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PREFACE

The study described in this report was conducted as part of the
Environmental and Water Quality Operational Studies (EWQOS) Program,
Work Units 31594 (IB.l) and 31595 (IC.1). The EWQOS Program is spon-
sored by the Office, Chief of Engineers (OCE), US Army, and is assigned
to the US Army Engineer Waterways Experiment Station (WES) under the
purview of the Environmental Laboratory (EL). The OCE Technical Moni-
tors for EWQOS were Mr. Earl Eiker, Dr. John Bushman, and Mr. James L,
Gottesman.

This is an interim report dealing with work conducted to December
1982. Work on evaluation of the model will continue through Fiscal Year
1984,

The work reported herein was conducted by Drs. Joseph H. Wlosinski
and Carol D. Collins of the Water Quality Modeling Group (WQMG), Ecosys-
tem Research and Simulation Division (ERSD), EL., The draft report was
reviewed by Dr. James L. Martin, Dr. Stephen P. Schreiner, and
Mr. Mark 5. Dortch, WQMG. The study was conducted_under the direct
supervision of Mr, Don L. Robey, Chief, ERSD, and under the general
supervision of Dr. John Harrison, Chief, EL. Program Manager of EWQOS
was Dr, J, L. Mahloch, EL. Editorial review was performed by
Ms, Jessica S. Ruff of the WES Publications and Graphic Arts Division.

Director of WES was COL Allen F. Grum, USA. Technical Director
was Dr, Robert W. Whalin.

This report should be cited as follows:

Wlosinski, J. H., and Collins, C. D. 1985. "Analysis and Revi-
sion of a Reservoir Water Quality Model," Technical Report
E~85~13, US Army Engineer Waterways Experiment Station, Vicksburg,
Miss.
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ANALYSIS AND REVISION OF A RESERVOIR
WATER QUALITY MODEL

PART I: INTRODUCTION

1. CE-QUAL-R]l is a one-dimensional model that is being developed
by the Corps of Engineers to realistically predict and assess the ef-
fects of engineering activities on reservoir water quality. This report
deals with the analysis and revision of that model up to December 1982.
Further evaluation is scheduled to continue through Fiscal Year 1984,
The purposes of this work were to ensure that the coding of the model is
correct and that model predictions are suitable for the needs of Corps
of Engineers District and Division offices.

2. The evaluation of model predictions from CE-QUAL-RI was sepa-
rated into three tasks, with each task being investigated by a separate
group. The three tasks dealt with the predictions of temperature (John—
son and Ford 1981), anaerobic materials (Zimmerman 1985), and other
chemical and biological variables. In addition, an evaluation of the
model for use by the Aquatic Plant Control Research Program was reported
by Wlosinski (1981). Evaluation of model predictions is also being car-
. ried out using data collected on a reservoir with different morphometric
and biological attributes (Wlosinski and Collins 1985), Variables exam-
ined in the analysis and reported here were dissolved organic matter
(DOM) , algae, zooplankton, orthophosphate-phosphorus (P04-P), ammonia-
nitrogen (NH4-N), nitrite plus nitrate-nitrogen (NO2-N + NO3-N), total
inorganic carbon, oxygen, pH, alkalinity, and total dissolved seclids
(TDS). Data for the analysis were collected at DeGray Lake, Arkansas,
in 1979 and 1980,



PART IT1: BACKGROUND INFORMATION

Model Description

3. CE-QUAL-Rl is a one-dimensional numerical reservoir model that
simulates water quality variables in the vertical direction. The thick-
ness of each horizontal layer is dependent upon the balance of inflowing
and outflowing water, which permits accurate mass balancing and reduces
numerical dispersion during periods of large inflow and outflow.

4, Inflowing waters are distributed vertically based on density
differences, which allows simulation of surface flows, interflows, and
underflows. Water density is dependent on temperature and the concen-
trations of dissolved and suspended solids. Outflowing water is with-
drawn from layers, considering density stratification, using the selec-
tive withdrawal algorithms of Bohan and Grace (1973). Reservoir
outflows can be specified by using operation records or the user may opt
to have the model choose flows from ports in order to match a downstream
target temperature,

5, The heat budget includes the components of short- and long-
wave radiation, back radiation, reflected solar and atmospheric radia-
tion, evaporative loss, conductive heat transfers, and gain or loss
through inflows and outflows. Vertical transport of thermal energy and
mass is achieved through entrainment and turbulent diffusion. Entrain-
ment determines the depth of the upper mixed layer and the onset of
stratification. It is calculated from the turbulent kinetic energy
influx generated by wind shear and convective mixing using an integral
energy approach (Johnson and Ford 1981). Turbulent diffusion is a two-
way transport process that is incorporated using a turbulent or eddy
diffusion coefficient, which is dependent on the wind speed, magnitude
of inflows and outflows, and density stratification.

6. The prediction of water quality is based upon simulation of
the interaction of numerous biological and chemlical constituents.

Forces that directly affect the simulation of the biological and chemi-

cal constituents are temperature, irradiation, wind speed, inflow and
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outflow rates, and inflowing and outflowing masses. The physical dis-
tribution of mass is dependent upon the diffusive and convective pro-
cesses described above and on settling processes. Besides the physical
processes, water quality variables in the model can be affected by pho-
tosynthesis, respiration, decay or decomposition, ingestion, egestion,
nonpredatory mortality, and harvest. Table 1 lists the process interac-
tions between variables which were included in CE-QUAL-Rl at the begin-
ning of this study. A definitive description of the model can be found

in a User's Manual (Environmental Laboratory 1982b).

DeGray Lake

7. DeGray Lake is located in the Ouachita Mountains in south-
central Arkansas. Reservoir length is 32 km, with a maximum depth of
57 m. Volume at normal pool is 7,91 x 108m3, with a surface area of
5.34 x 107m2. DeGray Lake is dendritic, with a shoreline development
index of 12.8. Project purposes include flood protection, hydropower
with pumped storage, recreation, water supply, and low-flow augmentation
of the Ouachita River.

8. The reservoir is formed by the DeGray Dam, which is located
12.7 km upstream of the mouth of the Caddo River. The dam is an earth-
fill structure with a crest elevation of 138 m above mean sea level.
Water is withdrawn through a multilevel outlet structure. From first
filling in 1971 to March 1979, water was withdrawn from the surface,
after which time the withdrawal level was lowered 12 m, The watersghed
above the dam is 1,170 kmz, of which approximately 69 percent is clas-
gified as forested, 30 percent agricultural, and only 1 percent urban

(Perrier, Harris, and Ford 1977).

Evaluation Procedures

9. Procedures for evaluating CE-QUAL-R1 are included in a report
by Wlosinski (1984)., Methods generally follow recommendations made dur-

ing a workshop on verification of water quality models which was



convened by the US Envirommental Protection Agency (1980). Participants
of the workshop recommended evaluation of both software and model pre-
dictions. Although they encouraged the use of statistical techniques,
they did not recommend any statistics nor did they believe that statis-
tical techniques should supersede engineering judgment.

Evaluation of software

10. The following methods were used to evaluate software:
a. Model equations were checked for dimensionality.
b. Model predictions were checked for stability.
. Model output was checked for conservation of mass.

c
d. All variables were checked to ensure that they were ini-
tially set,

. Predictions were checked using different time steps.

e

f. As suggested by Mihram (1972) and Lawler (1980), model
predictions were checked to make sure they were reason-
able after changing values of driving variables (boundary
conditions).

g. Problems reported by others using the model were thor-
oughly investigated.

11. The majority of these tests were performed in 1980, with the
corrections being made to the code prior to the release of the original
User's Manual (Envirommental Laboratory 1982a).

Evaluation of model predictions

12. Model predictions were evaluated both graphically and statis-
tically using data from DeGray Lake for 1979 and 1980. Although a num-
ber of statistical tests were available (see Wlosinski 1984), most of
the comparisons for the study were made using the Reliability Index (RI)
of Leggett and Williams (1981). As the predicted versus measured values
diverge, the RI becomes larger. Because the RI does not depend on
whether the observed or predicted value is greater, and since it is
scale variant, it appears to be the best statistic for aggregating and
comparing results of different variables.

13, Statistiecs were caleculated for vertical profiles for each var-
iable on those dates when data were collected, and for each variable

summed over depths and dates. The value of the RI is 1.0 in the case of




perfect prediction. If all comparisons were within a factor of two of
each other, the RI would be 2.0. An RI of 10,0 signifies that the dif-
ferences between measured and predicted values were an average of one
order of magnitude apart; an RI of 100.0 signifies the values were two
orders of magnitude apart. The RI was used for comparing predictions
for different model algorithms, processes, structures, or calibration
values. These comparisons were made using data collected at Station 4,
located near the dam. This was done because model predictions, in gen-
eral, better represent conditions in the main pool of the reservoir, and

more data were collected at that station.

14. Although the model is one-dimensional and considers each
layer as a completely mixed reactor, the reader should be aware that
this is not the case in the real system. Nutrient inputs to a modeled
reservoir layer become instantaneously mixed throughout that layer,
whereas in the real system a continuum of changing conditions can be
seen as one progresses from the headwater area to the dam (Thornton
et al, 1980).

