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 ABSTRACT

Field testing and apﬁlication of the'mathgmaticalr
model developedrby Snow and DiGiano in.1976 for prediction
of recovery ef_shalibw eutrophic lakes is described in
this report. A field medsurement program was cafried
out to observe the effect of a reduction in phosphorus
loading to Léke Warner in Hadley, Massachusetts.

It was found that Lake Warner had recovered, as
-indicated by the reduction of the lake water pnosphorus
concentration, at a.iaster pace than the prediction by
the Snow and DiGiano model. This discrepancy could be
the result of the assumption made by Snow and DiGiano
that the linear empirical relationship between the solid-
phase and liﬁuid-phase.phOSphorus of sediment developed
by them would remain unchanged during the recovery of
Lake Warner.

It is proposed to modify the Snow and DiGiano quel
by replacing the empirical expression by'a mass balance
equation on the sediment phOSphdrus. A new reaction
rate is introduced to describe the net rate of conversion
between solid-phase and ligquid-phase phosphorus of sediments.
Although this reaction rate for Lake Wafner was not deter-
mined experimeﬁtally in the study, the modified model
was tested by uéing the conversion rate constants deter-

mined by other researchers.
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CHAPTER I

. INTRODUCTION

The increased activities of man iﬁ recent aecades
have greétly enhanced the inflow of nutrients to many
freshwater lakes which results in accelerated growth of °
algae and other plants. The_growth‘ana decay of these
plants pollute-1akeS'and‘inhibit their recreational uses.
This éondition, known as eutrophication, has become a
severe problem in many of our freshweater lakes.

Management plans are underway in many locatioﬁs to
alleviate the‘eutrophication probiem. Altérnativélﬁéthods
- of céntrollinglnutrient-inflows must be évaluated as to
their efféctiveness. The engineer‘ér planher‘needs
reliable pfediqtivé toéls such as mathemafiéal-models
:to develop'cost-effectiVe management plans. This research
is to test one such mathematical model. |

The mathematical model té be tested was developed
by Snow and DiGiano (1976) for the prediction of lake
recovery from a. eutrophic state after a reduétion in
phosphorus lcading. The model was‘developed on the basis
of the sources sinks, and reactions involved in .the
‘phosphorus cycle of Lake Warner. Hfdrodynamic'parameters
such as residence time and flow rate were measuréd, and
reaction rates were determined by iEJEEEE tests. An
important prediction made by Snow and DiGiano based on

1



their model was that the recovery of Lake Warner fd
natural phbsphorus concentrations would take about 14
years. The 1ong-period-of £ime required for léke reéove:y
was‘attributed to the slow release of phosphorus fﬁom the
lake sediments. This‘research attempts to test the model
‘ with a field study program in two éspe;ts: (1) whether
the lake is recovering as predicted, and (2) if not,
how should the model be modified.

This report begins with a literature review on
the mathematical modeling of eutrophication, emphasizing
?hosphorus“d§namics, followed by a description of Lake
Warner, a field measurement program aesigﬁed to test the
_ model, and the data thus collected;.-The data are thén:
-anaiyzed in.regard to the state of eutrophication of

‘Laké Warner, and compared with the model predictions.



CHAPTER II

LITERATURE REVIEW .

The following is a reﬁiew of mathematical modeling
for the predictioﬁ of phosphorus cycliﬁg in fresh water
lakes. Of particular importaﬁce7is the rate of rgcdvery'
of a eutrOphic‘lake‘after a reduction of'éhosphorus in-
flow. 'Such models can be a valuable tool for planning

the strategy of controlling phosphorus.

Empirical Models

.Mbdels in existence today rangé from empiricai"}'
proceaqres relating phosphorus loaaing estimates and‘laké 
hydraulic parameters to more sophiéticatéd.modeis‘derived
from massrbalancés on phosphorus cyé;ing_in‘Lakes. The
.'first_of the‘émpirical mbdels to gain wide accéptance
was the'phbsphorus loadiné—mean‘depth‘reiationshiﬁr
developed_b&-Vollenweider {(1968Y. This model,has beeﬁs
uséd as a guide forrdetermining the degree 6f‘eutrophy o
or "trophic state" of lakes and to estimate "admissible"
and ”dangerousf loading levels. Admiésible'loadings
allow. the lake to remain oligbtrophic and éangerous'
loadings cause the lake to bécome eutroghic. Baéed on
many lake water éualitysufveys, the following two eQuations

were found to define rough boundaries between eutrophic,

mesotrophic, and oligotrophic conditions:

3



log P, = 0.60 log z + 1.40
log Pd'='0.60 log z + 1.70
where:
P, = admissible phosphorus loading (g/mz/yr)
P, = dangerous phosphorus loading (g/mz/yr)'
z = nmean depth of lake (m)

Vollenwider (1975) later modified his model to

include the mean hydraulic residence time. In this relatiﬁﬁ—
ship, therallowéble loading increéses as tﬁe'depth inéreaées
and the regidence time éecreases{  The residence time ié
the inverse of the fluéhing-fréquehcy, or number of tiﬁes
per year the-lake water is réplaced. Therefore; genéraiif
speaking, the more replacement of lake water that occurs, the
more loading the lake can tolerate. |

- Dillon (1974) also realized the imbortanée of tﬁe
flﬁshing rate in lake.eutrophication. His version of the
trophic state model included the flushing rate'énd the lake
retention coéfficient. The retenfibh_coefficient is: that
fraétion.of phosphorus not lost ﬁhroﬁgh the:outflow, or,
the portion‘of the phosphorus subﬁéct to sedimentaﬁion.
This concept'takes into account thetfact.that_phoéphorus
does not act as a conservative substance in a lake. Dillen
(1974)\used:a mass balance developed by Vollenweider (1969)

for ﬁutrients and written as follows:



dmw ‘ Q
T VR v mw‘
where:
m = mass of substance in lake water (kg)

J = loading of substance to lake water (kg/yr)
0 = sedimentation rate coefficient (yr—l) -
- Q = outflow volume per year (mB/yr)

VvV = lake volume hn3)

The steady-state solution to this equation for phosphorﬁs

is:
N
"z {0 + p)
where: | -
P = phosphorus coécentration {m@/m3)
‘L = lake phosphorus.loading (mg/mz/yr)
p = flushiﬁg rate (yr"l) = Q/V

' Z = mean depth of lake.(m)
This model assumes a constant loading through time,'é
complétely mixed lake, and first-order sedimentation. The
retentiOn.coéfficient R is defined as:

o
g + p

R =
and by substituting:

_ L _(1-R)
z p

P

Dillon (1974) plotted log [L(1-R)/pl vs. log (z), as shown -

in Figure 1. Lines of constant concentrations of 10 and
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20 mg/m3separated eutrophic, mesotrophic, and oligo-
trophic conditions.

The models reviewed.to this point_are simple, some-
what empirical methods which are useful in evaluating.
the existing state of eutIOphication:in a lake and some of‘
the factors which affect.that'state. Si;ée they-éfe.éteadye
state models, no information can be obtained on the time -
required for a lake to respond to a change in loading. This
. response tiﬁe is criti;él in evaldating management pléné
designed to improve £he eutrophic status of a lake. The
empirical models do, however, poiﬁt out the importance of
lakg depth, flushing time, and sedimentation rate in lake

phosphorus content.

Dilution Models

If phosphorus acted as a conservative substance in
a lake, the reaction rates could be eliminated from the

mass balance and the following sdlution obtained (Ahigren,

1977):

P =P + (P, -P) exp (- 2t
where:

Pl = lake phosphorus (M/L3)

Ha
Il

influent phosphorus concentration (M/LB)‘

d
il

1o lake phosphorus concentration at fime t =29

/Ly



This simple dilution model indicates that a 95 percent
reduction of the difference between the initial lake

phosphorus concentration (P, ) and the influent phosphorus

lo
concentration (PO) would occur in about three residence
times. It has already been indicated, however, that
phosphorus is subject to sedimentation. This reaction
would tend to accelefate the reduction in laké phosphorus
'concentration, as th§ lake sediment acts as a éhQSphorus
sink.. | | |
PhosPhofus may also be releaséd froﬁ the sediment

back into the lake water under favorable conditions. This
release wouid tend to slow the reductiog in lake phosphprus-
as predicted by the dilution model. Snow and DiGiano (1976),
Lorenzen et al. (1976) and otners have developed models
which include both sedimentation and release of sediment
phosphorus.

| -0'Melia (1972) has distinguished the difference
between the mean residence timgs of water (Eﬁ O) and

: : 2
phosphorus (Ep}: o

_ mass of water in lake

Vv
tH20 T 0 T mass flow rate of water into lake
re _P _ mass of phosphorus in lake .
p ap/dt mass flow rate of phosphorus into lake
If total phosphorus acts conservatively, EH o= t . If.
2

.phosphorus is removed from the'lake by a process such as
sedimentation, Eé will be less than EH o+ In therlatter 

case, the lake water phosphorus will decrease more rapidly.



‘Ahlgren (1977) has monitored the recovery of Lake
Norrviken since” all wastewater effluents were removed in
'1971. A dilution model of the following form was found to

fit the data on a yearly basis:

Qt )

P, =P + (P - P ) exp (-
1 0 lo o Vtrel
where trel'is a dimensionless factor expressing the ratio
| ‘no
of release rate to sedimentation rate and s is the
' ' rel

effective phosphorus:residence time. lFor a trél 1arger
than 1, reléase is greater than sedimentation. This causes
a slower change in lake phosphorus conceﬁtration when
progressing from higher to loWe; P values in time, ,quing
Ahlgren's study, a trel of 1.3 was found to cause a best |
- fit to measured data. This indicates that phosphoruS"
cycling proéesses-such as sediment release caused the

" phosphorus to remain in the lake‘l.3 times longexr than the
hydraulié residence time, The seasonal phosphorus concen-
trations oscillated around@ the dilution curve;‘ﬁifh rapid

sedlmentatlon in sprlng after the dlatom maximum cau51ng

low total P and summer release causing high total P.

