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ABSTRACT

$.M.Doerr, E.M. Owens, R. K. Gelda, M. T. Auerand 5. W. Effler. 1998, Developmentand testing ofahﬁtriér_n’t _hiy'top_l_a\'nkt_o”
model for Cannonsville Reservoir. Lake and Reserv. Manage. 14(2-3):301-321. L fenihie

Adynamic multilayer one-dimensional mass balance nutrient-phytoplankton (eutrophication) modelisdeveloped
and tested for the lacustrine zone of eutrophic Cannonsville Reservoir. The model similates ‘concenwations iof
chlorophyll (Chl}, zooplankton biomass, various forms of phosphorus (P) and nirogen (N), and dissolved oxygen (DO}
Model development was integrated with, and supported by, limnological analysis of detailed monitoring ik
findings of various system-specific process/ kinetic studies. Model testing issupported by comiprehiensive monit
of Inreservoir concentrations and important environmental and operational forcing conditions. Model credik i
enhanced by the independent determination of a number of important model coefficients froni the process/kinctic :
studies, which greatly constrains the role of calibration. The model performed well in simulating observationsof sedsonal
average Chl concentration, the progressive depletions of nitrate plus nitrite from the epilimnien and DO from the
hypolimnion, and the low and relatively uniform epifimnetic concentrations of other dissolved forms of Nand P, and is -
thus an appropriate management tool to evaluate scenarios aimed at abating the reservoir's eutrophication problerms. i

Key Words: reservoir, eutrophication, modeling, nutrients, mass balance, model testing.

that are widely used to guide management decisions
for reclamation of culturally eutrophic lakes. These
quantitative tools are invaluable to related research by

IContribution No, 174 of the Upstate Freshwater Institute. integratingvarious componentstudies intoaholistically
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Mechanistic mass balance nutrient-phytoplankton,
or eutrophication, modelsare quantitative frameworks
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“sound representation of an ecosystem, and to test
hypothesesregarding regulating processes (e.g., Chapra
1997, Thomann and Mueller 1987). Numerous
nutrient-phytoplankton models have been developed,
tested, and applied (Bowie et al. 1985). Though the
details of these models differ in many ways, they share
certain features as they all accommodate; 1) external
nutrient loading, 2) other environmental forcing
conditions (e.g., lightand temperature}, 3) transport/
mixing processes, and 4) the processes, and associated
kinetics, thatregulate nutrient cycling, phytoplankton
growth, and phytoplankton loss processes. Nutrient-
phytoplankton models are inherently more complex
(i.e., more model coefficients) than mostother typesof
water quality models (Chapra 1997, Thomann and
Mueller 1987), because of the number and complexities
of the nutrient cycles and phytoplankton growth and
loss processes.

Establishing model credibility through testing
(calibration and verification) is a fundamental step in
the modeling processand is essential if these quantitative
tools are to be relied upon to effectively guide related
managementand research efforts, Model calibration is
too often constrained only by literature compilations
of coefficientvalues used for other systems (e.g., Bowie
etal. 1985). The ranges offered in these compilations
arein general quite broad, and most of the listed values
were derived from model calibration rather than
system-specific measurement.

Herewe document the developmentand testing of
anutient-phytoplankton model for the lacustrine zone
(Efflerand Bader 1998) of Cannonsville Reservoir, NY,
The goal is to simulate the seasonal distribution of
chlorophyll (as a measure of phytoplankton biomass)
andimportant forms of dissolved nutrientsin response
to environmental forcing conditions. The model is
intended to guide management decisions to protect
and improve the water quality of this reservoir as it
relates to nutrient supply and phytoplankton growth
and toserve asan integrator of related research studies
of this system (Fig. 1). This modeling effort is rather
unique in that it is supported by a number of coupled
process/kinetic studies, detailed specification of
environmental forcing conditions, and in-reservoir
concentrations of model state variables. An important
contribution of this modeling effort is the manner in
whichitserves tointegrate the diverse research activities
necessary to support the development of a credible
nutrient-phytoplankton model. According to the
integrated modeling approach (Fig. 1), the design of
the model framework and the form of the various
quantitative relationships incorporated in the model
are influenced by the results of system-specific studies,
rather than constraints (and potential biases) of a
pre-existing framework. This integrated modeling
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Figure 1.-The integrated modeling approach, depicting the interplay
between support studies and the development and testing of a
medel.

approach results in more rigorous model testing and a
more credible management and research tool by con-
straining the calibration process (e.g., a number of key
coefficients are known, instead of being subject to the
“tuning” process),

Cannonsville Reservoir

General

Cannonsville Reservoirisa dimicticimpoundment
located in Delaware County, in upstate New York,
approximately 190 km northwest of New York City
(NYC). The reservoir is owned by NYCand operated by
the New York City Department of Environmental
Protection (NYCDEP) to supply drinking water for
NYC and to augment flow in the Delaware River
downstream of the reservoir. The reservoir has been in
operation since 1966. Cannonsville Reservoir has a
capacity of 3.73 x 10®* m?, a mean depth (when full) of
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~ 19 m, and an average flushing rate of 2.6 times ' y
(Owens et al. 1998).

Water leaves the reservoir by one of three pathways,
flows over the spillway, withdrawals for drinking water
(fromapositionwithin the lacustrine zone), and releases
at the base of the dam to angment flow in the Delaware
River. Drinking water can be withdrawn from depths of
10, 20 or 37 m below the spillway crest. About 80% of
the water received by the reservoir is from the West
Branch of the Delaware River (WBDR} {Owens et al.
1998). This inflow represents an even greater fraction
of the input of critical nutrients and sediment to the
reservoir,

Cannonsville Reservoir is entrophic, manifested as
high standing crops of phytoplankton, blooms of
nuisance blue-green algae, low clarity, and severe
depletion of oxygen in the hypolimnion (Effler and
Bader 1998). Gradients in some of these trophic state
indicators prevail along the longitudinal axis of the
reservoir, with the least eutrophic characteristics
observed in the lacustrine zone (Effler and Bader
1998). However, longitudinal (and lateral) differences
within the lacustrine zone (~ 80% of the reservoir
volume when it is full) are minor (Effler and Bader
1998).

Supporting Models, Monitoring Data,
and Process Studies

A number of coordinated studies to support
developmentand testing ofhydrothermal (Gelda etal.
1998, Owens 1998b) and nutrient-phytoplankton
models for Cannonsville Reservoir (Table 1) have been
described in preceding manuscripts of this issue of the

journal, The transport framework {submodel} for the
one-dimensional nutrient-phytoplankton model
presented here is the one-dimensional hydrothermal
model (with 30 to 50 vertical layers) developed and
successfully tested for the reservoir (Owens 1998c). A
number of hydrodynamic and hydrothermal
measurements were made (Owens 1998a,b; Table 1) in
support of this model. This submodel maintains the
hydrologic balance for the overall model by incor-
porating the budget components determined from the
hydrologic model analysis of Owens etal. (1998). The
relative magnitude and substanﬂally variability of the
components of the reservoir’s hydrologic budget for
the period of operation have been reviewed by Owens
et al. (1998). The 20-m intake is used the majority of
time for the water supply; the 37-m intake was used
from late August to early September in 1995 because of
the unusually severe drawdown {Owens et al. 1998).

