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Maintenance of an adequate supply of dissolved
oxygen (DO) is fundamental (o the protection and
Propagation ofaquatic life-a national goalspecified by
the Clean Water Actof 1972, Dissolved oxygen depletion
anditsimpactson €cosystem hﬁtegritysudlasexthpation
of sensitive species and degradation of aesthetic
conditions are no longer acceptable consequences of
€conomicand cultural development, The establishment
and enforcement of DO standards for rivers and streams
have become common features of the regulatory
Process.

Mathematical models have long been recognized

valuable tools for the analysis of water quality (e.g.,
Streeter and Phelps 1925; Biswas 1981 ; Gromiec et al.
1983) and are routinely utilized in the permitting
Process for discharge of effluents to rivers (Krenkel
and N ovotny 1979). Various approachesand techniques
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fate, and transport, sensitivity
the DO resources of the lake.

eutrophication.

for modeling oxygen in rivers have been outlined in
water quality manuals (cf, Bowie et al. 1985) and texts
(cf. Thomann and Mueller 1987). General purpose
river modeling software is available for public use (e. g
QUALZE; Brown and Barnwell 1985).

Dissolved oxygen conditionsare also ofimportance
in lakes, where hypolimnetic oxygen depletion in
summer can lead to enhanced nutrient cycling,
accumulation of obnoxiousand toxic reduced chemical
species, elimination of benthic macroinvertebrates,
and extirpation of cold water fish. Despite the
significance of OXygen resources to water quality,
Comparatively few attempts have been made to model
DO in lakes (Symons et al. 1967 ; Bella 1970; DiToro
and Connolly 1980); Snodgrass and Dalrymple 1985).
In part, this may be due to the complicating interactions
of the abiotic (reduced species accumulation), biotic
(nutrient and trophic state dynamics), and
meteorological (incident radiation and wind energy)
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phenomena mediating oxygen depletion and resupply
in lakes. Many of these factors and their inter-
relationships are poorly understood. However,
mathematical models for DO have been applied for
management purposes; perhaps the most notable of
these efforts being that for Lake Erie, where recovery
from DO depletion was related to management of
phosphorus loads (DiToro and Connolly 1980).

Lakes which exhibit accumulation of reduced
chemical species (e.g., CH,, HS, NH,*, Fe**) during
seasonal anoxia have received little attention from
those modeling oxygen dynamics (Effler et al. 1988).
Hypolimnetic accumulation of oxygen-demanding
reduced species is characteristic of the study system,
Onondaga Lake (Effler et al. 1988; Gelda et al. 1995).
At fall turnover, hypolimnetic waters, rich in reduced
species, mix with the well-oxygenated waters of the
epilimnion and exert an oxygen demand, resulting in
epilimnetic oxygen depletion. Water column oxidation
of reduced species, an important oxygen sink for
Onondaga Lake (Gelda etal, 1995), isnot traditionally
accommodated in DO models.

Here we utilize measurements of the release and
accumulation of reduced species as well as the rates,
pathwaysand stoichiometry of their oxidation tosupport
the development of a mathematical model which
simulates seasonal DO dynamics in Onondaga Lake.
The model is mechanistic in nature and is based on a
mass balance approach. Model development was
supported by an extensive program of field monitoring
and process-level research to facilitate site-specific
parameter determination and to minimize uncertainty
in model predictions. The DO model works in concert
with a nitrogen model for Onondaga Lake (Canale et
al. 1996) which simulates phytoplankton production
and biomassaswellas concentrations of various nitrogen
species. The DO model is capable of performing
year-round simulations, thus, encompassing the critical
periods of hypolimnetic oxygen depletion in summer
and epilimnetic oxygen depletion in fall. The modelis
calibrated to a data set obtained in 1989 and verified
using 1990 data.

Study System

Onondaga Lake isa dimictic, hypereutrophic (Auer
et al. 1990) system located in metropolitan Syracuse,
New York. The lake has an area of 11.7 km?, a mean
depth of 12 m and flushes 3-4 times per year. Effler and
Hennigan (1996) describe the lake setting, its
morphometry, hydrology, and water quality, and review
the history of the development of the surrounding
area.

Rates of hypolimnetic oxygen depletion are very

high in Onondaga Lake (1.0-2.1 g/m?/d; Effler etal.
1986; 1988) and thusrestoration of oxygen resourcesis
a major management issue. Anoxic conditions are first
encountered in the hypolimnion in mid-May and by
late July the entire hypolimnion is devoid of oxygen.
The State of New York does not have DO standards for
the bottom waters of lakes, and thus hypolimnetic DO
is not directly of regulatory interest. During the
approach to turnover each fall, dissolved oxygen is
depleted over the entire water column due to algal
respiration and the entrainment and oxidation of
reduced chemical species (cf. Effler et al. 1988).
Minimum DO levels typically occur at turnover and are
often in violation of New York State standards for
surface waters (<5 mg/L as a daily average; <4 mg/L
at any time within a day). Following turnover, oxygen
levels gradually increase and approach saturation.
Remediation alternatives seek to meet the surface
water DO standard (Effler 1996) and to restore oxic
conditions to the hypolimnion. Improvements in DO
levels at turnover are expected as a first response to
management efforts.