Sedimentation and Release Models

A rat:ional engineering approach to.eutrophication
modeling should attempt to take all major factors into
consideration. Since sedimentation and release are both

known to occur, models which include them will be reviewed
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hére in detail. To aid the reader in the discussion of
unsteady-state phosphorus models useful in evaluating

lake responsé timés, the following generalized'mass‘balance
is given:' |

ap_ |
Var o = Qe WPy

+
+ R PV

P, = lake phosphorus concentration (M/L3)

P = influent phosphorus concentration (M/LB)
Q = flow in and out of lake (L3/T)

V = lake volume (L3)

Rx = rates of feaction,(l/T)

t = time (T)

This equation is derived from the as;umption that the lake
behaves as a complete-mixed reactor. .;This'assumptioh
i§ valid if there are no significant.phésphorus gradients_
in the lake. Short-term transients may exist dﬁe to storm
events; for example, but descriptions of these events are
‘of little importance when studying eutrophication. Chénges
in lake eutrophic state usually happen over long time
periods, often much gﬁeater than the hydraulic residence
time Qf the lake, and therefore long-term éhanges'a;e ofl
interest. Other assumptions of this equationraré thaf
reaction rates are first order, and that flow is constant

through the lake.
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Lorenzen et al. (1976) modeled. the recovery of Lake

' Washington after sewage diversion. The equations included

sedimentation to the sediment, release from the sedimeht,

and accounted for a fraction of the sediment phosphorus

being unavailable for exchange. Mass balances were written

for both the lake water and sediment as follows:

ap

L i . '-I- —
_V Tl M QOPL klAPL + kEAPS
dPS -
Vs 8 = KaBPp T kAP - kK AP
where:
PL = lake phosphorus concentration-(M/L3)
3
V = Volume (L7)
P_ = sediment phosphorus concentration‘(M/L3)
l .
kl = sedimentation rate constant (L/T)
k2 = release rate constant (L/T)
k3 = fraction of phosphorus input to sediment
that is unavailable for exchange (dimensionless). -
M = total annual phosphorus loading (M/T)
VS = yolume of sedimeﬁt (L3)
A = surface area (Lz)
According to this formulation, a certain constant portion

of the lake locading settles, and a constant portion of the

sediment load is released.

A fraction of the sediment was

not available for release, however, which was estimated
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to be ‘60 percent (k3 =‘0.6). This non—exchanqeéble
fraction was attributed to the oxidizing conditioﬁ of the
bulk of Lake Washingfon water.
Although the model gave reasonabie predictions for.

Lake Washington, itrcontains many simplifying assumptibns
which could limit its appiicaﬁility. The real reactions
which transform phosphorus in the sediment and release it.
.to the lake water have not been described, but instead
replaced with the gfoss assumption‘bf an amount settled'.
per year minus 60 percent. Since only yearly loading

rates are known,lno seasonal variations may beracéountea
for.. Also, the 60 percent-approximation is érrough estimate
at best and is certainly subject to change on a year-to-
year basis as.sediment equilibriumSAshift. This éastsiany
loqg—term future predictions in doubt. |

| '_Imboden (1974) also. developed a model in thch

sediment exchange was considered. As in the wqu'by
Lorenzen, the release was no£ based on actual‘p:océsses,

but was characterized as a constant fiux at the sediment-
‘water interface. o |

One of‘thé most complete attempts at mathematical

modeling of phosphorus was the wdrk_déne:at the University
of Michigah,on White Lake, Michigan. fhe meodel was‘developed
and calibrated for White Lake by Lung;.Canale, and Freedman
{(1976). A subsequen£ ﬁaper by Lung and Canale (1977)_;
cbntgiﬂed ﬁrojec£ions-of phosphorﬁs levels under various

alternatives.
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White Lake waé assumed to act as two completely.mixed
reactors, thé epilimnion and the ﬁypolimnion. The sedi-
ment was modeled as four layers, each $ cm thick. Both
particulate and dissolved forms of phosphorus were
accounted for. Particulate phosphorus is the solid~ph$se‘
phosphorus associated with algaé or particles . in the.water
column or the sediment. Phosphorus exists in dissolved
form in the water column or in the interstifial water of
the sediment. Mechanisms which accountéd for cancentratién
'changes in the water column were verti&al’eddy diffuéion,
settling of particulate phosphorus, influent loading and
flow, and reaction from diésolved to particulate phosphorus
or vice versa. Photosynthesis'ih the epilimnion was
indicated to be ihe main cause of dissolved P-convertihg
to particulate P, and the reverse reaction was maiﬁ;y due
to minéralization in the hypolimnion. The reactions were.
assumed to be first order. |

At the intérface between the sediment and wafer
éolumn, settling carried particulate ph65phorus £o the
lake bottom and diffusion transported the phosphgrué in
dissolved form back into the lake water. Within the sedi-
ments, both particulate and dissoived ? could settle,
while dissolved interstitial P could diffuse upward.
Particulate P couldlbé converted to dissolved P.by a first-
order reaction and desorbed from the sediment. Thé desorp-

tion reaction coefficient of sediment phosphorus was
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shown to vary inversély with dissolved oxygen. Greater
feleaSe occurred during the summer months when anaerobic
conditions existed in the hypolimnion. _Thereactiéhélowed
to zero in the winter, when aercbic conditions occurred.

It has beeﬁ éhOWn that the aissolved oxygén‘in.the
sediment-water environméﬁt has a major effect on the
phésphérus transformations which occur theré. For'example,
Fillos and Swanson (1976) performed laboratory experiments
on Lake Mohegan sediments and found that for a P concen-
tration under 1-2 mg/%, the sedihents adsorbed phosphorus
in an aerobic system and released-éhosphorus in an anaerobic
system. Above the higﬁ phosphorus concentration of 1-2 mg/i,r
~however, sediments adsorbed phoéphdrus from fhe oﬁerlying
‘water for both.aerobic and anéerobic conditions__‘

Ku and Feng (1975) have shown that Lake.Warner sedi-
ment adsorption capacity increased Qith increasing iedok-
potential. They tested the sediment‘at both high (+300
to +500 mv) and low (-200 to -300 mv) redox potentials and
found the adsorption capacity to be extremely sensitive to
this parameter. Reducing coﬁditions tended to allow
gfeater release of phosphorus. Also,lit has been shown
that increases in temperature or pH were‘favoréble-for
éreater phosphorus releasé..

The seasonal variation of the reaqtion-coefficient
ip the sediment which converted particulate to dissolved

phosphorus used by Lung, Canale, and Freedman (19765,
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therefore, probably results from several factors. Summer
- conditions of high temperature and low DO in the hypo-
"limnion, coupled with algal activity which raises‘ﬁhe pH,
all tend to favor sediment phosphorus release. In the
winter, low témperatureé, elihination of.algalractivity,
and éer&tion of the hyéolimnion all tend to favor adsorp--
tion of phosphorus by the sedimenﬁs. |

Snodgrass and O(Melié (1975) developed a phosphorus
'-model for lakes which included sedimentation of particulate
phosphorus but no other sediment interactions. The model
included seasonal variations in both the hypblimnion'and
thé epilimnion for particulate andAdissoiVed reactive
. {ortho) phosphorus. - They cautiéned that their_modei could
only be'apﬁlied to iakes with oxic‘hypolimnetié waters,
since only iettling of.phosphorusnto ﬁhe sediments and not
sediment release was.accounted for. The implicaﬁionlwaé
that anoxic conditions would be required'for sediment
release, although ﬁhis was not explicitly stated inrtﬁeif
pubiication. .

A model developed by Snow andADiGiano (1976) includesr
first-order sediﬁentation, diffusion-type release; and‘
separate mass balances for the lake water and sedimenfil

as follows:

A

QOPo - prL + EAKl(PifPL) - K2PLV 1(2—1)

s _ _ _ ' ;“
v el KZPLV EAKl(Pi PL) (2=2)
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where:
Pi = sediment interstitial phosphorus concentration
(/1)
P, = sediment phosphorus concentrgtion
£ = sediment.pOIOSity
K1 = release rate (L)T)u
Ké'z sedimentation rate (T_l)

The ;elease of phosphorus from sediment was goVerned by

the ‘concentration gradienﬁ between the sediment interstitial
phOSphoru§ and the lake water phosphorus. The rate cdnstants
K, and K, were evaluated by in situ tests. A tank.wés |
placed in Lake Warner enclosing a portion of the laké water.
Phqéphbrus in the tank was reducéd by pumping the iéke,water
'within the tank through an activated carbon bed and an
anionic exchanger before its returh to the tank. After
reducing its total phosphorus to a certain level{ the”
eXchanger éysteﬁ'was.discontiﬁued and the tank water

miked by a pump. Measurements of phosphorus vs. time were

taken and Kl was estimated as:

P -
dt initial rate
\Ef—é (P, -P_) |

where V = reactor volume'(L?)

Aftef the phosphorus concentrat;oﬁ of the tank water reached
steady-state, K2 was estimated assumipg simultaneous

sedimentation and release:
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P. steady state = Y
L 2 g, + K
. -V 1 2

o

A finite'differenée approach is;used to solve the
‘mass balance equations as outlined below. First, equation
(2-2),the sediment mass balance, is cast in finite difference

form:

. kP (B)V < .
P_(t+at) = P_(t) + { 55— - pg= K [ P (£)-P (¢) ])At

DrA Dr _ (2f3)
where“Di = ;eactive erth of sediment (L) - |
Thué, the .conditions for the lake, interstitiai; énd sediment
phosphorus concehtraﬁions at time t, with known rates of
sedimentation énd release, wili,ailow the célculation'of
the sediment sélidQQhase phosphorus content at the néxt
time step. ‘The reactive depth incorporated into.the
equétion is an average depth of available phosphorus
estimated to be 10 centimeters based on the results of
se&eral investigators.

Néxt, an empirical relationship is used to find the .
interstitial phosphorus concentration at fhernew'iime step.
This relétibnship was found to be linear based,oh field
measurements by Snow and DiGiano (1976}, and is. written

in finite differencé form as follows:

2.10 x 10”3ps(t +AE) + 41.87

Pi(t+At) = = | (2-4)

The sediment phosphorus (PS) in this equation represents

the exchangeable fraction of the total sediment phosphorus.
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This fraction was estimated to be‘25 percent based on the
;esulfs of severa; investigators..

'Equﬁtion (2-1), the lake water phosphorus mass béiance
may now be used to determine the lake P concentration at
the new time step. This is accomplished by assuming that
the interstitial phdsPhofus in the equation remains constant.
This assumption allows the first order differential equation
to be solved analytically for the lake water phosPhorus.con—
centration. This eéuafion is then stated as a finite
di fference equation using the intérstitiai sediment phosphorus

calculated in equatidn (2-4) at the new time step:

EA . =
PO + (‘ﬁ Klpi(t+ut) T

P, {(t+At) = =

L C-A m s m

1+ (—ﬁ) KT + KT
1 EA
{l1-exp[ - (% + =5 Ky + Ky) tl}
+p exp [ - (24 g 4k t] (2-5)
0 T v ' _
where: PL = lake phosphorus concentration at t = 0 (M/LB)
- To , .