External loading estimates were calculated at a
time step of 1 day (L.ongabucco and Rafferty 1998). We

have a high degree of conﬁdence in the loads (e.g.
Fig.2aandb) because t,heWBDR loads were developed {
from a runoff event- based (e g accordmg to stream
hydrograph) sampling program (also mcluded routine

dry-weather sampling) that has be _ nce the .

measured (hourly) onsne a
(Fig. 2c).
A temporally and _

because of contnbutio_r_l__s
phytoplankton particles '(e"

phytoplankton activity impa
the upper waters was' the pr
nitrate {plus nitrite; NOx):"
decreased from 700 ugN L

(T-NH, + NO,): TDP rano (Efﬂe
Progressive depienon of DO from th hypohmm o
and the deveiopmentofanoxaam thelowerm twaters:‘ L
in late summer, were observed (EfﬂerandBaderlQQS) S
Substantial release of P from the bottom sedimentswas
not observed during the interval ‘of anoxia because.
depletion of the hypohmnetxc pool of. NO (by
denitrification) was incomplete (see Effler and Bader
1998), Comparison of the hypolimnetic depletion rate
of DO and the accumulation rate: of SRP (soluble
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reactive P) (Giichter and Mares 1985) indicated the
operation ofa loss process for SRP in the hypolimnion
(Effler and Bader 1998),

Data available for 1994 have been selected to

support verification testing for the nutrient-
phytoplankton model. Certain forcing conditions
differed substantially in 1994 from those of 1995; e.g.,
material loading and the reservoir poolsize were greater
in 1994 (Fig. 2a and b) (Effler and Bader 1998, Owens
etal. 1998),

A number of process/kinetic studies were

conducted (Table 1) o determine system-specific
coefficients, Downward fluxes (units of mg- - m?-g?l)
andsettling velocities (units of m" d') were determined
for Chl, P, N, organic carbon {C), and total suspended
solids (TSS) through analyses of sediment trap
collections (Effler and Brooks 1998; Table 1). The
occurrence of sediment resuspension in the reservoir
was documented (Effler et al. 1998a). The relative
contributions of phytoplanktonand non-phytoplankion
particles in regulating light penetration and the
availability of light tosupport primary production were

model for Cannonsville Reservoir.,

Table 1. —Studies and data supportin

g the development and testing of a one-dimensional nutrient-phytoplankton

Study/Data

Program Description

Reference

1. onsite meteorological
measurements

2. hydrodynamic/transport
processes

3. transport submodel

4. hydrologic budget/model

5. material loading

6. in-reservoir measurements of
model state variables

7. downward fluxes of
particulate species

8. sediment resuspension
and associated interferences

9. optics of reservoir

10. sediment-water exchange
fluxes

11. phytoplankton kinetic
coefficients

12. bicavailability and mineral-
ization rate of tributary PP

13. zooplankton composition and
and population density

wind, incident PAR, air tempera-
ture, etc. (hourly)

thermistor chains, current meters,
multiple temperature profiles

development and testing

review of hydrologic budget data
for period of reservoir operation;
model development and testing

runoff event-based sampling of
WBDR since fall 1991

program description and
limnological evaluation

sediment trap studies; calculation
of settling velocities

characterization of phenomenon

evaluation of relative roles of
phytoplankton and non-phyto-
plankton particles in regulating
light penetration

laboratory determinations, using
sediment core samples

laboratory experiment with the
phytoplankton assemblage of the
reservoir

laboratory experiments according
to DePinto et al. (1981)

analysis of weekly collections
made in 1995

described by Gelda et al. 1998
Owens 1998b

Owens 1998¢

Owens et al. 1998
Longabucco and Rafferty 1998
Effler and Bader 1998

Effler and Brooks 1998

Effler et al. 1998a

Effler et al. 1998b
Erickson and Auer 1998
Auer and Forrer 1998

Auer et al, 1998

Siegfried 1998 (unpubl.)
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Figure 2.-Daily time series for selected forcing functions for
Cannonsville Reservoirnutrient-phytoplankton model: (a) TDP loads,
1994 and 1995; (b) NO, loads, 1994 and 1995; and (c} incident PAR
for 1995, with polynomial fit of distribution,

quantified (Effler etal. 19981; Table1).Sediment-water
exchange rates [e.g., sedimentoxygen demand (S0D),
Prelease, T-NH, release] were determined inlaboratory
microcosm studies conducted on sediment core
samples, with intactsediment-water interfaces (Erickson
and Auer 1998; Table 1). Phytoplankton kinetic co-
efficients (specific growth rate, respiration rate, light
halfsaturation coefficient, halfsaturation coefficient
for P uptake) were determined in laboratory experi-
ments conducted with the natural phytoplanktonassem-
blage of the reservoir (Auer and Forrer 1998; Table 1).
Algal bioassays (DePinto etal. 1981) were conducted to
determine the fraction of PP supplied by WBDR avail-
able to support algae growth and to determine the first
order rate coefficient that describes the mineralization
of PP (Auer and Forrer 1998; Table 1). Zooplankton
composition and density were determined on samples
collected weekly during the monitoring period of 1995
(unpubl., Siegfried 1998) to support assessments of
potential phytoplankton losses from grazing.
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Model Framework -

Backgvound/Appi‘adbh

The nutrient-phytoplan
Cannonsville Reservoir has five kinetic
(1) the P submodel (Fig. 3a), (2) the
(Fig. 3b), (3) the Chl submadel (Fig. 3¢
zooplankton submodel: (Fig. 3d), and (5
submodel (Fig. 3¢). The ki
the source and sink térm eacl
exclusive of external loading and
exchange (see Appendix T). .

The emphasis of this model was to ac
and accurately quantify the importantsou
processes that are critical to effe
model’s state variables (Table 2)
partitioning between availabl
non-iving particulate P, as Au

of phytoplankton growth: How,
enhance phytoplankton growth in th
ing the most extreme runoff events (
Rafferty 1998) and may be more i
NYC reservoirs (to be modeled i
capability has been included. .