Model Framework

The Onondaga Lake DO model is developed from
a conceptual framework based on the principles of
mass balance (Fig. 1). Two oxygen sources are
accommodated: photosynthesis and tributary loading.
Oxygenssinksinclude export (hydraulic flushing), algal
respiration, bacterial respiration (as manifested
through carbonaceous, CBOD, and nitrogenous,
NBOD, biochemical oxygen demand), sedimentoxygen
demand (SOD), and oxidation of reduced chemical
species. Air - water exchange is quantified through a
reaeration term. It is assumed that the lake volume is
constant and that there is no significant horizontal
variation in water quality constituents related to DO.
These assumptions are supported by field observations
(Effler 1996).

System Geomelry

A fixed-volume, two-layer framework is applied,
favored here over a variable-volume, multi-layer
approach (cf. Snodgrass and Dalrymple 1985) for its
simplidityand ease of application. The lake issegmented
vertically, yielding two completely-mixed volumes, an
upper mixed layer (UML) approximating the
dimensions of the epilimnion, butincluding a portion
of the metalimnion and a lower mixed layer (LML),
comparable to the hypolimnion, but also containing
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Figure 1.—Conceptual framework for the Onondaga Lake dissolved
oxygen model.

part of the metalimnion. The size of the layers is kept
constant, with the interfacial boundary set at 8.5 m, its
position throughout most of the summer. This
segmentation scheme treats the hypolimnion (ie.,
LML) as a completely mixed volume and does not
accommodate the significant vertical concentration
gradients (e.g., formethane and sulfides) which develop
there over the stratified period. Dissolved species are
exchanged across the interfacial boundary, driven by
the concentration gradient and mediated by the
intensity of vertical mixing. The magnitude of vertical
mixing is characterized by a seasonally-variable
exchange coefficient. During the circulation period, a
value for the vertical exchange coefficient sufficient to
effect complete mixing and achieve equal
concentrations in the two layers is adopted.
Boundaries for the UML and LML, are defined to
permit quantification of interfacial mass transport as
well as those biochemical processes occurring at the
sediment-water interface, €.g. SOD and the release of
reduced chemical species. The lake surface area (A,
m?) is utilized in the reaeration calculation, the
interfacial areg (A, m?) in estimating vertical mass
transport and the area at the oxycline (oxic/anoxic
boundary, A, m? in quantifying the corresponding
areas for oxic (A=A -A,; €.2.S0D) and anoxic (A eg.
reduced species flux) sediment processes. Values for
A, and A are fixed and are determined by direct
measurement (hypsographic data; Effler 1996). The
Position of the oxycline (and thus A and A) varies with
the degree of anoxia in the LML and is determined by
correlation with the LML volume-weighted average DO.

Loads and Export

Inputs to the lake are received exclusively by the
UML; there are no loads to the LML. DO loads (W,
8/d) are quantified as the sum of the products of flow

and DO concentration in each of the lake’s major
tributary (Onondaga Creek, Nine Mile Creek, Ley
Creek and Harbor Brook) and point source (METRO:
Syracuse Metropolitan Wastewater Treatment Plant)
discharges:

Load (g0,/d) =w,__ =% Q, [DO], (1

where [DO],_is the tributary or point source inputDO
concentration (g/m®) and Q, is the tributary or point
source inflow (m?*/d). Export (hydraulic flushing) is
calculated as the product of outflow and the UML DO
concentration:

Export (g0,/d) =-Q__ [DO], (2)

where Q. ..is the lake outflow (m?/d) and [DO], is the
DO concentration in the UML, (g/m?®). The LML is not
connected to the lake outlet and thus has no export
loss. Outflow cannot be measured directlyin Onondaga
Lake due to the complex hydrodynamic regime
prevailingat the outlet (flow reversal; Efflerand Driscoll
1986; Owens and Effler 1996), but may be estimated as
the sum of the tributary and point source inflows. Net
precipitation/evaporation has a negligible impact on
the hydrologic budget of the lake (Effler 1996).

Vertical Mass Tmnspont

Exchange of DO between the UML and LML is
determined by the magnitude of the vertical exchange
coefficient and by the DO concentration gradient at
the interfacial boundary:

Transport: UML—~I1ML (g0,/d) =V, A ([DO]z-[DO]l)
(3)

Transport: LML—UML (g0, /d) =v, A ([DOJ-[DO],)
(4)

where [DO}2 is the DO concentration in the LML (g/
m?*) and v, is the vertical exchange coefficient (m/ d).
The temporal distribution of v, for the spring to fall
intervals of 1989 and 1990 was determined using a heat
balance model (Doerr et al. 1996a). In the fixed,
two-layer framework utilized here, the vertical exchange
coefﬁcientcollecﬁvelyaccommodatesverticalexchange
due to diffusion and due to entrainment (thermocline
migration).

