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ABSTRACT

Gelda, R. K, E. M. Owens and 8. W. Effler. 1998. Calibration, verification, and an application of a two-dimensional
hydrothermal mode! for Cannonsville Reservoir. Lake and Reserv. Manage. 14(2-3):186-196,

Thesuccessful testing of a two-dimensional hydrothermal/ hydrodynamic model, CE-QUALW2(1), for Cannonsville
Reservolr is documented. The model is calibrated to the detailed temperature data collected in the reservoir
{depthrprofiles atsix locations) over the April-November interval (weekly) of 1995, using comprehensive hydrologic and
on-site meteorological forcing data. Further, the frequency of current oscillations predicted for the lower layers matched
results of independent determinations made from thermistor chain deployments (two locations). The model is verified
through the successful continuous simulation of the observed thermal stratification regime of the reservoir for the
1988-1994 interval, a period in which wide interannual differences were observed related to variations in meteorology
and operations. The model performs well in simulating: 1) the timing of stratification and turnover, 2) the duration of
stratification, 3) the dimensions of the epilimnion and hypolimnion, 4) the temperature of the fayers, and 5} longitudinal
variations in these features. The tested model isapplied to characterize longitudinal transport of a conservative substance
input at the mouth of the principal tributary as a pulse event (e.g., spill).

Key Words: two-dimensional, hydrothermal/hydrodynamic model, model testing, current oscillations, thermal
stratification, temperature, conservative substance, tracer, CE-QUAL-W2,

Thermal stratification is common in deep lakes
and reservoirs in temperate climates (e.g., Hutchinson
1957, Wetzel 1983) and is an important metabolic
regulator of these systems, Features of stratification,
such asitsinterplay with mixing, vertical dimensions of
the layers, temperatures of the layers, and duration of
stratification, mediate the cycling of materials, primary
production, rates of biochemical reactions, and oxygen
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resources (e.g., Bowie etal. 1985, DiToroand Connolly
1980, Lam and Schertzer 1987, Martin et al. 1985,
Owensand Effler 1989, Powell and Jassby 1974, Wodka
et al. 1983). Dependence of varicus water quality
measures onstratification has been noted byanumber
of investigators (e.g., Effler 1987, Orlob 1983, Owens
and Effler 1989, Stefan et al. 1976, Stauffer and Lee
1973). Water motion and the features of stratification
inlakesand reservoirsare dependenton several factors,
such as basin morphometry (Ford and Stefan 1980)




d setting, hydrology, and most importantly,
meteorological conditions (Effler etal. 1986, Harleman
082, Owens and Effler 1989). Substantial year-to-year
variations in stratification are expected in temperate
climates as a result of natural variations in meteor-
ogical conditions (Effler et al. 1986). Reservoirs can
besubjectto even greater year-to-year variability because
of operational schemes (e.g., water supply and flow
augmentation demands) that can result in highly
dynamic hydrology and volume (e.g., Owens et al.
1998).
.. Models have been developed to simulate water
iotion and thermalstratification in lakesand reservoirs,
ch fundamental physical information is of inherent
nterest to lake and reservoir managers. However, the
greater utility of these quantitative tools has been as
submodels that serve as the physical building blocks of
water quality models (Harleman 1982, Martin 1988).
Hydrothermal models predict the water motion and
mixing that, together with source and sink (kinetics,
loadsand export) processes, determine the distribution
of constituents in a water body.
This manuscript documents the calibration and
verification of the hydrothermal component of
'CE-QUAL-W2 [Corps of Engineers, QUALseries model
“for 2-D water-bodies; Version 2.0; designated
- CE-QUAL-W2(t) hereafter],a two-dimensional model
- developed and maintained by the U.S. Army Corps of
" Engineers (Cole and Buchak 1995), for Cannonsville
“ Reservoir, NY, Owens (1998a) has documented the
calibration and verification of a one-dimensional
hydrothermal model for the lacustrine zone (Effler
* and Bader 1998) of the reservoir. The two-dimensional
model is successfully tested here for an 8-year period;
a particularly rigorous test of the framework because of
- itsduration and the wide range of conditions observed
- in the interval {Effler and Bader 1998, Owens 1998b).
* Additional contributions of this work include: 1)
presentation and demonstration of a protocol to im-
prove hydrothermal model performance when offsite
wind data must be used; 2) validation of temporal
features of the model’s performance in simulating
transport and mixing in the reservoir’s hypolimnion;
and 3) application of the tested model to determine
time-of-travel and dilution of hypothetical pulse inputs
from the mouth of the primary inflow to the water
supply intake(s), for a range of meteorological and
runoff conditions.