T = lake detention time (T}

All variables at time step t + At, the new time step, havé
now been solved for, and the calculations using equatiohs
(2-3), (2-4), and (2~5} are repeated for subsequent time
steps. The time step chosen by Snow and DiGiano was ten

days, and the model was run for several years.
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Snow and DiGiano tested their model to predict the
recovery of Lake Warner, after the eiimination of the
discharge éf the.Amhérst raw wasﬁewater'to‘Lake Warner
in 1975. & reduction of iake water pﬁosphorus from
90 pg/i to 50 ug/f was input to the model. The predicted
time for this reduction in phosphorus concentration td

occur was fourteen vyears.
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CHAPTER. ITTL

BACKGROUND AND METHODOLOGY

Lake Warnar, located in Hadiay, Massachusetts, is
showh in Figure 2. It is abqut‘one‘and one-half miles.
" long and varies from one.hundred;to several hundfédlfeet
in width. It lies between Mt.-Waraer and the village
of North Hadley. The lake was actually formed 5y-a daﬁ‘_
"'bailt on the Mill River in thé eaaly.IQOO‘s. -Léss.thanl
‘one;half miie.downstream from the dam, the Miil-Riyéfﬁ ;
‘ehﬁtieé into fhe Cohnecticut River. The lake is shallow;
raaging in'depth‘ffom 3 ta 10 feet, with the .deepest
-portlon being the old river bed. | |
. The ba51n drained by the Mill River and Lake Warner:
has an area of about 32 square miles in the towns.of
' Amherst Leverett Hadley, and Sunderland, 1nclud;ag the
University of Massachqsetts. The landlusagea as shown -
iianablellrwere éstimated by Jubinville (1973);.
| Table 1 . |
Land Usage of Lake Warnér Drainage Basin
7 ‘ Percent of

.Land Use o o o Total Area
Non Agricultural forest e 50,
Agricultural (crops) - | 'A26
Aéficultural (dairy’fafms) | ' 20

Urban - o o | 10



s

R T |
. North "
Hadley

-
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Lake Warner is closely set between Mt. Warner and
thé Connecticut River}_and'only a small percentage of
: ﬁhe entire 32 square mile drainage basin drains directly
to' the lake. Most of the basin drains into the Mill
River. The river is thus the only major contributor of
phosphorus to Lake Wéfnef.'_ﬁatural runoff, particularly
dyef agricultural laﬁd, and‘the rawrwastéwatér bypassing
lthe Amherst Wastewater Treatment Plant were the hajor |
éources of phosphorus entering Mill River. The by-
passing of the Amherst wastewater rougﬁly doubled-fhe
'normallMill River phosphorus content as estiméted by Sndw
and DiGiano (1976). The same authors observed algal blooms
in Lake Warner .throughout the summer months in 1974, indi-

cating that the lake‘was’highly eutrophic.'

Field Measurement Program

The Amherst Wasteﬁater_Treatment Plant étopped its
wastewater bypassing in November 1975. This reduction. in
.phosphorus loading should allowﬁthe lake to begin.its
'-recovery. A field measurement program Was'designed‘to
Imonitoi the recdvery of Lake Warner. The sampling and
analysis focused on inflow and outflow qf phesphorus to
' and from the lake, as well as the phosphorus contents
oflthe lake water and,sedimentsf Other water quality
paraﬁeters were also measured to monitor the generél guality

of the lake water. The Mill River water at the inletfand
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outlet of Lake Wafner was sampled weékly f;om'October‘1976
to September 1977, except in June and July when it was |
sampled daily. The location of theisampling stations,

No. I (inlet) and No. O (outlet) is shown in Figure 3.

Total and orthophosphate phosphorus were analyzed for all
the samples, while pH, alkalinitv, DO, turbidity, ammonia-ﬁ;
nitrate-, temperature, and specific conductance were
measured for a number of selected samples. The inflow and
outflow.rates of Lake Warner were also reasured weékly,

from December, 1976, to September, 1977, to coincide with
the phosphorus measurements. These flow ﬁeasurements were
also increased to dailv during June and July of 1977. The
‘results of measureﬁents are presented in Table 5 of Appendixr
A. These data will be analyzed; graéhically.dispiayed and
disédssea in detail later in this report.

Lake Warner was sampled at four stations in the Léke‘
from October, 1976 to‘September, 1977.  The location of the
four sampling sﬁations, Nos. 1, 2,- 3, and 4 is shown in
Figure 3. The sampling was weekly during June and July,llp77,
and monthly for the rest of the sampling period. Emphésisn
was placed on.measufement 6f total and orthophosphaté
.phosphorus of both lake water, and the intérstitial water
of lake sediments. Other parameters measured were DO}
temperature, Secchi-disc depth, pH} alkélinity, turbidity,
ammonia-N, nitrate-N, and specific conductance of lake

water, and total phosphorus of lake sediment. The results
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of Lake Warner measurements are presented in Table 6 . of
Appendix A. These data will also be analyzed, graphically

displayed and discussed in detail later in this report;

Sampliné and Analysis Methodclogy

Stream gagihg was done at the .lake inlet.éhd outlét
using the USGS mid-section method (Buchanan et al., l969}.

" The Mill River cross sections at the iﬁlet and outiét of
Lake Warner were divided into twelve 3-foot sub-sections.
A Pygmy éurrent meter was uéed for velocitj measufémenﬁ

at six-tenths of the water depth of each sub-section. Per-
manent benchmarks were established and a staff gage was
calibrated versus flow rates to establish stream—disqharge
rating curves. Results are presented in:Appendix B.

Total oﬁthophOSphate aﬁd shosphorus were meaSured'_'
spectrophotometrically, using the EPA Single Reggentr
Mefhod (1971). Since the most measured phosphorué;éoncéph
tratiéns were greater than 20 vg/%, the more sensitive
isobutanol extraction method waé.not neCessary. Sediment
interstitial water was separated by centrifuging sédiment
samples for 30 minutes at 10,000 rpm. Sediment samples
were ashed before diéestion for total phqsphofus analysis.
Amménia‘analysis was done by direct Neéslerizatibn. Of'thé
o£her tests, samples were broﬁqht to the laboratory for
alkalinity; pH, énd turbidity determinations, while dissolved"
oxygen, tempéfature, and Secchi-disc depth were measureé in

situ.



CHAPTER IV

ANALYSIS OF DATA

Hydraulic and water quality data collected are presented
in this chapter. The data include Mill River flow, Mill
River water guality, Lake Warner water guality, and Lake

Warner sediment quality.

Stream Gaging

Mill River flow was measured at the inlet and outlet
of Lake Warner. These flows and their respective measured
.phosphorus concentrations are needed to calculate the mass
balance of phosphorus in Lake Warner.

The stage—dischérge curves (stream—dischérge rating
curves)'of Mill River at the inlet and outlet of Lake_Warne;
are presented in Figures 4 and 5, which are to be used for
‘river-flow measureménts. The.fiéld measurements are presented
in. Appendix B{ ‘The hydrauliqs involﬁed can be explained
by Manning's equation which,desc:ibesropen-channel flow‘as'

follows:

1.49
n

.ACR2/351/2 LT : (4-1)
where:
Q = fiow (cu. ft./sec.)

n = Manning's "n' coefficient
A = cross-sectional area (sq. ft.)
"R = hydraulic radius (ft.)

26
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8 = channel slope (ft./ft.}

For retangular channels, the hydraulic radius and area are:

Bh

R = 7n¥8 | - (4-2)
and

A_ = Bh | | (4-3)
where:

h = channel depth (ft.)

B = channel width (ft.)

Substituting Equations (4-2) and (4-3) into Equatioﬁ (4-1),

Manning's equation becomes:

1. 49 Bh

0 =148 @y (BB 2 g

1/2:: (4-4)

1f B, n, and § are constant, Equation (4-4) bécomes}

Q = ahé
where'a‘and C afe coefficients. This.relatiOnsﬁip between
Q apd h should be a straight line if ploﬁted on 1ogarithmic;
scales,. |

The data expressed in the felationship-of le= ah®
were statistically analyzed by ﬁhe-method of least sqﬁafeo. _
At the inlet station, sixteen data points exhibited a ”
corrélation coefficient of 0.978. At the outlet gagiﬁg-
sité, ten points';esulted in alcorrelatioh coefficient of
0.968. 1In both cases, the correlation coefficients showe&

that the river flows can be estimated to a reasonable degree

of accuracy by measuring the stage heights of the calibrated
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staff gages at the inlet and outlet stations of Lake Warner.
The flow measurements for establishing the stream-discharge
rating curves are summarized in Appendix B, and all measured

and estimated flows are included in Appendix A.

Mill River Water Quality

The measured data on the water quality of Mill River
aré summarized in Appendix A. Ammonia and nitrate—nitrogen‘
concentrations were wvery high, roughly twenty'or more times
that of'phosphorus, sgpporting the View tha£ phos?horus
ﬁas the limiting nutrient in Lake Warner.

The influent and effluent total and orthOphdéphate
. phosphorus are plotted vs. time (weekly) énd rainfall
{(over 0.5 iﬁches) frpm October 1976 through May 1977 in
‘Figures G:and 7. 'Imhediately after rainstorms, large
increases.in phosphorus concentratioﬁ occurred, apparently
due to washout by intensive runoff. During this study,
the average influent total phosphorus'concentration was about
50 uwg/&, a significant drop as compared to the influeht
total of 90 ug/L2 measured by Snoﬁ aﬁd DiGiano in 1974. The
drop was pfobably a result of the diséontinuation of ﬁaste-
Qater—bypassing to the Mill River from the Amherst Waste-
water Treatment plant. Total phosphorus concentration of
50 ug/% with about 50 percent in the form of orthophosphate

is the lowest to be expected under natura1 conditions.
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Thé "dampening" effect that the lake had on phosphorus
concentrations can be observed by comparing the influent
| plot (Figure 6) andrthe effluent plot (Figure 7). The
influent concentrations show sharp peaks and valleys,
while the effluent variations are lessened.

The influent and effluent total phosphorus concen-
trations and flow rates as well as the rainfall measured
during the intensive summer sampling period are p;otted
vs. time in Figures 8 and 9. In Figure 8, it is shown
that increases in influent phosphorus concentration occurred
during rainfalls but before the arrival of high flows in
late June and near the middle of July.. Due to thé high
Mill River flows, the total ambunt ot pﬁosphorus
which entered Lake Warner was substantial during this
period. |

The effluent phosphorus concentration remained fairly
constant at about 50 pg/%. The sharp influent-phosphorus
increases were dampened by the lake. There was aﬁ inqréase
_ dgring the high flow period in mid—ﬁuly.‘ This was probablv
due to the flushing of deposited phospiiorus undef thelhigh
flow condition, and the short detention time of abbut two
days. |

The Mill River was additionally sampled during a
rainstorm and a dry period respectively to show fheir

effects on phosphorus concentration of the Mill River water.
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As shown in Figure 10, the phosphorus concentration increased
in the direction éf the flow of Mill River through Lake
Warner during dry weather and it had a surge of phosphorus
increase during wet weather. Thus, even without.the |
discharge of wastewater, the natural runoff can'still‘

carry a significant amount of phosphorus to Lake Warner,

Lake Warner Water Qualiﬁy

Lake Warner watér quality -data are preSented in.
Appendix A. The water guality was generally good with
dissolved oxygen near saturation at bofh surface and
bottom throughout the year. InJquy and Augugt,;evidence
of algal photosynthesis was defected as the lake wa#er |
was supersaturated with DO, although visible algal blooms:
'were only present in mid-July for less than one week.
Before the Amherst wastéwatér—bypassing had céaéed, blooms
were evident through‘much of the summer and bottom water
of the lake was anaerobic (Sqow and DiGiano, 1976) .