Reaeration

The rate of oxygen exchange at the air-water
interface is quantified by:

Reaeration (g0,/d) = k ([DO], - [DO]) A, (5)

where [DO]’ is the saturation DO concen tration in the
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UML (g/m?) and k is the liquid film transfer coefficient
(m/d).[DO], iscalculated asafunction of temperature
(APHA, 1985). The coefficient k _varies with
temperature and with turbulence at the air-water
interface. The temperature dependency of k is
described by a logarithmic function:

kLT - kLzo e(T—?O) (6)
with 8 = 1.024 (Bowie et al. 1985; Thomann and
Mueller 1987). The influence of turbulence is a
manifestation of wind-driven energy inputs to the lake
(O’Connor 1983) and can be accommodated through
empirical relationships (see Bowie et al. 1985 for a
review) of the form:

k =aUP )

where o and B are empirical coefficients and U is the
wind speed (m/s) at a height of 10 m above the water.
Gelda et al. (1996) have estimated and field-verified
values for o and B for Onondaga Lake: o= 0.20 and f
=1forU<3.5m/s,and =0.057 and B =2 for U > 8.5
m/s. Wind speed data required for estimation of k_
were obtained from the NOAA Weather Station at
Hancock Airport, located approximately 8 km from
the lake.

Algal Photosynthesis and Respiration

The algal contribution to the oxygen budget is
quantified through the rate of net photosynthesis. Net
phytoplankton production (gChl/m?*/d), as calculated
by the Onondaga Lake nitrogen model (Canale et al.
1996), is converted to a rate of net photosynthesis
through application of stoichiometric coefficients
describing the ratio of chlorophyll to carbon in the
phytoplankton (a_ = 43 gC/gChl; sediment trap data,
Effler 1996) and the amount of oxygen produced per
unit phytoplankton carbon fixed (a_ = 2.67 gO,/gC;
Stumm and Morgan 1981). The resulting rate of net
photosynthesis (Figure 2) is then input to the DO
model:

Net photosynthesis (UML; gO,/d) =P_V,  (8)
Net photosynthesis (LML; gO,/d) =P _,V,  (9)

where P and P_,are rates of net photosynthesis (gO,/
m*/d) in the UMLand LMLand V, and V,are the UML
and LML volumes (m®).

Carbonaceous Biochemical Oxygen
Demand

The kinetic framework employed here considers
autochthonous (internally-produced) and alloch-
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Figure 2.-Calculated rates of net photosynthesis for the UML and
LML of Onondaga Lake in 1989 and 1990.

thonous (externally-loaded) organic matter separately.
The rate of net photosynthesis, determined by
calibration using the Onondaga Lake nitrogen model
(Canale et al. 1996), is equivalent to the amount of
oxygen produced through gross photosynthesis less
that consumed through algal and bacterial respiration
of autochthomous organic matter. The microbial
degradation of allochthonous organic matter is
characterized through CBOD and quantified through
a separate mass balance which accommodates loads,
losses to outflow and oxidation, and exchange between
the upper and lower mixed layers:

d[CBOD]
Vi dt '=Weop Qout [CBOD]I -k, [CBOD], V,
+v, A ([CBOD], - [CBOD],) (10)
d[CBOD]
v, T2= -k, [CBOD], V,
+v A ([CBOD], - [CBOD],) (11)

where CBOD is the carbonaceous biochemical oxygen
demand (g/m* and W, is the CBOD loading (g/d)-
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The value for the CRBOD oxidation coefficient (k, =
0.28/d) was determined directly for mixtures of
Onondaga Lake water and METRO effluent (Upstate
Freshwater Institute, unpublished data);atemperature
correction is applied (0 =1:047; Bowie et al, 1985;
Thomann and Mueller 1987). Waop Was estimated as
the productofreported flow (Onondaga County 1990)
and concentration data Po@gko (CBOD =16.0 g/
m’) and the major tributaries (EBOD = 2.5 g/m®).
Model-predicted, time-variable values for CBOD are
used as input to the DO mass balance-

CBOD oxidation rate ( UML; g0,/d) =-k 4 [CBOD]1 v,
(12)

CBOD oxidation rate (LML, g0,/d) =- k, [CBOD]2V2
(13)

Measured and predicted levels of CBOD are generally
low, approaching the limit of detection (APHA 1985)
inboth the UML and LML, Little seasonality was noted
in measured or predicted values in either layer. The
annual average simulated CBOD (0.35+0.12 g/m?) is
of a magnitude comparable to, though statistically
different from, that measured in the field (0.84 + (.32
g/m’ N = 6). The difference between the simulated
and measured CBOD may be attributed to uncertainty
in the estimates of CBOD loading from METRO and
the major tributaries.

Nitrogenous Biochemical Oxygen Demand

The microbial oxidation of ammonia (bacterial
nitrification) results in the exertion of a nitrogenous
biochemical oxygen demand (NBOD, g/m?).
Laboratory microcosm experiments conducted on
water and sediment samples from Onondaga Lake
(Penn et al. 1993) Suggest that negligible nitrification
occurs in the water column and that the process is
largely confined to the oxic portion of the
sediment-water interface, This is consistent with the
conclusion of Hal] (1986) that nitrification occurs
primarilyat the sediment surface and thatwater column
nitrification contributes little to the nitrogen budget of
lakes. The rate of NBOD exertionat the sediment-water
interface may be calculated as the product of the film
transfer coefficient for nitrification, the oxic sediment
area, and the ammonia concentration, corrected for
the oxygen stoichiometry of the process:

NBOD oxidation rate (UML; g0,/d) =- agk, (A-A)

