 


"~ 

xx 



LIST OF TABLES 


1-1 Physical characteristics of Lake Okeechobee during the years 1972-1988 . . . 1-8 


1-2 Proposed boundary values for trophic categories based on the OECD Summary 

Report ........................................... 1-15 


2-1 Mean chlorophyll i! concentrations in Lake Okeechobee by station ranked in 

order of decreasing concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-8 


3-1 Lake Okeechobee tributaries .......... . . . . . . . . . . . . . . . . . . . . 3-2 


3-2 Lake Okeechobee control structures at stations with significant flows ..... 3-4 


3-3 The inflow stations are ranked below in decreasing contribution to the 

phosphorus load over the period of record . . . . . . . . . . . . . . . . . . . . . . 3-6 


3-4 South Florida rainfall for 1980s (Source: SFWMD, 1990) ........... 3-8 


4-1 Mean phosphorus concentrations and standard deviations of phosphorus 

measured in Lake Okeechobee ranked in order of decreasing mean 

concentration (ug. r I) ................................. . 4-9 


4-2 Mean nutrient concentrations in Lake Okeechobee by station (ug· rl), 

April 1973 to March 1980 ............................... 4-10 


6-1 Conversion factors used to convert other units of solar radiation to units 

of langleys • day-I in the different models of Lake Okeechobee ......... 6-1 


6-2 Index of cloud cover index 6-10 


6-3 Optical properties of the major phytoplankton classes . . . . . . . . . . . . . .. 6-16 


6-4 Linear light extinction coefficients for chlorophyll i! . . . . . . . . . . . . . . .. 6-20 


6-5 Background light extinction coefficients ....................... 6-20 


6-6 Optimal light intensity or the half saturation constant for light limitation ... 6-24 


6-7 Coefficients for the temperature dependence of biological rates . . . . . . . .. 6-25 


7-1 Extractable phosphorus in sediments ......................... 7-12 


7-2 Nutrients in the sediments of Lake Okeechobee .................. 7-12 


XXl 



7-3 Input data used for diagenetic and sediment model of Lake Okeechobee ... 7-14 


8-1 Input data for diagenetic model ............................ 8-4 


9-1 Estimates of macrophyte nutrient content and areal excretion rate from 

Brezonik et al. (1983) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-4 


9-2 Optimum range of growth for plants in Lake Okeechobee ... . . . . . . . . . 9-4 


9-3 The emergent vegetation of Lake Okeechobee ................... 9-5 


10-1 Physical parameters for Lake Okeechobee . . . . . . . . . . . . . . . . . . . . .. 10-7 


10-2 Model dimensionless numbers and model values . . . . . . . . . . . . . . . . .. 10-13 


11-1 Options for advection simulation in LOP3D model ................ 11-12 


12-1 Modeled phosphorus species and related components .......... . . . .. 12-3 


12-2 Kinetic pathways of phosphorus components .................... 12-4 


12-3 Major functional differences between the phytoplankton classes . . . . . . . .. 12-6 


12-4 Lake Okeechobee algal species ............................ 12-7 


12-5 Phytoplankton densities by algal class on July 15, 1981 ............. 12-8 


12-6 Phytoplankton densities by algal class on August 24, 1981 . . . . . . . . . . .. 12-8 


12-7 Phytoplankton densities by algal class in Lake Okeechobee on 

October 8, 1981 ..................................... 12-9 


12-8 Half saturation constant for algal growth . . . . . . . . . . . . . . . . . . . . . .. 12-13 


12-9 Maximum growth rate for algae at 20°C. . . . . . . . . . . . . . . . . . . . . .. 12-14 


12-10 Chlorophyll/Phosphorus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 12-18 


12-11 Algal respiration rate .................................. 12-20 


12-12 Algal mortality rate ................................... 12-21 


12-13 DOP to SRP regeneration rate at 20°C . . . . . . . . . . . . . . . . . . . . . . .. 12-21 


12-14 Algal settling rates ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 12-22 


12-15 Zooplankton ingestion rate 12-25 


XXIi 



.-- 12-16 Zooplankton respiration rate ... . . . . . . . . . . . . . . . . . . . . . . . . . .. 12-25 


12-18 Residual phosphorus partitioning coefficients for partitioning TP-SRP synoptic 


13-1 Symbols for the various modeled boxes used in the simulation of 


12-17 Michaelis constant for zooplankton uptake of algae ................ 12-25 


data measurements .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 12-26 


12-19 Water plus organic color light extinction coefficient (l.m-I) .......... 12-26 


12-20 Phosphorus transformation coefficients (l·day-I) ................. 12-26 


12-21 Maintenance respiration coefficients (l-day-l) ................... 12-27 


12-22 Temperature adjustment coefficients ......................... 12-27 


12-23 Minimum uptake rate (l·day-l) .... . . . . . . . . . . . . . . . . . . . . . . .. 12-27 


12-24 Half saturation constant for uptake (ug _day-I) ................... 12-28 


12-25 Maximum settling rate (m -dafI) . . . . . . . . . . . . . . . . . . . . . . . . . .. 12-28 


12-26 Half saturation constant for light (ly-day-I) . . . . . . . . . . . . . . . . . . . .. 12-28 


12-27 Light absorption coefficients (m2 - ug-l) ....................... 12-28 


12-28 Light scattering coefficients (m2 ·ug-l) ........................ 12-29 


I..ake Okeechobee . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13-5 


13-2 Advection and diffusion interbox connections . . . . . . . . . . . . . . . . . . .. 13-9 


13-3 Interbox transfer coefficients . . . . . . . . . . . . . . . . . . . . . . . . . • . . .. 13-9 


13-4 Phosphorus reaction pathways ............................. 13-13 


13-5 Algal population limits (fraction of total population) . . . . . . . . . . . . . . .. 13-23 


13-6 Specific nutrient loadings to I..ake Okeechobee . . . . . . . . . . . . . . . . . .. 13-25 


13-7 Specific outflows from I..ake Okeechobee ...................... 13-26 


13-8 Residual Cdiff phosphorus proportions (fractions of Cdiff) ...•••••.••. 13-27 


-- 13-9 I..ake areas in km2 for Model LOPOD ........................ 13-27 


13-10 Weights used for volume weighting. . . . . . . . . . . . . . . . . . . . . . . . .. 13-31 


XXlll 



13-11 List of figures in appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13-37 


13-12 Comparison of means and standard deviations for various loadings. . . . . .. 13-39 


xxiv 




1. INTRODUCTION TO THE PELAGIC PHOSPHORUS MODEL 


The thought behind I strove to join 

Unto the thought before. 

But sequence ravelled out of reach 

Like balls upon the floor. 


- Emily Dickinson 

1.1 Project Overview 

Lake Okeechobee (Figure 1-1), is the largest lake in Florida (Figure 1-2) and 
the center of the surface water system of South Florida (Figure 1-3), but the lake is 
stressed from the continued population growth in Central and South Florida. A 
partial listing of the benefits of Lake Okeechobee to South Florida include flood 
control, water storage, water supply, wildlife habitat, commercial and sport fishing, 
and climate modification. 

Figure 1-1 Satellite photograph of Lake Okeechobee, showing the major regions of 
. the lake. The north lake is dominated by the river flows of the 

Kissimmee River, Taylor Creek, Nubbins Slough, and Fisheating 
Creek. The western littoral zone is shallow with emergent and 
submersed vegetation. The shallow south lake has three large islands 
and surface outflow through canals to the south, east and west. The 
central region is deeper with organic mud sediments. 
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Figure 1-2 

Figure 1-3 

Lake Okeechobee is the largest lake in Florida, and the second largest 
in the lower 48 states. 

~"_tl_~iI_ 

ITl-'~'
EE}.IOC_

0--- ,.,....
I51.VtIlGVIOU""'",*,,~ -~ 

-

Location of Lake Okeechobee and its tributary drainage areas in 
Florida. The major inflow source is the Kissimmee river and rainfall. 
The major outflows are evaporation, Caloosahatchee River, and St. 
Lucie, Miami, New North River, and Hillsboro Canals. 
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This report describes a mass balance model and 3-D model of the phosphorus 
dynamics in Lake Okeechobee. Phosphorus, nitrogen and silica are the major limiting 
macronutrients in lakes (Schindler, 1978). However, because phosphorus is the most 
controllable nutrient in lakes, nitrogen and silica are not simulated in Lake 
Okeechobee. Phosphorus is more controllable by man since the source of phosphorus 
to lakes is either external (river loading and atmospheric deposition) or internal from 
the bottom sediments of a lake. Nitrogen is not as easily controlled as phosphorus, 
because nitrogen fixing bacteria and nitrogen fixing blue-green algae can directly 
utilize atmospheric nitrogen (Brezonik et al., 1979). 

Phosphorus is probably the ultimate controller of algal productivity and 
biomass in Lake Okeechobee even though the lake more often limited by temperature, 
light and nitrogen limitation. The right conditions for algal growth may result in an 
algal bloom, which is a very dense concentration of algae. The algal bloom is limited 
by the concentration of available phosphorus. Blue-green and green algal blooms in 
Lake Okeechobee may cover up to 100 square miles of the lake, and create adverse 
biological conditions in the lake. The blooms are a primary concern of the South 
Florida Water Management District (SFWMD) and the people of South Florida. 

The concentration of total phosphorus (TP) in the lake has increased 20 to 40 
percent in the 1980s compared to a baseline concentration established in the 1970s 
(Figure 1-4). The greater total phosphorus lake concentrations degrade the overall 
water quality in the lake. 

Thus, the overall goal of this comprehensive project for the South Florida 
Water Management District (SFWMD) was the quantification of the various external 
and internal sources of phosphorus to Lake Okeechobee, and the development of a 
predictive framework (e.g., a computer model) with which to assess the effects of 
changes in the various phosphorus loading mechanisms on pelagic phosphorus 
concentrations. This report focuses on two tasks delineated in the project proposal: 

Task 4.6 Prediction of pelagic phosphorus, and 

Task 6.2 Simplified mass balance approach 
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Figure 1-4 	 TP and SRP concentrations in Lake Okeechobee for 1972 to 1989. The 
TP and SRP values are the volume weighted average of 8 sampling 
stations. 

1.2 Glossary 

In this report on Lake Okeechobee we will use the following names for 
important areas and processes in the lake. The open water area of the lake will be 
called the pelagic area. This is the region of the lake without emergent macrophyte 
plants and is deeper than the littoral area, which is the shallow area in western Lake 
Okeechobee dominated by emergent and submersed macrophytes. An important 
chemical and physical process in Lake Okeechobee is diagenesis, or the changes 
occurring during and after the burial of phosphorus in the bottom sediments. 

1.3 Project Approach 

The transient, three-dimensional water quality model developed to simulate the 
major phosphorus species of Lake Okeechobee is called the Lake Okeechobee 
Phosphorus three-dimensional model (LOP3D). LOP3D is linked to the hydrody
namic (EHSMJD) and sediment models (EHSMSD) developed by the UP Coastal and 
Oceanographic Engineering (UF COE) Department (Sheng et al., 1991a) as well as to 
the Lake Okeechobee diagenetic sediment model (WPSED) developed by KBN 
Applied Science and Engineering (pollmann, 1991). The simplified mass balance 
model developed for use as a management tool is for the Lake Okeechobee 
Phosphorus zero-dimensional model (LOPOD). This final report describes the efforts 
devoted to these two tasks. 
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1.4 Model Overview 

Many model classifications are possible. Temporally, models may produce 
only steady-state results or be completely transient (Figure 1-5). Spatially, models 
may range from completely lumped (e.g., a continuously stirred tank reactor or 
CSTR) to full variation in the x, y, and z directions (Figure 1-6). 

Model LOP3D was created to incorporate the effects of light, temperature, and 
sediments on the phosphorus species in Lake Okeechobee. The combined abiotic, 
biotic and physical model moves phosphorus constituents through the physical 
processes of advection and diffusion and then solves the interacting phosphorus 
reactions using ordinary differential equations (Figure 1-7). 

The LOP3D model output is aggregated in large boxes corresponding to the 
aggregated areas used in model LOPOD to aid in the comprehension of the multitude 
of reaction pathways and phosphorus components. Two dimensional picture 
representation of the average box and cell concentrations during the simulation aid in 
proving or disproving model input assumptions and the validity of the model output. 

,-------------.. Steady State 

t-------------.. Quasi-Steady State 

~------------.. Transient 

Figure 1-5 Temporal variation in lake models . 

.--------------.. O-D Box or mass balance model 

t-------------.. I-D Vertical models 

1--------------.. 2-D Vertically integrated models 

'--------------.. 3-D Complete advection-diffusion model 

Figure 1-6 Spatial variation in lake models. 
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Figure 1-7 	 Structure of the combined advection-diffusion-reaction three 
dimensional model of pelagic, littoral, and sediment phosphorus species 
in Lake Okeechobee. 

The models include basic assumptions about phosphorus dynamics that are 
almost universally accepted (Wetzel, 1983) 

(1) 	 Temperature is important in governing reaction rates, 

(2) 	 Light is a limiting factor in algal uptake. The abiotic factors of 
light and temperature are usually the most sensitive parameters 
simulations (Scavia et al., 1984; Biennan, 1980). 

(3) 	 There are pronounced seasonal changes in the phytoplankton 
population. Spring algal populations are dominated by diatoms 
and summer algae are dominated by green and blue-green algae. 
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Lake Okeechobee shares the characteristics of temperate and sub-tropical 
lakes. The seasonal patterns of algal succession, e.g., diatoms in the spring followed 
by green algae and blue-green algae in the summer is typical of northern temperate 
lakes (Wetzel, 1983). However, modulated changes in algal biomass is more typical 
of sub-tropical lakes (Crisman and Beaver, 1988). Lake Okeechobee straddles the 
climate zone between temperate and sub-tropical in South Florida. 

Complex environmental models are hard to visualize so the two models 
described herein include a sensitivity analyzer that determines the range of acceptable 
parameter values. Simply put, the model coefficients are varied + or - from selected 
starting points and the model simulation results are compared to the average synoptic 
values of phosphorus measured by the UF COE Department. Results deemed to be 
unacceptable invalidate that particular range of model coefficients. Tight bounds for 
most coefficients can be found based on this procedure. 

Riverine input, atmospheric input, diagenetic flux from the lake sediments, 
solar radiation, temperature, wind and material transfer from the littoral zone are 
integral to the prediction of pelagic phosphorus concentrations. The pelagic 
phosphorus concentrations in tum are the boundary conditions for the diagenetic and 
littoral zone model transfer of phosphorus. The pelagic region is also the source of 
the autochthonous sediment phosphorus that supplies the mud zone of Lake Okeecho
bee. 

1.5 Physical Setting of Lake Okeechobee 

Lake Okeechobee, located between latitudes 270 12'N and 260 40'N and 
longitudes 800 37'W and 81 0 08'W in south Florida, is the third largest natural 
freshwater lake lying entirely within the United States. As the key element in the 
Kissimmee River - Lake Okeechobee - Everglades ecosystem, the three together form 
a shallow depression running from north to south in the Florida peninsula (Figure 
1-3). General physical and morphometric features of Lake Okeechobee are listed in 
Table 1-1 and the lake and its watershed are shown in Figure 1-4. 

1.5.1 Word Origins 

The name Okeechobee comes from the words Oki = water and Chubi = big 
in the Hitchiti dialect of the Miccosukee Indian language. Lake Okeechobee was also 
known as Lake Mayaimi in the language of the original Florida Indians. Mayaimi 
means "Big Water" and the lake name was copied by the Miccosukee and Seminole 
Indians. 
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Table 1-1 Physical characteristics of Lake Okeechobee during the years 1972 to 
1988. 

Mean Surface Area 

Mean Depth 

Mean Stage 

Mean Volume 

Mean Hydraulic Inflow 

Mean Hydraulic Outflow 

Mean TP River Loading 

Mean Precipitation Load 

Mean TP Tributary Loss 

Maximum Length 

Maximum Width 

Shoreline Length 

Total Watershed Area 

Watershed Land Area 

1598 Ian2 

2.6 m 

4.4 m 

4.25x109 

1.52 m/yr 

0.67 m/yr 

429 mg/m2/yr 

49 

52 mg/m2/yr 

56.4 Ian 

48.0 Ian 

172 Ian 

13,007 Ian2 

11,116 Ian2 
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1.5.2 Geological Beginnings of Lake Okeechobee 

The foundation of Lake Okeechobee began a half a billion years ago as an 
ocean trench separating North America from an arc of steaming island volcanoes that 
now are the Caribbean Islands. The basement of the flat Florida landscape actually 
started as the result of this volcanic activity, and the original volcanic rocks can be as 
deep as 13,000 feet below the surface in Florida (Randazzo, 1986). 

Florida slowly emerged from the ocean 20 to 30 million years ago as a 
shallow sea. Limestone deposits as deep as 18,000 feet in some areas formed on the 
volcanic beds. Sediment from the land soon filled in the northern trench and Florida 
touched the main continent. Worldwide glacier growth lowered the sea level up to 
350 feet below their current level, and the Florida peninsula was twice its present 
size. The melting glaciers caused the ocean to wash over the extended coastline of 
Florida about six times during the ice ages (Figure 1-8). This strong tidal process 
chiseled a staircase of bluffs and terraces all across Florida. Geologists estimate the 
last high tide that crept into Florida occurred 120,000 years ago. 

Figure 1-8 	 Florida coastline during the Pamilco period, showing the extension of 
the continental shelf and the coastline at the time of high water between 
glacial periods. 
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The lake is situated at the lower end of the Central Florida Highlands (Figure 
1-9) and based on its history can be considered a self created system. The lake is a 
relic seabed (see Figure 1-9) that most recently formed = 6,300 years ago. The 
plant life in ancient Lake Okeechobee created a levee of peat at the southern end of 
the lake that slowly raised the water level of Lake Okeechobee. 

Figure 1-9 	 Physiographical regions near Lake Okeechobee, showing the sculptur
ing effect the raising and lowering of the mean sea level by ice ages 
had on the features of Florida. 

This large area was a land of mystery until about a century ago (Figure 1-10). 
The area south and west of Lake Okeechobee had fewer than 50 Caloosa Indian 
villages before the year 1500. The Okeechobee drainage basin and the Everglades 
were almost entirely without human inhabitants after the year 1700 until the Seminole 
Indian wars of the 1820s and 1830s. The area south of Lake Okeechobee remained 
sparsely populated until this century. 
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Figure 1-10 	 An early map of Lake Okeechobee (1838), showing the greater extent 
of the lake especially in the western littoral zone and southern lake due 
to higher water surface elevations. 

After the connection of the Caloosahatchee River to Lake Okeechobee in the 
1870s, the Kissimmee-Okeechobee region began to be explored by hunters and 
naturalists who reported their discoveries as being the first of the lake, but thousands 
of early Caloosa and Seminole Indians were already familiar with Lake Okeechobee. 

The lake and its watershed have been considerably altered by man for the goal of 
increased water storage and greater flood protection. Previously, before the year 
1900, inflow to the lake came from Fisheating Creek, the Kissimmee River, and the 
Taylor Creek and Nubbin Slough drainage basins. Outflows from the lake consisted 
of surface evaporation, evapotranspiration, and sheet flow over the southern rim of 
the lake into the Everglades during some wet seasons. The drainage area of 
predevelopment Lake Okeechobee was approximately 10,360 km2 (Federico et al., 
1981), 

Now, all natural tributaries except Fisheating Creek are regulated by the South 
Florida Water Management District (SFWMD) through control structures. Surface 
outflow is regulated through drainage canals, and the lake itself is completely 
surrounded by a 25 foot dike for flood protection purposes. The Caloosa Indians 
were probably the first to begin constructing canals in the area, as Buckingham Smith 
reported the presence of canals in his reconnaissance of South Florida in 1848 
(Brooks, 1974). Hamilton Disston dredged these same canals in an attempt to open a 
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waterway from the Kissimmee River to the Gulf of Mexico in 1881 (Brooks, 1974, 
from earlier reference). Until the 1890s the water in the lake overtopped the natural 
levees at 20 to 22 feet with some water draining in the "blind II channels situated at 21 
to 22 feet. The extensive system of canals since constructed has added approximately 
1550 km2 to the Lake Okeechobee watershed in the area south of the Lake (Federico 
et al., 1981). 

1.6 Ecological Setting of I..ake Okeechobee 

The ecology of Lake Okeechobee has changed dramatically in the last 100 
years. Large groves of custard apples and moonvine were present in the late 1890s 
and early 1900s (Figure 1-11). The groves would extend several miles into southern 
Lake Okeechobee and were periodically killed by frosts in the winter. Cattle grazing 
was practiced in the littoral zone of the lake. The dominant macrophyte community 
may be completely altered after extended periods of inundation (Milleson, 1987). 
Lake Okeechobee's natural hydroperiod was changed in the 1900s by the construction 
of the Hoover Dike, channelization of the Kissimmee River, back-pumping of the 
Everglades Agricultural Area (BAA), and regulation of the lake's water surface 
elevation and inflows/outflows (Milleson, 1987). 

Figure 1-11 	 Vegetation regions of Lake Okeechobee before 1900, showing custard 
apple groves in the southern lake, and less area of emergent 
macrophytes in the western lake compared to the present lake. 
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The water residence time and lake stage (Figure 1-12) of Lake Okeechobee 
. affect the feeding and nesting pattern of migratory birds. Successful bird feeding 

conditions requires lake stages below 15 feet msl to concentrate the forage organisms 
for the birds. 	 Nesting of wading birds only succeeds if the ground beneath the colony 
is flooded during the months of March to July or that the colony nest on an island 
(Zaffk.e, 1984). 
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Figure 1-12 	 Stage history of Lake Okeechobee since 1932, showing the periodicity 
of stages in the lake. 

The stage history of Lake Okeechobee has fluctuated between 10 and 19 feet 
for the last 60 years (Figure 1-12), with a mean stage of 14.4 feet. The mean depth 
actually increased during the 1980s (Figure 1-13). The change of lake regulatory 
schedule has succeeded in raising the mean lake stage (Milleson, 1986). The higher 
lake stage, however, has actually worsened the effect of the increase in TP and SRP 
concentrations. The total lake burden of Lake Okeechobee, which is the lake volume 
times the mean concentration of TP or SRP, has increased significantly in the 1980s 
(Figure 1-14). The mean lake burden of TP before 1979 was 210,000 kilograms, 
whereas after 1980 the burden increased to 398,000 kilograms. The mean lake 
burden of SRP increased from 51,000 to 125,000 kilograms over the same time 
frame. 
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Figure 1-13 	 Mean lake stage for each decade beginning in 1932. The mean stage 
for the 1980s is higher than the 1950s, 1960s, and 1970s due to a 
change in the regulatory schedule . 
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Figure 1-14 	 The total phosphorus (TP) and soluble reactive phosphorus (SRP) 
burdens in Lake Okeechobee have increased greatly since 1979. The 
phosphorus burden is defined as the volume weighted mean phosphorus 
concentration multiplied by the mean monthly lake volume. 
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1.7 Trophic Status of Lake Okeechobee 

Lake Okeechobee is a naturally eutrophic lake based on typical lake trophic 
classification standards (Table 1-2), and the lake has made significant gains towards 
achieving hypereutrophic status in the 1980s. A classification of eutrophic or 
hypereutrophic for Florida lakes is common. Using a TP concentration of 20 ug/l to 
divide between oligotrophic, mesotrophic and eutrophic lakes, only 27 percent of the 
Florida lakes in a data set of 1039 lakes can be classified oligotrophic or mesotrophic 
(Huber et al., 1982). 

Table 1-2 	 Proposed Boundary Values for Trophic Categories based on the OECD 
Summary Report (OBCD, 1982). 

Mean Mean Max Max Mean 
Trophic TP CHLA CHLA Secchi Secchi 

Category (ug/I) (ug/l) (ug/l) (m) (m) 

Ultra-Oligotrophic s:;; 4.0 s:;; 1.0 s:;; 2.5 s:;; 12 ~ 6.0 

Oligotrophic s:;; 10.0 s:;; 2.5 s:;; 8.0 ~ 6.0 ~ 3.0 

Mesotrophic 10 - 35 2.5 - 8 8 - 25 6-3 3.0  1.5 

Eutrophic 35 - 100 8 - 25 25 -75 3 - 1.5 1.5 - 0.7 

Hypereutrophic ~ 100 ~25 ~ 75 s:;; 1.5 :s; 0.7 

The use of trophic state indicators (TSI) to classify lakes may be misleading or 
deceptive. The common TSI parameters total phosphorus (TP), chlorophyll ~, and 
Secchi depth (SD) all have limitations in perception (Huber et al., 1982). 

Florida lakes may generally be classified as warm monomictic (Beaver et al., 
1981); ranging in trophic classification from oligotrophic to hypertrophic {Kratzer and 
Brezonik, 1981); and have a range in color from 0 to 416 Pt-Co units (Canfield et al., 
1984). The primary productivity of the algae in Lake Okeechobee appears limited 
more by decreased light penetration and inorganic nitrogen limitation than by 
phosphorus, based on a lake mean TN/TP of 10.0, mean organic color measurements 
of 40-50 PCU, and high suspended sediment concentrations. 
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2. PHOSPHORUS CYCLE AND COMPONENTS 


2.1 Introduction 

The measured phosphorus species in Lake Okeechobee are typically soluble 
reactive phosphorus (SRP), dissolved phosphorus (DP), and total phosphorus (TP). 
In contrast, the phosphorus components simulated as part of this study include SRP, 
dissolved organic phosphorus (DOP), green algae (GRN), blue-green algae (BLU), 
diatom algae (DIA), zooplankton (ZOO), particulate inorganic phosphorus (PIP), and 
particulate organic phosphorus (ORG). This chapter has two purposes: 

(1) 	 an introduction to the phosphorus cycle in lakes. 

(2) 	 a discussion of the methods used to apportion the three 
measured phosphorus species to the eight simulated phosphorus 
components. 

This apportionment is the fundamental problem in modeling phosphorus in 
lakes: the measured phosphorus species do not correspond exactly or even 
approximately to modeled phosphorus components. This problem arises because 
measured phosphorus species are operationally defined and their physical and 
biological significance or meaning is uncertain. Thus, Broberg and Persson (1988) 
state: "Classically operationally defined monitoring variables ...are not congruent with 
known specific physical or chemical components in natural waters or their 
bio-availability. " 

The first criterion for classifying the different phosphorus species is their 
separation into soluble and particulate phosphorus, using a 0.45 u membrane fIlter to 
separate the two fractions (Figure 2-1). Since 1974 when this operational scheme was 
first introduced, our understanding of the phosphorus cycle has grown and the 
complexity of lake phosphorus models has paralleled this understanding (Tarapchak 
and Nalewajko, 1986). Compare the three phosphorus forms in Figure 2-1 to the 
conceptual diagram of Scavia (1981) showing 22 phosphorus species (Figure 2-2). 

Particulate matter in water can cover an enormous range (Figure 2-3). 
Particulate phosphorus includes both organic and inorganic particulates. Particulate 
organic matter in lakes typically comprises detritus, phytoplankton, bacteria, and 
zooplankton in relative order of biomass (Grobbelaar, 1985; Persson, 1984). 
Individual lakes can have a different ordering of particulate matter. For example, 
lakes with a high external loading of organic matter can have a bacterial biomass 
greater than the phytoplankton biomass (Grobbelaar, 1985). 

2-1 




> 0.45 u 
r--------------. Particulate phosphorus (PP) 

TP ~ • soluble reactive 
~ 0.45 u ~ phosphorus (SRP) 

~-------------. Soluble phosphorus _ 

_ 	 Soluble unreactive 
phosphorus (SUP) 

Figure 2-1 Definition of phosphorus forms in water, Rigler (1975). Micron = 
1045u 	= m. 