Total and orthobhosphaté phosphorus concentrations
were measured monthly from October 1976 through September
1977, and more frequently dufing_June and July, and tﬁe
results are presented in Figure 11. The plotting-shows
both the average and the range of phosphorus concéntrations
~at the four sampling stations (see Figure 3). In the
period from October 1976 to June 1977, the total and orﬁhé-

'phosphate phosphorus remained fairly constant. In—Juné,
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there was a general decrease, probably due tg the decreasé
of Mill River flow. In early July, there was a dramatic
rise in total-P and a drop in ortho-P, during which period
an algal bloom was observed in the lake, and evidently
algal uptake of reactive P had caused such a shift of
phosphorus. Subsequent die-off and settiiné of the algae
occurred later in the month, resulting in a lower total-P
and the recovery of ortho-P to its normal percentage of
.total P. The.averagé total phosphorus concentration was
about 50 ug/%, which was significantly lower than the
average value of 90:ug/2 measured by Snow andeiGiano in
1974.

| In general, concentrationscafphosphorus were about
the same in ali parts of the lake. The phosphorus data |
under some specific conditions are plotted in Figure 12,
showing the phosphorus concentrations during an algal blbom'
in mid-July and after a heavy rainstorm in September. During
the algal blbom, there was a wide difference between total
phosphorus and orthophosphate phosphorus &ue to algal_ﬁptake
of reactive phosphorus. It should be noted that the samples
taken during the bloom were not filtered before phosphorus
measurements, andjtherefore both particulate and dissolved
" phosphorus were iﬁcluded in the tests. During the rainstérm,
both_total éhd orthophosphate values were high, and the.
values increased towards the outlet of the lake. This. was

probably due to the fact that samples-were taken after the
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rainfall, and influent phosphorus concentration was becoming
lower while the high phosphorus-concentration water was

still traveling toward the outlet.

Lake Warner Sediment Quality

Lake sediment samples were collected aﬁ the four
sampliﬁg stétions during the-sﬁmmer o% 1977. Total and
orth0phbsphate phosphorus in the interstitial water of
the sediment samples were measured. The highly variable
phOSphorus contents of the interstitial water of the
sediments sampled at different locations in the lake are
shown in Figure 13. However, the pattern of variation
was not discernable. Most of the.data fall in thé range
of 150-300 ug/% for total phosphorus and 50-150 ug/? for
orthophosphate phosphorus. Generally the orthophosphate'
phosphorus increased with total phosphorus. | |

Total phosphorus of the sediment interstitial water
is plotted against its orthophqsphate component in Figure
14.‘ Also plotted in this fiqure is the correlation line
of Lake Warner sediment phosphorus measured by Snow and.
DiGiano (1976). It is obvious that nearly all data points
measured in this study fall below the Snow and DiGiano data.
A significant reduction of the phosphorus concentration in
the interstitial water of Lake Warner sediments has occﬁrred

since 1974.
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" The total phosphorus contents of dried lake sediments
sampled at the four sampling stations were measured. Most
samples were analyzed in duplicate (two diffe;ent portions
of a sediment sample), Results aré listed in Table 2. Also
shown are the total and orthophosphate phosphorus of the
igterstitial water of thelsamé samples. The total
phosphorus of dried sediments is plotﬁed against the total
and orthophospﬁate phOSphorus of the sediment interstitiél
water in Figure 15.' Correlation lines are estimated, and
as shown, the correlation is poor. Also shown in Figﬁre 15
is the correlation given by Snow and DiGiano (1976) on the
basis of their data taken in June, 1974. |

It is surmised that the shift in phosphorus equilibrium
between the sediment and its interstitial water of_Lake
Warner from 1974 conditions to present conditions has
resulted from the decreasé in phosphorus loading to the laké
after the cessation of #he Amherst wastewater diséharge to
ﬁhe Mill River. Dissolved oxygen measurements takeﬁ at
the surface and bottom of the lake throughout this study
showed a practically uniform DO level near saturation,
éven during the summer months énd'in the deepeét portions‘
of the lake. It was a significant improvement over the
valueé measured earlier by Snow and DiGiano (1976), thch
showed anoxic conaitions existing at the lake bottom. Also
as shown in Figure 15, the phosphorus levels of dried

sediments were much higher and of interstitial waters much
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Table 2

Sediment Phosphorus Data

P of Interstitial

Total P of Dried Sediments’ Water
(mg/g) ' Total P Ortho-P
Date Station Test 1 Test 2 Test 3 Avg. {(ug/8) (ug/2)
6/10/77 1 3.76 2.69 2.92  3.10 280 116
2 1.01  1.02 1.02 218 128
3 2.47 2.18 1.87 2.17 214 72
4 1.29  2.05 1.67 38 40
6/15/77 1 2.37  2.19 2.28 234 95
2 2.04  2.40 '2.22 83 45
3 2.20 2.66  2.43 153 71

4 0.85 . ~ 0.88 125 42
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loﬁer than their counterparts as presented by Snow and. -
DiGiano.

Apparently, the oxic condition which now exists
throughoﬁt the lake has increased the phosPhofus adéorption
capacity of the sediment and inhibited its ability to
release phosphorus into the lake water. In the work -by
Lung, Canale, and Freedman (1977), it was indeed found
that the kinetic coefficient which described the change of
particulate sediment phosphorus to tﬁe dissolved fofm in
Athe interstitial water varied inversely with the DO conﬁent‘
of the hypolimnion. This reaction.slowed to zero in the
winter months and reached its peak in the summér months
when the hypolimnion DO was near zero. | |

Ku and Feng (1975) have shown that Lake.Warﬁer sediment
was highly sensitive to the redox poténtial. A low redox
potential enhances the release of phosphorﬁs from sediment
to interstitial wéter and then to lake water. - In 1974,
Snow and DiGiano (1976) reportéd negative redox potential
of Lake Warner seéiments. Duriﬁg this study a series
of measurements taken on May 31, 1977 showed that the
redox potential had raised to positive values varying'ﬁrom

about 0 to 120 mv.

Summarx

The data collected in this study have shown the

average phosphorus concentration of Lake Warner water
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was reduced to about 50 ug/R from the value of 90 pg/%.
1measﬁfed:by Snow and DiGiano in 1374. This significant
decrease is mainly due to the elimination of the Amherst
~wastewater discharge to the Mill River in November-l975.
Incréased dissolved oxygen in lake water and raised
oxidation-reduction potential of lake sediments are
responsible for the reduction of phosphorus release from
the sédiment solids to overlying water via the sediment
. interstitial water and result in the accumulation of
phosphorus in the sediment solids.

The average phosphorus concentration of 50 ug/% in
'Mill River is about as low és can be expected under the
present conditions. This concentration may-nét be high
enough to sustain algal blooms, but a condition_of low
dissolved oxygen in the lake would increase the phosphorus
release from the sediment and.any cause to lower the.
dissclved oxygen could trigger algél blooms by the
phosphorus released from the éediments in addition-to
natural introduction of nutrients. The algal blooms
observed in Lake Warner in July 1977 may:have been the
result of low dissolved oxygen due to high temperatures and
low flow. | o

The data collected in this study are to be used to
modify the role of the sediments in the phosphorus modeling

of Lake Warner by Snow and DiGiano in 1974.
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Phosphorus mass balance. The basic eguation for mass '
balance of a chemical constituent can be written as

folldws:

Rate of - Rate of Rates of _ Rate of
Mass Input Mass Output - Reaction Accumulation

(4-5)
- All terms in this equatioﬁcxnlte calculated using measured

data except for the reaction rates. fhe,rates of phosphorus
input and output to the lake can be calculated by multiplying
measured phosphofus concentrations at the lake inlet ana
outlet by respective measured flow rates. The mass accumula-
tion rate can be calculated from the measured change in lake
water phosphorus concentraticn over time. On the basis Qf

- the above mass baiance equation, a net phoéphprus reaction
rate can bg obtained. A‘positive reaction rate indicates

-a net release of phosphorus from the sediment to the lake
water. A net negative reéction rate indicates net settling
of phosphorus to the sediﬁent.

A mass balance analysis will be performed using the
data collected during the intensive sampling period of June
and July 1977. The summer time is a critical period for
algal growth, since high temperature, lower dissolved.
oxygen, and higher pH dﬁe to algal activity all tend to
favor the release of sediment phosplorus. ‘The data
collected in weekly samplings are not adequate fof ﬁass
balance analysis because each sample was individual due

to the long weekly intervals.
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The variaﬁion of influent and effluent phosphorus
mass flow rates of Lake Warner are shown in Figure 16. A
phosphorus mass flow rate is the product of the measured
flow and its phosphorus concentration. The very low
effluent phosphorus flow rate in early July 1977 is a
reflection of the low flo; éoﬁditions. Much of the inflow
during that period was stored in the lake or lqit from the
system;‘perhaps due to evaporation or cbntribution to
groundwater. Tﬁis situation may have touched off the algal
bloom which was observed shortly thereafter.

For several time periods, the rate of phospborué mass
input, rate of phosphorus mass output, and raﬁe of phosphorus
accumulation in the lake are calculated. Thesmunof those

three is the net phosphorus release (if positive) or

sedimentation {(if negative). Rewriting equation (4-5):

t+At t+At . .
(igt QinPin? 2t - (iét QoutPout) ot
- [PL(t)VL - PL(t+At)VL] = net release or
_ sedimentation
where:
Pin = measured influent P concentration (M/L3)
Pout = measured effluent P concentration (M/LB)
Qin = measured lake inflow (L3/T)
_ 3
Qout = measured %ake outflow (L~/T)

PL = measured lake water P concentration (M/L3)
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i = number of measured data points during At

Figure 17 is a QUmmary of the mass baiance calculations.
In thé upper graph, the influent phosphorus load (positive)
and the effluent load (negative) are both shown. In
the middle graph, the accumulation of phosphorus in the
lake water over the time step (either positive or negative)
is depicted. The lower graph shows the balance of phosphorus
. and indicates the net reaction, either sedimentation or
'rélease, which has oécurred.