[NH-N], (14)
NBOD oxidation rate (LML; gO,/d) =-a,, k A_

[NH,N], (15)
where a,, is the stoichiometric oxygen equivalent for

ammonia oxidation (4.57 80,/gNH,-N), k_is the film
transfer coefficient for nitrification (m/d), (A, - A)is
the UML sediment area (m?), A, is the LML sediment
area (m?) in contact with oxic waters, and [NHa-N]1
and [ NHE,—N]2 are theammonia-ni trogen concentrations
(gNHS-N/ m*) in the UML and LML, respectively. The
value for the film transfer coefficient (0.185 m/ d) was
determined by calibration using the Onondaga Lake
nitrogen model (Canale et al. 1996). This value is
somewhat larger than those measured for Onondaga
Lake in microcosm experiments (0.04 and 0.10 m /d),
but within the range determined for the adjoining
Seneca River (0.11-0.51 m/d; Penn et al. 1993). The
film transfer coefficient is temperature corrected (0 =
1.085; Bowie etal. 1985) and set to zero for temperatures
below 10°C (Thomann and Mueller 1987).
Concentrations of NH,-N used as model input are
calculated by the Onondaga Lake nitrogen model
(Canale et al. 1996).

Sediment Oxygen Demand

Organic matter delivered to the lake bottom by
sedimentation is stabilized through biochem-
ically-mediated aerobic and anaerobic processeswhich
directly or indirectly exert a sediment oxygen demand
(SOD, g0,/m?/d; see Hatcher 1986, for a review). A
variety of complex kinetic formulations for simulating
SOD have been proposed (Bouldin 1968; Bowie et al.
1985; Walker and Snodgrass 1986; DiToro et al. 1990).
Here, a zero-order expression is adopted (Bowie et al.
1985):

Sediment oxygen demand (g0,/d) =-SOD A, (16)

SOD is included as a sink term only in the LML,
Sediments in shallow locations are expected to exert a
negligible demand on the well-oxygenated waters of
the UML as they have substan tially less organic matter
than deep-water sediments (Aueretal. 1996). Exertion
of SOD in the LML is limited to that fraction of the
sediment surface in contact with oxic waters (A).
Where LML sediments contact anoxic waters (A),
SOD is manifested in the accumulation of reduced
chemical species (unexerted oxygen demand), an
oxygen sink treated separately as described below.
Techniques are available for the direct field and /
or laboratory measurement of SOD (Bowman and
Delfino 1980; Chiaro and Burke 1980; Gardiner et al.
1984; Hatcher 1986). Rates of sediment oxygen demand
were measured in the laboratory on intact sediment
cores collected from Onondaga Lake (Gelda et al.
1995). Measurementswere madeat8°C,a representative
meanannual hypolimnetic temperature, and converted
t0 20°C using 8 = 1.065 (Bowie et al. 1985; Thomann
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and Mueller 1987). A seasonal temperature correction
is applied in the model. Rates measured in Onondaga
Lake (SOD; mean+s.d.=1.68+ 0.56g0,/m?/dat8°C;
n = 15) are comparable to values observed in other
systems of similar trophic state (Gardiner et al. 1984;
Bowie etal. 1985; DiToro etal. 1990). Model simulations
ofreduced speciesand dissolved oxygen are performed
using the mean measured SOD * one standard
deviation.

Reduced Chemical Species Oxygen Demand

Sediment oxygen demand isa manifestation of the
aerobic decomposition of organic matter and the
oxidation of reduced chemical species (e.g. CH,, H,S,
NH,*,andFe*). When the water overlying the sediment
isdepleted of oxygen, SOD cannotbe exerted. However,
anaerobic decomposition continues within the
sediment, releasing reduced chemical species to the
water column. These materials progressivelyaccumulate
in the LML in a nearly linear fashion over the stratified
period (Addess and Effler 1996; Effler et al. 1988;
Gelda et al. 1995). With the approach to fall turnover,
LML waters, rich in reduced species, are entrained by
the UML. Oxidation of these reduced species in the
UML contributes to the lakewide oxygen depletion
observed each fall. Simulation of the fall depletion
eventrequires that the accumulation of reduced species
in the LML and their transport to the UML be
quantified. To this end, a submodel was developed,
linking SOD and the phenomenon of reduced species
accumulation. The simulation is based on an estimate
of the rate of sediment production of reduced species:

Wi = fos SOD A_ (17)

where W, is the estimated reduced species internal
loading expressed as oxygen equivalents (g0,"/d), f,

is the fraction of the measured SOD accounted for by
the flux of CH,, H,S, and Fe* and A_ is the anoxic
sediment area. Ammoma flux is not included in the
reduced species submodel as it is treated separately by
the Onondaga Lake nitrogen model (Canale et al.
1996) and accommodated here through NBOD
exertion. Values for frs (0.781n 1989 and 0.94 in 1990)
were estimated by quantifying the component
contributions to SOD from reduced species (CH,, H,S,
andFe*'),ammonia, and aerobic decomposition (Gelda
etal. 1995). The value of f., is higher for 1990 than for
1989 due to an elevated sulﬁde flux (0.941 g0, */d in
1990 versus 0.634 gO,’/d in 1989; Gelda et al. 1995).