15. In addition to comparing the mass of predicted and measured
state variables, fluxes predicted by CE-QUAL-Rl were also compared with
measured values. This was done in order to ensure a2 more reliable
model, for it is possible to predict the same concéntrations with dif-

ferent sets of coefficients (Wlosinski 1985).



PART ITI: EVALUATION OF SOFTWARE

Stability of Model Predictions

16. When the model predictions were originally checked for sta-
bility, problems occcurred for those variables associated with the bottom
of the reservoir. At the time this problem was Investigated, these var-
iables were organic sediment and benthos; however, since then, a number
of variables representing anaerobic materials have been added. Sample
results obtained from the original model for the bottom three layers of
sediment are shown in the upper part of Table 2. Although the value for
sediment should be fairly stable over short periods of time, predicted
values for the bottom three layers ranged from 0 to 562 g/m2 for the
first 4 days of simulation. The solution scheme was found to be the
cause of this problem.

17. Although initial conditions for benthos and sediment were re-~
ported as grams per square meter, those values were changed to a concen-
tration (grams per cubic meter) by "dispersing" the variables into the
water of the adjacent layer. Since the ratio of the mixture changed,
the concentration of the variable changed, becoming much greater in the
deeper layers. An implicit integration scheme was used to solve for new
concentrations. To solve the stability problem, the units for the vari-
ables were changed from grams per cubic meter to grams per layer, and
the Euler technique was used to solve for new values. Predictions of
sediment for 4 days in the bottom layers for the improved model ranged
between 10.0 and 11.3 g/m2 and were considered satisfactory. Results
after corrections to the model are listed in the bottom portion of

Table 2.

Conservation of Mass

18. A thorough test for conservation of mass was performed using
data from Lake Conway, Florida (Wlosinski 1981). For a conservative

substance in the model, such as total dissolved solids, the results were




satisfactory after a l-year simulation. The balance, which is a compar-
ison of the initial mass plus all positive fluxes of the reservoir
boundary with the final mass plus all negative fluxes, was within

1.7 percent. For nonconservative substances, such as phosphorus, the
initial results were not satisfactory. 1In a series of three calibration
simulations, the balance for phosphorus was between 4.5 and 147.5 per-~
cent (Table 3). The three calibration simulations used exactly the same
data set except for the estimates for three coefficients. The algae
half-saturation coefficient for phosphorus was varied from 0.005 to
0.003; the algal settling rate, from 0.4 to 0.2; and zooplankton assimi-
lation, from 0.33 to 0.27. The range of these estimates is reasonable
and can be found in Jorgensen (1979).

19. The imbalance of mass was caused by three factors. First,
the ratios of carbon, nitrogen, and phosphorus were different for
different state variables, Although this difference occurs in nature,
the model is not complex enough to represent all of the processes in
nature needed to account for an exact mass balance. For example, the
ratios of carbon, nitrogen, and phosphorus for zooplankton and algae are
usually different. When zooplankton eat algae, they do not take on the
carbon, nitrogen, and phosphorus ratios of algae, but instead excrete
these elements in different ratios. In the original model, when
zooplankton ate algae, elements were created or destroyed since algae
and zooplankton had different carbon, nitrogen, and phosphorus ratios.

20. Three alternatives were available to correct this problem:
(a) the model could have been made more complex to better represent
natural processes dealing with the ratio of elements, (b) the assumption
could be made that different organic state variables have the same
stoichiometric ratio, or (c) the assumption could be made that the prob-
lem did not cause significant errors. Because the first alternative
would have resulted in a model too complex for the needs of the Corps of
Engineers, and because the mass balance was considered significant, the
second alternative was chosen. Thus, a simplified assumption has been

made in the model that a constant stoichiometric ratio exists between



the elements of carbon, nitrogen, and phosphorus for different organic
variables.

21. The second problem causing the mass imbalance was due to the
solution scheme. The model solves the equations dealing with each state
variable in a sequential manner, In effect, this scheme solves coupled
differential equations in an uncoupled manner. The flux between com-
partments 1s actually solved twice: once for computations for the donor
compartment and once for the receiving compartment. The flux computed
by the model can actually be different for the two compartments since a
new, updated value for the mass of the donor compartment was used in
calculating the flux in the receiving compartment. This problem was not
found to be a major factor causing mass imbalance.

22. The third problem caused the majority of the mass imbalance.
Under certain conditions, more material was predicted to leave a com-
partment than was contained in that compartment. On those occasions,
the model arbitrarily changed the predicted negative concentration to
either zero or a small positive concentration. This, in effect, created
mass that was then used by other compartments in the model, just as if
the addition entered the reservoir along with the upstream flow. During
the Lake Conway application, these arbitrary additions, termed the nega-
tive hedge, were totaled in order to assess their significance
(Table 3). As can be seen for simulation 3 (original model), the amount
of phosphorus added by way of the negative hedge was more than the total
initial mass or the total amount in the inflow.

23. The algorithms for those processes which caused the majority
of the negative hedge problem were altered so that the maximum amount of
material that could leave a compartment was the amount present at the
beginning of that time step. The balance for the improved model was
3.1 percent, which compared with 147.5 percent when using the original
model with the third data set. The value of mass added by the negative
hedge fell from 120,000 kg to only 20 kg. The amount of phosphorus
added by way of the negative hedge and the balance percentage were even
lower when using the coefficients from simulations 1 and 2 with the

improved model.
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Other Tests

24, Other tests performed on CE-QUAL-R1 included checking the
dimensions of each equation, comparing predictions using different time
steps, changing driving variables while making sure predictions were
reasonable, and checking to make sure that initial values were supplied
for all model variables. FEach of these tests pinpointed errors within
the model. The majority of errors were easily corrected. Corrections
ranged from changing misspelled variable names to replacing algorithms.
The more significant changes included:

a. Replacing an approximate solution for calculating eleva-
tion as a function of volume with an exact sclution.

b. Correcting the algorithm for estimating per hour rates
from per day rates used in the Euler solution scheme,

¢. Changing the algorithm for interpolating initial
conditions.

d. Correcting algorithms that dealt with the settling of
algae and detritus.

e, Making density a function of dissolved and suspended
golids in addition to temperature.

11




PART IV: EVALUATION OF MODEL PREDICTIONS

Original Model

25. Work reported in this section of the report commenced after
improvements from PART IIT were made to the model and after satisfactory
thermal profiles were predicted for DeGray Lake (Johnson and Ford 1981},
The work of Johnson and Foxrd provided temperature predictions (from CE-
THERM-R1, the thermal analysis section of CE-QUAL-RI1) that had an aver-
age RI of 1.11.

26, Variables for which data were available from DeGray in 1979
and 1980 were algae, zooplankton, dissolved organic matter, P0O4-P,
NH4-~N, NO2~N + NO3-N, oxygen, pH, alkalimity, and TDS. In additionm,
data for inorganic carbon were available for 1979. Two different esti-
mates for algae were available for both years. One estimate was based
on dry weight values in which zooplankton were handpicked from a grab
sample with the sample then being dried. The other estimate was based
on chlorophyll a data. For 1979 and 1980, the dry weight data averaged
2,27 and 1.68 g/m3, respectively. Values estimated from the chlorophyll
data, using the average concentration and a conversion value from
Spangler (1969}, were 0.56 and 0.29 g/m3. Although the dry weight data
were used initially, estimates for the dry weight may have been high due
to detritus incorporated in the samples.* For this reason, and since
more chlorophyll a data were available, final comparisons were made
using the chlorophyll a estimates.

27. Results for 1979 obtained from the original model, with cor-
rections as described im Part III, are presented in Table 4 and Fig-
ure 1. These results were obtained after a number of calibration simu-
lations were completed. The graphs in Figure 1 also contain the results

after all improvements were made to the model (final model). (These

* Personal Communication, January 1982, R, H, Kennedy, Research
Limnologist, US Army Engineer Waterways Experiment Station, Vicksburg,
Miss.
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improvements are described later in this seection.) In those cases where
the predictions from the original and final models were similar, predic-
tions from only one are presented. If the predictions are not similar,
the solid line represents predictions from the final model and the
dashed line represents predictions from the original model. Although
graphs were obtained for all variables for a number of days when mea-
sured data were available, only those graphs viewed at best and worst
cases (as determined by the RI) are presented. The observed and pre-
dicted means as well as the RI are presented in Table 4. The statistics
presented were calculated over all depths and time periods,

28. Examination of results, from the original model, showed that
the predicted P04-P and NH4-N values were not at all satisfactory, espe-
cially in the hypolimnion during the latter months of the year. This,
in turn, caused high predictions for algae and inorganic carbon in the
epilimnion as the mixed layer became deeper in the fall. This problem
persisted through all calibration simulations, indicating that the model
structure probably was not correct. Results obtained for the 1980 con-
firmation data set also showed high predictions for phosphorus and ni-
trogen. Results for the confirmation data sets are presented in Fig-
ure 2 and Table 5., The format is the same as for the 1979 data set.