Phosphorus Submodel

Soluble reactive P is assimilat
a process that is largely confined
thisreservoir because of limited light pe
etal. 1998b). Theapparentsinkfor SRP
hypolimnion is represented as.
non-iving PP (UNLPP) described as adsorp
(Fig. 3a), though there are o
mechanisms {e.g., bacterial uptake) (€
1985). Water column sources of SRP

(microbial) of DOP and availabl
(ANLPP) (Fig. 3a). Bottom sedimen
potential source of SRP to the anoxic hypolimnion tha
would occur following elimination polimnetic’
NO, via denitrification [consistent wi
considerations (Froelich et al. 1979)]. Thi
pathwayhasnotbeenobs'sefvcd"ftbi‘__the. Effler
and Bader 1998, Erickson and Auer 1998) because the -
NGO, pool has not been completely depleted, but it s
included to support simulations for scenarios of
increased anthropogenic inputs (e.g:, for which NO,
depletion could be complete). DOP is formed. by
respiration of phytoplankton and zooplankton and
ineffective grazing of phytoplankton by zooplankton.
Algal respiration (k__, d1) is partitioned into active
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.'gro.wth and maintenance {basal) according to the
following expression based on the work of Laws and
Chalup (1990) (Chapra 1997):

k,=k,t+¢'p 1)

in which kj is the basal respiration rate (d*), ¢ is the
algalrespiration multiplier, and jtis the specific growth
rate for algae (d”). This recycle pathway is greater in
the epilimnion where phytoplankton growth occurs
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Figure 3.—Conceptual submedels for Cannonsville Reservoir nutrient-p

{d) zooplankton, and (¢) dissolved oxygen.

and is diminished in the hypolimnion (e.g., k,.=k)
where basal respiration prevails,

Recycling of nutrients via predation losses of
zooplankton (Fig. 3a) is considered insignificant.
Particulate P in the form of phytoplankton and
non-phytoplankton particles (ANLPP and UNLPP)
settles; settling velocities of Chl (lower) and the
non-living PP (higher) components were assigned
according to sediment trap results (Effler and Brooks
1998; Table 1). The externalloading of PP is partitioned
according to the outcome of bioavailability experiments
conducted on the WBDR samples (Auer et al. 1998).
This load supports very little phytoplankton growth in
the reservoir because the deposition rate (Effler and
Brooks 1997) is greater than the rate of mineralization
(Auer et al. 1998). Adjustments in kinetic rates to
represent the influence of temperature in this and the
other submodels are made according to the Arrhenius
function

ko =k, O™ @)

x.T

inwhich k ;and k_,, are values of kinetic coefficientx
attemperature Tand 20°C; and ©1is the dimensionless
temperature coefficient. The exception is the linear
relationship between temperature and zooplankton
grazing adopted (Canale et al. 1976; Appendix I).
Resuspension is known to be a recycle pathway for
particulate constituents in Cannonsville Reservoir
(Effler and Brooks 1998, Effler et al. 1998a) and is
represented in the conceptual frameworks of the P

(Fig. 3a) and N (Fig. 3b) submodels. However, this
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Table 2.-Listing of state variables in nutrient-phytoplankton mode! for Cannonsville Reservoir.
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State Variables

chlorophyll
zooplankton

soluble reactive P
dissolved organic P

phosphorus (P)

available non-living particulate P
unavailable non-living particulate P

ammonia

nitrate plus nitrite
dissolved organic N
non-living particulate N

nitrogen {N)

dissolved oxygen
temperature

other

* e.g., see Appendix L

processis not considered in the model testing reported
here (i.e., resuspension=0). Instead, the modelis used
to estimate this input and support preliminary
characterization of the process.

Nitrogen Submodel

Dissolved compartmentsin the Nsubmodelinclude
T-NH,, NO, and dissolved organic N (DON); the parti-
culate compartments include phytoplankton, zoo-
plankton, and non-living particulate N (Fig. 3b). Either
T-NH, or NO, can be used by phytoplankion tosupport
growth but T NH, is preferred for energetic reasons
(Wetzel 1983). Phytoplanktonm(]annonswlleResewmr
draw mostly from the NO, pool because of the low
T-NH, concentrations thatprevatl Nitification (limited
to T > 4.5 °C) is a loss process for T-NH, (Fig. 3b).
Denitrification is a loss process for NO, (Flg 3b) thatis
operative under anoxic conditions. Both the nitrifi
cation (Cavari etal, 1977, Hall 1986) and denitrification
(Seitzinger 1988) processes are assumed to operate at
the sediment-water interface and were modeled
according to film transfer theory (Canale et al. 1995,
1996), as described here for nitrification

nitrification rate (g-d") =k - A-[T-NH,]  (3)

inwhichk_is the film transfer nitrification coefficient
(m-d?), Axs the area of sediments (m?), and [T-NH,]
is the concentration of T-NH,, This is an improvement
(Canale et al. 1995, 1996) over earlier models that
treated these processes as first order water column
phenomena (Bowie etal. 1985). Sources of T-NH, in
the water columninclude decay of DONand non-hvmg

particulate N (NLPN) (Flg 3b
from respiration of phytoplan

Phytoplankton growth_._ ig.
temperature, light, and nutrlent avail

phytoplankton growth rates (d _
ature factor (Arrhenius. type) f
and f(N) is the nutrient factor
type relationship was adopted for
is partitioned according to the dynaxmcs
summed effect of all other’ attenuating component
(Effler etal. 1998b). The £(N) t ' ed with ;
“minimum formulation” (Scavia:1980);
severely limiting nutrient (SRP: or_FIN)
limit growth, in contrast o a“muluph
tation for f{N). The “minimum form ST
on “Liebig's law of the minimum? which tates the

nutrient in shortest supply will cont:rol the growth of -

algae. Monod kinetics were adopted to compute f (N) S

£(N) = S
) = K +[s] /.

inwhich [s] is the concentration of the limiting nutrient
in the water column, and K is the halfsaturation
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constant for the limiting nutrient. This representation
assumes growth rates are regulated by concentrations
of nutrients external to the algae (i.e., water colomn)
and that the nutrient compeosition (i.e., stoichiometry)
of the algal cells remains constant, Uptake of SRP and
FIN associated with phytoplankton growth (Fig. 3¢) is
specified by constant ratios of Chl/P and Chi/N,
corresponding to the stoichiometry of the phyto-
plankton (Effler and Brooks 1998). The Monod Tepre-
sentation ignores the well-documented phenomenon
of luxury uptake by which nutrients are acquired and
stored atlevels well beyond the immediate demand for
growth (Droop 1973), butluxury uptake can be ignored
where the rate of change in external nutrient levels is
slow relative to the rate of growth (“cellular”
equilibrium) (DiToro 1980).

Loss processes for phytoplankton biomass simu-
lated in the model include setding (specified by the
sediment trap study) (Effler and Brooks 1998),
respiration (specified by laboratory studies) (Auer
1998), and zooplankion grazing (estimated from
zooplankton monitoring data; Fig. 3c). Respiration,
excretion, and non-predatory mortality (decom-
position) were lumped within the “respiration” loss
process. Zooplankton grazing (a nutrient recycle
pathway and sink for phytoplankton) was eliminated
when (nitrogen-fixing) filamentous cyanobacteria
dominated (Gliwicz and Siedlar 1980) as indicated by
the FIN/TDP ratio [( 26.6) (Effler and Bader 1998) ].

Zooplankton and Oxygen Submodels

The herbivorous component of zooplankton has
been explicitly simulated in this model, butsubstantial
uncertainty often accompaniessuch predictions (Bowie
etal. 1985). Inclusion of a zooplankton compartment
is essential to accommodate the related watercolumn
nutrient recycle pathways (Fig. 8d).