The results Qf the mass balance support the concept
that the sediments are now adsorbing'phosphorus._ Since
.'very 1ittle release occurs during the ' time when it is most
likely to occur, it ﬁust be concluded that the laﬁé has

recovered from the earlier, higher loading rates.
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CHAPTER V

MATHEMATICAL MODELING OF LAKE RECOVERY

A major purpose of this reeearch is to test the model
developed by Snow and DiGiano (1976) for Lake Warner,
'whlch has been presented in the llterature survey, Chapter
II.

The field meesurements of this etudy have shown that
the phosphorus concentretion ef Lake Warner dropped from
an averaée'of.QO'ug/E to 50 nug/2 in ebout one to two years
after the'discharge of wastewafer from the Amherst
Wastewater Treatmenthlant was stopped in November 1975.
In comparison with the'prediction by Snow and DiGiano's
mo&el, es shown in Figure 18, it is evident that the recovery
~ of the lake was more rapid than the predicted vaiue of .
phosphores concentration which_should have been 73 ug/1.

One major reason for therrapid recovery of the leke
as eompared to the predictionsis the'shift in phOSphorus
equlllbrlum between lake water and sedlment whlch has
since occurred. As shown in Figure 13, both the total
and'orthophosphate phosphorus of the Lake Warner sediment
interstitial water decreased dramatically from 1974 to
1977, therefore'the Snow and DiGiano findings must be
modified. It is apparent that the shift of phosphorus
equilibrium was the result of the'reduction in discharge
of organic matter to Lake Warner which, es a result, became

54
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well oxygenated. Under oxic conditions, the release of
'phospherus from sediments was greaﬁly reduéed and net
sedimentation thus resulted: A reliable forecast of these
events ﬁeuld'indeed be a difficult.task, because they afe
djnamic phenomena, depending upon the pollutional discharges
to e lake, and seasonalechanges of oxidation-reduction
"potenﬁial; pH and tempefature of lake water and sediments.
The ideal approach would be to predict the dissolved oxygen
in a lake and its felationship.to the phosphorus equilibrium
between lake water and eediments, as was found by Lung,
Canale, and Freedman (1976). This, however would require
theimeesurements of-biochemicai oxygen demand; aigal content
and its effect on dissolvedroxygen; and other complex
items which efe beyond'the scope of this study.'

The follewing are two approaches'to'predict the rate
of recovery from a eutrophic status of Lake Warner; The
first is a simple approach based on e dilution model. The
second is a rational engineering apéroech which is‘an

extension of the Snow and DiGiano model.

A Simple Approach - Dilution Models

Dilution models were reviewed in Chapter II. Figure
19 shows a family of dilution curves for the Lake Warner
.reeovery prediction,'as well as the Snow ‘and DiGiano pre-
diction curve. VThe gilgtion curve in which trei;= 1l is
for the case that sedimentafionenuirelease of phosphorus
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are exactly balanced.. The dilution curverin_which‘
t}eilé 5 ésgumeé sediment release is five_timés gréatgr
than sedimentation. The recovery prediction of Snow and
" piGiano is roughly compafaﬁlé to a dilution curve in.which
't£e1 = 100, and therefore, their model predicts that
ﬁhos%horus cycling processes cause phosphorus to remain
in the lake 100 times longer than the hydraulic detention
time. The reaéon for the long'predicted recovery time by
.Snow énd DiGiano is that they assume the linear non-
variant-empirical relationship between the solid-phase
aﬁd“inferstitial—wate: vhosphorus of the sediment as.
given in Equation (2-4) would remaiﬁ unchangéd. However
the later fieldxmeasuremeﬁts aiscovered ;he'fact thét-this
rélationship had been chahging during fhe'lake recovery.

A precise comparison of Lake Warner recovéry time with
' ‘the &ilution curves as‘given in Figure 19 cannot be made,
sinceAthé recovery was so rapid that it had.already occurred
prior to the measu;ements made in this study. However,r
roughiy as shown in Figure 19, trel could be on the order
of 1 to 5. _

Aﬁigren (l977i found the recovef? of Lake Ndvikken

approximated to the dilution curve of t o equal to 1.3.

el
It was pointed out that the dilution curves only predicted
the annual mean values, but not the seasonal variations.

Concentrations were higher than the mean in summer, during

‘conditions favorable to phosphorus release from sediment,

and lower in spring due to rapid sedimentation of phosphorus
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after the spring diatom bloom.

Lake phosphorus mass balance calculations coupled with
dilutiéﬂ models are useful as a first estimate of lﬁke
- recovery time. In particular, lakes wiph small hyaraulié
detention times or large flushing capacity, such as Lake
Warner,.would be most likely to show rapid responses‘in
recovery to changes in influent loading, as shown in the
analysis of the data collected in this study by means of
mass balance (see Chapter IV). It was indicated fhat net
seidmentation occurred through-June and July 1977. This.
corresponds fo a trel less than 1. However, the dilutiqn
technique does not account specifically for actual lake
processes‘whigh have occurréd, but simply gives an estimate
of the average lake.résponse due to'a.change,of.pollutional
loading. It is désirab1e to devel§p a model with a rational
engineefing approach to reflectlnot only a‘qroés :espdnSe,'

“but also the phosphofus-cycling processes involved.

A Rational Engineering Approach

.The‘development.of a rational engineering model for‘
lake recovery will be based upon‘the WOrk'of Snow and
DiGiano. First, a sensitivit& analysi§ will be pérfo:med
to observe.thé'effect on model results of varying certain
input Péramefers. Subsequently, a'modificétioh of the |
Snow and DiGiano‘modél will be proposéd“which will imprové

its flexibility without basically altering its rationale.
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The sensitivity of the model to some selected input
parameters is presented in Figures 20,21,22,23, angd 24.
Tﬁe resulté are summarized in Table 3 as percent change
in lake phbsphorus concentration at selected times resulting
from a 10 percent change in in@ut parameters. The pa;émeters
wchosen for this analysis are ﬁhose wh;ch cannot be easily
measured in the fieid and.are therefore most subjectAto
erfor. These are the phosphorus release ;ate from sediment,
phosphorus sedimentatién coefficient,-sediment reactive
depth, percent eﬁchangeable phosphorus, and the,empirical
'relationship,between-interstitial and solid-phase phosphorus,
Parameters such as detention time, -lake surface area and
volume can be measured fairly accurately and therefore will
not be included. |

In general, the phosphorus concentfation profiles
in Figures 20 through 24 resulting from varying the input
paraﬁeters look similar except for Figure“22,“the sediment
reactive depth. .In Table 3, the largest percent differences
occur in the early-par£ of the simulation, and then
decrease with time, in all cases except the sediment
reactive depth. The reactive depth pérceht difference
iﬁcreases slowly with time,‘instead. Adjustment of the
exchangeable fracfion of sediment pﬁOSphorps causes the
greatest deviation. All of the perbent differencéé in the
lake water phosphorus concentration computed are less than

the 10 percent variation of the input parameters.
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Table 3

Sensitivity Analysis

'$ Change in Lake Phosphorus Concentration
Resulting from 10 Percent Change in
Stated Parameter :

: " Time

(days) (yrs} Kl K, dr Pt m
1 1.56  1.52 0.00  1.74 1.74
146 2/5 5.76 4.85  0.30  6.46 6.19
365 1 14.93 4.21 0.70 5.90.  5.26
730 2 3.72  3.28 1.18  5.02 - 3.93
1825 5 © . 1.32 1.35  1.71- . 2.95  1.29

where:'

1 ='rélease rate {meters/day)

K
K2 = sedimentation rate (1/day)
d

r = sediment reactive depth (centimeters}

Pt = percent exchangeable phosphorus

m = interstitial vs. solid-phase sediment
coefficient where Pi = mPs + b
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_ Thé sedimentatisn and release coefficients were

determined in situ by Snow and DiGiano by a procedure
outlined in Chapter II of this report. Based. on a'felease
:rate'of 0.691 m/day and a sedimentation rate of.0.176‘2/day‘
the steady-state value of interstitial‘éhOSphorus is 245
ﬁg/lunder the assumption that the lake water phosphorus
is reduced from 90 to 50 ug/%. The steady-étate value of
245 ug/L compares extremeiy we;l with the measurements in
| this study (see Figure 13).

Adjustment of the sediment réactive depth causes a
difference which grows with time. This parameter defines
- the total mass of phosphorus which is available fbr inter-
action with the lake water. Since it is difficult to
determine ‘accuiately, a range of Values.shéﬁld be investi-
gated. Long-term simulations are mnost likely‘subjecﬁ ﬁo .
error.

Thé exchangeable fraction limits the amount of
-sediment splid—phase‘phosphoxus available for copveféion
to interstitial phosphorus. After the conversioh, aiffusion‘
to the lake water coﬁtrols thé,mass tfansfer. Thus, the
lake water phosphérus concentration profiles in Figure 23
become more géntle in gradient as the time iﬁcreaées.
Error in-sﬁecification of this parametér woﬁld be greatest
in the early years.of‘reéovery, and therefﬁfe, particdlar
caution shoula be exercised for short- term 51mulat10ns,
Since the exchangeable fraction is difficult to estlmate

and is dependent on environmental factors such as redox
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" potential (Ku, 1975), in.order to make the best of the
-caltulations, the values should be expressed in a range.

The empirical rélationship between interstitial and
solid-phase phosphorus has been shown to be highly variable
in Lake Warner (see Figure 14). The assumption made by
Snow and DiGiano that this relationship is linear and
remains constant is the main reason £hat the.Sndw ana‘,
DiGiano model predictions are ndtlapélicable. According
to Snow and DiGiano; a linear equilibrium relatiopship
‘exists between the solid and liquid phase phosﬁhorus of
sediments, because_the equilibrium is assumed to be
controlled by adsorption, a physical-chemical process.
However, Stumm and Leckie (1971) stated that bacteria
convert as much orgénic solid-phase phosphorus into sﬁluble
interstitial phosphorus as is-reléased by physical-chemical
_ processes. Lﬁng, Canale, and Freedman (l§76) dut;ined
several processes which éffect the phosphords transformations
in lake sediments, such as oxidation and breakdown of
organic sediments, pﬁysicochemical adsorpﬁion, preciéitation
and dissolution to and from mineral forms, and both chemical
and bioclogical oxidation and reduction of iﬁorganic species.
Since all these processes are involved, and difficult to- |
be evaluated individually, the following apprbach‘is
proposed whereby these processes are lumped together and

" described by one reaction coefficient.