29. Further attempts to calibrate the model did not produce bet-
ter results. At this point, the decision was made to change the struc-
ture and algorithms of the model to see if results could be improved.
Any changes that simplified the model would be accepted even if the re-
sults were not significantly better. Changes that made the model more
complex, and therefore harder to use, would only be accepted if they

produced significantly better results.

Collapsing Compartments

30. The first changes that were made attempted to simplify the
model. Changes were made one at a time, after which graphic and statis-

tical analyses were performed with the results of the 1979 data set.
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31. Three changes were made that simplified the model:

a. Three fish compartments were united to form one
compayrtment.

=

. The benthos and sediment compartments were united.

c. Nitrite and nitrate-nitrogen compartments were combined
to form one compartment,

32, Diagrams of the new model structure which incorporated these
changes are presented as Figures 3-5. Graphic comparisons of all vari-
ables after each change appear to be nearly identical to the graphs
after final calibration. Only slight differences, before and after com-
bining variables, were noted in the RI, and the overall average of 3,43
for all variables was maintained. All coefficients remained the same
except those directly involved in combining variables. After all
changes were made, the 1980 confirmation data set was again used to sim-
ulate DeGray Lake. As happened for the 1979 data set, graphs for all
variables appear to be nearly identical when compared with the confirma-
tion simulation after final calibratiom, The overall RI was slightly
worse, going from 3.49 to 3.56. Because the predictions were nearly the
same before and after the changes, and since the simplified version used

35 fewer coefficients, the changes were made permanent.

Adsorption of Phosphorus and Nitrogen

33. The process of adsorption, by which materials in the soluble
phase adhere to the surface of solids, was not included in the original
model. Since the net effect of this process would be to remove nitrogen
and phosphorus from the water column, where predictions were high, the
process was programmed and evaluated in CE-QUAL-R!. The first algorithm
had a constant amount of phosphorus and nitrogen adsorbed per gram of
suspended solids, which included detritus, algae, and suspended solids.
The phosphorus and nitrogen were moved to the sediment or to next lower

layer, depending on the average settling rate of the solids,

S+ Sy + S, + SaZ)
VKa(CS FC i+ C Ca2) 7

T

A=

(D
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where

A = amount of nutrient settled from a layer
due to adsorption (g/layer/time step)

V = volume of water in the laver (m3/layer)

K_ = coefficient representing the amount of
nutrient adsorbed per unit of suspended

. 3
solids [ & nutrlentlg
g solids/m

CS, Cd’ Cal’ and Caz = the concentration of suspended solids,
detr%tus, and the two algal compartments
(g/m™)

Ss’ Sd’ Sal’ and Sa2 = the settling rate of the above compart-

ments (m/time step)
T = the layer thickness (m)

34. There were problems with this formulation because it allowed
most of the inorganic nutrients to be settled in layers with low nutri-
ent concentrations, while at the same time not having the desired effect
on layers with high nutrient concentrations. To resolve this problem,
the coefficient Ka in Equation 1 was made a function of the nutrient

concentration (after Hwang, Lackie, and Huang 1976).

K = —2 (2)

where
. , . \ 3
N = inorganic nutrient concentration (g/m”)

K = maximum amount of solute per amount of solids (g nutrient/g
solids)

K, = adsorption coefficient [1/(time step g/m3)] divided by the
desorption coefficient (l/time step)

35, Variable Kd was read in as a single coefficient since equi-
librium concentrations were assumed. Equation 2 is known as the Lang-
muir isotherm, which has been used to describe nutrient adsorption (Ku,
Di Giano, and Feng 1978). This formulation noticeably improved results

and was therefore considered satisfactory.

15




Addition of Refractory Dissolved Organics

36. The original medel included one variable for dissolved
organic matter. Input to this compartment was from upstream flow, while
output inciuded decomposition and flow out of the system. Maximum decay
wag specified by a coefficient and reduced as a function of temperature.
This representation for decomposition of dissolved organic matter was
too simple. The dissolved organic matter compartment in a reservelr
actually consists of a number of compounds that decompose at varying
rates, Rates near 0.4/day have been measured for labile compounds, and
near 0.004/day for refractory compounds.

37. Many of the labile compounds in a reservoilr come from algae
through processes of mortality and respiration. Materials coming from
upstream usually have been undergoing decomposition in the river and are
more refractory. To better represent these processes, two dissolved
organic matter compartments were Included in the model: one represent-
ing refractory organic compounds and the other representing labile com-
pounds. Each of the compartments has a different decomposition rate.

As the labile compartment decays, some of the products go to the inor-
ganic nutrients and some to the refractory organic compartment. A dia-
gram of these compartments is included as Figure 6. These changes

improved model predictioms.

Inflow Modifications

38. CE-QUAL-R1, being one-dimensional, does not allow the model
to predict variations as one moves from the headwater to the damsite of
a reservoir. This could cause problems, because the concentrations of
inflowing constituents are usually measured at or above the headwater
area, and the model's predictions are best suited near the deepest part
of the pool, which usually occurs near the dam. Any processes occurring
between the headwater and dam which can change the concentrations of in-
flowing constituents would not be represented and can lead to erroneous

results. Since phosphorus and nitrogen can be taken up by phytoplankton
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or adsorbed to particulate materials and settled to the headwater bot~
tom, the concentration of inorganic nutrients entering the main part of
the reservoir may have been lower than used for the DeCGray simulations.
To demonstrate the effect this might have had on the high concentration
of phosphorus and nitrogen in the hypolimmion as predicted by the model,
the concentration of nutrients in the inflow was lowered by 70 percent
and 100 percent, This change had virtually no effect on the high hypo-
limnetic concentrations of phosphorus and nitrogen, but did have an
adverse effect on the prediction of algae in the spring in the epilim-
nion. For this reason no permanent change was made to the model con-

cerning inflowing concentrations of nutrients.

Phytoplankton Modifications

39. The Monod equation for photosynthesis as a function of light

was replaced with Steele's (1962) light equation,

[1-(I/Ks)]
e (3)

|
]
NIH
n

where
F = fraction of maximum photosynthesis
= average light for a particular layer (kcal/mzlhr)
K' = Steele's light saturation coefficient or the amount of

light (kcal/m®/hr) at maximum photosynthesis

Steele's equation is more widely accepted and can represent photoinhibi-
tion at irradiance levels greater than the light saturation (KS) level.

40. Loss terms for photorespiration, or excretion, and mortality
were also added to the phytoplankton compartment. Photorespiration re-
sults from the oxidation of ribulose diphosphate instead of its carboxy-
lation to yield glycolate. This process has been shown to be most sen-
sitive to low and high irradiance levels and can be represented by the

function
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E =K, (1. - F) (4)

where
E = fraction of the compartment lost to excretion (per time
step)
Ke = maximum excretion rate (per time step)

and F is calculated in Equation 3.
Photorespiration rates increase at both very high and very low intensi-
ties, Extracellular release of photoassimilated carbon can range from a
baseline of 2 percent to as high as 40 percent,

41. Another change dealt with the products of algal respiration.
Based on constant stoichiometry of algae, products from total respira-
tion were fractioned into the compartments of phosphorus, inorganic car-
bon, and ammonia. Thus, the respired biomass was again immediately
available for use by the algae. In actuality, this cycling scheme is
erroneous and can create problems for phosphorus and ammonia dynamics.
The major products of respiration are carbon dioxide and organic com-
pounds. These organic compounds are later remineralized into readily
available forms of nitrogen, phosphorus, and inorganicrcarbon. To rep-
resent this process correctly, the products of algal respiration should
be carbon dioxide and labile dissolved organics. This would alleviate
the problem of immediate recycling, since dissolved organics decay at a
slower rate, Unfortunmately, this can cause a mass balance problem for
carbon because of the model simplification of constant stoichiometry.
In this case, the same carbon would be released twice, once as respired
carbon dioxide and once when dissolved organic matter decomposes. In
order to maintain a continuity of mass and to slow the immediate recycl-
ing of nutrients, the products of photorespiration increase the labile
dissolved organic matter compartment, while those from dark respiration
will continue to increase the NH4-N, inorganic carbon, and PO4-P
compartments.

42, The mortality term added to the algae compartment represents
a loss rate due to the senescence of algae. Tt is a difficult parameter

to measure in the field, but is generally regarded as being less than
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10 percent of the total loss terms. This rate is accelerated by

critically high temperatures and can be simulated by the equation

D =K, (T~ T (5)
where
D = fraction of the compartment that dies (per time step)
Kt = maximum mortality fraction (per time step)
T = layer temperature (OC)
T, = temperature at which total mortality occurs °c) e

Mortality is fractioned between the detritus and labile dissolved or-
ganic matter compartments.