Sources of DO in the oxygen submodel include
photosynthesis (largely confined to the epilimnion)
and reaeration (epilimnion, only; Fig. 3e). Oxygen
sinks include phytoplankton respiration, nitrification,
and sediment oxygen demand (SOD; Fig. 3¢). The
major sink of DO in the hypolimnion is SOD. This
value is specified from laboratory measurements
{Erickson and Auer 1998) instead of being explicitly
modeled (see Chapra 1997). Rates of microbially-
mediated oxygen depletion processes decrease as DO
concentrations decrease (Lam et al. 1984, Snodgrass
and Ng 1985). This effect was quantified for the hypo-
limnion, asa multiplier (f, ; dimensionless) of the de-

O]
pletion process, according to a Monod-type expression

{DO]

oL ™ m)}—o (6)

in which K ;o is the the halfsaturation constant for
oxygen limitation, and {DO] is the concentration of
dissolved oxygen (mg' L%).

Other Model Outputs

Outputs, other than state variables (Table 2) are
calculated by the model, including downward fluxes of
Chl, PP and particulate N (PN), TDP (= SRP + DOP),
PP, TP (= TDP + PP), PN, TN (NO, + T-NH, + DON +
PN),and the FIN: TDP ratio. Timeseries of thesimulated
downward fluxes, calculated as the product of the
epilimnetic concentration of particulate constituents
and the settling velocity of phytoplankton (Chl: Effler
and Brooks 1997), are presented for 1995 and compared
tomeasured sediment trap fluxes. The predicted fluxes
for PN and PP are associated with phytoplankton only;
i.e., they do notaccommodate resuspended inorganic
particles that are known to have contributed to fluxes
determined from trap deployments (Effler and Brooks
1998, Effler et al. 1998a). The calculated PP concen-
tration is thesum of available and unavailable non-iiving
PP and phytoplankton P and zooplankton P. These
additional outputs have diagnostic value in analyzing
model simulations.

Inputs and Modeling
Protocol

The mass balance expressions of the model
(Appendix I) are solved numerically using an implicit
finite difference method (Owens 1998b). The time
step ofhydrologic, materialloading, and meteorological
forcing function inputs to the model is 1 day. Total
loads are calculated by summing the WBDR
{(Longabucco and Rafferty 1998) and minor tributary
loads. The minor tributary loads are estimated based
on bi-weekly constituent concentrations measured at
the mouth of Trout Creek (see Effler and Bader 1998;
assumed representative of all minor tributaries) using
loading calculation software (FLUX) developed by
Walker (1987). The model computation time step is 1
hour. The modelis calibrated for the April 4 to October
10 period of 1995 and verified for the May9 to November
30 interval of 1994. The model is initialized with the
observations made at the lacustrine site adjacent to the
dam (Effler and Bader 1998) on the first day of
measurements of each year of testing. Transport
characteristics are not involved in the calibration of the
water quality model. Instead these features are
established independently through testing of the
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able 3.-Model coefficients independently determined to support the nutrient-phytoplankton model for

o. Coefficient Symbol Value/Units Source. e
-1, maximum specific growth rate for [T 1.7d! Auer and'Foi'ref_21998'_
phytoplankton o R S
. phytoplankton respiration rate k. 0.29 d* Auerand Forrer 1998
. light half saturation coefficient for K 53 uE-m? gt Auer and Forrer 1998
phytoplankton growth : e
. background extinction coefficient K, = - 0.018xWSE"+6.67 ~ Effler et al. 1998
5. multiplier for Chl component of extinction K 002 m?mgiChl "~ Effler et a11998b
. decay coeffiicient for ANLPP k, 0.20 d? Auer et al; 199¢
mineralization LE
. sediment release rate SRP Rsed g, , 0* mg-m*-d* Erickgbu'_anc_l_}-Auér:
. phosphorus haifsaturation constant Koo 0.5 pgP-1
for phytoplankton growth
. biavailable fraction of non-living PP availp 25%
load
10. Chl settling velocity vel 0.17 m*d* Effler and Brooks
11. settling velocity ANLPP and UNLPP vel | 094m-d ler anc
12. settling velocity NLPN vel,, 046 m-d*
13. SOD, at 20 °C SOD,, 1.06 g m?-d* ' Erickson and Auer. -
14. organic C to Chl ratio A 80 pgG- ugChIt it
15. organic C to N ratio of phytoplankton A, 6.25 ugC ugN* .' Efﬂer and Bm‘)ks |

1998

* when bottom NO_>0.01 pgN-L%,
* when bottom is anoxic and NO_<0.01 ugN-L1.
+ WSE = water surface elevation (m).

hydrothermal model (Owens 1998¢).

An unusually large number of coefficients for the
nutrient-phytoplankton model were independently
determined by system-specific experiments and
measurements (Table 3). Other coefficients and their
calibration values (Appendix I) were selected from the
literature or specified according to the authors’
experience on other systems, Temporal distributions
of measured and simulated constituent concentrations
are presented as epilimnetic and hypolimnetic
volume-weighted averages, based on hypsographic data

presented by Owens et al. (1998) and the measured
(Effler and Bader 1988) and predicted profiles. -

Model Performanéé'

Model performance isevaluated within the context
of time series of epilimnetic and hypolimnetic volume-
weighted concentrations, downward fluxes (Figs. 4 to
10), and concentrations measured in the water supply
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Figure 4,—Calibration testing of a nutrient-phytoplankton model for
Cannonsville Reservoir: (a) Chl, vertical bars are ranges within the
epilimnion, and (b) menthly average Chi, with 95% confidence
limits, and (c) downward flux of Chl

intake(s) (Fig. 11). The observations for the reservoir
water column were weekly in 1995 (Figs. 4 to 7), sub-
stantially more frequent than the seasonal (e.g,,
monthly) resolution goal of this effortand other similar
works reported in the literature. The supporting set of
observations for 1994 is substantially less comprehensive
with respect to frequency (bi-weekly) and parameters
measured (Figs. 8 to 10). Qualitative performance
criteria include the success of model simulations in
matching the systematic depletions of epilimneticNO,
and hypolimnetic DO, and the magnitudes of the Chl
and dissolved nutrient pools (other than NO ). The
quantitative measure of performance was whether the
monthly average model predictions fell within the
bounds of + 2 standard deviations of the observed
monthly mean value for the two layers (Table 4). The

standard deviation limits are based onaverage monthly
variances for each measured state variable, as month to
month differences were not statistically different. This
basis of evaluation was compromised by too few obser-
vations in several instances in 1995, as well as in 1994
(Table 4).