Oi we 

~~~~~~= 

Con P Condensed P 

(CooP) 

Non-living t ~ 
Particulates Sorbed _ Ortho'P _"---+1' 

(e.g. P04 (P041 
Organics, I t 

Clays. • 
CaCD3. CoIIoidal-P

Metal ppt. (Col Pl 
feces) 	 t 

Dissolll8d 
Organic P 

(OOP) 

Particulate 
Organic P Bact. P--,-, .. 


(SufplusP) 

Figure 2-2 Conceptual model of Scavia (1981). 
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Figure 2-3 Size spectrum of particles in water (after Stumm, 1977). Micron
1045u = m. 
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2.2 Phosphorus Cycle in Lake Okeechobee 

Phosphorus enters Lake Okeechobee in a variety of physical pathways via 
different phosphorus species. The magnitude of the pathway and its constituent 
makeup ultimately determine phosphorus availability and concentrations in the lake. 
Figures 2-1 and 2-4 show possible phosphorus species separations based on size and 
organic content. The sources of phosphorus to Lake Okeechobee include tributary 
dissolved and sediment associated phosphorus, resuspended bottom sediments 
containing inorganic and organic phosphorus, diffusion of dissolved phosphorus from 
lake sediments, internal pathways of recycled pelagic phosphorus, atmospheric 
deposition of dry particulates, and scavenged SRP in the rainfall (Brezonik et al., 
1983). 

Organic P Cells Organic Floc. 

Organic Detritus Coprecipitates 

Inorganic P Minerals Inorganic Precipitates 
~========~==~===-~==-===~-======-===. 

Particles Colloids 

Figure 2-4 	 Particulate phosphorus grouping along axes of size and organic content, 
from Broberg and Persson (1988). 

The cycle of phosphorus in lakes is in dynamic flux with constant movement 
between the four forms of phosphorus (Lean, 1973): (1) particulate phosphorus; (2) 
orthophosphorus (commonly measured as soluble reactive phosphorus); (3) colloidal 
phosphorus; and (4) low molecular weight phosphorus (Figure 2-5). The relative 
proportions of the four forms vary from lake to lake but generally particulate 
phosphorus > orthophosphorus > colloidal phosphorus > low molecular weight 
phosphorus (Lean, 1973; Rigler, 1973; Prepas and Vickery, 1984). Florida lakes 
have a mean orthophosphorus content of 39 percent (n=267). The OECD found the 
percentage of orthophosphorus to range from 20 percent to 45 percent (OECD, 1982). 
Schnoor and O'Connor (1980) found dissolved phosphorus to range from 35 to 75 
percent in 81 northern lakes, and phytoplankton phosphorus to account for 10 to 40 
percent of the total phosphorus. Prepas and Vickery (1984) found a range of 3 to 19 
percent for colloidal phosphorus in 17 Alberta lakes. 

The following sections describe in detail the various phosphorus species 
simulated in WPOD and LOP3D models of Lake Okeechobee and their overall 
relationship to the cycling of phosphorus in lakes. Chapter 12 presents the formal 
algorithms used in the model to simulate the phosphorus cycle in Lake Okeechobee. 
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Figure 2-5 	 Biological movements of phosphorus from Lean (1973). 

2.3 Dissolved Organic Phosphorus (DOP) 

Dissolved organic phosphorus comprises a major portion of phosphorus in lake 
water (Wetzel, 1983). The transformation from DOP to SRP is mediated by bacteria 
through the process of uptake of DOP and excretion of SRP (Figure 2-6). This 
bacterial regeneration of SRP is modeled as a first-order decay of DOP to SRP 
(Chapter 12). Bacterial phosphorus biomass is not explicitly modeled. 

Dissolved organic 12hos12horus (DOP) 

Bacterial 

Regeneration Bacterial u12take 


F=========--==='''-=====================~ 
Bacterial phosphorus (Not in the model) 

Bacterial excretion 

Figure 2-6 	 Phosphorus pathway between DOP and SRP is a combination of 
bacterial uptake of DOP and excretion of SRP in Subroutines REAC3D 
and REACOD. 
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2.4 Soluble Reactive Phosphorus (SRP) 

Dissolved inorganic phosphorus consists of orthophosphates, polyphosphates, 
and metaphosphates (Broberg and Persson, 1988). Orthophosphates are generated by 
chemical weathering or biological activity. Biological activity is the source of poly
and meta-phosphates. Much of the dissolved inorganic phosphorus is usually colloidal 
poly- and meta-phosphates. Ortho-phosphorus, P04, is the phosphorus species 
involved in algal uptake. 

Dissolved reactive phosphorus (DRP), also called soluble reactive phosphorus 
(SRP), is commonly used as the measure of the external nutrient source for algal 
growth in simulation models. However, SRP overestimates the conCentration of 
ortho-phosphorus by at least one order of magnitude, since SRP is actually a 
combination of ortho-phosphorus and low molecular weight organic phosphorus 
(Barica and Allen, 1988). However, the low molecular weight organic phosphorus 
components are rapidly cycled and ultimately taken up by algae; thus SRP is still an 
acceptable measure of dissolved bioavailable phosphorus (Barica and Allen, 1988). 

Bioavailable phosphorus is commonly defined as the sum of immediately 
available phosphorus and that which will become an available form by a naturally 
occurring process (Bostrom et al., 1988). NaOH-Extractable P, commonly assumed 
to correspond to aluminum- and iron-bound phosphorus, is the sediment form most 
readily available to algae (Bostrom et al., 1988). HCI-Extractable P, corresponding 
to calcium-bound phosphorus, and particulate organic P were found not to support 
algal growth. 

The biological availability of phosphorus varies between and within lakes. 
Biologically unavailable phosphorus exists in both soluble and particulate form in 
lakes (peters, 1981). Peters found 83 percent of the TP in Lake Memphremagog to 
be biologically available. The phenomenon of phosphorus luxury uptake also affects 
the relationship between algal biomass and phosphorus. Luxury uptake is the uptake 
and storage of phosphorus as inorganic polyphosphate with metachromatic or volutin 
granules (Keenan and Auer, 1974). A large fraction of the algal phosphorus exists in 
the form of polyphosphates (Kunikane and Kaneko, 1984). 

The concentration of SRP in Lake Okeechobee averages 32 percent of the TP 
concentration. Station variability ranges from 22 percent at station LOOI to 38 
percent at station L007. (please see Figure 3-1 for the location of sampling stations.) 

2.5 Dissolved Organic Phosphorus (OOP) 

The University of Florida Coastal and Oceanographic Engineering Department 
(UF COE) conducted four week-long synoptic surveys of phosphorus in Lake 
Okeechobee during the spring of 1989. Five days of phosphorus and sediment 
synoptic data were collected. The synoptic data included measurements of total 
dissolved phosphorus (TOP), which includes dissolved inorganic phosphorus (SRP), 
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dissolved organic phosphorus (DOP), as well as colloidal material (CM) and small 
organic and inorganic particles not retained on the 0.45 u membrane filters (Broberg 
and Persson, 1988). The difference between IDP and SRP is dissolved unreactive 
phosphorus, or 

(2.5-1)TDP - SRP = DOP + CM + ultra PP 

where ultra PP < 0.45 u particulate organic and inorganic phosphorus. 

2.6 	 Particulate Phosphorus 

Sources and sinks of phosphorus in the pelagic zone of a lake are (Broberg and 
Persson, 1988): 

(1) 	 Cells from plants (prokaryotic and eukaryotic algae, and 
multicellular plants) and animals (bacteria, protozoans, and 
zooplankton) ; 

(2) 	 Primary or secondary minerals; 

(3) 	 Sediment resuspension from the bottom of the lake (old 

detritus); 


(4) 	 Organic detritus from plants and animals; 

(5) 	 Direct precipitation of inorganic phosphorus; 

(6) 	 Sorption to other organic/inorganic precipitates; and 

(7) 	 Organic floc consisting of organic macromolecule. 

The bulk of the particulate phosphorus (PP) in lakes is usually detritus 
(Wetzel, 1983). Lake Okeechobee PP is primarily detritus or attached to sediment 
(Reddy et al., 1991). Algal associated PP seldom dominates in lakes unless the lake 
system is very eutrophic or an algal bloom is occurring. Brezonik et al. (1983) found 
PP to constitute only 25 percent of the total pelagic phosphorus and 8 percent of the 
total littoral phosphorus, with DOP constituting most of the remaining littoral TP in 
Lake Okeechobee. Brezonik et al. (1983) hypothesized that DOP was produced in the 
littoral zone from macrophyte decomposition, was exported to the pelagic area, 
became mineralized by bacteria to SRP, and then utilized by the pelagic 
phytoplankton. 

Suspended solids have multifarious effects on algal populations by altering the 
light regime and affecting zooplankton feeding and community structure. Suspended 
particles also may create microscale nutrient patches (Melack, 1985) which in turn 
govern micro scale algal succession. 
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2.7 Particulate Algal and Detrital Phosphorus 

Living algal cells are a major and dynamic component of the total phosphorus 
pool in the water. Based on the Redfield (1966) equation for algal biomass in the 
ocean, the ratio of chlorophyll i to phosphorus should be almost unity. Algal 
biomass is typically represented by chlorophyll i, which can be measured fluoro
metrically. For modeling purposes, chlorophyll a can be predicted from phosphorus 
concentrations by multiplying the ratio of carbon/chlorophyll i by the ratio of 
phosphorus/carbon in typical algal cells. In essence, this prediction is based on an 
average yield of chlorophyll a per unit mass of phosphorus. This formulation breaks 
down sensu stricto over short time intervals. For example, modelled 
carbon/chlorophyll a are derived from the average light intensity of the previous day. 
However, regression equations relating chlorophyll i to total phosphorus indicate that 
chlorophyll a is associated with only 25 to 30 percent of the mean annual total 
phosphorus (OECD, 1982; Huber et al., 1982). 

Settling of algae to the bottom sediments is a major loss pathway of phospho
rus from the water column in a shallow lake such as Lake Okeechobee. The three 
algal classes simulated in LOPODX, green, diatom and blue-green algae, have widely 
varying settling rates (algal settling is further discussed in Chapter 12). Diatoms are 
not simulated in LOP3D because algal succession is not a dominant process over 
weekly periods. 

Algal and non-algal particulate carbon fractions generally are about equal in 
the epilimnion of lakes (Wetzel, 1983). However, there may be a difference in algal 
and non-algal particulate phosphorus for any particular lake due to differing release 
rates of phosphorus, nitrogen and carbon from detritus and living cells. 

LOPOD and LOP3D do not explicitly include detrital phosphorus. Rather, we 
make the assumption that upon death algae release all stored SRP and that the 
remaining cell phosphorus is rapidly changed to dissolved organic phosphorus (DOP) 
(this assumption is discussed fully in Chapter 12). 

2.8 ChlorophyU a and Phosphorus Relationship in Lake Okeechobee 

A tentative verification of the model "correctness" can be assessed by compar
ing the mean model chlorophyll a prediction for a long term simulation with the mean 
values of measured station chlorophyll i concentrations in Lake Okeechobee. Mean 
station chlorophyll a ranges from 18 to 28 ug -r 1 (fable 2-1). The mean simulated 
algal phosphorus multiplied by the CHLA/TP ratio should also range from 18 to 28 
ug -1-. A value for of CHLA/TP has to be input to the model to calculate a 
predicted chlorophyll i concentration. Vollenweider and others argue that this 
CHLA/TP ratio should be approximately 1.0 in algae (OECD, 1982). 
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Table 2-1 	 Mean chlorophyll i concentrations in Lake Okeechobee by station 
ranked in order of decreasing concentration. 
Mean monthly concentrations (ug· rl) are also presented. 
Adapted from Jones and Federico (1984). 

Mean Chlorophyll ! Chlorophyll ! 

I Station CHLA CHLAffP Month Mean Month Mean 

1001 28.4 0.36 Ianuary 19.7 Iuly 25.3 

LOO2 25.6 0.34 Febnwy 17.4 August 23.7 

1008 25.6 0.29 March 20.7 September 25.8 

1005 25.2 0.44 April 21.0 October 25.7 

1003 22.6 0.27 May 22.1 November 32.7 

LOO4 21.5 0.24 June 22.1 December 17.8 

1007 18.3 0.27 

LOO6 17.9 0.20 

The Organization for Economic Cooperation and Development (OECD, 1982) 
found a near linear exponent for TP in a log-transformed regression model relating 
chlorophyll i to TP (Eq. (2.8-1». [[he slope in a log transformed data set is the 
exponent in a power-law function.] The nonlinear exponents of previous empirical 
relationships derived by Sakamoto (1966), Dillon-Rigler (1974), and Jones-Bachmann 
(1976) were explained by the OECD as artifacts of using only spring concentrations 
of chlorophyll i and TP, not correcting for phaeophytin (Sakamoto, 1966), and using 
chlorophyll pigments other than i (Sakamoto, 1966). 

TP exponents greater than 1.0 can be explained only by a hypothesis of 
increasing efficiency of phosphorus utilization at higher phosphorus concentrations 
(Kalff and Knoechel, 1978), or that the unit response in Chla to an unit increase in 
TP concentration is greater as TP increases (Reckhow and Chapra, 1983). For TP 
exponents less than 1.0 less the opposite situation applies. 

CHLA/TP is greater in summer and fall than in the winter and spring for 
Florida lakes, but using log-transformed mean chlorophyll i (ug/l) and TP (ug/l) data 
from Huber et al. (1982), the following relationship is found for 354 Florida lakes: 

CHLA = .282 Tp·999 R2 = 0.74 	 (2.8-1) 

The relationship between chlorophyll i and TP may therefore be assumed to be 
approximately linear. The intercept in the log transformed model is the same as the 
CHLAITP ratio in the linear model. A better estimate of the true intercept may be 
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the median CHLA/TP ratio of Florida lakes. The median Florida ratio of 0.25 is 
similar to the value of 0.24 found by the OECO (1982) using data from 78 lakes in 
the northern hemisphere. 

The three multiplicative components that together comprise the CHLAITP ratio 
in lakes are: (1) Carbon/AP ; (2) APITP; and (3) CHLA/Carbon, where AP = algal 
phosphorus. All three ratios vary temporally (within lakes) and spatially (between 
lakes). The combined effect of the three ratios results in an order of magnitude 
difference in mean lake CHLAITP. The mean CHLAITP appears to be statistically 
different between lakes (Dickinson et al., 1986), Watershed influences or inlake 
mechanisms keep the lake CHLA/TP ratio constant over a long time period. 

The Carlson model predicts CHLAITP ratios less than the median value for 
oligotrophic lakes and greater than the median value for mesotrophic and eutrophic 
lakes (Stauffer, 1991). The Carlson model is only adequate for TP concentrations 
less than 20 mg/m3 based on a comparison of the predicted CHLAlTP of the Carlson 
model to the predicted CHLA/TP of the curvilinear model. Only 29 percent of the 
892 lakes have concentrations less than 20 mg/m3• The median linear model is 
adequate for lakes with TP concentrations less than 100 mg/m3 (76 percent) based on 
a comparison of predicted CHLA/TP's for the linear and curvilinear models (Stauffer, 
1991). 

The CHLA concentration and primary productivity in Lake Okeechobee is 
higher in the northern part of the lake than in the southern end of the lake. This may 
be due to tributary inflows and loading in the northern portion of the lake. 

2.9 Relationship Between SRP and TP-SRP in Lake Okeechobee 

The relationship between SRP and the TP-SRP difference was investigated 
using linear regression for the aggregated non-mud and mud Lake Okeechobee long 
term stations. The correlation between SRP and TP-SRP was less for the non-mud 
stations (Figure 2-7) than for the mud stations (Figure 2-8). This difference between 
the two types of stations may be due to: (1) the proximity of the non-mud stations to 
tributary sources (stations LOOI and L005), closeness to surface outflows (L007), 
dissimilar sediments (LOO1, L005, and LOO7), different bottom sediment biota (L005 
and LOO7), and proximity to the littoral zone of Lake Okeechobee (L005). (Sampling 
stations are shown in Figure 3-1.) 
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Figure 2-7 

Figure 2-8 
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2.10 Nutrient and Yield Limitation on Lake Okeechobee Algae 

The concept of a single nutrient, such as phosphorus, limiting algal growth in 
lakes is overly simplistic. The pelagic phytoplankton community is composed of 
many species which undergo different physiological responses to external nutrient 
limitation (Kunikane et al., 1981), light regime (intensity and length of sunshine) and 
temperature. Temperature influences the growth rate and the minimum cell quota 
(intracellular concentration) of Scenedesmus under phosphorus and nitrogen limitation 
(Rhee and Gotham, 1981a). This temperature effect was both nutrient and species 
specific. Light influences both the growth rate and minimum cell quota of 
Scenedesmus (Rhee and Gotham, 1981b). 

Temperate lakes are primarily yield and light limited during most of the year 
and phosphorus limited during the summer months. Lakes generally may be 
seasonally phosphorus limited, nitrogen, limited, temperature limited or limited by a 
micronutrient. For example, nutrient limitation in Lake Titicaca in South America 
varies seasonally between summer nitrogen limitation, and winter nitrogen or 
phosphorus limitation (Vincent et al., 1984). 

Lake Okeechobee is probably only seasonally or spatially phosphorus limited 
(Leslie, 1979). Ratios of total nitrogen to total phosphorus (TNITP) are inconclusive 
regarding nutrient limitation (Figure 2-9). The ratio of dissolved inorganic nitrogen 
(DIN) to SRP is also commonly used as a coarse indicator of nitrogen or phosphorus 
limitation. Mean values of DIN/SRP show the lake to be nitrogen limited (Figure 2
10). [Values of DIN/SRP below 7.0 are indicative of nitrogen limitation, whereas 
values over 30.0 indicate phosphorus limitation.] Federico et al. (1981) concluded 
Lake Okeechobee is neither conclusively nitrogen or phosphorus limited. Brezonik et 
al. (1979) state nutrient limitation is a localized and transitory situation in Lake 
Okeechobee, but some values of the inorganic N:P ratio indicate phosphorus or 
nitrogen to be marginally limiting. 

Using the algal assay procedure (AAP) Brezonik et al. (1979) showed that 
nutrient limitation in Lake Okeechobee varied spatially: a combination of phosphorus 
limitation in the South Bay, Fisheating Creek, and Miami Canal; nitrogen limitation 
in Fisheating Creek, and trace metal and EDT A limitation in the pelagic zone. 
Physiological tests of algal phosphorus limitation by Brezonik et al. (1979) also 
showed Lake Okeechobee to be only spatially and temporally phosphorus limited. 
Limnobag determinations of nutrient limitation by Leslie (1979) indicated phosphorus 
limitation was relatively minor except in the southern portion of the lake during the 
summer. Nitrogen limitation occurred at only a few stations in Lake Okeechobee 
(Leslie, 1979). 
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Figure 2-9 Lake Okeechobee mean station TN/TP. 
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Figure 2-10 Lake Okeechobee mean station DIN/SRP. 
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Multivariate regression models to predict CHLA based on TN and TP have 
been investigated for groups of northern and Florida lakes by Smith (1982) and 
Canfield (1983). TP was more important than TN in predicting CHLA in northern 
lakes (Smith, 1982), and TN to be more important than TP in predicting CHLA in 
Florida lakes (Smith, 1982; Canfield, 1983; Baker et a1., 1981). The regression 
results show a better correlation or tighter bound between total nitrogen 
concentrations and algal biomass as represented by chlorophyll i! concentrations. 

An important conclusion from these studies is the spatial and temporal 
transience of macronutrient limitation in Lake Okeechobee. The concentrations of 
SRP and inorganic nitrogen are usually large enough to preclude phosphorus and 
nitrogen limitation. The majority of the time the lake is light, temperature, 
micro-nutrient, or yield limited, i.e., the lake is controlled by abiotic factors and the 
balance of biotic factors. 

2.11 Algae - Bacteria Pelagic Interaction 

Bacteria and algae are dominant numerically in the plankton of lakes, (Cole, 
1982). Together, they control the pelagic nutrient recycling and energy flow. The 
bacteria are less than 0.5 u in size and usually number 106 cells mr! (Cole, 1982). 
The phytoplankton of Florida lakes are greater than 2 u in size and range from 
214·163 to 710-106 cells mr! with a mean of 320-103 cells mrl (Canfield et al., 
1984). 

The carbon limitation theory of Currie and Kalff (1984) explains the 
coexistence of bacteria and algae in the pelagic zone of a lake by showing bacteria 
controlling the P supply for algae and the algae controlling the energy supply for 
bacteria. This mutual regulation applies when phosphorus is the limiting nutrient and 
the external supply of carbon is low. Lake Okeechobee, with a high concentration of 
organic color, has an additional energy source for bacteria not supplied by algae. The 
ability of algae to store an internal supply of phosphorus gives algae a competitive 
advantage over bacteria despite their slow growth rate (Cole, 1982). 

Bacteria have two mechanisms of phosphorus uptake (Jansson, 1988). At low 
SRP concentrations, a high affinity uptake system (called Pst) allows bacteria to out
compete algae. At high SRP concentrations, bacteria are still able to continuously 
take up phosphorus through a low affinity Pit system. The Pit system also increases 
the excretion rate of phosphorus; otherwise the cell would burst with accumulating 
internal phosphorus. 

This continued dynamic exchange of phosphorus at high concentrations of 
phosphorus has been verified isotopically and reflects the phosphate exchange theory 
developed by Jansson (1988), which states that bacteria saturated with phosphorus 
excrete an internal phosphorus molecule for every phosphorus molecule actively taken 
up from the external pool. The practical significance of this dynamic exchange is that 
each molecule of phosphorus eventually will be consumed by algae, with the bacteria 
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functioning as a transitional pool. This exchange allows the available phosphorus to 
be used optimally for autotrophic algal production and heterotrophic bacterial 
production. 

Jansson (1988) notes three possible reasons for this seemingly inefficient, 
continuous excretion of phosphorus from bacteria: 

(1) 	 More energy might be expended by the bacteria activating and 
deactivating phosphate uptake mechanism, 

(2) 	 The bacteria always have first access to an essential nutrient, 
and 

(3) 	 Excess phosphorus is used by algae to produce new energy for 
the bacteria. 

Bacteria and algae have both a symbiotic and a competitive interaction in 
lakes. The faster bacterial reaction rates compared to algal reaction rates means that 
bacteria need not be explicitly modeled. The bacteria effect may be simulated by 
adjusting the reaction rates of the algal pathways. 

2.12 	 Zooplankton Particulate Phosphorus 

Zooplankton (Figure 2-11) play an important role in recycling of phosphorus 
in lakes. Zooplankton phosphorus excretion after ingesting algae may be 90 percent 
SRP. Additionally, the selective zooplankton grazing of green algal cells shifts the 
algal population towards blue-green algal domination in the summer. Zooplankton 
grazing of algae enhances cycling of phosphorus and may be a major supply of SRP 
to algae during the summer. Zooplankton may supply = 100 % of the SRP for algal 
growth during periods of low SRP concentrations (Devol, 1979). 

Mean areal mass of zooplankton in Florida lakes = 2 mg· m-2
, with a time 

integrated mass of 100 to 1000 mg· m-2, At the mean depth of Lake Okeechobee this 
translates to an estimated zooplankton concentration of 0.67 ug _I-I, 

2-14 




Figure 2-11 A zooplanlcter (Daphnia spp.). 

2.13 	 Summary 

The major components involved in phosphorus cycling in lakes and most of the 
major pathways for phosphorus cycling are implemented in the models LOPOD and 
LOP3D. The major assumption we have made is that bacterial transformations of 
phosphorus are not a rate limiting pathway. Bacteria are important in the conversion 
of DOP to SRP and the conversion of GRN, BLU, and DIA algal phosphorus to 
DOP. 

Other assumptions incorporated directly or indirectly into the phosphorus 
models for Lake Okeechobee are: 

(1) 	 Soluble reactive phosphorus (SRP) constitutes 32 percent of the 
total phosphorus (TP) in the lake. The mean concentration of 
SRP in the lake is 27.9 ug/l. 

(2) 	 The mean chlorophyll i! concentration in the lake is 25 ug/l, or 
25 percent of the TP. 
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3. LAKE OKEECHOBEE BOUNDARY INFORMATION 


3.1 Introduction 

Lake Okeechobee has twelve tributaries that contribute a significant inflow to 
Lake Okeechobee, as shown in Figure 3-1 and listed in Table 3-L The flow in most 
tributaries can be both into and out of Lake Okeechobee, as indicated in the table. In 
our model a negative flow indicates flow that is in the direction not typically taken by 
tributary [this applies primarily at the pumping stations at the southern end of Lake 
Okeechobee (Figure 3-2)]. 
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Figure 3-1 Inflow tributaries and outflow control structures in Lake Okeechobee. 
In-lake SFWMD sampling locations are also shown (LOO1 - L008). 
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Table 3-1 Lake Okeechobee tributaries. 

Tributary 

Fisheating Creek 

Harney Pond Canal 

Indian Prairie Canal 

Kissimmee River 

Taylor Creek/Nubbin Slough (S-191) 

West Palm Beach Canal 

Hillsboro Canal 

North New River Canal 

Miami Canal 

Caloosahatchee River 

Istokpoga Canal (S-84) 

St. Lucie Canal 

Type of flow 

Inflow 

Inflow 

Inflow 

Inflow 

Inflow 

Inflow-Outflow 

Inflow-Outflow 

Inflow-Outflow 

Inflow-Outflow 

Inflow-Outflow 

Inflow 

Inflow-Outflow 

Figure 3-2 Inflow drainage area and outflow canals in southern Lake Okeechobee. 
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Data collected by the SFWMD as a result of its inflow/outflow monitoring 
program were used in the analysis of inputs to the lake. Figure 3-1 locates most of 
these sampling stations, where measurements were made of flow as well as SRP and 
TP. Inspection of the records for these stations reveals that many of these stations 
have very long periods of no inflow; only 18 of the 27 stations shown are considered 
to make significant inflow contributions to the lake (Table 3-2 and Figures 3-3 and 
3-4). 

3.2 Tributary Flow and Loading Data for Lake Okeechobee 

The Kissimmee-Okeechobee-Everglades system historically experiences cycles 
of wet and dry years. These can be seen in the normalized total inflows to Lake 
Okeechobee shown in Figure 3-5. Highest total inflows for the period 1972-1990 
occurred in 1979 (Hurricane David) and the wet year of 1983. Outflows (Figure 3-6) 
mimic inflows to a large degree but are about half the magnitude of the inflows. 
Inflows and outflows at the various stations shown in Figure 3-1 serve as boundary 
conditions to the phosphorus models. 

Concentration and flow data for all tributaries (Figure 3-1) were used to 
prepare a time series of monthly flow-weighted average inflow concentrations for TP 
and SRP, shown in Figure 3-7. Interestingly, in spite of the rise in concentration 
values within the lake itself, tributary concentrations generally do not show very much 
of an upward trend. Highest inflow concentrations are found in Nubbin Slough and at 
the S-154 structure downstream from S-65E on the Kissimmee River. Concentrations 
at S-65E itself are not especially high. (In-lake TP and SRP concentrations are shown 
in Figure 5-1 and discussed in Chapters 4 and 5.) 

In-lake concentrations should respond to mass loadings to the lake rather than 
to inflow concentrations as such. Normalized monthly TP and SRP loads (in units of 
mg/m2) summed for all stations are shown in Figure 3-8. A very high phosphorus 
inflow pulse occurs in late 1979, followed by TP and SRP loadings that do not show 
a noticeable increasing trend that would correspond to the increase in lake concen
trations (Figure 5-1). The high 1979 loadings correspond to a hydrograph peak, as 
shown in Figure 3-5. Huber and Carey (1990) show that the highest loadings occur 
from Nubbin Slough (S-191) and the Kissimmee River at S-65E. 

This preliminary analysis has not formally addressed cause and effect. The 
most interesting point is that the in-lake TP and SRP concentrations have increased 
since 1979 in spite of an apparent lack of increase in tributary loadings. 

The cumulative phosphorous load for each inflow station was determined May 
1979 through June 1989 (Table 3-3). Comparing these results shows that approxi
mately 80 percent of both SRP and TP is contributed by stations S-191, S-65E, S-71, 
S-154, and FECSR78 (Figures 3-9 and 3-10). DOP (TP-SRP) loadings show a 
similar ranking (Figure 3-11), 
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Table 3-2 Lake Okeechobee control structures at stations with significant flows. 

Structure 

S-2 


S-3 


S-4 


5-71 


S-72 


S-77 

S-84 

S-65E 


HGS-5 


S-127 


S-129 


S-131 

S-133 

5-135 

S-154 

S-191 

FECSR78 

S-308 

lake Okeechobee Inflow/Outflow 1 
•. 1972-1989 

snOUT (15.0%) 

HGSSOUT (3.4%) 

Figure 3-3 	 Major Lake Okeechobee 
Inflow/Outflows. 

Description of control structure 


Pump station S-2 at south end of Lake. 


Pump station S-3 at south end of Lake. 


Pump station S-4 at south end of Lake. 


Structure S-71 on Harney Pond Canal (C41). 


Structure S-72 on Indian Prairie Canal (C40). 


Caloosahatchee River and Lake Okeechobee. 


Structure S-84 on C41A Canal. 


Structure S-65E on the Kissimmee River. 


Hurricane gate near Card Point. 


Pump station S-127 on northwest side of Lake. 


Pump station S-129 on northwest wide of Lake. 


Pump station S-131 on west side of Lake. 


Pump station S-133 at Taylor Creek. 


Pump station S-135 on northeast side of Lake. 


Gate structure near S-310 at Kissimmee River. 


Bridge at SR 441 and Nubbin Slough. 


Fisheating Creek at SR 78. 


St. Lucie Canal 


HydraulIC loadIng (meters) 

Figure 3-4 	 Lake Okeechobee hydraulic 
loadings. 
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Figure 3-5 	 Lake Okeechobee inflow 
time series for the period 
1972-1989. 
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Figure 3-7 	 Lake Okeechobee inflow 
time series for phosphorus. 
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Figure 3-6 	 Lake Okeechobee outflow 
time series for the period 
1972-1989. 
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Table 3-3 The inflow stations are ranked below in decreasing contribution to the 
phosphorus load over the period of record (adapted from Carey and 
Huber, 1990). 

Percent 
SRP Load of Total 

Station (Kg) Loading 

S191 823,691 30.25 
S65E 536,270 19.69 
S71 312,800 11.49 
S154 276,047 10.14 
FECSR78 257,646 9.46 
S2 112,926 4.15 
S4 80,051 2.94 
S127 65,166 2.39 
S133 59,611 2.19 
S3 46,315 1.10 
S84 46,266 1.70 
S72 41,488 1.52 
S129 18,789 0.69 
S77 17,230 0.63 
S135 15,817 0.58 
HGS5 8,687 0.32 
S131 4,213 0.15 

Total 2,723,018 

Okeechobee SRP load 

1979-1988 


Figure 3-9 SRP loading to Lake Okee
chobee (1977-1988). 

Station 

S191 
S65E 
S71 
FECSR78 
S154 
S2 
S4 
S3 
S84 
S133 
S127 
S72 
S77 
HGS5 
S135 
S129 
S131 

Total 

Figure 3-10 
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Percent 
TP Load of Total 

(Kg) Loading 

1,141,386 26.10 
1,073,685 24.55 

453,206 10.36 
382,995 8.76 
352,237 8.05 
225,674 5.16 
124,106 2.84 
113,807 2.60 
108,032 2.41 
95,115 2.11 
92,545 2.12 
72,169 1.65 
40,506 0.93 
32,327 0.74 
32,014 0.13 
27,039 0.62 
6,755 0.15 

4.313,606 

lake Okeechobee TP load, 
1979-1988 ' 

TP loading to Lake Okee
chobee (1977-1988). 



lake Okeechobee DOP load 
1979-1988 

Figure 3-11 DOP loading to Lake Okeechobee (1977-1988). 

There is considerable disagreement between published phosphorus budgets for 
Lake Okeechobee concerning the degree of net phosphorus retention, Rv, which is 
calculated as: 

R - Outflow load (3-2.1) 
P - Inflow load 

loyner (1974) reports that 36 percent of the phosphorous entering the lake is 
retained in the bottom sediments and biota, whereas Federico et al. (1981) estimate 
that 84 percent of the phosphorous load is retained. The disparity largely reflects 
differing estimates of phosphorus input; the export rates for all the predicted budgets 
are relatively similar. 

3.3 Seasonal Rainfall and Evaporation Patterns 

The forty-year average rainfall near Lake Okeechobee is 55 inches per year. 
This is a decrease of about 8 to 9 inches per year since the 1960s primarily due to the 
absence of hurricanes in the area since that period (SFWMD, 1990). Table 3-4 
shows the South Florida Rainfall for 1980s. 

The pattern of the winter rainfall is dominated by cold front passage through 
the State. The convective patterns of summer rainfall are influenced by the 
sea-breeze circulation along the Atlantic Ocean and Gulf of Mexico. Lake 
Okeechobee is located between the two fronts and has sufficient areal extent and 
water mass to contribute its own lake-land breeze circulation pattern to the complex 
regional wind pattern (Pielke, 1974). This complex pattern of frontal movement 
results in the minimum rainfall in South Florida typically being located over Lake 
Okeechobee (MacVicar, 1983). 
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Table 3-4 South Florida Rainfall for 1980s (Source: SFWMD, 1990). 

Rainfall Rainfall 
Year (inch) Year (inch) 

1981 43 1986 52 

1982 64 1987 50 

1983 67 1988 43 

1984 47 1989 43 

1985 48 1990 43 

Blosser (1986) used a rainfall volume adjustment factor of 0.8 to estimate the 
lower lake precipitation compared to the precipitation measured at land precipitation 
stations. This adjustment factor should be lower in the summer convective storm 
season and higher during winter cyclonic storms. The precipitation from 1965 to 
1989 was 52.1 inches at Belle Glade, 47 inches at Moore Haven, and 46.1 inches at 
Clewiston, Florida (Figure 3-12). The average rainfall over Lake Okeechobee can 
estimated to be 38.3 inches for the period 1965 to 1989 by using the mean 
precipitation from Belle Glade, Moore Haven, and Clewiston and a constant rainfall 
adjustment factor of 0.8. 

Bainfol neorToke OkeechO}!8l 

~+-... ---I-------+tU'----+----+~-~ 

Figure 3-12 Precipitation near Lake Okeechobee. 
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3.4 Lake and Marsh Evaporation 

Pan evaporation data are available at Moore Haven, Belle Glade, and Clewis
ton (Figure 3-13). Pan coefficients of 0.865 for the open lake areas (Shih, 1980) and 
1.2 for the western marsh or littoral zone (Shih, 1980) were used in the modeling to 
convert pan evaporation measurements to estimates of open water evaporation and 
marsh evapotranspiration. RainfaII minus pan evaporation (annual totals) at the three 
stations is shown in Figure 3-14. Peaks correspond to periods during which higher 
than average runoff and lake stages would be expected. 
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Figure 3-13 	 Pan evaporation near Lake Figure 3-14 Precipitation and evapora
Okeechobee. tion difference. 

3.5 Precipitation Loading Model 

Atmospheric input of nutrients occurs via both wet (direct precipitation) and 
dry (gaseous and particulate) deposition. The summation of wet and dry precipitation 
is termed bulk precipitation (Brezonik et aI., 1983). The largest contribution to 
atmospheric nutrient input is via dry deposition for phosphates and wet deposition for 
nitrates (Ecternacht, 1975). The total amount of wet and dry precipitation input 
varies year by year and depends on the nutrient concentrations and measured 
precipitation used in the model LOPOD. 

Bulk precipitation concentrations were 600 to 700 percent higher than wet-only 
concentrations near Lake Michigan (Eisenreich et aI" 1977). Eisenreich et aI. 
measured higher concentrations of TP in collection stations over Lake Michigan than 
over nearby land precipitation collectors. The average bulk concentrations of TP over 
Lake Michigan was 50 ug· r 1 in the northern basin and 64 ug· r 1 in the southern 
basin (Eisenreich et aI., 1977). 
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Precipitation contributes about 19 percent of the nitrogen load and "dry 
fallout" accounts for 11 percent of the phosphorus load to Lake Okeechobee 
(Ecternacht, 1975). Brezonik et al. (1983) found that Florida bulk precipitation 
concentrations are 500 percent higher than wet-only precipitation in Florida, and 
summer precipitation concentrations in Florida were 1.5 greater than winter 
precipitation concentrations. Lake Okeechobee precipitation nutrient concentrations 
were higher in the summer and fall than winter and spring precipitation concentrations 
(Joyner, 1974). 

Holtan et aI.(1988) estimate a mean worldwide TP loading of 43 mg 
p. m-2 • yr-1• Distributed over the surface area of Lake Okeechobee this would be an 
average TP load of 81,270 kilo-rams/year. Brezonik et al. g983) measured a TP 
loading of 82 mg P.m-2 .yr-1 at Clewiston and 67 mg P·m- _yr-1 at Lake Alfred to 
the northwest of the Lake. The Clewiston TP loading would contribute 155,060 
kilograms per year to Lake Okeechobee. The mean bulk precipitation concentrations 
in Florida were 21 ugll for SRP and 36 ugll for TP (Brezonik et aI., 1983). 

The average total phosphorus concentration in rainfall was 61 ug· rl and the 
SRP concentration was 41 ug· rl based on averages between 1973 and 1979 (Federico 
et al., 1981). The concentration of total nitrogen in precipitation is 1090 ug· rl and 
the inorganic nitrogen concentration (N~ + N03 + NH~ is 565 ug· r 1 (Federico et 
al., 1981). Blosser (1986) used an SRP concentration of 40 ugot l and a total 
phosphorus concentration of 100 ug· r 1. Brezonik et aI., 1981 measured bulk TP 
concentrations of 64 ug.r! at Clewiston, wet-on\y TP concentrations of9 ug.rl at 
Belle Glade, and bulk concentrations of 50 ug 0 r at Lake Alfred for stations near 
Lake Okeechobee. 

For LOPOD modeling, rainfall concentrations were varied somewhat during 
model runs, but final runs used concentrations of 35 ugll for SRP and 15 ugll for 
DOP (TP-SRP). These were then multiplied by rainfall to provide loads to the lake. 
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4. LAKE OKEECHOBEE WATER QUALITY 

4.1 Introduction 

In-lake data used in this study were originally collected by the South Florida 
Water Management District (SFWMD) from the Lake Okeechobee limnetic and 
littoral zone water quality monitoring program. Measurements of soluble reactive 
phosphorous (SRP) and total phosphorous (TP) were made at 43 stations within Lake 
Okeechobee (Figure 4-1). 
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Figure 4-1 Long term sampling station locations in Lake Okeechobee. 

However, most of these stations have a short or intermittent record length and 
only eight of these stations are used in this report. The eight remaining stations are 
stations seven, eighteen, nineteen, twenty, twenty-one, twenty-two, twenty-three, and 
twenty-four. Further reference to these stations will be as stations 1001, 1002, 
1003, 1004, 1005, 1006, 1.007, and 1.008 respectively. Data were available for 
these stations for the period from December 1972 through August 1989. The 
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sampling frequency was predominantly twice per month; however, in some months 
four measurements were made, one in others, and there are months when no sample 
was taken at a station. 

The eight long term stations are used in model LOPOD to approximate the 
measured phosphorus concentrations (Figure 4-2). Station LOOI is used to estimate the 
phosphorus in northern Lake Okeechobee. The central mud zone of the lake is 
covered by station L002, L003, LOO4, LOO6, and L008. Stations L005 and L007 are 
the most dissimilar statistically (Blosser, 1986; Federico et aI., 1981) since they strad
dle two dissimilar sediment areas. Station L005 borders the sand zone and 
macrophyte area on the western side of the lake. Station 1.007 is on the border 
between the South Bay of Lake Okeechobee and the central mud zone and has peat 
bottom sediment. Physical mechanisms are probably dominant at every long-term 
station except 1.007, which is dominated by biological activities [D. SobaIle, 
SFWMD, personal communication, 1990]. 

1.001 - Northern Lake 
1.002 - Mud zone 
L003 - Mud zone 
LOO4 - Mud zone 
L005 - Sandy area between mud and macrophyte area 
LOO6 - Mud zone 
L007 - South bay 
L008 - Mud zone 

Figure 4-2 	 Correspondence between long term sampling station locations in Lake 
Okeechobee and the generalized areas in the box model of Lake 
Okeechobee. 

4.2 Chemical and Physical Data in Lake Okeechobee 

4.2.1 Data Sources 

The chemical and physical data discussed in this chapter and subsequent 
chapters consist of two different data sets collected by the SFWMD. The first data 
set covers the period between 1972 and 1988, and is used in this report to quantify 
the long term reaction rates and constants specific to Lake Okeechobee. The second 
data set was collected during the years 1988 and 1989. This period of time 
corresponds to the data collection period for this study of the phosphorus dynamics of 
Lake Okeechobee (Reddy et aI., 1991; Sheng et aI., 1991c). 
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4.2.2 Lake Okeechobee Turbidity and Suspended Solids 

The measured turbidity and suspended solids concentrations of Lake Okee
chobee are used to estimate the light absorption and light scattering coefficients in the 
different areas of Lake Okeechobee [see Chapter 6]. Additionally, partitioning 
coefficients for the organic and inorganic phosphorus associated with the total 
suspended solids (TSS) are estimated from these data. 

The mean station turbidity and suspended solids of the long term stations of 
Lake Okeechobee indicate lower concentrations at stations 1005 and L007, which are 
located in the western sand area and South Bay of Lake Okeechobee respectively, 
compared to the stations in the central mud zone [LOO2, L003, LOO4, LOO6 and 
L008], and station LOOI located near the northern end of the lake (Figures 4-3 and 
4-4). 

UOI U01 I.lU UlO4 UtO!i t..CIM ...., l.MI Utt1 UOZ 1M! LON tOOl L_ ....7 ..... 

Stallon Stanon 

IIIIIIlNTU _TP IIIlIITSS _TP 

Figure 4-3 Mean station turbidity and Figure 4-4 Mean station suspended 
TP during 1988-1989. solids and TP during 1988

1989. 

The central mud zone has flocculent sediment that is more susceptible to 
resuspension due to the action of wind (Hwang and Mehta, 1989). This resuspended 
flocculent sediment is the cause of the higher pelagic suspended sediment. The 
suspended sediment scatters light and causes higher turbidity measurements in the 
central mud zone than in the border sandy areas of Lake Okeechobee. The mud area 
of Lake Okeechobee exhibits a localized effect on TSS concentrations (i.e., there is 
vertical movement but little lateral movement of TSS in Lake Okeechobee). This is 
also a finding of the 3-D TSS model of Lake Okeechobee (Sheng et al., 1991a). 
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Figure 4-5 	 Mean monthly suspended Figure 4-6 Mean monthly turbidity 
solids during 1988-1989. during 1988-1989. 

The mean Lake Okeechobee monthly TSS concentrations and turbidity 
measurements are higher during the months of frontal or cyclonic storm movement 
(Figures 4-5 and 4-6). The smallest monthly concentration of TSS is during the 
summer months when the wind movement over Lake Okeechobee is lessened because 
the lake affects the movement of convective storm systems over South Florida 
(pielke, 1974). Wind movement and lake TSS concentrations are significantly higher 
in the months of March, April, May and December, because Florida experiences a 
complex interaction of convective and cyclonic storm systems during the year that 
maximizes wind movement in the spring and winter (Balling and Cerveny, 1983). 

We found a decreasing trend in mean lake TSS using the data set 
YPROJ.DAT, which was supplied by the SFWMD (Figure 4-7). 

Mean lake total suspended solids (TSS) 	 26.5 mg/I 
concentration before 1979. 

Mean lake total suspended solids (TSS) 	 17.2 mgll 
concentration after 1979. 

Figure 4-7. 	 Mean lake TSS concentrations before and after 1979 from the SFWMD 
data set YPROJ.DAT. 

Turbidity generally follows the pattern of suspended solids except in the 
summer months when high concentrations of algae scatter light and compensate for 
the decrease in light scattering due to lower TSS concentrations (Figure 4-6). 
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The mud area of Lake Okeechobee occupies one third of the total lake area 
(Kirby et aI., 1989), and contains approximately 193xl06 m3 of materiaI with a 
maximum depth of 70 to 80 cm in the deepest portion of the lake. The other major 
surface sediments types are sand, peat, and marl (Reddy et aI., 1991). The bottom 
sediment type influences greatly the phosphorus dynamics and concentrations in Lake 
Okeechobee. 

We investigated this influence by using linear regression on measured TP, 
turbidity, and TSS data. TP is strongly correlated with turbidity (Figure 4-8) and 
TSS (Figure 4-9), except for stations LOOt and L005. The stronger relationship for 
the mud stations may be attributable to the attached organic phosphorus on the 
suspended sediments. The unreactive sediment phosphorus may be 30 to 50 percent 
of the measured TP at a mud station based on bottom sediment data collected by 
Reddy et aI. (1991). 
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Figure 4-8 Mean station TP versus Figure 4-9 Mean station TP versus TSS 
turbidity during 1988-89. during 1988-1989. 

4.2.3 Lake Okeechobee Organic Color, pH, and Secchi Depth 

Organic color in lake water is described by the platinum-cobaIt scale which 
measures the "yellowness" of fIltered water samples (Davies-Colley et aI., 1988). 
Organic color in Lake Okeechobee is strongly seasonaI due to the influence of river 
loading (Figure 4.10). The primary sources of organic color in Lake Okeechobee are 
the wetlands of the Kissimmee River, Taylor Creek/Nubbin Slough, and Fisheating 
Creek (Joyner, 1974). Mean lake dissolved organic color is 42 Pt-Co units (Canfield 
and Hoyer, 1989). 
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Figure 4-10 Mean monthly Lake Okeechobee organic color during 1988-1989. 

The pH of Lake Okeechobee is nearly uniform seasonally (Figure 4-11) and 
uniform spatially (Figure 4-12). The mean pH of the lake ranges from 7.0 in January 
to 8.5 in October, which reflects the influence of river loading, lake biota, and calcite 
dissolution from the rangia beds in Lake Okeechobee (Joyner, 1974). Conductivity 
was also spatially uniform in the lake (Figure 4-11). 

Ut01 ...02 I.HI UJf4 lt06 ..... U07 LOOt 

Lab? Slallon 

Figure 4-11 Mean monthly Lake Okee Figure 4-12 Mean Lake Okeechobee pH 
chobee pH 1988-1989. and conductivity station data 

during 1988-1989. 

The uniformity of the pH and conductivity measurements is due to the 
calcareous white deposit that forms the basement of the lake. This calcareous 
material is exposed to the open water at over 50 percent of the lake area and is a 
major source of dissolved solids to Lake Okeechobee (Joyner, 1974). The Caco3 
dissolution of the beds increases the conductivity of Lake Okeechobee above the 
concentration expected from river input alone. 
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The secchi disc depth (see later discussion in Chapter 6) is the complex 
realization of the influence of absorbing agents (water, organic color, and algal cells) 
and scattering agents (suspended solids and algal cells). Secchi depth in Lake 
Okeechobee is temporally (Figure 4-13) and spatially variable (Figure 4-14). The 
actual measurement of secchi disc depth may vary as much as 15 percent depending 
on whether the observer of the black and white disc places the disc on the shady or 
sunny side of the boat (Davies-Colley and Vant, 1988). 

Additional data showing the variation of conductivity, pH, turbidity and 
suspended solids are shown in Figures 4-15 - 4-18. The reduction of turbidity and 
suspended solids during the summer months is particularly noticeable (Figure 4-18). 

Figure 4-13 Mean monthly Lake Okee Figure 4-14 Mean station SD, Color, 
chobee Secchi depth (m). TSS, and turbidity during 

1988-1989. 
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Figure 4-17 	 Turbidity (NTU) and Figure 4-18 Turbidity (NTU) and 
suspended solids (fSS) by suspended solids (fSS) by 
station month. 

4.3 Nutrient Data in Lake Okeechobee 

Mean concentrations and standard deviations were calculated by lake station for 
nutrient data collected between December, 1972 and August, 1989 (fable 4-1 and 
Figure 4-19 and 4-20). Mean station SRP concentrations were 16 ug· r1 to 30 
ug • r 1, and mean station TP concentrations ranged 57 ug· r 1 through 91 ug· r 1. The 
lower mean SRP concentrations were near inflow tributaries (Le., stations LOOS, 
L002, and LOOI), with two of these stations (L005 and LOOI), having the largest 
standard deviations of SRP. An additional difference between station L005 and the 
other lake stations is its proximity to the macrophyte or littoral zone. The highest 
SRP concentrations were in the deepest area of Lake Okeechobee, an area also 
referred to as the mud zone (Le., stations LOO6, L004, and L003) as were the 
highest mean and standard deviations of TP concentrations. The mud zone of Lake 
Okeechobee also had the highest concentrations of TP-SRP which is indicative of the 
importance wind resuspended bottom sediments play in the prediction of TP in the 
mud zone. 

The nitrogen species concentrations at each of the 8 long term stations are 
approximately the same for concentration and percentage composition (fable 4-2 and 
Figure 4-21), except for station LOOS which has a smaller percentage of inorganic 
nitrogen. 
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Table 4-1 	 Mean phosphorus concentrations and standard deviations of phosphorus 
measured in Lake Okeechobee ranked in order of decreasing mean 
concentration (ug· rl). Adapted from Carey and Huber (1990). 

SRP TP TP-SRP 
Concentrations Concentrations Concentrations 

Station Mean Std. Station Mean Std. Station Mean 

LOO6 30 20 LOO4 91 40 L008 67 

LOO4 27 21 L008 87 43 LOO4 64 

L003 24 19 L003 84 38 L003 60 

L007 24 21 LOO6 84 39 LOOI 58 

L008 21 21 LOOI 78 34 LOO2 56 

LOOI 20 22 LOO2 74 37 LOO6 54 

LOO2 18 19 L007 67 35 L005 44 

L005 13 23 LOOS 57 37 L007 43 
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Figure 4-19 Mean SRP and TP by station. Figure 4-20 Mean SRP and TP by month. 
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Table 4-2 	 Mean nutrient concentrations in Lake Okeechobee by station (ug· rl), 
April 1973 to March 1980. Adapted from Frederico et al. (1981). 

ORGNStation TP SRP TN DIN 

L005 46. 12. 1630. 80. 1550. 

L007 55. 21. 1830. 230. 1600. 

L002 63. 16. 1720. 150. 1570. 

L003 64. 18. 1740. 160. 1580. 

LOOl 67. 15. 1700. 130. 1590. 

LOO6 67. 25. 1680. 210. 1470. 

L008 68. 16. 1760. 170. 1590. 

LOO4 73. 20. 1780. 180. 1610. 

IiIIIISIlI' _w 
lake Stallon 

lOOt UlO2 LOCl LI04 lOO6 LOO6 lOOl L.OK 

Figure 4-21 	 Mean station total nitrogen Figure 4-22 Mean station total phospho
during 1988-1989. rus during 1988-1989. 

4.4 Summary of Nutrients in Lake Okeechobee 

The mean concentrations of SRP and TP during the study period of 1988 and 
1989 (Figure 4-22) are similar to the concentrations measured during the period 1972 
to 1988 (Figure 4-19). The dissimilarities in the long term lake station's measured 
TP and SRP concentrations are related to bottom sediment type, and station proximity 
to littoral or inflow tributaries. 
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5. DOUBLE MASS TREND ANALYSIS 


5.1 Introduction 

We have utilized the concept of the double mass curve to examine trends in 
the input loading, input concentration, in-lake concentration, rainfall, evaporation, 
stage history, tributary inflow, and surface outflow of Lake Okeechobee. The double 
mass curve is a plot of the cumulative parameter of interest versus time. Any change 
over time in the parameter characteristics will be apparent by a change of slope. If 
there is no change in the characteristics of the parameter over time the result will be a 
curve approximating a straight line. More typically the double mass curve will 
exhibit both positive and negative deviations from a straight line but tend to return to 
a straight line. 

The basis for detecting the change in slope was a straight line constructed from 
the mean slope of the first half of each time series. This line was then extended the 
entire length of the time series and visually compared to the double mass curve. 

5.2 	 Double Mass Trend Analysis of Mud and Non·Mud Stations 

That TP and SRP concentrations in Lake Okeechobee have increased in the 
1980s is readily apparent based on the volume weighted mean average SRP and TP 
data (Figure 5-1). This increase is approximately the same for both the mud and non
mud stations in Lake Okeechobee (Figures 5-2 and Figure 5-3) for both measured 
SRP and TP. Based on the double mass analysis (Figures 5-4 and 5-5 for TP and 
Figures 5-6 and 5-7 for SRP), the increase appears to have taken place in the years 
1979 to 1981. Carey and Huber (1990) also concluded in-lake concentrations have 
been increasing since 1973, with perhaps a step increase in 1979 or 1980. Three 
major events took place between 1979 and 1981 that affected the water quality of 
Lake Okeechobee: 

• 	 Hurricane David in the year 1979. 

• 	 High lake stages in 1979 and 1980 that overtopped the islands in 
the South Bay of Lake Okeechobee. 

• 	 A severe drought in 1981 that caused near record low lake 
stages. 
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Figure 5-1 

Figure 5-2 