43. In the past, no photosynthesis was allowed to occur below the
l-percent light level, This is a somewhat arbitrary standard that indi-
cates the depth where only 1 percent of the incident irradiance is pene-
trating from the surface. This has been referred to as the compensation
depth, a point where phytoplankton respiration exceeds photosynthesis.
Photosynthesis does not stop here, however. Futhermore, shade-adapted
species are known to acclimate to low irradiance levels by reducing
their respiration rates, thereby increasing the photosynthesis/respira-
tion ratio compensation level. This can be very important in some sys-
tems and under conditions of stratification. The elimination of the
condition has been tested in the model under the assumption that respi-
ration processes will balance out with reduced photosynthetic ability.
The combined changes to the algal subroutine produced improved predic-
tions. All of the structural changes to the phytoplankton compartment

are shown in Figure 7.

Fluxes

44, 1Initial calibration of CE-QUAL-R1 for DeGray in 1979 started
with coefficients, estimated by Johnson and Ford (1981), for the thermal
model CE-THERM-R1 and textbook values for biological and chemical
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coefficients. The inltial simulation showed decreases in the oxygen
concentrations in the metalimnion and the hypolimnion, although at a
faster rate than observations indicated. Instead of arbitrarily chang-
ing coefficients until satisfactory concentrations were predicted, the
fluxes predicted by the model were compared with field measurements or
literature values. Although flux information from the model was avail-
able on a per layer basis, the study concentrated on fluxes at the res-
ervoir level to search for gross discrepancies.

453. At the time the flux information was being used to help cali-
brate the 1979 data set, there were 3 processes, on a reservoir basis,
- that could increase oxygen concentrations and 13 processes that could
decrease oxygen concentrations (Table 1). Of the 13 that resulted in
losses, 3 processes accounted for 80 percent of the oxygen loss. The
model predicted that 40 percent of the oxygen loss was used in algal
respiration, 29 percent was lost in the decomposition of dissolved
organic matter, and 11 percent was due to the decomposition of sedi-
ments. In addition, algal respiration accounted for 62 percent of pri-
mary production. Carbon primary production data were available for
DeGray in 1979.% The samples were collected once per month and reported
as milligrams of carbon per square meter per hour. Assuming constant
values for the day and month, primary productivity would be approxi-
mately 4 x 106 kg carbon for the reservoir for the simulation period.
The model value for the period was 1.5 x 107 kg of carbon, which is
approximately 3.7 times the measured value. In addition, Whittaker's
{(1975) general figure for algal respiration of 30 to 40 percent of gross
primary production indicates the model prediction of 62 percent was high.

46. No data were available for DeGray Lake concerning decomposi-
tion of dissolved organic matter or sediments. In studies on other res-
ervoirs, 58 to 176 mg oxygen/mz/day were utilized by the sediments (Gun-
nison, Chen, and Brannon 1983), The initial value predicted by the
model was 475 mg oxygen/mz/day. Since the major process concerning

dissolved organic matter was decomposition and since predicted

* Personal Communication, R. H. Kennedy, op. cit.
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concentrations were low, the decomposition coefficient was probably high
and was therefore lowered. Although collected in 1980, sediment trap
data were also available for DeGray Lake., This information gave an
indication of the amount of algae settling at three depths: 5, 15, and
45 m.* Data were collected at approximately monthly intervals for six
periods between February and August and were reported as milligrams
chlorophyll a settling per square meter per day. Assuming the average
rate for that period remained constant for the entire simulation, and
using Spangler's (1969) conversion factor of 0.23 g/m3 dry weight equals
milligrams of chlorophyll a per cubic meter, the algal mass settling at
these depths was calculated, The figures were 3.8 x 105, 3.4 x 105, and
1.0 x 104 kg/reservoir/339 days for the depths of 5, 15, and 45 m,
respectively. Corresponding predictions were 4.2 x 106, 9.8 x 105, and
1.8 x 104, respectively.

47. With this evidence in mind, coefficients dealing with algal
production, respiration and settling, and sediment and dissolved organic
matter decomposition were reduced in order to bring model predictions in
line with measured flux values. During the ensuing calibration simula-
tions, as the fluxes were brought more in line with measured values, the
oxygen concentrations also improved. The predicted flux values for the
beginning and ending of the calibration exercise are listed in Table 6.
Predicted fluxes for primary production, algal respiration, and sediment
oxygen demand were near measured values. For algal settling at 5 and
15 m, predictions were not as good as the other fluxes, but did show im-
provement over the initial simulations. Since predicted settling at 5 m
was higher and at 15 m was lower than measured values, predictions were
considered satisfactory. The predicted wvalue for algal settling at 45 m

was excellent,

# Personal Communication, January 1982, W. F. James, Physical Scien-
tist, US Army Engineer Waterways Experiment Station, Vicksburg, Miss.
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PART V: CONCLUSIONS

48. CE-QUAL-R! was evaluated with data collected at DeGray Lake,
Ark. Data collected in 1979 were used for calibration, while data col-
lected in 1980 were used for confirmation. Evaluation consisted of
tests of the code and comparison of measured values to model predic-~
tions. Tests to evaluate the software pinpointed a number of errors in
the original model. Corrections ranged from changing misspelled vari-
able names to replacing algorithms or changing part of the solution
scheme.

49, Evaluation of output from the original model showed that pre-
dicted ortho-P and ammonia-nitrogen values were not at all satisfactory,
especially in the hypolimmion during the latter months of the year. The
problem persisted through all calibration and confirmation simulations,
indicating that the model structure may not have been correct, A number
of changes to algorithms, processes, and compartments were programmed
and tested in order to simplify the model or improve predictions.
Changes iIincluded uniting some compartments, adding a dissolved refrac-
tory organic compartment, adding the process of adsorption, and changing
algorithms dealing with phytoplankton. The model has been improved in
that it requires 22 fewer coefficients, while predictions more closely
match measured values, especially for ortho-P and ammonia-nitrogen. For
the confirmation simulations for which 3,536 comparisons were made, the
average value for the Reliability Index improved from 3.49 to 2.59.
Graphs of model output before (original model) and after revisions
(final model) are shown in Figures 1 and 2,

50. Model changes based on the results of this and other studies
are being incorporated in a new version of the CE-QUAL-RI User's Manual,
Coefficients for the final simulations are listed in Appendix A; Appen-
dix B presents the initial wvalues of state variables. Complete data

sets for 1979 and 1980 can be found in Appendixes C and D, respectively.
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Table 1
Process Interactions for Variables in CE-QUAL-R1, Original

Version (Envirommental Laboratory 1982a)

T g
o
E
b g & :
o -
- E ] A o + [
- N g ] E £ 9 g ¢ N
-l o B a8 o o o 9 ~ L B 20 T o
$33 LT3 TSE B¢ e fiL L1l
EEl sgs gl Fdg L fE E5EEEy }
From < o - nEz z S A& &8 8 LI N 2 B T R R
Algae 1 Y R P R I R S I 0
Algae 2 Y R P R I R 5 I 0
Alkalinity F 0
boM F D D D 0]
NH4-N PP F D 0
NO2-N F D 0
NO3-N P P F 0
Coliform ¥ 0
Detritus D Y D I D 8 I 0
Oxygen R R D D D D F R R DR RRTZEX ©
PO4&~-P PP F 0]
TDS F 0
8s Y 0
Zooplankton R Z R F R I 0
Inorganic P P F ¥ 0
carbon
Benthes R R R G Z I G
Sediment D D D I G I G
Fish-1 R R R z H
Fish-2 R R R Zz I H
Fish-3 R R R z I H
Surface X ¥ G @G
Upstream W W W WUWW WWW WWwWw W W
% Definitions of abbreviations are as follows:
D = Decay or decomposition R = Respiration
DOM = Dissolved organic matter § = Settling
E = Egestion 58 = Suspended solids
F = Diffusion and convection TDS = Total dissolved solids
G = Gain or loss caused by layer depth change W = Inflow
H = Fishing harvest X = Exchange at the air-water
I = Ingestion interface
N = Nonpredatory mortality _ Y = Settling, diffusion and convection
0 = Qutflow Z = Egestion and nonpredatory
P = Photosynthesis mortality



Table 2
Sediment Prediction (g/mz)

Lazer

3

2

1
(bottom)

Simulation Day

10,0
10.0
10.0

10.0
10.0
10.0

1 2

Original Model

9.6 10.2
34,2 14.4
15.9 6.6

Improved Model

10.4 10.8
10.3 10.7
10.2 10.6

10.1
562.5
260.5

11,2
11,0
10,6

7.5
0.0
a.0

11.3
1.1
10,7
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APPENDIX A:

GOEFFICIENTS USED FOR THE FINAL
1979 AND 1980 DEGRAY SIMULATIONS

Model

Parameter Acronym Units Value
Reservoir description
Number of outlets NOUTS 3
Number of tributaries NTRIBS 2
Latitude XLAT 34,2
Longitude X1LON decimal degrees 93.1
Reservoir length RLEN decimal degrees  13000.0
Minimum layer thickness SDZMIN m 0.5
Maximum layer thickness SDZMAX m 2,0
Area coefficient ACOEF (1) m 561,81
Area coefficient ACOEF (2) 2.79
Width coefficient WCOEF (1) 47.7
Width coefficient WCOEF(2) 0.55
Port 1 elevation ELOUT(1) m 56.4
Port 1 area AROUT(1) m2 31.2
Port 2 elevation ELOUT(2) m 51.8
Port 2 area AROUT(2) m2 31.2
Port 3 elevation ELOUT(3) m 44,4
Port 3 area AROUT(3) m2 31.2
Physical coefficients
Turbidity factor TURB _ 2.0
Wind coefficient AA m/ (sec - gm) 0
Wind coefficient BB 1/mb 0,12 x 10_8
Sheltering coefficient SHELCF 1.0
Penetrative convection fraction FPEFRAC 0.01
Wind mixing coefficient CDIFW 0.004
Advection mixing coefficient CDIFF 0.,0007
Critical density CDENS 2.0

(Continued)

Al



Model

Parameter Acronym Units Value

Physical coefficients (Cont.)
Extinction coefficient

For water EXCO 1/m 0.45

For inorganic solids EXTINS 1/m 0.01

For organic solids EXTINP 1/m 0.1
Surface radiation fraction SURFRAC 0.4
Reaeration coefficient - oxygen DMO2 mzlsec 2.04 x 10—9
Reaeration coefficient - CO DMCO2 mzlsec 1.63 x 10_9 G
Stoichiometry
Carbon - organics 0.46
Nitrogen - organics 0.05
Phosphorus - organics 0.004
Oxygen - ammonia 02NH3 4.57
Oxygen — nitrite + nitrate 02N02 1.14
Oxygen - detritus decay 02DET 1.4
Oxygen - respiration 02RESP 1.1
Oxygen — photosynthesis 02FAC 1.4
Oxygen - dissolved organic decay 02DOM 1.4
Oxygen — manganese 02MN2 0.15
Oxygen - iron 02FE2 0.14
Oxygen - sulfide 0252 2.0
Organic
Phytoplankton

Respiration rate TPRESP 1/day 0.017

Gross production rate TPMAX (1) 1/day 1.1

Fraction death to detritus ALDIGO 0.25

Settling rate TSETL(1) m/day 0.14

(Continued)
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Model

Parameter Acronym Units Value
Organic (Cont.)
Half-saturation
Carbon P82C02(1) mg/t 0.12
Nitrogen PS2N(1) mg/ L 0.014
Phosphorus PS2P04(1l) mg/t 0.009
Light saturation level PISAT(1) kcal/mzlhr 50.0
Excretion rate TPEXCR(1) 1/day 0.01 :
Mortality rate TPMORT (1) 1/day 0.01 e
Temperature multipliers |
Low threshold ALGIT1 °C 0
Low optimum ALGIT2 °C 26.0
High optimum ALG1T3 °C 30.0
High threshold ALGIT4 °C 35.0
Low minimum ALGIK1 0.1
High minimum ALGIK4 0.1
Zooplankton
Ingestion rate TZMAX 1/day 0.44
Mortality rate TZMORT 1/day a.01
Efficiency ZEFFIC 0.5
Food preference
For algae 1 PREF(1) 0.5
For algae 2 PREF(2) 0
For detritus PREF(3) 0.5
Respiration rate TZRESP 0.14
Half-saturation ZS2P mg/ L 0.3
Temperature multiplier
Low threshold Z00T1 °C 0
Low optimum Z00T2 °C 20,0
(Continued)
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Model

Parameter Acronym Units Value
Organic (Cont.)
High optimum ZOO0T3 °C 26,0
High threshold Z00T4 °C 36.0
Low minimum Z00K1 0.1
High minimum ZOOK4 g.1
Fish
Ingestion rate TFMAX 1/day 0,015
Half-saturation ’FSZFSH 0.2
Food preference
For benthos and sediment FPSED 0.03
For algae 1 FPALG(1) 0.37
For algae 2 FPALG(2) 0
For zooplankton FPZ0O 0.34
For detritus FPDET 0.26
Efficiency FEFFIC 0.8
Mortality rate TFMORT 1/day 0.01
Respiration rate TFRESP 1/day 0.01
Temperature multiplier
Low threshold FSHIT1 °C 1.0
Low optimum FSHIT2 °C 24,4
High optimum FSHIT3 °C 28.4
High threshold FSH1T4 °C 35.2
Low minimum FSHIK1 0.1
High minimum FSH1K4 0.1
Decomposition
Labile organics TDOMDK 1/day 0.032
Ammonia TNH3DK 1/day 0.08
(Continued)
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Model

Parameter Acronym Units Value
Organic (Comnt.)
Detritus TDETDK 1/day 0.009
Coliforms TCOLDK 1/day 1.4
Sediment TSEDDK 1/day 0.008
Refractory organics TRFRDK 1/day 0.005
Labile to refractory TDOMRF 1/day 0.005
Temperature multipliers
DOM low threshold DOMT1 °C 2.0
DOM optimum DOMT2 °C 20.0
DOM low minimum DOMK 1 0.12
NH3 low threshold NH3T1 °C 2.0
NH3 optimum NH3T2 °C 32.0
NH3 low minimum NH3K1 0.1
NO2 low threshold NO2T1 °C 2,0
NO2 optimum NO2T2 °C 32.0
NO2 low minimuom NOZK1 0.1
Inorganics
Solids settling TSSETL m/day 0.05
P04 adsorption ADSRBP 1/m3 150.0
Nitrogen adsorption ADSRBN 1/m3 125.0
PO4 adsorption ADMAXP gle 0.007
Nitrogen maximum adsorption ADMAXN glg 0,005
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APPENDIX B:

1979 AND 1980 DEGRAY SIMULATIONS

INITIAL VALUES OF STATE VARIABLES FOR THE

1979 1980

Variables Units Lowest Highest Lowest Highest
Temperature °C 5.2 5.5 6.4 9.0
Oxygen mg/ g 9.2 9.5 0.8 9.9
Algae mg/ g 0.0 1.6 0.0 1.0
Zooplankton mg/ L 0.0 0.01 0,001 0.001
Coliforms 100/ ¢ 20.0 1060.0 0.0 2.0
Ammonia - N mg/ 4 0.0 0.008 0.01 0.06
NO2-N + NO3-N mg/ 4 0.09 0.23 0.06 0.33
PO4-P mg/ % 0.001 0.004 0.0 0.001
Detritus mg/ g 0.0 0.0 0.2 0.7
Sediment g/m2 101.0 101.0 100.0 100.0
Alkalinity mg/ L 14.8 20.0 15.0 115.0
Total dissolved solids mg/ % 49.0 69.0 0.0 32.0
Suspended solids mg/ % 6.0 6.0 6.0 28.0
Labile organics mg/ & 1.9 bob 1.7 3.1
Refractory organics mg/ % 7.8 17.6 5.8 12,5
Inorganic carbon mg/ L 4.0 8.7 7.0 53.0
Carbon dioxide mg/ 4L 0.46 3.9 3.4 26,0
pH mg/ & 6.6 7.4 5.9 6.5
Particulate manganese mg/ 4 0.1 0.1 0.0 0.0
Sediment manganese mg/ L 30.0 30.0 30.0 30.0
Dissolved manganese mg/ % 0.0 0.0 0.1 1.2
Particulate irom mg/ % 0.0 0.1 0.0 0.0
Sediment iron mg/ % 600,0 600.0 600.0 600.0
Dissolved iron mg/ L 0.0 0.0 0.1 0.7
Iron sulfide - sediment mg/ L 0.0 0.0 0.0 0.0
Iron sulfide - water mg/% 0.0 0.0 0.0 0.0
Sulfate mg/ & 3.0 4.0 3.0 4,0
Sediment sulfur mg/ % 10.0 10.0 10.0 10.0
Sulfide mg/ g 0.0 0.0 0.0 0.1
Sediment P mg/ 4 20.0 20.0 20.0 20.0
Sediment N mg/ % 50.0 50.0 50.0 50.0




APPENDIX C: 1979 DATA SET FOR DEGRAY LAKE

TITLE DEGRAY 1979

TTTLE FINAL CALIBRATION

TITLE

TITLE

TITLE

JOB 1 362 26 720 25 79 1 0

QUTPUT COMPLETE

PHYS1 3 2 60 36.2 93.1 2 0 1.2-09

PHYS2 13000 .5 2.0

PHYS2+ 1.25 1.25 1. 1. 1. 1. 1. 1.

PHYS2+ 1. 1, 1. 1. 1. 1 1. 1.

PHYS2+ 1 1. 1. 1. 1. 1. 1. 1.

PHYS2+ 1 1. 1. 1. 1. 1. 1. 1.

PHYS2 + 1. 1. 1. 1. 1. 1. 1. 1.

PHYSZ2+ 1. 1. 1. 1. 1. 1. I. 1.

PHYS2+ 1. 1. 1. 1. 1. 1.