The model performed well in simulating the
primary constituentsin 1995, including seasonal average
Chl concentration (Fig. 4a; e.g., relative error ~ 17%
for simulation period), the progressive depletion of
NQ,_ from the epilimnion (and throughout the water
column during the fail mixing period; Fig. 5a), and the
progressive depletion of DO from the hypolimnion
(Fig. 6; Table 4). Simulations of Chl were within the
established statistical limits throughout 1995, except
for the hypolimnion in May (Table 4). Predictions of
NQ, for the epilimnion were within these bounds in
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Figure §.—Calibration testing of a nutrient-phytoplankton model for
Cannonsville Reservoir: {a) NO,, (b) T-NH,, and (c) DON, Vertical
bars are ranges within the layer.
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Figure 6,—Calibration testing of a nutrient-phytoplankton modei for
Cannonsville Reservoir, DO. Vertical bars are manges within the
hypolimnion.

5 of 7 months, and 4 of 6 months for hypolimnetic DO
(Table 4). The downward flux of Chl calculated from
the predictions was temporally more uniform than the
observations, but the simmlated cumulative flux for the
April - early September interval of 1995 matched well
with the cumulative flux determined from trap
measurements (within 8%; Fig. 4b). These temporal
short-comings in Chl deposition are at least in part a
manifestation of quantifying this flux according to a
single settling velocity (average of seasonal trap
determinations) (Effler and Brooks 1998}, though the
composition of the phytoplankton changed substan-
tially over the modeled interval {unpubl,, Siegfried
1998). The model was generallysuccessfulin predicting
the seasonal average epilimnetic concentrations of
dissolved forms of N and P for which little seasonality
was observed, including T-NH, (Fig. 5b), DON
(Fig. bc), and DOP (Fig. 7b). However, the modest
seasonality in T-NH, and DON (particularly) was not
well simulated (Table 4). Predicted concentrations of
SRP for the epilimnion tended to be somewhat lower
than the observations (Fig. 7a). These differences are
not considered noteworthy at the low SRP
concentrations observed (e.g., approach the detection
limits of the analysis). The general seasonality in
epilimnetic DO concentrations, driven largely by
saturation and reaeration influences (Gelda and Auer
1996), was simulated reasonably well (Fig. 6), but there
were month-to-month shortcomings in the predictions
(Table 4).

Hypolimnetic concentrations of T-NH, (Fig. bb),
DON (Fig. 5¢), SRP (Fig. 7a) and DOP (Fig. 7b) were
simulated reasonably well (Table 4) in light of the
limited temporal patterns observed for these
constituents through the summer period. However,
T-NH, was overpredicted from mid-July through August
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Figure 7.-Calibration teéting of a nutrient-phyfo}ilaﬂktdx_i model
for Cannonsville Reservoir: (a} SRP, (b) DOP, (c) PP, (d) TP, and
() downward flux of PP. Vertical bars are ranges within the layer.
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Figure 8.~Verification testing of a nutrient-phytoplankton model for
Cannonsville Reservoir, Chl.

and underpredicted in late September and early
October (Fig. 5b). Hypolimnetic concentrations of
SRPwere similarlyunderpredicted in the hypolimnion
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Figure 9.—Verification testing ofa nutrient-phytoplankton model for
Cannonsville Reservoir: (a) NO,, (b} T-NH,, and (c}) DON.
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in late September and early October (Fig. 7a). It is
likely that these underpredictions of SRP and T-NH,
during the fall mixing period are atleast in parta resuit
of not representing desorption of these constituents
from resuspended sediment [indicated by the
coincident increase in hypolimnetic PP (Fig. 7¢),
subsequently discussed] (Effler etal, 1998a). James et
al. (1997) has recently explicitly modeled the distri-
bution ofammonium Nand ortho-phosphorus between
dissolved and sorbed forms in Lake Okecchobee. The
recovery of DO in the lower layers during the full
mixing period was slower than predicted (Fig. 6:
Table 4). This reflects excessive vertical mixing (Gelda,
and Auer 1996) in the transport submodel, a sacrifice
made as part of the independent multiple-year testing
of that hydrothermal model (Owens 1998c) that has
affected the performance of this feature (Fig. 6) of the
water quality model.

Short-term (e.g., week-to-week) variations in Chl
were notwell simulated, in particular, the well defined
bloom (diatoms; unpubl., Siegfried 1998) oflate May/
early June and the subsequentabrupt decrease. Model
performance, with respectto thisimportant parameter,
improvesgreatlywhen the time resolution of theweekly
observations is reduced to a monthly presentation
format (e.g., seasonal; Fig. 4b, Table 4), consistent with
the temporal goals of most nutrient-phytoplankton
models, The limitations of these models in resolving
short-term variations in Chl, such as those observed in
several instances in Cannonsville Reservoir in 1995
(Fig. 4a) and 1994 (Fig. 8), are widely acknowledged
and explain the coarse time-averaging of observations
commonly adopted in the literature. Almost certainly
some of these performance problemsare related to the
systematic limitations of chlorophyll as a measure of
phytoplankton biomass. The chlorophyll content per
unit phytoplankton biomass is known to vary between
species and according to ambient conditions (Kirk
1994). The chlorophyli content (e.g., ratio Chl: cellular
carbon) is generally higher when the availability of
nutrients is high and light is low (Chapra 1997, Laws
and Chalup 1990). The peak of Chl observed in late
May in 1995 appears to be qualitatively consistent with
these influences; the SRP concentration was one of the
highest values observed during the study {~ 2 pug - L%
Fig. 6a) at the beginning of the bloom (Fig. 4a), and
light attenuation increased substantially (Effler et al.
1998b) with the increase in Chl. Chapra (1997) has
developed a modeling approach to accommodate the
influence of these ambient conditions on chlorophyll
content of phytoplankton that depends on the
incorporation of an organic carbon submodel. Canale
et al. (1997) report calibration of a nutrient-organic
carbon-phytoplankton model! for an oligotrophic
reservoir thatadoptsaseasonallyvariable Chl to cellular




carbon ratio, consistent with these interactions.

" The model underpredicted concentrations of PP,
particularly in the epilimnion, in 1995. Deviations
became substantial in June (Fig. 7c, Table 4) when the
reservoir surface started to be drawn down ata rapid
rate (Effler and Bader 1998). The model failed to
- simulate the abrupt hypolimnetic increase in PP in
~ September and October. Shortcomings of the same
character for TP predictions (Fig. 7d) are attributable
to the failure to simulate PP (compare to temporal
- structure of Fig. 7c). These deficiencies are a result of
| notrepresenting resuspension, an importantsource of
PP to the watercolumn of the reservoir in 1995 (Effler
et al, 1998a) in the model.