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Lake Okeechobee volume weighted TP and SRP concentrations during 
1972 to 1989. 

lake Okeechobee Mud Stations 
Vol. Wtd. Mean of 5 lake Stations 

200~~~--E===~~===============4~----~ 

20 .JJv./V V V V Ii V ''1/ V fC] '~ 
o 
1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 

YEAR 

'SRPTP I 

Lake Okeechobee TP and SRP concentrations for the five mud stations 
during 1972 to 1989. 

5-2 




Lake Okeechobee Non-Mud Stations I 
Vol. Wtd. Mean of 3 Lake Stations . 
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Figure 5-3 	 Lake Okeechobee TP and SRP concentrations for the three non-mud 
stations during 1972 to 1989. 
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Figure 5-4 	 Mud zone TP double mass. Figure 5-5 Non-mud TP double mass. 
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Figure 5-6 Mud zone SRP double mass. Figure 5-7 Non-mud SRP. 

Fractional TP and SRP increases are shown in Figure 5-8, and the magnitude 
of SRP concentration changes is shown for two different time periods in Figure 5-9. 
Lake Okeechobee mean annual SRP concentrations increased from 5 ug· rl in 1973 to 
45 ug· rl in 1979, and mean annual total phosphorus concentrations increased from 
48 ug.r1 in 1973 to 97 ug·r1 in 1979 (Federico et al., 1981). This increase in TP 
concentration began between 1977 and 1979, which coincided with a 1978 change in 
the regulation schedule to raise the mean stage from 15.5 feet to 17.5 feet (Canfield 
and Hoyer, 1989). This higher stage caused further inundation of the macrophyte or 
littoral zone, and inundated several islands in the South Bay region of Lake 
Okeechobee (Federico et al., 1981). These islands had been used for agricultural 
purposes, and their inundation may have caused a pulsed release of mineralized 
phosphorus from soil that had been exposed to the air and oxidizing before 1979. 

A statistical survey of SFWMD lake data by Blosser (1986), encompassing the 
period 1973 to 1980, showed SRP and TP concentrations were increasing over time, 
that the lowest TP concentrations were located at station L005, near submerged and 
emergent vegetation (Figure 4-1). Contours constructed by Schelske (1989) of mean 
SRP and mean TP using data from forty SFWMD stations collected between May 20, 
1978 and September 15, 1979, also showed lower concentrations near the littoral zone 
of Lake Okeechobee. 
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Figure 5-8 	 Fractional increase in TP Figure 5-9 Lake SRP change. 
and SRP. 

5.3 Double Mass Curve Analysis of Boundary Conditions 

A key question is the reason for the increase in-lake phosphorus concentrations 
in the 1980s compared to concentrations in the 1970s. Perhaps an examination of the 
trends in the major inputs to Lake Okeechobee will shed some light on the important 
external processes that singly or in combination are causing the increase in 
phosphorus concentrations. 

The surface inflow to Lake Okeechobee has remained the same for the last 18 
years (Figure 5-10), whereas the measured outflow has increased during the same 
period (Figure 5-11). The mean hydraulic loading was 0.093 m 0 month-l during the 
years 1972 to 1979 and 0.091 m· month-1 for the following years. The measured 
outflow from Lake Okeechobee was 0.039 momonth-1 during the years 1972 to 1979 
and 0.047 m· month-1 for the following years. 

An increasing trend was not found for external nutrient loads (Federico et al., 
1981; Carey and Huber, 1990), indicating increased lake concentrations may be 
linked to internal cycling of phosphorus. An analysis of SFWMD data collected 
between 1973 and 1984 by Canfield and Hoyer (1989) also showed no significant 
correlation (r = 0.16) between annual in-lake concentrations and phosphorus loading 
rates. 

The surface phosphorus loading to Lake Okeechobee has decreased over the 
last 18 years (Figure 5-12). The inflow SRP loading has been decreasing since 1979, 
and inflow TP seems to holding steady or decreasing (Figure 3-8). Large peaks are 
seen in both the inflow loading series (Figure 3-8) and the in-lake concentration series 
(Figure 5-1) in late 1979, which are a result of Hurricane David, which struck the 
Lake in September 1979. Time series analysis of inflow loadings (Carey and Huber, 
1990) did not identify any useful natural cycles beyond the annual cycle evident from 
annual peaks in both series. 
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5.4 Rainfall, Evaporation and Wind Data 

Rainfall is a major source of water to Lake Okeechobee (20 percent), and 
evaporation from the water surface is the largest outflow from Lake Okeechobee (65 
percent). The mean rainfall over Lake Okeechobee has remained approximately the 
same for the last 25 years (Figure 5-13), whereas the estimated evaporation has 
increased during the same 25 year period (Figure 5-14) according to the mean pan 
evaporation measurements for stations located near Lake Okeechobee. The mean 
rainfall was 0.083 m/month during the years 1965 to 1979 and 0.078 m· month for 
the subsequent years. The estimated surface water evaporation from Lake 
Okeechobee was 0.12 mlmonth during the years 1965 to 1979 and 0.13 m/month for 
the following years. The difference between rainfall and evaporation increased from 
0.037 m/month before 1979 and -0.058 m/month after 1979. 
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Figure 5-13 	 Lake Okeechobee mean Figure 5-14 Evaporation double mass for 
rainfall double mass for 1965-1989. 
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Wind speeds have apparently increased since 1978 (Figure 5-15), Because 
surface wind shear is proportional to the squared wind velocity, the effect on lake 
turbulence is oven more noticeable (Figure 5-16), That is, an increase in wind speeds 
during the 1980s could account for some increase in sediment scour and phosphorus 
cycling. 
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6. SOLAR RADIATION AND TEMPERATURE MODEL 


6.1 Daily and Seasonal Solar Radiation Model 

6.1.1 Net Surface Heat Flux 

The sun supplies the light energy to drive algal and macrophyte photosynthesis 
and is a source of heat to Lake Okeechobee. The seasonal cycle of solar intensity and 
duration drives (both explicitly and implicitly via water temperature) the seasonal 
dynamics of Lake Okeechobee's aquatic biota. The approximation of Lake 
Okeechobee's diurnal and seasonal solar radiation flux involves either the average 
daily clear sky radiation at Lakeland, Florida, or the calculated cloudless sky solar 
radiation as defined in Section 6.1.2 is used by models LOPOD and LOP3D. The 
equations used in the models, variable sensitivity, and background information are 
discussed and presented in this chapter. 

Heat and solar radiation flux units are commonly cal.cm-2.day-I 
[langleys· day-I], kcal/m2/hr, BTU· fr2 • day-l , or watt· m-2 in the literature. The 
units in the Lake Okeechobee models are always langleys· day-l [Iy' day-I]. The 
conversion factors used to convert from other common units of measurements to units 
of ly.day-l are listed in Table 6-1. 

Table 6-1 	 Conversion (multipliers) factors used to convert other units of solar 
radiation to units of langleys·day-l in the different models of Lake 
Okeechobee. 

Other Units Conversion Factor 

1 BTU/ft2/day 

1 kcal/m2Jhr 

I wattlm2 

1 Einsteins m 2 8-1 

0.271 

2.40 

2.07 

4.6 

°C 

OF 

(OF 

°C 

- 32) I 1.8 

- 1.8 + 32 

The net surface heat flux for a lake consists of terms for solar and atmospheric 
shortwave and longwave radiation, longwave back radiation, lake evaporation, and 
conduction of heat from/to the water surface (Figure 6-1). The net surface heat flux 
equation can be written: 

(6.1-1) 
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Figure 6-1 	 Major components of surface heat transfer (adapted from 
Henderson-Sellers (1986) and others). 

The seven terms of the above surface heat flux equation can be simplified to 
five terms by combining the four terms for the shortwave and longwave radiation 
from the atmosphere into net shortwave and longwave: 

(6.1-2) 

6<1.2 Clear Sky Shortwave Radiation 

The net shortwave radiation (incident minus reflected shortwave) is calculated as 
follows in the model (Henderson-Sellers, 1986): 

(6.1-3) 

where 3t = transmission coefficient, As = shortwave albedo, <Psc = incident solar 
radiation at edge of atmosphere, and q = fraction of sky covered by clouds. 

The net shortwave radiation is the energy used to drive the process of 
photosynthesis in the model. The assumption we make is that <Psn is equivalent to the 
photosynthetically active radiation (PHAR) used by algae in Lake Okeechobee. 

The solar radiation at the outer edge of the atmosphere (<psJ has the value of 
2.0 1y.min-1 at the mean earth-sun distance. The actual solar radiation for any day of 
the year is calculated from the solar altitude a, which is the angle between the sun's 
rays and a plane tangent to the earth's surface (or from the zenith angle Z of the 
incident ray defined in Figure 6-2) and the normalized earth-sun radius. Variation of 
the normalized radius and of the earth's declination is shown in Figure 6-3. 
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The normalized earth-sun radius (rra<t> is the actual radius of the earth orbit 
divided by the mean radius of the earth orbit (Huber and Perez, 1970): 

2 0 

7 	 ] (6.1-4)rrad = 1 + 0.017 0 cos 365· (186 - Mday)
[ 

where Mday is the number of the day of the year. 

0The value of 4>sc at the edge of the atmosphere on any day is 2.0 sin(a) .rrad-2 

lyomin-1, or 2.0.cos(Z).rrad-2ly.min-1. The shortwave wavelength ranges from 0.1 
p.m to 4 urn (Brutsaert, 1980). The net shortwave radiation over Lake Okeechobee 
without clouds is shown in Figure 6-4 for a typical year. The upper curve is the solar 
radiation at the edge of the atmosphere and the lower curve the solar radiation at the 
earth's surface. The shortwave radiation is almost constant for the months May, 
June, July, and August which is the period of the spring 1989 synoptic data 
collection. 
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Figure 6-4 Shortwave radiation at the 
top of the atmosphere at 
noon and the horizontal 
clear sky shortwave 
radiation at the earth surface 
without clouds. 
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Figure 6-5 	 Solar altitude and shortwave 
albedo for Lake 
Okeechobee. 

The solar altitude (a) is calculated from (List, 1966): 


sin(a) = sin(odecl) • sin(Eq) + COS(OdecI) • cos(E</» • cos(HRa) (6.1-5) 


where 0decI = declination, E</> = latitude, and HRa = hour angle of the sun. 
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The above calculation of a is accurate to within 0.05 radians (Holtslag and Ulden, 
1983). The solar declination (oded) is calculated as a function of the day of the year: 

23 45 • T [2 • T ] (6.1-6)Oded =' • cos _. (172 - M day)
180.0 365 

Of, as an arsine function of the solar longitude (Holtslag and Ulden, 1983): 

Odecl = arcsin[0.398 • sin(S01 (6.1-7) 

where the solar longitude (S0 has the units of radians and is function of the day of 
the year (Holtslag and Ulden, 1983): 

SL = 4.871 + 0.0175 • M day + 0.033 • sin(0.0175 • M day) (6.1-8) 

The shortwave albedo or reflectivity is assumed a function (Figure 6-5) of the 
solar altitude a (Henderson-Sellers, 1986): 

A = ao (6.1-9) 
S ao+ sina 

where a = 0.02 + 0.01· [0.5-Q)· {l-sin[?r· (Mday-8l)1l83]) o 

The hour angle (HRa) through which the earth must tum to bring a location 
directly under the sun is a function of the declination and latitude (Eq) of a location 
on earth (List, 1966). 

HR = 12 • acos[ -tan(odecl) • E-I.] (6.1-10)
a -:;r 'I' 

or alternatively the hour angle is calculated (Holtslag and Ulden, 1983): 

HRa = + 0.043 • sin(2 • S0 - 0.033 • sin(0.0175 -LtP • Mday) 
(6.1-11) 

+ 0.262 • t - '1r 
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The hour angle of the sun represents the time difference from noon and thus negative 
in the morning (Topper et al., .1981). The hour of sunrise (HRgr) and sunset (BRsJ 
are calculated simply as noon ± the hour angle (BRa)' and the length of daylight 
(Dr) is HRss minus HRsr. The length of daylight over Lake Okeechobee increases 
from 11 hours in December to 14 hours in June (Figure 6-6). 
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Figure 6-6 	 Length of daylight and the Figure 6-7 Atmospheric emissivity at 
hour angle at noon. various air temperatures. 

6.1.3 Clear Sky Longwave Radiation 

The longwave back radiation wavelength from the lake and atmosphere ranges 
from 4 to 100 urn (Brutsaert, 1980). The net atmospheric longwave radiation is the 
radiation emitted by water vapor, carbon dioxide, ozone and aerosols in the 
atmosphere (Idso, 1981). Longwave radiation is commonly calculated as blackbody 
emission (Huber and Perez, 1970): 

(6.1-12) 

where fa = atmospheric emissivity, Ta = air temperature (OC), and (1sb = Stefan
Boltzmann constant. 

The atmospheric emissivity in the model is related empirically to air tempera
ture (Figure 6-8), and is a function of the density of H20, CO2, the H20-C02 
overlap, 03' trace gases and aerosols (Idso, 1981). The greatest uncertainty in the 
estimation of atmospheric emissivity is the contribution by aerosols (Staley and Jurica, 
1972). Emissivity may be estimated using either the base air temperature above the 
ground or the surface vapor pressure (Idso, 1981). The LOPOD model uses the base 
air temperature above the ground. The average of the Swinbank (1963) relationship 
from Brutsaert (1980): 
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fa = 3.98xlO -6 • (fa + 273.16)2.148 	 (6.1-13) 

and the Idso and Jackson (1969) relationship is: 

(6.1-14)€a = [1 - 0.261 • exp( -0.000777 • (273.16 - Ta)2 

is used to calculate the total emissivity. 

The ratio of the diffuse irradiance to direct normal was found to be practically 
constant on any given day by Peterson and Dirmhirn (1981). Direct measurements of 
shortwave radiation can then be related to the indirect longwave radiation. 

The atmospheric emission is increased by cloud cover and the associated 
increase in water vapor (Jirka et at., 1977). This cloud effect is modeled as follows 
(sathotra et at., 1986): 
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(6.1-15) 

Combining the effects of longwave emission and cloud cover on longwave 
radiation from the atmosphere results in the following model equation: 

cPan = cPa - cP = 9.36xlO -6 • qsb • (l + O.17C0ar 
(6.1-16) 

• (1 - AI) • (Ta + 272.16)6 

The biota of the lake (especially algae) alter the light and heat regime of a lake 
by altering the shortwave and longwave reflection from the lake. Large algal 
reflection of heat wavelengths greater than 0.7 I'm reduce the heating of the water. 
Smaller algal reflection of wavelengths less than 0.1 I'm increase the energy to drive 
photosynthesis. 

6.1.4 Longwave Back Radiation from the Lake Surface 

The long-wave back radiation from a water surface (cPbr) is the largest flux in 
the energy budget and the most accurate because the emissivity of water is so well 
known (Adelaja and Adams, 1990). The reflectivity, absorbance and transmittance 
through a water body must sum to one (Salhotra et al., 1986). 

Since water is opaque to longwave radiation the reflectivity and transmittance 
of water is low and the absorbance is high (Figure 6-10). The long-wave back 
radiation from the surface of Lake Okeechobee is (Figure 6-9): 

(6.1-17)~r = 0.97 • qsb • (Ts + 273.16)4 

where qsb = Stefan-Boltzmann constant = 8.26xlO-ll , ca1Jcm2/min/or. 
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Figure 6-10 	 The transmittance, emissivity, and reflectivity of 10ngwave radiation 
from the water surface of Lake Okeechobee. 

6.1.5 Atmospheric Cloud Effect on Shortwave and Longwave Radiation 

The fraction of the horiwntal solar radiation transmitted through the atmo
sphere to the surface is the parameter ~ (Balling and Cerveny, 1983). The mean 
annual ~ for the area near Lake Okeechobee is 0.5 (Balling and Cerveny, 1983). 

A harmonic analysis of U.S. measured values of ~ found three harmonics that 
explained most of the variance (Balling and Cerveny, 1983). The maximum values of 
lit in Florida are associated with a lack of cyclonic movement and convective storms 
in late winter and early spring. This is atypical compared to most of the U.S. which 
has a maximum value of lit in July. The lowest ~ levels in Florida were due to 
storms in October and convective systems in ApriL 

The first harmonic explains the annual variance in~. It explained 50 percent 
of the variance in ~ in Florida versus 80 percent for most of the continental U.S. 
The second harmonic explained the semi-annual variance of lit and was unusually high 
in Florida [greater than 60 percent versus an average of 11 percent in the whole 
U.S.]. The first two harmonics together explained 94.8 percent of the U.S. variance 
compared to only 75 to 80 percent near Lake Okeechobee. The third harmonic 
explained peaks of ~ in early April, August, and December. These peaks were four 
months apart and were due to the combination of low convective and cyclonic activity 
during these months. 

The optical air mass, M, is the ratio of the path length of the solar rays for a 
given a to the path length through the zenith angle (Huber and Perez, 1970). Mis 
related to the solar altitude (a) after Kasten (1964) from Huber and Perez (1970) in 
Eq. (6.1-18). The atmospheric transmission, ~, is calculated from the optical air 
mass using Eq. (6.1-19) (Huber and Perez, 1970). The solar noon atmospheric 
transmission has a short range over Lake Okeechobee (Figure 6-11). 
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1 (6.1-18)~ = --------------------~~ 
sinex + 0.15 • (ex + 3.885)-1.253 

at = 0.74 • ~O.0882 (6.1-19) 

The cloudiness functions included in Eqs. (6.1-3) and (6.1-15) are plotted in 
Figure 6-12. The relation of fraction cloudiness, Ct, to sky cover is shown in Table 
6-2. LOPOD uses an average value of cloudiness to vary the solar radiation and lake 
temperature on a daily basis in Lake Okeechobee. LOP3D uses an average value of 
cloudiness to vary the solar radiation at the time step used in the simulation, typically 
15 minutes to 3 hours. 
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Figure 6-12 The effect of cloud cover on 

Figure 6-11 The optical air mass and shortwave and longwave 
shortwave radiation radiation. Clouds block 
atmospheric transmission shortwave and increase the 
coefficient. emission of atmospheric 

longwave radiation. 

Table 6-2 Index of cloud cover index (after Anderson, 1954). 

Type of Cloud Cover Cloudiness Index 

Clear sky 0.0 
Scattered clouds 0.1 - 0.5 
Broken clouds 0.6 - 0.9 
Overcast 1.0 
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6.1.6 Non-radiative Beat Loss from Water Surface 

The net nonradiative heat loss is usually written as the sum of evaporation and 
sensible heat convection while ignoring the gain by precipitation since it does not 
involve a change of state (Henderson-Sellers, 1986). The evaporative heat flux (4)e' 
ly/day) is the product of the latent heat of evaporation and the rate of evaporative 
mass transfer (Pw • E) across the air-water interface: 

4>e == 2.40 • 3600 • I 1000 • Pw - Lw - E (6.1-20) 

where 

Lw = 597 - 0.57 -T ' latent heat of vaporization [kcal/kg], s 

or alternatively, 

where Pw = water density (kglm3), E = evaporation rate (m/sec), and Ts = water 
surface temperature eel. The linear relationship for Lw is plotted in Figure 6-13). 

The conductive heat flux, 4>c' from the water surface to the atmosphere is 
related to the evaporative flux, 4>e' through the Bowen ratio (Br): 

(6.1-21) 
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Figure 6-13 Saturation vapor pressure Figure 6-14 Mean monthly Lake Okee
[mbar] and the latent heat of chobee water temperature 
evaporation. measurements during the 

years 1988 and 1989. 
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The Thackston (1974) formula is used to estimate the saturation vapor pressure 
(for es in mbar using the conversion factor of 33.0 to convert in Hg to mbar) (Figure 
6-13): 

[17.62 - 9500 I 	(Tft + 460)] (6.1-22)es = 33•0 • e 

and the vapor pressure of air (e in mbar) is: a 

_ R 33 0 [17.62 - 9500 I (Tft + 460)] 	 (6.1-23)- h· . 	 • eea 

where Rh = relative humidity (fraction). 

6.2 Lake Temperature Model 

LOP3D uses average monthly Lake Okeechobee water temperatures based on 
SFWMD monitoring in the 1970s and 198Os. The mean lake temperature ranges 
from 15°C to 34°C for the period 1972 to 1989; however, the water temperature for 
the years 1988 and 1989 was always over 20°C (Figure 6-14). 
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Synoptic monitoring showed that differential heating between the surface and 
bottom of Lake Okeechobee resulted in a 3°C variation in daily temperature at the 
surface and only 1°C at the bottom of the lake (Sheng et al., 1991c). This 
differential heating promotes density stratification and may inhibit the short term 
exchange of nutrients, plankton, heat and momentum between layers (Sheng et al., 
1989). Cooler air masses above the surface destroy the stratification before sunset 
every day. Currents were found to increase at 6 p.m. without a corresponding 
increase in wind, apparently due to the cooling and heating of the lake water. The 
difference between daily maximum and minimum air temperatures is typically about 
20°F (Figure 6-17). 
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Figure 6-17 Maximum and minimum air Figure 6-18 Water density [gm. cm-3] , 

temperature for 1965 to 1989. viscosity [gm - cm-I • sec-I], 
and heat capacity 
[cal- g-l. K-1]. 

A one-dimensional vertical model of heat transport (Adelaja and Adams, 1990) 
was used in the LOPOO model of Lake Okeechobee. The 1-0 equation for 
temperature (T) may be written: 

aT - -1 a [A . A _ aT] O:5z:5H (6.2-1) 
at A az v az 

where A = horizontal area, and Av = turbulent diffusivity. 

The surface boundary condition is: 

aTs (6.2-2)at z = HAv - iJz = cf>n 
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The bottom boundary condition assumes zero heat flux through the lake 
bottom: 

aTs (6.2-3)- = 0 at z = 0az 

The LOPOD model has one temperature for each box. Since the area of the 
box does not change with depth Eq. (6.2-1) can be simplified by canceling the area 
term: 

aT = a [A . aT] (6.2-4)
at az v az 

A further simplification is possible by linearizing the heat-flux equation: 

(6.2-5)4>n = -Ksht • (Ts - TJ 

where ~ht = transfer coefficient and T e = equilibrium temperature. 

6.3 Additional Temperature-related Parameters 

Other temperature-related properties of water used in the various Lake 
Okeechobee models are the density of water, viscosity of water, and heat capacity of 
water (Figure 6-18). 

The water density (Pw), with units of gm 'cm-3, is calculated (Heggen, 1983): 

(6.3-1)Pw = (1.0 - 1.9549xlO-5 • ITs - 27711.68) • 1000 

where T is in °c. The heat content of water (cpl, with units of cal- g-l. K-1, also 
from Heggen (1983) is: 

(6.3-2)cp(T) = 0.99716 + 3.979xlO -4 • f(T) 

where 
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f(T) =. er1l10.6) + e(-rlI10.6) 	 (6.3-3) 

in which 

rl = 34.5 - T 

rl = 2.08 	• (f - 34.5)213 

The viscosity, f1, of water in gm· cm-1• sec-I, is calculated for water temperature 
Ts in °c as: 

f1 = 0.1 • exp[-1.65 + 262/(Ts + 139)] 	 (6.3-4) 

6.4 Vertical Light Attenuation in Water 

6.4.1 Disposition of Radiation 

The incoming solar radiation at any depth z (¢J can be described by the 
equation (Dake and Harleman, 1969) 

¢z = (l - [j) • ¢sn • e(-E • z) 	 (6.4-1) 

The surface absorption coefficient, B, is approximately 1.0 for longwave 
radiation (Babajiimopoulos and Papadopoulos, 1986) and 0.0 for shortwave radiation 
(Figure 6-19). 

l
et shortwave let longwave 

Reflected shortwave ~ Reflected longwave 

==== =========~=========================.===========i===== 
Shortwave transmittance Longwave absorbance 
through the surface layer in surface layer 

==== ==========================================~========== 

Shortwave radiation is scattered and absorbed 
• 	 by absorption and scattering agents in deeper water 


Lake Bottom 


Figure 6-19 Differences in shortwave and longwave pelagic radiation characteristics. 
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The light extinction coefficient, €, can be related to Kd, the diffuse light 
attenuation coefficient (units of m-1 for both coefficients). Kd is a function of pelagic 
absorption and scattering agents (Effler et al., 1987b). Pelagic absorption agents 
include water, dissolved yellow substances (Gelbstoft), which are measured as organic 
color, and algal cells. Pelagic scattering agents include suspended solids, algae, and 
suspended calcium carbonate particles (Effler et al., 1987b). 

Algal absorption and scattering coefficients are species specific. However, the 
algal classes in general show distinct characteristics. For example, diatoms scatter 
more light than green and blue-green algae (Table 6-3) since diatom cells are larger. 
The use of chlorophyll i concentrations alone to estimate the algal contribution to ~ 
is not sufficiently valid since measured chlorophyll i includes all algal classes (Effler 
et al., 1987b). 

Table 6-3 Specific absorption (a *) and scattering (b*) coefficients of the major 
phytoplankton classes, adapted from Bricaud et al., 1988. Coefficients 
have units of length-1 per concentration. 

I Algal Class I a* (m2 mg-1) I b* (m2 mg-1) I 
Diatoms 
Green algae 
Blue-green algae 

0.0025 
0.0105 
0.0199 

0.241 
0.047 
0.146 

Lake specific values of Kd can be found based on a regression analysis using 
Secchi depth (SD) and assuming a value of Kd"SD equal to 1.9 (Effler et al., 1987b). 
However, Kd and SD respond differently to changes in absorption and scattering 
agents and the product of Kd ·SD is lake specific (Effler, 1988). Secchi depth is most 
sensitive to changes in scattering agents and Kd is most sensitive to changes in 
absorption agents (Effler et al., 1987b). The values of Kd• SD and b/a (to be 
discussed) are both spatially and temporally variable Effler et al., 1987b). 

SD depth, Kd, and photic depth are related since they are all measurements of 
pelagic light penetration (Figures 6-20 and 6-21). The depth at which 15 percent of 
the surface light intensity is transmitted is the SD depth (Wofsy, 1983), the 10 percent 
light level is Kd (Effler et al., 1987b; Davies-Colley and Vant, 1988), and the photic 
depth is the 1 percent level. The photic depth is approximately 2.3· SO (OECD, 
1982) and 4.6/Kd (Davies-Colley and Vant, 1988), 

Algal cells have sufficient light to photo-synthesize only within the photic 
depth, but are viable within the mixing depth of a lake as long as they spend 
sufficient time in the photic zone and their net growth is positive. 
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------------------------ ----------------------- -----------------------

Water surface 100 % light intensity
================j============================================ 

• 	 SD - 15 % of surface light intensity 

- 10 % of surface light intensity• Kd 

• Photic depth 	 1 % of surface light intensity 

Bottom sediments 

Figure 6-20 	 Definition of the measured and calculated pelagic light levels for SD 

depth, Kd, and photic depth. 


Permutation a Permutation b Permutation c 

Water surface ====== Water surface ====== Water surface ====== 
Photic depth Mixing depth ------ Photic depth 

Mixing depth -----  Photic depth Lake bottom 

Lake bottom Lake bottom Mixing depth 

Permutation d Permutation e Permutation f 

Water surface ====== Water surface ====== Water surface ====== 
Lake bottom Lake bottom Mixing depth 

Photic depth Mixing depth Lake bottom 


Mixing depth ------ Photic depth Photic depth 


Figure 6-21 	 Permutations of mixing depth, photic depth, and the bottom of a lake. 

6.4.2 Pelagic Light Absorbance and Scattering Coefficients 

A relation for Kd was developed by Effler (1988) from Kirk (1981), who 
performed a Monte Carlo simulation of light attenuation in water. Their relation for 
Kd is: 

(6.4-2) 
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with the absorption (a in Eq. 6-4.2, units of m-1) and scattering coefficients (b in Eq. 
6-4.3, units of m-1) being the sum of the individual pelagic adsorption and scattering 
agents (Effler et aL, 1987a). 

The most common estimate for the scattering coefficient (b) is found from the 
measurement of lake turbidity (fn> using: 

Tn = an • b 	 (6.4-3) 

where the parameter an is a constant that ranges from 0.8 to 1.27 NTU· m (Effler, 
1988). Lake Okeechobee turbidity, TSS, color and SD depths from 1988 and 1989 
(with the exclusion of the month of June due to a low average TSS concentration of 
2.50 mg· rl) were used to estimate the scattering coefficient (b) for suspended solids 
(Figures 6-22 and 6-23). During this period the mean turbidity was 19.77 NTU, and 
the mean TSS 14.6 mg· rl. Assuming an average value of 1.0 NTU • m for an the 
estimate of the mean total scattering coefficient (b) in Lake Okeechobee is 19.77 m-l. 
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Figure 6-22 	 Mean turbidity and TSS Figure 6-23 Mean monthly turbidity and 
station concentrations in TSS concentrations in Lake 
Lake Okeechobee during Okeechobee during 1972
1972-1988. 1988. 

We used an empirical relationship between turbidity and TSS to estimate the 
contribution of TSS to light scattering. The following equation was obtained from 
1988 and 1989 turbidity and TSS data using linear regression: 

(6.4-4)Turbidity = 6.18 + 1.0 • TSS 
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This regression explained 62 percent of the variance in measured turbidity. The 
scattering attributable due to TSS is [Mean turbidity - 6.18] or 13.6 m-l , which is 69 
percent of the total scattering. The estimated light extinction coefficient for TSS is 
thus (l3.6/m)· (1114.6 mg)· (m311000 1), or a lakewide mean of 0.00095 m2 • mg-I for 
the years 1988 and 1989. 

The universality of the these estimated scattering coefficients was investigated 
using Lake Okeechobee data from 1972 to 1987. The following equation was 
obtained from 1972 to 1987 mean station turbidity and TSS data: 

(6.4-5)Turbidity = 1.34 • TSS - 6.12 

This linear regression explained 89 percent of the variance in measured turbidity. 
The scattering attributable due to TSS for each station is [Mean station turbidity + 
6.12]11.34. 

The mean station scattering (b) and light extinction coefficients (bITSS) are 
shown in Figure 6-24. There appears to be two groupings in the station scattering 
coefficients for TSS: periphery stations [LOO1, L005, and LOO7] which have a mean 
estimated b of 14 m-I, and central mud zone stations [LOO2, L003, LOO4, LOO6, and 
L008] which have a mean estimated b of 22.7 m-l . However, the mud stations also 
have higher mean concentrations of TSS (Figure 6-22), thus the mean blTSS values in 
Lake Okeechobee are 0.000986 m2 .mg-1 for the 3 periphery stations and 0.01015 
m2 • mg-1 for the 5 mud stations. The mean lakewide b/TSS of 0.010 m2 • mg-1 

obtained for the period 1972-1987 is the value used in the models of Lake 
Okeechobee. 

Light extinction coefficients for suspended sediments are usually in the range 
0.02 to 0.045 1· mg- l . Stefan et al. (1982) estimated a light extinction coefficient of 
0.045 m-I.l.mg-I for suspended sediments. 

A literature review of the linear light extinction coefficients used in other lake 
and estuary models is presented in Tables 6-4 and 6-5, respective1Y, Linear extinction 
coefficients per unit of chlorophyll.a ranged from 0.01 to 0.02 m • mg-1, with a mean 
of 0.016 m2 • mg-I , The background light extinction coefficients for water were more 
diverse in the literature because this parameter must account for light extinction due 
to water and organic color, 
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Figure 6-24 	 Light scattering coefficients 
(b) and light extinction 
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attributable to TSS. 


Figure 6-25 	 Definition of the refracted 
angle in water of the 
incident solar ray. 

Table 6-4 	 Linear light extinction coefficients for chlorophyll a. 

Field and Effler (1982) 0.0109 m2 • mg-1 

Shanahan and Harleman (1981) 0.0150 m2 • mg-1 

Griffin and Ferrara (1984) 0.0088 m2 • mg-l 
1Van Beneschoten and Walker (1984) 	 0.0430 m2 .mg-

Blosser (1986) 	 0.0140 m2 • mg-1 

Table 6-5 	 Background light extinction coefficients. 

Griffin and Ferrara (1984) 0.054 m-1 

Van Beneschoten and Walker (1984) 0.33 m-1 

Blosser (1986) 0.01 m-1 

6.4.3 CaC03 Precipitation in Lake Okeechobee 

CaC03 precipitation, or "whiting" is a common phenomenon in hard water 
lakes during summer months when the temperature is high (Effler et al., 1987). For 
example, 32 to 70 percent of the turbidity in Lake Ostico in New York was 
attributable to whiting during the summer (Effler and Johnson, 1987). Lake 
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Okeechobee is a hard water lake with high summer water temperatures (Joyner, 
1974). 

6.4.4 Vertical Light Attenuation Coefficient 

The relationship between the Secchi depth (SD) and Kd (Effler, 1988 from 
Tyler, 1968) is: 

SD = _-..,8_.69__ (6.4-6) 
a + b + Kd 

or relating SD to the coefficients a and b 

SD = ___-=--8_.6_9__~,.."". (6.4-7) 
a + b +(a2 + 0.256 a.b)1I2 

The simultaneous solution of Eqs. (6.4-2), (6.4-3), and (6.4-4) for absorption 
(a) and scattering (b) coefficients (Effler, 1985) yield lake specific estimates. 

Butaka et aI. (1989) improved Kirk's (1981) empirical relationship for Kd as a 
function of time of day, the absorption coefficient (a), and scattering coefficient (b): 

Kvsun(Or) = _1_ • (a2 + 0.425 • cosOr - 0.190) • a • b)1I2 (6.4-8) 
cosOr 

= 1.168 • (a2 + 0.162 • a • b)ll2 (6.4-9)Kvsky 

The combined direct and diffuse radiation can be written as (Butaka et aI., 
1989): 

(6.4-10) 

The angle of refraction in water, Or' (Figure 6-25) may be found from the 
solar zenith angle (Z) and the water index of refraction (m) using Snell's Law: 
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m • sin (Or) = sin(Z) (6.4-11) 

The function f 1(IJ is an exponential attenuation with increasing depth of water 
by using Beer's Law for irradiance at depth z 

(6.4-12) 

The light extinction coefficient, E, is defined as the summation of the effect of the 
various absorbing and scattering agents in the water: 

(6.4-13) 

An integrated Eq. 6.4-12 is used to calculate the mean pelagic solar insolation 
~ in model LOPOD over the lake box depth Yk: 

10 • [1 - exp-€ • Yk] (6.4-14)
I z = -------

E 

6.5 Light Limiting Growth Functions 

The model contains four formulations for calculating the algal growth limiting 
factor based on the light intensity or irradiance at a depth z in the water column, Iz 
(Orlob, 1983; Bowie et al., 1985). All four methods are used to calculate the light 
limiting function, f1(IJ. but differ in their approach to phoro-inhibition, which is the 
suppression of algal growth at high light intensities (Field and Effler, 1982). Field 
and Effler (1982) recommend either Smith's or Bannister's function. The first option 
is the half saturation or Monod light limitation which is an S-shaped transfer function 
(Figure 6-26) (this does not model photo-inhibition): 

(6.5-1) 

The second option is Smith's function (Figure 6-27), (which does not include 
photo-inhibition) : 

(6.5-2) 
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Figure 6-26 Monod light function. Figure 6-27 Smith light function. 

The third option is Bannister's function (Figure 6-28), which also does not 
include photo-inhibition: 

(6.5-3) 

The fourth option is Steele's equation (Figure 6-29), which does include photo
inhibition: 

I (6.5-4)= _z_ exp
Kopt 
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Figure 6-28 Bannister light function. Figure 6-29 Steele light function. 
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The default model option for light (radiation) attenuation is equation 6.5-1. 
The half saturation constant, Kv in that equation is also sometimes called the optimal 
light intensity, lopt. Literature values for KL and lopt are shown in Table 6-6. 

Table 6-6 	 Optimal light intensity or the half saturation constant for light 
limitation. 

Source 	 Optimal light intensity 

Griffin and Ferrara (1984) 300 ly/day 

Salas and Thomann (1978) 200 ly/day 

Goldman (1979) GRN 0.025 ly/min 

Jorgensen (1983) 0.667 ly/min 

Van Benschoten and Walker (1984) 0.024 ly/min 

Jaffe (1988) 329 ft/candle 

Keesman and Van Stratten (1990) 72-104 ly/day 

Boers et al. (1991) BLU 48 ly/day 


GRN 	 83 ly/day 

The calculation of the mean pelagic solar intensity must include the following 
factors: 

(1) 	 Vertical variation in solar intensity due to algal self shading, 
suspended sediment, and background light extinction. 

(2) 	 Diurnal variation in incident solar radiation at the surface. 

Simply using the calculated means of pelagic solar radiation and surface solar 
radiation is inadequate to represent the light conditions algae experience in the water 
column (Field and Effler, 1982). Thus, the integrated daily mean pelagic light 
intensity is used in the model. For example, a mean intensity of 100 ly/day can be 
achieved by many combinations of surface light and light extinction coefficients. 

6.6 	 Temperature Growth Limiting Functions 

Temperature effects are simulated using the function f2(T) that modifies the 
maximum rate for the various growth, excretion, and decay pathways. Two options 
for function f2(T) have been formulated. First is the algorithm from Chen and Orlob 
(1975) based on measured rate coefficients at 20°C and adjusted by a coefficient of 
temperature dependence (Table 6-7): 

(6.6-1) 
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Table 6-7 	 Coefficients for the temperature dependence of biological rates. 

Source 	 0 

Salas and Thomann (1978) 1.045 
Lastein and Gargas (1978) 1.07 
Jorgensen (1981) 1.02 
Bowie et aI. (1985) 1.08 
Virtanen et aI. (1986) 1.274 
Keesman and Van Stratten (1990) 1.05-1.20 

The temperature dependence of the coefficient 0 is shown in Figure 6-30. The second 
option is the two stage aIgorithm of Lehman et aI. (1975) that calculates f2(T) as a 
function of an optimal temperature for growth: 

T > T	 (6.6-2)
opt 

T< T (6.6-3)
opt 

Equation 6.6-1 is generally used in the models of this study due to the wide 
literature on coefficient 0 (e.g., Table 6-6). 

ISensitivity of theta parameter I 
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Figure 6-30 	 Sensitivity of the temperature parameter, 0, used to modify reaction 
rates. 
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7. PELAGIC SEDIMENT PHOSPHORUS 


7.1 Introduction 

Model LOP3D is based on the advection-diffusion equation with cartesian surface 
coordinates and u stretched vertical coordinates (see the later discussion in chapters 10 
and 11). This conceptualization matches the 3-D suspended sediment model 
(EHSMSED) of the UF COE group, which in turn is linked to a curvilinear 3-D 
hydrodynamic model (Sheng et al., 1991a). An important component of LOP3D is 
the interaction with the 2-D sediment resuspension model, the 3-D pelagic suspended 
sediment model, and the I-D diagenetic model of sediment phosphorus [Figure 7-1]. 
The models have a flux boundary condition at the sediment-water interface to connect 
the diagenetic model to the 3-D pelagic sediment and multi-component pelagic 
phosphorus models. 

Adsorpt ion, 1F===""'====n 
PIP n-living GRN,DIA,BLU----------... 

~-----------
Desorption, 11======11 

Organic 
Sediment Settling 
Phosphorus 

Diagenesis 

rr-======Y======~=========9 

Particulate Non-living Algae 

Decomposition Decomposition 
Desorption 
Dissolution Y=~=-=======n 

'------------.-------- Particulate r 

Sediment Phosphorus 

Figure 7-1 Interaction between sediment and pelagic phosphorus. 

The wind affects all the major lake components. Wind acts to influence 
biological activity primarily through direct and indirect effects on the photic zone. 
For example, increasing wind leads to sediment suspension and compression of the 
photic zone because the optical properties of the lake are changed by suspended 
sediments. Wind induced vertical currents can reduce the net settling rates of diatoms 
and green and blue-green algae. Essentially, the "mixing zone" increases by keeping 
algae continually suspended and well-mixed in the water column. In addition, wind 
mixing alters nutrient conditions by increasing or decreasing the local supply of 
nutrients depending on the antecedent pelagic nutrient conditions (pollman, 1983). 
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The effective erosion depth of a shallow lake is approximated by the following 
function of the effective fetch (Lf): 

Derosion = 30.4 • Lr'[Lf + 34.2] (7.1-1) 

The erosion depth for Lake Okeechobee's fetch length of 48 Ian is greater than 
17 meters, which compared to the lake mean depth (2.6 m) shows that 100 percent of 
the lake bottom is subject to wind erosive forces. Linear wave theory predicts that 
Lake Okeechobee's average wind velocity (9 mph) creates an average wave height of 
1.4 feet (0.43 m) (Joyner, 1974). In Lake Okeechobee [average depth of 10 feet, 
(3.05 m)], a wave height in excess of 2 feet (0.61 m) would cause effective mixing to 
all depths regardless of stage (Blosser, 1986). 

Considerable variation exists in the nature of Lake Okeechobee's bottom 
sediment (Figures 7-2 and 7-3). The model characterization is shown in Figure 7-4. 

7.2 Pelagic AdsorptioDHDesorptioD 

The particulate inorganic phosphorus (PIP) pathway in the pelagic zone is an 
algebraic relation involving exchangeable inorganic phosphorus on the suspended 
sediment (CP> and the pelagic dissolved SRP (Cag) as shown in Figures 7-5 and 7-6. 
The equations described in this chapter are used In models LOPOD and LOP3D. 

There are two equations and two unknowns (the ending PIP and SRP 
concentrations at the n+ 1st time step) involved in the solution of the PIP and SRP 
pelagic dynamics. The two equations are the linear relationship between Cp and Caq 
at the nth, or beginning time step 

(7.2-1) 

where Cp ' Caq and Csed are the concentrations of PIP, SRP and sediment, 
respectively. At the n +1st, or ending time step 

Cn +1 

_P_ = K • Cn +1 (7.2-2)


n+l sp aq
Csed 

The linear relationship is the same as the Freundlich adsorption isotherm with 
the exponent n in Caq lIn (not to be confused with the old time step n) equal to 1. 
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Figure 7-3 Bottom sediment map from 
Messer et al. (1979). 

Figure 7-2 Bottom sediment map from 
Reedy et al. (1991). 

*================================================================ 
* 00 lines := Bottom sediment flag saved in ISD(JM,IM).
* Key - - sand ~ - IIIUd 
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Figure 7-4 Bottom sediment flag for the bottom of lake. 
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Nonphosphorus suspended sediment mass 

Organic phosphorus suspended sediment mass 

PIP on suspended sediment 
----.----------------------------.----~ 

Adsorption pesorption 

SRP in Lake Okeechobee Open water 

Figure 7-5 	 Relationship between PIP and SRP in open water. Organic phosphorus 
is unreactive with SRP. 

Particulate 	Inorganic Phosphorus (PI 
• 

Adsorption pesorption 

Soluble reactive Phosphorus (SRP)
• 

Bacterial Regeneration 

Dissolved Organic Phosphorus (DOP) 

Figure 7-6 Relationship between PIP and nop is through SRP. 

However, we still need an equation relating the n+ 1st time step to the nth time 
step. Two other equations are possible using the created variable om' which is 
defined as the change in SRP or PIP concentration during the time step. Using Dm < 
o for desorption from the sediment to the water and om > 0 for adsorption from the 
water to the sediment, the following two algebraic relations are defined: 

Cn+1 D 	 (7.2-3) 
aq = C aq -° m 

cD+1 
p 

CD 
p Om 

+ 	 (7.2-4)= 
n D n 


C sed Csed Csed 


Solving for the change in concentration (Om) algebraically: 
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Om (7.2-5)+-
n

Csed 

(7.2-6) 

(7.2-7) 

The model solves for om at the end of eve~ time step by using the known 
partition coefficient, nth sediment concentration, n SRP concentration, and nth PIP 
concentration. 

The linear partition coefficient based on calibration and literature search is 500 
ltkg (liters per kilogram) for the mud and peat sediment and 100 IIkg the sand and 
littoral zone sediments. The model uses a partition coefficient with units of lImg to 
correspond to the suspended sediment unit of mgtl. 

Example desorption or adsorption calculations for a mud zone partition 
coefficient of 0.0005 lImg and suspended sediment concentration under 250 mgtl 
show that desorption will occur for SRP concentrations less than 20 ugtl and 
adsorption for SRP concentrations greater than 20 ugtl. A typical desorption is 0.268 
ug for the combination of SED = 50 mgll and SRP = 10 ugtl, and a typical 
adsorption is 0.638 ug for the combination of SED = 50 mgtl and SRP = 50 ugtl. 

7.3 Sediment Organic Phosphorus and PIP 

The primary forms of sediment organic phosphorus (SOP) are labile organic P 
associated with microbial biomass; moderately labile organic P - extracted with HCL; 
moderately resistent organic P or fulvic acid Po; and highly resistant organic P or 
humic acid Po and resistant organic P not extractable with HCL and NaOH (Reddy et 
al., 1991), 

Within the original project proposal, three components of phosphorus were to 
be modeled in the water column: particulate organic phosphorus (POP), particulate 
inorganic phosphorus (PIP), and soluble reactive phosphorus (SRP) or dissolved 
inorganic phosphorus (DIP). There were major problems with this approach: PIP was 
not measured during the synoptic surveys, a major form of phosphorus (dissolved 
organic phosphorus, DOP) was not measured, and the importance of organic 
phosphorus on the suspended sediment was not understood. The historical data 
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surveys and the current synoptic surveys measured (and continue to measure) mainly 
SRP and total phosphorus (TP) t except for the synoptic surveys associated with this 
study that measured total dissolved phosphorus (TDP). 

Isotherm data assembled by the Soil Science group (Reddy et al., 1991) from 
their sediment work as part of the project included anaerobic and aerobic sediments. 
The aerobic decomposition of the organic phosphorus was substantially faster ( 20 
days versus 120 days). 

7.4 Wind Fields Near Lake Okeechobee 

Intensive meteorological data for Lake Okeechobee are limited. Three-hour 
wind data are available at Port Mayaca, Okeechobee and Clewiston prior to 1980 but 
were not collected after that date. The nearest three hour wind station is in West 
Palm Beach. Daily wind movement over the pan evaporation stations is available for 
Port Mayaca, Okeechobee and Clewiston (locations are shown in Figure 5-1). 
Moreover, cumulative monthly wind movement data are available from Moorehaven, 
Florida by the National Oceanographic and Atmospheric Administration with units of 
miles per month. The Moore Haven meteorological period of record is from 1950 
through 1989. 

Average wind speeds at Moore Haven are shown in Figure 7-7, in which 
lower velocities in the summer are obvious. Because shear stress is proportional to 
the square of wind speed, an even greater seasonal distinction can be seen in Figure 
7-8, and a corresponding seasonal difference in erosive capability. 

u 
."..'2.-/--- 

S:o+--
u 
c 

Figure 7-7 	 Mean monthly wind at Figure 7-8 Mean squared monthly wind 
Moore Haven. at Moore Haven. 
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The most common wind direction during the summer is from the southeast in 
South Florida (pielke, 1974). The typical pattern of summer afternoon thunderstorms 
in Florida is radically changed because of the presence of Lake Okeechobee. The 
cooling effect of the lake suppresses convergence (Pielke, 1974) and minimizes cloud 
formation over the lake in the summer. This is readily apparent from weather 
photographs of South Florida, which typically show a hole in the cloud cover over 
Lake Okeechobee. Pielke's (1974) three dimensional atmospheric model predicts that 
the lake breeze generated by Lake Okeechobee reinforces the convergence pattern east 
of the lake generated by the regional sea breeze. 

The summer pattern of little cloud cover means more solar radiation reaches 
the lake, increasing the water temperature and maximizing algal uptake. The rainfall 
and wind over the lake is minimal in the summer due to this effect. 

7.5 Lake Okeechobee Wind Model 

The wind model used in the mass balance model of Lake Okeechobee (Task 
6.2) is derived from the models of Blosser (1986) and Pollman (1983) which in turn 
are based on the Sverdrup-Munk-Bretschneider (SMB) wave model (U.S. Army 
CERC, 1977). The 5MB model is a semi-empirical representation of wave generation 
in shallow water. The method is based on successive approximations in which wave 
energy due to wind stress is subtracted from wave energy due to bottom friction and 
percolation. The model requires wind speed over the lake, fetch length and water 
depth. The model output includes significant wave height (Hs in m) and significant 
wave period (Ts in seconds). 

The wind energy shear stress is calculated from the air wind speed and air 
density: 

2 (7.5-1)1"a = Cd • Pa • Wa 

where 1"a = surface shear stress, N/m2; Pa = air density, kg/m3; Wa = wind speed 
at a point 10 meters above the ground, m/sec; and Cd = 0.001 for wind speeds less 
than 5 m/sec. 

The wind energy is transferred from the atmosphere, making surface waves in 
the lake. The energy of the surface waves makes the water move in an orbital 
motion. Urn is the maximum orbital velocity outside the bottom wave boundary 
layer, and is calculated from Hs and Ts' 

Blosser (1986) used the following predictive equations for the wave height and 
wave period in Lake Okeechobee: 
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• WO.7454 (7.5-2)H 5 22s=· mph 

and 

T = 07541 • W°.4389 (7.5-3) 
s· mph 

where Hg has units of cm, Ts seconds, and wind velocity mph. The model 
assumptions are a constant depth of 10 feet (3.05 m) in Lake Okeechobee and a fetch 
length of 15 miles (24 krn). 

The over-lake wind speed based on nearby land wind stations needs to be 
corrected for measurement height and the difference in air-water interface temperature 
(Schwab and Morton, 1984). The correction factor is usually 1.2 (SethuRarnan and 
Raynor, 1981). The wind movement above the evaporation gage at Moore Haven 
was measured at a height of 2 meters. A power law profile for wind speed uses an 
exponent of (117) for changing the wind speed from that measured at 2 m to an 
estimated wind speed at 10 m (Schwab and Morton, 1984). The wind speed is 
increased by a factor (1O/2)ln = 1.26 to be usable in the wind shear formulas. The 
relationship between over-lake wind speed and land wind speed is also a function of 
the wind speed class and the air-lake temperature difference. Neglecting the wind 
speed class and air-lake temperature difference the best predictor of over-lake wind 
speed (Ww) is a constant 1.18· WI in the Great Lakes (Schwab and Morton, 1984). 
We use a value of 1.26· 1.18 = 1.44 to estimate the mean over-lake wind speed in 
Lake Okeechobee at a height of 10 meters. The calculation of the average daily wind 
is better approximated by doubly weighting the evening winds (Barnstan et al., 1983). 
Using the same procedure the mean daily wind speed coefficient over Lake 
Okeechobee is 1.44*3. This is used in the model LOPOD to estimate over-lake wind 
speed. 

The Sheng and Lick (1980) sediment model uses the results of the 5MB wave 
model in an approximation of the maximum horizontal velocity at the bottom 
boundary caused by the periodic wave. The maximum horizontal velocity, Urn' and 
the wavelength, Ld [m], associated with the oscillatory motion are computed from the 
following equations: 

1( • Hs 
Urn = -=----:-~,..-------=-.,.- [cm/s] (7.5-4) 

[Ts • sinh(2 • T • YklL~] 

Ld = L • tanh(2 • T • dlL) (7.5-5) 

g • Ts
2 

(7.5-6)
L = -:---

2 . 1( 
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Next, assuming that the shear stress due to wave action is much more 
significant than shear stress due to large scale currents, the bottom shear stress 
generated by the periodic motion of the waves, Tb' is: 

(7.5-7) 

The erosion flux (FJ is determined by excess shear stress above the critical 
shear stress for bed movement, l'crm ' using the following set of equations: 

(7.5-8) 

The = 0.5 • [The - 1] + ITbr - III (7.5-9) 

Fe = C susp • The [sec/cm • gm/cm/sec2] (7.5-10) 

where Cs~., = resuspension rate (sec/cm). Tcrm .was estimated to be 0.1 N/m2 [0.01 
dynes/cm j by Hwang and Mehta (1989). However, we use a value of 0.30 
dyneslcm2 in model LOPOD. 

The wave friction factor (fw) is a function of the wave boundary layer and 
bottom roughness characteristics. Typically a value of 0.004 is used for fw (Blosser, 
1986; Sheng et al., 1991a). The respective conditions for deposition from the pelagic 
to the sediment and erosion from the sediment to the pelagic are: 

(7.5-11) 

(7.5-12) 

The maximum value of Th is restricted to be less than 1.5 dynes in model 
EHSMSD (Sheng et al., 1991a) and models LOPOD and LOP3D. value ofA C susp
1.2x10-7 stcm [0.01037 day/cm] was used by Sheng et al. (1991a) in their 3-D model 
of the suspended sediment of Lake Okeechobee. The erosion rate, Er, (cm/sec) is 
calculated from the erosion flux and sediment density: 

[gm/cm 2/sec· cm 3/gm] (7.5-13) 

The pelagic TSS concentration is correlated with the cubic wind speed 
(Hellstrom, 1991). Sand has little effect on algal growth dynamics since it quickly 
settles from the water column. Fine silt or mud resuspended in the water column 

7-9 



may reduce the algal uptake by 10 to 20 percent since it remains suspended for many 
days. The residence time of resuspended inorganic sediment (~ 7 days) is longer 
than the residence time for resuspended organic sediment (~ 3 days) Hellstrom 
(1991). This is simulated in the models by using different settling velocities for PIP 