STRUCT PORT

CHOICE SPECIFIED

PHYS3 56.4 5.58 5.58

PHYS3 51.8 5.58 5.58

PHYS3 4% .4 5.58 5.58

PHYS4 561.81 2.79

PHYSS 47.70 0.55

MIXING 1.0 .01  .00004 .000008 2.0

LIGHT .45 0.4 .01

DIFC2 2.06-09 1.63-09

ALGl .10 6,017 .25

ALG2 1.10 0.1 .009 .01 .12 50. L0190 010

ALG3 0.8 .16 .009 .01 0.1 20, .020 .020

ALG3A 1.0 0.14 -099 .01 8.1 56 . .001 001

ALG3+4+ .05

ALG 0 26 19 35 0.1 0.1

ALGS 4 26 36 40 0.1 0.1

ALG5+ 2 26 32 37 0.1 0.1

PLANTL 1.2 .2 .1 .05 4 .3 .3

PLANT2 .02 .05 .01 .005 10. 30. .5

PLANT3 2. 25, 29. 38 .1 .1

2001 .44 010 0.50 0.5 0.0 0.0 0.5 0.1%

z0g2 .38 0.0 20 26 36 0.1 0.1

DET1 .35 4.0 28 9.01

FISH1 L0150 .2 .03 .37 0. 0.0 .34 .26

FISH2 1. 24._4 28.4 35,2 .1 .1 .8 .01

DECAY1 0.032 0.08 0.009 1.4 .0080 .0050 .095 .2

DECAY2 2 20 .12

DECAY3 2 32 0.1

DECAYS 2 32 0.1

SSETL .05 150. 125, .007 .005
__TMP 1.04

CHEM 4,57 1.14 1.4 1.1 1.4 1.4 0.15 0.1¢%

ANAERI 0.5 5.0

ANAER2 0.05 0.02 0 5 35 40 0.1 0.1

ANAER3 0.10 0 5 35 40 0.1 6.1

ANAERG 0.00 9 5 35 40 0.1 0.1

ANAERS 0.05 0.03 0 5 35 40 0.1 0.1

ANAER® .10 0 5 35 0 0.1 0.1
_ANAER7 .00 0.0 0 5 35 40 0.1 0.1
“ANAERS 0.90 0 5 35 40 6.1 0.1

ANAERSY .50 0.5 0 5 35 40 0.1 0.1

ANAERLOQ 0.001 0 2 35 40 0.1 0.1

ANAERI1 0.000012 0 5 35 40 0.1 0.1

Cl
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OUTL3 DGRA 7
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BUTL3 DGRA 7
OUTL3 DGRA 7
OUTL3 DGRA 7
QUTL3 DGRA 7
OUTL3 DGRA 7
OYTL3 DGRA 7
OUTL3 DGRA 79221
OUTL3 DGRA 79222
OUTL3 DGRA 79223
QUTL3 DGRA 79224
DUTL3 DGRA 79225
OUTL3 DGRA 79226
OUTL3 DGRA 79227
OUTL3 DGRA 79228
OUTL3 DGRA 79229
QUTL3 DGRA 79230
GUTL3 DGRA 79231
OUTL3 DGRA 79232
OUTL3 DGRA 79233
QUTL3 DGRA 79234
QUTL3 DGRA 79235
OUTL3 DGRA 79236
QUTL3 DGRA 79237
QUTL3 DGRA 792348
OUTL3 DGRA 79239
QUTL3 DGRA 79240
OUTL3 DGRA 79241
OUTL3 DGRA 79242
QUTL3 DGRA 79243
OUTL3 DGRA 79244
OUTL3 DGRA 79245
OUTL3 DGRA 7924¢
QUTL3 DGRA 79247
QUTL3 DGRA 79248
OUTL3 DGRA 79249
QUTL3 DGRA 79250
OUTL3 DGRA 79251
OUTL3 DGRA 79252
QUTL3I DGRA 79253
OUTL3 DGRA 79254
OUTL3 DGRA 79255
OUTL3 DGRA 79256
OUTL3 DGRA 79257
—OQUTL3 DGRA 79258
QUTL3 DGRA 7%259
OUTL3 DGRA 79260
OUTL3 DGRA 79261
OUTL3 DGRA 79262
OUTL3 DGRA 79263
OUTL3 DGRA 79264
QUTL3 DGRA 79265
—0QUTL3 DGRA 79266

r—li-ll—'l—'l—‘l—‘l—'l-ll—'HH!—'HI—'I—-"I—‘D—‘I—‘r-l'—li-ll—'t—'l-'l—"l—lk-‘t—‘I—‘l--ll—ll—‘i—ll—'l-'l—'l'-‘l—‘l—‘HHHHHH!—'HHHH'—'HH!—'HI—'HI—'I—‘H
NI'\'INNNNNNNI\)NNNNNNNNI.'\)I"JI\)NNNI\JNNNNI'\JNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

~0UTL3 DGRA 79267
OUTL3 DGRA 79268
QUTL3 DGRA 79269
OUTL3 DGRA 79270

Cl15

f e e 4 4 a4 s o

Mo orT e, Ui

. .

e s .

(£
PP PN NS DD DN 00D T

-

PO D NS

= G
QOQHW\OHOOQGQD-‘\NNWHOQDHDO

e e

[

EaR S

mwuuwwuuu(.-lwuwuuuuuuwmuwwuuuuuuuwwuwuwuuwmummuwwumumwuuuuwwww
CHHWOoOONOODDM OO
I . e

DNHH#@Q&&&D#J‘#&NO\WMWNH\J



OUTL3
ouTL3
ouUTL3
ouTL3
QuUTL3
guUTL3
OUTL3
QUTL3
QUTL3
oUTL3
QUTL3
ouTL3
QUTL3
OUTL3
QUTL3
oUTL3
oyTL3
QUTL3
oUTL3
OUTL3
QUTL3
pUTL3
QuUTL3
ouTL3
ouTL3
QuUTL3
ouUTL3
QUTL3
QUTL3
0UTL3
ouUTL3
ouTL3
ouTL3
QuTL3
QUTL3
oUTL3
QUTL3
QUTL3
DUTL3
oUTL3
ouTL3
QuTL3
QUTL3
OUTL3
QUTL3
OUTL3
oUTL3
__OUTL3
oUTL3
oUTL3
ouTL3
ouTL3
ouTL3
guTL3
ouUTL3
_0UTL3
—OUTL3
0UTL3
QUTL3
OUTL3

DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA
DGRA

MNRMNNNNN

OO0 OOOWWD DO VW
UL UNHOOROUT RN

CH G LHEA H N WRITORD NN NN

(R
oo
0o ~d

79330

ot ot et 48 ot ot e ol et ot ot et ot 8 8t et et et et et et et el et e Bt B et e e et e et T e e

NNNNNNNNNNl\)l\)NI'\)NNNNNNNI\)NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

C16

Ollell.HblDIUIb‘quuwDdUlUIUIUIMM&AWWUIDIOlUIUIOIWMUUUIUJDdMMMMMMMUHMMMO‘HWMMUWWU‘HUM

=R A -

= NS (%]

(¥
RANNNSOOOoOROOOEND0
PR

=AY D (R

OO0V OHUINWUMWHNMOOOMN WO,

P A or e 4w e

MO OOEOOWOONO i~k O
.. N

.« e

POENNEOE D PP LIP PR UNIUHNONRN

P T

AL P OPRARARAC SO PR ONAHCO NSO PROO



........... bor ot s h w4 e oa s
1619?9070008573448446:6-300
— — N~ My O

L]

049440758752622867992143
............. L
261908784189128059444438
o DNONHA NN O A

Y] o~ -

.......................... 40 e e a b . S T T S S
90600290108004547&100252284011190022 261959997641478001553436
— [y R aY) b [3"] =N M NN D —t - [ e B oY) N I O N -
L} ~ m

33333333333333333333333333333333333 088244277202964905359140

.............. L L T

363890202484697914563437
[ | Ll el e e RV L YT RV N

......... Fr e s e e e e e s
476880926538671620594437
- - SNA SMNAD N o

-t

22222222222222222222222222222222222 009402074591004402981562

......... L L L T R
OOV TNDRORN I DI DT MO
Lo B, | M AN L) r~

1111111111.l.11..111111.|.11111..111.l.__l_......l...r.l1.I.039174038460596393883683
P

4 * L} . T T T
PO O DN T DO P [ S MO 00 WD O i F [ M3
M A AN mHON e e s ]
~
1234567890123456?8901234567890123454008171044193166190564209
333333333444444444455555555556666662 N L L L T e
33333333333333333333333333333333333 MO O3 O A O I P BN G 0 60 O G i P 17D P s o A
99999999999999999999999999999999999 Crirird mHIEM NSO i O -
77777777777777777777777777777777777 — ]
...HAHAHAAAHAA..HA.HAAAAAAAAAAAAAAAAAAAAAAAA
RRRDnRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR
GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG 109876543210987654321098
DDDDDDDDDDDDDDDDDDDDDDDDD«UDDDDDDDDD 11234567890012345678990
e A e e -0
33333333333333333333333333333333333 OOV CNCVN NN O O A O O O O O8 O O O
LLL.LLLLLI.L.LLL.LLI_.....I.I.LL.LLL.L.LLL.LL.LLI.LL P P P P P P B P P P P P e P s P P P P P o P P
TT.TTTTTLITTTTTTTT.TTT_IT.TTTTT.T.TTTTTTTT..I. KX
UUUUUUUUUUUUUUUUUUUUUUUUUH...UUUUUUUUUQZ?_2222222222222222222222
0000nU0000000000UnU000000000000000UUOQQQQQQQQQQQQQQQQQQQQQQQQQ

Ccl7



.
. . Y
SPEREUHNEFENRNWEN PSR ONO
P
PR
P
P

D
N
-~
]
[
w
wn
LS R RN

P
O
e o+ o+ e 4 4 4 s ow
4 e

PN
O0 O 00 N ~I DD i A0 - O b bt L TN D

..
PR
.