Reduced species data used for comparison tosubmodel
output were derived from direct observations of the
concentration of the individual chemicals in the LML,
expressed as oxygen equivalents:

[RS],,, =a, [CH,] +a, [H,S] +a, [Fe*'] (18)

where [RS]  is the observed reduced species
concenlrauon expressed in oxygen equivalents (gO,’/
m®), [CH,] is the methane concentration (gCH,/m?),
[H,S] is the sulfide concentration (gS/m?®), [Fe“] is
the ferrous iron concentration (gFe/m?®), and a, a,,
and a, are stoichiometric coefficients appropriate for
the 0x1dat10n pathways of the individual reduced species
(Gelda etal. 1995). The input of methane to the UML
and LML associated with the dissolution of rising
methane-enriched gas bubbles (ebullition; cf. Addess
and Effler 1996) has been included for completeness.
The overall mass balance for reduced species can

be written as:

v d[RS]

1 ar .~ Vie Qu [RS] -k [RS], V) (19)
+v A ([RS],- [RS])
v, ‘—I-[d;Ez =W, +f,SODA -k [RS],V,  (20)

+v, A ([RS], - [RS],)

where [RS], and [RS], are the reduced species
concentrations in the UML and LML, W, , and W,
are the redissolution rates for methane gas m the UML
and LML, and k,, is a first order rate coefficient for
reduced species oxidation. The value for k, was setat
0.25/d through model calibration. Application of a
single firstorder rate coefficientrepresenting oxidation
of methane, hydrogen sulfide, and iron is deemed
appropriate here, because all three species are very
rapidly oxidized (Jannasch 1975; Jorgensen etal. 1979).
Further, sensitivity analyses (see below) indicate that
the model is not particularly sensitive to k.. Values for
Wi (3.77x10° gO,’/d) and W, , (2.38x10° gO,"/d)
were estimated for 1989 (Addess and Effler 1996) and
applied to both years. Qutput from the RS submodel is
utilized asinput to the DO model and the contribution
to the oxygen budget of the UML and LML is given by:

Reduced species oxidation rate (UML; gO,/d) = -k,

[RS], V, (21)
Reduced species oxidation rate (LML; g0,/d) =-ky
[RS],V, - (22)

Oxygen Limitation of Microbial Processes

Oxygen limitation of microbially-mediated
processes is typically simulated through a Monod-type
formulation (NBOD: Charley et al. 1980, Hall and
Murphy 1980; CBOD: DiToro and Connolly 1980;
SOD: Lam et al. 1984, Snodgrass and Ng 1985; CH,
oxidation: Lidstrom and Somers 1984: H,S oxidation:
Wilmot et al. 1988), i.e.

il i
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ofK =14 g/m* at the sedimentwater interface in

L

studies of Hamilton Harbor,

Overall Model F ramework

The complete masg balance €quations for DO jp
the UML and 1M1, can be written as:

ld{thO]EWDO‘QM [DO]l +kLA0 ([DOL' [DO]!) +P, v,

~k, [DBOD], v, .5y (A-A) [NH,N], (24)
“kes RS, V, 4y, A (DO, [DOY,)

Mass ransport process Parameters
ge coefficient (v)

d[DO),
\A ._Et__- =f P, V- for k, [CBOD}z Ve

for 3oy k A, INH-NIf, SODA_ (95
"o kas [RS1, V, + v A ([DO),-(pOY),

usingan Euler integrator ( Chapraand Canale 1988) to
obtain time-variable output for CBOD, RS, and DO.

Field Measurements of DO
and Related Parameters

Field data used for Comparison with mode] output
were derived from samples collected gt one meter
intervalsata cen trally-located station inthesouth basin
of Onondaga Lake. This site is known to he

Table 1.-Model coefficients,
Model Coefficient (symbol) Value Unit Reference
Vertical exchan

Liquid film transfer (reaeration) coefficient (k)

Kinetic processes rale constanis
CBOD oxidation (k,)
NBOD oxidation (k)
Reduced Species oxidation (kye)
Sediment Oxygen demand (SOD)
Net photosymhesis rate (P )

Fraction of measured SOD 24 reduced sp. flux (fs)

Half saturation constant for DO limitation (Kspe)

Temperature correction cogfficients
CBOD oxidation (GCBOD
NBOD Ooxidation (BNBOD)
Sedimen Oxygen demand (8g,p,)

* dimensionless.

0.001-5.0 m/d 4
0.22-4.65 m/d 5
0.28 1/d 7

0.135 m/d 2,3
0.25 1/d 9
1.68 g0,/m?/d 6
40.37-0.82 80,/m3/d 2
0.78-0.94 * 6
3.5 g0,/m? 9

1.047 1,8
1.085 1
1
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Table 2.~Monitoring and analytical procedures.

Variable Frequency Method Reference
Dissolved Oxygen Weekly at 1m intervals Probe; verified by APHA (1985)
Winkler Method

Total Chlorophyll Weekly at 1m intervals Spectrophotometric Parsons et al. (1984)
over 0-10m depth

Carbonaceous BOD Weekly at 1m and 16m Filtered samples APHA (1985)
Summers of 1990, 1991

Temperature Weekly at 0.5m intervals HydroLab

Wind speed Hourly Anemometer with

data-logger

Incident Solar Hourly Pyranometer

Radiation with data-logger

Methane Weekly at 1m intervals Gas chromatograph Fendinger and Adams
in LML (1985)

Sulfides Weekly at 1m intervals Iodometric APHA (1985)
in LML

Ammonium Weekly at Im intervals Spectrophotometric Solorzano (1969)
in LML

Ferrous Iron Weekly at 1m intervals Spectrophotometric Heaney and Davison
in LML (1977)

representative of a 1m layer were multiplied by the
layer volume to yield a mass. The masses were then
summed and divided by the total layer volume to yield
the volume-weighted average concentration. This
procedure accounts for non-uniform basin geometry
notaddressed by simple arithmetic averaging. Vertical
heterogeneity is illustrated in comparison plots of
model output and field data using bars to represent
minimum and maximum observed concentrations.