Cannonsville Reservoir

Cannonsville ReservoirisaY-shaped impoundment
(Fig. 1) located in Delaware County, NY, approximately
190 km northwest of NewYork City (NYC). The reservoir
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Figure 1.~Cannonsville Reservoir; inflow and outflow locations,
menitoring sites, and computntional grid for CE-QUAL-W2{t)model.

is owned by NYC and operated by the New York City
Department of Environmental Protéction (NYCDEP)
as a supply for drinking water for NYC and to augment
flowin the Delaware River downstream of th¢ réservoir.
Cannonsville Reservoir has a capacity of 3.63x10° m® a
mean depth {(when full) of ~ 19 m, and an avérage
flushing rate of 2.6 times'y* (Owens et al. 1998).
Waterleaves the reservoir by one of three pathways:
flow over the spillway, which occufs when the water
surface elevation (WSE) is above the crest elevation
(350.6 m, MSL); drinking water withdrawals; and
releases at the base of the dam to downstream por:
tions of the Delaware River. Drinking water withdrawal
occurs at a mid-reservoir intake structure (Fig. 1);
water can be withdrawn at depths of 10, 20:0r 37'm
below the spillway crest (the middle intake is miost
often used). The release works at th"é'd'_a_ip _c:dnsist_' of
several 2.2-m-diameter pipes, ata depth of about 45 m
below thespillway crest, NYCDEP continuouslymonitors
all three outflow pathways and WSE. NYC may meet the
downstream flow requirements with reledses from
Cannonsville, Pepacton, or Neversink Reservoirs.
The largest portion of the inflow reaching
Cannonsville Reservoir is from the West Branch of the
Delaware River {(WBDR; Fig. 1), which drains about
80% the impoundment’s watershed. Substantial
year-to-year and seasonal differences in the various
components of the reservoir’s hydrologic budget (e.g.,
WSE) occur, associated with variations in runoff and
operation strategy (Owens et al. 1998). Owens et al,
(1998) have reviewed the componentsof the reservoir’s
hydrologic budget for the period of operation and
developed a hydrologic model that maintains the
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requisite flow balance required for CE-QUAL-W2().

Cannonsville Reservoir is dimictic {Efflerand Bader
1998, Owens 1998b); it expertencesstratification during
Sumimer, turnover in fall andspring, andwinter ice-cover
(inverse thermal stratification under the ice). The
depth of the cpilimnion is rather shallow (e.g, ~6m);
thus, a relativelylarge portion of the reservoir’s volume
is isolated from the atmosphere during summer
stratification. Significant longitudinal differences in
thermal stratification only emerge soon after the onset
of stratification in spring and close to the onset of fall
turnover. Noteworthy lateral structure in stratification
hasnotbeen observed (Efflerand Bader 1998). Detailed
thermistor chain measurements in 1995 identified
dominant frequencies of current oscillation in the
reservoir’s lower waters {Owens 1998c). Empirical
analysis (Effler and Bader 1998) indicates that the
substantial year-to-year differences in the stratification
regime of the reservoir are influenced importandy by
interannual differences in reservoir operation. For
example, the duration of stratification was found to be
shorter in years of greater drawdown (low summer
average WSE; Effler and Bader 1998).

Cannonsville Reservoir is eutrophic (e.g., Effler
and Bader 1998), manifested as high standing crops of
phytoplankton, blooms of nuisance blue-green algae,
low clarity, and severe depletion of oxygen in the
hypolimnion. Substantial gradients in some of these
trophic state indicators prevail between the riverine,
transition, and lacustrine zones of the reservoir (Effler
and Bader 1998). Noteworthy differences in water
quality characteristics have not been observed along
lateral transects (Effler and Bader 1998). A two-
dimensional transport/hydrodynamic (sub)modelwill
be necessary to support simulation of the prevailing
longitudinal gradients in water quality. Available water
quality data for the reservoir do not support the need
for a three-dimensional transport framework for this
system (e.g., Effler and Bader 19983,

Modeling

Model DeSchptibn |

CE-QUAL-W2(t) uses laterally averaged two-
dimensional (vertical and longitudinal) equations of
fluid motion (Edinger and Buchak 1975). Inherent to
this framework is the assumption of uniform lateral
mixing in the cross channel direction. The basic
equations that describe horizontal momentum, free
watersurface elevation, hydrostatic pressure, continuity,
equation of state, and constituent transport (temper-
ature in this application) were presented by Edinger
and Buchak (1975). Six equations result in six
unknowns: water surface elevation, pressure, horizontal
velocity, vertical velocity, density, and temperature,
The exact forms of these equations, the pumerical
solution techniques and other auxiliary functions of
the model, are described by Cole and Buchak (1995),

The heat budget of the model includes terms for
¢vaporative heat loss, short- and long-wave radiation,
convection, conduction, and back radiation (Cole and
Buchak 1995). The model requires air temperature,
dew point temperature, wind, and cloud cover (or
directmeasurements of solar radiation). Inflow, inflow
temperature, and outflow from the lake /reservoir must
also be specified. CE-QUAL-W2(t) represents a water
body in the form of a grid of cells consisting of
longitudinal segments (see Fig. 1) and vertical layers.
The geometry of the computational gridisdetermined
by longitudinal spacing of segments (i.e., lengths),
vertical spacing of layers (i.e., heights), and average
crosssectionat widths. Certain features of the structures
regulating outflows [e.g., spillway length, depth of
water supply withdrawal(s), depth of dam cutlet(s)]
must also be specified.

CE-QUAL-W2(t) has several coefficients that may
be adjusted in the calibration process (Table 1). The

Table 1.-Coefficients in CE-QUAL-W2(t) for Cannonsville Reservoir application.