NN ON MO RO WN -~

-
(=]

e e e
—

™~
OOV P AN NI P PP

NPONEERNOWRND OO
OO E I TIN O RN WD T~

. 44w
O

COOWUIL PN WHWEUIWO

" .o P

O -t
O IO NN WL D P
.

-

-3
O O w0 G UT Gl WL R GA Y B P

MWD PR AW AW ST
OUHP O PP HWRH~NIW AP0
N3 AT 09 I 00 B N O G L L S B P
HNMOOOWMN NWOWSNWe W

—
e v s
=

)
.

=
>
—
=
r
[
=
oo =

o=
e HBADBE P NHEHS MO SO

=
N
~
0
w
—
o
- NP P O PPN HHLW
NP « .
O OCORNANOVWOORUANI U

=Er 5
oD
-
N
b =
- -
[ B~ ]
w N
[~
~t
OO

[—X)

41. . . . .
39. 33. G4 . 37. 30. 18. 18. 18.

« oo

3
o
(]
w
s PI P LA B Pt
NP
SV Rl A Y
[
PLAHNSR
PP

A
=
I~
-3
PR
rooooooCh:
. .
oo ~wowhun

SO UNPPOo
PP
oo

o

(=)

. .
[ =N N~ =]

o
w
.

oo

=R o
.
=
]

02 02 02

- P
ooooa -
NMNTINIO R SI~ewWih

S05 .08

=

=

-

=

(£]

-+

]

-

o O NN [l IR R R P

.
o
Y
.

(=]
o
PR ..
N SO OoO=Oo

16 14 11 09 .08 13 120 .20

Wel FCOL 1

1. 20. 8. 30.

. 1. 61. 36. 10.
£30. 216. 2. 231, 4690.

. 6. 0. 500.1000.

s s 08 OUTIOEE OO WEE RPN OG0 v o - -
=]
[

=

=1

et

o

=

=

-

(o]

s 4 1 v aw
SO DO O

FCOLIG

Ccl8

PR T B ) B

AN RN RO S

™~
© =~ Gl P G U1 AT G G O LM G P o P

PR T



™~ o 93117.60050195899005581{418817437688542
HNVVOY NHADO0 - NIWVMINF . . RS M T T At S
OO OO o N o HOeANAHD 143359812325455023545666477400755302
NSO OmH coooo . 11111111222222222222222111111
— e . .
TN - 1N D o SNl M~ OO 0O 185238165709566202804209251094954548
s o . R eoSNgm st e e e s, L NN ASONINAS O S SNt 0
...... N~ ortN osmoocoo ?_32357097._2la.6.571244456675776907676.10
] [ o I T SR — 1111111222222222222212111111
PO OENOMM OIS o 103686_87.96.51060652591908118830706605
N AD 0D -y N s v e e S . L L TR R m e e e L »
o (VRN B oy S oY | cooooo 32226..5800221565001&-43656?786500980629
— - — — ' 1T..I.111222222222222222211211
TRV OL OFF AN O S O 225..66.l801933187177287397882232607641
R = T S rd O - O M T T S . . . . . LRI
- LI MR ocoowooo 4121248931147590034 O UL 80 P P [ 4 62 O P O a0 = O
=] ~t - L R 11111112222?_22222?_222221?_11
OO N O R kY- g Ta N T4 OO e O 021..1’4.59925799347780891473605404806347
[T 8- EY-RE Ry LA T R A Rl i iy L L T L T,
L Tt NN+ DooSoo 6.131....3791123758993336557876730169618
— - L 111111111222222222222221111
O wm oo DoMWL LAkl s PR e 023253910841287171651170345425446134
MEOQWOEIEAD v « o2 s s a NNO =S v 0 e e e s e o e e . . . L
..... ~0 NOW M~ oo ooo 324213690043?46992346557865740268628
= . — - (] [ 111111111222222222222221111
P00 I M D A=gTa ] N T B RV WY ON O o = 69340.}.33_......83106(4.10022620.9154192961763
AN D LY D N D "4 e e ow o NS Hm s v o4 oy e s L T T T T . . L T
L NS QW cCoocooo 224224699933755892355566866 P M) O el 60 00 LY -t 0O
(=3 - L T T e O OO0 O O O DN O O O O 0 O 4 1 kot

670465660964856539019101550237088731217047160796217406572486

L=l g R NN —~—~o N A e e e e T LTI eI . N e0 o

L [ R AVE- V. 3 N oOoo0oocooo 326217.6_.....ﬂv933774791345456765740187518
- = L - et e e U O O8O0 08 OF O O O € OV 0 04 1t et el

8091!398851{78?200Iu.24665—.{58217.0501042523421196847781{4&:73
M s e AN O D sy - o
L B 122366019000907 6252278721346556913555665567

— i — L Y - ) Il e e L e e e N N N RN P PN NP )

P109876_.J/..132109876543210987656{32109876
b= o - = 1123...._.567oo90012345675998123456788901
i =] o = et e e e e et e O8O O O O O 6 £ OO0 O
=] [=] a. LI o SE OOV ON OO O O o

N MO L e B T o RY4) e T T P P P P P P P~

1TTTTTT112345614444ﬁ'/u..1L1222222222222222222222222222222222222
QEEEEEE0.0000000.0nUUOOUQIQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ
NDDDDDDNDDDDDDHPD-P.PD..D-NSNNNNNNNNNNNNNNNNNNNNNNNNN_NNNHNNNNnMNNN

Cl9



L] —
2717.
+ 2 s e s oone o
1...658 SR oM MICN DO )
[SVRS g Rra BT ot | LI
SO N0 WD P 0
o~ LI N L I oo o
o .. — e ) -t ) [— RN - R R ] Moo
&N D O EVRG o - R o AW N ] [y [~
O PO T P N0
2_..-.-18 “ o+ . L L] oDounomn o 0000U00nUD000030000000000000090000
I~ M YN0 WO IO D Y = D WD e W b 4 4 & & w s e moE oF o3 4 v s o oE s oF o ow s L T R I TR I )
967& o N —t 2] L L) Uuunﬂon00000000000000000000000000
O T \0 D T D
[- o RY-1 p IV B + 0 ooocooo 0000030u0uuooouuoﬂunooauuucaﬂoonﬂva
PR 1Y O - O 656276 P Y e I R R T R [ L L [
odw U N Y P ™ e 5555556656-67534542344&-44566555444
- D ND D T D D
(=0 oS - < 1 Vo R R * LI copDwWoo 00000o000000000000000000000000000
. PR T - T T U S G < Lk L L N T N o o
(o~ ol o =l ) L JTa R ol ol s -] o (] LI n-nuﬂu000u0Duunﬂvﬂouogoonnﬂuﬂounuuuuuo
ND P N0

L L =R L]~ )l 00000oaﬂunuuu000000000000000000000

. .

----- P~ O Y O = 756873 353069 - - L ) - L] » . - - . . . 3 L] - - . - - . . - . . . * * L -

O OO NN -] — L ] 000000.Un-.U.Uﬂnuﬁ00000000000000000000
O D WD T D ND

DN r e e v v e s 1 s ODQONG 9000254368881470001246&.2222222222

+ & a4 s a [ i+ NV RNl ] [ R =R Vo ENL ¥ e | MY N LMD 00 N » 4 % » 3 s a v o« v ¥ 4 4 4 & 2 B2 r ¢ 2w 4 4 4 s w s = v ¥ I ]

AN Do n LI I T T n..U.UnunuUOn:U012210000000009000000000

[ — [Y-RY =RV EN-RFs L]

11&.016 ...... N IR 6U00500300000.U000000000000000090000000000
¢ PO D NDO WO 3376135 P T T T R A I
35649 NP U PN Pt M~ el eor v 0UUUUB.U.U0000000000000000030000000
© DO~

e M &) O FEEEET - B SR 800005080000000.U0000000000000300000000002
. .6768329676697663387216 ............................

M N AD ) 80 =l N MU P WD O Lo D T 10000000nUuuunognooooannoso00000000
- D AD SD D T P
W MY O e
O YWD
MMM 2] xT

= 4] [+ 8
T OO O O e = (N MY T LD 1123,ur561222222222222222222222222222222222
QQQQQQSssSSSQSssssSQHHHHHHQQQQQQQQQQQ@.QQQQQQ@.QQQQQQQQQQ@.QQQQ
NNNNNNDDDDDDNSSSSSSNPPPPFPNNNNNNNNNNNN”NNNNNNNNWNNNNNNNNN””N

c20



O 60 LY 00 LY AT D B o 60 MY P a0

..................... P e e e e e e e

535&.83236.594736503222214211111111221213
L Dot B RV | Lo IR AV oY)

00000000000000000000 6U5519945705ﬁ.53345458969276850546097680
e .