The inclusion of the comparison of the predicted
and observed downward fluxes of PP (Fig. 7e) is parti-
cularly instructive in this instance. The predicted flux
. isessentially only that componentassociated with phyto-
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Figure 10.—Verification testing of a nutrient-phytoplankton model
for Cannonsville Reservoir: (a) DOP, (b) PP, and (c} TP.
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plankton. Thus, the great underprediction of this flux
is consistent with the operation of the resuspension
phenomenon and the much higher settling velocity
determined for PP (mostly inorganic): compared t©
Chl (Effler and Brooks 1998). The model has been
used (by forcing calibration) to estimate the internal
load(s) of inorganic PP (UNLPP) necessary to explain
the epilimnetic observations of PP; This internal load -
has been applied as an areal flix (mg PP-m?*" d'); .
exerted across the 0- to 3-m depth interva atthe - -
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Figure 11.-Petformance of nutrieat-phytoplnkton model for water
supply withdrawal(s) of Cannonsville Reservoir, 1995: (a} Chl,
{b) TP, (c} NO_, nad (d) DO.
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B _3. Table 4.-;Performance of nutrient-phytoplankton model for Cannonsville Reservoir; monthly simulations versus

mean 1 2 std. dev., according to month and years (see footnotes and text).

Model Epilimnion Hypolimnion

Variable /Yr A M J J A 858 O %A M J J A S8 O %
1995

Chl v Y Y Y Y Y /Y o x /S /S /86
NO, v vV x ¥ vV v x M|V ¥V x x x x x 29
T-NH, ¥ x /O * x / * B0 * /S /4 0 x f x 75
BON v x x * vV x x 83|V x ¥ * x v 4 60
DO x v x * v v x B0|{x ¥ V * v x / 67
SRP v v /Y /S /Y x 8 |Vv x x ¥ x « / 57
DOP v v x v vV v x T1|¢Y VvV x x ¥ x 57
PP v vV x x x Vv x 43|v¥Y VvV x x x < x 4%
TP v x x x x x ¥ 9|V V ¥V V x ¢ x M
1994 _

Chl v Vv Vv ¥ x x ¥ N|v Vv x x v x x 43
NO_ x v v x vV vV ¥V T|VY x x x x x < 929
T-NH, x v * x ¥ x x 3% {x * * x ¥ x v/ 25
DO v Y Y Y Y S WY S Y/ / x * 88
TP X *x vV Y x V BV * x J V x J &7

v = predictions are within observed mean + 2 sd;
x = predictions are outside observed mean + 2 sd;
* = fewer than 2 observations; and

% = percent of predictions within mean + 2 sd.

shoreline), consistent with the leading mechanism
identified by Effler et al. (1998a) of resuspension of
shoreline sediment through wave action (see Bloesch
1994). Theaverage value of the estimated resuspension
flux, determined monthly, thatresulted in areasonable
fit of the epilimnetic PP concentrations (Fig. 7c}, was
4.6 mg - m* - d'. The magnitude of this estimated flux
appears reasonable when compared to the average
deposition flux reported for the lacustrine zone of
~10mg-m?-d? (Effler and Brooks 1998). Further, the
apparent relative uniformity of the flux (coefficient of
variation = 0.25) through an interval of generally
progressive drawdown (Effler and Bader 1998) is
consistentwith the shoreline resuspension mechanism.
Additional field studies, for a range of drawdown
conditions, should be conducted to independently
develop and test a relationship to simulate the
contribution of resuspension to the reservoir’s PP
pool. Regardless, the existing shortcoming for this
parameter does not compromise the primary goals of
this modeling program, the accurate simulation of the

concentrations of chlorophyll and important dissolved
forms of P and N, as a function of environmental and
operational forcing conditions.

Verification simulations for 1994 (i.e., same model
coefficient values but different forcing conditions)
were generally successful (Figs. 8 to 10}, but perform-
ance was 1not as good as observed in 1995 (Table 4),
Further, this testing was compromised because of the
Limited data in 1994, These limitations include the lack
of sediment trap data, less frequent and vertically
resolved observations, and the lack of data for some of
the state variables. Simulations of Chl were rather
centrally positioned within the observations (Fig. 8).
The relative error for Chl for the simulation interval
{~36%) was somewhat greater than observed for 1995
(~ 17%), and seasonal performance was not as good
(Table 4). The seasonal structure of NO, in the reser-
voir's epilimnion in 1994 was well simulated, including
the recovery after the September minimum, though
predictions were lower than the observations during
the minimum (Fig. 9a). Predictions of epilimnetic
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T-NH, (Fig. 9b), DON (Fig. 9¢), and DOP (Fig. 10a)
approximately matched the limited observations
(Table 4). Hypolimnetic T-NH, was overpredicted
(Fig. 9b, Table 4), as observed for late summer of 1995
(Fig. 5b). Predictions of PP (Fig. 10b) and TP (Fig. 10c)
matched observations for 1994 more closely than for
1995 (Fig. 7c and d). This is consistent with the
hypothesis of Effler et al. (1998a) that resuspension is
coupled to the drawdown of the reservoir, as the
reservoir remained more full in 1994 than in 1995
(Effler and Bader 1998). The better performance of
the model for PP and TP in 1994 is expected, because
less of the PP pool was resuspended sediment (i.e.,
relatively more of the pool was in the form of
phytoplankton).

The model performed quite well in simulating the
time course of concentrations of modeled constituents
in the water supply intake(s) in 1995, including Chl,
TP, NO,, and DO (Fig. 11a-d). This performance fur-
ther supports the credibility of the model, particularly
with respect to capabilities for simulations within
stratified layers and the quality of water entering the
water supply. The worst performance was observed in
the late August-early September interval of 1995 for
Chl (Fig. 11a) and TP (Fig. 11b), when the deepintake
was used {a rare occurrence {Owens et al. 1998)].
These shortcomings are consistent with the develop-
ment of the benthic nepheloid layer, amanifestation of
sediment resuspension (Effler etal. 1998a) thatis not
represented in the present framework.

Successful testing, including both calibration and
verification, has been the primary basis for establishing
model credibility (Chapra 1997, Thomann and Muller
1987). Widely different forcing function conditions
and resultingwater qualityare desired for the calibration
and verification cases to present a rigorous test of the
capabilities of a model framework, However, the
opportunity for rigorousverification testing often does
not exist, or is at least compromised, because the range
of conditions that prevailsis often narrow. For example,
the hydrologic (Owens etal. 1998) and meteorological
(Gelda et al. 1998) forcing conditions encountered in
1994 and 1995 for Cannonsville Reservoir were
fortuitously quite different relative to the variations
encountered in the entire 30-year record. Yet the range
in water quality signatures imparted and documented
in these (and other) years was rather modest (Effler
and Bader 1998). In such cases, the independent
determination of key model coefficients through
independentexperiments (e.g., Auer etal. 1998, Canale
et al. 1995, 1996, Doerr et al 1996, Gelda and Auer
1996) such as conducted here, serves to augment
model credibility. If calibration had been achieved
strictly by a “tuning” process (i.e., no system-specific
studies conducted), the likelihood is great that: (1)

ave. cmierge
testing, Such models cannotbe considered
the success in hindcasting

compensating effects of iniccu
processes. The site-specific determi
of key coefficients enhances: ct
constraining the calibration process
the number of coefficients subject
on the favorable performant
model (Figs. 4 vo 11, Table 4) and the
calibration was constrained by inde;