and ORG sediment phosphorus. 

7.6 Magnitude of Internal Wind Loading 

An estimate of the magnitude of the internal loading of TP to the pelagic Lake 
Okeechobee can be obtained by using the time history of stage, TP, and loading in 
Lake Okeechobee. The monthly internal loading is: 

Internal Load =([V • TP]o+l - [V • TP]o - [Q • TP]E - [Q • TP]ouJ /A 0+1 (7.6-1) 

where n+ 1 is the new month's volume, outflow and volume weighted mean lake TP 
concentration and n is the.old month's volume, outflow, and lake TP concentration. 
The monthly loading of TP includes tributary loading plus precipitation loading minus 
the estimated surface outflow loading from the lake (De Groot, 1983). 

The estimated net internal loading for Lake Okeechobee is 3356 mg/m2 to the 
bottom sediments (Figure 7-9). The minimum monthly, -194 mg/m2, maximum 
monthly, 152 mg/m2, and average monthly, -32.3 mg/m2 shows the wide variability 
in monthly internal loading. The average monthly loss to the sediments almost 
matches the mean monthly tributary loading, 35.8 mg/m2• Thus, the sediments, 
through the process of algal settling and inorganic phosphorus deposition, remove 91 
percent of the phosphorus loading to Lake Okeechobee. 
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Figure 7-9 Estimated internal loading from Lake Okeechobee for the years 1979
1988. 

7-10 




7.7 Interaction with Diagenetic Model 

The calculation of the bottom diffusive flux of inorganic phosphorus (SRP) 
from the sediment to the pelagic involves the daily update of the diffusive flux by 
Subroutine SDIAG. The model calculates the flux based on the previous day's mean 
pelagic SRP concentration. The added pelagic SRP concentration (.dM in units of 
mg/m3) from the diffusive flux (Fs.,J is calculated as: 

(7.7-1).dM = .dt • F srp/Yk [day· mg/m 2/day/m] 

The interstitial water in the sediment also contains dissolved inorganic 
phosphorus, or SRP, which becomes entrained into the pelagic zone during 
resuspension events. The added pelagic concentration of this erosion-entrained SRP is 
computed from the pelagic depth, Yk, and sediment porosity, cp, as: 

7.8 Interaction with Deposition-Resuspension Model 

The sediment organic phosphorus (ORG) is related algebraically to the 
suspended sediment in the water column using the partitioning coefficient (Korg) and 
the equation: . 

C 
D +1 K C D +1 (7.8-1) 
org = org· sed 

at the new time step n +1. 

Kirby et al. (1989) and Hwang (1989) hypothesized a fluidized mud layer 
called the lutocline that may range up to 10 cm in depth. The lutocline has a lower 
density « 1.065 g ·cm-3) and a near zero shear strength, implying the mud of the 
lutocline essentially behaves as a fluid. Conversely, the shear strength of the mud 
and sand just below the lutocline is generally three times the critical shear stress for 
erosion according to Kirby et al. (1989). 

Phosphorus can be extracted from lake sediments by various methods (Table 
7-1). Istvanovics (1988) measured a total phosphorus content of 721 mg P.kg-1 dry 
weight in hypereutrophic Lake Balaton (Hungary) sediments. Brezonik et al. (1989) 
measured values for total phosphorus of 1188, 1306, 866, 1517, 305, 1604, 1395, 
1246 mg P/kg dry wt. in the upper 1 cm of eight Lake Okeechobee sediment cores. 
This is an average of 1178 mg P/kg dry wt. in Lake Okeechobee. Similar results 
were found by Reddy and Ivanoff (1990) and are presented in Table 7-2. An earlier 
study by Messer et al. (1979) found an average total phosphorus concentration of 
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Table 7-1 Extractable phosphorus in sediments (adapted from Reddy et al., 1991). 

Extraction 
Method 

Sodium Hydroxide NaOH-SRP 
Extraction 

Sodium Hydroxide NaOH-ORP 
Extraction 

Hydrogen Chloride HCI-P Extraction 

Potassium Chloride (KCI-P) Extraction 

Sulfuric Acid H2SO-P Digestion 

Porewater Total Phosphorus (pW -TP) 

Residual Phosphorus (RP) 

Type of Phosphorus 

Extracted from Sediment 


Iron (Fe) and Aluminum (AI) bound 
phosphorus, and labile organic 
phosphorus. 

Hydrolyzable organic phosphorus 
calculated as NaOH-TP - N. 

Calcium (Ca) bound phosphorus or 
apatite inorganic phosphorus (AlP). 

Exchangeable inorganic phosphorus, or 
PIP. 

Total phosphorus in the sediment (TP). 

Measurement of dissolved total 
phosphorus in interstitial water. 

RP = TP - (PW-TP KCI-P + NaOH-
TP + HCI-P). Assumed to be a 
measure of organic phosphorus and 
inorganic phosphorus not extracted by 
NaOH and HC} reagents. 

Table 7-2 Nutrients in the sediments of Lake Okeechobee (adapted from Reddy 
and Ivanoff, 1990). 

Sediment 
Type 

Mud (Station K8) 

Peat (Station MI7) 

Sand (Station J7) 

Littoral (Station J5) 

Total P Total N Total N/ 
(mg/kg) (mg/kg) Total P 

1064 6800 6.39 

641 23700 36.97 

150 500 3.33 

18 200 11.11 
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800 mg P/kg dry wt. in the upper 5 cm of six Lake Okeechobee sediment cores. 
Joyner (1974) found a range of 80 mg P/kg dry wt. to 690 mg P/kg dry wt. in 
fifteen sediment samples from Lake Okeechobee. 

Reddy and Ivanoff (1990) suggest that external loads of S04 and N03 
associated with wind-induced mixing can stimulate organic matter decomposition in 
the sediments and contribute to highly variable spatial and temporal release of labile 
P. The variability in sediment labile P release is also due to the dynamic microbial 
biomass P on the sediment. The release of phosphorus from the bottom sediment 
and suspended sediment is a function of the available redox conditions in the 
overlying water column. The redox depends on the amount of dissolved oxygen 
present, which changes diurnally due to sediment oxygen demand, algal growth and 
algal respiration. Fortunately, isotherm data assembled by the Soil Science group 
(Reddy et al., 1991) from their sediment work as part of the project are all for 
anaerobic sediments and do not apply to the aerobic conditions of the water column. 

The data used in the diagenetic and suspended sediment model of Lake 
Okeechobee are presented in Table 7-3. The data required include: Ksp-' the 
adsorption partition coefficient for PIP (lIkg); Ps' the bottom sediment density 
(gm/cm3); Knil!~ inorganic phosphorus partition coefficient for suspended sediment 
(mg/kg); ana, Korg, the organic phosphorus partition coefficient for suspended 
sediment (mg/kg). 

The model calculates the settling of organic phosphorus sediment (Corg) and 
inorganic phosphorus (Cpipl, respectively, as: 

.1Morg = at • C pip • KsortYk [day· mg/m 3 
• m/day/m] (7.8-2) 

(7.8-3) 

The erosion of C and Cpip from the bottom of the lake are calculated as: org 

where at = time step, Fe = erosive flux, Y k = lake depth, and Korg and ~jp are 
partition coefficients. 
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Table 7-3 Input data used for diagenetic and sediment model of Lake Okeechobee. 

Sediment FORTRAN Simulation 
Variable Type Variable Value 

Ksp 	 Sand OPFRAC(I) 100 
Sand PFRAC(1) 4.1~ip 
Sand 	 DRHO(I) 2.6Ps 

KOJ"2 	 Sand OPFRAC(I) 204 

Kgp 	 Mud OPFRAC(2) 400 
Mud PFRAC(2) 14.23~ip 
Mud 	 DRHO(2) 1.1Ps 

Korl! 	 Mud OPFRAC(2) 2286 

Ksp 	 Littoral OPFRAC(3) 100 
Littoral PFRAC(3) 1.04~ip 
Littoral 	 DRHO(3) 2.6Ps 
Littoral OPFRAC(3) 1150Kor£ 

Ksp 	 Peat OPFRAC(4) 200 
Peat PFRAC(4) 16.5~ip 
Peat 	 DRHO(4) 1.1Ps 
Peat 	 OPFRAC(4) 193Korl! 

Erosion is constrained in model LOPOD to only occur during the night ~ne 
time step). The units of shear stress are usually Newtons [1 kg· m/Sec2] per m , or 
dynes [1 gm ocm/sec2!- The range of shear stresses used in the model range from 0.1 
dynes to 10 dynes/cm for the critical shear stress. We start the simulation using a 
starting ORG partition coefficient in the sediment similar to one measured by 
(Brezonik et al. 1979). 

Many of the units in the model are equivalent. For example, the following 
solid/solid and solid/liquid concentrations are equivalent: 

ug mg gm
- - , and 

mg gm kg 

ug mg
=-1 3m

The deposition flux [mglmv is determined from the settling velocity and 
pelagic concentration of PIP and ORG: 
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(7.8-6) 

The magnitude of the deposition and erosion flux is on the order of 1 cm per 
week based on 3-D simulations using the model EHSMSED. These simulations were 
done for one week, one month and three month time periods during the months of 
maximum wind movement. 

The conversion from the flux form of erosion and deposition to an estimate of 
the depth (cm) eroded (Ee> or deposited (Ed) from the sediment bed in one day is: 

(7.8-7) 

(7.8-8) 

or the ratio between the shear rate and sediment density and porosity. In general, 
deposition and erosion are cyclic processes (Figure 7-10). 

r--- Pelagic ~------l 

"Removal" "Regeneration" 

... ........................................................ 

•••••••••••••••••••••••• o ••••• ~ ••• ~ ••••••••••••••••••••••••• ..... o. o. 0 ••••••••••••• o. 0 ••••••• o •••••••• ~ •• ~ •••••••........................................................ 
~-------------------

Figure 7-10 	 Removal of pelagic phosphorus and regeneration of sediment 
phosphorus governs the removal capacity of the lake sediment. The 
fraction lost in permanent burial will never contribute phosphorus to the 
pelagic region again - Or will it? 
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7.9 	 Summary 

The movement of wind over the water surface and its action on the bottom 
sediment is an extremely important factor in predicting the pelagic total phosphorus 
(TP) concentration of Lake Okeechobee. 

The components of phosphorus affected the most by the action of wind include 
the following: 

Organic phosphorus on the suspended sediment particle. 

Inorganic phosphorus on the suspended sediment particle. Cpip 
and pelagic Csrp interact through the process of adsorption
desorption. The adsorption of C to Cpip and its subsequent srp
deposition to the bottom sediment IS an important loss of pelagic 
SRP. 

The simulation model(s) of Lake Okeechobee used the average monthly wind 
movement over the pan evaporation station at Moore Haven. The assumptions used 
to transform the Moore Haven data were: 

(1) 	 The wind data were transformed using a power law to convert 
from the measured wind at 2 meters height to model input wind 
at 10 meters height. 

(2) 	 A further transformation was necessary to convert a land based 
wind measurement to an over-lake wind measurement. 

(3) 	 The mean wind estimate was subsequently altered by the ratio of 
the total day length (24 hours) to the length of night, since the 
model has wind movement only during the night time step of 
model LOPOD. 

The key calibration parameters in the resuspension model were fw' Csusp' Ter' 
and the maximum value of Tb' The values of fw tested ranged from 0.002 to 0.0010. 
The most common literature value was 0.004 and this has been used in Lake 
Okeechobee by Blosser (1986) and Sheng et al. (1991a). The highest values of fw 
were suggested by Hwang and Mehta (1989). The final calibrated value of fw was 
0.008 in model LOPOD. The resuspension rate (Csusp) was estimated or calculated 
to be 1.2.10-7 sec/cm by Sheng et al. (1991a) and this value is used in the model. 
Higher or lower values of Csusp yield mean predicted concentrations of TSS 
inconsistent with measured Lake Okeechobee TSS concentrations. 

The critical shear stress, Term' is loosely based on the work of Sheng et al. 
(1991a). We used Term values of 1.0 dynes/cm2 for peat sediment, 10.0 dynes/cm2 

for sand and marsh sediment, and 0.2 dynes/cm2 for mud sediment. The maximum 
value of Tb was 2 dynes/cm2 in model LOPOD, which is consistent with the 
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simulations of Sheng et al. (l991a). The maximum value of Tb suppresses the 
generation of large erosion rates leading to subsequent unrealistic TSS, ORG, and PIP 
concentrations. 

The predicted sediment concentration has the required diurnal, monthly, and 
mean concentrations of suspended sediment (TSS), particulate organic phosphorus 
(ORG), and particulate inorganic phosphorus (PIP) as measured in Lake Okeechobee. 
The predicted measurements of ORG ranged from 40 ugll during the winter months to 
< 5 ug/l during the summer months. 
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8. DIAGENETIC ADVECTION-DIFFUSION MODEL 

8.1 Introduction 

An important source of pelagic phosphorus occurs due to the diffusion of 
interstitial SRP from the bottom sediments. Conversely, the diffusion of pelagic SRP 
to the bottom sediments is a sink of pelagic phosphorus. The overall process of 
bottom sediment phosphorus change is called diagenesis. This section describes the 
linkage of the diagenetic model separately developed by Pollman (1991) to the pelagic 
phosphorus model. 

8.2 Basic Equations and Boundary Conditions 

The diagenetic model is based on the one dimensional model of Berner (1980). 
The aqueous phase of phosphorus in the sediment (Caq) is the porewater or interstitial 
water concentration of SRP, 

(8.2-1) 

and the solid phosphorus phase (r) in the bottom sediment consists of the organic 
phosphorus and exchangeable phosphorus on the sediment particles, 

or = 1 ~ • D _p • or + ~ + ER (8.2-2)[¢ . F or]
at ¢. F oz 	 r oz s OZ otads r 

The aqueous and solid phase equations can be combined by expressing r as a 
function of C and the formation factor, F: aq 

F = Ps • (1 	 - ¢) - "Formation factor" (8.2-3) 
¢ 

(8.2-4) 

or, assuming a linear adsorption relationship between rand Caq and a fast adsorption 
- desorption reaction, the following relationship is found: 

The combined equation for phosphorus diagenesis in the lake sediment is: 
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1 0 ['" or ocaq]--- - (1+K )°<b°Dro - + <b°Deff" - 
(I +K "') oz oz oz 

<b [ '" oCaq] ERr ERaq 
- • (II + lis' K )" -- + + 

(1 +K "') aq oz (I +K ... ) (I +K "') 

(8.2-7) 
where K"', the modified linear adsorption coefficient, is [F oK]. 

The reaction terms include a first order decomposition of organic phosphorus 

EReff == Rdecomp :: F • Korg ° Porg (8.2-8) 

and kinetically controlled chemical precipitation or dissolution of a mineral phase 
(e.g., hydroxyapatite in deeper sediments) that include ortho-phosphorus in its 
stoichiometry: 

(8.2-9) 

o<b • C 
U sing the steady state assumption of aq = 0 simplifies the model to 

the following combined equation: ot 

o [... or oCaq]oz (I+K )o<boDro oz + <b-Deff" --az- :: 
(8.2-10) 

OCaq]<b 0 (II +11 oK '" ). -- ER -ER[ aq s oz r aq 

An implicit finite difference scheme with a tridiagonal solution was used to 
solve for the steady state concentration of Caq at each layer based on the average SRP 
concentration in the bottom (f layer of the pelagic model for the previous day. The 
flux of SRP across the sediment-water interface (assuming steady state conditions and 
negligible advection) is: 

(8.2-11)Flux = Deff " [OCaq] 
OZ z=o 

in units of ug o cm-2 per time step. 
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8.3 Vertical Grid Resolution 

The surface bottom sediment in the diagenetic model is divided into an upper 
aerobic layer and a lower anaerobic layer (Figure 8-1). The aerobic zone of 5 cm 
depth is influenced by benthic organisms which cause bioturbation. The concentration 
of Caq in the upper zone is maintained by high rates of organic decomposition. The 
lower anaerobic layer extends to a depth of 50 cm without benthic organisms and 
their associated bioturbation. This lower zone is a region in which the Caq 
concentration is in thermodynamic equilibrium with solid phase hydroxyapatite 
phosphorus. 

Pelagic Zone 

ili~EEI~iiiiiii!ii~Hmi;EEEEiiiiiiE!!iiE~E~~EEi!~~~~~~iiiHif:!gi~~~~~illEiiiiiiiiiiiiiEEiill~iiiiiiiim*ii~iHiiiiiiffii~iiiiiiiEE~lliiiffigi
iliii:SisiisiEisiiii5iiiiii55SS·ii55Eiissiiisa'5ii5£5iiiiiiHi k = 1 
m5=55555555=55=55=555555=55=55555=55555555555=555=5m k = 2 
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Deep sediments 

Figure 8-1 Layers in sediment diagenetic model. 

8.4 Data Required for the Diagenetic Model 

The data listed in Table 8-1 are required to run the diagenetic model. They 
are part of the input data stream of the models. 

8.S Steady-State Numerical Solution 

This section documents the tridiagonal matrix elements for the numerical 
solution of the steady-state I-D advection-diffusion-reaction equation for sediment 
diagenesis (Eq. 8.2-10». Coefficients have different values for the aerobic layer 
(henceforth designated by the subscript up) and the anaerobic layer (henceforth 
designated by the subscript low). 
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Table 8.1 Input data for diagenetic model. 

Diagenetic 

Data 


(gm/cm3)Ps 

(ug. rl) 

vaa (cm/yr) 

Kup (l/kg) 

K10w (lIkg) 

<I> (fraction) 

~J)t (1· yr-1) 

K (I.yr-1)
OT1Z 

Ceq (ug .r1) 


Deff (cm-2 .yr-1) 


DDeff (cm-2 •yr-1) 


Dr (cm-2 .yr-1) 


DOr (cm-2• yr- l ) 


Sand Mud 

Sediment Sediment 


2.474 1.381 

120.0 220.0 

0.0336 0.168 

100.0 400.0 

100.0 400.0 

0.45 0.892 

1.0 2.0 

0.002 0.005 

300.0 600.0 

5010.0 1980.0 

501.0 198.0 

0.0 0.0 

0.0 0.0 

Macrophyte Peat 
Sediment Sediment 

2.474 1.255 

120.0 300.0 

0.056 0.1025 

100.0 200.0 

100.0 200.0 

0.45 0.892 

1.0 2.0 

0.002 0.005 

500.0 150.0 

1670.0 1990.0 

167.0 199.0 

0.0 0.0 

0.0 0.0 

Figure 8-2 Tridiagonal solution for any k level Caq• 

With reference to Figure 8-2 for the definition of the matrix elements, the 
matrix elements for the frrst aerobic layer (k= 1) are: 
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Deff
----D 

'" r K(1+K) • C D+1 _ Vaq • C D+1 _ ppt C D+1
Diag = - 2 .----- 1 - 1 • 1 (8.4-1) 

t:..z 2 t:..z (1 +K '" ) 

Deff
----D 


'" r
(1 +K) CD+1Udiag = -'------'::---. 1 (8.4-2)
t:..z2 

Rhs = (8.4-3) 

The matrix elements for aerobic layers 2 through k1ow: 

Deff
----D 

(1 +K '" ) r CD+1 Vaq CD+1
Ldiag = -=------..:;,...--. k -1 - • k-l (8.4-4) 

t:..z2 (l +K "') 

Deff
----D 

'" r K(l+K) ° CD+1 _ Vaq ° CD+1 _ ppt • C~+1Diag = -2 • (8.4-5) 
t:..z 2 k t:..z k (1 +K '" ) 

Deff 
----Dr 

(1 +K "') CD+1


Udiag = ---:::--- ° k+ 1 (8.4-6) 
t:..z2 

Kppt ° C __F_o_K_or..;;;;g_O_P_-o_r_g
Rhs = (8.4-7) 

(1 +K "') eq (1 +K "') 

The matrix elements for the last aerobic layer k10w is: 

DDeff 
----DDr 

(l +K "') ° C D+1 _ Vaq CD+ 1 
 (8.4-8)Ldiag = k 1 • k-l 

t:..z 2 - (1 +K "') 
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DDeff
----DDr 

D+1 (l+K*) CD+1
• 	 C k - -'-----'--:=---. k 

dZ 2 
Diag = 	 (8.4-9) 

_ "aq. C D+1 _ ~Pt C D+1 
- k • k 
.::lz (l+K *) 

Deff
----D* r(l+K) .CD+1Udiag = 	 (8.4-10)k+l2dZ . 

Kppt • C _ F· Korg • P org 
Rhs = (8.4-11) 

(l+K *) eq (1+K *) 

The matrix elements for each anaerobic layer klow+ 1 through layer klayers-l is: 

DDeff 
----DDr 

(l+K *) CD+1 "aq CD+1


Ldiag = -:......----..:~--. k-l - • k-l (8.4-12) 
dZ 2 (I+K*) 

DDeff _ DD DDeff -DD 
r ---*- r 

(1 +K "') D+1 (1 +K ) CD+1
• C k - -:......-----=-::---. k 

.::lz2
Diag = 	 (8.4-13) 

Deff -DD 
* r(l+K ) 	 • CD+1

Udiag = 	 (8.4-14)
2 k+l 

.::lz 

~Pt • C _ F· Korg • P org 
Rhs = (8.4-15) 

(1+K "') eq (l+K *) 
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The matrix elements for the last anaerobic layer klayers is: 

DDeff 
----DDr 

C 
D +1 Paq C D+1Ldiag = -'-----=-...,.---. k -I + • k-I (8.4-16) 

(1 +K "') 

DDeff 	 DDeff 
----DDr ----DD 
(I+K "') D+1 (1 +K '" ) r CD+1• 	 C k - ...;-.---=....,,--_. k 

t:t.z2
Diag = 	 (8.4-17) 

Paq C D +1 Kppt C D+1 
- -" k - • k 

t:t.z (l +K "') 

Rhs = 	 (8.4-18) 

Following computation of the matrix elements, the set of tridiagonal linear 
equations is easily solved for C~+ 1 (k = 1-50) by Gauss reduction. 

8.6 Time Scale Considerations 

The difference between the steady state and dynamic models is only significant 
over a time period of I - 2 months. We use the steady state solution of the organic 
and inorganic phosphorus concentrations in the bottom sediment for the estimated 
diffusion flux of SRP. The mean previous day's concentration of SRP in a lake box 
or the bottom q-Iayer is the top boundary of the diagenetic model. 
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9. LITTORAL ZONE PHOSPHORUS MODEL 


9.1 Introduction 

The shallow area (littoral zone) in western and southern Lake Okeechobee is currently 
dominated by submergent and emergent vegetation (Figure 9-1). This is significantly 
different from the vegetation existing in Lake Okeechobee during the lake 1800s and early 
1900s when the mean lake stage was higher (Figure 9-2). The fraction of the lake area 
covered by open water has decreased and the littoral vegetation area has increased since the 
1920s. 

TAYLOn " ~ CIIE~IC 
NUBBIN 
SLOUGH 

LAKE 

OKEECHOBEE 

CJ Emergen! Vegelellon o SuamlrlJed V.,••euon 

•II MI". 
10 

Figure 9-1 	 Submergent and emergent vegetation regions currently are primarily in western 
and southern Lake Okeechobee. 
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Figure 9-2 	 Vegetation regions in Lake Okeechobee circa 1914 consisted primarily of 
custard apple trees in the South Bay region. 

The composition of the littoral zone and its effect on the phosphorus cycling in Lake 
Okeechobee was one of the primary concerns of this project. This chapter seeks to quantify 
the influence of the littoral zone on pelagic phosphorus concentrations. Primarily we seek to 
answer the question - Are the macrophytes a source, a sink, or a seasonal source and sink 
of phosphorus to the pelagic region of Lake Okeechobee? 

Wetlands generally are assumed to retain phosphorus (Kilbam and Kilham, 1991). 
Retention processes include chemical precipitation, adsorption/desorption, mineralization of 
organic phosphorus, plant tissue incorporation and ultimately sediment burial of detritus. 
The excretion of soluble phosphorus by macrophytic plants and macrophyte particulate 
detritus oppose these retention processes in the littoral zone. 

The littoral zone increases the size of the phosphorus exported to the pelagic region of 
Lake Okeechobee by creating large detrital particles that become more likely to be retained 
in the lake's bottom sediments (Kilham and Kilham, 1991). The littoral zone of a lake is a 
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significant contributor of organic carbon and dissolved organic nitrogen (Wetzel, 1983). The 
dissolved organics are a primary source of food to the open water population of heterotrophic 
organisms such as bacteria, protozoa and zooplankton. 

The littoral zone provides habitat for nesting and feeding migratory birds. Wading 
birds primarily utilize beakrush (Rhynchospora tracyl) wet prairie, spikerush (Eleocharis 
cellulosa) sloughs, and the mixed grasses (Panicum repens, Spani1llJ bakeri, and Panicum 
hemito11Wn) as feeding habitat. These species grow optimally at elevations of 13 to 15 feet in 
Lake Okeechobee (Table 9-2). The willow community provides the major nesting areas in 
the macrophyte area of Lake Okeechobee (Zaffke, 1984). Willows require a periodic 
reduction in lake levels below 13 feet for long term maintenance. The major submergent 
macrophyte is Vallisneria which is estimated to comprise 76.4 percent by weight of the 
submerged vegetation. 

The regulation of Lake Okeechobee's water surface elevation was changed in 1979 to 
increase the mean depth of the lake (Trimble and Marban, 1989). The mean depth of water 
in the lake did increase in the 1980s despite severe droughts and the greater depth of water 
had a drastic effect on the littoral zone vegetation (Table 9-3). The dominant spikerush 
community of the 1970s was nearly eliminated and cattail and torpedo grass increased their 
coverage of the littoral zone (Milleson, 1987). This had the effect of decreasing the feeding 
habitat available to birds in Lake Okeechobee, and perhaps decreasing the littoral zone 
contribution of phosphorus to the pelagic area due to lower phosphorus release by the newer 
dominant emergent macrophytes (Table 9-1). 

9.2 Littoral Source of Phosphorus to Pelagic Area 

Possible sources for littoral phosphorus export are the excretion of phosphorous from 
the macrophyte zone during periods of high stage and during plant senescence at the end of 
the growing season. Supporting evidence of this littoral source for phosphorus includes the 
observations of lower summer phosphorous concentrations during the period of the highest 
inflow loadings, and higher phosphorus concentrations during the winter, when aquatic plants 
in the littoral area undergo senescence releasing SRP and DOP, and frontal systems generate 
greater wind mixing. The amount of phosphorus estimated to be released from macrophytes 
in Lake Okeechobee range from 0.0 ug· m-2 •day·l net (Gayle, 1975) to a total macrophyte 
release of 400 ug· m-2 •day-l (Brezonik et al., 1979). 

9.3 Lake Stage Influence on Pelagic Phosphorus Concentrations 

A significant correlation (r = 0.7, P < 0.05) exists between annual average total 
phosphorous concentration and lake mean depth (Canfield and Hoyer, 1989). However, this 
annual relationship between TP and lake stage disappears using monthly or semi-monthly 
data (Figure 9-3). A second order polynomial best describes the shape of a regression of 
SRP versus lake stage for the period 1972 to 1988 (Figure 9-4). This excellent relationship 
fits the assumption of littoral zone senescence being a source of SRP to the pelagic region of 
Lake Okeechobee. In other words, macrophytes are a seasonal source of phosphorus to the 
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Table 9-1 Estimates of macrophyte nutrient content and areal excretion rate from 
Brezonik et aI. (1983). 

Total TP Littoral Zone 
Area Content Excretion 

Macrophyte (ha) (kg) (ug/m2-day) 

Potamogeton 4760 21400 37.0 

VaIlisneria 1008 9240 28.0 

Hydrilla 1800 17900 0.0 

Typha 5650 73000 0.0 

Table 9-2 Optimum range of growth for plants in Lake Okeechobee (pesnell and Brown, 
1977). 

Spanina bakeri 
Typha angustifolia 
Eleocharis cellulosa 
Scirpus califomicus 

Spanina bakeri 
Rhynchospora traqi 
Sallix carolina 
Typha angustifolia 
Eleocharis cellulosa 
Scirpus califomicus 

Spanina bakeri 
Rhynchospora traqi 
Sallix carolina 
Typha angustifolia 
Eleocharis cellulosa 
Scirpus califomicus 

Optimum Range 
(feet msl) 

13.0 - 14.5 
12.0 - 13.0 
10.7 - 12.0 
10.1 - 10.7 

13.1 - 14.6 
13.1 - 14.6 
13.2 - 14.3 
12.4 - 13.1 
10.6 - 12.4 
11.1 - 12.3 

13.1 - 15.0 
13.1 - 14.6 
13.2 - 14.3 
12.4 - 13.1 
10.6 - 12.4 
10.1 - 10.6 

9-4 




Table 9-3 The emergent vegetation of Lake Okeechobee (from the supplement to Pesnell 
and Brown, 1977). 

Vegetation Hectares 

Guava 84 

Water Hyacinth 499 

Water-Lily (Nuphar advena) 991 

Bog 1,438 

Mela1euca 2,402 

Buttonbush 3,524 

Mixed Forest 4,057 

Bulrush (S. validis) 5,997 

Sawgrass 9,985 

Wire Cordgrass 17,067 

Mixed Grasses 23,603 

Willow (Sallix spp.) 25,745 

Beak-rush (Rhynchospora traql) 37,362 

Spike-rush (Eleocharis cellulosa) 43,512 

Cattail (Typha spp.) 59,620 


Total 235,886 
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Figure 9-3 Pelagic TP and SRP versus Lake Stage. 

9-5 



Lake Okeechobee SRP vs Stage! 
Correlation (r) =0.61 I 

80 	 • r5 

• • . -+ 5070 .7 
45-,j.' 

.-.. 60 # 
'\ 	 +• 	 • 40 
(JI 50 	 • 
J • 35 
C 40 	 •• • "f • • 
... 	 •• • •• -.ItII!!.d-"'" •• • 30 

0. 30 • .. --- .... --..-.a 
(f) 20 • .. . ..-=-~. ..- .... 

+ ....-	
~ 25 

:i: _ 	 20 
+iIi 	 -. -. ...

10 	 · .-C~" · 
15~...........- .-.--..~ - •• rl' -ijjj"'III- ... • .... • 

0 10 
9 10 11 12 13 14 15 16 17 18 

Stage In feet 

Measured SRP + Predicted SRPI • 	 I 

I 

Figure 9-4 	 Mean pelagic SRP has a polynomial relationship with stage in Lake 
Okeechobee. 

main lake area. At other times, surrounding macrophyte vegetation reduces P-loading to 
lakes by direct uptake and storage of TP and packaging the phosphorus in large particulates 
that are more easily buried. 
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10. PELAGIC ADVECTION-DIFFUSION EQUATION 


10.1 Introduction 

This section describes the governing transport equations used in the three 
dimensional phosphorus advection-diffusion model for Lake Okeechobee (LOP3D). 
The processes of advection and diffusion are coupled with the phosphorus reactions 
and kinetics described in Chapter 12. 

Advection is the physical translation of concentration in the direction of the 
prevailing velocity field (Figure 10-1). Advection in Lake Okeechobee causes the 
various phosphorus species to move in response to wind generated water velocities. 
Diffusion is the movement of phosphorus from a location of higher concentration to a 
location of lower concentration (Figure 10-2). Important contributions to net 
diffusion in Lake Okeechobee are river loadings with higher or lower concentrations 
of phosphorus, biological transformations of phosphorus species, and advection, 
which all create spatial heterogeneity in the phosphorus concentration field of Lake 
Okeechobee. 

time n time n+1 time n+2 

Figure 10-1 	 Advective movement of a concentration peak with the velocity field of 
the lake depends on the magnitude of the velocity (the darker hatching 
represents higher concentrations). 

time n 	 time n+1 

Figure 10-2 	 Diffusive movement of a concentration peak from a higher concen
tration (darker shading) to a lower concentration Qighter shading). 
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10.2 Basic Equations and Boundary Conditions 

The governing equation for a three dimensional advective diffusion equation 
(Harleman, 1988): 

oC- ou·C- ov·C- ow·C1 1 I I+ + + = at ox oy oz 
(10.2-1) 

oC- 0 oC· oC0 
Ex _l+_E_l + 0 

-	 - Ez OZI ± Ri ox ox oy y oy oz 

where Ci 	 = phosphorus species concentration, 
= horizontal diffusivity in x direction, Ex 
= horizontal diffusivity in y direction, 
? = vertical diffusivity in z direction, 
z 

= reaction terms in cell, 
~ 

u = velocity in x direction, 
v = velocity in y direction, and 
w = velocity in z direction. 

The equation represents the rate of change of the concentration of a constituent 
due to the combined effects of advection, diffusion, and reactions. Although 
analytical solutions are available for constant flow fields and simple geometries, for 
most realistic cases the equation has to be solved numerically. 

10.3 3-D Equation in Sigma Coordinate System 

All components are subject to advection and diffusion according to Eq. (10.2
1). The equation is now written for the sigma coordinate system employed by UP 
COE for its hydrodynamic and sediment transport models. The vertical coordinate, (1 

is 

z-1]_z-1] (10.3-1)(1= -- 
h + 1] H 

where z = 	 elevation above datum (zero at water surface at the average depth (h), 
and negative downward), 

h = average local water depth in cell, 
'II - the local change in water surface elevation at the cell center (e.g., due 

to waves or wind set-up), 
H = total depth of lake. 
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The sigma coordinate system divides the total depth (H), at each location into 
equal non-dimensional increments to avoid "squeezing" the vertical layers as the water 
becomes shallower near the shoreline (Figure 10-3). For example, the five layer 
model used in Lake Okeechobee would have the following 5 (f levels as shown in 
Figure 10-4. 

l 

0"-0 
~ 

G.y 

~ 
/ 
,/ 

/ 
/ 

" 
//////////// 

Figure 10-3 Sigma-stretched coordinate system. 

(f=0 

u layer 5 
u = -115 

(f layer 4 
(f = -2/5 

(f layer 3 
u = -3/5 

(f layer 2 
u = -4/5 

(f layer 1 
(f = -1 

Figure 10-4 Sigma (u) levels in a five layer model. 

In this model (f layer 5 is nearest the water surface and (f layer 1 is nearer the bottom 
of the lake. 

The coordinate system is changed from (x,y,z) to (x,y,u) by using the chain 
rule of calculus and Eq. (10.3-1) (Sheng and Lick, 1980). 
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(10.3-2) 

0 0 (J oH 0- (10.3-3) 
oy - oy H ay 0(J 

0 1 0 - -- (10.3-4) 
oz H 0(J 


02 02 02 02
0(J 02(J 0 0(J 0(J- = _+20_0 __ +_0_+_0_0- (10.3-5) 
ox 2 ox 2 ox oxo(J ox 2 0(J ox ox O~ 

(10.3-6) 

(10.3-7) 

The first four terms 

oC·I o(uoC i) + O(voC i) + O(W·C i) 
-+ot ox oy OZ 

in the 3-D advective diffusion equation are transformed into the following form in (J
stretched coordinates: 

If we define w = d(Jldt as the vertical velocity in the (J direction then w is 
related to w, the velocity in the z direction, by: 

(10.3-8) 
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Substituting", in the transformed terms of the 3-D equation we find for the first four 
terms: 

oC· o(u ·Cj) o(u -C·) o(v· Ci) o(v-C j)1 0' oH 1 + 0' oH+at ox H ox 00' oy H 7fi 00' 

0("'· C j) 0(H ·C j) 0' oH o(u -C i) + +~- + - • 
00' H 00' H ox 00' 

0' oH o(voC j) u oH o(O'°C j) 
+ + - 0 

H oy 00' H ox 00' 

0(0'- C j)v oH
+ 

H 7fi 00' 

Canceling terms results in 

oC· o(u-C i) o(v-C j ) 0('" -Ci) w 0(H -C i)_I + + + + - 0at ox oy 00' H 00' 

o(O'°Ci)oH v oH 
- + - + I ~ - Hox 7fi 00' 

which can be further simplified to: 

1 1 1 
+ - 0 + - • 

H H H 

Finally, the complete transformed equation is given below for an arbitrary 
constituent with concentration C, 

10Hc 1 
+ [aUHe + avHC + H a",c] = 


H at H ox oy 00' 


1 [ ~ E H ac + ~ E H ac + _0_ E ac] + Sources 
H ox x ox oy Y oy HoO' Z 00' 
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where C(x,y,q,t) = concentration of constituent, 
H(x,y,t) = total depth = h(x,y) + '1(x,y,t), 
h(x,y) = average depth, 
'1(x,y,t) = temporal variation (e.g., due to wind set-up), 
U,v = x and y velocities, 
w = dq/dt = the "sigma" velocity, and 
Ex,Ey,Ez = turbulent diffusivities in x, y and z (q) directions. 

The sources and sinks of Eq. (10.3-9) will be discussed extensively below. In 
addition to the kinetic formulations, the flux to and from the bottom due to erosion 
and deposition is also included as are horizontal fluxes at tributaries, both through the 
interface file generated by the hydrodynamic and sediment model of the UF COE 
group. 

As described in Chapter 11, Eq. (10.3-9) is solved by a finite difference 
scheme that is explicit in the x and y directions and implicit in the q direction (z or 
vertical direction). This is followed at each time step by an explicit evaluation of the 
source-sink terms. Advective velocities (u,v,x) and diffusivities (Ex,Ey,EJ are input 
from the hydrodynamic model at 3-hr intervals. The time step for the finite 
difference solution has been varied from 15 minutes to 3 hours and works 
satisfactorily at the longer value, hence, the 3-hr value is routinely used. The code 
is written in Fortran n and was developed on a 486125 microcomputer using an 
OS386 Leahy Fortran compiler. 

10.4 Time Scales and Dimensionless Parameters 

Lake Okeechobee is a highly complex set of interacting microscopic and 
macroscopic components that work together on short and long time scales that alter 
the water quality and trophic status of the lake. 

The longitudinal and transverse frictionless seiche periods for Lake Okee
chobee, respectively TI and Tv [defined in Table 10-1 after Hutchinson (1957)], show 
the effect of the long fetch length and shallow depth (Figure 10-5). 

The Proudman number was defined by Platzman (1963) as the squared ratio of 
the viscous damping frequency, Av/H2, to the gravitational frequency, kv'gH, 
(proportional to the inverse of the seiche period), where Av = vertical eddy 
viscosity, H = depth, g = gravitational acceleration, and k = wave number = n..1L, 
where L = characteristic length, and n = frequency number. For n = 1 (unimodal 
seiche), the Proud man number becomes 

(10.4-1) 
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Table 10-1 Physical parameters for Lake Okeechobee. 

H - 4.7 m 

L - 56.4 km 

W - 48.0 km 

(AH)r - 100,000 cm2/s 

(AV)r - 5 - 10 cm2/s 

f - 0.0000662' s-l 

= 5.6x106 cmXref 

Zref  100.0 cm 

10 cmls Uref 

wref - 0.1 cmls 

De - 'X o(2 oAv/f)1I2 = 15 m 

2'TT·1 - -f- = 26.4 hr 

2·L
Tl - = 4.6 hr 

(goH)1I2 

2 0 W = 3.9 hrT t 
(g. H)112 

Maximum depth 

Maximum length 

Maximum width 

Reference lateral eddy viscosity 

Reference vertical eddy viscosity 

Coriolis parameter 

Reference horizontal distance 

Reference vertical distance 

Reference horizontal velocity 

Reference vertical velocity 

Ekman friction depth 

Inertial period 

Longitudinal seiche period 

Transverse seiche period 
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Figure 10-5 Longitudinal and transverse seiche periods. 

for Lake Okeechobee, using the characteristic physical parameters given in Table 10-1 
and an eddy viscosity, Av = 10 cm2/s. 

Platzman (1963) showed that gravitational modes (i.e., seiches) are under
damped (oscillatory) for P < 0.53 and over-damped (non-oscillatory) for Pr > 0.53.r 
Even if the mean depth were used in Eq. (10.4-1) (instead of the maximum depth of 
4.7 m), the Proudman number would still be less than 0.53, indicating that frictional 
damping in Lake Okeechobee will dampen seiches slowly. 

The governing 3-D equation (10.3-9) may be converted to a non-dimensional 
form by using the following relationships. Note that in the following presentation, the 
variables in bold are the dimensionless variables. 

u 
u =-- (10.4-2) 

Uref 

v 
v =-- (10.4-3) 

Uref 

(10.4-4) 
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x x =-- (10.4-5) 
X ref 

y = -L (10.4-6) 
Xref 

z- Xref 
Z = (10.4-7) 

Zref- X ref 

(10.4-8)t = t-f 

7pg
1] = (10.4-9) 

f -X ref 0 Uref 

B=~ (10.4-10) 
Zref 

.~ 

AH (10.4-11)AH=-
(AH)r 

Av 
A =-- (10.4-12) 

v (Av)r 

10_5 Transformation of Governing Equations to Dimensionless Form 

In anticipation of the forthcoming finite difference scheme, Equation 10.3-9 is 
frrst written in dimensional form, but distinguishing between values of depth predicted 
at the center (Hs)' left-hand side or U-face <Hu), and bottom or V-face (Hy) of 
computational cells. 

1 oB C· 1 [OUOB -C· ov-H oC· ow-B -c.]
--::--s_I + _ U 1 + v 1+ S 1 = 

Bs at Hs ax oy au 
(10.5-1) 
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where q = phosphorus species concentration in center of cell, 
Ex = horizontal diffusivity in x direction, 

= horizontal diffusivity in y direction, ? = vertical diffusion in (f direction,(1 

Hs = center dimensionless cell depth, 

Hu = U face dimensionless cell depth, 

Hv = V face dimensionless cell depth, 


= reaction terms in cell, ~ 
u = dimensionless velocity in x direction, 

v = dimensionless velocity in y direction, 

w = d(f/dt or (f velocity 

(f = sigma coordinate, 

ox = length of a computational cell in dimensionless x direction 

oy = length of a computational cell in dimensionless y direction, and 

O(f = length of a computational cell in the (f direction. 


Substituting the relationships between the dimensional and non-dimensional 
coordinates and variables into the 3-D equation results in the following non
dimensional equation: 

1 f-Z f- oH -C· 1 [ou-u foH -Z f-Cre s I + re u re 1 + 


Zref·Hs ot Zref·Hs Xref-ox 


ov -Uref -Hv -Zref- Ci + Zref" U ref" Zref- OX" Hs -Ci ] = 

Xref" oy Zref" Xref-O(f 


(10.5.2) 

Dividing each term of Eq. (10.5-2) by f and canceling Zref in the numerator 
and denominator leads to the following equation for the bold non-dimensional 
variables: 
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I oHsoC i + _1_ [OUOUrefoHuoCi + ovoUref"HvoCj -+ 

Hs at Hs f 0 Xref" ax f 0 Xref" oy 

+ +R/f 

(10.5.3) 

In terms of the dimensionless Rossby number <Ro), horizontal Ekman number <Eb) 
and vertical Ekman number (I\,) (all defined in Table 10-1), Eq. (10.5-3) becomes 

I oH -C· R [OUOH oC- ov-H -C· ox-H -C.]s 1+~ U 1+ V 1+ S 1 = 


Hs at Hs ax oy f -Xref" AU 


(10.5-4) 

Equation (10.5-4) is the basic equation solved using the numerical finite 
difference solutions in LOP3D. 

The dimensionless numbers in Table 10-2 are based on the characteristic 
parameter values for Lake Okeechobee given in Table 10-1. A small Peclet number 
(PJ means diffusion is dominant, whereas a large P e means advection is dominant. 
Thus, diffusion dominates vertically, while advection dominates horizontally. 

The dimensional vertically averaged continuity equation can be written as 
follows: 

a" [OU'HU OVOHv] (10.5-5)
-+1; + =0at ax oy 
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Substituting the relationships between the dimensional and non-dimensional 
coordinates and variables in the continuity equation results in the following non
dimensional equation: 

(10.5-6) 

where the bold variables are dimensionless. Dividing by Ueef and Zeef and using the 
non-dimensional variable {:J (fable 10-2) results in the following dimensionless 
continuity equation: 

a." {:J [au. Hu av 0 HV] o (10.5-7)_+ __ 01: +~::--_ 

at Zeefax ay 

Equation (10.5-7) is used to balance the mass flux through a cell during a 
simulation that uses longer time steps than the hydrodynamic model. Typically 3 
hour time steps are used on a microcomputer because the output from the UF COE 
hydrodynamic model is extracted only every three hours from a simulation that uses 
15 minute time steps. 
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Table 10-2 Model dimensionless numbers and model values. 

Zref 
Ar - -- Aspect Ratio 0.0000177 

Xref 

g·Zref
{3 - Eq. (10.5-7) 0.0704 

f2oX;f 

Av
By - Vertical Ekman Number 15.1

2 
f· Zref 


AH 

EH = Horizontal Ekman Number 0.000048 

f,Xref 
2 

Uref
Fr - Froude Number 0.0319 

(g • Zref)112 

UrefoXref 
- Horizontal Peelet Number 564.0Peh (AH)r 


wref·Zref 

Vertical Peelet Number 10.0Pev 

(AV)r 


A2

V- Proudman Number 0.0143Pr 

('K/Li 0 go H 5 


Uref

Ro - Rossby Number 0.027

foXref 

F2 
sb - - r Surface boundary parameter 0.0377 

Ro 

Zref·JEv 
Sc - Slope parameter 0.994 

XrefoJEH 
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11. PELAGIC ADVECTION-DIFFUSION SCHEMES 


11.1 Introduction 

This section describes the numerical techniques used to solve the dimensionless 
3-D advection-diffusion (Eq. (10.5-4». The equation is solved using a finite 
difference method, and is consistent with the finite difference method used by the UF 
COE group. 

The finite difference scheme utilizes 2-km grid intervals as were used in the 
development of the sediment-hydrodynamic model. Each grid cell of the model is a 
square box with an area of 4 km2 (Figures 11-1 and 11-2). There are a maximum of 
26 horizontal (east-west) cells and 29 vertical (north-south) cells for a total of 754 
cells in the finite difference model. However, only 486 of these cells are actually 
computational cells which means a total simulated area of 1944 km2 for Lake 
Okeechobee (Figure 11-3). The maximum depth of Lake Okeechobee occurs near the 
center of the lake (Figure 11-5). Five vertical o--layers (Figures 11-4 and 11-6) are 
used in the simulation to minimize the vertical distortion in the abrupt transition 
between the deep pelagic to the shallow littoral zone of the model (Figure 11-5). The 
phosphorus or sediment concentration for 2438 model data points must be calculated 
for each time step simulated. 

The model uses a staggered grid for the computation of phosphorus. The 
calculated concentration is the center point of the cell in the x, y, and 0- directions 
(Figures 11-2, 11-3, 11-4 and 11-6). A staggered grid has the computational points 
for velocity a half grid cell from the concentration computational data point. The 
concentrations are thus at the cell center and the u, v, and w velocities are located on 
the cell faces. The model has a greater density of depths since it uses the depth at the 
u and v cell faces in the calculation of the advective flux (Figures 11-7 and 11-8). 

1Vk,j,i Cell face 

Uk .. 1 

,J,~-
.  r-~~-l---------:-~k----------~~"l __. Uk j .-t ,J,~ -t ' ,~ Cell face 

Cell face ~-- ---------------Ax--------~ 

l---.---------t--------------~ 
• Vk,j-l,i Cell face 

Figure 11-1 Cell nomenclature in x and y directions. 
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V(k,j,i) 

-------------f-::~:~~~~~-----
Tl(k,j,i) 

U(k,j,i-l) Hs(k,j,i) U(k,j,i) 
Hu(k,j,i-l) • C (k,j,i) --- --~ Hu(k,j,i) 

x (k,j,i) 

-------------f--------------
... 	 V(k,j-l,i) 

Rv(k,j-l,i) 

Figure 11-2 	 Computational cell used in advection-diffusion reaction equation in (J == 
k, Y == j, and x == i directions. 
Note: 11 is contained in array S in the computer program. 

yi direction 
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p.."""" ..... """"''''''''''',.,,'''''''''.....'''''''''''''''''..., """"............... """"""" === RoJ20 
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IIit :=J 	 ::~_;""tF: ; === RoJ14JJl::iI:::.= : 

• d:tht:: 4: = tilt tia":l itt:::::: j j === Rowi13 
• r ; :t:' =!:;" ;r (=Rli r r r ==: Rowi12 
• J;$ j :: -;0 #r.us::::=s:::::::=t;: ; ttl: ~ r au; == RoJ11 

........' "" ,="'"""==""""""""=""ill"'""'= ,=""""'''',=."";"""'=<=I•• === R~10
... 	 ,""""'''''""di""'''''''.. 

............."".........."..........,,"'="""'''''''"'===''''........,=...............M4•• === ROw' 9 

=== RoJ 8 


.,====.....,""""'====_. === RoJ 7 

_1="....:==......====="""""... === RoJ 6 


=== RoJ 5 

=== RoJ 4 

=== RoJ 3 

=== RoJ 2 

== RoJ 1 


1121314151617181920212223242526 === Columni 
....._____________________1 Xi direction 

Figure 11-3 	 X and Y directions in finite difference pelagic model. 
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r---f-------------------1 
~--- ---------Ax-------

- .. Us ..US,j,i-l ~-- - • XS,j,i - ,),1. 

-~------------------

U',J,i-1 .-- ::-I:--------~-::~~~~-: 
U3 ,j,i-l ~ -1° • x3 - . . 

2 

U ,j,i-1· 

U1 ,j,i-1 ~-

Figure 11-4 

-- -------------~~~~-
::-r:--------~-:~~~~~-:
- jO • Xl , j ,I.. 

---.-------------------
Computational cell nomenclature in x and q directions for a five layer 
model. 

Mean 2.127 Max 4.056 

" " ........ ===='" . 

................ ".......... ==== 

.. .. .. .. .. .. .. .. .. .. .. .. .. .. -a 
••.••••.••.• =====sa 
............................ ====:: 

.................. '" ............ == 

Min 1.000 

1.00 1.31 
=:::: 1.31 1.61 

1.61 1.92 
1.92 2.22 

i 
2.22 2.53 
2.53 2.83 
2.83 3.14 
3.14 3.44 
3.44 3.75 
3.75 4.06 

........ ::::::::---=-====...•.. 

.. .. .. .. .. .. .. .. .. .. ======.... ,. ............ .. 


Figure 11-5 Center cell depth in meters for Lake Okeechobee. 
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r--1--------------------' 
~-- ----------Ay--------.

V5 ,j-1,i ~-- -- • X5,j,i - - .. V5 ,j,i 

--+~-------------------
V4 . 1 . ~-- -- x4 .. -r · 

,]- ,~ --- ------------~~~~---

V3,j-l,i < :-t:--------:-:~:::~-:-
V ,j-l,i <-

2 :-t:--------:-:~:::~-:-
VI . 1 . ~-- -- 1° • Xl j . -,)- ,1. 1 , ,I. 

--T------------------
Figure 11-6 Cell nomenclature in y and (J directions for a five vertical layer model. 
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Figure 11-7 The depth at the U face cell (meters). 
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Figure 11-8 The depth at the V face cells (meters). 

11.2 Upwind Solution 

The upwind method for is a fmite difference numerical scheme for solving the 
advective terms in the advection equation. Fluxes are defmed according to the 
direction of flow along a boundary. For example, the flux component to the right 
(east), fR' is: 

= Uk .. • H . .• Ck · . + I if Uk··:50 (11.2-1)
,j,1 Uj,1 ,j,1 ,j,1 

=uk···H",Ck·· if uk" > 0,j,1 Uj,1 ,j.1 ,j.1 

The concentration used in the upwind method is the concentration in the cell 
downstream from the current cell. The u component to the left (west), fv is: 

-u ·H··I·Ck ·· if u :5 0 (11.2-2)- k,j,i-l Uj,l- ,j.1 k,j.i-l 

-u ou·· 1oCk ·· 1 if Uk,j,i-l > 0- k,j,i-l .L "'Uj ,1_ ,j.l 
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and the v component up (north), fup, is: 

= vk . . • H ... Ck · l' if vk" ~ 0 (11.2-3),J,1 VJ,I ,J + ,I ,J,1 

= Vk,j,i • Rvj,i· Ck,j,i if vk",J,1 > 0 

and the v component down (south), fdo' is: 

=vk'I'· ...U.a..yJ-'I",1 Ck ,· if Vk'l'~O,J- ,1 
(11.2-4),J- ,I ,J,1 

= vk . l' • H . 1 . ,1 - Ck , 1 . if Vk'l'>O,I,j- ,I VJ- ,J- ,1 ,J

where the f-terms are the upwind fluxes through the walls of the computational cell 
(Sheng, 1983; Peyret and Taylor, 1983). 

The upwind scheme has the following stability requirements: 

(11.2-5) 

v ·..1t 1 
~ (11.2-6) 

Ex -..1t 
(11.2-7) 

The upwind method is satisfactory only when the Courant numbers (defined by 
Eqs. (11.2-5) and (11.2-6» are < 1.0; otherwise there is excessive numerical 
diffusion. 

The horizontal diffusive flux components in the x and y directions, dR' dv <Iu , 
and ddo to the right, left, up and down directions respectively, are calculated b~ on 
the concentration differences in the computational cell centers. For example, the 
diffusive flux to the right is: 

(11.2-8) 

and the diffusive flux to the left is written as: 
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(11.2-9) 


11.3 Central Difference 

The central difference numerical scheme for solving the advective terms in Eq. 
(10.5-4) uses the average of the concentration across a boundary. For example, the 
flux component to the right (east), fR, is: 

fR = uk" • H " • (Ck " '+1 + Ck ' ,)12.0 (11.3-1),j,1 Uj,1 ,j,1 ,j,1 

the u component to the left (west), fv is: 

fL = Uk ' , 1 • H ' , 1 • (Ck , , 1 + Ck , ,)12.0 (11.3-2),j,l- Uj,l- ,j,l- ,j,1 

the v component up (to the north), fup, is: 

fup = Vk,j,i • Byj,i • (Ck,j+ l,i + Ck,j,j)I2.0 (11.3-3) 

and the v component down (south), fdn, is: 

fd = vk "-I " • ].:I' "-I " • (Ck ".1 " + Ck ' ,)/2.0 (11.3-4)n ,j ,I .L"'vj ,I ,j ,I ,j ,I 

The main drawback of the central difference solution is the oscillatory concentration 
solutions if the cell Pe number is greater than 2. 

11.4 Combined Upwind and Central Difference 

The combined upwind and central difference method for the solution of the 
advective terms in Eq. (10.5-4) combines the simplicity of the upwind method with 
the higher order accuracy of the central difference method (Sheng, 1983). Fluxes are 
defined according to the direction of flow along a boundary and concentration 
differences between adjacent computational cells. For example, the flux component 
to the left (west), fv is: 

fL = Uk ' " l' H ' " 1· Ck . , if uk' '-I S 0 and Ck ""-1 > Ck "" (11.4-1),j,l- Uj,l- ,j,1 ,j,1 ,j,1 ,j,1 

fL = uk',j,1"_I·J..J.L~j,1"_I·(Ck,j,1,,+Ck "_I)l2if uk' '.1 < 0 andCk,j,1""_1 S Ck " ,j,1 ,j,1 ,j,1 (11.4-2) 

fL = Uk ' " 1 • H ' , 1· Ck ' , if uk' '-I > 0 and Ck , '-I < Ck " (11.4-3)J,I- Uj,l- ,j,1 ,j,1 . ,j,1 ,j,1 

fL = Uk ' "-I· J..J " '-I' (Ck ",+Ck ' '_1)12 if Uk' '-I > 0 and Ck ' '-I > Ck ·, (11.4-4),j,1 '"~j,l ,j,1 ,j,1 ,j,1 ,j,1 ,j,l 
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Similar forms to Eqs. (11.4-1) through (11.4-4) are used to calculate fR' fdn, and fup' 

11.5 Vertical Advection and Diffusion 

The advective and diffusive flux for the rust (J layer (k= 1) is: 

(11.5-1) 

(11.5-2) 

n+l 
wk Cn+1 Of n+1 0 (11.5-3)fk = -_. k+l 1 Wk ::; 
~(J 

The advective and diffusive fluxes through the intermediate (J layers are: 

(11.5-4) 

n+l 
wk n+l (~- ~-l) • Cn+1 _ wk=1 Cn+1 (11.5-5)

fk = -- • Ck+1 + k· k-l 
~(J 2·~(J ~(J 

The advective and diffusive flux for the last (J layer is: 
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C
n +1 (11.5-6)• k 

C 
n+1 (11.5-7)

if w:~! > 0• k-l 

C
n+1 Of n+l < 0 (11.5-8)

• k 1 Wk-l 

11.6 3-D Advection-Diffusion Solution 

If the grid scheme of Figure 11-1 is used (Sheng, 1983), an explicit advective 
scheme for the advection terms in the x and y directions, an explicit central difference 
scheme for the diffusion in the x and y directions is combined with an implicit 
solution for the vertical advection and diffusion. The solution for any phosphorus 
species C at the new time step n+ 1 (denoted by Cn+1 in Eq. (11.6-4) below) can be 
written for any cell k,j ,i as: 

(11.6-1) 

(11.6-3) 

1 + Dxy+Fq+Fxy + .1t·Ev ·dk + (11.6-4)c n+ = 
Hn+l Hn+l 
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The principal numerical difficulty arising from a finite-difference solution is 

that of numerical diffusion, i.e., an apparent spreading or diffusive effect resulting 

from the treatment of the advective terms. 


The total water depth at the center cell is the sum of the starting depth stored 
in the ~ array and the dynamic depth 71 which changes at every time step. The total 
water depth H for the center cell denoted by the subscripts j,i is: 

H = H .. + 71j,i + 71j,i+l (11.6-5)
8J,1 2.0 

The total water depth Iiu at the u face for a non-boundary cell is: 

H = H .. + 71j,i + 71j,i+l (11.6-6)
U UJ,1 2.0 

and for a boundary cell Hu is: 

H =H ., + 71' . (11.6-7)u UJ,1 J,1 

The total water depth Hy at the v cell face for a non-boundary cell is: 

H = H .. + 71j,i + 71j,i+l (11.6-8) 
v VJ,1 2.0 

and for a boundary cell Hy is: 

(11.6-9) 

11.7 Advection and Diffusion Solution Testing 

The basic model was first tested using a constant starting concentration of 100 
ug· rl for each of the 486 cells and 5 O'-layers. The first series of tests was solely a 
test of the finite difference solution for vertical advection. The model lake had the 
same number of grid cells and the same shape as Lake Okeechobee. The model lake 
used a constant cell depth of 2 meters, had no change in water surface elevation over 
time, and constant horizontal and vertical velocities and diffusivities. The time step 
was 3 hours and the total simulation time was 24 hours in the first series of tests. 

The result of this first test is shown in Figure 11-9. The average concentration 
is 100 ug/l, indicating mass is conserved by the fmite difference scheme. The top 
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layer gains a small amount and the bottom layer loses a small amount because the 
hypothetical vertical velocity advects from zero concentration at the bed and does not 
advect through the water surface. This is not a problem during actual LOP3D 
simulations, because the velocity field entered into the model from the UF COB 
simulations maintains continuity by providing for horizontal convergence (divergence) 
if the net vertical velocity is out of (into) a cell. 

When the bottom layer begins with an initial concentration of 150 ug/l, the 
result shown in Figure 11-10 again indicates mass is conserved since the average 
concentration should remain at (100+ 100+ 100+ 100+150)/5 = 110. Mass is 
removed from the bottom layer, and the top layer accumulates some mass because the 
hypothetical vertical velocity "ends" at the top layer, as explained above. A very 
similar result is shown in Figure 11-11 for the situation in which all layers but the top 
start at 100 ug/l. The result shown in Figure 11-12 is essential Iy the reverse of the 