Coefficient Symbol Cannonsville
Reservoir Value

Longitudinal eddy viscosity A, 1 m? gt
Longitudinal eddy diffusivity D, 1 m?*s?
Chezy coefficient G, 70 m°S-g1
Wind sheltering coefficient W, 0.85
Fraction of incident solar radiation absorbed

at the water surface 045

Coefficient of bottom heat exchange

7x10° W-m2 o

5 o




of the coefficients for longitudinal eddy viscosity
usivity, Chezy coefficient, and wind sheltering
ctly affect hydrodynamics which in turn affect
oir temperatures. The other two coefficients,
e fraction ofincident solar radiation absorbed at the
urface and the coefficient for bottom heat
1ange, directly affect the heat budget,

je bpment of Model Inputs

‘Cannonsville Reservoirwas represented by 56longi-
al segments (Fig. 1) and 50 vertical layers,
nsistent with guidelines for defining the computa-
onal grid presented by Cole and Buchak (1995).
gmentboundanes were firstestablished ona contour
ap for the basin. Dimensions of the segments (in-
uding individual layers) were then obtained from
alysis of a digitized contour map of the reservoir
th ArcInfo® software. The lengths of the segments
ge from 417 to 1160 m, and widths range from 25
356 m. The layer thickness is 1 m.

Hydrologic inputs (inflows, outflows, WSE) to
QUAL-W2(t) were those incorporated in the
hydrologic model for the reservoir (Owens etal, 1998).
The WBDR (=80% of the total) and Trout Creek (=b%
of the total) inflows were input to their respective
gments (Fig. 1). The remaining small ungauged (or
direct) inflows (=15% of the total) were distributed
along the segments of the Trout Creek arm of the
servoir. Outflows from the reservoir via spillway,
‘dam-release, and withdrawal-works represented 40%,
32%, and 28%, respectively, of the total outflow from
the reservoir (Owens et al. 1998). All inflows and
‘outflows were specified as daily average values. These
flow time series represent the inflow and outflow
‘boundary conditions for the model.

- Temperature has been monitored bi-weekly near
the mouths of WBDR, Trout Creek, and Loomis Creek
(a minor tributary) since 1988. Daily inflow temp-
eratureswere determined byasimple empirical model,
based on air temperature (Effler and Owens 1986,
Owens 1998b). These tributary temperatures constitute
the inflow temperature boundary conditions for the
model. The most temporally detailed monitoring
database for reservoir temperature (profiles) was that
collected in 1995 (weekly April-November). Less
frequent (bi-weekly to monthly) data are available for
the 1988-1994 interval. Approximately the same six
monitoring sites (Fig. 1) were used in the 1995 study
and the earlier program, extending from near the
mouth of WBDR to the dam, and including astation in
the Trout Creek arm (Effler and Bader 1998). The
in-reservoir temperature profilesrepresentthe primary
basis to evaluate the performance of this hydrothermal
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model. A thermistor chain was deployed at site 1 for
about 6 weeks in 1995 to measure temperature fluc-
tuations at fixed depths over time. Details of those
measurements and related data analyses are presented
by Owens (1998c). Additionally, irradiance profiles
were collected at all six sites routinely it 1995, and the
values for the attenuation coefficient for downwelllng
irradiance (k , m') were calculated’ (Efﬂer etal; 1998)
To supportmodel testing, ame teorolog1cal station
was installed at the dam in November of 1994. This
station provided on-site hourly méasurements-of air
temperature, relative humidity,’ wind - speed and
direction, and total incident solar; radlauon I)ew-
point temperature was computed from :
humidity and air temperature accordmg to
etal. (1982). These meteorological data con:

Model simulations for the period. prior t0-1995 ‘were

supported by offsite meteorological data colle ctedata
NWS station at Binghamton, NY; located ~ 64 ki
northwest of the reservoir. Model sens:tmty analyses of
meteorological inputs indicated the prmcapalf

uncertainty in thermal stratification’ simulations is
associated with wind speed, and that systernatic deter-
iorationin model performance occurs when the offsite -
(instead of on-site) data are used to drive the mede}
The paired on-site and offsite wind data available for -

1995 were analyzed to develop reiationshlps &

the off-site wind data to better represent condmons'at -

the reservoir, No significant correlation was’ observed[
between paired hourlywind speeds (scalar); for th .
sites for the complete 1995 interval, however, daﬂy{
average wind speeds were well correlated (R =0.77;"
Fig.2a). There wassubstantialseasonality in the relation: .
ship; amonthly time segmentation was adopted for this
analysis. The value of R varied from 0.62t0.0.89 for the
12 months of 1995 {e.g., the relahonshlp for May 1995
is shown in Fig. 2b). These findings indicate: dally
average wind speed at the reservoir can be reasonably
estimated, with some adjustment (e.g:; F;g 2b) from
daily average wind speed measurements made at'
Binghamton. o

Wind inputs atahourly time step are recommended
to support accurate simulations with CE—QUAL—W?(t)
(Cole and Buchak 1995). Three dlsmbutlons were
developed from on-site 1995 data to specify variations
(1-hour time step) of wind speed within a day, for each
month (i.e., total of 36 distributions). The distributions
correspond to minimum, median, and maximum daily
average wind for each month (Fig. 2c). One of the
three distributions was selected, for any given day, for
which the observed daily average wind speed was closest
to the estimated daily average wind speed, and applied
to the estimated daily average wind speed to yield the
adjusted hourly wind speed input. The protocol for

e
surface boundary conditions requ1red by | the model.
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{a) Pariod of analysis: 1995
Wi =-0.844 + 0.744 W,
r2=10.595