Analyseswere conducted with the
the sensitivity of predictions of
trations of the epilimnion for the ApriLO
to uncertainty in selected coefficient
independently determiried t
effort. The sensitivity limits ge
ranges reported in' the €o;
(1985); i.e., are much broade
we have in our systern-specific co
Freshwater Institute 1997). Th
depict, in part, the rather substant
would have been introducedin th
of these coefficient values from
Model predictions: were
values of the maximum: specific
plankton (vel,), and phytop!
(k,, d'; Table 5). Predictions were -
sensitive to the range of values of halfs
stants for SRP uptake (k) selécted
(Table 5). Clearly, the independent determinatio of
these coefficients has enhance ]
nutrient-phytoplankton model for app

Cannonsville Reservoir, This finding is cons

Canale 1986, Chapra 1997, Storey ‘et al
example, Storey et al. (1993) demonstrated with.a -
Monte-Carlo analysis the improved credibility of model
predictions of nutrient-saturated areal nét phytoplank-~
ton production in Green Bay, Laké'M_ichig:an-, that re-
sulted from the use of system=specific kinetic coefficients
determined on natural assemblages [similar to studies
conduction on Cannonsville Reservoir (Auerand Forrer
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'fable 5.—Predicted average epilimnetic Chl concen-
trations for calibration and sensitivity simulations.

Coefficient/ Value Seasonal
Sensitivity Rimn Average
Chi pg - Lt
base case calibration 9
Mo, 0.2-34 (d) 2-9
vel,, 0.05-0.6 (m- d?) 12-4
K“p 0.2-15 (ug- 1Y) 5-9
k 0.05-0.8 (d!) 10-0

ar

1998) ], versus the use of literature compilations (e.g.,
Bowie et al. 1985). Use of literature compilations re-
sulted in systematic differences in the best estimate of
productivity, as well as much greater uncertainty in the
estimate {Storey et al. 1993).

Summary/Management
Implications

A dynamic one-dimensional nutrient-phyto-
plankton model has been developed and successfully
tested for the lacustrine zone of Cannonsville Reservoir.
The model simulates the seasonal concentrations of
chlorophylland dissolved speciesof Nand P, inresponse
torelated environmental forcing conditions, including
nutrient loading and reservoir operations. The model
has served as an effective integrator for much of the
research conducted on Cannonsville Reservoir, as
presented in preceding manuscripts of thisissue of the
journal (Table 1). Specifically the model: (1) accom-
modates the forcing functions of meteorology, external
nutrient and hydrologic loading, and reservoir
operations (Geldaetal. 1998, Longabucco and Rafferty
1998, Owens et al. 1998), (2) utilizes the physical/
transport framework of a one-dimensional hydro-
thermal model that has been calibrated and verified
for the reservoir (Owens 1998c), (3) has been tested
against comprehensive monitoring data for state
variables (Effler and Bader 1998), (4) is designed to be
consistent with limnological features identified from
monitoring (Efflerand Bader 1998) and processstudies
(Table 1), and (5) incorporates a number of system-
specific kinetic coefficients determined from sup-
porting studies (Table 3). The credibility of the model
has been enhanced by the incorporation of system-
specificvalues ofimportant coefficients, therebygreaty
constraining the number of coefficients subject to
“tuning” in the calibration process.

‘The modelisa potentiallyinvaluable management
tool to support evaluation of management alternatives
to reduce phytoplankton growth in the reservoir and
improve water quality. This model is 2 key component
of a modeling strategy being developed to support
evaluation of management options to remediate the
reservoir’s eutrophication problems. This strategy
accommodatesand reflects the impacts of awide range
of forcing conditions (~ 30 years), specified by a tested
landuse /nutrient loading model (Peirson and
Lounsbury 1996) and an accurate hydrologic model
(Owensetal. 1998). This nutrient-phytoplankton model
is now being evaluated for application to other NYC
reservoirs. Further, the model is serving as a major
building block in a preliminary mechanistic model for
triholomethane (THM) precursors in the reservoir
(see Stepczuk et al. 1997). Testing of the nutrient-
phytoplankton model should continue over a number
ofyears to evaluate performance for a range of forcing
function conditions. The model should also be used to
guide supporting research and to evaluate the roles of
various processes in regulating primary production. In
particular, efforts should be made to test and incor-
porate sediment resuspension, organic carbon and
sediment diagenesis/water interaction submodels,
partitioning of the phytoplankton community in two
or more groups and accommodation of a2 desorption
source of dissolved nutrients from resuspended
sediment,
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APPENDIX I T, = temperature oflayeri, °C (Owens 1997b);
. 6 = temperature correction coefficient for
Mass Balance Equations n phytoplankion growth, 1.03
Plankton Sub-Models dimensionless;
Chl f(I), = lightlimitation term for phytoplankton
dchl, growth in layer i,
a -k, Chl- £, -C., " Z,, - Chl ar,
f(I), = , dimensionless;
veICh!. Ai+l ) Cth-l Vel Ai+1 Chl KI +
¥ v, - V, t 5% par, = daily average photosynthetically active
radiation at layer in layer i,
where par; = par, - e*%  uE-m?- d*
= hyll i i 1L
Chl; chlorophyll in layer i, pgCh ’ par, = daily average photosynthetically active
i = current model layer, (=1 - 50); radiation at the surface of the
o . reservoir, forcing function input daily,
dt = time step, day; PE m?- dd;
= i fi t
H ?Eg;lif 1gr: W:E rat'ef((l:;‘) p.l?({r;)pﬁr(x;;mg;. k,; = light extinction coefficient at layer i,
YEr L, l, =t i i G5 =K,'CHL + K, m",
u = maximum specific growth rate for - g
max 1. = chlorophyll multiplier, 0.02 L.- ugChl? -
phytoplankton, 1.7 d*; Ko mh pPhy P HE
f(N), = phytoplankton growth nutrient _ N 1
limitation term in layer i, f(N), = Ky = background extinction, 0.55 m
min({f(SRP),, f(IN)}, dimensionless; z, = the depth of layer i, m;
f(SRP), = phosphorus limitation term for K = light half saturation constant,
phytoplankton growth in layer i, 53 uE - m?- 4%
SRP, ] k., = phytoplankton respiration coefficient in
f(SR.P) KSRP SRP s dimensmnless; layer i K i = kb . +¢ “Hy 0.99 d-l.
Kge = phosphorus half saturation constant, ki - baf’? iol)“espiraUOn rate in layer i, ky, =k, 5y .
0.5 pgP - L™ 8.
- -1.
SRP, = soluble reactive phosphorus in layer i, ko  =0.06d%
pgP - Lt 0, = {emperature correction coefficient for
‘ phytoplankton respiration,
f(IN), = inorganic nitrogen limitation term for 1.03 dimensionless;
hytoplankt th in | i,
phytop on growthin fayer i ¢ = phytoplankton growth-related respiration
IN, ) ) _ multiplier, 0.135 dimensionless;
f(IN), = R+ IN dimensionless; for; = rate multiplier for respiratory processes
K, = inorganic nitrogen half saturation DO, . . )
constant, 0.1 pgN - L; inlayeri, f oL ——w—DO ® , dimensionless;
N, = 3{1‘1011“\%;1{111(: nitrogen inlayeri, IN, =NO,, + DO, = dissolved oxygen in layer i, mg - LY;
3,i*
NO,, =sum of nitrate plus nitrite in layer i, Kpo = halfsaturation constant, 0.1 mg- L%}
NO, ,=NO;, + NO;, ugN - L 5 = zooplankton filtering rate (grazing rate)
T-NH,; = total ammonia in layer i, ugN - L"; T,
3 H - =1, -1,
f(T), = temperature correction coefficient for mlayeri, G, =C, o 20’ » L mgDW- d
phytoplankton growth in layer i, f(T), =
8{7*9 , dimensionless; Gy =1.0L mgDW!-d