case for Figure 11-10; that is, the velocity is negative (downward), and the top layer 
starts at 150 while the four lower layers start at 100 ug/l. Likewise, the result shown 
in Figure 11-13 is the reverse of the case for Figure 11-11. Thus, the advective 
scheme conserves mass in the model, as shown by the results of Figures 11-9 - 11-13. 

Diffusion calculations are tested simply in Figures 11-14 and 11-15. In these 
figures, the results of vertical diffusion are shown from a bottom layer startin~ at 150 
ug/l into upper layers starting at 100 ug/l. With a vertical diffusivity of 1 cm /sec, 
mass is diffused upward, but a limited gradient remains (from 118 to 104). With a 
diffusivity of 5 cm2/sec, the gradient is completely eliminated, and the final 
concentration ends at a mass-conserving value of 110 ug/l. 

Many advective schemes have been developed to minimize numerical 
diffusion, most of which utilize a higher order difference scheme for the advective 
derivatives. Other methods include the combined upwind and central difference 
scheme of Sheng (1983) and the flux-corrected transport (FCI') scheme of Zalesak 
(1979) and Steinle and Morrow (1989). The FCT scheme substantially decreases the 
incidence of numerical diffusion and was used by Sheng (1983) for the simulation of 
sediment transport in estuaries. However, the UF COB model for sediment transport 
in Lake Okeechobee (EHSMIT) uses Sheng's (1983) combined upwind-central 
difference scheme. Thus, although the FCT scheme was evaluated, the combined 
upwind-central was eventually used for consistency with the UF COD modeling. This 
latter scheme was marginally superior when tested against various analytical solutions 
for line and plane source releases (Harleman, 1988). 

Figures 11-17 - 11-21 illustrate the results of alternative finite difference 
schemes for advection. These alternatives are listed in Table 11-1, in which 
parameter ISOL corresponds to an input parameter in the 3-D model LOP3D. The 
simulations shown in Figures 11-16 - 11-20 illustrate trials using the geometry of 
Lake Okeechobee. Each simulation begins with a concentration of 200 ug/l in the 
macrophyte zone and 100 ug/l elsewhere (Figure 11-16) and with a velocity 
distribution that should move mass toward the north and east. 
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Table 11-1 Options for advection simulation in LOP3D model. 

Model 
Parameter 

ISOL Option CommentI I I I 

1 Upwind Method Section 11. 2 
2 Donor Cell Method Not discussed in text 
3 Combined Upwind-Central Section 11.4 
4 Central Difference Section 11.3 

The upwind solution shown in Figure 11-17 (lSOL=l) provides a reasonable 
distribution after 24 hours on the basis of the vertically-averaged cell concentrations 
indicated by the shading in the figure. Figures 11-18, 11-19 and 11-20 illustrate an 
implementation of the donor cell method (11-18), an early implementation of the 
combined upwind-central method (11-19), and the central difference method (11-20). 
All three suffer in a minor way from maximum concentrations greater than 200 ug/l, 
due to high concentrations that result from numerical approximations along the 
concentration boundary. The final scheme used in the LOP3D model corresponds to 
the combined upwind-central scheme used in the EHSMIT model, and results are 
shown in Figure 11-21 In this example, concentrations are correctly advected "away 
from" the values of 200 ug/l, resulting in no values greater than 200 and a reasonable 
movement into the remainder of the lake. 

11.8 Summary 

Many numerical schemes are possible for solution of the governing advective
diffusion Eq. (10.5-4) presented in Chapter 10. In this chapter, the five-layer 
schematization and notation have been presented, along with descriptions of the finite 
difference schemes and numerical tests for three options. Because of good test results 
and in order to maintain consistency with the UF COE sediment model, the combined 
upwind-central difference scheme is recommended for users of the 3-D, transient, 
LOP3D phosphorus transport model. 
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concentration for constituent SRP 
00.0 Max 100.0 Min 100.0 

........ 

. . . . .. . . . . . .. . . . . . . . . . . .. . . ... . . . . 


100. 100. 
== 100. 100. 

I 

100. 100. 

100. 100. 
100. 100. ...... . . . . . . . . . . . . . . .. . .. . .. . . . . . . . 100. 100 • 
100. 100. 
100. 100 • 

. . . . . . ... . . . . . . . . . . . . . . . . . . .. . . .. . . . . . . . . . . . . . 

.. . . . . . . ...... . 

Mud zone Macrophyte North Lake Sand zone South Bay 

Mean SRP for layer 5 102. 102. 102. 102. 102. ug/l 

Mean SRP for layer 4 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 3 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 2 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 1 98.5 98.5 98.5 98.5 98.5 ug/l 


Figure 11-9 	 Ending simulation concentrations at the end of 24 hours using a time step of 3 
hours and a constant initial concentration of 100 ug· rl subject to a vertical (]
velocity of +50 sec-t. Scale to right of graph represents average concentration 
of the five layers. 
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Mud zone Macrophyte North Lake Sand zone South Bay 

Mean SRP for layer 5 102. 102. 102. 102. 102. ug/l 

Mean SRP for layer 4 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 3 100.. 100. 100. 100. 100. ug/l 

Mean SRP for layer 2 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 1 148. 148. 148. 148. 148. ug/l 


Figure 11-10 	 Ending simulation concentrations at the end of 24 hours using a time step of 3 
hours and a constant initial concentration of 100 ug . r 1 for O'-Iayers 2, 3, 4, and 
5 and 150 ug· r 1 for the bottom 0' layer using a vertical O'-velocity of 50 sec-I 
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Mud zone Macrophyte North Lake Sand zone South Bay 

Mean SRP for layer 5 152. 152. 152. 152. 152. ug/l 

Mean SRP for layer 4 99.6 99.6 99.6 99.6 99.6 ug/l 

Mean SRP for layer 3 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 2 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 1 98.5 98.5 98.5 98.5 98.5 ug/l 


Figure ll-ll 	Ending simulation concentrations at the end of 24 hours using a time step of 3 
hours and a constant initial concentration of 100 ug· rl for q-layers 1, 2, 3, and 
4 and 150 ug· rl for the top q layer subject to a vertical q-velocity of 50 sec-I 
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Mud zone Macrophyte North Lake Sand zone South Bay 

Mean SRP for layer 5 148. 148. 148. 148. 148. ug/l 

Mean SRP for layer 4 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 3 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 2 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 1 102. 102. 102. 102. 102. ugll 


Figure 11-12 	Ending simulation concentrations at the end of 24 hours using a time step of 3 
hours and a constant initial concentration of 100 ug· rl for qlayers 1, 2, 3, and 
4 and 150 ug· rl for the top q-Iayer subject to a vertical q-velocity of -50 sec-I 
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Mud zone Macrophyte North Lake Sand zone South Bay 

Mean SRP for layer 5 98.5 98.5 98.5 98.5 98.5 ug/l 

Mean SRP for layer 4 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 3 100. 100. 100. 100. 100. ug/l 

Mean SRP for layer 2 99.6 99.6 99.6 99.6 99.6 ug/l 

Mean SRP for layer 1 152. 152. 152. 152. 152. ug/l 


Figure 11-13 	 Ending simulation concentrations at the end of 24 hours using a time step of 3 
hours and a constant initial concentration of 100 ug· rl for u layers 2, 3, 4, and 
5 and 150 ug· rl for the bottom u layer subject to a vertical u-velocity of -50 
sec-I 
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Mud zone Macrophyte North Lake Sand zone South Bay 

Mean SRP for layer 5 104. 104. 104. 104. 104. ug/l 

Mean SRP for layer 4 106. 106. 106. 106. 106. ug/l 

Mean SRP for layer 3 109. 109. 109. 109. 109. ug/l 

Mean SRP for layer 2 114. 114. 114. 114. 114. ug/l 

Mean SRP for layer 1 118. 118. 118. 118. 118. ug/l 


Figure 11-14 	 Ending simulation concentrations at the end of 1 hour using a time step of 15 
minutes and a constant initial concentration of 100 ug· rl for (J layers 2, 3, 4, 
and 5 and 150 uf ·rl for the bottom (J-layer using a vertical diffusion coefficient 

2of 1.0 cm ·sec- . 
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Figure 11-15 	 Ending simulation concentrations at the end of 1 hour using a time step of 15 
minutes and a constant initial concentration of 100 ug· rl for «layers 2, 3, 4, 
and 5 and 150 ug' rl for the bottom (f layer subject to a vertical diffusion 

2 1coefficient of 5.0 cm ·sec
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Figure 11-16 Beginning simulation concentrations (200 ug/1 in macrophyte zone, 100 elsewhere) for 
comparison of advection schemes. 
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Mud zone Maerophyte North Lake Sand zone South Bay 

Mean Total P for layer 5 103. 42.2 107. 123. 23.0 ug/l 

Mean Total P for layer 4 103. 42.1 107. 123. 23.0 ug/l 

Mean Total P for layer 3 103. 42.1 107. 123. 23.0 ug/l 

Mean Total P for layer 2 103. 42.1 107. 123. 23.0 ug/l 

Mean Total P for layer 1 103. 42.1 107. 123. 23.0 ug/l 


Figure 11-17 	Ending simulation concentrations at the end of 24 hours using a time step of 1 
hour and a constant initial concentration of 100 ug' rl for mud, north lake, 
sand, and south bay and 200 ug' rl for the maerophyte zone subject to a 
constant u and v velocity of 0.1 em· sec·l " using the LOP3D solution and ISOL 
value of 1. 
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Mud zone Macrophyte North Lake Sand zone South Bay 

Mean Total P for layer 5 98.6 49.7 108. 136. 28.7 ug/l 

Mean Total P for layer 4 98.6 49.7 108. 136. 28.7 ug/l 

Mean Total P for layer 3 98.6 49.7 108. 136. 28.7 ug/l 

Mean Total P for layer 2 98.6 49.7 108. 136. 28.7 ug/l 

Mean Total P for layer 1 98.6 49.7 108. 136. 28.7 ug/l 


Figure 11-18 	 Ending simulation concentrations at the end of 24 hours using a time step of 1 
hour and a constant initial concentration of 100 ug· rl for mud, north lake, 
sand, and south bay and 200 ug' rl for the macrophyte zone subject to a 
constant u and v velocity of 0.1 em· sec-I" using the LOP3D solution and ISOL 
value of 2. 
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Mud zone Maerophyte North Lake Sand zone South Bay 

Mean Total P for layer 5 99.4 50.2 109. 137. 28.9 ug/1 

Mean Total P for layer 4 99.4 50.2 109. 137. 28.9 ugll 

Mean Total P for layer 3 99.4 50.2 109. 137. 28.9 ug/l 

Mean Total P for layer 2 99.4 50.2 109. 137. 28.9 ug/l 


Mean Total P for layer 1 99.4 50.2 109. 137. 28.9 ug/l 


Figure 11-19 	 Ending simulation concentrations at the end of 24 hours using a time step of 1 
hour and a constant initial concentration of 100 ug· r 1 for mud, north lake, 
sand, and south bay and 200 ug· rl for the maerophyte zone subject to a 
constant u and v velocity of 0.1 em' sec-I., using an early LOP3D solution and 
ISOL value of 3. 
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Mud zone Macrophyte North Lake Sand zone South Bay 

Mean Total P for layer 5 9S.6 49.7 lOS. 136. 2S.7 ug/l 
Mean Total P for layer 4 9S.6 49.7 lOS. 136. 2S.7 ug/l 
Mean Total P for layer 3 9S.6 49.7 lOS. 136. 2S.7 ugll 
Mean Total P for layer 2 9S.6 49.7 lOS. 136. 2S.7 ug/l 
Mean Total P for layer 1 9S.6 49.7 lOS. 136. 2S.7 ugll 

Figure 11-20 	Ending simulation concentrations at the end of 24 hours using a time step of 1 
hour and a constant initial concentration of 100 ug· rl for mud, north lake, 
sand, and south bay and 200 ug· rl for the macrophyte zone subject to a 
constant u and v velocity of 0.1 cm· sec-I, using the LOP3D solution and ISOL 
value of 4. 
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Mud zone Maerophyte North Lake Sand zone South Bay 

Mean Total P for layer 5 102. 41.7 106. 122. 22.7 ug/l 

Mean Total P for layer 4 102. 41.7 106. 122. 22.7 ug/l 

Mean Total P for layer 3 102. 41.7 106. 122. 22.7 ug/l 

Mean Total P for layer 2 102. 41.7 106. 122. 22.7 ug/l 

Mean Total P for layer 1 102. 41.7 106. 122. 22.7 ugll 


Figure 11-21 	 Ending simulation concentrations at the end of 24 hours using a time step of 1 
hour and a constant initial concentration of 100 ug· rl for mud, north lake, 
sand, and south bay and 200 ug· r1 for the maerophyte zone subject to a 
constant u and v velocity of 0.1 em· sec-I, using the LOP3D solution equivalent 
to the EHSMIT solution and ISOL value of 3. 
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12. REACTION MODEL FOR PELAGIC PHOSPHORUS 

Facilius per panes in cognitonem totius adducimer. 
We are more easily led pan by pan to an 
understanding of the whole. 

- Seneca 

12.1 	 Introduction to the Pelagic Water Quality Model 

The development of the comprehensive model for prediction of pelagic 
phosphorus species in Lake Okeechobee was broken into several tasks, including 
development of models for hydrodynamics (EHSM3D), sediment deposition and 
resuspension (EHSMSD), phosphorus transport within the sediment bed (LOPSED), 
and pelagic phosphorus reactions (LOPOD and LOP3D). This chapter describes how 
the pelagic phosphorus reactions are calculated in the models LOPOD and LOP3D. 

The model reaction kinetics described in this chapter are the summation of 
four important processes: 

1. 	 A comprehensive literature review of reaction mechanisms, 
values for the kinetic constants, the range of acceptable kinetic 
values, and finite difference schemes for calculating the reaction 
terms. A range of kinetic values was used to initialize the 
calibration process. 

2. 	 Mathematical formulation of important biological, chemical and 
physical processes in Lake Okeechobee. 

3. 	 Finite difference formulation of mathematical relations. 

4. 	 Quantification of the sensitivity of the model used in the various 
finite difference schemes. 

Phosphorus is subject to the physical transport mechanisms of advection and 
diffusion (Chapter 10). The advective velocities and turbulent diffusivities are 
obtained from the hydrodynamic model EHSMSD developed by the UP COE 
Department (Sheng et al., 1991a). Equally important are the "source and sink" terms 
(i.e., the kinetic formulations) that govern the interaction of the pelagic phosphorus 
species with their respective boundary conditions, including the settling and erosion of 
particulate algae and sediment. These terms are described first below in the context 
of a "box model," that is, considering only the effects of kinetics and neglecting lake 
circulation. [Note: this is Task 6.2 of the project proposal, which we call the Lake 
Okeechobee Phosphorus O-Dimension model (LOPOD)]. These reaction terms when 
coupled to the 3D advection-diffusion model described in Chapter 10 constitute the 
LOP3D model. 
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Figure 12-1 	 Advective, diffusive, and reactive components in the pelagic zone of 
the lake. The symbol " I " or "-" indicates a combination advective, 
diffusive and reactive pathway. The symbol "=" indicates the pathway 
is solely an algebraic reaction pathway. 

12.2 Phosphorus Components in Lake Okeechobee 

Phosphorus occurs in water in both particulate and dissolved fonns (Figure 
12-1). The total phosphorus measurement is by definition all encompassing, including 
bound and readily available dissolved and particulate forms of organic and inorganic 
phosphorus that can be converted to orthophosphorus by acid digestion. Unlike 
macro nutrients carbon and nitrogen, which are mainly associated with inorganic and 
dissolved organic matter (Wetzel, 1983), total phosphorus is almost entirely 
associated with living and nonliving particulate matter (Rigler, 1975). Phosphorus is 
the appropriate macronutrient to simulate in Lake Okeechobee because it is usually 
the most limiting nutrient in lakes (Reckhowand Chapra, 1983), cannot be obtained 
by biological mechanisms from the atmosphere, and the macronutrient most easily 
controlled. 

We use the concentration of chlorophyll a to represent the phytoplankton 
biomass (carbon) because it is a convenient surrogate that is easier to measure and 
less subjective than calculating the actual algal biomass (Canfield et al., 1985). 
Additionally, phytoplankton carbon is hard to distinguish from non-phytoplankton 
carbon (Yentsch and Campbell, 1991). 

The phosphorus components included in the model are listed in Table 12-1 and 
shown in Figure 12-1, along with their linkages. Note that the sum of the fIrst seven 
modeled phosphorus components is total phosphorus (TP). 
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Table 12-1 Modeled phosphorus species and related components. 

Concentration 
Phosphorus Component Symbol 

SRP (soluble reactive phosphorus) Cao 

DOP (dissolved organic phosphorus) CD 

GRN (green algae particulate phosphorus) CG 

BLU (blue-green algae particulate phosphorus) CB 

DIA (diatom algae particulate phosphorus) Cd 

ZOO (zooplankton particulate phosphorus) Cz 
PIP (particulate inorganic phosphorus) Cp 

ORG (sediment organic particulate phosphorus) CORG 

CORB (corbicula particulate phosphorus) CCB 

EMM (emergent macrophyte particulate phosphorus) CEM 

SUB (submerged macrophyte particulate phosphorus) CSM 

SED (suspended sediment) Csed 

Kinetic formulations for the first seven reactive components are listed in Table 
12-2. The maximum growth of the reactive components is modified by variations in 
temperature through the function f 1(T), and with light intensity at a depth z through 
the function f2(1). The rate equations of Table 12-2 are written as ordinary 
differential equations. These are applied at each time step after completing the 
advective-diffusive computations described in Chapters 10 and 11. 

All kinetic and other model coefficients are summarized in the equations of 
Table 12-2, with values used in models LOP3D and LOPOD listed in Tables 12-19 to 
12-28. A review of literature values and the background for the coefficients are 
discussed in the remainder of Chapter 12. 

12.3 Simulated Pelagic Algae 

12.3.1 Algal Fonns 

The majority of lake models combine all algal species into one generic algal 
compartment without internal heterogeneity. An immense literature would suggest the 
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Table 12-2 Kinetic pathways of phosphorus com}X)nents 

dC Caq aq
- Co' #lO' f l (T)' f2(1) Uptake by GRN dt KG + Caq 

Caq 
- CB ' #lB' f l (T)' f2(1) Uptake by BLUKB + Caq 

Caq
- Cd' #ld' f l (T)· f2(1) Uptake by DIA Kd + Caq 

+ KO ° f l (T) ° Co Release by DOP 

+ KOx 'fl (T)-CO Excretion by GRN 

+ KBx 0 f l (T)' CB Excretion by BLU 

Excretion by ZOO (12.2-1) 

dCD Release to SRP<it = -KoofI(T)-CO 

+ KOd ' f l (T)' Co Mortality of GRN 

+ KBd ' fI(T)' CB Mortality of BLU 

+ KCd • fI(T)' Cc Mortality of DIA 

UptakeofSRP 

Uptake by ZOO 

Excretion to SRP 


Mortality to DOP (12.2-3) 
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Table 12-2 Kinetic pathways of phosphorus components (continued) 
555::;;:::::;:::;:~F5~5F5 

dCZ 
= + cz ' I'ZB' f l(1)dt 

+ Cz' I'ZG' f t (1) 

+ CZ ' P-Zd' fl(1) 

- KZx • f t (1)' Cz 

+ 

UptakeofSRP 

Uptake by ZOO 

Excretion to SRP 

UptakeofSRP 

Uptake by ZOO 

Excretion to SRP 

CB 
KZB + CB 

UptakeofBLU 

CG 
K ZG + CG 

Uptake of GRN 

Cd 

KZd + Cd 
Uptake of DIA 

Excretion to SRP 

Mortality to DOP (12.2-6) 
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need for multi-segmented algal simulations. If there is one thing we know it is the 
heterogeneity of algal populations (Hutchinson, 1961). Nonetheless, numerical 
models are written as if Hutchinson's "The Paradox of the Plankton" were "Plankton 
and Principle of Competitive Exclusion." This section discusses the reasons three 
algal classes are simulated in the models LOPOD and LOP3D. The three simulated 
algal classes in Lake Okeechobee are green algae, blue-green algae and diatoms. 

The three algal classes are differentiated by a plethora of characteristics (Table 
12-3). Diatoms require silica as well as nitrogen and phosphorus as a macronutrient. 
They maintain silicon cell walls in pinnate shape and usually have one flagella for 
mobility in the water column. Diatoms have a brown-yellow appearance because 
carotenoid pigments are more abundant than chlorophyll pigments. Green algae have 
a high concentration of chlorophyll h. 

Table 12-3 Major functional differences between the phytoplankton classes. 

Major Optimum Saturation 
Algal Nutrient Growth Light Sinking Grazing 
Class Requirements Rate Intensity Rate Pressure 

Diatoms Phosphorus High High High High 
Nitrogen 
Silica 

Green algae Phosphorus High High High High 
Nitrogen 

Blue-Green Phosphorus Low Low Low None 

The single biggest reason for blue green algal dominance in lakes is nitrogen 
limitation and light limitation (Klemer and Borko, 19??). As already discussed in 
Chapter 3, the evidence for any nutrient limitation in Lake Okeechobee is limiting, 
but the effects of light limitation are severe and drastically affect the algal population 
of the lake. 

The phytoplankton of Lake Okeechobee have characteristics suggestive of both 
temperate and tropical lakes (Wetzel, 1983): 

1. 	 A spring maximum of diatoms less than 3 months in duration. 

2. 	 A spring maximum followed by a summer minimum of low 
algal density followed by a summer maximum dominated by 
blue green algae. 
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3. 	 A winter decline in phytoplankton population. However, the 
magnitude of the winter decline is similar to tropical lakes and 
does not approach drastic decline in temperate lake 
phytoplankton induced by low water temperatures and low solar 
insolation. 

The relationship among the several forms of modeled phosphorus species and 
the modeled phytoplankton classes are illustrated in Figure 12-2. Quantities of 
various algal forms found in Lake Okeechobee on three different dates are given in 
Tables 12-4, 12-5, 12-6 and 12-7. General characteristics of the algal forms are 
listed in Table 12-3. 

Dissolved organic phosphorus (DOP)II . .J 

Non-12redator~ Non-12redator~ Non-12redator~ 
Mortalit~ Mortalit~ Mortalit~ 

'I 
Green algae(GRN) ] ~ Blue-green (BLU 

II ~ Diatoms (DIA) II 

Excr-
Excretion U12take Excretion U12take etion U12take 

Of' 	 Of' 

Soluble reactive phosphorus (SRP)r 	 JI 

Figure 12-2 Algal pathways in subroutines REAC3D and REACOD. 

Table 12-4 Lake Okeechobee algal species (Marshall, 1977). 

Number Percent Percent 
Algal Group of Species Biovolume Density 

Diatoms 67 41 20 
Chrysopbyta 
Class Bacillariophyceae 

Greens 79 12 14 
Chlorophyta 

Blue-Greens 38 34 59 
Cyanophyta 

Euglenoids 29 2 <1 
Euglenopbyta 

Crytomonads 8 10 7 
Pyrrhopyta 
Class Cryptophyceae 

Dinoflagellates 12 2 <1 
Pyrrhopyta 
Class Dinopbyceae 
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Table 12-5 Phytoplankton Densities by Algal Class on July 15, 1981 (Jones and 
Federico, 1984). 

Algal Group 

Diatoms 
Chrysophyta 
Class Baccillariophyceae 

Greens 
Chlorophyta 

Blue-Greens 
Cyanophyta 

Station 2 
North lake Density 

(units/ml) 

13,022 

334 

105,512 

0 

Station 6 
South lake Density 

(units/ml) 

563 

179 

870 

101 

Table 12-6 Phytoplankton Densities by Algal Class on August 24, 1981 (Jones and 
Federico, 1984). 

Algal Group 

Diatoms 
Chrysophyta 
Class Baccillariophyceae 

Greens 
Chlorophyta 

Blue-Greens 
Cyanophyta 

Others 

Station 2 

North lake Density 


(units/ml) 


7,504 

750 

15,651 

107 

Station 6 

South lake Density 


(units/ml) 


1,102 


67 

2,271 

0 
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Table 12-7 Phytoplankton Densities by Algal Class in Lake Okeechobee on 
October 8, 1981 (Jones and Federico, 1984). 

Station 2 Station 5 Station 6 
North lake Sand zone South lake 

Density Density Density 
Algal Group (units/ml) (units/ml) (units/ml) 

Diatoms 3,340 1,366 2,004 
Chrysophyta 
Class Baccillariophyceae 

Greens 267 1,069 264 
Chlorophyta 

Blue-Greens 2,806 22,378 5,344 
Cyanophyta 

Others 0 0 534 

12.3.2 Allometric Differences Between Algal Classes 

Neibauer and Smith (1989) divided their model phytoplankton into nano
plankton « 20 pm) and netplankton (> 20 pm) and differentiated the two classes in 
their algal simulation model on the basis of maximum growth rate and settling rate. 
Larger phytoplankton fare better in nutrient-rich environments, conversely, smaller 
phytoplankton dominate in nutrient-poor environments because smaller phytoplankton 
have faster nutrient uptake velocities and out-compete the larger phytoplankton. 

Generally, the smaller the unicellular organism the faster the specific growth 
rate in the Monod functions of Eqs. (12.2-1) to (12.2-6) (Joint, 1991). The size
dependent, or allometric relationship, has the form 

(12.3-1)px=a.C b 

where Px - (generic) rate constant (specific growth rate) in the Monod 
functions of Eqs. (12.2-1) - (12.2-6) (lIday), 

b - -0.15 for natural phytoplankton populations (Joint, 1991), 
a - a species specific constant (0.14 for dinoflagellates) (Banse, 

1982), and 
C - cell carbon in picograms. 

The allometric model only predicts the potential growth rate of algae and 
bacteria. Thus, the allometric estimate is an upper limit on the maximum growth rate 

12-9 




of algal cells. The ultraplankton were the predominant size class of phytoplankton in 
Lake Okeechobee (Marshall, 1977). -The ultraplankton consisted of filamentous blue 
green algae and pennate diatoms ranging from 0.3Jl to 3Jl (Table 12-4). Ninety-five 
percent of the algae were less than 50Jl in length along the major axis and could be 
classified as either nannoplankton or ultraplankton. Plankton are often separated 
according to the classification scheme developed by (Strickland, 1960) in which: 

Macroplankton > 500 Jl 
Microplankton 50 to 500 Jl 
Nannoplankton 10 to 50 Jl 
Ultraplankton < 10 Jl 

The competitive advantage blue-green algae have over green algae and diatoms 
may be due to a minimization of grazing and settling loss during periods of high 
biomass (Kalff and Knoechel, 1978). Low loss rates are more important than high 
growth rates in detennining the dominant algal species in lakes (Kalff and Knoechel, 
1978 and Vincent et al., 1984». Zooplankton are selective grazers of green algae and 
diatoms in preference to blue-green algae. 

The most dominant algae class is blue green algae. The species Lyngbya 
limnetica is the most common blue green. However, most blue-green species are 
ultraplankton which have a small bio-volume. Diatoms, such as Fragilaria sp. and 
Melosira, are larger and dominate the other algae in terms of bio-volume. Green 
algae are common but rarely are as abundant as the blue-green algae or have large 
cell sizes like the diatoms. 

Halterman and Toetz (1984) in a study of the uptake of N~ show the half 
saturation constants for diatoms and blue-greens are about three times greater than 
green algae, and the maximum up-take rate for diatoms was twice the uptake rate of 
green algae and three times the uptake rate of blue-greens. The larger phytoplankton 
have a greater Jlmax than smaller phytoplankton (Langdon, 1988). 

12.3.3 Algal Blooms in Lake Okeechobee 

Historically, the major species involved in algal blooms in Lake Okeechobee 
were the blue green algae, Raphidiopsis curvata, the diatom, Fragilaria pinnata, and 
the green algae, Chlorella (Joyner, 1974; Marshall, 1977). Algal productivity in 
northern Lake Okeechobee is much higher than in the South Bay or mud zone (Davis 
and Federico, 1984). The highest pelagic productivity does not occur near the water 
surface but the intermediate depth of 2.2 meters (Marshall, 1977). 

Algal blooms commonly wash up on the western shore of Lake Okeechobee. 
Lake areas not light limited such as the south bay and western sandy area are more 
susceptible to experiencing algal blooms. Inflows to the lake are possible starting 
points for the algal blooms, which end up being wind blown to the western shore. 
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Other blue-green bloom species contributing to observed blooms are Anacystis sp., 
Lyngbya contorta, and Agmenellum quadruplicatum. 

Blue-green and green algal blooms, are important biologically because of their 
effect on fish and benthic macroinvertibrates by increasing the diurnal amplitude of 
dissolved oxygen. Resultant lower dissolved oxygen concentrations at night stress the 
sediment macroinvertebrates and fish and may induce fish kills. The public then 
perceives the algal blooms as a symptom of a dying lake. 

The onset of a bloom may be triggered by low N03 concentrations leading to 
dominance by nitrogen-fixing filamentous blue-green algae (e.g. Anabaena jlos-aquo,e 
and Aphanizomenonjlos-aquo,e). Lake Okeechobee, however, had algal blooms 
dominated by non-nitrogen fixing blue-greens Lyngbya contorta, Agmenellum 
quadruplicatum, and Rhaphidiopsis curvata. Smith et aI. (1987) found the best 
predictors of the summer biomass of non-nitrogen fixing blue greens was total 
nitrogen, total phosphorus and mean depth, whereas the best predictors of nitrogen
fixing blue-greens included total phosphorus, temperature, CO2 and mean depth. 

The dominance of a single algal species during a bloom, as suggested by 
solitary sampling efforts is often illusory. For example, a succession of small phyto
plankton pulses created the spring bloom of a hypereutrophic lake in Japan (Seki and 
Takahashi, 1983). Each phytoplankton pulse was dominated by a single organism or 
group of organisms. Depending on the time of sampling, a different algal species 
would appear to dominate the algal population in a lake. The onset of algae and the 
process of algal succession in general is affected by wind: storm events in a small 
reservoir hastened population shifts in phytoplankton once succession started, and had 
minor effects during periods of community stability (Edson and Jones, 1988). 

12.4 Algal Growth Simulation 

12.4.1 Alternative Formulations 

There are two competing approaches to modeling algal growth: (1) Monod 
kinetics based on the external concentration of nutrients, and (2) growth rate based on 
internal cellular nutrient concentrations (Droop, 1968). 

The dynamics of nutrient uptake by algae typically are simulated as a first 
order wherein the rate or velocity of nutrient uptake (vup) is a function of the living 
biomass (B) and the specific growth rate of the species Vt): 

dB 1 - - = • JL (12.4-1) 
dt B 
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The turnover time (T) for phosphorus is defined as the time necessary to replace the 
.amount of phosphorus biomass in the water. Figure 12-3 illustrates the relationship 
between the response time for algal growth and the growth rate, JJ.. 
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Figure 12-3 	 Doubling or reaction time for algal growth and respiration as a function 
of the reaction rate. 

The specific growth rate varies depending upon antecedent nutrient, light, and 
temperature conditions. The conceptualization of JJ. is the basic difference between 
the two approaches to simulating algal growth uptake dynamics. Monod growth 
kinetics assume JJ. approaches asymptotically the maximum uptake rate J.Lmax- Two 
constants are required to simulate algal growth: (1) K,; [the half saturation constant] is 
the concentration at which the specific growth rate, JJ., equals one-half Jl.max (Table 
12-8), and (2) the maximum growth rate, JJ.max (Table 12-9). The specific growth 
rate, JI., is related to the external nutrient concentration, C~ (Le., the concentration of 
SRP), by the hyperbolic or Monod function (Ahlgren, 1988): 

_ Caq 
(12.4-2)

JI. - Jl.max K C 
s + aq 

Alternatively, JI. is assumed to be a function of the internal phosphorus content 
of the cell as defined by the cell quota concept. According to the cell quota model, 
external SRP is taken up by the cell and stored; subsequent cell growth is dependent 
on the internal phosphorus concentration in the cell (Figure 12-4). The advantage 
over Monod kinetics is that uptake of nutrients and cell growth are decoup1ed. ~ll 
is the cell quota and 'lo is the minimum cell quota, or the subsistence cell quota at 
zero growth rate, of the algal class simulated. 
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Figure 12-4 Intracellular algal nutrient processes in the model. 

Table 12-8 Half saturation constant for algal growth. 

Source K. (ug/l) 

Griffin and Ferrara (1984) 20. 
Salas and Thomann (1978) 5. 
Bierman et al. (1980) 5. 
Scavia et al. (1981b) 5. 
Jorgensen (1976) 30. 
Van Benschoten and Walker (1984) 5. 
Virtanen et al. (1986) 10. 
Jaffe (1988) 30. 
Blosser (1986) 1.5 
Keesman and Van Stratten (1990) 5.0 - 10.0 
Grover (1988) 
Chlamydomonas sp. 0.68 
ChZorella sp. 2.12 
Cryptomonas sp. 1.35 
Oocystis pusilla 1.16 
Scenedesmus quadricauda 3.38 
Sphaerocystis schroeteri 2.42 
Nitzschia acicuZaris 0.22 
Nitzschia linearis 1.83 
Nitzschia paZea 4.54 
Synedra radians 0.01 
Synedra rumpens 0.67 
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Table 12-9 Maximum growth rate for algae at 20°C. 

Source 

Griffin and Ferrara (1984) 

Salas and Thomann (1978) 

Lastein and Gargas (1978) 

Biennan et al. (1980) 

Scavia et al. (1981b) 

Jorgensen (1976) 

Canale and Vogel (1974) 
 GRN 


BLU 

DIA 


Van Benschoten and Walker (1984) 

Jaffe (1988) 

Virtanen et al. (1986) 

Blosser (1986) 

Keesman and Van Stratten (1990) 

Wroblewski et al. (1988) 
Boers et al. (1991) 

Grover (1988) 
Chlamydomonas sp. 
Chlorella sp. 
Cryptomonas sp. 
Oocystis pusilla 
Scenedesmus quadricaudtJ. 
Sphaerocystis schroeteri 
Nitzschia acicularis 
Nitzschia linearis 
Nitzschia palea 
Synedra radians 
Synedra rumpens 

BLU 

GRN 


Il = Ilmax 

Ilmax (llday) 

0.584 
2.0 
1.50 
0.627 
0.58 

0.0035 

0.43 
0.48 
0.48 
2.3 
3.23 
0.65 
1.5 

0.5-2.0 

2.0 
1.7 
2.25 

1.55 
1.59 
0.96 
1.02 
1.24 
0.94 
0.69 
1.10 
1.73 
1.18 
1.43 

(12.4-3) 

The external nutrient and cell quota formulations are equivalent if the internal 
cell concentration is assumed to be in dynamic equilibrium with the external 
concentration (Di Toro, 1980). Di Toro (1980) estimated that the uptake of internal 
cell storage occurs in 1I8th to 1I2th of the time required for the uptake of external 
nutrients. The internal cell concentrations are thus in dynamic equilibrium with the 
external concentration. Equation (12.4-3) is difficult to use directly since the cell 
quotas and minimum cell quotas are species specific and we use generalized green, 
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blue-green, and diatom algal classes in LOPOD and LOP3D. The difficulties of 
working directly with cell quotas is obviated by expressing p. as a function of internal 
phosphorus and chlorophyll !! concentrations (Riley and Stefan, 1988): 

Pcell - Chla· Pmin 
(12.4-4)p. 	 = P.max 

Pcell 

where P cell 	 internal nutrient concentration (ug. rl), 
minimum ratio of phosphorus to chlorophyll A, andPmin 

Chla concentration of chlorophyll A. 

The internal nutrient limitation and the external nutrient limitation as been combined 
as follows (Jorgensen, 1983): 

Chla • P max - Chla· Pcell (12.4-5)p. = 	 \P.max ~C=h-:-la-.---:(p~--~p-.-:--
max mull 

The yield (Y) is defined a the biomass produced divided by the amount of 
consumed SRP. Y as a function of p. and temperature (Ahlgren, 1988) is: 

(12.4-6)Y = A{T) + B(T) • p. + C{T) • p.2 

12.4.2 Species Specific Growth Rates 

Green and blue-green algae are distinguished by differing capacities for growth 
(uptake of SRP), maintenance of growth (non-predatory excretion of SRP), mortality 
(release of DOP) and settling rate (maintenance of position in the water column). 
These differing capacities for uptake of nutrients can be categorized as r-selective or 
K-selective species (padisak et al., 1988). Algae that are r-selective have smaller cell 
sizes and are the better competitors in nutrient-rich environments than K-selective 
algae. The K-selective algae are larger and the better competitors in nutrient limited 
environments. Padisak et al. (1988) estimate 5-7 calm days are required before a K
selective species begins to dominate an algal population. 

Some of the key factors influencing algal uptake were listed in Chapter 6 
(Jansson, 1988): 

1. Algae generally have a single uptake mechanism. 

2. Uptake capacity is enhanced by phosphorus starvation. 
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3. 	 The polyphosphate content of a cell (or the internal phosphorus 
pool in the cell) is negatively correlated with the cell's uptake 
capacity. 

4. 	 Light energy is the force driving phosphorus uptake. 

12.4.3 Algal Carbon/Chlorophyll a 

Commonly a single carbon to chlorophyll ratio is used in lake models to pre
dict phytoplankton biomass. For example, Scavia et al. (1981b) used a value of 30.0 
ug • Carbon/ug· Chla. The most commonly used CarboniChla ratio is 50: 1 
(Jorgensen, 1983), and was averaged across species and season for northern temperate 
lakes. Chmyr and Berseneva (1984) found a range of Carbon/Chla from 17: 1 to 83: 1 
in ten algal species. Carbon/Chla can range over an order of magnitude under 
various combinations of light limitation, nutrient limitation, and temperature (Hunters 
and Laws, 1981). Granberg and HaIjula (1982) in a study of Finnish lakes found that 
no constant ratio existed betw~n Chla and carbon because of confounding differences 
in antecedent light intensity, nutrition, transparency, temperature, cell age and species 
composition. The Carbon/Chla in nanoplankton varied seasonally, whereas the 
Carbon/Chla in net plankton vary daily (Malone, 1982). 

Smith (1980) found Carbon/Chla to be related to temperature and light 
intensity by the following expression: 

Carbon/Chla = 136 • 10 I umax 	 (12.4-7) 

where 	 10 = incident light intensity (langleys/min) at the surface. 

For example, using the Eppley function for ILmax as a function of temperature 
(Eq. (12.4-8» at a temperature of 25°C and 0.78 langleys/min (700 langleys/day) in 
June the 0c is 37: 1. At a temperature of 5°C and 0.52 langleys/min (250 
langleys/day) in February the Carbon/Chla ratio (OJ is 87:1. The larger the 
Carbon/Chla ratio the smaller the ChlaITP ratio (Eq. (12.4-12». The ChialTP ratio 
should be smaller in fall and winter than in the spring and summer because of the 
influence of the Carbon/Chla ratio. The value of 0c is constrained to be greater than 
a minimum value of 20.0 in the model. 

The Carbon/Chla ratio (OJ increases with increasing light and decreases with 
increasing temperature (Smith, 1980). 0c is higher during nitrogen and phosphorus 
deficiency, lower during exponential growth, and higher for colonial algae (Riemann 
et al., 1989). Measured values of 0c range from 27 (1.5 percent chlorophyll a) to 67 
(3.7 percent chlorophyll a) for green and diatom algae (Riemann et al., 1989). The 
value of °c is species specific, and only when one or two species dominate will 
chlorophyll data give reasonable estimates of phytoplankton biomass. 
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Most often algae respond to nutrient limitation through lowered chlorophyll ~ 
content and higher carbohydrate content (Ahlgren, 1988), or a higher 0e' This 
categorization of the carbon/chlorophyll ~ is generally true depending on antecedent 
light conditions, since °e is also a function of the light regime. Diatoms are the best 
adapted to lOW-light and usually have the lowest values of 0e (Langdon, 1988). Light 
adapted algae have low chlorophyll content and shade adapted algae have high 
chlorophyll content (Falkowski, 1981). In laboratory experiments using low light 
adapted and high light adapted Chlorella pyrerioidosa, a higher phosphorus content per 
cell (3.55 times greater) and lower uptake rates (0.35 times less) under low light 
conditions were found that were similar to conditions in Lake Superior when the 
mixing depth is 20-25 meters (Nalewajko et al., 1981). Lake Superior is often light 
limited rather than nutrient limited (Nalewajko et al., 1981). Generally, non-optimal 
growth conditions cause the internal content of the limiting nutrient to increase in the 
cell. 

A °e predictive equation can be formulated based on lake temperature and 
optimum light saturation (Eq. (12.4-10) and Figure 12-5). Eppley's (1972) function 
for #Lmax as a function of T (OC), Figure 12-6 is: 

= 10(0.0275. T - 0.230) (12.4-8)
#L max 

Smith's (1980) function for the growth rate as a function of previous light 
conditions is: 

(12.4-9) 

where additional parameters have been defined in Chapter 6. 

We use a value for 0e based on the previous day's average layer light 
intensity: 

(12.4-10) 

where .pmax -- P / KLG = maximum quantum yield, max 
e the value of the transcendental function e=(2.318), and 

10 average daily irradiance for the previous day. 
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Figure 12-5 Carbon/Chla = Bc. Figure 12-6 "max = f(T). 

12.4.4 Algal Carbon/Phosphorus 

The stoichiometric relationship between algal biomass and phosphorus is given 
by Redfield et al. (1966) as: 

(12.4-11) 

This expression, derived originally for marine phytoplankton, indicates the car
bon/phosphorus ratio of the algal particulate matter should be 41.1: 1 on a per weight 
basis. This ratio divided by a mean carbon/Chla ratio of 50 translates to an expected 
Chla/phosphorus ratio of 0.822. This estimate is valid only if the carbon/phosphorus 
ratio and the carbon/Chla ratio is constant. Unfortunately, neither assumption is true, 
as the two ratios are spatially and temporally variable in a lake (Table 12-10). 

Table 12-10 Chlorophyll/Phosphorus. 

Source mg Chlorophyll / mg P 

Scavia et al. (1981a) 0.70 

Scavia et al. (1984) 0.60 

Van Benschoten and Walker (1984) 0.91 

Jaffe (1988) 0.58 

Boers et al. (1991) BLU 0.89 


GRN 0.78 
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The actual CHLA/phosphorus for algae is: 

(12.4-12)ChlalAP = Carbon/ AP • ChlalCarbon 

where AP is algal phosphorus. 

The ratio of carbon/algal phosphorus changes by species and lake system. 
Goldman et al. (1972) found the carbon/phosphorus in 15 algae to vary from 40.7:1 
to 510:1 with a mean of 144:1. Vollenweider (1985) found the carbon/phosphorus 
ratio to range from half to two or three times the Redfield et al. (1966) ratio in 
freshwater systems. 

12.4.5 Model Fonnulation for Chlorophyll it Prediction 

The method for predicting chlorophyll a model applies Monod growth kinetics 
and uses Eq. (12.4-12) to estimate the ChlalCarbon ratio for a fixed ratio of 
Carbon/phosphorus in the lake. This approximates the known variability in the ratio 
of Carbon/phosphorus, seasonally and temporally. 

12.5 	 Effect of Light/Temperature on Algal Growth 

The combined effect of the two physical factors and interacting nutrients on 
algal growth may be summarized (Ahlgren, 1988): 

1. 	 With increasing light/growth rate the algae require additional 
phosphorus. 

2. 	 "Below an optimum temperature the minimum phosphorus 
content (subsistence quota) is inversely correlated with 
temperature". The phosphorus content of a cell increases at low 
temperature. 

3. 	 "The transition between light- and phosphorus-limitation ...varies 
with growth rate". 

4. 	 At present, some chemostat results show better agreement with 
the non-interactive model. 

The combined effect on the rate of algal uptake of SRP by the light and 
temperature regime is multiplicative in this model 
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(12.5-1) 

where fl (lJ = light limiting function at depth z, and 
f2(T) = temperature limiting function at a temperature T in °C. 

The light limiting function, fl(lJ, and temperature limiting function f2(T) are 
discussed in full detail in Chapter 6. 

12.6 Algal Respiration and Excretion 

Algal respiration can be separated into two components: a maintenance 
respiration rate (roB' rod or roG for the three algal classes) when the growth rate is 
zero, and kru· p., the amount respired during new growth (Langdon, 1988). For 
example, the total algal respiration rate for green algae, rG' is: 

(12.6-1)rG = roG + krG • P. 

Langdon (1988) measured an average ra of 0.15 day-l and k..o of 0.20 for a variety 
of algal species. Scavia (1980) used 0.20 for kru and 0.05 day-l for roG' Typical 
respiration rates <Kod == rG) are shown in Table 12-11. 

Table 12-11 Algal respiration rate. 

Source Kad (l/day) 

Scavia et al. (1981b) 0.12 
Bierman et al. (1980) 0.60 
Jorgensen (1981) 0.01-0.06 
Benschoten and Walker (1984) 0.11 
Jaffe (1988) 0.15 
Blosser (1986) 0.27 
Keesman and Van Stratten (1990) 0.05-0.30 
Wroblewski et al. (1988) 0.10 
Boers et al. (1991) BLU 0.05 

GRN 0.20 

Takamura and Yasuno (1988) estimated 48 percent of the algal production in a 
shallow lake is algal respiration. The maintenance rate includes the extracellular 
release of dissolved organic carbon (DOC). Most investigators estimate that this is 
less than 5 percent of the cells' organic content (Cole, 1982). 
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12.7 Algal NOD-PredatOry Mortality 

Algal mortality involves the conversion of algal phosphorus to biologically 
available phosphorus. This can be conceived as a two step process (De Pinto et al., 
1986). First, algal death and lysis of the cell membrane releases any stored excess 
inorganic phosphorus. Typical values for the rate constant Kox governing this 
process for green algae (Eqs. (12.2-1) and (12.2-3» are shown in Table 12-12. 
De Pinto et al. (1986) found that cellular phosphorus exceeding the minimum cell 
quota was released in an available form rapidly after cell death and lysis. Lysed 
material is usually 20-50 percent of the cell's organic content (Cole, 1982), and this 
excess inorganic phosphorus is immediately available for algal uptake. Secondly, 
bacteria mineralize the remainder of the cell organic phosphorus to available 
phosphorus. 

Table 12-12 Algal mortality rate. 

Source 

Jorgensen (1981) 0.015 

Typical values for the rate coefficient KD governing the mineralization of DOP 
to SRP (Eqs. (12.2-1) and (12.2-2» are presented in Table 12-13. 

Table 12-13 DOP to SRP regeneration rate at 20°C. 

Source KD (llday) 

Salas and Thomann (1978) 0.10 - 0.20 
Jorgensen (1981) 0.10 
Bierman et al. (1980) 0.005 
Van Benschoten and Walker (1984) 0.10 
De Pinto et al. (1986) 0.056 Chlorella 

0.03 Microcystis 
0.023 Scenedesmus 

Jaffe (1988) 0.0176 
Keesman and Van Stratten (1990) 0.1 - 1.0 
Boers et al. (1991) 0.5 
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12.8 Algal Settling 

Phosphorus loss to the sediments is a significant fraction of the total incoming 
phosphorus loading. The loss to the sediments is via two main mechanisms: (1) algal 
sedimentation; and (2) non-algal phosphorus sedimentation. Some of the phosphorus 
is regenerated and later mixed with the water column due to biologic movement and 
wind action. The sediment usually undergoes "sediment focusing" towards deep holes 
in the lake. All lakes have a long term buildup of refractory nutrients in their 
sediments. 

Deposition estimates obtained by sediment traps suspended in the water column 
are lower than the actual deposition since particulate phosphorus is transformed by 
bacterial action to DOP or SRP (peng and Broecker, 1987).· The settling velocity in a 
lake varies throughout the year; for example, in Lake Superior the settling rate ranges 
from 0.034 m/day to 0.088 m/day. Typical rates are shown in Table 12-14. 

Table 12-14 Algal settling rates. 

Source Kso. KSd• KSB (m· day·l) 

Salas and Thomann (1978) 0.0-0.10 
Jorgensen (1981) 0.04 
Van Benschoten and Walker (1984) 0.76 
Jaffe (1988) 0.14 
Virtanen et aI. (1986) 0.03 
Keesman and Van Stratten (1990) 0.01-0.50 
Blosser (1986) 0.23 
Takamura and Yasuno (1988) Melosira 0.2-1.7 

Synedra 0.2-2.0 
Microcyslis 0.0045-0.24 
Anabaena 0.06 

The classic ratio of algal carbon/phosphorus is 106 (Redfield et al., 1966), 
however, measured carbon/phosphorus ranges from 95 to 143 in marine detritus, and 
the mean carbon/phosphorus is nearer 112 using a carbon/nitrogen value of 7 (peng, 
1987). The amount of oxygen required to oxidize carbon and hydrogen in algal 
detritus is 1.2 0iC and the actual carbon/phosphorus ratio is 127+7 in corrected 
marine detrital data (peng, 1987). The meaning of the carbon/phosphorus ratio is 
keyed to the amount of carbon per unit of chlorophyll in algal biomass. The same 
amount of nutrient produced more or less chlorophyll .a depending on antecedent light 
conditions and nutrient regimes. 

Sedimentation is incorporated as part of the phosphorus models LOPOD and 
LOP3D. The three algal classes simulated have distinctive differences in settling rates 
and mechanisms. Takamura and Yasuno (1988) measured algal sinking rates in a 
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shallow hypereutrophic lake and found blue-greens to settle much slower than green 
and blue-green algae. The sinking rate of senescent algae was much higher than algae 
in exponential growth. Diatoms sank as living cells and blue-greens sank as detritus. 
The cell structure of the blue-green algae Microcystis collapsed rapidly after losing its 
function of carbon fixation (Takamura and Yasuno, 1988). 

Blue-green algae use three mechanisms to control buoyancy: (1) cell turgor 
pressure increases at high light intensities causing the collapse of cell gas vacuoles 
and decreased buoyancy; (2) algae alter the rate of gas vacuole synthesis in response 
to the cell C/N internal ratio (a ldw C/N ratio increases gas vacuole synthesis); and 
(3) the cell may accumulate high-density storage products that act as ballast and affect 
cell buoyancy (Spencer and King, 1989). Some blue-green algae that use one or more 
of these mechanisms are Anabaena sp., Aphanizomenonflos-aque, Microcystis, 
Osciliatoria, and Nostoc muscorum. 

Light intensity and CO2 concentration interact to affect the buoyancy of the 
blue-green algae (Spencer and King, 1989), as indicated by its density, PH. Carbon 
dioxide is held constant in the model. The effect of light on algal density is 
calculated as a function of the light intensity during the previous day. For blue green 
algae the new density is: 

(12.8-1) 

where n+l - new time step, 
n - old time step, 
ci - rate constant of density increase (gm ·cm-3 • sec-~, 

- rate constant of density decrease (gm· cm-3 sec- ), 0~ 3- minimal rate of density decrease (gm ocm- sec-I),0~ 
KBI - half saturation irradiance for maximum rate of density increase, 
Ia = average irradiance experienced when Iz > Ic' 

Ic - compensation irradiance, 
- Integrated value of 4: since dawn, and ~ 

density of blue-green algae. PB = 

The new algal density is then used to calculate the new settling velocity using 
Stoke's equation: 

(12.8-2) 

where vSB settling velocity (cm/sec), 
g gravitational acceleration (cm2/sec), 

density of water (gm/cm3),Pw 
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4> coefficient of form resistance, 
A ratio of cell volume to colony volume, 
r effective radius of colony or filament, and 

dynamic viscosity. 

12.9 	 Zooplankton Uptake 

Zooplankton uptakes contributes another pathway between green, blue-green, 
and diatom algae and SRP, as indicated in Figure 12-7. 

Blue-green algae (BLU) 

Uptake 	 Uptake 

T========================T====~ 

Zooplankton (ZOO) 

Excretion 	 Mortality 

=======T=========9 P=====T=============9 
uble reactive (SRP) Dissolved organic (DOP) 

Figure 12-7 Zooplankton pathways in subroutines REAC3D and REACOD. 

Gayle (1975) found the zooplankton population of Lake Okeechobee to com
prise 48 percent Copepods, 29 percent protozoans, 22 percent rotifers, and 1 percent 
c1adocerans and others. Canfield et al. (1984) found an average of 100 copepods/l, 
32 c1adocerans/l, and 95 rotifers/l. 

There are three possible representations of the zooplankton grazing of algae: 

1. 	 Mass action procedure based solely on the multiplicative 
concentrations of algae and zooplankton. 

2. 	 Michaelis-Menten model similar to other Michaelis-Menten 
(Monod) models discussed in this chapter. 

3. 	 A consumer density model based on an optimhl concentration of 
algae. 

Typical values for the Michaelis-Menten coefficients used in our model (Eq. (12.2-6» 
are shown in Tables 12-15 to 12-17. 
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Table 12-15 Zooplankton ingestion rate. 

Source P-zo (day-I) 

Jorgensen (1981) 0.175 

Boers et al. (1991) 1.1 


Table 12-16 Zooplankton respiration rate. 

Source P-Zd (day-I) 

Jorgensen (1981) 0.02-0.125 

Wroblewski et al. (1988) 0.20 

Boers et al. (1991) 0.13 


Table 12-17 Michaelis constant for zooplankton uptake of algae. 

Source 

Jorgensen (1981) 5.0 

12.10 Reaction Model for Littoral, Sediment and Pelagic Phosphorus 

Values of coefficients used in Eqs. (12.2-1) to (12.2-6) and in related 
equations discussed in this and Chapter 6 are shown in Tables 12-18 to 12-28. These 
values were established for model use after initial model runs using literature values 
followed by subsequent calibration exercises. 
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Table 12-18 Residual phosphorus partitioning coefficients for partitioning TP-SRP 
synoptic data measurements. 

Phosphorus 
Variable Species 

nopKyes 
Zooplankton~ 
Blue greens ~s 
Green algae ~s 

FORTRAN Simulation 
Variable Value 

AFRAC(I) 0.50 
AFRAC(2) 0.01 
AFRAC(3) 0.30 
AFRAC(4) 0.19 

Table 12-19 Water plus organic color light extinction coefficient (l.m-1). 

Lake 
Variable Section 

fw + fc Mud zone 
few + fc Macrophyte 
fw + fc North Lake 
fw + fc Sandy zone 
fw + fc South Bay 

FORTRAN Simulation 

Variable Value 


EATA(1) 0.5 

EATA(2) 1.0 

EATA(3) 0.5 

EATA(4) 0.5 

EATA(5) 2.5 


Table 12-20 Phosphorus transformation coefficients (l.day-l). 

Variable 

KD 

Kax 
Kad 
KBx 
KBd 
KZx 
KZd 
Kdx 
Kdd 

Phosphorus 

Pathway 


DOP to SRP 

GRN to SRP 

GRN to DOP 

BLU to SRP 

BLU to DOP 

DIA to SRP 

DIA to DOP 

ZOO to SRP 

ZOO to DOP 


FORTRAN Simulation 

Variable Value 


RESPIR(l) 0.075 

RESPIR(2) 0.20 

RESPIR(3) 0.05 

RESPIR(4) 0.10 

RESPIR(5) 0.05 

RESPIR(6) 0.20 

RESPIR(7) 0.05 

RESPIR(8) 0.50 

RESPIR(9) 0.02 
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Table 12-21 Maintenance fespiration coefficients (l.day-l). 

Phosphorus 
Variable Pathway 

foG GRN to SRP 
foB BLU to SRP 
fod OIA to SRP 
foZ ZOO to SRP 

FORTRAN 
Variable 

Simulation 
Value 

RESBAK(1) 
RESBAK(2) 
RESBAK(3) 