63

In the proposed approach, the Snow and DiGianoerdél

is extended to include a mass balance on the sediment

interstitial phosphorus. This would avoid the use of the

. linear and constant relationship between the sediment
interstitial and solid-phase phosphorus concentrations.,

The following mass balances are suggested for the lake

water, sediment solid-phase phosphorus, and sediment inter-

stitial phosphorus:

Sediment Solid-Phase:

ap - C
s — 7 — ' -
Vs @ R AS K3PsVs (5-1)
mass sedimentation conversion to '
accumulation from lake water interstitial
' , o phosphorus

Sediment Interstitial Water: ‘ ‘

dPi ‘
mass conversion diffusion to
Aaccumulation from sediment lake water

solid-phase to
liquid-phase

Lake Water:

ap_ : | | |

—_ = -— -+ - - 4
Vi &t Q, QP eR A(Py=Pp) - K PV
mass ' mass in mass out release sedi-
accumulation ' mentation

T (5-3)
where ‘

V. = D A = reactive volume of sediment (LB)

s r

K is the reaction coefficient describing conversion rate

1
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betweén pgrticulate aﬁd'dissolved sediment phosghorus (l/T)‘
The lake water phosphorus mass balance is the same as that
proposed by Snow and DiGiano which was presented as
Equation (2-1). The sédimgnt solid-phase and interstitiala‘
watér‘phase mass balances include a new coefficient Ky.
This coefficient describes the rate of conversion of solid-
phaée'to dissolved phosphorus in the sediment. A negative
value of K, would indicaté a net conversion of dissolved
to particulate phosphorﬁs in the sediment. |

ﬁo experimental evidence exists to support the use
of a particular value for K5- Lung, Canale, and Freedman
{(1976) calibrated a_mathemafical model for White Lake,
however, whichinpludedé rate coefficient.for the conversion
of solid-phase to diésolved phosphorus in sediméntst 'in
Table 4, various values of the coeffiéient K3 which were‘
‘used by'Lung and Canéle (1977) are presented. Obviously,‘
the values of K3'would vary séasbn;lly and depend upon
environmental factoré, such as dissolved oxygen, redoﬁ
potential, pH and tenperéture.

Equations (5-1), (5-2), and (5-3) .can be written in

finite difference form as follows:

K2P (t)v

= £ 2L L. ' ) -
Ps(t+At) = Ps(t) + [ DA .K3Ps(t)1 At {5-4)
. K3 C
Pi(t+At) = Pi(t) + {_E Ps(t+A§)
Ky , . . ‘ :
-5 [Pi(t)-PL(t}]}At _ _(5—5)

r
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PL(t+At)

£A - o
PO + (v;) KlPi(t+At) T 1 cA
= = — — {l-exp [~(=+ —_ K +K, t}]
1+ (V—) KlT + K2 T T L :
L .
| (5~6)
+ PL‘ exp [~ (% + EA Kl + K2) t]
O . T v

Note that equation (5;6)'is identical to eéqatidn (2-5).

In Figure 25, the predictions of the Snow and DiGiano
Cmodel and_the-new model are compared: - The K3 value in the
new nodel was adjusted until the simulation matchéd closely
with that of Snow and DiGiano's médel. The resulting vaiue
of Ky was 1.86 x 10773 per day, which is over twice as high
as the values presented in Table 4 for anaerébic conditions
‘iﬁ White Lake. The-new model.simulations are also shown
using a Ky vaiue of 1 x 10f3/day. This value, selécted
'-through model calibration, seems reasonable for the data |
collected in Lake Warner. Even using the K, value which
applies to anaerobic conditions in Whité Lake, the take
Warner recoverf predicted by the new model is shqwn to be
- much more rapid than the recovery simulated by Snow ana
DiGiano. Since K, is assumed tolbe a first order reaction,
use of a single K3 value is comparable to use of the linear
relaéionship developed by Snow and DiGiano (1976). However,
programming advantages are gained by allowing a variable K3

rather than a family of linear equilibrium relationships.
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Table 4

Values of K3

- K
. 3
Reference : . Locatlon _ (/day) Comment
Lung, Canale, and . White Lake 0 x 10_4 Aerobic
Freedman (1976) : :
Lung, Canale, and ‘ -4
Freedman (1976) - White Lake 8 x 10 Anaerobic
Lung and Canale (1977) White Lake 1.4 x 10-_4 Annual
: : : Average
Lung and Canale (1977) White Lake 2.0 x 107° Aerobic

Lung and Capale (1977) - White Lake 7.9 % 1¢”% Anaerobic
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Summary

‘The model‘developed by Snow and DiGiano (1976) has
‘been extended to include a mass balance on rhosphorus in
" the sediment interstitial water. This modification
eiiminates the ﬁeed for specifying a constant lineaf

equilibrium relationship between sediment interstitial and

1

'sblid-phase phosphorué which is based on adsorption-desorptioﬁj'
Instead, a first order reaction is assumed between sediment
-sélid-phase_and interstitial phosphorus. This assumptioﬁ
lumps all chemical, physical, and_bioiogical factqrsttogether -
into one.reactioh:xuxecoefficient: Althoﬁgh no expefiﬁental
evidence and limitéd comparison bepween‘predictidn'and‘
fiela'data exist to support the use of this technique,
it is thought that this method is more'flexible and practical
for the following reasons: | |
1. 1Inclusion of a mass balance for the sediment
interstitial phosphorus is a forward stép towards .-
'a "rational" engineering model. |
2. The relationship between sediment intérstitial
“and solid-phase phosphorus includes all biological,
chemical andApﬁysical transformation processes,
apd probably is not linear aﬁd constant for most
cases. | -
3. Existing field data may Se uﬁilized to arrive éf

an estimate of K3 through model calibrations.
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4, Fiéld data collection programs may be readily
modified for the purposé of estimating K3 through
model calibration.

Several assumptions made by Snow and DiGiano have

been followed in this work. One is that the lake iS.Sh3110W,F
or has one layer with no vertical concentration gradients.
Another assﬁmption is that total phosPhorus‘in the lake

water includes both dissolved and particuiate forms. Know-
ledée-of the reaction coefficients, such as algal uptake of
dissolved phosphorus and settling of particulate phosﬁhorus
and a data collectlon program whlch 1ncludessamp11ng of both
. forms, would allow expan51on of the model. A _thlrd assump--
" tion is that the lake acts as a completely-mixed reacﬁqr.
This is in .line with all reseafeh reviewed in this report,
andlshéﬁld be adequate for most lakes except in speciai

cases where longitudinal or lateral.gradients-are judgéd

to be important. Mathematically, the proposed model éduld
'éasiiy be extended to cover most of these sitﬁations. The
“real dlfflculty involved is the determlnatlon of any
addltlonal reaction coefficients whlch would be 1ncluded(

- A-51mple dllutlon model approach and-a more complex

rational enéineering approach to hélp address queétions of
lake recovery time after reduced phosphorus loadings have
been 6utlinéd. 'The key to the utilization of either or
both approaches is a well-designed field data colléction
progfaﬁ, particularly the mass balances'bf influent,

effluent, and lake water and sediment phosphorus, which are
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needed to define the net rate of sedimentation or release.
These ﬁeasurementé éhould be taken at daily or shorter inter-
vals, and should be ﬁore intensive ‘during rainstorms.

Because of the cost of.éuch a saﬁpling program, it may be
sufficient to collec£ data in a ﬁinimum of two selected
months during the year {(a summer month and é winter month);
Secondly, the long-term monitoring of phosphorﬁs in the lake
water,»influént and'éffiuent, and sediment solids and
interstitial water should be conducted at less freqﬁent
infervals, weekly.or even monfhly. Such data-of-long'reco;ds
are needed fof the final verificétibn or formulatioﬂ of | |

mathematical models for developing lake'management plans.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

A sampiing progfam was carried out to monitor
"the effect of a reduction in phosphorus loading on Lake
Warner in Hadley, Massachusetts. It was found that lake
.water.was reduced from the average phosphorus concentration
of thé 950 ug/ﬁ‘in 1974 to 50 ug/i in 1977. This oc¢currence
was probably due to the elimination of the wastewater
discharge frﬁm Amherst'to the lake in November 1975. Further
. reduction in phosphorus concentration (below 50 uLg/2) is
not likely because the agricultural funoff would maintain
a background concentration close to this value.

An algal bloom of one week duration was observed in
1977 which occurred after a period of low flow and high
temperature.' Apparently, a phosphorus concentration of
50 ug/t wés high enough-to sustain a bloom under the
proper environmental conditions.  However, a signifiéant
_improvement'has been visible in coﬁparisﬁn with the lake
status in 1973 and 1974 when Snow and DiGianb (1976)
described the lake as "highly eutrophic with extreme bloom
proportions of blue-green algae". This visible imprové—
ment was.confirmed in converations with local residents.

Mass balance calculations based on the June and July
1977 data, have shown that net phosphorus sedimentation

occurred during this period. That was a summer period with
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low flows and high temperatures which created conditions
‘most favorable to phosphorus release from the sediments.

But there was no evidence that phosphorus was released from
‘sedimeﬂts under‘such favorable conditions. It may be surmised
that-Léke Warner was-fecovering from its previous pollutional
loads and that the sedimentS were no longer a significant
source of phosphorus. These mass balance calculations

made from intensive (daily) sampling over a short period

(one month, for example) have prdved extremely effective in-
determining the role of thelsediments in lake phosphorus
cycling.

Using data collected during this study, two methods of
predicting lake recovery were tested. The first was a simple
dilution approach, in which the ratio 6f-phosphorus sedimen-
tation to sediment phosphorus release determines the.length
of time necessary for a‘givén change in phosphdrus concen-
tration. Lake Warner had returned.to its natural conditions
prior tb thé 1977 sampling program so that this ratio could
not be determined by fielé measﬁrements, but it was caiculated
that phospohrﬁs release was less than five times sedimentation.
The findings do not agree with model claculations made by Snow
and DiGiano (1976) which indicated‘ﬁhat release would be
about one hundred timéé greater than sedimentation.

One of the reasons for the difference between the Snow
and DiGiano predictions and meaéured daté could be the

inclusion of a linear and non-variant relationship between
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interstitial and solid-phase sediment phospinorus in

their model. Data in this study indicated that the equil-
ibrium relationship between these two parameters had
shifted, probably due to‘the elimination of the wastewater
discharge tO‘the:lake.‘ As. a result.diSSOIVed oxygen con-
centrations at the iake bottom were increased and.therefore
'oxidation;reduction potentials were raised. This shift was
not accounted for in the Snow and DiGianoc model.

A riodification was proposed £o moidfy the model by
including a mass balance equation on the interstitial
‘phosﬁhorus and a néw‘reactiqn rate describing the net rate
of conversion between interstitial and solid-phase phosphorus.
Although this reactioh rate has notvbeen determined through
laboratory éxperiments, model calibration results are compar-
able with‘similér‘calibrations by Lung, Canale, and Freedﬁan
1(19761, and Lung and Canaie (1977).