Z,y; = zooplankton dry weightin layer i,
HgDW- LY
vel ,, = settling velocity of chlorophyll,
0.17 m - d%;
A = area current layer i, m?
- = arca of i+1 Iayer, m%
S, = internal source due to resuspension
= KRBLGM (Ecnhcai |) leWS<E ritical and E1<Ecnuca1
= 0, otherwise K, .., =empirical constant
for resuspension of phytoplankton,
mg m® - d;
E, = clevation of layer i, m;
E ¢ = water surface elevation, m and,
F .. = critical water surface elevation at which
resuspension begins, m.
Loy
dz_., .
DW.i _ Cgi Chl, - eff- [ :|
dt ' Agnp
ko Ly fOI...i kz:p ZDW.i fom
where
eff = zooplankton grazing efficiency,
0.6 dimensionless;
a, = zooplankton dry weight to phosphorus
“ratio, 0.089 mgDW - ugP";
Ay, = chlorophylito phytoplankton particulate
phosphorus, 2.0 pgChl - pgP;
k. = zooplankton respiration rate in layer i,
' k =k - (M g
ar, i 2r, 230 Var ’ ’
vz = 0.089d%
9, = temperature correction coefficient for
zooplankton respiration,
1.08 dimensionless and,
k,, = zooplankton predation rate, 0.045 d’.
Phosphorus Sub-Model
SRP
dSRP, Chl,
n =L a +k°P‘i-DOPi‘fOL -:»kpd'i'AI\ILPPi
CHLP
Rsedg, " A

' fom - kad ' SRPi + V.
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where
k

op,i

k

op, 20

od

DOP,

k

pd.i

Rsedgy, =

Rsed

SRPS

SED

V.

1

A
DOP

dDOP, L S ASTY fori .

319

= dissolve’d orgam i

005d1

= temperature corre
dissolved orgam '

= soluble reac

release, Rsedsm, ;

= temperature COTYecto:
phosphorus and mtroge

dt
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where

vel,, = settling of available and unavailable and
unavailable non-living particulate
phosphorus, 0.94 m - d%, and
5 = internal source due to resuspension
= Koo owre (BeeaB) I E<B ., an and
Ei<Ecri|icai
= 0, otherwise K, ..., = empirical constant
for resuspension of ANLPP, mg - m*®" ¢,
NLPP
dUNLPP, bp " Ay UNLPP,
=K , ' SRP,+ -
A v
o " Ay UNLPP,
+
v S
where

UNLPP,= unavailable non-living particulate
phosphorus in layer i, ugP : L and,

S, = internal source due to resuspension
= KRE.;.UNLPP eritical x) leWS<EcnucaJ and
Ei<Ecrilim1

= 0,otherwise K, .= empirical constant
for resuspension of UNLPP, mg - m*- d.

Nitrogen Sub-Model
I-NH,,
dT-NH,, Chl, prefy .,
T =k° DON1 fOL: ]J,i T+
Rsed, s A
o NLEPN ‘£ .+ _vl-—-—— -
kni,i T~ NHa,i ' fOL,i A
Vi

where

k. = dlssoived organic nitrogen decay, k|

' - QT | gl
on 20
k.o =005d%
DON, = dissolved organic nitrogen in layer i,

HgN- LY
pref,, .,,~ammonia preference by phytopiankton,
if T-NH, , >10 then pref; .. =1,

if T—NH <10 then pref . .=
0, dlmensmnless

a = chlorophyll to nitrogen ratio,

CIIN
0.069 pgChl- ugN*;
k., = non-iving particulate nitrogen decay in
layeri, K, =k, 5, 6,0, d%
k.o =0I15d%
NLPN, = non-living particulate nitrogen in layer i,
HgN - L7

Rsed_, .., ; = total ammonia sediment release in
layeri, Rsed'l‘-NHs = Rsed gy 5 005,

mgN - m?-d?;

Rsed, 1y 5 = 0.0 mgN - m? - d*;

L = nitrification rate, if thenk , =k, 0,
m-d?;

Kyw =T,<45°Cthenk,, =0,ifT,>45°Ck, .
=1.2m-d' and,

6, = temperature correction coefficient for

nitrification, 1.05 dimensionless.

dNO,, Chl,* prefyey, K, NO A
= -—u . - +

where

prety ., = nitrate preference by phytoplankton, if
T-NH, ; >10 then pref, . = 0, if T-NH, ,
<10 then pref .. =1, d1mensmnless

K,..; = denitrification rate in layer i,
Ko i = Kaeni,20 " Qe 00" A

Koo = 1f DO, >10ug - L then k., =0,ifDO,
<10pg-L'thenk, ., ~0dm- d', and

0. = temperature correction coefficient for
denitrification, 1.06 dimensionless.
DON
dDON ks Lo Eor s C'g,i "Ly, Chl (1 - eff)
= ¥ +
dt Ay Acin
k., Chl-f, .
a - kon,i DON] ’ fOL
CHLN
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where where

967 ng0-1gCh.

. = zooplankton to nitrogen ratio, 0.0102 3o = oxygen t carbon ratio; ;
mgDW - ugN?, L :
I carbon to chio i
NLPN
a'('_"N
dNLPN, vel,, A, NEPN,
——'= -k ,"NLPN, " fol, + - A
dt o i 1 Vi
vel " Ay NLPNi aon
v, +5 SOD,
where
vel,, = settling velocity of particulate nitrogen, S0D,,
0.46 m-d', and 0
Sy = internal source due to resuspension .

= KRu,NUN critical E) E<E ia and
E <Ecnuca§ kL.20

= 0, otherwise Kmm = empirical constant
for resuspension of NLPN, mg - m* - d".

Dissolved Oxygen Sub-Model

DO o :
U - wind'v’elomy (n
dDO '
— + (k) Chl as agyy Opier = temperatur > corre
reaeration 1,24 dim A
Hori K NLPNi Ay Aoe fori kpd DO, = saturatlon (

" ANLPP, a0 for ,— Ky, T~ NI, DOs  =DOn surfac

SOD, £, A

A i TR
LA B i A V, = Volume ofsurfac

i

A = Area of surf_a_cg__l__a