RESBAK(4) 

0.1 
0.1 
0.0 
0.0 

Table 12-22 Temperatufe adjustment coefficients. 

Phosphorus 
Variable Pathway 

e OOP to SRP 
e GRNto SRP 
e GRNto OOP 
e BLUtoSRP 
e BLU to OOP 
e ZOO to SRP 
e ZOO to OOP 
e OIA to SRP 
e OIA to OOP 

Table 12-23 Minimum uptake rate (l.day-l). 

Phosphorus 
Variable Pathway 

/-LG SRP to GRN 
/-LB SRP to BLU 

SRP to OIA /-Ld 
GRN to ZOO /-LZG 

/-LZB BLU to ZOO 
OIA to ZOOI-LZd 

FORTRAN Simulation 

Variable Value 


THETA(1) 1.08 
THETA(2) 1.08 
THETA (3) 1.08 
THETA(4) 1.08 
THETA(5) 1.08 
THETA(6) 1.08 
THETA(7) 1.08 
THETA(8) 1.08 
THETA(9) 1.08 

FORTRAN Simulation 
Variable Value 

UPMAX(l) 2.0 
UPMAX(2) 1.25 
UPMAX(3) 0.1 
UPMAX(4) 1.75 
UPMAX(5) 0.75 
UPMAX(6) 0.05 
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Table 12-24 Half saturation constant for uptake (ug _day-I). 

Variable 

Ko 
KB 
Kd 

KZG 
KZB 
KZd 

Phosphorus 

Pathway 


SRP to GRN 

SRP to BLU 

SRP to DIA 


GRN to ZOO 

BLU to zoo 

DIA to ZOO 


Table 12-25 Maximum settling rate (m -dafl). 

Phosphorus 
Variable Pathway 

vsG Green algae 
vsB Blue green 
vsd Diatoms 
vsz Zooplankton 

FORTRAN Simulation 

Variable Value 


KMIM(I) 	 1.0 
KMIM(2) 	 15.0 
KMIM(3) 	 10.0 
KMIM(4) 	 10.0 
KMIM(5) 	 5.0 
KMIM(6) 	 10.0 

FORTRAN Simulation 
Variable Value 

WDOWN(l) 0.50 
WDOWN(2) 0.20 
WDOWN(3) 1.20 
WDOWN(4) 0.08 

Table 12-26 Half saturation constant for light (ly -day-I). 

Phosphorus 
Variable Pathway 

loG 	 GRN 
BLU~B 

lod 	 DIA 

Table 12-27 Light absorption coefficients (m2 

Phosphorus 
Variable Pathway 

EaG Green algae 
EaB Blue green 
Ead Diatoms 
Eas Sediment 
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FORTRAN 
Variable 

Simulation 
Value 

AMAX(I) 
AMAX(2) 
AMAX(3) 

300 
20 
50 

,ug 1). 

FORTRAN 
Variable 

Simulation 
Value 

SSA(I) 
SSA(2) 
SSA(3) 
SSA(4) 

0.0105 
0.20 

0.0025 
0.00 



Table 12-28 Light scattering coefficients (m2 .ug-1). 

Phosphorus FORTRAN Simulation 
Variable Pathway Variable Value 

fbG Green algae SSC(l) 0.047 
fbB Blue green SSC(2) 0.146 
fbd Diatoms SSC(3) 0.241 
fbs Sediment SSC(4) 0.87 

12.11 Phosphorus Boundary Conditions 

SRP and DOP are subject to loads from tributaries to the lake. The SRP and 
DOP loads are calculated from the daily flow in the tributary and either a semi
monthly or monthly average tributary concentration of SRP. The semi-monthly or 
monthly concentration is treated as a step-function, that is, the inflow concentration is 
held constant for approximately two or four weeks. However, the load (product of 
inflow and concentration) varies daily with inflow rates. DOP is the difference 
between TP and SRP in the tributary. All other phosphorus components are assumed 
to have zero concentration in the tributaries. 

12.12 Summary of Pelagic Phosphorus Model 

The simulation of pelagic phosphorus involves many kinetic coefficients. 
These are listed in the output of each run; representative literature values have been 
applied to Lake Okeechobee and are summarized in the tables of this chapter. 
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13. MASS BALANCE APPROACH TO PREDICTING PHOSPHORUS 

13.1 	 Introduction 

This chapter describes the mass balance approach to modeling phosphorus in 
Lake Okeechobee. This was Task 6.2 in the overall Lake Okeechobee phosphorus 
dynamics study. The mass balance approach ignores the complexities of lateral, 
transverse and vertical heterogeneities of phosphorus. A model that neglects these 
spatial complexities can be described as a O-dimensional (0-0) model. The 0-0 
model uses the acronym LOPOO (Lake Okeechobee phosphorus 0-0 model). LOPOO 
enables us to examine seasonal trends in phosphorus transformation rates, algal uptake 
and dissolved organic phosphorus mineralization rates, and littoral and diagenetic 
seasonal and annual phosphorus dynamics. Naturally, the same abiotic and biotic 
forcing functions and phosphorus components already described in Chapters 6 through 
12 are used in LOPOO. 

The approach we have taken is first to derme the important internal and 
external physical, chemical, and biological factors for Lake Okeechobee that influence 
and affect the phosphorus dynamics of the lake. A few of these factors are: 

1. 	 Lake Okeechobee is a large body of water with a shallow depth. 
The action of wind on water is important because it causes 
bottom sediment erosion and is the primary cause of the pelagic 
and the littoral circulation patterns in the saucer shaped lake. 

2. 	 Solar radiation is a source of energy for macrophyte and 
phytoplankton growth in the littoral and pelagic regions of the 
lake. The solar radiation also causes heating or cooling of the 
lake water which in tum affects biological rates and vertical and 
horizontal lake circulation. 

3. 	 Tributary loadings of SRP and TP to Lake Okeechobee provide 
macronutrients nitrogen, phosphorus, and silica to fuel 
macrophyte, phytoplankton, and bacterial growth. 

4. 	 The bottom sediments of Lake Okeechobee are a source of 
recycled nutrients to the pelagic phytoplankton. The 
phytoplankton modify the sediment boundary condition affecting 
the diagenetic nutrient flux to and from the sediments. 

5. 	 The phytoplankton of Lake Okeechobee can be separated into 
three classes -- blue-green, green and diatom algae -- that have 
different growth, decay, settling, and other physical 
characteristics. 
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6. 	 The phytoplankton have distinct seasonal cycles that interact 
with the other main phosphorus components. 

7. 	 Zooplankton and fish are a small fraction of the total 
phosphorus, but their selective feeding of algae influences the 
dominant algal class. Zooplankton and fish are important to the 
pelagic recycling of phosphorus through the processes of algal 
ingestion and SRP excretion. 

8. 	 Littoral macrophyte plants and associated epephelic algae cover 
a large area (25,000 acres) of Lake Okeechobee. The 
quantitative effect of benthic organisms (e.g., corbicula and 
larvae) is be approximated in the model by using a range of 
possible uptake and release rates of phosphorus from the benthic 
animals. 

9. 	 The lake is not modeled as one reactive entity. Distinct lake 
areas are modeled based on bottom sediment type, average 
depth, submerged or emergent vegetation, river input, regulated 
releases of water, and the presence or absence of islands. The 
five lake sections are the central mud zone, macrophyte zone, 
north lake, South Bay, and the sandy fringe between the littoral 
zone and central mud zone of Lake Okeechobee. 

Secondly, we review a previous modeling effort similar to LOPOD, followed 
by development, explanation, testing and application of LOPOD. The remainder of 
this chapter is a full description of the mass balance model of Lake Okeechobee. The 
period of record we have simulated is 1979 to 1988. The model has seven pelagic 
phosphorus components, two sediment phosphorus components and one littoral 
phosphorus component. Measured TP and SRP concentrations from eight long term 
lake stations are used to calibrate a five box-model of Lake Okeechobee phosphorus 
(see discussion in Chapter 4). 

13.2 	 Previous Water Quality Models of Lake Okeechobee 

In general, models are can be classified into three categories: (1) simple input
output models; (2) linked hydrodynamic-nutrient models; and (3) ecosystem models. 
Hydrodynamic models have been discussed generally in Chapter 10, and ecosystem 
modeling as a component of the overall phosphorus modeling has been discussed in 
Chapter 12. The following section summarizes one of the previous simple input
output modeling studies done on Lake Okeechobee. 

Blosser (1986) developed a variety of spatially varied models (Le., one-box, 
two box, and three box models) to predict TP and SRP concentrations in Lake 
Okeechobee (Brezonik et al., 1983; Blosser, 1986). His goal was to develop and 
describe models without excessive data requirements that would be useful in managing 
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the lake. We will briefly describe the results of Blosser's modeling results, strengths, 
and limitations, plus improvements we make to the model to enhance its credibility 
both scientifically and from a lake management viewpoint. 

Blosser's (1986) division of TP into only SRP and particulate phosphorus (PP) 
components is an inadequate representation of the total phosphorus pool. PP com
prises only 25 percent of the TP in the middle of the lake and 8 percent in the 
macrophyte zone of the lake (Brezonik et al., 1983). The primary component of the 
TP pool was dissolved organic phosphorus (DOP) in the macrophyte zone and SRP in 
the lake center. Brezonik et ale (1983) hypothesized that nop was produced in the 
littoral zone, became mineralized to SRP by pelagic bacteria, and then utilized by 
pelagic algae. . . 

Blosser (1986) did not include the effect of temperature on primary pro
duction. All chemical and biological process rates are strongly dependent on 
temperature and the temperature response of phytoplankton and zooplankton must be 
modeled realistically, else large discrepancies can arise between model and 
observations (Jorgensen, 1983). This may be the most important drawback of the 
Blosser model. 

The primary production submodel of Blosser (1986) included light as a function 
of depth and a light extinction coefficient. The light extinction coefficient (e) was 
assumed by Blosser (1986) to be proportional to algal biomass. But, a non-linear 
relationship between the light extinction coefficient and algal biomass exists, due to 
increasing chlorophyll per cell as the total algal biomass increases (Carlson, 1977). A 
constant proportionality between biomass and extinction coefficient overestimates the 
extinction coefficient for large algal biomass. Another problem with Blosser's 
approach was the use of PP to represent algal biomass in the light extinction equation. 

13.3 	 Five-Box Model of Phosphorus in Lake Okeechobee 

Five separate and distinct areas of Lake Okeechobee were delineated based on 
the bottom sediment type, average depth, presence of submerged or emergent 
vegetation, river tributary input, regulated releases of water, and the presence/absence 
of islands. The five selected lake zones to model (shown in Figure 13-1) are: 

1. 	 The central mud zone. This is the deepest area of the lake with 
phosphorus dynamics dominated by suspended sediment. 

2. 	 Littoral or macrophyte zone in western Lake Okeechobee. This 
area has a shallow depth and dense emergent and submergent 
macrophyte vegetation. The vegetation and shallow depth 
dampen horizontal water movement and nutrient exchange 
mechanisms. 
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* EE lines 	== Section model outlines for Lake Okeechobee. 
* Key 	 - Not part of lake. ilim - Mud zone.

11* 	 II Macrophyte zone. "1 - North lake. 
* 	 ~~ - Sandy fringe. - south Bay zone. 

*=============================-================================== 
* 12223242526 ===Columns 
EE === Row 29 
EE === Row 28 
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EE === Row 20 
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EE === Row 16 
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EE === Row 3 
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1 2 3 4 5 6 	 7 8 91011121314151617181920212223242526 === Columns 

Figure 13-1 	 The 486 boxes of Lake Okeechobee 3-D model assigned to five sections 
in the coarse grid model. 

3. 	 Northern Lake Okeechobee. This area receives large tributary 
flows and SRP loading from central Florida. 

4. 	 The sand zone or sandy fringe between the littoral zone and 
central mud area. 

5. 	 South Bay. This area has a shallow depth, large islands, and is 
the area of the lake affected by the surface outflow canals to the 
Everglades. 

The longitudinal Peclet number (Table 10-3), or the Bodenstein number, is an 
indicator of the spatial independence of the lake (Goda and Matsuoka, 1986). The Pe 
for the lake is low (564) meaning there is large scale spatial independence in Lake 
Okeechobee. The lake can be separated into large aggregated boxes with little loss of 
accuracy compared to a finer grid model. 
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The pictorial "stick" figure of Lake Okeechobee used in the rest of this chapter 
is shown in Figure 13-2. The delineation of the Lake Okeechobee finite difference 
boxes into coarse grid sections is defined based on the depth of the box, 
presence/absence of vegetation, and the bottom sediment type. Some of the 
frequently-used symbols for this schematization are listed in Table 13-1. 

Figure 13-2 	 Lake Okeechobee boxes used in coarse grid model. 

Table 13-1 	 Symbols for the various modeled boxes used in the simulation of Lake 
Okeechobee. 

NL North Lake LT Littoral area 

MD Mud rone SN Sand area 

SB South Bay 

13.4 Algal Growth in Lake Okeechobee 

Model calibration and verification was accomplished by trying to match the 
long-term averages of water quality variables in Lake Okeechobee. The long term 
mean chlorophyll i was used to estimate the proportion of the total phosphorus 
associated with living algae. The long term measurements (Chapter 4) of suspended 
solids (fSS), turbidity (NTU), color (PCU), and secchi disc were used to estimate 
region specific absorption and scattering coefficients for light attenuation. Large 
algae are able to accumulate greater biomass than smaller algae before self-shading 
results in light limitation (Agusti, 1991). This accounts for the dominance of large 
algae in shaded, dense algal communities. 

Phytoplankton growth represents a composite pattern of many species and algal 
classes. The literature values on algal growth, respiration and excretion usually apply 
to single species (see Chapter 12). Primary productivity applies to whole populations 
and growth rate applies to single cells. The Talling column compensation is the point 
where photosynthesis equals algal respiration over a diel cycle. Chlorophyll i serves 
as an integrative measure of phytoplankton biomass and photosynthetic potential. 
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The net growth of an algal species is a complex realization of internal and 
external biological and physical conditions. The net growth rate of algae in the model 
is based on the work of Langdon (1988), as discussed in Chapter 12. Using Eq. 
12.6-1, a net algal growth rate (for green algae in this example) is: 

(13.4-1) 

where rlake - net rate of algal growth (day-I), 

f.L max - maximum growth rate (day-I), 
fl - light intensity function (Chapter 6), 
f2 - temperature function (Chapter 6), 

kru - respiration constant for new growth, and 
roG - respiration rate for zero growth (day-I). 

Values from this equation are consistent with net algal growth rates from data 
collected on Lake Okeechobee (Jones and Frederico, 1984). The net growth rate 
averaged O.5/day to O.6/day. 

A yield controlled system (Chapra and Reckhow, 1983) is controlled primarily 
by the balance between gross primary production and the physical processes of 
sinking and vertical mixing. 

13.5 Finite Difference Model of Lake Okeechobee 

13.5.1 Box Model Formulation 

The box model is a supplemental approach to the deterministic 3-D model. 
The main goal of this modeling is to predict the extent and rate of recovery of Lake 
Okeechobee in response to reductions in external loading rates. The objective is to 
predict annual changes in P concentrations in the lake. We attempt to incorporate the 
effects of pulsed events, e.g., major storms that cause accompanying pulsed releases 
from the sediment or littoral zone. These pulsed releases may in tum generate 
phytoplankton blooms in the lake. The main concern is to evaluate the averaged 
effects of reductions of P loading rates to Lake Okeechobee. 

The Blosser box model of Lake Okeechobee was found to simulate the long 
term mean and variance of SRP and TP (Blosser, 1986). The weakness of Blosser's 
model was in matching peak values of TP. This was attributed by Blosser to 
problems with the sediment erosion model. 

The total phosphorus concentration equation used in predicting the whole lake 
concentration on a yearly basis is (Canale and Effler, 1988): 
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d(V ·C) (13.5-1)= W - Q·C 	- v·A·C 
dt 

where 	V - volume of lake (m3), 
C - average lake-wide concentration (mg· m-3), 
v - annual average net settling veloci!y of total phosphorus from the 

pelagic zone to sediments (m· yr-1l' 

Q - annual outflow from lake (m3 •yr- ), 

A - lake surface area (m2), 


1W - annual loading to the lake in mg· yr- , and 

t - time (yr). 


The water continuity equation for a lake box is: 

box m stage (m), 
= 	 box m area (m2), 

box m inflow (m3/mo), 
box m outflow (m/mo), 
box m average monthly rainfall (m/mo), and 
box m average monthly evaporation (m/mo). 

Conservation of mass for a phosphorus species i in box m is: 

(13.5-3) 

where Vm 	 - box m volume (m3), 

- reactions of phosphorus species i in box m, Run 
Qim - inflow rate containing species i to box m (m3/mo), 
Qroi - outflow rate containing species i from box m (m3/mo), 

= concentration of phosphorus species i in box m, and Cim 

Cmr - rainfall concentration of species i into box m. 


13.5.2 Diffusion and Advection 

The terms that are products of flow x concentration, Q. C, are fluxes of 
phosphorus between boxes. Because actual flows between the various combinations 
of the five boxes are unknown, the fluxes have been considered in a heuristic fashion, 
in which the flux is broken into a pseudo-diffusive (PD) and pseudo-advective (PA) 
term. If the depths of adjacent zones are approximately equal, then mUltiplication by 
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area approximates differences in volume. Thus, the change in concentration due to 
the PD flux for transport, for example, from the north lake (higher concentration) to 
the mud zone (lower concentration) in the model is: 

(13.5-4) 

where llMmz = change in concentration in mud zone due to diffusion from north 
lake, 

Anl - surface area of north lake, 
~C - Cnl - Cmz ' assumed positive for this example, 
Amz - surface area of mud zone, 

Ymz - depth of mud zone, and 

Xi is a parameter incorporating a coefficient, DIFCONi , characteristic width between 
the north lake and mud zone, Vi' and characteristic distance between the two zones, 

Xi' 

DIFCON-· Y·/x-I (13.5-5)x-I == t I-

Parameters DIFCONi , Vi' and Xi (and thus, parameter ~) differ for the eight 
different pathways between lake boxes shown in Table 13-2. This table also indicates 
the numerical interpretation of subscript i. Values used in the modeling for the three 
input parameters are shown in Table 13-3. Parameter DIFCON is not a diffusivity 
because it has units of length/time, but rather an empirical transport coefficient. 
Note: in model LOPOD, parameter Y =YTRANS and x =XTRANS. After input, 
the meaning of XTRANS is converted to parameter X (Eq. 13.5-5) for internal 
computations in the model. Additionally in the model, parameter ~M is called DM. 

Diffusion occurs from the area of higher concentration to the area of lower 
concentration. Thus, if Cnl > Cmz' the diffusive flux occurs only from the north 
lake to the mud zone. The north lake surface area (instead of the north lake depth) is 
included in Eq. 13.5-4 as a conceptual way to indicate the magnitude of the volume of 
water containing phosphorus that can be diffused from box to box. This accounts for 
the units of DIFCON (units of length/time instead of the units of a diffusivity of 
length2/time). 

Organic phosphorus and particulate inorganic phosphorus are not advected or 
diffused across box boundaries because of the widely varying bottom sediment types. 
In addition the time scale of erosion and deposition is much shorted than the time 
scale of advection and diffusion. 

Diffusion always takes place from the box of higher concentration to the box 
of lower concentration. Thus, for example if the north lake concentration of SRP is 
higher than the mud zone concentration of SRP then Col - Cmz = ~C1 > 0 and the 
flux from the north lake box to the mud zone box would be positive, and the diffusive 
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Table 13-2 Advection and diffusion inter-box connections. 

1 - NL to Mud 2 - Mud to SB 3 - NL to Sand 

4 - Sand to SB 5 - NL to Litt 6 - Litt to SB 

7 - Sand to Mud 8 - Litt to Sand 

Table 13-3 Interbox transfer coefficients. 

Transfer Interface 
Lake Box Distance Width 
Interface xi, km Vi' km DIFCON 

1 North Lake  Mud Zone 20 20 0.5 
2 Mud Zone  South Bay 20 16 0.25 
3 North Lake - Sand Zone 26.8 6 0.05 
4 Sand Zone  South Bay 26.8 8 0.05 
5 North Lake - Littoral Zone 12 12 0.05 
6 Littoral Zone  South Bay 36 6 0.05 
7 Sand Zone  Mud Zone 18 28 0.05 
8 Littoral Zone  Sand Zone 12 26 0.05 

flux from the mud zone box to the north lake box would be zero. In Eqs. (13.5-6) to 
(13.5-10) that follow, without resorting to complicated mathematical notation, if Aq 
> 0, then the positive (left-hand) term in the numerator applies (and the right-hand 
term is zero), and if AC j < 0, then the negative (right-hand) term in the numerator 
applies (and the left-hand term is zero). This is the way in which these terms are 
programmed in Subroutine CMOV of the LOPOD model. With the notation of Tables 
13-2 and 13-3, the diffusive flux into (and out of) the five boxes are given below. 
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The diffusive flux for the mud zone (mz) is calculated as follows: 

Amz'Ymz 

(13.5-6) 

The diffusive flux for the north lake (nl) is calculated as follows: 

(13.5-7) 

The diffusive flux for the macrophyte (or littoral) area (mc or It) is calculated 
as follows: 

aMmc = 

(13.5-8) 
Amc·Ymc 


Xg • Asz • ACg - Xg •Amc •ACg 

• At 

Amc'Ymc 

The diffusive flux for the sand zone (sz) is calculated as follows: 
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=4Msz 

Asz·ysz 
(13.5-9) 

Asz·ysz 

Xg • Ame •.1Cg - XS· Asz •.1Cg 
• .1t 

Asz·ysz 

The diffusive flux for the South Bay (sb) is calculated as follows: 

4Msb = 
Asb ·Ysb 

(13.5-10) 
Asb ·Ysb 

Advective fluxes are assumed to occur on the basis of various current patterns 
in the lake. As for diffusion, the magnitude of these currents is unknown, and an 
inter-box flow, Qmi' in Eq. 13.5-3 is assumed proportional to the surface area of the 
box and a constant, S. Thus, the change in concentration for a box i due to inflow 
Qmi is assumed to be 

.1MM· = C • A • S • .1tJ(A .• y.) (13.5-11)
I m m I I 

In the model, .1MM a!! parameter DMM. Input parameter S (SPEED in the model) 
has units of velocity and represents a conceptual rate of change of the water surface, 
per time step. In almost all model runs advection plays a very minor role due the 
small value of S (approximately 0.005 m/day). Thus, the model is not sensitive to 
advection assumptions. 

As only one example of the code, the advective flux into and out of the mud 
zone (mz) is calculated as: 
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AnI' Cnl - Amz' Cmz
&MMmz = • S·..1t + 

Amz'ymz 

(13.5-12) 

13.S.3 Reaction Pathway Foote Difference Equations 

The phosphorus concentration at the end of a time step, Cn+1, is solved using 
two iterations. The first estimate (iteration) of the average phosphorus concentration 
is Cn+112, the concentration after advection and diffusion have been calculated from 
Eqs. (13.5-6) to (13.5-12). The second and final estimate Iteration) of the average 
phosphorus concentration is the volume-weighted mean of Cn + 1/2 and ER, the 
concentration changes due to reactions. The new concentration of a phosphorus 
species at the end of a time step, Cn+1, is thus calculated as follows: 

C n 1I2 'V nn+l + + ER·V (13.5-13)C = ---------------
V n+1 

where Vn lake box volume at the last time step, 
Vn + 1 _ lake box volume at the next time step, 
V average lake volume over the time step, and 
ER summation of phosphorus species reaction pathways for the 

timestep. 

The many phosphorus species reaction pathways are enumerated in Table 13-4, where 
the subscripts correspond to the subscripts used in Subroutine REACOD. 

13.6 Sediment Erosion and Deposition 

The bottom sediment type in Lake Okeechobee is considered homogeneous in 
each of the five areas (boxes) of the models LOPOD and LOP3D. This assumption is 
backed by the mapping of bottom sediments of Lake Okeechobee by Reddy et ale 
(1991). The lake contains mud sediments in the north and central lake areas, a broad 
sandy area between the littoral area and mud area, peat sediments and a rocky reef in 
the southern lake, and littoral sediments in the western area of Lake Okeechobee. 
The bottom coverage of sediments were 44.3 percent mud, 24.5 percent sand, 12.6 
percent peat and rocky reef, and 18.6 percent littoral (Reddy et al., 1991). 
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Table 13-4 Phosphorus reaction pathways. 

Pathway 

.dMI 

.dM2 

.dM3 

.dM4 

.dM5 

.dM6 

.dM7 

.dMs 

.d~ 
.dMlO 
.dMll 
.dM12 
.dM13 
.dM14 
.dM15 
.dM19 
.dM20 
.dM21 
.dM22 
.dM23 
.dM24 
.dM25 
.dM26 
.dM2S 
.dM29 
.dM30 
.dM31 
.dM32 
.dM33 
.dM35 
.dM36 
.dM37 
.dM3S 
.dM39 
.dM40 
.dM47 
.dM48 

Description 

DOP to SRP Remineralization 
GRN uptake o~ SRP 
GRN release of SRP 
GRN release of DOP 
BLU uptake of SRP 
BLU release of SRP 
BLU release of DOP 
ZOO uptake of GRN 
ZOO uptake of BLU 
ZOO release of SRP 
ZOO release of DOP 
Adsorption/Desorption of SRP 
DIA uptake of SRP 
DIA release of SRP 
DIA release of DOP 
SRP Tributary Load 
DOP Tributary Load 
SRP export through surface water 
DOP export through surface water 
GRN export through surface water 
BLU export through surface water 
DIA export through surface water 
ZOO export through surface water 
GRN settling loss 
BLU settling loss 
DIA settling loss 
SRP Precipitation Load 
DOP Precipitation Load 
Diagenetic flux of SRP 
ZOO uptake of DiA 
Erosion flux of ORG 
Deposition flux of ORG 
Erosion flux or PIP 
Deposition flux or PIP 
Advective flux of bottom SRP 
Bottom biota source of DOP 
Bottom biota sink of SRP 

13-13 




The surficial storage (upper 10 centimeters) of phosphorus in the bottom 
sediments is 28.7 million kilograms (Reddy et al., 1991). This storage of phosphorus 
is almost evenly divided between mud storage (42 percent) and sand storage (41 
percent). The mud storage of phosphorus is more susceptible to wind mixing than the 
sand storage (Sheng et al., 1991c), but the diffusive flux of SRP from the sand area is 
greater than from the mud area (pollman, 1991). 

The possible pathways for phosphorus transfer across the sediment water 
interface include those listed below. In this list, the numbers in parentheses refer to 
monitored pathways in model LOPOD that are numbered in Table 13-11 (discussed 
later). 

1. 	 Erosion of organic sediment phosphorus (#74). 

2. 	 Erosion of inorganic sediment phosphorus (#77). 

3. 	 Deposition of organic sediment phosphorus (#75). 

4. 	 Deposition of inorganic sediment phosphorus (#78). 

5. 	 Diffusion of inorganic phosphorus (SRP) across the sediment
water interface (#63). 

6. 	 Entrainment of interstitial SRP duli-ng erosion and transfer to the 
pelagic (#76). 

7. 	 Pelagic adsorption of SRP to PIP and pelagic desorption of PIP 
to SRP (#40 and 41). This two-way process coupled to the 
process of erosion-deposition of PIP means that a particular 
sediment may function as a source or sink of pelagic SRP. 

8. 	 Settling algae to the bottom sediments (#59). This means that 
new organic phosphorus is being accumulated to replace the 
organic phosphorus transformed to inorganic phosphorus and the 
organic phosphorus loss to the deeper bottom sediments. 

Additional material examined in the box model of Lake Okeechobee is the 
time a lake box EPC > SRP, where EPC = equilibrium phosphorus concentration. 
This indicates the time suspended sediment is a source and/or sink of pelagic SRP. 

SRP < EPC 	 (pathway #67, Table 3-11). Sediments are a source of 
pelagic SRP. This occurs primarily in the sand zone. 

SRP > EPC 	(pathway #66, Table 3-11). Sediments are a sink of 
pelagic SRP. 	 This occurs primarily in mud, littoral, and 
peat sediments. 

13-14 




The sink of absorbed SRP to PIP is a significant loss term in the phosphorus 
model. The absorbed phosphorus settles to the bottom of the lake, where it 
subsequently either is eroded or transformed in the diagenetic model. 

The current average sediment accumulation rate is 282.5 g. m2/yr in Lake 
Okeechobee (Brezonik et aI., 1989). Sediment accumulation has accelerated in the 
1900s, with the largest increase in the phosphorus sedimentation rate occurring in the 
last 40 to 50 years (Brezonik et aI., 1989). The post 1900 sediment accumulation rate 
is 500 percent greater than the pre 1900 rate. The phosphorus accumulation rate can 
be estimated from the sediment accumulation rate and the ratio of total phosphorus to 
sediment (1178 mg P/kg dry weight sediment). Thus, the phosphorus accumulation 
rate is 282.5 x 117811000 = 333 mg p. m2/yr. A similar vaIue of 257 mg p. m2/yr 
was found by Messer et aI. (1979). Lennox (1984) estimated an internaIloading of 
132 mg p. m2/yr from the littoral area of Lough EnnelL 

Sediment erosion only occurs during the two night-time steps (see Section 
13.10.1). Sediment deposition occurs during every time step. This gives a diurnal 
pattern to the pelagic sediment concentration. A similar pattern was measured in 
Lake Okeechobee by Sheng et aI. (199lc). 

Using the mean daily wind in m/sec (W), the fetch length (FL) in meters and 
the depth (y) in meters the mean daily bottom shear stress (T) is calculated as: 

GG - 9.8061W2 (13.6-1) 

ARGI = TANH(0.530.(GG. yO.75) (13.6-2) 

ARG2 = 0.00565· (FL.GG)1I2 (13.6-3) 

ARG3 = TANH(O. 833 • (GG • yO.375) (13.6-4) 

ARG4 = 0.0379. (PL, GG)0.333333 (13.6-5) 

ARG5 = W/9.806 (13.6-6) 

TS - 7.54· ARG3 ·TANH(ARG4/ARG3)· ARG5 (13.6-7) 

HS - 100·0.283 ·ARGl·TANH(ARG2/ARGl)/GG (13.6-8) 

LFET - 9.81·TS2/(2 ·n) (13.6-9) 

LD - LFET· TANH(2.0· n . Y ILFET) (13.6-10) 

UP - 2·n· HS/(TS' SINH(2.0·n· YILD» (13.6-11) 

T - Up2.PW12 (13.6-12) 
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The daily erosion value rate is: 

[(TITer - 1.0) + I TITer - 1.0 I ]12 (13.6-13) 

Tmax (13.6-14) 

Fe (13.6-15) 

13.7 Stage-Area-Volume in Lake Okeechobee 

The depth-area-volume relations used for Lake Okeechobee is shown in Figure 
13-3. This relationship is important since a primary cause of increased TP 
concentrations is a lower lake depth and volume, and a primary cause of increased 
SRP concentrations is a higher lake s~e. The modeled surface area in the 3-D 
model of Lake Okeechobee is 1944 km"2. This is a maximum surface area and is 
inappropriate for the O-D model of Lake Okeechobee based on stage data from 1932 
to 1988. The LOPOD model uses a maximum surface area of 1805 km2 (Shih, 1980), 
which is a better approximation of the real surface area of Lake Okeechobee. The 
translation from the aggregate boxes in the 3-D model and the lake area in model 
WPOD was accomplished by subtracting 35 km2 from the north lake, sand zone, 
littoral, and South Bay boxes of Lake Okeechobee. The discrepancy between the lake 
surface area at high lake stages is significant only at high lake stages (Shih, 1980). 

Each lake box has the same stage and depth, but differing lake areas. The 
lake depth for the remaining days of the month are based on separate pan coefficients 
for the macrophyte (PmJ and other lake boxes (PIlJ, and the average monthly 
precipitation (RAIN). The lake depth is calculated as follows: 

+ KR + FEC + S23 + Sl91 + Inflow

- CALOO - HGSX - Outflow] I AJake (13.7-1) 

Acronyms for lake inflows and outflows correspond to locations shown on Figure 5-1. 
(See also Section 13.10.11 and Tables 13-6 and 13-7 later in this chapter.) 

13.8 Lake Okeechobee WPOD Boundary Conditions 

The simulation period used in the O-D Lake Okeechobee modeling covered the 
period 1979 to 1988. The time series history of the loading and boundary conditions 
to Lake Okeechobee are presented in Figures 13-4 through 13-10. The changes in 
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Figure 13-7 	 Daily wind movement above 
the pan evaporation station 
at Belle Glade for 1979
1988. 
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Figure 13-10 Major hydraulic input 
(rainfall and inflow) and 
output (evaporation and 
outflow) for 1979-1988. 

loading, wind, inflow, outflow, precipitation, evaporation and stage between the 
1970s and the 1980s were discussed in Chapter 4. 

The wind movement above the evaporation pan is measured at a height of 2 
meters. A power law profile for wind speed uses an exponent of (I!7) for changing 
the wind speed from that measured at 2 m to an estimated wind speed at 10m 
(Schwab and Morton, 1984). The wind speed should be increased by a factor 
(10/2)117 = 1.26 to be usable in wind shear formulas. The relationship between 
over-lake wind speed and land wind speed is also a function of the wind speed class 
and the air-lake temperature difference. Neglecting the wind speed class and air-lake 
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temperature difference, the best predictor of over-lake wind speed (Ww) is a constant 
1.18 •WI in the Great Lakes (Schwab and Morton, 1984). We will use a value of 
1.26·1.18 to estimate the mean overlake wind speed in Lake Okeechobee at a height 
of 10 meters. 

13.9 Nonnalized Nutrient and Hydraulic Loading 

The total phosphorus load (kg) and total hydraulic load (m3) are often divided 
by the lake surface area to normalize the loading for inter- and intra-lake 
comparisons. The smaller numbers are also easier to understand and comprehend. 
The external nutrient loading is usually presented in units of mg/m2 (Figure 13-5), 
and the hydraulic loading in units of meters (Figure 13-4). The normalized external 
loading can be compared to internal loading, algal uptake, algal respiration, areal 
nutrient transformation rates, sediment erosion and deposition, and nutrient 
concentrations. Time integrated concentration can be compared to the total areal 
transformation rates, external and internal loading, and net flux from the sediments. 

Using volume weighted concentrations to compare measured synoptic data is 
preferable to arithmetic weighting comparisons with synoptic data. We tried to 
minimize this problem by segregating the statistics by lake box (each box has 
approximately the same depth). (Note: A confounding factor in using data from 1979 
is the overflowing of Kreamer Island and Ritta Island in South Bay resulting in large 
and unquantifiable loading of phosphorus to Lake Okeechobee (Federico et al., 1981). 

13.10 General Modeling Considerations 

13.10.1 Time Steps 

Four time steps per day are used in the model: two daylight and two night 
time steps. The fIrst daylight time step is from sunrise to solar noon, and the second 
is from solar noon to sunset. The first night time step is from sunset to midnight, and 
the second from midnight to sunrise. Four daily time steps are necessary because of 
the importance of diurnal variation of suspended sediment, solar radiation, 
temperature, the high rate of algal uptake of SRP, and the high rate of zooplankton 
uptake of algal species. 

Even with four time steps per day some reaction pathways result in negative 
concentrations of a phosphorus component. Any reaction pathway that results in a 
negative concentration is disallowed, and only 25 percent of the reaction pathway is 
used by the model. For examf1e, if the green algal uptake of SRP is 10 mg/m3, the 
concentration of SRP 5 mg/m , then the modified green algal uptake will be 2.5 
mg/m3. The lowest limit for any phosphorus species in the model is 0.001 mg/m3 (1 
ug/l). 
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13.10.2 DOP Remineralization 

The reaction pathway rate between nop and SRP is linear, and the typical 
calibrated remineralization rate is based on turnover times of nop from 10 days to 20 
days. Slower turnover rates of nop result in unrealistic concentrations of nop in 
Lake Okeechobee. Higher turnover rates of nop result in low concentrations of 
nop and high concentrations of SRP in Lake Okeechobee. A mean value of 
0.075/day with a range from 0.05/day to 0.100 day results in reasonable values of 
nop and SRP in the simulated Lake Okeechobee. 

13.10.3 Lake Precipitation Loading 

The dry and wet deposition loading of SRP and nop to Lake Okeechobee is 
simulated using a constant concentration of SRP and nop, a shading coefficient of 
0.8 for rainfall over the lake, and measured monthly rainfall from stations located 
around the periphery of the lake. The mean Florida bulk precipitation concentrations 
were 21 ug/l for SRP and 36 ug/l for TP (Brezonik et al., 1983). The parameters 
used for precipitation loading are discussed in more detail in Chapter 6 of this report. 

13.10.4 Lake Diagenetic Flux 

The diagenetic flux of SRP from the bottom sediments occurs in all five lake 
boxes. The parameters used for estimating the bottom flux is discussed in more detail 
in Chapter 8. All bottom fluxes are predicted or simulated in units of mg/m2-day. 
The added concentration per time step is simply the flux· 6t divided by the mean box 
depth in meters. 

The top boundary condition for the diagenetic model is the average box SRP 
concentration for the previous day. The magnitude of the diagenetic flux is only 
updated daily. 

Transfer of SRP across the sediment-water interface is a two way process. 

Csrp > Caq 	 The diffusive transfer is from the pelagic to the 

sediment. 


C < C	 The diffusive transfer is from the sediment to the srp aq 

pelagic. 


An important interaction between sediment and pelagic SRP is occurs through the 
process of pelagic adsorption/desorption. The details are discussed in Chapter 8. 

It was necessary to develop an internal sediment phosphorus model to balance 
the many-fold pathways of pelagic-sediment interaction. The source of new organic 
phosphorus is algal settling. The organic phosphorus is modeling differently than in 
Pollman's diagenetic model. We consider only the top ten centimeters of the 
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sediment to viable and interacting. We thus use a small vertical segmentation through 
the aerobic and anaerobic sediment. 

13.10.S Macrophyte, Corbicula, and Algal Mat Fluxes 

An additional flux of SRP and OOP is simulated in the macrophyte, sand, and 
South Bay areas of Lake Okeechobee. The purpose of this flux is to acknowledge in 
the model the effect of macrophytes, benthic organisms such as Corbicula, and algal 
mats on the pelagic concentrations of phosphorus in Lake Okeechobee. The 
parameters used for estimating the bottom flux are discussed in more detail in Chapter 
9 of this report. Since we have incomplete information on the magnitude and timing 
of these pathways we must make the following realistic assumptions: 

1. 	 The net yearly flux is assumed negligible. We assume that half 
of the year the three boxes are a sink of SRP and the rest of the 
year the boxes are a source of OOP. The boxes are assumed to 
be a sink of SRP in the spring and summer, and a source of 
OOP in the fall and winter. 

2. 	 The magnitude of the daily source or sink is assumed to be 
comparable to the diagenetic flux of SRP. 

13.10.6 Algal and Zooplankton Reaction Pathways 

The uptake of SRP by the simulated algal species utilize Subroutine A TEMP 
to calculate the reaction rates based on the current lake water temperature. Algal 
uptake only occurs during the two daily time steps. The maximum algal uptake rate 
is moderated by the effects of light, temperature, and SRP concentration as discussed 
in Chapter 12. The uptake of SRP is calculated in units of concentration per time 
step. 

The release of SRP and OOP by the simulated algal species utilizes Subroutine 
ATEMP to calculate the reaction rates based on the current lake water temperature. 
Algal release occurs during both the two nightly and two daily time steps. A lower 
limit of 1 or 2 mg/m3 is used for all algal loss pathways. This lower limit allows the 
simulated algal species a continued presence in each lake box. Otherwise, the 
concentration of algae may become unviable and affect the prediction of phosphorus 
in the lake. The reaction mechanisms of algal excretion and death are discussed in 
Chapter 12. The excretion and release of OOP and SRP, respectively, are calculated 
in units of concentration per time step. 

The settling rate for green,and blue-green is based on a variant of Stoke's 
Law and varies daily throughout the year. The settling rate of sediment organic 
phosphorus is constant throughout the year. The settling rate units are m/day. The 
settling rate loss is calculated as 4t· rate/depth. Settling occurs during both the 
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daylight and night time steps. The antithesis of settling, erosion occurs only during 
the two night time steps. 

The settling velocity of algae <Kso or KsB) is a function of the water density 
(P), viscosity (11), daily wind (W), algal shape factor (~hapJ, algal radius (~d)' and 
wind factor (1/;). For example, for blue-green algae: 

(13.10-1) 

Zooplankton uptake of algal species is based on Michaelis-Menten kinetics. A 
lower limit of 1 or 2 mg/m3 is used in modeling the algal uptake by zooplankton. 
The predation by zooplankton is assumed to be impossible for smaller algal 
concentrations. Zooplankton uptake occurs during all daily and night time steps. 

Zooplankton excretion of SRP is 50 percent of the total algal uptake. This 
conversion of algal biomass to SRP by zooplankton is an important source of SRP 
during the summer months. The death of zooplankton is simulated as a quadratic 
function. The quadratic loss term represents the consumers of zooplankton, i.e., fish. 
This quadratic loss pathway places an upper limit on the zooplankton concentration. 
Typically, the upper range of zooplankton concentration is 5 to 10 mg/m3 in the lake 
simulation. Zooplankton phosphorus pathways are discussed in more detail in 
Chapter 12. 

13.10.7 Dynamic Adjustment of Algal Fractions 

The species of algae included in the model have quite different characteristics: 

Blue-green Slow growth and death, these algae remain in the water 
column by maintaining buoyancy and minimizing 
predation. 

Green Fast growth and recycle, these small algae are 
responsible for most of the pelagic community 
metabolism. 

Diatom A small component of the algal population, except during 
very turbulent months when they are able to maintain 
their position in the water column. 

The blue-green algae include both N2-fixing and non-N2-fixing algae .. 
Nitrogen is not simulated in this model and is only infrequently and locally limiting in 
Lake Okeechobee. 

The numerical difficulties in modeling multiple algal species is center around 
ensuring that one species does not totally dominate the entire algal population. This 
undesirable result can occur because the large space scale of the models LOPOD and 
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LOP3D do not reflect the heterogeneity and small scale patchiness of the real algal 
population that ensures the survival of multiple algal species. Harkening back to the 
discussion in Section 12.3.1 of Hutchinson's "Paradox of the Plankton", the paradox 
in algal modeling is akin to Hutchinson's paradox. 

How then, do we ensure that algal classes survive the hustle and bustle of 
pelagic existence? The only conceivable way is to use the vast knowledge of algal 
behavior in literature. For example, the diatom algal dominance of the spring bloom 
is due to wind mixed turbulence in both northern temperate and Florida lakes. The 
model replicates this condition by making diatom algal settling a function of 
turbulence (Le., wind action). This is further elaborated in Chapters 7 and 12. The 
periodic green algal blooms are modeled as windows of opportunity in the general 
blue-green algal dominance of the lake phytoplankton (Chapter 12). 

The algal loss pathway of GRN and BLU death and excretion to DOP are 
adjusted every two days to prevent the dominance of anyone algal class in the 
simulated lake algal popUlation. Each algal class has a lower and upper fraction of 
the total algal population, which is defined by the user of the program. The values 
used in the calibration are shown in Table 13-5. The adjustment procedure is as 
follows: 

When an algal class falls below its allowable percentage the value of 
Kod or KBd is decreased by 0.OO5/day. 

When an algal class exceeds its allowable percentage the value of Kod 
or KBd is increased by 0.OO5/day. 

The allowable lower and upper limits of Kod and KBd are O.Ollday and 
0.20/day, respectively. 

Table 13-5 Algal population limits (fraction of total population). 

Algal Class Lower Limit Upper Limit 

Green 0.10 0.50 
Blue-green 0.10 0.90 

The reason for this procedure was the extreme sensitivity of the algal 
phosphorus concentrations to the choice of the algal uptake, release, settling, and 
death parameters. Basically, given a suite of GRN (green) algal parameters and a 
suite of BLU (blue-green) algal parameters, one algal class would always dominant 
(> 99 percent) in the simulation. This would have a drastic effect on the other 
simulated phosphorus species since the behavior of the two algal species varied 
dramatically. By dynamically adjusting one loss coefficient during the course of the 9 
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year simulation the apparent distribution of Lake Okeechobee algal species was 
mimicked by the model, and the overall simulation become less sensitive to the choice 
the initial algal parameters. 

13.10.8 Algal Populations and Time Scales 

The most serious issue we wrestled with in the calibration of the model was 
ftnding the best and most accurate representation of the reaction rate formulations and 
constants used in this dynamic phosphorus model of Lake Okeechobee. We selected 
the coefficients for green algal growth to have the following characteristics: 

1. 	 High settling rate to remove green algal cells to the bottom 
sediment. Green algal settling was 66 percent of the total algal 
settling. 

2. 	 Green algae are subject to a high grazing pressure from 
zooplankton and ftsh. 

3. Fast uptake of SRP. 


Blue-green algae have the following selected characteristics in the lake: 


1. 	 Lower settling rates -- arbitrarily set to 25 % of rate for green in 
LOPOD. 

2. 	 Blue-green algae are subject to lower grazing pressure from 
zooplankton and ftsh. 

3. 	 Slower uptake of SRP. 

The reaction rates (p. and K with units of lItime) have important implications 
on algal time scales. The inverse of a reaction rate OCr) indicates the time scale of 
the pelagic response (1'). 

7 ,. 	 11 ~ (13.10-2) 

For example, 7 = 20 days for ~ = 0.05/day, 7 = 2 days for ~ = 0.5/day, and 
7 = 1 day for ~ = l.O/day. 

The background release of SRP and DOP from the modeled algae must be 
reasonable for the entire year. Consider that a release rate of 0.10/day (7 = 10 days) 
means the algal concentrations in the colder (less reactive) winter months will drop to 
near zero. Conversely, a release rate of 0.05/day (7 = 20 days) ensures the algal -. concentration remain at a viable level for summer growth. 
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Algal growth and growth stimuli are uncoupled in time. A lag time exists 
between the application of a nutrient and subsequent algal growth. One explanation is 
that of an "intrinsic" lag time due to a period of biochemical adjustment, plus and 
"extrinsic" lag time due to variability in growth and loss rates. The lagged growth 
phenomenon occurs in laboratory, microcosms, and lakes (Duarte, 1990). The 
response time of lake phytoplankton to increased external algal growth is 11 days 
from vertical mixing to 23 days to whole lake enhancement. 

Algae with high net growth rates can be expected to show a short lag time. 
Small species, with high growth rates, should dominate fluctuating environments. 
The models LOPOD and LOP3D have a lower limit of algal concentration (,. 1 ugll). 
The lag time phenomenon also accounts for the spatial separation that occurs between 
the source of nutrients (Le., the tributaries) and the manifestation of the nutrient load 
(Le., higher algal growth and larger standing crops of algae). This may lead.to 
wrong conclusions about the source of algal blooms. The source may be the northern 
lake tributaries, but the right conditions for algal growth may only take place in the 
south bay of Lake Okeechobee. 

The residence time of the lake was 2.1 years based on the hydraulic loading 
and 4.3 years based on the surface outflow rate. However, the phosphorus residence 
time is appreciably shorter based on summing the phosphorus transformation rates. 
The response time of the lake is predicated on the reactive residence time of the lake. 
A lake with a residence time of 2 to 5 years will take at least 10 years to completely 
respond to external and structural changing conditions. 

13.10.9 Phosphorus Import and Export 

Tributary loadings to Lake Okeechobee in the model occur in the north lake, 
South Bay, mud zone and macrophyte zone. The loadings are mean daily loads in 
mg/m2 and are based on the mean monthly concentrations of SRP and TP in the 
tributaries of Lake Okeechobee (Carey and Huber, 1990). The loads are entered 
based on a whole lake area and converted to a box-specific areal loading on the 
current value of the lake box area (see Table 13-6). 

Table 3-6 Specific nutrient loadings to Lake Okeechobee. 

Tributary Name Lake Box 

S191 
KR 
FEC 
S23 
Residual SRP 
Residual DOP 

North Lake 
North Lake 
Macrophyte 
South Bay 
North Lake 
North Lake 
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Phosphorus export from Lake Okeechobee via the surface outflow canals in the 
model occurs in the South Bay, mud zone and macrophyte zone. The export loads 
are in mg/m2 and are based on the current box concentration of the various 
phosphorus species and mean monthly surface outflow rates (see Table 13-7). 

Table 3-7 Specific outflows from Lake Okeechobee. 

Tributary Name Lake Box 

CALOO Macrophyte 
HOSX Mud Zone 
Residual South Bay 

Three special facilities are used in the input of the tributary loads to Lake 
Okeechobee. The concentration of phosphorus in the inflow from NubbinS/Slough 
can be limited. For example, the inflow concentration can be limited to 200 mg/m3• 

The total tributary loading can be reduced or increased by using the parameter 
REDLOW in the input data flle. For example, load reduction alternatives tested for 
the SFWMD used 50 percent and 70 percent reduction in total load (REDLOW = 
0.5, 0.3, respectively). 

13.10.10 Initial Phosphorus Conditions 

The beginning phosphorus species concentrations of both model LOPOD and 
model LOP3D are initialized using the following procedure based on measured SRP, 
TP and TSS concentrations: 

First the concentration of particulate inorganic phosphorus or PIP (Cp) 
is estimated based on the measured TSS concentration (Csed) and a 
partition coefficient, or Cp = Csed ' ~ip' 

Secondly, the sediment organic particulate phosphorus or ORO 
concentration (Corg) is estimated based on the measured TSS 
concentration and a partition coefficient, or, Corg = Csed ' Korg• 

Thirdly, the concentration of residual phosphorus, Cdiff, is estimated 
as: 

(13.10-3) 

where CTP 	 TP concentration, and 
SRP concentration. Caq 
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The residual phosphorus concentration is then partitioned into starting concentrations 
of dissolved organic phosphorus or nop (CD)' green algae (Co), blue-green algae 
(CB), and zooplankton (CJ using the proportions shown in Table 13-8. The models 
are not overly sensitive to the starting values of phosphorus since the rates of 
phosphorus transformations are sufficiently high to alter the proportion of phosphorus 
components in two to three days. 

Table 13-8 Residual Cdiff phosphorus proportions (fractions of Cdiff). 

nop 0.60 GRN 0.19 BLU 0.20 ZOO 0.01/1 II 

13.10.11 Lake Area and Lake Box Areas 

The area of each box is adjusted every time step based on the current lake 
stage and depth. The base of every box is 1.76 meters and the stage is simply depth 
(meters) plus 1.76 meters. The starting lake areas are shown in Table 13-9. 

Table 13-9 Lake Areas in km2 for Model LOPOn. 

North Lake 216.0 Macrophyte 448.0 

Mud Zone 616.0 Sand Zone 288.0 

South Bay 236.0 Whole Lake 1804.0 

The starting lake stage for day 1 of the month is the measured lake stage. The 
lake depth in meters is calculated as follows during the course of a month: First, 
the whole lake area in km2 for a time step is calculated from the lake stage in meters 
as (Shih, 1980): 

Area = 1067 • loge [stage + 0.105] (13.10-4) 

The difference in lake area between the full lake area (1804 km2) and the area given 
by the above equation is assigned to the five lake boxes as follows: 

The entire areal difference when less than 224 km2 is assigned to the 
macrophyte area of Lake Okeechobee. In other words the north lake, 
mud zone, sand zone, and South Bay lake areas are constant when the 
total lake area > 1580 km2 (1804-224). 
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Lake area differences greater than 224 krn2 are assigned equally to all 
five lake boxes based on the ratio of the lake area difference I 1580 
km2. This ratio is never allowed to go below 0.20. 

13.10.12 Conservation of Mass 

The global continuity of each phosphorus component in the lake model must 
be considered. The model computes the global continuity of SRP, DOP, GRN, BLU, 
DIA, PIP, ORG, and ZOO phosphorus components. 

13.11 Calibration and Verification of LOPOD Model 

13.11.1 Whole-Lake Results 

The eight measured Lake Okeechobee stations that were discussed in Chapter 5 
were used to calibrate and verify the LOPOD model for the period 1979-1988. Model 
LOPOD predicts the eight phosphorus components that together equal total phosphorus 
(TP) as discussed in Chapter 2 of this report. 

Large sources of uncertainty in calibrating the box model of Lake Okeechobee 
include the spatial variation in TP at any time and imprecisions in TP measurements. 
The large-scale box model LOPOD uses a single phosphorus species concentration to 