Model Performance

Model performance was evaluated through
calculation of the root mean square error (RMSE, units
of the parameter being analyzed; Thomann 1982):

(26)

where, N = number of observations, Xm]bs = observed
value of ith observation of parameter X, and Xiopa =
predicted value of ith observation of parameter X,

RMSE is statistically well behaved and is an indicator of
theaverage errorbetween observationsand predictions,
Generally, a lower RMSE implies a better model fit to
observations. When evaluatin g model performance,
however, particular care should be paid to the capability
ofthemodelin simulating phenomena of management
significance, i.e. the onset and duration of anoxia, the
period of accumulation of reduced species, and the
period of DO recovery following fall turnover.,

Reduced Species

Reduced species are rapidly oxidized in the
well-aerated waters of the UML. and thus measured and
model-predicted concentrations remain at or near the
limit of detection. Reduced species appear in the LML
with the onset of anoxia, progressively increasing in
concentration over the thermally-stratified period and
subsequently declining during fall mixing. These
temporal trendsand seasonal dynamicsare well-tracked
and appropriately described by the model for both the
calibration (1989) and verification (1990) years (Figure
3). The average error between observations and
predictions, as quantified byRMSE, is 2.22 gO,"/m* (N
=17) in 1989 and 5.12 g0,"/m* (N = 17) in 1990.
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Dissolved Oxygen - UMIL,

the UML,, important to water quality, include:

significant intralayer structure in mid-summer,
i.e. strong vertical gradients;

dramatic fluctuationsin the May-August period,
often including episodes of supersaturation;
marked depletion with the approachto turnover
in September and October; and

recovery from depletion in the post-turnover
period of October and November.

Strongvertical gradients in DO are observed in the

UML
mid-su

(bars in Figures 4a and ¢), especially in
mmer. The UML includes waters ranging from

those at the surface with a high algal standing crop and
a tendency toward supersaturation to those in the

metali

mnion, coincident with the oxycline. The

development of secondary stratification during
quiescent periods, with attendant reductionsinair-water
exchange, further promotes vertical structure in DO.
Wide fluctuationsin DO, with episodicsupersaturation,
are observed between sampling dates during the
productive summer months (May-August; Figures 4a
and ¢). These dynamics are driven by variation in rates
of algal photosynthesis and respiration and their
response to changes in light and algal standing crop.
Dissimilarities in UML DO between 1989 and 1990,
especially in the timing, frequency and magnitude of
Supersaturation, are largely related to interannual
variability in algal standing crop. The resolution
required to accommodate these phenomena is not

Total Reduced Species Conc
(CH4 + HS— + Fe2+, g02*/m3)

401 a) Lower Mixed Layer; 1989
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provided by the geometry (two layer segmentation of
the DO model) and kinetic structure (phytoplankton

Nonetheless, the model succeeds in tracking
volume-weighted average DO in the UML quite well
(Figures4aand c). RMSE values for the UML were 1 .79
g0,/m* (N = 62) and 1.55 g0,/m* (N = 49) for 1989
(calibration) and 1990 (verification), respectively.
From a management perspective, the fall
dep!etion-recovery event is of special significance.
Oxygen depletion in the UML with the approach to
turnover occurs due to entrainment and oxidation of
reduced species and because the conditions of light
and temperature which mediate photosynthesis become
less favorable during this period. The severity of the fall
depletion event is also influenced by the initial UMIL,
oxygen concentration, chlorophyll concentrations in
the UML and LML, levels of reduced species in the
LML, and the duration of the period of thermocline
migration (entrainment), During the recovery period
thereisareturn to near-saturated conditionsasreduced
species are oxidized, algal standing crop declines and
atmospheric reaeration replenishes the lake’s oxygen
supply. The duration of the recovery period, generally
3 - 4 weeks, is determined by the magnitude of the
remaining sink terms (e.g., net algal photosynthesis,
CBOD, NBOD, and SOD) and wind effects on the rate
of reaeration. The model performs well in simulating
the fall depletjon-recovery eventin 1989 (Figure 4a),
and the recovery phase in 1990 (Figure 4c), but performs
less well for the depletion phase in 1990 (Figure 4c).
Although the timing and magnitude of the depletion
event (i.e., change in DO over the interval) is well
matched, the minimum UML DO is overpredicted.
During the fallentrainment period, algaeare distributed
vertically over the entire water column and encounter
a much less favorable light environment. Failure to
account for this phenomenon results in an
overestimation in photosynthesis and thus DO in the
UML (Figure 4c) with the approach to turnover,

Dissolved Oxygen - LMI,

From a water quality perspective, the key features
of the distribution of DO in the LML are:

* the rate of oxygen depletion in late

spring-summer; and

* the duration of anoxia.