(b) Period of analysis: May, 1995
W = -0.314 + 0.531 Wpg
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Cannonsville Reservoir site (m-s™)
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Figure 2.-Analysis of wind speed data for Cannonsville Reservoir
hydrothermal modeling: (a) comparison of dailyaveragewind speeds
at Binghamton NWS station and Cannonsville Reservoir (dam) for
1995, (b} evaluation of the relationship of daily average wind speeds
at Binghamton and Cannonsville Reservoir for May 1995, and (c)
hourlydistributions {within a day) of nermalized wind at Cannonsville
Reservoir for May 1995.

estimating the hourly distribution of wind speed at
Cannonsville Reservoir from measurements at
Binghamton is specified by the relationship

3 U
Ug, = {5,xU0, + b ) x =202 o
C,m,d9s

where, h=1,2,3, .... 24 hours; m = 1,2,3, .... 12 months;
d = distribution type; b_ and s_are the intercept and
slope of linear regression (e.g., Fig. 2b); U, = hourly
wind speed at the Cannonsville Reservoir site; U, =
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daily average wind speed at Binghamton airport;
U pmaes 204 U camags = hourly and daily average wind
speed at the Cannonsville Reservoir site for 1995
in month “m” for distribution “d” (e.g., Fig. 2c).
Wind directions were kept the same as observed at
Binghamton because temperature predictions were
found to berather insensitive to direction. A comparison
of air and dew point temperatures measured at
Cannonsville Reservoir and Binghamton for 1995
established that these parameters are essentially equal
at the twosites. Therefore, for model simulations of the
pre-1995 period, air and dew point temperatures
recorded at Binghamton airport were used. Incident
solar radiation for the pre-1995 period was estimated
from cloud cover internally by the model (Cole and
Buchak 1985).

Setup and Testing

The model’s autostepping algorithm (Cole and
Buchak 1995) calculates a maximum time-step, within
a specified range, based on hydrodynamic numerical
stability requirements and then uses a fraction of this
value for the actwal time-step. The minimum and
maximum time-steps used were 1sand 1 h, respectively.
The framework of CE-QUAL-W2(t) was modified to
accept independent specification of light extinction
coefficient (k,), instead of the internal calculation
from the water quality portion of CE-QUAIL-W2 (Cole
and Buchak 1995). The value of k, varies in time and
space in the reservoir (Effler et al. 1998), However,
model simulations were insensitive to these variations
[e.g., mostk, values were within the range 0.3 to 0.9 m™
in 1995 (Effler et al. 1998)]. Thus, a temporally and
spatially averaged value of 0.55 m™ was adopted for all
simulations.

The model was calibrated for the April-November
period of 1995. This interval was selected because of
the availability of: 1) the most temporally and vertically
detailed temperature data for the reservoir, 2) on-site
meteorological data, and 3) current and thermistor
chain measurements (Owens 1998¢). The values of the
model coefficients adopted (Table 1) correspond to
the “default” values {Cole and Buchak 1995), These
“default”valuesareappropriate foranumber of systems
(Bath and Timm 1994, Dortch and Boyt 1983, Martin
1988), and are recommended by Cole and Buchak
(1995). The calibrated modelwas thenverified (i.e., no
change in coefficients from calibration values) for the
1988-1994 interval, as a single continuous simulation.
This represents an especially rigorous testing of the
model, as it includes rather wide ranges of forcing
conditions, A particularly wide range of hydrologic
conditions and WSEs are included in this interval (see
Owens et al, 1998).




valuation of Model Performance

Model performance was evaluated both quali-
atively and quantitatively. Salient features of the
tratification regime on which model simulations were
evaluated include: 1) the timing of the onset of
tratification in spring and turnover in fall, 2) the
duration of stratification, 8) the dimensions of the
atified layers (e.g., epilimnion and hypolimnion),

 the temperatures of the stratified layers, 5) the
erall temperature differences in the water column,
and 6) the frequency of current oscillations in the
ower stratified layers. These features of the hydro-
dynamics and hydrothermal regimes are described for
e reservoir by Owens (1998Db).

© The quantitative basis of evaluating model
_ performance adopted was the “root mean square error”

- (RMSE) statistic (e.g., Thomann 1982), calculated
- according to:

N
,El(xi,om - Xi,prd)2
RMSE =Y —
N (2)

where, N = number of observations, X, , = observed
- value of ith observation of parameter X and X, |
predicted value of ith observation of parameter X
- RMSE is statistically well behaved and is an indicator of
theaverage error between observationsand predictions.
Generally, a lower RMSE implies a better model fit to
observations,

Model Performance

The performance of CE-QUAL-W2(t) is evaluated
in four different formats: 1) as individual thermal
profiles in time and space, 2) as time plots of selected
features of the thermalstratification regime thatdepict
seasonality, 3) as the major frequencies/periods of
oscillations of bottom currents, and 4) as summary
statistics that represent a feature of the stratification
regime for a major part of the year.

Mid-month predictions of thermal stratification in
1995 matched well the measured profiles from site 4
(Fig. 3). The RMSE (calculated from observationsatall
sites forall days of sampling) value for 1995 was 1.17°C.
The simulations track the progression from essentially
spring turnover (e.g., Fig. 3a) to peak summer
stratification (e.g., Fig. 3d and ¢), the subsequent
deepening of the epilimnion (e.g., Fig. 3f) and onsetof
nearly complete fall turnover (e.g., Fig. 3g). Timing,
temperatures, and dimensions of the layers are
simulated well, Note the progressive lowering of WSE
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Figure 8.-Calibration of CE-QUAL-W2(1) to observatlons in

Cannonsville Reservoir for 1995 at site 4; as. bemperature pmﬁles .