represent the spatially variable phosphorus concentrations. The measured TP 
concentrations used in calibrating the model are subject to uncertainty in measurement 
and errors in matching measured species and modeled components of phosphorus. 

The first step in the model calibration was the simulation of the lake stage 
using measured precipitation, estimated evaporation, and measured lake tributary 
inflows and outflows. Additional infonnation on the characteristics of these boundary 
conditions are discussed in earlier chapters of this report. The measured and 
predicted lake stages using monthly time steps are shown in Figure 13-11. The match 
is very good, signifying that the basic hydrologic boundary conditions of Lake 
Okeechobee are correctly defined for the model. A key calibration parameter, the 
pan evaporation coefficient, required a value of 0.965 to match the predicted and 
measured lake stages (Figure 13-12). A value of 0.865 was used by Shih (1980) in a 
simulation of the lake stage of Lake Okeechobee during the 1960s and 1970s. The 
larger pan coefficient may be due to a larger evapotranspiration loss in the 1980s 
from the increased littoral zone surface area. 

The second step in the process of model calibration is comparison of measured 
and predicted volume-weighted-average TP and SRP concentrations for the whole 
lake. These were prepared using the QuattroPro spreadsheet file OUTPUT.WQ1, 
supplied to the South Florida Water Management District in conjunction with this 
final report, which prepares volume-weighted average concentrations based on the 
LOP3D predictions and on the SFWMD eight-station measurements. Weights are 
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Figure 13-12 Calibrated pan evaporation coefficient of 0.965 balances the total water 
inflows and outflows. 
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given in Table 13-10 and are based on the areas and average depths of the lake 
. regions (Carey and Huber, 1990). The comparison for the simulation period of 1979 
- 1988 is shown for TP in Figure 13-13 and for SRP in Figure 13-14. (The time 
series of measured values for each measurement station are also shown in Appendix D 
of this report.) The simulation is driven by the phosphorus loadings shown in Figure 
13-5 along with wind and other forcing functions described earlier. 

Total phosphorus concentrations predicted by LOPOD (Figure 13-13) follow 
the highs and lows of the measured values marginally well. (However, the statistical 
comparison is good: see Section 13.12). The over-prediction in 1982 is vexing, and 
the writers have been unable to avoid it after having made many reasonable 
adjustments to parameters. This period of 1982 corresponds to a very low lake stage, 
when the model is especially sensitive to wind shear. The model typically predicts 
high algal and DOP concentrations. Some natural processes that are not included in 
the model are evidently able to reduce both TP and SRP in the lake during the 
unusual time period. Without arbitrary, time-specific parameter adjustments, the 
model cannot reproduce this condition well; fortunately, the remainder of the 
measured time series of both TP and SRP are reasonably well mimicked. 

Predicted TP values for 1979-1982 are slightly higher than predicted values for 
1983-1988, consistent with the measurements at stations L003-LOO8, as shown in 
Figure 13-13. That is, the ratio of TP values in time period 1979-82 to values from 
1972-1979 is higher than the similar ratio for 1983-1988:1972-79 for all stations but 
LOOI and L002 which are influenced by lower loadings from the Kissimmee River 
and other north lake inflows during the 1983-88 time period. (Additional statistical 
comparisons may be found in Section 13.12.) 

Predicted SRP concentrations agree better with measured values for the lake, 
as shown in Figure 13-14. Annual cycles are followed reasonably well, with the 
exception of 1982, for which the model over-predicts, in response to the similar 
over-prediction of TP for those time periods. The SRP prediction is better because it 
responds more directly to inflows to the lake, as indicated by Carey and Huber 
(1990). These authors also indicated a response of TP to wind, on the basis of time 
series analysis, that relates to the problems of TP prediction discussed in the previous 
paragraph. (Additional statistical comparisons may be found in Section 13.12.) 

13.11.2 Individual Box Results 

In addition to the whole-lake TP and SRP comparisons, Figures 13-15 - 13-22 
show measured and predicted TP and SRP time series for the four boxes of the lake 
for which individual stations can be used for comparison (all except the littoral or 
macrophyte zone). Note: in these figures, the solid squares indicate predicted 
phosphorus, and the plus signs indicate measured phosphorus, as in Figures 13-13 and 
13-14. The comments made above for the whole lake apply reasonably well to the 
comparison in the four zones as well, e.g., over-prediction in 1982, under-prediction 
in 1986, and for the same reasons. Measured sand zone SRP values (Figure 13-20) 
are often at a threshold level that the model seldom achieves, although there are 
distinct peaks in measured as well as predicted sand zone SRP. 

13-30 



Table 13-10 Weights used for volume weighting 

Lake Segment Volume 
Weight 

Lake 
Segment 

Volume 
Weight 

North Lake 
Mud Zone 

0.315 
0.258 

1...001 
1...002 

0.178 
0.102 

Sandy Zone 
Macrophyte Zone 
South Bay 

0.125 
0.166 
0.136 
-----

1: 1.000 

1...003 
LOO4 
1...005 
LOO6 
1...007 
1...008 

. 

0.076 
0.216 
0.084 
0.203 
0.072 
0.069 
-----

1: 1.000 
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Figure 13-13 Mean whole-lake TP in Lake Okeechobee. 
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Figure 13-14 Mean whole-lake SRP in Lake Okeechobee. 
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Figure 13-15 Mud zone total phosphorus in Lake Okeechobee. 

13-32 




90 

- 80 -""-" I 

Q) 	 •"::J 70 1 
i~\ 

C.- 60 

0.- i 	 ..50a::: -" (f) 	 rif IIIfa
I~ 

T... ... I~ 't40 	 I~ 
I

C ~ 	
t ~\ ~1 t 

0 

(J) 

30 I ~~ J"s. k 

N ~ I _ti ff ! rt i-t II) ~ ~ )fe, 
III III /\'"'0 r+ 	 .:t 

:J it 	 ~ i ~rr II I 

20 

~ 1J ~V10 . i~ ~ 	 1 lAAiW~ 	 III ~ Io 	 I I i I I 

79 80 81 82 83 84 85 86 87 88 

Date in years 

Figure 13-16 Mud zone SRP in Lake Okeechobee. 
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Figure 13-17 North lake total phosphorus in Lake Okeechobee. 
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Figure 13-18 North lake SRP in Lake Okeechobee. 
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Figure 13-19 Sand zone total phosphorus in Lake Okeechobee. 
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Figure 13-20 Sand zone SRP in Lake Okeechobee. 
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Figure 13-21 South Bay total phosphorus in Lake Okeechobee. 
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Figure 13-22 South Bay SRP in Lake Okeechobee. 

Subsequent sections include further discussion on model calibration, phos
phorus fluxes along various pathways, and figures containing concentrations and 
fluxes for each of the five lake "boxes," averaged over the simulation period. In 
Section 13.12, comparisons are made for various loading scenarios. Finally, 
complete output of average concentrations and fluxes is provided in Appendix D (for 
the 100% load scenario). 

13.11.3 Output of Miscellaneous Fluxes, Storages, etc. 

The LOPOD model provides a multitude of output in the form of sums, 
averages, etc. of fluxes, stages, storages, etc. The output is in the graphical form of 
Figure 13-2. That is, each box contains a summary of a flux, etc. for each lake sub
area, with the lower right-hand box containing the summary for the whole lake. 
There are 102 different summary graphics, as listed in Table 13-11. Because of this 
large number, this output is provided in Appendix D, but occasional reference will be 
made to numerical values obtained from that summary. 
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Table 13-11 List of figures in appendices. 

Figure No. 

01 
02 
03 
04 

06 
07 
08 
09 

11 
12 
13 
14 

16 
17 
18 
19 

21 
22 
23 
24 

26 
27 
28 
29 

31 
32 
33 
34 

36 
37 
38 
39 

41 
42 
43 
44 

46 
47 
48 
49 

Figure Name 

Inflow 
Outflow 
Evaporation 
Precipitation 
Mean box stage 
Mean box depth 
SRP mean box concentration 
OOP mean box concentration 
GRN mean box concentration 
BLU mean box concentration 
DIA mean box concentration 
ZOO mean box concentration 
PIP mean box concentration 
ORG mean box concentration 
SED mean box concentration 
TP mean box concentration 
SRP time integrated burden 
DOP time integrated burden 
GRN time integrated burden 
BLU time integrated burden 
DIA time integrated burden 
ZOO time integrated burden 
PIP time integrated burden 
ORG time integrated burden 
SED time integrated burden 
SRP remineralization from DOP 
GRN uptake of SRP 
GRN respiration to SRP 
GRN death to DOP 
BLU uptake of SRP 
BLU respiration to SRP 
BLU death to OOP 
D1A uptake of SRP 
DIA respiration to SRP 
DIA death to DOP 
ZOO uptake of GRN 
ZOO uptake of BLU 
ZOO respiration to SRP 
ZOO death to OOP 
Desorption. PIP to SRP. 
Adsorption. SRP to PIP. 
Mean GRN uptake rate 
Mean GRN respiration rate 
Mean GRN death rate 
Mean BLU uptake rate 
Mean BLU respiration rate 
Mean BLU death rate 
Mean D1A uptake rate 
Mean DIA respiration rate 
Mean DIA death rate 
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Table 13-11 List of figures in appendices (continued). 

Figure No. 

51 
53 
54 
55 
56 
57 
58 
S9 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103* 

Figure Name 

Mean ZOO uptake of GRN 
Mean ZOO uptake of BLU 
Mean ZOO respiration rate 
Mean ZOO death rate 
Green algal settling loss 
Blue-green settling loss 
Diatom algal settling 1088 

Total algal settling loss 
Added SRP losding from rainfall 
Added DOP loading from rainfall 
Net diagenetic SRP diffusion 
Up diagenetic SRP diffusion 
Down diagenetic SRP diffusion 
Equilibrium PC (EPC) 
Days SRP > EPC 
Days SRP < EPC 
Diagenetic boundary flux 
Top SRP concentration 
Top diagenetic layer 
Top diagenetic organic P (mglkg) 
Mean GRN settling rate (mlday) 
Mean BLU settling rate (m/day) 
Organic phosphorus erosion 
Organic phosphorus deposition 
Diagenetic SRP sediment advection 
Inorganic phosphorus erosion 
Inorganic phosphorus deposition 
Total SRP interbox mass transfer 
Total DOP interbox mass transfer 
Total GRN interbox mass transfer 
Total BLU interbox mass transfer 
Total DIA interbox mass transfer 
Total ZOO interbox mass transfer 
Total PIP interbox mass transfer 
Total ORG interbox mass transfer 
Seiche (advective) SRP mass transfer 
Seiche (advective) DOP mass transfer 
Seiche (advective) GRN mass transfer 
Seiche (advective) BLU mass transfer 
Seiche (advective) DIA mass transfer 
Seiche (advective) ZOO mass transfer 
Seiche (advective) PIP mass transfer 
Seiche (advective) ORG mass transfer 
Secchi disc depth 
KDD - light attenuation coef 
KAA - sum of absorbing agents 
KBB - sum of scattering agents 
Erosion of sediment 
Deposition to sediment 
Macrophyte sink of SRP 
Macrophyte loading of DOP 
*Ending lake TP burden 

*Found in tabular information at end of output. 
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13.12 Comparative Analysis: Baseline vs. Simulation with Load Reduction 

The LOPOD model was run with a 40 percent, 50 percent and 70 percent load 
reductions (both SRP and TP), in accordance with desired SFWMD alternative 
scenarios. A comparison of means and standard deviations is shown in Table 13-12, 
and predicted TP and SRP time series for the 40 percent and 70 percent reductions 
are shown in Figures 13-23 to 13-26, respectively, along with the measured 
(volume-weighted) values for the 1979-88 time period. (A time series plot for the 50 
percent reduction is not shown. It essentially falls between the 40 and 70 percent 
reductions.) In the LOPOO model, for a 40 percent reduction, parameter 
REOLOW = 0.6, etc. A fInal option considered is to set a maximum limit on 
Nubbin Slough total phosphorus of 200 ugll. Statistics for this option are also 
included in Table 13-12. [Note, slight differences in means between Table 13-12 and 
Figures 0-7 and 0-16 result from the use of a spreadsheet for computation of the 
Table 13-12 statistics, vs. slightly different computations in the Fortran LOPOO 
code.] 

Table 13-12 Comparison of means and standard deviations for various loadings. 
Based on volume-weighted, whole-lake concentrations. 
(Values in parentheses are percent of 100% predicted-load means.) 

SRP. ugll TP,ugll 

Mean Std.Dev. CV Mean Std.Dev. CV 

Measured, 1979-88 29.5 17.2 0.58 90.2 27.3 0.30 

Predicted, 0 % reduction 28.4 15.9 0.56 93.3 22.4 0.24 

Predicted, 40% reduction 20.9 
(74) 

11.3 0.54 75.8 
(81) 

18.6 0.25 

Predicted, 50 % reduction 19.0 
(67) 

10.3 0.54 11.4 
(71) 

18.2 0.25 

Predicted, 70 % reduction 15.4 
(54) 

8.7 0.56 62.9 
(67) 

17.8 0.28 

Predicted, 200 ug/l, Nubbin SI. 26.0 
(92) 

14.0 0.54 88.4 
(95) 

21.5 0.24 

CV = coeffIcient of variation = std. dev.lmean 
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Figure 13-23 Whole-lake TP with 40% load reduction. 
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Table 13-12 illustrates that the LOPOD model predicts about as much variation 
as is evident in measured in-lake concentrations. This reflects favorably on the 
simulation model because it is often difficult to duplicate the natural variability of a 
natural time series. Both measured and predicted lake concentrations respond to brief 
transients in the weather, e.g., convective storms, for which it is often difficult to 
provide data for model input. However, in the variety of temporal input provided to 
LOPOD, there is apparently enough variation to reflect the variation of monitored 
phosphorus data. 

Time series of the predicted SRP and TP values (Figures 13-23 - 13-26) 
illustrate that peaks tend to be reduced more than minimum P values in response to 
the load reductions. This effect is more noticeable for SRP which is stabilized 
somewhat by the sorption exchange with sediment. This also accounts for the 
somewhat greater reduction in variance for SRP than for TP. 

The effect of load reduction on in-lake concentrations is approximately linear 
but not on a one to one basis with the load reductions (Table 13-12). For TP, loads 
of 60 percent, 50 percent and 30 percent of baseline values result in TP values 81 
percent, 77 percent and 67 percent of baseline. With a 70 percent load reduction, 
mean TP values are 62.9 ug/l, still above a value of 50 ug/l (a concentration of 
interest to the SFWMD because it typifies TP values in the early 1970s), but 
decreasing. This cannot be called a definitive prediction due to anticipated modeling 
improvements, but it does illustrate that reductions in loads will produce reductions in 
in-lake TP concentrations. For SRP, loads of 60 percent, 50 percent and 30 percent 
of baseline values result in SRP values 74 percent, 67 percent and 54 percent of 
baseline. The SRP is stabilized somewhat by sediment sorption-desorption. 
Reduction of influent concentration from Nubbin Slough to a maximum TP 
concentration of 200 ug/l results in a minor load reduction to the north lake and has 
much less of an effect than does a 40 percent total load reduction. The time series 
plots are similar to the 100 percent-load plots, and are not shown. 

Regarding timing of changes, the discussion of residence time in Section 
13.10.8 indicates a time period on the order of ten years for a complete response to 
changing loading conditions, based on a factor of two to five times the residence time. 
For example, for an exponential process, a 90 percent change requires 2.3 times the 
residence time (Chapra and Reckhow, 1983). The LOPOD model responds more 
rapidly to changes, on the order of a year or less, because of the greater importance 
of reaction rates in the lake as opposed to a pure "flushing" mechanism based on 
water exchange. As discussed previously, the inverse of first-order reaction rate 
coefficients is a time scale for changes. Thus, for time scales on the order of weeks, 
kinetic changes may result in less than a year. Thus, the time required for the 
response of Lake Okeechobee to changes in external loads is probably between one 
and ten years -- a broad range. This can be narrowed with improvements to LOPOD 
that will permit the model to be run with loading rates that are reduced as a function 
of time. 
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13.13 General Discussion of Baseline Results 

13.13.1 Comparisons of Modeled Fluxes, Rates, Timing 

Each LOPOD simulation produces voluminous information in addition to the 
time series plots discussed in the previous two sections. The many fluxes, storages, 
etc. are summarized for the total simulation in figures of the type of Figure 13-2 for 
the quantities listed in Table 13-11. These are shown in Appendix D, and some 
results are discussed below. 

The seasonal distribution of algae (in its three modeled forms) is shown in 
Figure 13-27. Blue-green algae dominate during the period December-March during 
periods of highest erosion/deposition (cycling of bottom material), as shown in Figure 
13-28. Green algae lag and dominate for most of the period April-October, with 
zooplankton highest in March and decreasing until January. Thus, the green algae 
appear to prevail during periods of lower winds (and erosion/deposition), while the 
blue-green with their lower settling rate prevail during periods of greater turbulence. 
On an annual basis, Figure 13-27 indicates that blue-green have a somewhat higher 
concentration than green, and both are 4-5 times higher than zooplankton. 

The various production-loss mechanisms for algae are illustrated in Figure 
13-29. Clearly, the dominant flux for green and blue-green algae is growth due to the 
presence (and uptake) of SRP. The higher the SRP concentration, the greater the 
growth of algae. Especially for green, the SRP uptake pathway is more than a factor 
of two greater than any other. Note that continuity is maintained for the various 
production-loss mechanisms. That is, the production of green is approximately 33 
mg/m2 for the 9-year simulation. This equals the sum of approximately 12 (release 
of SRP), 8 (release of DOP), 10 (ZOO uptake), and 3 (settling). 

The parallel pathways for SRP are illustrated in Figure 13-30. Again, uptake 
by green has the largest magnitude, followed by remineralization of DOP. The 
relative magnitudes of the pathways of blue-green algae and associated SRP are 
similar to those for green (Figures 13-29 and 13-30). 

Not surprisingly, the highest rate of algal settling occurs during the summer 
months of least wind shear and erosion-deposition (Figure 13-31). The lower settling 
velocity of blue-green can clearly be inferred from this figure. Rate coefficients used 
for algae in the simulation are compared in Figure 13-32. The largest magnitude is 
the zooplankton uptake rate (sum of values for green, blue-green and diatoms). 

Particulate inorganic phosphorus (PIP) has the fluxes shown in Figure 13-33. 
Deposition of PIP (and a small amount of desorption to SRP) is balanced first by 
adsorption from SRP and, of a lessor magnitude, erosion from the sediment layer. 
The greatest amount of adsorption of PIP occurs during the December-April time 
period of greatest erosion-deposition, as shown in Figure 13-34. 
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Figure 13-29 Algal pathways in Lake Okeechobee. 
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Figure 13-30 SRP pathways in Lake Okeechobee. 
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Figure 13-31 Algal settling rates in Lake Okeechobee. 
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Figure 13-32 Algal coefficients in Lake Okeechobee. 
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Figure 13-33 PIP balance in Lake Okeechobee. 
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Figure 13-34 Adsorption/desorption in Lake Okeechobee. 
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In what form and at what time are the greatest phosphorus concentrations in 
Lake Okeechobee? These questions are addressed in Figures 13-35 and 13-36, 
respectively. The greatest quantity (as a fraction of TP) of phosphorus is in the form 
of dissolved organic phosphorus (OOP), followed by SRP. (These fractions are an 
average for the total simulation period.) The smallest fraction is that associated with 
PIP. SRP concentrations are greatest during the December-March time period of 
highest erosion-deposition (and hence, desorption and diagenetic flux). DOP 
concentrations remain relatively constant throughout the year, while organic 
concentrations mimic SRP timing. Algal concentrations tend to approach a maximum 
in early spring, corresponding to the timing shown in Figure 13-27. Interestingly, 
phosphorus concentrations are lowest in the summer months when rainfall increases in 
the region, indicating that higher seasonal inflows to the lake apparently do 
notnecessarily raise total phosphorus (the sum of individual "bars" in Figure 13-36) 
levels. Rather, TP (and SRP) are highest following winter winds. 

13.13.2 Comparison of Flux Magnitudes 

The following comments are based on magnitudes for various phosphorus 
pathways, as indicated in the model output summarized in the "boxes n of Appendix 
D. (See Table 13-11 for key to figure numbers.) The normalized fluxes are totals 
for the 9-year simulation. 

The diffusion of SRP from the bottom sediments to the pelagic region of the 
lake was 528 mg/m2 for the baseline simulation (Figure D-631' This was 
overwhelmed by the total tributary TP loading of 3,081 mg/m and precipitation TP 
load of 432 mg/m2 (Table near end of Appendix D and values from Figures D-60 and 
D-6l, respectively). The total surface outflow TP loss of 417 mg/m2 was smaller 
than the estimated precipitation load. 

The transfer of pelagic phosphorus to the bottom sediments was mainly 
accomplished by the twin loss processes of algal settling (Figure D-59) and PIP 
deposition to the sediment (Figure D-78). The losses were 1,853 mg/m2 and 4,413 
mg/m2, respectively, for algal settling and PIP deposition. The total of 6,266 mg/m2 

balanced the main sources of SRP and TP-SRP: diagenetic diffusion (0-63, 528), 
erosion (0-77, 1,980), tributary loading (Appendix D table, 3,081), and atmospheric 
loading (0-60 and D-6l, 432), which totaled 6,021 mg/m2• 

The loss of PIP to the bottom sediment resulted from the net adsorption of 
pelagic SRP on suspended sediment particles. Suspended sediment is a slight 
scavenger of SRP from the water column. 

The transfer for phosphorus components between lake boxes was generally 
from the north lake (NL) box to the South Bay (SB) box (Figures D-79 to D-94). 
This is consistent with the predominance of major inflows into the north lake zone. 
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Recalling the conclusions of Canfield and Hoyer (1989) and Carey and Huber 
(1990) that the concentrations of SRP and TP in Lake Okeechobee are not correlated 
with external loading, we can see that the low correlation was because of suspended 
sediment loading, diffusion loading, and algal settling. However, we cannot conclude 
that the cause of high phosphorus concentrations in Lake Okeechobee are not high 
external loads. The external loading is driving the lake system. Decreasing the loads 
will only decrease the lake concentrations of SRP and TP as shown in Section 13.12, 
but at a slower rate than would occur without the considerable internal loadings. 

13.13.3 Sensitivity 

The LOPOD model (and its 3-dimensional cousin, LOP3D) are most sensitive 
to the parameters related to mortality <Kox and KBx in this report, RESPIR in the 
model) and SRP excretion <Kod and KBd in this report, RESBAK in the model) of 
green and blue-green algae. These parameters strongly affect the algal life span and 
increase of SRP in the water column. The relative quantities of algae can fluctuate 
depending on these parameter values. Organic settling also significantly influences 
the balance of phosphorus in the lake. 

13.13.4 Further General Discussion 

What is the reason for the humped trend in SRP and TP measured data (Figure 
5-1)1 The trend is also evident in Figure 13-37, in which the ratio of 1983-89 
measured SRP and TP to 1972-78 baseline values is greater at most stations than the 
ratio of 1983-89 values to 1972-78 values. The following factors are relevant. 

1. 	 TP and SRP data increased in the early 1980s over the concentration in 
the 1970s. The trend in concentration since 1984 appears level or 
decreasing at non-mud stations of Lake Okeechobee. 

2. 	 The increase in TP, SRP and TP-SRP concentration is almost the same 
at all 8 long term monitoring stations. This means that the same 
mechanism must account for both the increase in SRP and non-SRP 
phosphorus concentrations. 

3. 	 The phosphorus concentration of the organic bottom sediment may have 
increased in 1980s. 

4. 	 Hurricane David occurred in 1979. 

5. 	 Regeneration rates are greater than removal rates for phosphorus in 
tropical lakes (subject to biological control) than for temperate lakes 
(subject to physical control) (Kilham and Kilham, 1991). 
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SRP is positively corr~lated with lake stage in Lake Okeechobee (Chapter 9) as 
are tropical African lakes (Kilham and Kilham, 1991). The source of the additional 
SRP at high lake stages may be: 

1. 	 The greater fetch length may increase the mixing of bottom sediments. 

2. 	 Particulate phosphorus from the macrophyte area may be transported to 
the pelagic region of the lake. 

3. 	 Sediments 

4. 	 Littoral zone plants or sediments. 
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Figure 13-37 	Fractional increases in mean station SRP and TP concentrations for the 
years 1979-1982 and 1983-1988 over the baseline concentrations of 
1972-1978. 

13.14 Summary 

The Lake Okeechobee phosphorus O-dimensional model (LOPOD) includes 
transport by diffusive and advective mechanisms, loadings (and export) by inflowing 
tributaries (and lake outflows) and by rainfall, water-column reactions for seven 
phosphorus species plus two sediment-related species, diagenetic flux from the 
sediment, and sediment resuspension-<ieposition. For application to Lake 
Okeechobee, five "boxes" were used: north lake, mud zone, sand zone, littoral 
(macrophyte) zone, and South Bay. The model runs on an approximate quarter-day 
time step (two daylight steps and two night-time steps) and was used to simulate the 
period 1979-1988 for which loading data (monitored phosphorus at tributaries) and in
lake concentration data exist. 

Volume-weighted predicted TP and SRP concentrations for the whole lake 
were compared to monitored counterparts from eight SFWMD sampling stations. The 
1979-88 predicted and measured time series compared reasonably well except for 
1982, a time at which the lake experienced very low stages. The statistical 
comparison of means, standard deviations, and coefficients of variation is very good 
(e.g., predicted TP mean and CV = 93.3 ugll and 0.24, respectively; measured TP 
mean and CV = 90.2 ug/l and 0.30). A full comparison is given in Table 13-12, 
along with a discussion of the impact of hypothetical control options. 

13-52 




Simulated management options include reductions in tributary loads by 40, 50 
and 70 percent (for both TP and SRP). These reduced the TP mean by 19, 23 and 33 
percent respectively, and the SRP mean by 26, 33, and 46 percent, respectively. A 
70 percent load reduction resulted in an average in-lake TP concentration of 63 ug/l. 
A reduction of TP concentrations in Taylor Creek/Nubbin Slough to a maximum of 
180 ug/l resulted in a predicted in-lake TP reduction of only 5 percent, to 88 ug/l. 
These predictions are by no means precise, but indicate first that reductions in loads 
translate to reductions in in-lake phosphorus concentrations, and second that a very 
large load reduction (> 70 percent) is probably necessary to reduce average in-lake 
TP concentrations to, say, 50 ug/l. 

Output from the LOPOD model contains extensive tables of phosphorus 
quantities, fluxes, etc. These are included in Appendix D and summarized in this 
chapter. 
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14. RESULTS OF 3-D PHOSPHORUS MODELING 


14.1 Introduction 

The three-dimensional, transient phosphorus model for Lake Okeechobee developed as 
part of this project is designated WP3D. Details are given in preceding chapters regarding 
model governing transport equations (Chapter 10), finite difference formulations (Chapter 
11), and reactions (Chapter 12), Reactions are treated identically in models LOPOD and 
LOP3D. Thus, some of the details presented in Chapter 13 regarding phosphorus and 
sediment pathways also apply to LOP3D. This chapter describes the comparisons of LOP3D 
modeling with synoptic data from Lake Okeechobee and is basically the culmination of Task 
4.6 of the SFWMD project. Because of the extended detail already presented in earlier 
chapters, this chapter will focus only on the comparisons with measured data. A 3-month 
simulation already described elsewhere (Sheng et al., 1991b) will be very briefly discussed as 
well. 

14.2 Synoptic Data Interpolation and Initial Conditions 

Five week-long synoptic surveys were performed during the spring of 1989 by the UF 
COE department (Sheng et aI., 1991c). The collection Julian dates were 89141, 89147, 
89154, 89161. Long-term UP COE monitoring locations are shown in Figure 14-1, while 
synoptic survey locations are shown in Figure 14-2. Data for the synoptic surveys are 
summarized in Figure 14-3. As can be seen, the fifth synoptic survey had the largest 
concentrations of total phosphorus and suspended sediments. Data from survey number 2 
were used for comparisons presented in this chapter because of the need to correspond to 
hydrodynamic and sediment simulations performed by the UP COE group. 

The total lake-wide total phosphorus and suspended solids appear to be a related 
(Figure 14-4). Sheng et al., (l99lc) show similar correlation using The higher the 
suspended solids synoptic concentration the greater the total phosphorus synoptic 
concentration. This relationship was investigated using linear regression with the synoptic 
suspended solid as the dependent variable and synoptic total phosphorus as the independent 
variable (Figure 14-4). The empirical relation has an r2 of 0.78 and the following intercept 
and slope coefficients for TP in ugll and TSS in mg/l is : 

TP = 2.48 ·TSS + 37.92 (14.2-1) 

The value of 2.48 ug· mg-1 (equivalent to 2,480 ug· mg-1) obtained from this empirical 
relationship is similar to the mean organic phosphorus value of 2,480 ug· mg-1 measured by 
Reddy et al. (1991) in the mud zone sediments of Lake Okeechobee. In addition, Sheng et 
aI. (1991c) show significant log-log (power function) correlation between TP and TSS using 
all the data points from the 1989 and similar 1988 synoptic surveys. These results based on 
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Figure 14-1 Location of Coastal Engineering data collectors. 
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Figure 14-2 	 Synoptic station locations used in model LOP3D. The symbol for the location 
of a synoptic station is SS. 
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the intensive synoptic data also relate to the discussion in Chapter 5 concerning the long term 
correlation between TP and both TSS and turbidity. 

Initial conditions for each run are established from 25 locations around the lake 
sampled at the beginning of the six day period. Measurements of TP, SRP and total 
dissolved phosphorus (fDP) were made at one or two depths. Following the lead of the UF 
COE group, the 25 values at two depths are interpolated (and extrapolated) into every grid 
cell, first by reciprocal square weighting in the x and y directions, and then vertically by 
linear interpolation and extrapolation. The final measured phosphorus concentrations at each 
grid cell (at the end of a synoptic survey, for comparison purposes) are determined similarly, 
from the 25 measured values. 

The synoptic survey data sets contain 22 to 25 stations with two vertical measure
ments of SRP, total dissolved phosphorus (TOP), TP and suspended sediments. The data are 
first interpolated vertically to the five (f levels and then are interpolated in the x and y 
directions using the nearest three synoptic stations. The north lake, South Bay, and littoral 
area of Lake Okeechobee have few synoptic data stations, as a consequence the phosphorus 
concentrations are actually extrapolated based on the nearest mud or sand zone synoptic data 
stations. 

The weighting function is the sum of the inverse squared distance of the three nearest 
data stations, except for cells corresponding to a synoptic station. Measured synoptic SRP is 
the starting SRP in the simulation. Measured suspended sediment concentrations are used to 
initialize the PIP and organic sediment phosphorus (ORO) concentration fields using the 
partition coefficients described in Chapter 13. Measured DRP minus SRP is the initial 
concentration field of DOP. The remaining residual total phosphorus is apportioned among 
green algae, blue-green algae, and zooplankton. An initial estimate is 112 the residual TP 
which is defined as: 

Residual = TP - DRP - PIP - ORG (14.2-2) 

The residual is detrital organic (colloidal and particulate) phosphorus. This is added to the 
initial DOP concentration to account for detrital particulate phosphorus not associated with 
the suspended sediment. The remaining residual TP is assumed to be 60 percent blue-green 
algae, 38 percent green algae and 2 percent zooplankton. 

Lake sub-areas and volumes are compared in Figure 14-5. Peak concentrations are in 
the mud zone bordering the sand and macrophyte zones of Lake Okeechobee. The 
concentrations in the north lake, west littoral zone, and South Bay are extrapolated based on 
the three nearest synoptic stations in the sand and mud zones since there are few synoptic 
stations in these lake boxes. The model fitness should not be based on a comparison of the 
north lake, South Bay, and macrophyte zone concentrations. 

The creation of the shaded plots of concentrations, reactions, and advective-diffusive 
movements presented in this chapter is discussed in Chapter 11. The shaded contour map 
(SCMAP) integrates the vertically differentiated model. That is, shading represents the 
depth-averaged concentrations. 
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Figure 14-5 	 Box depths, areas, and volumes for the measured synoptic surveys during the 
spring of 1989. 

Hydrologic and phosphorus concentration data have been assembled for Lake 
Okeechobee and its tributaries for all available years, but generally commencing in 1973 with 
the most complete data since 1980 (Carey and Huber, 1990). Flows, stages and total 
phosphorus (TP) and soluble reactive phosphorus (SRP) concentrations are stored on diskettes 
in a data base format. The primary data deficiency is wind speeds for which no routine 
weather service monitoring is performed. Wind speeds can only be obtained for this project 
by direct monitoring during the project, as is being done by the SFWMD and UP COE 
group at the locations shown in Figure 14-1. 

14.3 Results 

14.3.1 Interfacing and Time Steps 

Model LOP3D cannot "stand alone." All runs of LOP3D were made in cooperation 
with parallel hydrodynamic and sediment model (EHSM3D) runs of the UF COE group 
(Sheng et al., 1991a). LOP3D relies on the UF COE hydrodynamic and sediment models 
for time-step input (usually every 3 hours) of velocities, diffusivities, elevations, and 
sediment concentrations at every one of the 496 x 5 cells of the finite difference grid. 
LOP3D time steps are usually 3 hours (although completely variable) because there is no 
apparent advantage to using shorter values, on the basis of considerable model testing. Finite 
difference grids are 2 km on a side, and the five depth layers are adjusted during the 
simulation according to the q-Iayer schematization discussed in Chapter 10. During the 
course of a 7 day simulation, this adjustment is only on the order of millimeters (see Section 
14.3.4). 
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The one-week simulation described in this chapter was done without including inflows 
to the lake. This is justifiable, because the influence of these loadings is very small over 
such a short time period. However, the model can (and has, in a 3-month simulation) 
include these fluxes into and out of the lake. This is done on the basis of boundary velocities 
at inflow cells (e.g., mouth of the Kissimmee River) calculated by the EHSM3D model, and 
concentrations of SRP and dissolved organic phosphorus (DOP, assumed equal to TP-SAP). 
The concentrations are interpolated from semi-monthly or monthly monitoring data. The 
combination of the hydrodynamic advective velocity into (or out of) the lake at such 
boundary cells and the interpolated concentrations permits the proper advective flux of 
phosphorus to enter (or leave) the lake during the simulation. 

14.3.2 TP and SRP Comparisons 

Initial TP and SRP concentrations in the lake are shown in Figures 14-6 and 14-7 for 
the synoptic period beginning 12 noon on Julian day 89147 (May 27, 1989). This is the 
second synoptic data period in the in the spring 1989 synoptic survey. Measured and 
predicted concentrations of at the end of seven days (Julian day 89154, June 3, 1989) are 
shown in Figures 14-8 and 14-9 for TP and in Figures 14-10 and 14-11 for SRP. 
Comparisons (Figures 14-8 and 14-9) are quite reasonable for total phosphorus (the sum of 
the eight components modeled). The total TP varies little over the period and thus does not 
test the model predictivity very much. Deviation of predicted and measured SRP 
concentration contours is somewhat greater, as can be seen in Figures 14-10 and 14-11 
although the magnitudes are definitely correct. The model tends to predict a somewhat 
larger areal spread of SRP than observed, but concentrations on the fringes are similar to 
those observed. 

Measured versus predicted differences can be compared on a cell by cell basis in 
Figures 14-12 and 14-13. Although at first glance these do not look so flattering, the mean 
difference between measured and predicted TP concentrations is only 6.2 ug/l and 0.03 ug/l 
for SRP. Thus, in spite of locally high differences, the LOP3D model does a good job on 
the average. 

Synoptic concentrations of SRP are high in the South Bay and lower mud zone of 
lake Okeechobee. Evaluating measured and predicted SRP on Iulian day 89154 (Figures 14
10 and 14-11), at the end of the seven day simulation the high concentration of SRP has 
moved to the central mud zone and decreased in the South Bay of lake Okeechobee. The 
concentrations of SRP in the model lake are vertically averaged on the figures to correspond 
to synoptic data on 89154. Based on the 11 mean box 11 concentrations printed beneath the 
figures, measured and predicted box-averaged SRP values show remarkably good agreement, 
in spite of not accounting for all possible phosphorus pathways, e.g., the algal mat at the 
bottom of the South Bay. Predicted SRP in the macrophyte zone is less than that of the 
measured synoptic data, possibly indicating the need for a macrophyte submodel in the 3-D 
model, although concentrations are very low (measured = 2.9 ug/l, predicted = 1.6 ug/l). 
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Mean Box 113. 46.4 72.5 57.5 64.9 70.8 

layer 5 Total P 110.134 43.151 68.886 54.229 64.559 

layer 4 Total P 111.488 44.784 70.690 55.869 64.727 

Layer 3 Total P 112.843 46.418 72.494 57.509 64.895 

Layer 2 Total P 114.197 48.051 74.298 59.149 65.063 

layer 1 Total P 115.552 49.685 76.103 60.790 65.231 


layer 5 ZOO 0.520 0.328 0.557 0.396 0.408 

Layer 4 ZOO 0.511 0.345 0.554 0.410 0.399 

layer 3 ZOO 0.502 0.363 0.550 0.425 0.389 

layer 2 ZOO 0.493 0.380 0.547 0.440 0.380 

layer 1 ZOO 0.484 0.397 0.543 0.454 0.371 


layer 5 PIP 0.296 0.000 0.103 0.042 0.000 

layer 4 PIP 0.310 0.000 0.108 0.046 0.000 

layer 3 PIP 0.325 0.000 0.112 0.050 0.001 

Layer 2 PIP 0.339 0.000 0.117 0.054 0.001 

Layer 1 PIP 0.354 0.000 0.122 0.058 0.001 


layer 5 OrgP-Sed 37.062 0.000 6.702 2.092 0.003 

Layer 4 OrgP-Sed 38.711 0.000 7.048 2.286 0.018 

Layer 3 OrgP-Sed 40.361 0.000 7.394 2.480 0.032 

layer 2 OrgP-Sed 42.010 0.000 7.740 2.675 0.047 

layer 1 OrgP-Sed 43.660 0.000 8.085 2.869 0.062 


Layer 5 Sediment 21.758 0.000 10.426 10.253 0.015 

layer 4 Sediment 22.658 0.000 10.639 11.206 0.087 

layer 3 Sediment 23.559 0.000 10.852 12.158 0.159 

layer 2 Sediment 24.460 0.000 11.066 13.111 0.231 

layer 1 Sediment 25.360 0.000 11.279 14.063 0.303 


Figure 14-6 Starting TP synoptic concentrations in ug/~ on 89147. 
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Figure 14-7 SRP Synoptic concentrations in ugll on 89147. 
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Figure 14-8 Center cell depth on Julian day 89147. 
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Figure 14-9 Predicted SRP concentration in ugll on day 89154. 
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IMean 31.50 Max 45.88 Min 16.84 

.... •• 16.8 19.7 
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25.6 28.5 ... 28.5 31.4 
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Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake 
---------- -------.-- -.-------- ---------- ---------- --------~-

Mean Box 30.9 28.3 33.4 30.2 38.6 32.3 

Total DOP Respir to SRP •• 3.284E+04 6.291E+03 7. 782E+03 9.381E+03 6.499E+03 6.280E+04 kg 
DOP Respiration to SRP ••• 6.567E+03 1.258E+03 1.555E+03 1.877E+03 1.300E+03 1.256E+04 kg 
DOP Respiration to SRP .•• 6. 567E+03 1.258E+03 1.556E+03 1.877E+03 1.300E+03 1. 256E+04 kg 
DOP Respiration to SRP ••• 6.569E+03 1.258E+03 1.556E+03 1.876E+03 1.300E+03 1.256E+04 kg 
DOP Respiration to SRP ••• 6.570E+03 1.258E+03 1.557E+03 1.876E+03 1.300E+03 1.256E+04 kg
DOP Respiration to SRP ••• 6. 571E+03 1.259E+03 1.558E+03 1.875E+03 1.300E+03 1.256E+04 kg 

Figure 14-10 Predicted concentration for constituent nop, ug/l. 
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Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake .. _--_ ... __ ...... --_ ... __ ............
---------- ._----.-.. ---------- ---------
Mean Box 7.57 11.9 11.7 10.8 14.6 11.3 

Total Green uptake of SRP 2.937E+04 1. 112E+04 9.472E+03 1.066E+04 1.057E+04 7.119E+04 kg 
Green uptake of SRP •••••• 2.581E+04 2.928E+03 5.027E+03 6.661E+03 6.030E+03 4.645E+04 kg 
Green uptake of SRP •••••• 3.141E+03 2.853E+03 2.598E+03 2.484E+03 3.402E+03 1.448E+04 kg 
Green uptake of SRP •••••• 364. 2.491E+03 1.108E+03 936. 930. 5.827E+03 kg 
Green uptake of SRP •••••• 46.8 1.804E+03 517. 389. 178. 2.934E+03 kg 
Green uptake of SRP •••••• 7.19 1.049E+03 222. 188. 33.0 1.500E+03 kg 
Total Green decay to SRP. 1.761 E+04 5.319E+03 5.108E+03 6.072E+03 5.055E+03 3.917E+04 kg 
Green decay to SRP ••••••• 7. 498E+03 1.204E+03 1.652E+03 2. 124E+03 1.803E+03 1.428E+04 kg 
Green decay to SRP ••••••• 2. 986E+03 1.19OE+03 1. 165E+03 1.291E+03 1.272E+03 7.904E+03 kg 
Green decay to SRP ••••••• 2.424£+03 1.117E+03 864. 974. n1. 6.150E+03 kg 
Green decay to SRP ••••••• 2.357E+03 980. 744. 862. 619. 5.562E+03 kg 
Green decay to SRP ••••••• 2.347E+03 828. 684. 821. 591. 5.270E+03 kg 
Total Green decay to DOP. 1.189E+04 3.128E+03 3. 240E+03 3.968E+03 2.973E+03 2.520E+04 kg 
Green decay to DOP ••••••• 2.475E+03 629. 663. 816. 614. 5.197E+03 kg 
Green decay to DOP ••••••• 2.366£+03 629. 652. 796. 601. 5.044E+03 kg 
Green decay to DOP ••••••• 2.351E+03 627. 644. 788. 589. 5.000E+03 kg 
Green decay to DOP ••••••• 2.348E+03 624. 641. 785. 585. 4.983£+03 kg 
Green decay to DOP ••••••• 2.346E+03 620. 639. 784. 584. 4.973E+03 kg 

Figure 14-11 Predicted concentration for constituent greens, ug/l. 
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Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake--"' ........ -..... ---- ... -.... _-----*---- ---------- ---------- -._------
Mean Box 11.0 9.74 12.S 11.2 17.2 12.3 

Total Blue uptake of SRP. 3.419E+04 6.S91E+03 7. 485E+03 8.833E+03 9.618E+03 6.672E+04 kg 
Blue uptake of SRP ••••••• 3. 149E+04 2.029E+03 4.641E+03 6.422E+03 6.421E+03 5. 100E+04 kg 
Blue uptake of SRP ••••••• 2.446E+03 1.863E+03 1.806E+03 1.635E+03 2.556E+03 1.031E+04 kg 
Blue uptake of SRP ••••••• 229. 1.420E+03 670. 500. 529. 3.348E+03 kg 
Blue uptake of SRP ••••••• 27.6 8S7. 267. 190. 93.9 1.43SE+03 kg 
Blue uptake of SRP ••••••• 4.18 420. 101. 86.7 17.5 630. kg 
Total Blue decay to SRP •• 2.161E+04 4. 156E+03 5.091E+03 6.131E+03 4.992E+03 4.198E+04 kg 
Blue decay to SRP •••••••• 6.853E+03 903. 1.343E+03 1.70SE+03 1.464E+03 1.227E+04 kg 
Blue decay to SRP •••••••• 3.877E+03 887. 1.051E+03 1.215E+03 1.064E+03 8.094E+03 kg 
Blue decay to SRP •••••••• 3.643E+03 842. 933. 1.096E+03 854. 7.368E+03 kg 
Blue decay to SRP •••••••• 3.619E+03 784. 891. l.063E+03 809. 7.166E+03 kg 
Blue decay to SRP •••••••• 3.614E+03 740. 873. 1.0S2E+03 8Ol. 7.080E+03 kg 
Total Blue decay to DOP •• 1.828E+04 3.516E+03 4.3S7E+03 S.268E+03 4.050E+03 3.S47E+04 kg 
Blue decay to DOP •••••••• 3.791E+03 707. 889. 1.079E+03 834. 7.300E+03 kg 
Blue decay to DOP ••••.••• 3.635E+03 706. 873. 1.054E+03 814. 7.082E+03 kg 
Blue decay to DOP ••.••••• 3.620E+03 704. 867. 1.047E+03 803. 7.041E+03 kg 
Blue decay to DOP •••••••• 3.616E+03 701. 864. 1.04SE+03 800. 7.026E+03 kg 
Blue decay to DOP •••••••• 3.614E+03 699. 863. 1.044E+03 799. 7.019E+03 kg 

Figure 14-12 Predicted concentration for constituent blue-greens, ug/l. 
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Mud zone Macrophyte North lake Sand zone South Bay Whole lake 
_.-------- -----._--- ... -............... --- ... --_ .. ---- .. --_ ... _---_ ... -----_ .. _.. 

Mean Box 0.263 0.280 0.348 0.299 0.613 0.361 

Total Zoo uptake of GRN •• 2.615E+03 499. no. 763. 710. 5.308E+03 kg
Zoo uptake of Greens •••••• 534. 100. 146. 155. 144. 1.079E+03 kg
Zoo uptake of Greens •••••• 522. 100. 144. 153. 143. 1.062E+03 kg 
Zoo uptake of Greens •••••• 520. 99.9 144. 152. 141, 1,057E+03 kg 
Zoo uptake of Greens •••••• 520. 99.7 143. 152. 141. 1.055E+03 kg 
Zoo uptake of Greens •.•••• 519. 99.4 143. 152. 141. 1.054E+03 kg 
Total Zoo uptake of Blues 321. 53.7 83.2 88.6 80.7 628. kg 
Zoo uptake of Blues ••••• _ 65.3 10.8 16.8 17.9 16.3 127. kg 
Zoo uptake of Blues •••••• 64.1 10.8 16.7 17.7 16.2 125. kg 
Zoo uptake of Blues •••••• 64.0 10.7 16.6 17.7 16.1 125. kg 
Zoo uptake of Blues •••••• 64.0 10.7 16.6 17.6 16.1 125. kg 
Zoo uptake of Blues •••••• 64.0 10.7 16.6 17.6 16.1 125. kg 
Total Zoo decay to SRP ••• 1.693E+03 305. 439. 480. 390. 3.307E+03 kg 
Zoo decay to SRP ••••••••• 339. 60.9 87.8 96.1 78.0 662. kg 
Zoo decay to SRP ••••••••• 339. 60.9 87.8 96.0 78.0 661. kg 
Zoo decay to SRP ••••••••• 339. 60.9 87.8 96.0 78.0 661. kg 
Zoo decay to SRP ••••••••• 339. 60.9 87.8 96.0 77.9 661. kg 
Zoo decay to SRP ••••••••• 339. 60.9 87.8 96.0 77.9 661. kg 
Total Zoo decay to DOP ••• 1.693E+03 305. 439. 480. 390. 3.307E+03 kg 
Zoo decay to DOP ••••.•••• 339. 60.9 87.8 96.1 78.0 662. kg 
Zoo decay to DOP ••••••••• 339. 60.9 87.8 96.0 78.0 661. kg 
Zoo decay to DOP •.••••••• 339. 60.9 87.8 96.0 78.0 661. kg 
Zoo decay to DOP ••••••.•• 339. 60.9 87.8 96.0 77.9 661. kg 
Zoo decay to DOP ••••••••• 339. 60.9 87.8 96.0 77.9 661. kg 

Figure 14-13 Predicted concentration for constituent ZOO, ugll. 
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Soluble reactive phosphorus is the most dynamic and reactive of the phosphorus 
species because it is involved in most reaction pathways, and has a residence time of only 1 
2 days in the lake. SRP has turned over 1 to 4 times in a one week simulation of Lake 
Okeechobee. 

From the .. mean box" values printed beneath the diagrams, the South Bay and 
macrophyte areas of Lake Okeechobee do not show a good measured-predicted match 
between TP concentrations, but the other three areas of the lake have a close match between 
the predicted concentration field and the synoptic concentration field. The macrophyte and 
South Bay predicted TPs (51.8 and 81.5 ugn, respectively) are greater than the measured 
interpolated TP concentrations (31.9 and 69.2 ug/l, respectively), perhaps indicative of 
sources/sinks or mechanisms not modeled. 

14.3.3 Other Phosphoms Parameters 

This section will deal with the multitude of other information that can be extracted 
from the LOP3D model, most of which has no measured counterpart. This output is 
presented in the remainder of the figures in this chapter. 

Predicted DOP (Figure 14-14) is somewhat higher than the measured synoptic DOP 
(not shown) indicating that the rate constant for the transformation of DOP to SRP should be 
increased in the model. Green algae (Figure 14-15) are likewise over-predicted (measured 
not shown) in Lake Okeechobee. The mud zone measured and predicted green algae 
concentrations are close but the other four areas of the lake have over-predicted green algal 
concentrations. This can be adjusted by changing the green algae uptake, respiration and 
excretion parameters to decrease the predicted concentrations. The blue-green algae (Figure 
14-16, measured not shown) are slightly under-predicted in Lake Okeechobee. 

Zooplankton (Figure 14-17) have a small concentration of particulate phosphorus but 
nonetheless important because they increase the rate of internal phosphorus cycling in the 
lake. The zooplankton are a consumer of algae and a source of SRP to the pelagic 
phytoplankton in Lake Okeechobee. The change in phosphorus directly attributable (by the 
model) to zooplankton is comparable to the magnitude of the green and blue-green algal 
pathways. The largest PIP (Figure 14-18) concentration naturally occurs in the mud zone of 
Lake Okeechobee. Overall this is a small pathway but significant because a single cell may 
beiboth a source or sink of pelagic SRP. 

The concentration (Figure 14-19) of organic sedimen.t phosphorus (ORG) is connected 
to the suspended sediment (Figure 14-20) and thus tied to the reliability of the 3-D suspended 
sediment simulation. ORG is approximately 40 percent of the total phosphorus in the mud 
zone. 

Algal uptake (Figures 14-21 and 14-22) is 4 times higher in the upper u-level than in 
the lowest u-Ievel of the whole lake and 10-12 times higher in the upper u level than the 
lowest u level because of the shading of the suspended sediments. The algal respiration and 
excretion losses (Figures 14-23 and 14-24) are more evenly distributed in the pelagic region 
of Lake Okeechobee. 

14-16 




---------- ---------- ---------- ----------

Mean 4.0612E-02 Max 0.3184 Min 4.3025E-14 

............ 

................

...••....•........


.•......•....•........

..................•.......


...••....•..................

..••...••...•.....••...•.•....•. 

1____•••• 

......................

..•••...••..••....•.•... 

........................... 


........................


........•....••....•.... 

•••••••••••••••••••.••••======..RB......__..~.._ 

••••••••••••••••••••••••==,==%£==......----........ . 
............................ ....-----......~
~ 

..••....••....•......~...•....••............ 
.......•••.........•....................~ 

~ 


.•..•••...•..•...•••...••....•.....•.•~ 
......................................


•..........•.......•.....••...

...............••...........


...•••..•••....•.•.•.....• 

Mean Box 

Total desorption onto SED 
Desorption onto sediment. 
Desorption onto sediment. 
Desorption onto sediment. 
Desorption onto sediment. 
Desorption onto sediment. 
Total adsorption onto SED 
Adsorption onto sediment. 
Adsorption onto sediment. 
Adsorption onto sediment. 
Adsorption onto sediment. 
Adsorption onto sediment. 

•..................... 
..•••...•.•..• 

.. 4.302E-14 
3.184E-02"'''' 

== 6.367E-02 
9.551E-02 

Ell 0.127 

U 0.159 

i 
0.191 
0.223 
0.255 
0.287 
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Figure 14-14 Predicted concentration for constituent PIP, ug/l. 
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Figure 14-15 Predicted concentration for constituent OrgP-Sed, ug/l. 
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Figure 14-16 Predicted concentration for constituent sediment, mg/I. 
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Mean Total P for layer 4 109. 51.8 67.6 60.9 81.4 ug/l 
Mean Total P for layer 3 109. 51.8 67.6 60.9 81.5 ug/l 
Mean Total P for layer 2 110. 51.8 67.5 60.9 81.5 ug/l 
Mean Total P for layer 1 11L 51.8 67.4 60.8 81.5 ug/l 

Erosion flux of Org-P ••.• 1.335E-05 4.072E-16 3.510E-18 0.000 0.000 1.335E-05 kg 
Deposition flux of Org-P. 8.171E-04 2.445E-06 7.303E-05 6. 246E-05 1.081E-06 9.561E-04 kg
Erosion flux of Drg-P •••• 8.844E-08 2.727E-18 2.294E-20 0.000 0.000 8.844E-08 kg 
Deposition flux of Org-P. -4.S23E-09 -4.488E-11 -8.231E-10 -S.569E-10 -1.211E-11 -5.960E·09 kg
Erosion flux of PIP ••.••• 0.000 0.000 0.000 0.000 0.000 0.000 kg 
Deposition flux of PIP ••• 7.828E-11 4.833E-15 1.290E-12 1.999E-12 3.337E-15 8.158E-11 kg
Change in TP ••••••••••••• -448. -55.9 -74.1 -108. 10.9 -675. kg 
Change in SRP •••••••••••• 8.995E+03 -1.949E+03 1.091E+03 2.136E+03 ·3.644E+03 6.629E+03 kg
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Calc change in Sed Org P. 1.405E+03 6.85 -3.074E+03 -1.381E+03 -15.6 -3.060E+03 kg
Calc change in Sediment • -8.806£+06 3.549E+04 -4.161E+06 -6.772E+06 -7.647E+04 -1.978E+07 kg 

Figure 14-17 Predicted TP concentration in ug/lon day 89154. 
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Figure 14-18 Upper layer uptake for all algae species in kilograms. 
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Figure 14-19 Lower layer uptake for all algae species in kilograms. 

14-22 




•••• 

Mean 83.06 Max 209.5 Min 15.11 

:em r= -:==------==
I:-='I~::';
:::r j; ::n ====--- - =:: 

.••..•======-............gaEEE&.. ...._
~~ 

••••••••==-~............--....~............ 

•··•··••· •• ·==e=-..__................BB............_ .. 15.1 34.5 


••••••••••••••~~:=-..--..- .",. 34.5 54.0 

••••••••••••••=~,=:.....II := 54.0 13.4 

•••••••••••••••,••'&......11 13.4 92.9

••••••••••••=~=,~........EI 	 92.9 112 • 

~..••.•••=-===........ll 	 11 - 112. 132. 