The rate of summer depletion (AHOD, Wetzel,
1983) displays considerable interannual variation (2.1
g/m*/din 1989 versus 1.0g/m?*/din 1990) resultingin
differencesin the onset of complete anoxiain the LML
(early July in 1989 versus late Julyin 1990), Year-to-year
differences in the rate of summer oxygen depletion
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(onset of anoxia and the attendant AHOD) are largely
a result of variability in the degree of vertical mixing
(meteorological effects) and in the algal standing crop
(algal respiration in the LML). Similar results were
reported by Niirnberg (1995) in a study quantifying
anoxia in several lakes, The total duration of anoxia
was about 5 months (mid-May through mid-October)
in both years. Wind energy input, particularly, during
fall turnover is the key factor influencing the duration
ofanoxia. The model performs well in simulating both
the rapid depletion of DO in the LML following the
onset of stratification and the duration of the anoxic
period (Figures 4b and 4d). RMSE values for the LML
were 1.54g0,/m® (N=62) in1989and 1.74gO,/m* (N
=49) in 1990.

25 -
a) Upper Mixed Layer; 1989
— Predicted (avg SOD)
20+ —-- Predicted Eavq SOD+ 1sd}
—- Predicted (avg SOD~1sd

® Observed

151
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Jan Feb MarApr Moy.Jun Jul Aug*ep Oct NOVDQ,\.
Figure 4.-Comparison of measured and model-predicted DO
concentrations in Onondaga Lake: a) UML, 1989; b) LML, 1989; c)
UML, 1990; and d) LML, 1990. Bars represent ranges of observed
concentrations. Band represents model output using + 1 SD on the
mean measured SOD.

Analysis

From a management perspective, two features of
the oxygen resources of Onondaga Lake stand out: DO
depletion in the bottom waters following the onset of
thermal stratification in spring and DO depletion over
the entire water column with the approach to turnover
in fall. These two phenomena provide focus for the
analysis of model output.

Summer DO depletion in the LML

The model was applied to calculate the relative
contribution of the various oxygen sinks to summer
DO depletion in the LML (Figure 5). The period of
evaluation extends from the onset of stratification until
the LML is totally anoxic. During this period, SOD is
the largest oxygen sink, accounting for more than 50%
of the overall depletion (Figure 5). Oxidation of
reduced species accumulating in the LML prior to the
onset of anoxia contribute an additional 20%. Thus
sediment processes account for more than 70% of the
observed oxygen depletion in the LML, with water
column processes (CBOD, NBOD andalgal respiration)
contributing the balance (~30%). This finding is
significant from a lake management perspective. It
suggests that those water quality constituents likely to
exhibita rapid response toreductionsin pollutant load
(CBOD, NBOD, and algal standing crop) are of minor
importance compared with sediment oxygen demand,
a phenomenon which integrates years of pollutant
loadingand which may be expected to displaya “delayed
response” to loading changes. The retardation of lake
recovery by sediments is well documented for
phosphorus (cf. Welch 1992) and estimates of the time
course of recovery of polluted sediments have been
developed (Penn et al. 1995).
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Fall DO depletion in the UMT.

The relative contribution of the various oxygen
sinks to fall DO depletion in the UML of Onondaga
Lakeisillustrated in Figure 6. The period of evaluation
is essentially the period of entrainment - from the time
of maximum reduced chemical Species accumulation
inthe LML (i.e.late summer) until the time of. complete
turnover. During this period, reduced species oxidation,
algal respiration and vertical exchange account for
30%,25%, and 25% of the oxygen loss from the UML,
respectively, The remaining 20% is accounted for by
CBOD, NBOD, and hydraulic flushing in essentally
€qual proportion. Although “fast response” processes
(e.g.algal respiration) playa more important role here
than in the LML in Summer, “slow response”,
sediment-related phenomena, remain dominant, In
this regard, note (Figure 7) that both the oxidation of
reduced species in the UML and the vertical transport
of oxygen from the UML (consumed in reduced species
oxidation in the LML) ultimately satisfy an oxygen
demand originating in the sediment.
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Management Concerns

Elimination ofviolations of the surfacewater quality
DO standard associated with the fall depletion event
has been identified as an expected first response to
remediation efforts. A review of Figures 5-7 makes it
clear that “fast response” phenomena ( CBOD, NBOD
and algal respiration) do not play a dominant role in
mediating this phenomenon. It is unlikely, therefore,
that management actions aimed at reductions in
primary production through control of nutrient loads
willengenderany significant, immediate improvement
in the oxygen resources of the lake. Similar findings
were reported for Lake Erie by Charlton et al. (1993)
and DiToro and Connolly ( 1980).