(a) April 18, (b) May 16, (c) June 13, (d) ]u!y 18 {e) August 15
(D) September 12, and (g) October 10. .

that occurred during the cahbratlon penod (Fig. 8.
The relanveiy thin stratified layer that persisted at the N
reservoir bottom in early fall has been attributed toan’
underflow, made more dense by the lower (relative to
the reservoir) temperature of the WBDR during this
interval (Owens 1998c). Thoughunderﬂows/mt rﬂows S

are accommodated by the framework; they

focus of this model testing effort, because:the Iihenom- | _. '
‘the ré 'rvozr s RS

enon did not play a promment role i
stratification regime,

Alternatively, model performance in 1995 is! eval-'_{-j- SRS
uated through compansonofurnesenesofo enratlons_.'._ o
and simulations of epilimnetic and hypolimnetic’ =~
volume-weighted temperatures. Model'perfofmance s

the epilimnion, and the progresswe heaung of{_the-_._ ._ -
hypohmmon Again the high performance fthe model?:-_: _

dimensional capab111ty is shown, as certam.dlsparate o
features of the stratification regimes of these’ two sites -

are faithfully captured, for éxample, ‘th

heating in spring and shorter duration of: ttat:ﬁcahon' 5

).

at site 6 (Fig. 4b) compared to site 1(

A more detailed representation of- the two-_"-:'j
dimensional (longitudinal) performance ofthe model o

is presented for a single day in 1995 (May 9) by-

comparison of the simulated and observed profilesfor -
each site (Fig. ba-f). This date was: “chosen because :

longitudinal gradlents in thermal charactensttcs were
most pronounced in spring (and’ fall); when' temper—
ature differences between the air and the reservoir,
and WBDR and the reservoir, were greatest The extent
of longltudmai differences on this date is dramatlzed
by the comparison of the simulations for the various
sites on a single plot (Fig. 5g). The model performed
wellin simulating the longitudinal structure in thermal
stratification in the reservoir on May 9, 1995 (Fig. 5), as
wellas on other days of the calibration period (e.g., Fig.
4a and b).

Transport and mixing in the hypolimnion of lakes
and reservoirs are strongly influenced by motion

£
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Figure 4.—Calibration of CE-QUAL-W2(t) to observations in
Cannonsville Reservoir for 1995, as time series of epilimnetic and
hypolimnetic temperatures: (a} site 1, and (b) site 6,
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associated with internal waves or seiches (Fischer etal,
1979). Spectral analysis {(see Lemmin and Mortimer
1986) of a time series of temperature measuremenis
made in the reservoir hypolimnion at site 1 depicted
the presence of characteristic periods of oscillation
associated with internal waves (Fig, 6; see Owens 1998¢),
These periods were 43 h and in the range of 14to 17 h
(Fig. 6). CE-QUAL-W2(t) was used to predict variations
in hypolimnetic temperatures at this same location for
the period of deployment of the thermistor chain. An
analysis of the predicted time series of temperature
yields a spectra (Fig. 6) with very similar characteristic
periods. This analysis indicates that CE-QUAL-W2(1)
captured the characteristics of water motion which

Temperature (°C) )
01020 0 1020 0 1020 ¢ 1020 0 1020 0 1020 ¢ 10 20 30
3 et e e e L
E
= 340 4
2
&
o 330 i ]
i 05/05/95
{ {b) & (e) 4] {9
320 Site-1 Site-Z Site-d Site-s Site8 | | All Sites

Figure 5.—Calibration of CE-QUAL-W2(t) to observations in
Cannonsville Reservoir for 1895, as temperatare profiles for six
longitudinal sites: (a) site 1, (b} site 2, (¢) site 3, (d) site 4, (e) site 5,
(f) site 6, and (g) simulations for all sites.

influence transport and mixing in the hypolimnion of
the reservoir,

Modelverification is demonstrated by comparisons
of simulations to selected monthly profiles at site 4 in
1994 [Fig. 7(a-g) 1. Further, the benefit of adjusting the
offsite wind measurements made at Binghamton,
described previously {e.g., see Fig. 2), is demonstrated
(Fig. 7). As observed for the calibration year (Fig. 3),
the simulations of 1994 track well the vertical and
seasonal character of the thermal stratification regime
of the reservoir (Fig. 7). Systemaltic improvements in
model performance were achieved by the wind adjust-
ment protocol (e.g., Fig. 7); specifically, the “global”
RMSE value of the verification simulations (i.e., offsite
wind data with adjustment) was 1.70 °C, compared to
the higher value of 2,26 °C obtained with the use of the
unadjusted offsite Binghamton wind data.

Verification over the entire 1988-1994 interval is
demonstrated for site 1 of the reservoir by the com-
parison of the time series of the continuous simulation
of epilimnetic and hypolimnion temperatures to the
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Figure 6. Spectra of time series of temperature in the hypolimnion
of Camnonsville Reservoir in 1995: measured (Owens 1998a} and
predicted by CE-QUAL-W2(t).
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igure7 ~Verification of CE-QUAL-W2{t) for Cannonsville Reservoir
 For 1994 at site 4, as temperatures profiles: (a) May 9, (b) June 13,
c): July 11, (d) August 8, () September 12, (f) October 11, and
g} November 14, Comparison of model performance using ad-
iisted and unadjusted wind speed data collected at Binghamton.