Several recommendations which have arisen out oflthis
work are presented ag follows: first, in désigning'of
field sampling program‘forlmonitoring lake recovery, short-
term intensive prograhs can be as effective as the usual
long-term programs. As previously illustrated, £he role of
zthe se§iments can be delineated by a short-term program to
have a direct and signif%cant impnact on the length of time
‘a léke will take forxecover. The simple dilution model
ﬁay be used as a fpllow4up to the suggeéted field program

for an idea of the length of recovery time. This is, of
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course, assuming that the ratio of release to sedimentation
remains constnat.
The more complex "modified Snow and DiGiano model”

must be tested on other lakes. 1In particular, in situ

determinations of reaction rates such as those used by
Snow-énd DiGiano (1976) in Lake Warner are recommended.

" The validity of the sedimentation and release rates measure
by their field work was suggested in ﬁhis study by comparing
predicted steady—state.concentrations.of interstitial
sediment phosphorus with the measured values. It is
desirable to include in their field‘test the measurements

of sediment phosphorus. Such additional-measurements would
enable the estimation of the net conversion rate between
interstitial and solid-phase phosphorus proposed as a result
of this study.‘ Increase& knowledge of the reaction rates
would eventually lead to‘the apility to uSg time varying
rates to describe lake recovery under both anoxic and oxic
conaitions,

It is strOnély urged that these predictive tools be
studied furfhér and applied whereVer‘pdssible. These tools
are invaluable to engineers and planners who must assess

lternative control strategies of wasteload reduction

in controlling lake eutrophication.
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Table 5

'Mill River Water Quality
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'.Total-P

Date Location Ortho-P Flow
(ug/) (uvg/2). (cfs)
l . -
10/13/76 I 57
: 0 64
10/20/76 I 39
0 40
10/21/76 I 145
0 86
11/3/76 I 36 23
: 0 44 18
11/10/76 I 60 12
0 35 9
11/16/76 I 35
0 .35 5
11/24/76 1 25 . 1
: 0 30 3
12/1/76 I 30 3
: o 37 3
12/7/76 I 210 55
0 90 30
12/16/76 I 31 9
o 50 16
12/22/76 I 40 12 24
- 0 37 11
12/30/76 I 43 16 14
0 45 20
1/4/77 I 60 15 10
o 0 45 11
1/12/77 T 107 47 21
- _ o 68 16
2/2/77 I 64 47 12
0 36 30 8




Table.S. Mill River Water Quality (Continued)

Ortho-P

bate Lbcation Total P Flow
- ' {(ng/L} (ug/2) (cfs)
2/7/77 T 50 13
\ 0 48 11
2/14/77 I 112 30 23
2/16/77 1 69 42
0 46 15
2/24/77 1 31 23 11
O 39 27 15
2/25/77 I . 143 30 61
2/28/77 1 227 76 141
3/2/77 T 93 35 57
o 163 104 69
3/10/77 3 40 15
0 42 21
3/14/77 1 65 . 29 227
o) 82 49
3/23/77 1 63 34" 230
0 57 30
4/5/77 I 45 20 170
' 0 40 8
4/15/77 I 31 5 41
o 100 5 '
4/25/77 I 34 6 276
o) 68 25
5/5/77 I 30 11 60
0 53 14
5/9/77 I 63 8 210
4 0 60 30
5/25/77 T 33 18 25
o 36 14 32



Table 5. Mill River Water Quality (Continued)

Date - Location Total P Ortho-P Flow

(ug/2) (ug/L) (cfs)
5/31/77 1 ' 18 16
6/6/717 1 41 21 15
0 43 18 15
6/7/77 I 69 52 33
) 61 33 23
6/7/77 I 49 25 51
0 49 . 27 63
6/8/77 1 20 18 46
- 0 51 27 . 45
6/10,77 I 26 48
0 53 29 31
6/13/77 1 31 g 18 :
¢ 59 Lo 14 22
6/14/77 I 47 15 29
0 52 20 11
6/15/77 I 41 25 27
.0 37 14 vi
6/17/77 1 46 44 25
. o 58 16 9
6/20/77 1 40 20 29
0 40 14 23
6/21/77 - 1 50 20 - © 42
6/22/77 I 59 38 38
) 59 20 29
6/23/77 1 4] : 25 27
: 0 46 12 19
6/24/77 I 69 58 25
o 0 58 21 13
6/27/77 I 44 20 25
e 52 16 21

- - ——
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Table 5. Mill River Water Quality (Continued)

Date Location Total P - Ortho-P Flow
' (ug/L} {(vg/2) {cfs)

6/28/77 I 52 33 21

| o) 44 18 13

6/29/77 I 225 192 21

o) 46 20 11

6/30/77 I 65 33 25

o) 54 12 15

7/1/77 1 60 40 21

o) 48 20 17

7/5/77 I 46 24 15

0] 57 13 1

7/1/77 1 91 31 15

0 57 12 3

7/8/77 1 191 . 115 29

0 62 24 1

7/11/77 I 49 .26 17
‘ 0 47 16 1

1/12/77 I 93 55 66

0 58 27 55

7/13/77 1 66 25 39

: o) 76 24 57

7/14/77 I 77 25 72

o) 74 24 a1

7/15/77 I 61 60 38

o) 93 . 25 45

7/18/77 I 88 50 96

0 56 32 93

7/19/77 I 38 37 72

. 0 50 26 47

7/20/77 I 49 41 28
0 54 42 15 -

v 7/21/77 I 47 39 23

o) 51 20 9




Table 5.

Mill River Water Quality (Continued)
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Date Location Total P Ortho-P Flow
{(ug/L) {ug/L) (cfs)
7/22/77 I 43 38 23
0 59 20 9
7/25/77 I 114 64 35
0 80 29 5
7/26/77. I 54 28 29
o 58 25 13
1727777 1 100 45 20
o 52 31 45
7/28/77 1 82 28 1
7/29/77 I 47 45 16
. o 67 36 1
8/1/77 I 34 24 15
0 49 15 1
8/2/77 1 54 38 117
o 95 51 217
8/3/77 I 41 35 45
_ o 98 51 69
- 8/17/77 I 29 21
: 0 85 76
8/29/77 I 71 41
: 0 65 21
9/9/77 I 71 44
0 22 11
9/14/77 I 67 59
0 21 20
9/16/77 I 54 31
0 64 28
9/27/77 I mn 31
0 200 125



TABLE 61 LAKE WARNER WATER QUALTTY

o o --_‘—__‘.-]‘;J-I.lc'l-l-' -—61;-‘--!"-'--— l_ll-l er’ j-_l' -l;l.-(-ul- . !J l‘.;.‘g’t:b_] Vul ;_Jh_}curl! A 'I'tulpn'l_-llulgf’ o ‘ngr-tid—- ’ .
Surrpd g ¥, b Total PN e pt) Surface ot tom SSurbace Wt bow Depth  deptn Alkulmllty Tushiddicy HH,-N NGy -N
Bace  locatlon (el Gagf1Y Cogll) fog /1) Ggll) Ggf)) (e €3 Gleg U Qi) e} JRLR UYL ) B PAET SN (Y 4 D I CY A S S
ustsfie 1 3} [ 1.5 Voo 2 1.0 i) b4 TV
2 LY 1.1 [ H) Y 1.2 2] 1.5 §.9%9
b 4% 7.1 i . tit 6.7 24 1 .1
4 (a9 [ L. 4 14 [ [ 15 4.4 4]
LLftufto 2 i ? 12.4 2 . 6.} 24 2 T (A T
3 h [ ty.? 'y t.6 12 .5 6.1y
4 R G i2.? 4 .4 21 1.5 0.4
Liazr} 1 Shy 250 150 11,5 : i b ‘b [ .23
4 Y ] 200 150 1.4 B 1. ' 6.9 15 L 1.5 u.2! )
[ALYRE} 1 [P [ 3} . 1] 6.5 i) 2.7 .9y 5.9
2 12 2 1} 6.4 20 1.6 too 2.1
1 56 1> ) 1 6.5 19 2.9 . ni ).y
4 4t 15 - U b} W 2.0 U.h¢ 1.8
LTARYRE] ) I [ 3 . 10.8 (1IN It} [ [ 6.5 14 .34 [N
F] 44 I . 4.6 96 s 5 5 [ o b.y .14 It
| N 12 10.4 9.4 RN 4 4 6.4 14 1.5 0.1 1.4
4 ] b 4 OB RPN B 4 [ 6.4 5 2.2 .4y [ I
YRIYEE | 5 - 23 ' 4.5 4.4 n V7 4.75 4.7% &.0 ] 2.7
' 2 iy 1y H.Y 9.2 2t 13 ] 2. ’ 5.4
1 S 24 1.1 4.6 24 b &5 3 1.6
4 AS 25 a0 - HUS 26 (Y ¥. 5 2.5 5.1
LYRRST AN § 4y 31 280 it 12.0 . 12 4
2 52 41 28 124 g0 11,9 ] 2.5
3 i 16 AL i} 8.0 11 0«
4 ay h Yy 4 4.0 1 ‘ B.7% )
Winfi } 32 Sls 214 Y5 7.l Y W b} 3
2 54 3H N} 5% B.9 §.2 21 4.5 3.5
3 4l 1A IRy} 1 9.6 8.4 2h.A 6.74 4
4 AL [ 125 42 10.0 9.4 21 u.1s 4.5
[TFEYEE] t vy 3 HA 12 6.4 ] 4 17 | Y 3 b.? 24 0.4 1.4
2 I 20 [N iy 1.n I 2\ iy [ 2 UM P 0,29 L.
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TABLE 6 (Continued). LAKL HARNLER WATER QUALLTY

oo e “Total. l.)-l“l‘lu.l—llllLl'.”l Inter- , III.;._.EAIVLdunygln CTemperutun e T weeeni-

Sampling P b Yuial l‘{ )f)rlim—l'“) Surface Botdon Surfare Wottom Depth depth Atkalindey Turbidtey RHy-N Koy -N
Oate  docatdon  Cug/h) Qog/1) (opfh) o Qupd1) _ Gmpgdl) Qo /1) Qlep U1 Ghep £} (re) o GE0) 0 pi o OngdY Cati)d {3y (egd)) (g fB)
[TRUTEN 1 46 26 151 48 6.5 L.y 2.4 22 6.4 4