Given that SOD and the attendant accumulation
of reduced species is the major factor dictating the
minimum DO at fall turnover, it is instructive to
investigate the relationship between lake management,
SOD, and the fall depletion phenomenon. The DO
model was utilized to develop a relationship between
SOD and the minimum fallDO (Figure 8). Dataadded
to that figure illustrate the mean minimum DOQ
associated with the present SOD, as well as the natural
variability associated with that value. From Figure 8, it
may be deduced thatan SOD on the order of 1.25 g0,/
m?/dwould be required toinsure that the 5 g/m*water
quality standard is met. Based on reports of annual
rates of primary production for lakes ofvarious trophic
states (Wetzel 1983), calculations of the fraction of
fixed carbon delivered to the sediment ( Nedwell, 1984;
Baines et al. 1994; N. Urban, unpublished data), and
determinations of the fraction of the sediment carbon
available for decomposition (Stromquist and Auer
1995), it is estimated that 3 mesotrophic lake would
exhibit an SOD over the range of 0.2-0.7 gO,/m?/d.
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Figure 8.-Relationship between SOD and the minimum UML DO
during the approach to turnover as calculated by the Onondaga Lake
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Thusmanagementstrategies seeking the establishment
of mesotrophic conditions in Onondaga Lake would
be expected to meet the surface water quality standard
for dissolved oxygen in fall. Model simulations of the
response of the lake’s oxygen resources to various
management alternatives are presented elsewhere in
this issue (Doerr et al. 1996b, Effler and Doerr 1996).

Sensitivity Analysis

Sensitivity analyses may be used to illustrate the
reliability of model predictionsrelative to acknowledged
uncertainty in model inputs and coefficients and to
naturalvariabilityin environmental forcin gconditions.
For example, sensitivity analysis indicated that uncer-
tainty in several features of the model (e.g. DO inputs
from tributary and point sources, carbonaceous BOD,
and methane ebullition) has little impact on model
performance and therefore does not merit further
attention (i.e. additional investi gation and quant-
ification).

Sensitivity analyses can also play a vital role in the
development of appropriate expectations for the water
qualityresponse to managementactions. Asan example,
we present the results of sensitivity analyses focusing on
DOin the UML during the fall depletion period, a time
when the surface water DO standard is often violated,
This phenomenonisa clear reflection of the degraded
conditions of the oxygen resources of Onondaga Lake
and remediation of the problem is a featured goal of
the lake restoration program. Model sensitivity to two
kinetic coefficients (k,, nitrification, and k., reduced
species oxidation), one model input of management
significance (SOD), and one environmental variable
(wind speed) is examined. Simulation results for the
calibration year (1989) are used as a basis for
comparison.

The coefficientsk_and kyswere selected for testing
because their values were determined through model
calibration rather than by direct measurement. Model
sensitivity was examined by setting k_at one-half and
double and k,, at + 50% of their values as determined
by calibration. Results of this analysis (Figures 9a and
9b) suggest that the model is only modestly sensitive to
variability in values for these coefficien ts, with predicted
DO deviating from the base case by <+ 1 mg/L.

SOD was selected for testing because it is, through
reduced speciesaccumulation and oxidation, the major
oxygen sink during the fall depletion period. SOD was
varied * one standard deviation of the experi-
mentally-determined value, yielding departures in DO
of+2g/m’® from the base case (Figure 9c). This analysis
serves to confirmand expand upon earlier conclusions

(cf. Figures 4b and 4d) that SOD is the management
variable of mostimportance to the oxygen resources of
Onondaga Lake. This finding further suggests that
additional refinements in estimates of SOD and the
development ofanimproved conceptual understanding
of the response of SOD to changes in trophic state are
merited,

Wind-driven energy inputs play a major role in
determining the reaeration rate, a key playerinrecovery
of the lake’s oxygen resources following depletion at
turnover. Sensitivity to variability in reaeration (Figure
9d), as governed bywind speed, was examined forwind
speed time series corresponding to the lower (average
wind =3.74m/s; 1971) and upper (average wind = 4.97
m/s; 1960) ten percentile values for a thirty-year data

14T-
12 1a) Nitrification Rete Constant, kn
—- base year (1989)

10+

(.
12+b) Reduced Sp Oxidation Rate, kRS

& kps — 50% '
61 !

1
kP\S + 50%

—_——

7 —

—

12 {c) Sediment Oxygen Demand, SOD,
10+

' I
- } }

Dissolved Oxygen in Upper Mixed Layer (

] d) Wind Speed’ U High avg wind year (1860)

/ Low ovg
wind year
(1971)

6 /‘r
41 Base year (1989) J
24— t —— ——

Sep Oct Nowv

Figure 9.-Sensitivity analysis describing the impact of uncertainty in:
a) nitrification rate, b) reduced species oxidation rate, ¢) SOD, and
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Lake for the September to November period.




Summary and Conclusions

A mechanistic, two-layer masg balance model for
ol

dissolved OXxygen in a hypereutrophic urban lake has

Tespiration, CBOD, NBOD, SOD and water column
oxidation of reduced species, Most model inputs,
inc!uding values for many kinetic coefficients, were
developed through an extensive program of field
Mmonitoring and field and Iaboratory experimentation,

The model was calibrated using data collected in

1989 ang verified using datg obtained the following

depletion iy, the UML in g occurs largely due to
Wate‘rcolumn reduced species oxidation (~30%), algal

dominate,
Sensitivity analyses suggest thag the character of
the DOresources of thelakeare importantly influenced

management, Application of the model for
management purposes will require specification of the
trophic state response to management actions (e.g.,
primary production and algal standing crop), linkage
of the rates of sediment oxygen demand and reduced
Species accumulation to primary production, and a
knowledge of the sensitivity of the system to natura]
variability in environmental conditions impacting DO
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