ea 132. 151.
~··········~I••••••••••••-==---	 151. 171.===~ 


~............•. 171. 190.
......•..••..• 
~ 	 I 190. 209 •

••••••••••••••===,:'......11 

~=----============ 

=====~~~~~:.=:====== 

:: :==--===;==j 

======= 
Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake 

Mean Box 	 132. 30.0 77.4 14.9 13.8 77.7 

Figure 14-20 Upper layer losses for all algae species in ldlograms. 
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Figure 14-21 Lower layer losses for all algae species in kilograms. 
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Figure 14-22 Total reaction change of zooplankton in kilograms. 
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Figure 14-23 Total cell change of nop in kilograms. 
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Figure 14-24 Total cell change of SED in kilograms. 
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Chlorophyll a concentrations (Figure 14-25) follow algal concentrations (Figures 14
15 and 14-16) closely as would be expected. Predicted Secchi depths (Figure 14-26) are 
highest in the quiescent macrophyte zone and lowest in the turbid mud zone. 

There appears to be a "hot spot" of change above the rocky reef in the center of Lake 
Okeechobee. DOP is increasing at the edge of the lake and decreasing in the center of Lake 
Okeechobee (Figure 14-27). SRP and DOP move from the center of the lake to the 
perimeter following the mass flux of water (Figures 14-28 and 14-29). The greatest SRP 
reactions occur near the border of the mud zone and sand zone (Figure 14-30), while 
zooplankton reactions (Figure 14-31) follow the green and blue-green algae (Figures 14-15 
and 14-16). 

The diagenetic flux of PIP is primarily in the mud zone of Lake Okeechobee (Figures 
14-32, 14-33 and 14-34). Similarly, the strongest adsorption occurs in the mud zone as well 
(Figures 14-35 and 14-36). Sedi.ment (Figure 14-37) is deposited in the center of the mud 
zone and eroded in the perimeter of the mud zone (negative accumulation in Figure 14-37). 

The flux of total phosphorus is greatest in "comers" subject to movement of lake 
currents (Figure 14-38), but otherwise does not exhibit strong spatial groupings. The flux of 
algae and zooplankton (Figures 14-39 and 14-40) occurs in the area of strongest gradient 
between the South Bay .and central mud zone. 

14.3.4 Water Depths 

Water depths at the beginning of the simulation are shown in Figure 14-41. These 
are fairly typical of spring depths in Lake Okeechobee. An indication of the vertical 
.. motion" of the lake can be obtained by comparing the thickness of the center cell (of five 
vertical layers) at the beginning (Figure 14-42) and end (Figure 14-43) of the simulation. 
There is almost no change in these values, the most noticeable being the decrease in the 
average thickness of the center (vertically) cells in the north lake from 19.0 cm to 18.9 cm. 
This 1 mm decrease corresponds to movement of water from the north lake into the 
remainder of Lake Okeechobee. In other words, this simulation period did not correspond to 
significant changes in lake volumes and depths. Hence, changes in simulated parameters are 
due primarily to reactions, as would be expected anyway in finite-difference grids 2 km on a 
side. 

14.4 Three-Month Simulation 

A joint effort between the UF Coastal and Oceanographic Engineering Department 
(UF COE) and UF Environmental Engineering Sciences Department (UF ENV) produced a 
three-month simulation using the combined EHMS3D and LOP3D models (Sheng et al., 
1991b). The simulation time period began in April 1989 during the synoptic surveys and 
lasted until July 24, 1989 using monitored in situ winds and loads. Synoptic survey data 
were thus available for comparison with approximately the fust five weeks of the simulation. 
Wind data from one or more of the five UF COE lake stations (Figure 14-1) were used to 
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Figure 14-25 Total mass flux of TP in an 1,1 center cell. 
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Figure 14-26 Total adjusted thickness (cm) of cell at end of simulation. 
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Mean 25.73 Max 76.78 Min 4.294 
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26.0 
33.3 
40.5 
47.8 
55.0 
62.3=-·11 
69.5 

Mud zone Macrophyte North lake Sand zone 

Mean Sox 21.2 41.2 19.0 14.4 

Figure 14-27 Total original thickness (cm) of center cell. 
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South Say ~ole lake 
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IMean 2.318 Max 312.5 Min -236.4 

.. 

.... 

.. 
• •• -236.- -181. 

- -181 • 
- -127. 

== -127. - -71.7 

11111 I I if: 
__=a:==___ 

-71.7- -16.8 

~ 38.1 
93.0 

I 148. 
203. 
258. 

- -16.8 
38.1 
93.0 
148. 
203. 
258. 
313. 

-z= 

-.-==-
-==== 

-= -:=:=-=== 

Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake 

Mean Box 23.0 -6.78 -14.4 9.42 -24.9 -2.72 

Figure 14-28 Total advection-diffusion SRP change in kilograms. 
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IMean 0.2653 Max 319.9 Min ·216.4 

====----

.·214. -163 • .... 	 -163. - -109 • 
::= 	 -109. - -55.5 

-55.5 -1.90. 
-1.90 51.7 

II - 51.7 105. 
105. 159.I!!!!! 

I 159. 213. 
213. 266. 
266. 320. 

!!15!'!!!_-=-.=========-"""""...... 

--=======.==.... 
=========::JiE!IE 

Mud zone Macrophyte North lake Sand zone South Bay Whole lake 

Mean Box 14.9 -8.64 13.5 1.41 -33.1 -2.37 

Figure 14-29 Total advection-diffusion nop change in kilograms. 

14-33 




---------- ----------

Mean 22.59 Max 39.35 Min 13.00 

-=...----=:......===:=-=---'......,..::::'.......................= 13.0 

••••••ao:.....___,:-'===:c•••••••• ••••••••••=:: 11#0 15.6 

""'~IO#~=....................lII:==•••===::s:s:::I•••••••••• 
~ 

~•••• ••••st=:t .- 18.3 

==="".;0#'"",'_ ......,..=:==:::z=~••••••••••••==_...................... 20.9 
... 23.5 
---==-=======--,.,--""""==-"""'.......-====="'..="'==- 26.2 


•I 
!!-----==...:-=:============--,=---_..===-- E"";; 28.8 -=========,=--------_.......---- 31.4 


34.1--=:~===:==:=--I 36.7 

Mud zone Macrophyte North Lake Sand zone--.._.-.-- --_..-._-- ._-_.-.--
Mean Box 18.8 21.8 24.5 22.2 
Average denom in Absorb••••••• 0.897 0.962 0.931 0.957 
Average denom in Absorb••••••• 0.898 0.962 0.934 0.957 
Average denom in Absorb••••••• 0.898 0.962 0.933 0.957 
Average denom in Absorb••••••• 0.898 0.962 0.933 0.956 
Average denom in Absorb••••••• 0.898 0.961 0.932 0.956 
Average length of daylight •••• 13.5 0.000 0.000 0.000 
Average Light at surface•••••• 451. 0.000 0.000 0.000 
Average radiation for layer••• 228. 307. 255. 252. 
Average radiation for layer••• 2.66 113. 37.9 35.6 
Average radiation for Layer••• 0.249 43.2 10.5 12.0 
Average radiation for layer ••• 3.436E-02 17.0 3.39 5.10 
Average radiation for Layer••• 5.791E-03 6.89 1.19 2.39 
Average green uptake rate••••• 0.228 0.353 0.305 0.275 
Average bLue-green uptake rate 0.173 0.185 0.181 0.169 
Mean Kd extinction coefficient 21.5 5.16 8.56 10.7 
Mean Kd extinction coefficient 21.3 5.16 8.47 10.6 
Mean Kd extinction coefficient 21.4 5.14 8.40 10.5 
Mean Kd extinction coefficient 21.6 5.11 8.34 10.4 
Mean Kd extinction coefficient 21.9 5.08 8.23 10.3 
Mean a absorbing coefficients. 0.864 1.31 0.882 0.836 
Mean a absorbing coefficients. 0.836 1.31 0.872 0.822 
Mean a absorbing coefficients. 0.833 1.30 0.866 0.818 
Mean a absorbing coefficients. 0.832 1.30 0.863 0.816 
Mean a absorbing coefficients. 0.832 1.30 0.862 0.816 
Mean b scattering coefficients 18.6 2.29 6.25 8.35 
Mean b scattering coefficients 18.5 2.28 6.18 8.25 
Mean b scattering coefficients 18.6 2.27 6.13 8.20 
Mean b scattering coefficients 18.7 2.25 6.07 8.13 
Mean b scattering coefficients 19.0 2.23 5.98 8.00 

Figure 14-30 Predicted chlorophyll ~ in ug/l. 
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IMean -1.300 Max 235.8 Min -185.5 

rs ::.m:••== 

-===-1111=11::=-11-----1 
.. 	 -186. . -143 • ..... 	 -143. -101.= 
== 	 -101. - -59.1 

-59.1 - -17.0
111111111111 11"11 • 	 .. -17.0 25.1 

25.1 67.2II 
!E 67.2.......--"..II==::I\f··............·==---1 """ 109. 


I 109. 151. 
151. 194. 
194. 236. 

-
-=====-======

Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake 

Mean Box 22.2 -5.36 6.45 -26.9 -27.9 -6.29 

Figure 14-31 Total advection-diffusion algae change in kilograms_ 
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IMean 2.0344E-03 Max 8.431 Min -5.162 

-:::::llll=
----"""- iiiiii ........
=== 11""0 

0- __ 

=== - 11--==:=----!!!!!!!!III,.1 
-===··==-..................1 


-5.16 - -3.80-----==. 
..... -3.80 - -2.44.. == -2.44 - -1.08.. -1.08 - 0.275.. .. 0.275 1.63 

______===::-:J__ .. 11 1.63 
4_35 
5.71 
7.07···=-=-~-IIII i !~F, 
2.99 

8.43 

------===========- =- =
===========..._-E!!==== 

=:=======~ 

============.. 
Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake 

Mean Box 0.260 -0.124 0.496 -3.042E-02 -0.820 -4.338E-02 

Figure 14-32 Total advection-diffusion ZOO change in kilograms. 
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I, Mean 1.202 Max 2.488 Min 0.1855 

..••..•••.••....•..-- •• 0.185...••...•••..••..••.. .... 0.416 ..................... 
 0.646-=...••....•....••..• 0.876•...•.....••...••.• .. 1.11 

11 1.34 
1.57 

I 
11m! 

1.80 
2.03

• 2.26 

============== 
Mud zone Macrophyte North Lake Sand zone 

Mean Box 0.659 1.81 1.42 1.50 

Figure 14-33 Predicted Secchi depth, meters. 
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IMean 20.53 Max 171.8 Min -176.0 

•• 	 -176• - -141. .... 	 -141 • - -106. 
== 	 -106. - -71.6 

-71_6 - -36.9 
-36.9 - -2.09 

11--	 - -2.09 32.7 ~ 32.7 67.5 
67.5 102. 
102. 137. 
137. 1n.----I 	 I• 

------=~IIIIIIIIII"II!!:::: 
==~~~ 

~~---------===~=== 

---=-============ 
------====== 

Mud 	zone Macrophyte North Lake Sand zone South Bay Whole Lake 

Mean Box 	 66.6 -13.8 25.1 33.1 -49.3 12.3 

Figure 14-34 Total reaction SRP change in kilograms. 
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IMean -0.2132 Max 0.7038 Min -2.045 

.. -2.04 - -1.77 .... ·'.77 · ·1.49 
== ·1.49 - -1.22 

·'.22 • -0.945 
- -0.945 - -0.67011 -0.670 - -0.396 
I11III -0.396 - -0.121 

· 0.1541'0.,21
0.154 - 0.429 
0.429 - 0.704 

Mud zone Macrophyte North lake Sand zone South Bay Whole lake 

Mean Box -0.527 -9.242E-05 -0.198 -8.541E-02 ·5.942E·05 -0.162 

Figure 14-35 Upper layer adsorption in kilograms. 
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IMean -0.2762 Max 0.3561 Min -3.061 

-
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I 
~ 

-3.06 - -2.72 
-2.72 - -2.38 
-2.38 - -2.04 
-2.04 - -1.69 
-1.69 - -1.35 
-1.35 - -1.01 
-1.01 - -0.669 

-0.669 - -0.327 
-0.327 - 1.434E-02 
1.434E-02 - 0.356 

Mud zone Macrophyte North Lake Sand zone South Bay Uhole Lake 

Mean Box -0.679 -9.S67e-05 -0.246 -0.123 -2.856E-03 -0.210 

Figure 14-36 Lower layer adsorption in kilograms. 
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IMean 779.0 Max 1.4055E+04 Min -9330. 

;r 

-=---- ..~="""""----

•• -9.330E+03 - -6.992E+03 
-= -6.992E+03 - -4.653E+03 
•• -4.6S3E+03 - ·2.31SE+03 
-- -2.315E+03 - 24.0 
.. 24.0 - 2.363E+03 
II 2.363E+03 - 4.701E+03 
""" 4.701E+03 - 7.040E+03 
ee 7.040E+03 - 9.378E+03 

9.378E+03 - 1.172E+04 
.1.172E+04 - 1.406E+04l

Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake 

Mean Box 3.215E+12 -2.055E+10 -1.197E+12 -7.907E+11 -1.638E+10 2.381E+11 

Figure 14-37 Total sediment organic flux in kilograms. 
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•••••••••••••••••• 

Mean 0.3938 Max 0.8839 Mih 1.8913E-11 
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~ 
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.••.....••.....••.•..•••.... 
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....•.............

...........•.....•......• 1.891E-11 - 8.839£-02
...•....•••.....•....•.•... .... 8.839£-02 - 0.177.....................•...•.•• 0.177 0.265 


-"""..••......................... 0.265 0.354 

.............................
.....•.....•.•...••......•...
•....•••......•....••....•••.
........•.....•.•............
.••••.....••...........•.......•....•.•........... 

..•....•••...•.••..•••••..•.•.....•••....•
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.•............................ 
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11 0.442 
!IIIiI 0.530 

I 0.619 
0.707 
0.795 

0.442 
0.530 
0.619 
0.707 
0.795 
0.884 

............................ 
••...••••...••.....••.

...•••....•.....
.•..•...••••.• 

Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake 

Mean Box 5.161E+08 1.844E-02 3.100E-04 0.000 0.000 1.032E+08 

Figure 14-38 Total PIP flux from sediment to pelagic in kilograms. 
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Mean 1.6785E-04 Max 2.9300E-03 Min 2.7693E-24 
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•••••••••••••••••••••••••• ..---= ... 1.172E-03 - 1.465E-03~~~ 

••••••••••••••••••••••••~=====•••••••••••••• 1.465E-03 - 1.758E-03 
•••••••••••••••••••••••••J:~==~~,...•••••••••••••••• !J 1.758E-03 - 2.051E-03==.......................••... ..........•.•..•.. I 2.051E-03 - 2.344E-03
~

•........•.........•.....•........••.•............ 2.344E-03 - 2.637E-03
........................•..................... 2.637E-03 - 2.930E-03
....•........•......•.........•........... •
...••••....•••.•.....••......••.....••
.....................••.......


.....................•...... 

......•••.•..•••
.....•••....•• 

- Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake 

Mean Box 4. 862E+05 40.6 2.114E+04 2.530E+04 50.6 1.065E+05 

Figure 14-39 Total PIP flux from pelagic to sediment in kilograms. 
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IMean 72.37 Max 220.5 Min 2.500 
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.••...... 2.50 24.3.•....•..... 24.3 46.1•....•...•.. """ 46.1 67.9== .......... 
 67.9 89.7.•....•..... 89.7 111.
•••••••••============= - 111. 133 • 
•••••••••=====.~ 133. 155 • 
••••====~r u=s: ==~ 155 • 177. 
••••=== , ::s :# : :I ==:s 177• 199. 

II ~ .. 199. 220.=== 

========::- -===
====:==- -=========

-===::;:====== 
-----=========== 

-============ 
Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake 

/", 
._._._---- .. _--_ ...... _... ---_._---- -----_._.- ---------- ---------

Mean Box 111. 31.9 70.7 59.2 69.2 68.3 
Layer 5 Total P 104.633 30.134 68.008 57.015 66.606 
Layer 4 Total P 107.663 31.014 69.360 58.094 67.896 
Layer 3 Total P 110.692 31.894 70.711 59.174 69.186 
Layer 2 Total P 113.722 32.774 72.062 60.253 70.477 
Layer 1 Total P 116.752 33.654 73.413 61.332 71.767 

Layer 5 ZOO 0.385 0.242 0.435 0.406 0.503 
Layer 4 ZOO 0.380 0.244 0.438 0.414 0.516 
Layer 3 ZOO 0.375 0.245 0.441 0.421 0.529 
Layer 2 ZOO 0.371 0.247 0.444 0.428 0.542 
Layer 1 ZOO 0.366 0.249 0.447 0.435 0.555 

Layer 5 PIP 0.348 0.000 0.207 0.052 0.002 
Layer 4 PIP 0.370 0.000 0.202 0.058 0.002 
Layer 3 PIP 0.393 0.000 0.197 0.065 0.002 
Layer 2 PIP 0.415 0.000 0.192 0.072 0.002 
Layer 1 PIP 0.438 0.000 0.187 0.079 0.003 

Layer 5 OrgP-Sed 44.011 0.000 13.553 2.575 0.105 
Layer 4 OrgP-Sed 46.424 0.000 13.237 2.910 0.111 
Layer 3 OrgP-Sed 48.838 0.000 12.922 3.246 0.116 
Layer 2 OrgP-Sed 51.251 0.000 12.606 3.582 0.121 
Layer 1 OrgP-Sed 53.665 0.000 12.290 3.917 0.127 

Layer 5 Sediment 25.447 0.000 20.672 12.620 0.515 
Layer 4 Sediment 27.557 0.000 19.980 14.266 0.542 
Layer 3 Sediment 29.668 0.000 19.287 15.911 0.568 
Layer 2 Sediment 31.778 0.000 18.594 17.557 0.595 
Layer 1 Sediment 33.888 0.000 17.902 19.203 0.621 

Figure 14-40 Measured TP synoptic concentrations in ug/1 on day 89154. 
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Mean 9.999 Max 31.50 Min 1.000 
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Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake .. _-- ... -......... ..... -_ ....-......
-----.---- .-------.- ------.......-... 
-~---
Mean Box 11.6 2.86 6.36 1.15 10.4 8.99 

Layer 5 SRP 15.466 1.950 3.492 1.190 11.106 

Layer 4 SRP 16.530 2.405 4.926 1.468 10.154 

Layer 3 SRP 11.593 2.861 6.361 1.141 10.402 

Layer 2 SRP 18.651 3.311 1.195 8.025 10.049 

Layer 1 SRP 19.nO 3.m 9.230 8.304 9.691 


Layer 5 OOP 25.5n 16.092 28.985 26.884 30.249 

Layer 4 OOP 25.338 16.428 29.011 26.982 31.238 

Layer 3 DOP 25.105 16.164 29.169 21.080 32.221 

Layer 2 DOP 24.8n 11.100 29.261 21.118 33.216 

Layer 1 DOP 24.638 11.436 29.353 21.216 34.205 


Layer 5 Greens 1.310 4.595 8.213 7.nO 9.554 

Layer 4 Greens 1.220 4.629 8.329 1.851 9.801 

Layer 3 Greens 1.130 4.662 8.384 1.994 10.041 

Layer 2 Greens 1.040 4.696 8.439 8.131 10.293 

Layer 1 Greens 6.950 4.129 8.494 8.268 10.539 


Layer 5 Blues 11.542 7.255 13.063 12.189 15.086 

Layer 4 Blues 11.400 1.308 13.150 12.405 15.415 

Layer 3 Blues 11.258 7.361 13.238 12.621 15.864 

Layer 2 Blues 11.116 7.414 13.325 12.838 16.252 

Layer 1 Blues 10.974 7.467 13.412 13.054 16.641 


Figure 14-41 Measured SRP synoptic concentrations in ugll on day 89154. 
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IMean -6.171 Max 101.9 Min -86.23 

=== 
-86.2 - -67.4 


..." -67.4 - -48.6 

===========:::- :::: -48.6 - -29.8 


-29.8 - -11.0 

-11.0 7.85 


11 - 7.85 26.7 

I 
5!i 26.7 45.5 

45.5 64.3 
64.3 83.1 
83.1 102. 

-11111111 

~========= 

Mud zone Macrophyte North Lake Sand zone South Bay Whole Lake 
------- .. _- ---------- ....._----- ------.... ~----- .. -- ....... _--- ...... 


Mean Box 0.889 -19.9 2_97 -1.77 -12.3 -6.03 

Layer 5 ZOO 0.121 -0.039 0.087 0.107 '0.111 

Layer 4 zoo 0.117 -0.037 0.090 0.114 '0.098 

Layer 3 zoo 0.113 -0.035 0.093 0.122 -0.084 

Layer 2 ZOO 0.108 -0.033 0.096 0.129 '0.071 

Layer 1 ZOO 0.103 -0.031 0.099 0.136 -0.058 


Layer 5 PIP 0.052 0.000 0.104 0.010 0.002 

Layer 4 PIP 0.060 0.000 0.094 0.013 0.002 

Layer 3 PIP 0.068 0.000 0.084 0.015 0.002 

Layer 2 PIP 0.076 0.000 0.075 0.018 0.001 

Layer 1 PIP 0.084 0.000 0.065 0.021 0.001 


Layer 5 OrgP-Sed 3.366 . -0.014 11.325 2.043 0.099 

Layer 4 OrgP-Sed 5.565 -0.014 11.022 2.381 0.105 

Layer 3 OrgP-Sed 7.554 -0.014 10.740 2.722 0.110 

Layer 2 OrgP-Sed 9.088 -0.014 10.495 3.071 0.116 

Layer 1 OrgP-Sed 10.124 -0.014 10.266 3.427 0.121 


Layer 5 Sediment 6.460 -0.075 18.291 10.013 0.488 7.035 mg/l 
Layer 4 Sediment 8.481 -0.075 17.611 11.670 0.514 7.640 mg/l 
Layer 3 Sediment 10.417 -0.074 16.952 13.343 0.541 8.236 mg/l 
Layer 2 Sediment 12.170 -0.073 16.328 15.054 0.568 8.809 mg/l 
Layer 1 Sediment 13.734 -0.072 15.723 16.800 0.595 9.356 mg/l 

Figure 14-42 Ending TP concentration differences in ug/l. 
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IMean' 3.4185E-02 Max 17.36 Min -14.75 

- f11:-"'-="~~~= ===~ 
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;;0;0;;'""""'_"'1 ! IHf dU ••:=•••••••••••• -14.7 - -11.5EE.-:=

-",..""...., ................... == -11.5 - -8.32 
... -8.32 - -5.11 
-5.11 - -1.90.. -1.90 1.31 
1.31 4.52JA 

mE 4.52 7.73 

I 7.73 10.9 
10.9 14.1 
14.1 17.4:rrlll 

Mud zone Macrophyte North Lake Sand zone South Bay l.Ihole Lake 
--_.------ -.----~--- --_.------ ------.--- ---------- ---------

Mean Box -0.397 1.30 -0.977 -0.130 -5.879E-02 -5.322E-02 
Layer 5 SRP 0.181 0.600 -2.296 0.927 3.367 
Layer 4 SRP -1.656 1.048 -1.803 0.212 1.501 
Layer 3 SRP -1.135 1.430 -1.250 -0.539 -0.900 
Layer 2 SRP -0.193 1.635 -0.335 -0.683 -1.900 
Layer 1 SRP 0.816 1.769 0.799 -0.568 -2.362 

Layer 5 DOP -5.297 -12.217 -4.467 -3.302 -8.395 

Layer 4 DOP -5.515 -11.879 -4.364 -3.195 -7.400 

Layer 3 DOP -5.750 -11.540 -4.257 -3.087 -6.400 

Layer 2 DOP -5.988 -11.200 -4.155 -2.984 -5.408 

Layer 1 DOP -6.224 -10.860 -4.057 -2.884 -4.420 


Layer 5 Greens -1.381 -7.447 -4.224 -3.859 -6.278 

Layer 4 Greens -0.307 -7.411 -3.763 -3.312 -5.490 

Layer 3 Greens -0.123 -7.354 -3.234 -2.619 -4.167 

Layer 2 Greens -0.157 -7.192 -2.884 -2.214 -3.498 

Layer 1 Greens -0.225 -6.950 -2.633 -1.970 -3.183 


Layer 5 Blues -1.038 -2.596 -0.266 0.142 -3.519 

Layer 4 Blues 0.531 -2.536 0.357 0.937 -2.171 

Layer 3 Blues 0.645 -2.432 0.853 1.622 -0.831 

Layer 2 Blues 0.559 -2.256 1.168 1.994 -0.227 

Layer 1 Blues 0.443 -2.092 1.362 2.266 0.198 


Figure 14-43 Ending SRP concentration differences in ug/L 
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drive the resuspension algorithms. Inflow concentrations were interpolated from daily flows 
and semi-monthly phosphorus measurements. Chlorophyll a was predicted assuming a 1: 1 
ratio with algae. Finally, a loading/no-loading scenario was run to evaluate the relative 
impact of inflows to the lake. 

This combination of the UF COE and ENV models is essentially the product 
delivered to the SFWMD as a result of this project. The results are presented in detail by 
Sheng et al. (1991c). Briefly, paraphrasing these authors, the sediment flux of organic 
phosphorus from the sediments was substantial and overwhelms the contribution from any 
other source on a daily basis. But over a 3-month period the net flux of deposited and 
eroded organic phosphorus on the suspended sediment rivals the algal uptake, algal decay, 
and dissolved organic phosphorus transformation pathways in total mass flux. The SRP 
concentration in the northern end of the lake is much higher in the loading scenario than in 
the no-load scenario, consistent with chlorophyll a evidence of Jones and Federico (1984). 

Thus, the detailed 3-D transient models can realistically be used to for predictive 
purposes. A useful manner in which to operate would be to perform broad scale evaluations 
using the long-term LOPOD model, followed by EHMS3D/WP3D simulations for detailed 
evaluation and possible design criteria. 

14.5 Sensitivity 

The most sensitive parameters of the 3-D model are the uptake parameters of the 
green and blue-green algae. The respiration and excretion parameters of SRP, DOP, and the 
algal components are slightly less sensitive based on the total mass change of the phosphorus 
components. The least sensitive parameters are the zooplankton and sorption-desorption 
parameters. 

Associated physical parameters that affect uptake are important in the five layer 
model. Light shading by sediment and self shading by algae are very important since the 
different light conditions in the five layers shift algal uptake to the top two or three layers. 

14.6 Summary 

The three-dimensional, transient LOP3D model includes advection, diffusion and 
reaction of seven phosphorus species that total to TP. It relies for its transport calculations 
for hydrodynamic and sediment input from the UF CaE EHSM3D model. The mathematical 
and finite difference formulation and testing is described in Chapters 10 and 11. Reactions 
are discussed in Chapter 12 and additionally in Chapter 13. Reactions tend to dominate the 
predictive calculations for simulations on the order of one week, as for the results described 
in this chapter. 

When compared on a grid cell by grid cell basis, measured and predicted TP and SRP 
concentrations show a broad spatial agreement, with local differences. When compared on a 
lake sub-area basis (e.g., mud zone, South Bay, etc.), agreement between measured and 
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predicted SRP concentrations is remarkably good. Agreement for TP is similarly good with 
the exception of the South Bay and macrophyte areas, for which TP is over-predicted. It is 
clearly difficult to include all possible phosphorus mechanisms and pathways into any model. 
Moreover, the input data for a model of this detail are necessarily sparse (i.e., concentration 
data are interpolated into 496 cells from about 25 locations, and meteorological data are 
interpolated from only 5 or 6 in-lake locations (Figure 14-1). Thus, given the complexities 
of this level of modeling, the agreement between predicted and measured TP and SRP 
concentrations is good. Nonetheless, there will be ample opportunity for model improvement 
in the hands of the South Florida Water Management District. 
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Appendix A: Dictionary of FORTRAN Variables 

This appendix is a compilation of the FORTRAN variables used in the Lake 
Okeechobee phosphorus models LOPOD and LOP3D. 

~, 

Variable 

ADEEP 
ADKON 
ADEV 
ADVEC 
AHR 
AK 
AKON 
AMAX 
AMASS 
ANGLAT 
AR 
ARDN 

ARLF 

ARRl 

ARUP 

ARLOW 
ASED 
ATITLE 
ATRAN 
AVR 
BAR 

BFMASS 
BLUN 

BLU 

Description 

Two dimensional character array for hexa plots. 

Partition coefficients for PIP (liter/kg). 

Advection in sigma direction. One dimensional array. 

Advection in X and Y directions. Two dimensional array. 

Constant value for diffusion in X direction (cm**2/sec) 

Adsorption coefficient (liter/kg) in diagenetic model. 

Diagonal coefficient for tridiagonal solution. 

Light saturation constant in units of calIcm**2-min. 

Added inflow phosphorus mass. 

Latitude of lake. 

Computational cells in the model lake. 

Index for type of down cell boundary condition. 

One dimensional array. 

Index for type of left cell boundary condition. 

One dimensional array. 

Index for type of right cell boundary condition. 

One dimensional array. 

Index for type of up cell boundary condition. 

One dimensional array. 

Area parameter. 

Analytical SRP concentration in diagenetic model. 

General simulation title. 

Difference in inter-box CTRAN values. 

Reference value for diffusion in sigma direction (cm**2/sec). 

Box model outlines for Lake Okeechobee. 

o - Not part of lake. 1 - Mud zone. 

2 - Macrophyte zone. 3 - North lake. 

4 - Sandy fringe. 5 - South Bay zone. 

Added diagenetic phosphorus mass. 

Blue-Green algae phosphorus concentration at old time step. 

Three dimensional array. 

Blue-Green algae phosphorus concentration at new time step. 

Three dimensional array. 
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Variable 

BMASS 
BTFLUX 
BQMAS2 
BNAME 
BTOTAL 

BTRAN 
BVOL 
CALBOX 

CBIG 

CDOWN 
CDP 
CENTER 
CEQQ 
CLAYER 
CLEFT 
CLOWER 
CMEAN 
CMASS 
CNAME 
COLD 
CORB 

CQMAS2 
CRIGHT 
CSED 
CSURFN 
CSUSP 
CTIME 

crop 
crOTAL 

CTRAN 
CUP 
CUPPER 

Description 

Beginning phosphorus mass. 
Added atmospheric phosphorus mass. 
Beginning quadratic phosphorus mass. 

Name of the lake sector. 

Two dimensional array summing advective, diffusive and 

reaction pathways during the simulation in the diagenetic model. 

Difference in inter-box CTRAN values. 

Beginning volume of the lake. 

= 'N' No reactions simulated in sector I. 

= 'V' Reactions simulated in sector I. 

Maximum concentration of phosphorus species calculated 

during the simulation. Three dimensional array. 

Phosphorus concentration in cell one down. 

Daily diffusive flux of SRP from the sediments. 

Phosphorus concentration in cell. 

Equilibrium concentration for lowest layer of diagenetic model. 

Current phosphorus species concentration in the layers of the cell. 

Phosphorus concentration in cell to left. 

Lowest allowable phosphorus species concentration. 

Ending collector mean phosphorus concentration. 

Ending collector phosphorus mass. 

Name of the phosphorus species. 

Old time step center cell depth. 

Corbicula mass in a computational cell. 

Two dimensional array. 

Ending collector quadratic phosphorus mass. 

Phosphorus concentration in cell to right. 

Calculated SRP concentration in diagenetic model. 

Variable used to sum SRP and TP for SURFER plotting. 
Erosion parameter. 
Time history of phosphorus concentrations in each sector 
printed at the end of simulation. Three dimensional array. 
SRP concentration at sediment-water interface. 
Two dimensional array summing advective, diffusive and 
reaction pathways during the simulation. 
Phosphorus concentration in box model. 
Phosphorus concentration in a cell one up. 
Highest allowable phosphorus species concentration. 
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~, Variable 

D 
DAY 
DAYSEC 
DIFF 
DIFV 
DD 
DDI 

DD2 

DLAMB 
DEPN 
DEP 
DEPLOW 
DIAG 
DIFCON 
DOPN 

DOP 

DRHO 
DTIME 
DX 
DXl 
DX2 
DY 
DTLONG 
EE3 
EHl 
EH2 
EM 

EMASS 
ENAME 
EQMAS2 
BRON 
BRO 
EZDIF 

Description 

Down cell in Y direction. 
Day of the week. 
Number of seconds in one day. 
Diffusion in X and Y directions. Two dimensional array. 
Diffusion in sigma direction. One dimensional array. 
Diffusion (cm**2/yr) in pore water in diagenetic model. 
Real variable used for weighting time steps less than the 
hydrodynamic time step. 
Real variable used for weighting time steps less than the 
hydrodynamic time step. 
Diffusion (cm**2/yr) for solid phase in diagenetic model. 
Deposition in a cell at old time step. Two dimensional array. 
Deposition in a cell at new time step. Two dimensional array. 
Minimum depth allowed in simulation (m). 
Diagonal elements for tridiagonal solution. 
Inter-box diffusive-transport coefficient. 
Dissolved organic phosphorus concentration at old time step. 
Three dimensional array. 
Dissolved organic phosphorus concentration at new time step. 
Three dimensional array. 
Sediment density for diagenetic model. 
Simulation time from coastal interface file. 
Open water cell X length (cm). 
Aerobic layer space increment. 
Anaerobic layer space increment. 
Open water cell Y length (cm). 
Time in minutes for hour correction. 
Reciprocal of NSIG squared. 
Old time step time-weighting parameter for X, Y diffusion. 
New time step time-weighting parameter for X, Y diffusion. 
Total change in cell phosphorus mass during the simulation. 
Two dimensional array. 
Ending phosphorus mass. 
Name of uptake pathways. 
Ending quadratic phosphorus mass. 
Erosion in a cell at old time step. Two dimensional array. 
Erosion in a cell at new time step. Two dimensional array. 
Diffusion in vertical direction at new and old 
time steps. Two dimensional array. 
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~, Variable Description 

FLOW 
FWIND 
GOI 
GBN 
GB 
GRNN 

GRN 

HKON 
HNEW 
HOLD 
HOWINT 

HUN 

HU 

HULF 

HURl 

HV 

HVBT 

HVN 

HVTP 

HYTIME 
IADPHI 

Tributary inflows. One dimensional array. 
Wind parameter. 
Integer array used to read coastal interface ftle. 
Vertical diffusion at old time step. 3-D array. 
Vertical diffusion at new time step. 3-D array. 

Green algal phosphorus concentration at old time step. 

Three dimensional array. 

Green algal phosphorus concentration at new time step. 

Three dimensional array. 

Constant lake depth for all cells. 

New time step center cell depth. 

Old time step center cell depth. 

= ' l' EHSM interpolation. 

= '2' Average interpolation. 

U cell face velocity at the new time step. 

Two dimensional array. 

U cell face velocity at the new time step. 

Two dimensional array. 

Left U face cell depth at old and new time steps. 

One dimensional array. 

Left U face cell depth at old and new time steps. 

One dimensional array. 

V cell face velocity at the new time step. 

Two dimensional array. 

Bottom V face cell depth at old and new time steps. 

One dimensional array. 

V cell face velocity at the new time step. 

Two dimensional array. 

Top V face cell depth at old and new time steps. 

One dimensional array. 

Hydrodynamic time step in seconds. 

Key for adding surface elevation to center cell and 

cell face depths. 
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Variable 

IBOX 
ICOL 
ICOMP 
IJTOT 
1M 
IMAX 

INAME 
ISD 

ISOL 

ITl 
m 
ITNUM 
ITS 
ITSTOP 
JBOX 
JCHAN 
JCOL 
JCONC 

JHR 
JLIN 
JM 
JPATH 

JPDSM 
IDIV 

IDO 

Description 

One dimensional array for index of I points of collector. 
One dimensional array for index of I points of source. 
Index for computational cell. Two dimensional array. 
I-D array for total number of cells in a lake sector. 
Array dimensions in X direction. 
= 0 use minimum value of 0.0 in concentration plots. 
= 1 use actual minimum value in concentration plots. 
Name of the solution used in advection-diffusion scheme. 
Bottom sediment flag. Two dimensional array. 
o - sandy area 1 - mud zone 
2 - macrophyte area 3 - peat area 
Solution technique for advection. 
= 1 Upwind method. 
= 2 Donor cell method. 
= 3 Sheng combined upwind - central difference. 
= 4 Central difference. 
= 5 ZIP difference. 
Beginning iteration number. 
Ending iteration number. 
Iteration number from coastal interface me. 
Iteration time step. 
Stop reading data at this iteration. 
One dimensional array for index of J points of collector. 
Print total change in cell phosphorus mass. 
One dimensional array for index of J points of source. 
= 0 Constant initial concentration. 
= 1 Synoptic survey initial concentration. 
= 2 Beginning and ending Synoptic survey concentrations. 
Hour of the day. 
Print ending concentrations every JLIN layers. 
Array dimensions in Y direction. 
= ' I' Advection-Diffusion only. = '2' Advection-Diffusion-Reaction. 
= '3' Reactions only. 
Print divergence in cell. 
= 0 Spart fraction used to calculate PIP. 
> 0 Partition coefficient used to calculate PIP. 
Counter for number of time interface file from coastal 
engineering is called for new data. 
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Variable 

JPLOT(I) 

JPLOT(2) 

JPLOT(3) 

JPRINT 

JSEC 
JULDAY 
JVEL 

JLAYER 

KSROW 
KEROW 
KSCOL 
KSCOL-. 	 LDIAG 
LAYERS 
LOWLAY 
LF 
LIGHT 
LOW 
LXXX 
LYYY 
KL 
KC 
KH 
KM 
KMIN 
KO 
KORG 
KPPT 
KPRINT 

Description 

= 'N' do not create a SURFER grid flle. 
= 'Y' Create a SURFER grid file on NSCRAT(I) of 
initial concentration values. 
= 'N' do not create a movie output file. 
= 'Y' Create a movie file on NSCRAT(2). 
= 'N' do not create a SURFER grid file. 
= 'Y' Create a SURFER grid file on NSCRAT(I) of 
final concentration values. 
= 'N' do not print initial lake data. 
= 'Y' Print all initial lake data. 
Second. 
Julian date. 
= 0 Use coastal engineering data set for cells. 
= 1 Use a constant velocity field. 
= 'N' Do not print all final layer information. 
= 'Y' Do print all final layer information. 
Starting computational row in model. 
Ending computational row in model. 
Starting computational column in model. 
Ending computational column in model. 
Lower diagonal elements for tridiagonal solution. 
Number of layers in diagenetic model. 
Lowest aerobic layer in diagenetic model. 
Left cell in X direction. 
Average solar radiation at each layer for a time step. 
Lower (anaerobic) layer of diagenetic model. 
I subscript array for inflow - outflow nodes. 
J subscript array for inflow - outflow nodes. 
K - 1 sigma layer. 
K sigma layer. 
K + 1 sigma layer. 
Array dimensions in sigma direction. 
Michaelis-Menton constant for uptake (ugll). 
Sum of K-l, K, and K +1 layers at old time step. 
Precipitation rate in diagenetic model (l/yr). 
Precipitation rate in diagenetic model (l/yr). 
Print input information KPRINT layers in diagenetic model. 
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Variable 

MASOL 

MDAY 
MDP 
MEAT 
MINUTE 
MAKUNF 

MONTH 
MTIME 
NBOX 
NBOXI 
NCOL 
NDAY 
NISS 
NREAC 
NROW 
NSED 
NSIG 
NSOUR 
NQ 
NQI 
NQ2 

NQMOV 
NQUAL 
OMEGA 
OMEGAN 
OPFRAC 
OPMEAN 
ORG 
PIP 
PNAME 
POR 

Description 

= ;P' PC computer. 
= 'V' VAX computer. 
= 'S' Silicon graphics computer. 
= 'P' PC computer code. 
= 'E' EHSM modified code. 
Integer used to calculate the day of the year. 
Maximum dimension for tridiagonal solution. 
A phosphorus species eaten by another species. 
Minute of hour. 
= 'N' Do not make an unformatted input file. 
= 'V' Make an unformatted input file. 
Integer number for month of year. 
The number of iterations simulated starting at one. 
Number of sectors in model. 
Number of sectors in model + entire lake. 
The number of columns simulated. 
Day of the month. 
Number of stations with initial concentration data. 
Number of reacting phosphorus species. 
The number of rows simulated. 
Number of sediment types in diagenetic model. 
The number of layers' in sigma direction. 
Number of inflow and outflow sources. 
Array dimension for moving quality parameters. 
Array dimension for total quality parameters + sediment. 
Array dimension for total quality parameters + 
suspended sediment and total phosphorus. 
Number of advective phosphorus species. 
Number of total phosphorus species. 
Omega at new time step. One dimensional array. 
Omega at old time step. One dimensional array. 
Organic P in sediment (mg/kg). 
Uptake for current time step for an uptake pathway. 
Sediment organic phosphorus concentration. 3-D array. 
Particulate inorganic phosphorus concentration. 3-D array. 
Name of excretion or decay pathways. 
Porosity (fraction) in sediment. 
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Variable 

PORG 


PSTAR 

PTOP 
QMOV 

RAD 
RBI 

RB2 

RCTERM 
RDFORM 

REDLOW 

RESPIR 
RHS 
RI 
SDIST 
SEDIM 

SETTL 
SOLP 

SMEAN 
SMASS 
SPART 
SPEED 
SQMAS2 
SRPP 
SRHO 
SSC 
SVOL 
SRAD 
SRPN 
SRP 

Description 

Two dimensional array for organic phosphorus in each 
layer of the diagenetic model. 
Dimensionless density in aerobic and anaerobic layers 
of the diagenetic model. 
Organic concentration in top layer of diagenetic model. 
Integer value corresponding to WQ constituents in model. 
1 ==> SRP 2 ==> DOP 3 ==> GRN 4 ==> BLU 
5 ==> ZOO 6 ==> PIP 7 ==> OPSED 8 ==> Sediment 
Average solar radiation at noon for Lakeland, Fla. 2-D array. 
Old time step time-weighting parameter for 
X and Y direction advection. 
New time step time-weighting parameter for 
X and Y direction advection. 
Control reaction terms. One dimensional array. 
= 'I' Input data from COE is unformatted. 
= '2' Input data from COE is unformatted and adjusted. 
= '3' Input data from COE is from SG. 
Ratio of tributary loadings to be used in simulation to values in input 
data file. 
Respir coefficients for NQUAL constituents (lIday). 
Right hand side vector for tridiagonal solution. 
Right cell in X direction. 
The reciprocal of NSIG. 
Two dimensional array for reading suspended sediment 
synoptic concentrations. 
Maximum settling rate (lIday). 
Two dimensional array for reading soluble phosphorus 
synoptic concentrations. 
Beginning source mean phosphorus concentration. 
Beginning source phosphorus mass. 
PIP in sediment (fraction). 
Interbox advection parameter (m/day). 
Beginning source quadratic phosphorus mass. 
Two dimensional array for reading SRP synoptic concentrations. 
Suspended sediment density (gm/cm**3). 
Self-shading coefficients. One dimensional array. 
The volume in one cell layer of open water. 
Average radiation over lake during time step. 
SRP concentration at old time step. 3-D array. 
SRP concentration at new time step. 3-D array. 
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Variable 

SYLINE 
TIFLUX 
T2FLUX 
TBMAX 
TCONC 

TEMP 
TEMPER 
THETA 
TIMDAY 
TMASS 
TOTP 

UDIAG 
UKON 
UL 

UMAX 
UP 
UPMAX 

"~ UPMIN 
UPMXX 
UR 

UPP 
UREF 
USED 
VAR 
VAVG 
VEL 

VV 
VDN 

VKON 
VMAX 
VU 

Description 

Diagenetic simulation title. 
Top flux of SRP (mg/m**2-yr). 
Top flux of DOP (mg/m**2-yr). 
Maximum shear stress (dynelcm**2). 
Maximum TP concentration allowed in Nubbin Slough/Taylor Creek 
tributary inflow. 
Average monthly lake temperature in degrees C. 
Modeled water temperature of lake in degrees C. 
Theta values for temperature adjustment. 
Time of day in seconds. 
Input concentrations for inflow nodes. Two dimensional array. 
Two dimensional array for reading total phosphorus 
synoptic concentrations. 
Upper diagonal elements for tridiagonal solution. 
Constant U velocity for unreal simulations. 
Left U face cell velocity at old and new time steps. 
One dimensional array. 
Maximum U velocity or Uref. 
Up cell in Y direction. 
Maximum uptake rate (lIday). 
Minimum allowable maximum uptake rate (lIday). 
Maximum allowable maximum uptake rate (lIday). 
Right U face cell velocity at old and new time steps. 
One dimensional array. 
Upper (aerobic) layer of diagenetic modeL 
Reference value for velocity in X and Y directions (cm/sec). 
Multiplier to get maximum daily wind speed from average. 
Unknown solution vector for tridiagonal solution. 
Average layer volume. 
Mass balance in cell during a time step. 
Two dimensional array. 
Burial velocity (cm/yr) in diagenetic model. 
Bottom V face cell velocity at old and new time steps. 
One dimensional array. 
Constant V velocity for unreal simulations. 
Maximum V velocity or Uref. 
Top V face cell velocity at old and new time steps. 
One dimensional array. 
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Variable 

WI 
W2 
WDI 
WD2 
WKON 
WMAX 
WREF 
XTRANS 
YTRANS 
ZREF 
SREF 
ZOON 

zoo 

Description 

Old time step time-weighting parameter for sigma advection. 

Old time step time-weighting parameter for sigma advection. 

Old time step time-weighting parameter for sigma diffusion. 

Old time step time-weighting parameter for sigma diffusion. 

Constant W velocity for unreal simulations. 

Maximum W velocity or Wref. 

Reference value for velocity in sigma direction. 

Distance between model boxes (km). 

Inter-box boundary length (Ian). 

Reference value for depth (cm). 

Reference value for water surface elevation (cm). 

Zooplankton concentration at old time step. 

Three dimensional array. 

Zooplankton concentration at new time step. 

Three dimensional array. 
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Appendix B: List of Symbols 

a 	 Light absorption coefficient for water particles. 
Atmospheric transmission coefficient. <It 

Ak Cross sectional area of a lake box. 
Av Vertical diffusion coefficient (cm2/s). 
As Shortwave albedo or reflection coefficient. 
Al Longwave albedo or reflection coefficient. 
b Light scattering coefficient for particles in water. 
Br Bowen ratio. 
c Heat capacity of water (callg).
C Concentration of SRP in sediment pore (interstitial) water. 
C1 

aq 
Fraction of sky covered by clouds. 

Csrp Porewater SRP in the sediment (ug/l). 
Csusp Coefficient of suspension (s/cm). 
DL Length of day (hours). 
Deff Effective aerobic diffusion coefficient in the sediment (cm2/s). 
Dr Effective aerobic diffusion coefficient due to bioturbation in the 

sediment (cm2/s). 
DIFCON Coefficient for diffusive-type transport in LOPOD (m/s). 

Vapor pressure of atmosphere (mbar). 
Saturation vapor pressure (mbar) at the surface water temperature. 
Evaporation rate ( m/ sec). 
Latitude of a location on earth. 
Temperature function modifying reaction rates. 
Light function modifying algal uptake. 
Formation factor. 
Rate of deposition (gm/cm2). 
Rate of resuspension or erosion (gm/cm2). 
Dimensionless wave friction factor. 
Diffuse fraction of the total subsurface radiation. 
Gravitational acceleration (m/s2) 
Hour angle. 
Hour of sunrise. 
Hour of sunset. 
Standard year, clear sky, solar noon irradiance. 
Surface irradiance. 
Irradiance at a depth z. 
Light half saturation coefficient for DIA. 
Light half saturation coefficient for GRN. 
Light half saturation coefficient for BLU. 
New growth respiration coefficient of GRN. 
New growth respiration coefficient of BLU. 
New growth respiration coefficient of DIA. 
New growth respiration coefficient of ZOO. 
Partition coefficient between pelagic PIP and SRP. 
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Kchl 
'Ka 

KB 

Kd 

KZG 

KZB 

KZd 

KD 
KL 
Kad 
KBd 
Kdd 
KZd 
~p 
Korg 

~pip 
Ksorg 
Ksht 
Kd 
Kvsun 

Kvsky 

K* 
L 

l-w 
Lr/> 
M 
Mday 
dM 
4MM 
Rh 
rrad 
roG 
roB 
rod 
roZ 

---.. 	 S 
SD 
SL 

Phosphorus to chlorophyll ratio. 
Michaelis-Menten half saturation constant for ORN uptake of SRP 
(ug/l) 
Michaelis-Menten half saturation constant for BLU uptake of SRP 
(ugll). 
Michaelis-Menten half saturation constant for DIA uptake of SRP 
(ug/l). 
Michaelis-Menten half saturation constant for ZOO uptake of ORN 
(ugll). 
Michaelis-Menten half saturation constant for ZOO uptake of BLU 
(ug/l). 
Michaelis-Menten half saturation constant for ZOO uptake of DIA 
(ug/l). 
Bacterial mineralization of DOP to SRP (lIday). 
Saturation light intensity at which algal growth is a maximum. 
Mortality of ORN (lIday). 
Mortality of BLU (l/day). 
Mortality of DIA (l/day). 
Mortality of ZOO (l/day). 
Partition coefficient between pelagic PIP and SRP (liter/mg). 
Organic phosphorus partition coefficient in pelagic sediment 
(ug/ll mg/l = ug/mg). 
Settling velocity of PIP (m/day). 
Settling velocity of ORO (m/day). 
Surface heat transfer coefficient (ly/dayrC). 
Vertical irradiance attenuation coefficient. 
Vertical irradiance attenuation coefficient for the direct component of 
E(O,9r)· 

Vertical irradiance attenuation coefficient for the diffuse component of 
E(O,9 )·r
Modified linear adsorption coefficient. 

Deep water wavelength (m). 

Latent heat of vaporization (kca1lkg). 

Western longitude in radians. 

Optical air mass. 

Day of the year from 1 to 365 (ignoring leap years) 

Concentration change due to diffusion. 

Concentration change due to advection. 

Relative humidity expressed as a fraction. 

Normalized earth-sun radius. 

Maintenance respiration rate of ORN (lIday). 

Maintenance respiration rate of BLU (lIday). 

Maintenance respiration rate of DIA (lIday). 

Maintenance respiration rate of ZOO (lIday). 

Velocity coefficient for LOPOD advection (m/s). 

Secchi depth (m). 

Solar longitude. 
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t Universal time (hours). 

Ta Air temperature 2 meters above the ground eC). 

Te Equilibrium temperature (OC). 

Ts Water temperature (OC). 

Tc Critical temperature for algal growth (OC). 

Topt Optimum temperature at which growth rate is maximum (OC). 

Tmio Temperature at which growth rate is zero (OC). 

Tmax Upper temperature tolerance limit at which the growth rate is zero 


(OC). 

To Turbidity (ITU or NTU). 
Ts Surface water temperature (OC). 

Burial rate of interstitial water in the sediment (cm/yr). Jlaq 

Jl Burial rate of sediment particles in the sediment (cm/yr). 
s 
vsG Settling rate of GRN (mJday). 
vsB Settling rate of BLU (m/day). 
vsd Settling rate of DIA (m/day). 

Volume of a lake box (m3).Vk 
xi Inter-box distance (km). 
Xi = DIFCON· Y/Xj. 

Depth of lake box (m). Yk 
y.

1 Inter-box boundary distance (km). 
Zs Depth dimension in diagenetic model (m). 
Z Zenith angle. 

Solar altitude. 

A constant ranging from 0.8 to 1.27 NTU·m 

The long wave fraction of the incoming radiation at the water surface 

or the fraction of solar radiation adsorbed in the surface layer. 


r 	 Concentration of sediment phosphorus. 
Earth's declination. Oded 

f Extinction coefficient for solar radiation in water. 
fa Atmospheric emissivity. 
fw Extinction coefficient of water. 

Extinction coefficient of water due to color. feal 
fG Linear self shading extinction coefficient for green algae (GRN). 

Linear self shading extinction coefficient for blue green algae (BLU). Es 
fd Linear self shading extinction coefficient for diatom algae (DIA). 
fs Linear self shading coefficient for suspended sediment (SED). 
11 Dynamic viscosity of water (g/cm-s). 

PB Blue-green algae density (~/cm3). 
Green algae density (g/cm ).PG 
Diatom algae density (g/cm3).Pd 
Sediment density (g/cm3).Ps 

Pw Water density (gm/cm3). 
e Coefficient for temperature dependence. 

Carbon to Chlorophyll ratio. ec e	 In-water refracted angle. r 
<I> 	 Sediment porosity. 
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Incoming long wave radiation from the atmosphere (ly/day). 4>a 
Net incoming longwave radiation from the atmosphere (ly/day). 4>an 

4>ar Reflected long wave radiation = Ai' 4>a (ly/day). 
Back radiation emitted by the water (ly/day). 4>br 
Energy advected from or to the water surface (ly/day). 4>c 
Energy utilized by evaporation (ly/day). 4>e 

Net surface heat flux (ly/day). 
4>n 
Shortwave radiation incident to water surface (ly/day). 4>8 

Solar constant (ly/day). 
4>sc 
Net shortwave radiation incident to the water surface (ly/day). 4>sn 
Reflected shortwave radiation = As· 4>s (ly/day).4>sr 

4>z Shortwave solar radiation at depth z in water column (ly/d~). 

Usb Stefan-Boltzmann constant = 8.26xlO-ll, cal/cm2/minrK . 

1'0 Threshold shear stress below which suspension does not occur in the 
lake (dynes/cm2). 

1'b Stress (dynes/cm2). 
Maximum uptake of SRP by DIA (lIday).I'd 
Maximum uptake of SRP by GRN (lIday).I'G 
Maximum uptake of SRP by BLU (lIday).I'B 
Maximum uptake of DIA by ZOO (l/day).I'ZC 
Maximum uptake of GRN by ZOO (l/day).I'ZG 
Maximum uptake of BLU by ZOO (l/day).I'ZB 
Sum of all chemical reactions affecting Caq. 

~!i Sum of all chemical reactions affecting r. 
,~ 
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Appendix C: Lake Okeechobee SRP and TP-SRP Trends 

The trend of 1979-1988 in-lake concentrations of the nutrients SRP and TP
SRP (TP minus SRP) was investigated using linear regression with the nutrients as the 
dependent variable and a cubic function of time as the independent variable. For 
example, for SRP: 

(C-1)SRP = Intercept + A· date + B· date2 + C. date 3 

A similar equation applies for TP-SRP. 

The eight long term stations discussed in Chapter 5 plus a combination of the 
central mud zone stations and non-mud zone stations are examined in this section. 
The non-mud stations are: LOOl, L003, and L007. The mud stations are: L002, 
L003, LOO4, LOO6, and L008. The correlation coefficients, r, of twenty regressions 
are presented in Table C-1. (fheir statistical significance has not been assessed 
because of autocorrelation between acljacent data points.) Plots of the cubic functions 
are shown for the eight individual stations in Figures C-1 - C-8 for SRP and C-9 - 16 
for TP-SRP. Similar plots for SRP and TP-SRP are shown for mud and non-mud 
stations in Figures C-17 - C-20. 

There is generally a decreasing trend in SRP data after 1984 and no trend in 
the TP-SRP difference after 1984. In particular, although the plot of SRP versus time 
shown in Figure 1-4 seems to indicate an increasing trend in TP and SRP 
concentrations, Figures C-1 - C-8 clearly indicate that at all stations SRP 
concentrations "level ofr' after the early 1980s, with two stations (LOO3 and LOO4) 
indicating a sharp decline. Both mud (Figure C-17) and non-mud (Figure C-19) 
stations indicate a similar rise in concentration until the early 1980s, followed by a 
gradual decline. 

The TP-SRP fits are more ambiguous with some stations indicating an increase 
in the latter 1980s, and others not. The mud stations (Figure C-18) tend to show 
more of an increase than do the non-mud stations (Figure C-20). This is possibly due 
to the higher erosional capability of the mud zone. 
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Table C-l 

LOO1 

LOO2 

L003 

LOO4 

L005 

L006 

L007 

L008 

Mud 

Non-Mud 

Correlation coefficient (r) between dependent variables SRP and TP
SRP and the independent variables consisting of a cubic function of 
time for nutrient data between the years 1972 and 1989. 

Station SRP TP-SRP 

0.33 0.31 

0.28 0.35 

0.45 0.35 

0.52 0.37 

0.12 0.37 

0.44 0.39 

0.33 0.35 

0.29 0.35 

0.46 0.42 

0.46 0.41 
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Appendix D: Output from Baseline Run of WPOD 

See Table 13-11 for index to figures. 

Figure 0-01 

Figure 0-02 

Figure 0-03 
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Figure 0-05 Mean box stage
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~, Figure 0-06 Mean box depth 
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Figure 0-07 	 SRP mean box concentration 
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Figure 0-09 GRN box concentration 
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Figure 0-13 PIP mean box concentration 

Figure 0-14 ORG box concentration 

Figure 0-15 SEO box concentration 

Figure 0-16 TP concentration 

Figure 0-17 SRP integrated burden 

Figure 0-18 OOP integrated burden 
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Figure 0-19 GRN 	 burden 

Figure 0-20 integrated burden 
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Figure 0-26 from OOP 
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Figure 0-30 BLU uptake of SRP 

MUd~l5. 497E+04 

D-5 




Figure 0-31 	 BLU respiration to SRP 
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Figure D-40 Desorption. PIP to SRP. 
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Figure 0-46 respiration rate 
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Figure 0-47 death rate 
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Figure D-56 Green algal settling loss 
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Figure D-57 	 settling loss 
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Figure D-60 Added SRP loading from rainfall 
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Figure D-62 Net SRP diffusion 
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Figure 0-63 Up SRP diffusion 

Figure 0-64 SRP diffusion 
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r=:NLake-.-::::=l 
ILZ.135E:roj1 

[T~;~~:o3Jl 

1. 671E+03 
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Figure 0-68 boundary flux 
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Figure D-71 Top organic P (mg/kg) 

Figure D-72 Mean settling rate (m/day) 

Figure D-73 rate (m/day) 

Figure D-74 erosion 
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Figure 0-75 
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Figure 0-81 Total GRN interbox mass transfer 
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Figure 0-87 SRP mass transfer 
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Figure 0-94 transfer 

Figure 0-95 

Figure 0-96 

Littoral 
2.04 

8.21 

Figure 0-97 

ittoral 
0.616 

0.621 

Figure 0-98 

KDO 

KAA 

Mud====, 
0.178 ~ 

Oke:e-==, 
meters 

attentuation coeff 

Okee===, 

of absorbing agents 

Okee'===9j 

of scattering agents 

Figure 0-99 Erosion of sediment 

r~;~~e=] 

Oke,e===, 

D-15 




Figure 0-100 
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Table D-1 Further summary output from LOPOD -- baseline simulation. 

Parameter North Lake Littoral Sand Zone Mud Zone South Bay Whole Lake 

TP import NB/Slough 594. 0.000 0.000 0.000 0.000 594. mg/m"2
TP import Kissimmee 582. 0.000 0.000 0.000 0.000 582. mg/m"2 
Other SRP import 1.063E+03 132. 0.000 0.000 167. 1.362E+03 mg/m"2 
other DOP import 424. 63.8 0.000 0.000 54.4 542. mg/m"2 
SRP export 0.000 -34.5 0.000 -9.80 -43.8 -88.1 mg/m"2 
DOP export 0.000 -110. 0.000 -9.38 -66.4 -186. mg/m"2 
GRN export 0.000 -30.0 0.000 -1. 36 -10.6 -42.0 mg/m"20 

I BLU export 0.000 -19.4 0.000 -3.44 -23.2 -46.1 mg/m"2..... PIP export 0.000 -2.938E-06 0.000 -3.935E-07 -2.230E-06 -5.561E-06 mg/m"2-...J 
ZOO export 0.000 -7.58 0.000 -0.641 -4.24 -12.5 mg/m"2 
ZOO export 0.000 -2.956E-06 0.000 -0.215 -0.282 -0.497 mg/m"2
ZOO export 0.000 -5.496E-06 0.000 -12.8 -30.0 -42.8 mg/m"2 
Total TP export 0.000 -201. 0.000 -37.6 -179. -417. mg/m"'2 
Total TP import 2.663E+03 196. 0.000 0.000 222. 3.081E+03 mg/m"2 
Total TP loading error -481. mg/m"2 
Beginning lake burden 450. mg/m"2 
Ending lake burden 266. mg/m"2 