_observations (Fig, 8}, Thevarious features of the regime
‘= timing of turnover, duration of stratification, and
mperatures of the layers — were well simulated in all
-years (Fig. 8; range of RMSE = 1.37 °C 10 1.70 °C). The
“heat budgets of the epilimnion tended to be more
-accurately simulated than for the hypolimnion. Note
‘that the temperature of the hypolimnion remained
older in 1994, a year in which there was relatively
~modestdrawdown, compared to 1995, in which amajor
* drawdown was experienced (Owens et al. 1998). The
nextlongestsuccessful simulation with a hydrothermal
“model we are aware of is that presented by Owens and
/Effier (1996) for Onondaga Lake, NY (6 years).

. Themodel performed well (1?=0.64) insimulating
“the observed year-to-year differences in the duration of
' summer stratification (e.g., site 1; Fig. 9). Some of the
“unceriainty in this feature of the model’s performance
s attributable to monitoring frequency (Fig. 9). This
feature of the stratification regime has importantwater
quality implications, particularly with respect to the
oxygen resources of hypolimnia (Lam and Schertzer
1987, Martin etal, 1985). The duration of stratification
isinfluenced by meteorological conditions (e.g., Effler
etal, 1986), but more important for this reservoir is the
extent of drawdown. For example, the duration of
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stratification is shorter in years in which greater
drawdown is experienced (Effler and Bader 1998},

A Model Application' |

System response to contammantspﬂls 1nwatersheds-
is a ubiquitous concern to managers of water. supply-
reservoirsand lakes. Importantfeatures of the response. :
include: 1) the time of travel from the watershed to. .
water supply intakes, 2) peak contaminant concen—--
trations (e.g., maximum risk) at the intakes; 3) t i
course of contaminant concentrations at the ;ntakes. L
{e.g., duration of risk}, and 4) the vertlcal distnbutmn o
of the contaminant. Reliable 31mulat10ns of system__'_
responses may serve to guide effecnve management. .
action, such as the timing for use of alternate supphes;- :
or modifications in operations to seiecuvely dis 'harge; -
or avoid (e.g., depth of water supply withdrawal) the-
contamination. Here we demonstrate the apphcauon_ L
of the two-dimensional hydrothermal/hydrod /namic
model to preliminarily address the response char-.
acteristics of Cannonsville Reservoir ‘to 're"ent-loads
(e.g.,
application emphasizes the long1tudmal capabﬂmes of -
the model, similar to river “spill” models (see Chapra-:

1997}, though vertlcal dlstnbuuon is also sunulated

character of the spill (iming, quantlty) 2) the eacu iy,
{e.g., kinetics) of the contaminant, 3) the densuyof the
inflow carrying the spill (e.g., overflow, underflow;
interflow), 4) the magnitudes of the mﬂowand reservoir e
volume, 5) prevmhng features of densuy stmnﬁcauon -
in the reservoir, 6) reservoir operation durmg thespill,
and 7) prevailing meteorology. No effortis’ made here:
to exhaustively analyze all these mteractlons Instead
we analyze two scenarios that may bracket many of the
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Figure 8.—Comparison of observed and predicted epilimnetic and hypelimnetic temperaturesat site 1 of Cannonsville Reservoir for the period

spills) of an undefined contaminant. This
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Figure 9.Comparison of observed and predicted duration of
stratification in Cannonsville Reservoir, at site 1, for 1988-1995.
Individual years identified by the last two digits; equivalence line
included. Error barsrepresentuncertaintyin observations associated
with monitoring frequency.

possibilities for this system, one corresponding to a
rather full reservoir case (1994) and the other a major
drawdown case (1995), to demonstrate this form of
application of the tested model and depict the general
character of response to be expected for this reservoir,

One hundred metric tonnes of conservative
contaminant “X” was spilled into the mouth of WBDR,
atBeerston (Fig. 1) fora 2-day period {e.g.,square wave
input load; Thomann and Mueller 1987), over the
period May 20-22 (e.g., beginning of stratification
period). The WBDR tends to be warmer than the
surface waters of the reservoir during that interval and
thusbecomesinitiallyincorporated into the epilimnion,
Concentrations of contaminant “X” just downstream
of the spill were established by the WBDR flow; the
concentrations in the WBDR mouth for the 1994 and
1995 cases were 34 and 80 mg-L, respectively, Hydro-
logic and meteorological conditions measured in 1994
and 1995 were specified.

Simulations for the two cases are presented for the
three water supply intakes for the May-November
interval (Fig. 10aand b). Several noteworthy differences
in the reservoir’s response to a spill are predicted for
the full versus drawdown cases. In less than 1 week
following the spill, concentrations of contaminant “X”
are predicted to increase at the upper (10 m below
spillway) intake for the 1994 case, whereas the response
time is more than 2 weeks for the lower inflow/ greater
drawdown case of 1995. Peak concentrations are
predicted at the upper intake by about mid-July for