L T T T T L L
OO0 oOLoooOoODomOO o 535478349775643095221112312112111411215
— uwy LR T Ria]
-

00000000003400000000 125949400757ﬁ.6097.8518963984853645878988
. . . . B . .

e s a4 .o . . L R P e I I T S i e e e .
55593209085628771855 6363&.4056686187.226231113112112111111216
il - - —t L E B e T

A T T
ﬂvuoouﬂuuuoonuﬂuoounonu 637344352718434309241213211112111111310
- i i

222606222112 1120037’7 810271361982551926030477429265646599807

L T e v s e s T L L T I e e e e

00001000000000900000 041!4.45983688345346322217221213111111421
- - —i L4t R o] —~ -

10987.656-3210987.654321093765432109876543
11234567890012345673999123455788901234
111._1...I.......l.l.1111222222222223_3333
999999999999999999999999999999999999999
7.7.7777777777777777777777777777777777777

N 0V N0V O € OV O O OV BN O OO O O N O O O x* X
QQQQQQQQQQQQQQQQQQQQI222222222222222222222222222222222222222
NNNNNNNNNNNNNNNNNNNNQQQQQQ0.0.QQQQQQQO.QQQQQQQQQQQQ—QQQQQQQQ_O..QQO.

C21



Q2 79352 3.1 2.8 2.6 2.5 4.0 5.7 75.4% 19.2

g2 79361 7.5 5.8 4.9 4.3 3.8 0. 0. 6.

Wal ALGL 8760 1

ALGL 0. 0.

WGl ALG2 8760 1

ALG2 0. 0.

Wel ALG3 8760 1

LG3 .0 .0

Wel ALK 163 6

ALKL 13. 13. 13 13 16, 18. 20. 2l. 17

ALKZ 13. 18. 24 17 18. 16, 19, 22. 24

ALK3 23, 21. 18 15. 21. 27. 27 28. 29

ALKG 36, 36. 41. 38. 34. 33. 32 36. 35

ALKS 38. 4l. 41, 51 46. 46 . 48 49. 42

ALK6 45. 39, 33. 4G 37. 30. 18 18. 18.

Wel bocC 168 6

pocCl 4.3 4.3 4.3 6.3 4.1 3.9 3.2 2.5 3.2

pocz 3.9 6.2 8.5 7.3 6.0 5.7 5.3 6.4 7.4

DOC3 5.1 2.8 4.2 5.6 5.4 5.3 5.1 4.9 4.3

poc4 3.7 3.0 2.4 2.9 3.4 4.1 4.7 4.0 3.3

poCs 2.5 1.7 1.7 1.7 3.2 4.7 5.7 5.3 2.4%

DOC6 2.2 2.0 2.1 5.2 4.3 3.5 2.7 2.7 2.7

WQl HH4 168 6

NH41 .04 04 04 64 06 03 .04 .60 .02

NH&2 04 08 .12 06 00 00 .00 .00 .00

NH&3 .01 02 .01 00 09 ] .05 .00 .02

NHG & 83 .03 .02 .03 G4 .05 .05 .04 .02

NH45 .01 .00 .01 .02 02 .02 .02 .00 .00

HH46 .00 .00 .00 .01 0i 02 .02 05 .08

WQl H2+3 168 6

HO31 .19 .19 .19 .19 .e2 .2% .21 18 .25

HO32 .31 .28 .25 .28 .31 .23 .15 11 .06

NO33 .11 .16 .14 .11 09 L06 .13 .20 .20

NO34 .19 11 .03 .05 06 06 .05 66 .07

NO35 .05 62 .02 .01 01 .00 .00 60 .06

N8 36 .05 0l 15 .08 0l 22 .40 40 .4

Wel DUMY 8760 1

NG2 0

Wel FCOL 168 6

FCOLI1 4. 5, 4. 4, 18. 31. 20. 8. 30.

FCOLI2 51. 1326. 2600. 1300. 0. 31. 61. 36. 10.

FCOLI3 9. 7. 219, 430. 216, 2. 231. 460,

FCOLI4 600. 312. 23. 18. 12. 6. 0. 500.1800

FCOLI5

FCOLI6

WQl DET 168 6

DET1 67 .67 67 .67 .56 44 67 .89 1
~DET2 1.11 1.00 0.88 .88 .8% 78 .67 L85 .22

DET3 .33 .44 55 0.66 .66 0.66 1.89 .67 .66

DET4% .66 .66 67 .56 .45 78 1.11 .95 .66

DET5 .55 .45 45 .65 .66 66 1.1 66 .66

DET6 .66 .66 66 .660 .66 66 66 66 .66

WQl DO 168 6

DGl 12.0 iz.o 12.0 12.0 12.8 13.6 12.8 12.012.5

Do2 12.9 12.9 10.5 le.0 9.4 9.4 9.% 9.1 8.8
.Do3 8.7 8.6 8.7 3.8 8.6 8.4 8.2 7.9 7.1
=D0% 6.3 6.4% 6.5 7.8 %.1 8.1 7.0 6.5 6.0

D05 6.9 7.8 2.0 8.1 7.5 g.1 7.7 7.811.0

poe 10.8 9.5 10.6 11.5 1.5 14.2 12.7 12.7 12.

Wel PO4 168 6
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APPENDIX D: 1980 DATA SET FOR DEGRAY LAKE

TITLE DEGRAY 1930

TITLE FOR FINAL VERIFICATION

TITLE

TITLE

TITLE

JaB 1 362 26 720 25 80 1 1

OUTPUT COMPLETE

PHYSI 3 2 60 34.2 93.1 2 0 1.2-09

PHYS2 13060 .5 2.8

PHYS2+ 1. 1. 1. 1. 1. 1. 1. 1.

PHYS2+ 1. 1. 1. 1. 1. 1. 1 1.

PHYSZ2+ 1. 1. 1. 1. 1. 1, 1. 1.

PHYS2+ 1. 1. 1. 1. 1. 1. 1. 1.

PHYS2+ 1. 1. 1. 1. 1. 1. 1. 1.

PHYS2+ 1. 1, 1. 1. 1, 1. 1. 1.

PHYS2+ i. 1. 1. 1. 1. 1.

CHOICE SPECIFIED

PHYS3 56.4 31.2

PHYS3 51.8 3l.2

PHYS3 46,4 3l.2

PHYS4% 561.81 2.79

PHYS5 47.70 0.55

MIXING 1.0 0.01 .00604 ,000008 2.0

LIGHT 0.45 0.4% .0

DIFC2 2.04-09 1.63-09

ALGL .10 0.017 .25

ALG2 1.1¢ 0.1% L0809 014 0.12 50 .01 .01

ALG3 0.8 .14 009 01 e.1 240. .02 .02

ALG3A 1.0 14 L0909 01 .1 5% .001 .001

ALG3++ .05

ALG% 0 26 3p 35 0.1 0.1

ALGS 4 26 36 40 0.1 0.1

ALGS+ 2 26 32 37 0.1 0.1

PLANT1 1.2 .2 1 .03 .4 .3 .3

PLANTZ2 .02 .05 .01 .005 16, 30. .5

PLANT3 2 25, 29, 38 .1 .1

2001 44 .01 6.50 0.5 0.0 0.0 .50 .16

2002 30 0.0 20 26 36 0.1 0.1

DET1 .35 4.9 28 0.01

FISH1 .015 0.20 0.030 .37 0.0 0.0 3% .26

FISH2 1 24.5 28.4 35.2 0.1 0.1 .8 .01

DECAY1 .032 0.03 .00¢% 1.4 .008 .005 065 .2

DECAY?2 2 20 0.12

DECAY3 2 32 0.1

PDECAY4 2 32 0.1

SSETL .05 150 125 .007 .005

TP 1.04

CHEM %.57 1.14 1.4 1.1 1.4 1.4 6.15 0.1%
TANAER] 0.5 5.0 -

ANAER2 0.05 .02 g 5 35 40 0.1 e.1

ANAER3 0.10 ! 5 35 44 0.1 8.1

ANAER% 0.00 0 5 35 49 .1 0.1

ANAERS 0.05 0.06 0 5 35 40 0.1 0.1

ALAERSG 0.10 0 5 35 40 e.1 0.1

ANAER7? 0.00 0.0 0 5 35 40 0.1 0.1

ANAERS 0.90 ¢ 5 35 40 0.1 0.1
“=ANAER9 0.50 ¢.5 0 5 35 40 0.1 0.1

ANAER1D 0.0901 0 5 35 40 0.1 0.1

ANAER1I1 0.00001 ) 5 35 40 0.1 0.1

ANAER1Z 0.30 0.0 0 S 33 40 6.1 2.1

D1
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