F§ 43 14 91 y 9.1 9.0 PR 26 ] 2.5
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3 1 ? HY b2 8.0 I8.n 6% 2Y 3 1.%
4 He 16 110 1y . 2.0 S ) 29 L B.S ¢
1 ¥PLYFNI ] i Il 1]
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& hé 25 0.
LY ¥R 1 Iy Py 160 iL] 8.4 7.5 24 F¥] 5 1.y 6. 25 ] 0.1y 2.0
: 2 (A 11 2(H: (] 12,0 40 0% 26 h.s 4 1 9.2 26 2.8 0,16 u.5
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STREAM GAGING DATA
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Tabie\?. Stream Gaging Results at Lake Warner Inlet

: X-S8ection Average
Date Stage  Area Velocity Flow
(1977) (f1) (sq £t) (fos) (cfs)
2/2 0.67 19.7 0.62 12.2
211 0.67 - 18.8 0.68 12.7
2/14 0.90 22.1 1.06 - 23.4
2/24 0.71 ©19.5 0.54 1046
2/28 2.6 68.3 2.06 141
3/2 1.5 40.7 1.40 57.1
3/11 2.4 68.6 1.68 115
3/14 4.5 210 .92 194
4/1 2.1 55.9 1.68 94.2
4/6 2.8 75.8 - 1.83 139
| 4715 1.2 35.5 1.14° 40.6
429 1.03 " 29.6 0.91 27.0
5/25  1.05 29.2 0.85 24.8
6/6 ©0.80 21.7 0.71 15.4
6/20 1.00 24.4 0.75 18.2°

/8 1.14 26.3 1.01 26.6
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18.5

Table 8. Stream Gaging Results at Lake Warner Outlet
X—SectionA Averagé
Date State Area Velocity Flow
(1977) (ft) (sq ft) (fps) (cfs)
272 0.46 17.5 0.44 7.7
3/2 0.92 33.2 2.08 69
3/11 1.2 ! 42.5 3.23 137
4/13 0.79 28.2 l.él 54
4,20 0.67 24. 4 1.43 35
4/29 0.88 32.4 2.22 72
5/25 0.867 23.8 1.31 31
6/2 0.60 23.4 1.24 29
6/6 0.53 19.6 0.77 i5
6/14 0.46 0.60 11




APPENDIX C

DOCUMENTATION

OF PHEOSPEORUS

MODEL

94



Table 9,

Phosphorus Model Input Data Description

Card - Card Varliable
Group - Format Columns Description Name Unit
1 OPTIONS
‘110 1-10 Option Index for Snow and TOPT
v DiGiano Model (IOPT = 1) or
New Model (IOPT = 0)
2 PHOSPHORUS PARAI‘-’IETERS
F10.3- 1-10 Initial Lake P Concentration PL ug/ %
F10.3 11-20 Initial Interstitial Sediment
P Concentration PI pg/ %
F10.3 21-30 Influent P Concentration PIN wa/L
F10.3 31-490 Initial Dry Weight Sediment :
P Concentration PS ng /g
3 RATE COEFFICIENTS
F10.5 1-10 P Relcase Rate Coefficient Ky RELES m/day
F10.5 11-20 P Sedimentation Coefficient K, RSED 1/day
F10.5  21-30" P Desorption Coefficiont K, U 1/day
' {NOTE: only recad if '
: IOPT = 0)
4 PHYSICAL DPARAMETERS |
' 2
F15.2 1-15 Lake Surface Arca ALAKE meter
: 3
F15.2 16-30 Lake Volume VLAKE meter
F10.3 31-40 Lake NDotention Time DLTT days

€6



Table 9. Phosphorus Model Input Data Description (Continued)

Card Card Variable ,
Group  Format Columns  Description Name Unit
5 SEDIMENT PARAMETERS
F10.3  1-10 Sediemnt Porosity POR
F1aG.3 11-20 Sediment Reactive Dopth DREACT neters
F10.3 21-30 Fraction Exchangcable . XCIIANG
& SEDIMENT PARAMETERS (IF
JOPT = 1 ONLY)
F10.6: 1-10- Slope Coefficient
(PI = EM*PS#*BL) EM
F10.3 11-20 Ordinate Cocfficient BE
7 TLIME PARAMETERS
F10.3 1-10 Total Time of Simulation. TEND days
F10.3  11-20 Simulation Time Step DELTAT days
F10.3 21-30 TOUT days

Time Step for Printout

96
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22b.Ll2 19, -nospncrus Mz

o0 .

onn

Minn

222 FORMAT(2II, *RATI OF RELIASE

PHAS PHORYS wODEL OF LAYE REICOVERY
OPEN LOGICAL JN¥ITS
NS = 1
N6 = 2
CALL INOPEN{S, %5
CALL PROPEN(S, 55
IF(ERRIR) CaLl £X

*CAT®, *IN?UT FILE?*, 11, ERECT)
*13% ', 'OUTPYT FILI?T®, 12, ERACE)

BEAD INPOT DATY

READ(¥S, 1) IOFT
READ(N5, 153} PL, PI, PIVN,
IF{IOPT.E0.0) BELG(NS, 15) REILE T 1
IF(IOPT.EC. 1) EEA2{(¥3, 18&) T
READINS, 291 PLAXT, VLAKEL,
READ(NS, 15) PGP, SREACT,
READ(N5, *7) E®, :E
READ(NS, 15) T:IND,

14 FORYAT(EITZ)

15 FIIYAT(SF?).1)

1% FIR®AT(BFIC.S)

7 FORMIT(F10.5, 7912,

29 FORMAT(2F15.2, F1i.3.

ECHD PRINT INPUT 2ATX

WRITE(MS,19) IZPT _ . .
19 FIEMAT(IC(/), 221, *CPTION FIR SKONW (1) O EINZHaAN (D)

meles = ", 12, /0
sRITE{NS, D) 2L, P7, FIN, PS
21 SFORMATLTY, CINITIIL LMCF P oCONo, = *, FRC.Z, 0t UG/LC,
1/, 20X, *INTIRSTITIAL 7 CONT. = *, FAC.3, * MI/L*, ./, 123, TINF
SLOENT 2 ITXCT. =, TAR.3, Y US/LC, f. 0%, CSEITIWINT P oI, = ¢
3r10.3, * ag/st, /) ’
IF{ICPT.52.0) WRITE(N6,3IZ) ?TLES, 3SE2, U :
22 FOR®ATI22%, *RMTT COF RILIASE = °, F12.3, ' «/OAY*, s, 207, °F
WTE OF SEJINENTATIZN = ', T10.3, * /DAY', /, 201, *RATT OF DESCAET

2TICN = *, F2.8, * /T, /7)
IF(ICPT.EZ,1) WRITE(NS, 222y RELET

TATE OF SESIMINTITIZN = *, T13.3,
SRITE{N6,23) ALMKE, YLAKI, IE77

23 FORMATL 204, *LMZ AEEIVN =+, 793.2, * w2*', /, 2%, *Lax:z
1= *, F15.2, * ®3', /, 20X, *Ll3<Z DETENIION TIXE = *, ¥,

2YSY, 4N

iRITE(Nﬁ,Zh) POR, DREACT, IZHANG ‘
24 FOBMAT(2CY, ‘'SZIDIMENT PCEI5ITY = *, ¥F7C.3, /, 20, *SInT
YEACTIVE TEFTH = °y F12.3, * =*, /, 201, *TRACTICR ITATHINGT

2= ', F12.3, /)
IF(IQPT.EC.1) WEITT(N§,2%) Tw,
25 - FORMAT(2Z5X, “COWSTITUTIVE RIlaT
1STITIAL PHOSPHORUS: 2] = ¥ v 35 &
230X, 2 = ', F1C0.3, #/72
WBITE{NG,26) TEND, DELTAT, TOUT ,
26 FOR®AT{Z0X, *TIMEI OF SIFULATIOIN = *, FT40.3, ' BAYS*, /,
_ISIMULATION TINE STEP = °*, T10.3, ° DRLYS', /., 20X, ‘OUTHYT
2D EVERT *, F10.3, TI¥E STEIPSY, S{/)) )

oY, ' = ', FiC.

ARSI ‘
1.3, ° ®/DAY', /, 291, "%
AI*,

wf Uz

BFTRLIN SQLID awn INIW®
3

&, /.



98

ano

Taple 13 (cont.) Thcsphorus Modal Frogram Liszting
o WBITE HEADING
¢ .
C .
BRITE(NG, 27)
27  FORMATOACK, TIYE _PLAKE PINTER PSED,
1 /., 101, * . {DAIS) (eG/ L) (¥Gri) (Us/L)
2 (MG /G ") :
¢ ' .
c INITIALIZE
c
T = DELTAT
TCHECX = TCOT
PS = PS * XCHANG *» 1300006./2.5
PINIT = PL
30 COMNTINUE
¢
c CALZULATE PSNTW THROUGH MASS 3ALANCEI ON SEDIMENT-
c
IF(ICPT) 33, 23, 3w
33 PSNEW = PS + (RSZ5 ¢ PL * VLALE/DREACT/ALAXT - U*PS) * DELTAT
. 6o 77 35 A _
38 PSNEW = FS e (2ET> v PL Y VIAXT / DRIAST /4 ALMKI - POR * RTLIS
.1 * (PI = PL) / DREACT) * DZILTAT
CALZULATE INTIRSTITIAL ¥ALUE 2Y KASS BALANCT 22 3Y LINTAR PRLaATIONSYI;
3s YF(ICPTY 3V, %7, 34 _
37 PINE = DI - (UePS - POBeRTLIS *(PI-PLIJDREIMCTICNELINI NG
3 T2 3% - Co
- 38 . PI¥I® = (TM * PSNIW + 2T) / PR
<
< CALCULATE ¥EW LAXE CONCINTRATION 3Y MaSS JALANCEI 38 LAXE WaTI?
o .
3¢ FLNE® = (PIN¥ + PO? + NLACT * ZTLET e+ PINTEF ¢ DETT / TLIKT) ¢
101, + 2CR ¢ ALAKZ » RLLTS ¢ DETT / VLIAKT + ISID = DETT
A = EXP({=1%, / 2277 - 90% <+ ALAXZI = XZLLS /. ¥YLAKT - 35I23 + T)
PLNEW = PLNEW * (1,=-1) =+ FINIT = 2
c
c NEW TIME STED
o
PS = PSNEW
PSDRI = ®S / XCHANG = 2.5/1003C07, .
PI = PINIV :
PL = PLATW
c
c WRITE QUTR20T AT DESTEZED TIME STEPS
o

IF(T-TOUT*CTITAT) £5, 4, &5
4o “RITZ(¥6, s5)Y T, PL, PI, PS5, PSDEY
55 FORMATLIC0X, F92.3, 2F10.3, F15.3, F12.3)
) TOUT = TSUT - TCHECSY
€65 T =T + DELTAT
IF(TEND - T) 75, 30, 33
s COXTINUT ‘
CALL EXIT~
END
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