both cases. Thelower (~0.5X)} peakvalue for the nearly
full reservoir case of 1994 reflects the influence of
greater dilution associated with the greater inflows and
reservoir volume. Increases at the deeper intakes are
delayed for both cases because of the limited isolation
offered by the attendant density stratification.
Progressive increases are predicted at the two deeper
intakes, with the response being the most delayed at
the deepest intake (37 in below spillway). These
increases are mediated by vertical mixing-based inputs
from the overlying contaminated epilimnion, Con-
taminant “X” concentrations are predicted to converge
for the upper and middle intakes by late August, under
1994 conditions (Fig. 10a; drawdown of only ~ 2m),
associated with the deepening of the upper mixed layer
at that dme. The subsequent temporary inversion
(Fig. 10a; middle intake concentrations > upperintake
concentration) was driven by a major runoff event that
had a diluting effect at the depth of the upper intake.
The predicted concentration decreases at the upper
intake for 1995 conditions from mid-August to early
September (Fig. 10b), associated with dilution from
mixing with underlying layers. The termination of the
simulation for the upper intake in early September
(Fig. 10b) corresponds to the WSE dropping below this
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Figure 10.-Time response of Cannonsville Reservoir at the water
supply intakes to a 100-metric-ton spill of conservative contaminant
“X” for two {combined) hydrolegy/meteorology cases: a) 1994, and
b) 1995.




u()n The differencesin the timing of convergence
shcentrations at the bottom intake with values at
erlying intakes are largely driven by inter-annual
ifferences in the extent of drawdown of the reservoir,
' onvergence was predicted for early November for the
994 case (Fig. 10a) versus mid-September for the 1995
(Fig. 10b). The stronger decreases predicted in
ober and November in 1995 reflect the much
gher inflows (i.e., dilution) in thatinterval compared
. 1994.

Certain features of thisspill analysis may have value
for reservoir managers. Contaminants spilled near the
uth of WBDR could reach the upper intake in
raldays (e.g., highrunoff/full reservoir conditions).
NYCDEP’s existing practice of taking water primarily
om the middleintake offersan extralevel of protection
with respect to response time to spills, Yet greater
avoidance of contaminant spills would be offered by
the deepest intake, under the conditions addressed in
this analysis. The analysis of a wider range of spill
scenarios would doubtless yield additional insights for
managers of this system.

Summary

The credibility of the hydrothermal /hydrodynamic
portion of the two-dimensional simulation model
CE-QUAL-W2(t) has been rigorously tested for
application to Cannonsville Reservoir, The model was
calibrated to the comprehensive temperature data set
"collected at the reservoir over the April-November
interval of 1995, using detailed hydrologic and on-site
meteorological forcing data. Further, the frequency of
current oscillations predicted for the lower layers
matched independent determinations made in 1995,
. The model was verified through the successful contin-
uous simulation of the varied thermal stratification
regime observed for the reservoir over the 1988-1994
interval, using off-site meteorological data. The model
accurately simulates all the important features of the
stratification regime of the reservoir. Thus the model
may be used to evaluate related managementissues for
the reservoir, including the effects of reservoir oper-
ation, manifested in the stratification and mixing
regimes of the reservoir and the temperatures of its
outflows, Further, the modelrepresents an appropriate
transport framework to support a water quality model
intended tosimulate conditions temporallyin both the
vertical and longi-tudinal dimensions [i.e.,
two-dimensional water quality model(s) ]. The potential
management utlity of the model is demonstrated
through a preliminary appli-cation that depicts the
response of the reservoir at the water supply intakes to
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a hypothetical spill of a conservative contaminant at
the mouth of WBDR, for 2 years of disparate hydrology
and operation.

References

Bath, A.J. and Timm, T. D. 1894. Hydrodynaric simulation of water:
quality in reservoirs of South Africa, Commlssxon Internanonal
Des Grands Barrages, (.69 R. 39, P, 625-633." e

Bowie, G, L., W. B. Mills, D. B. Porcella, G I... Campbel! _] R.
Pagenkopf, G. L. Rupp, K M. Johnson; P.' W.: H.'Chan; S: As
Gherini and C. E. Chamberlin. 1985. Rates; constants, ‘anid

kinetic formulations in surface water quality modeling (Second

Edition). EPA/600/3-85/040, United States:Environmental
Protection Agency, Environmental Research Laboratory, Athens, :
GA 30613. g
Chapra,S. C.1997. Surface Water Qua!:tyModehng The
Companies, Inc., NY. ; e
Cole, T.M.and E. M. Buchak. 1995. CE-QUAL—W? Atwodlmensmnal :

laterallyaveraged, hydrodynamicand water qualltymodel Version:
2.0 (June 1995), User Manual, 1.5. Army Corps of Engmeers,:

Waterways Experiment Station, Vicksburg, MS 39180:6199;
Dortch, M. 5. and Boyt, W. L. 1983. Simulating advectxve transport in:

reservoirs. In: Proceedings of the Conferetice on Frontiers in -
Hydraulic Engineering, H.T. Shen (edltor) 912 August 1983,

Hydraulic Division of the American Society of Civil Engineers in

conjunction with Massachusetts Institute of Technology and the '

Boston Seciety of Civil Engineers. Cambridge,

DiToro, .M. and ], P. Connolly, 1980, Mathemiatical models ofmter _
quality in large lake, Part 2: Lake Erie; USEPA. Enwronmental:

Research Laboratory, EPA-600/380-065, Duiuth MN:

Edinger, ]. E. and E. M. Buchak, 1975. A hydrodynamlc, two- -

dimensional reservoir model; The comutational basis. Prepared
for U.5. Army Engineer Division, Ohio River, _Cmcmnatl, OH.

Effler, S. W. and A, P. Bader. 1998, A limiiological ‘analysis of
Cannonsville Reservoir, NY. Lake and Reserv Manage 14(2 3)
125-139,

Effler, 8. W. and E. M. Owens. }986 The densny of mﬂows to
Onondaga Lake, USA, 1980 and 1981 Water Alr Sml Pollut
28:105-115.

Effler, 5. W., E. M. Owens, K A. Schimel andj Dobl 1986 Weather‘
based variations in thermal stratification. J. Hydr Eng ASCE
112:159-165.

Effier, 5. W. 1987. The impact of a chlor-alkali plant on Onondaga
Lake and adjoining systerns. Wat. Air Soil Pollut. 35:85.115;

Effler, 5. W., M. G. Perkinsand D. L. Johnson. 1998. The opucalwater
quality of Cannonsville Reservoir: spatial and temporal patterns,
and the relative role of phytoplankton and morgamc mpton
Lake and Reservoir Manage, 14(2-3):238-253, "+ 0

Fischer, H. B., E. J. List, R. G Koh, }. Imberger andN H. Brooks
1979. Mixing in inland and coastal waters, Académic Press, NY.

Ford, D. E. and H. G. Stefan. 1980, Thermal predictions using
integral energy model. J. Hydro. Div. ASCE 106:39-55.

Harleman, D. R. F.1982. Hydrothermal analysis of fakesand reservoirs.
. Hydrautics Div. ASCE 108:302-325.

Hutchinson, G, C. 1957. A treatise on limnology. Vol. I. Geography,
physics and chemistry. John Wiley and Sons, NY.

Lam, D. C. L. and W. M. Schertzer. 1987, Lake Erie thermocline
model results: Comparison with 1967-1982 data and relations to
anoxia occurrences, . Great Lakes Res. 15:757-769.

Lemmin, U. and €. H. Mortimer. 1986. Tests of an extension to
internal seiches of Defant’s procedure for determination of surface
seiche characteristics ofreal lakes. Limnol. Oceanogr. 31:1207-1231.

Linsley, R. K, M. A. Kohlerand . L. J. Pauthus. 1982, Hydrology for
engineers. 3rd Ed. McGraw-Hill, NY.




.‘Environ: Eng. ASCE 114(2):317-336,

5.C, 5. W Effler, ]. V. DePinto, F. B. Trama, P. W. Rodgers,

= J- Dobi and M. C. Wodka. 1985, Dissolved oxygen model for a

dynamic reservoir. J. Envir, Eng. Div. ASCE 111:647.664,

Orlob, G- T, 1983. Cne-dimensional models for simulation of water
qualityoflakesandreservoirs (Chapter 7). Mathematical modeling
of water quality: streams, lakes, and reservoirs. fa: G. T. Orlob
(ed.). Wiley and Sons, NY.

Owens, E. M. 1998a. Development and testing of one-dimensional
hydrothermal modeis of Gannonsville Reservoir, Lake and Reserv,
Manage. 14(2-3):172-185.

Owens, E. M. 1998b. Thermal and heat transfer characteristics of
Cannonsville Reservoir. Lake and Reserv, Manage. 14(23):152-161.

Owens, E. M. 1998c¢. Identification and analysis of hydrodynamicand

Reserv. Manage. 14(2-3):162-171.
Owens, E. M. and S. W. Effler. 19809, Changes in stratification in
Onondaga Lake, New York, Wat. Resour. Buil. 25:587.5¢7.
Owens, E. M, and S, W. Effler. 1996, Modeling the impacts of 2 proposed
hypolimnetic wastewater discharge on stratification and mixing in
Onondaga Lake. Lake and Reserv. Manage. 12(1):195-206.

" GELDA, OWENS AND EFFLER

pPlication of two-dimensional water quality

transport characteristics of Cannonsville Reservoir, Lake and -

Owens, E. M., R. K Gelda, S. W. Efffer and J- M. Hassett, 1998,
Hydrologic analysis and model development for Cannonsville
Reservoir. Lake and Reserv. Manage. 14(2-3):140-151,

Powell, T. A. and A. Jassby. 1974. The estimation of vertical eddy
diffusivitles betow the thermocline in lakes. Wat. Resour. Res.
10:191-198.

Stauffer, R. E.and C.F. Lee. 1973. The role of thermocline migration
in regulating algal bloom. P. 78-82. In:E. J. Middlebrooks, D. H.
Falkenborg and T. E. Maloney (eds.) Ann Arbor Science Co.,
Ann Arbor, ML

Stefan, H., T. Skoglund and R. 0. Megard. 1976. Wind control of
algae growth in eutrophic lakes, J- Envir, Eng. Div. ASCE
102:1210-1213.

Thomann, R. V. 1982, Verification of water qualitymodels. ]. Environ,
Eng. ASCE 108:723-940. .

Thomana, R. V. and J. A. Mueller. 1987. Principles of surface water
quality modeling and control. Harper & Row Publishers, NY,

Wetzel, R. G. 1983. Limnology. Saunders Publishing, Philadelphia,
PA,

Wodka, M. C,, 5. W. Effler, C. T. Driscoll, 8. D. Field and 8. P. Devan,
1983. Diffusivity-based flux of phosphorus in Onondaga Lake. ].
Enviren, Engr. Div. ASCE 109:1403-1415,




