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ABSTRACT

Owens, E. M. Identification and analysis of hydrodynamic and transport characteristics of Cannonsville Reservoir, Lake
and Reserv. Manage, 14(2-3):162171.

A monitoring program consisting of regular observations of temperature and condu ctivity in the tributaries to and
water column of Cannonsville Reservoir from April through November of 1995 is described. The results are analyzed in
order to identify and quantify transport processes that affect the distribution of heat and mass constituents, The low

- - temperature of the major reservoir tributary relative to reservoirsurface waters in late summer and fall is o hserved to cause
-+ aplunging inflow or negatively-buoyant density carrent in the reservoir, although evidence is provided thatthe plunging
.5 inflow is not the cause of the observed metalimnetic oxygen minima. A seasonal increase in the specific conductivity of
5 thié major tributaryin summer createsa longitudinal gradientin conductivityin the epilimnion of the reservoir. A simple
" analytical model is used to estimate the longin:dinal dispersion coefficient in the epilimnion over the summer based on
-/ this conduetivity gradient, High-frequency observations of temperature using thermistor chains deployed late in the
‘summer stratification period indicate the presence of internal waves in the stratified layers of the reservoir. Current
measurements indicate the occurrence of episodes of current speed of a magnitude sufficient to cause sediment re-
suspension. The application of hydrothermal models to the reservoir to supportwater quality management is discussed.

Key Words: inflow mixing, vertical transport, hydrothermal model.

The spatial and temporal distribution of temper-
ature and dissolved or suspended mass constituents in
areservoir isregulated by both physical and biochemical
processes. The biochemical processes describe the
cycling of materials through various forms in the water
columnand perhaps the underlyingsediments (Chapra
1997). The physical processes describe the transport of
heat and mass constituents through the water column
and at the sediment-water interface. Under the tur-
bulent flow conditions which exist in reservoirs, the
quantities describing the movement (velocity) and
mixing (diffusion or dispersion coefficients) are the
same for heat and all mass constituents (Fischer et al,
1979), with the exception that settling velocities and
resuspension characteristics of particulate materials
may vary.

The basic transport characteristic of water velocity
may be measured with current meters or drogues.
However,amore usefulmeasure of large-scale transport
is the movement of tracers. Away from the influence of
heat transfer at the water surface, temperature may be
usedassucha tracer, particularly in the study of vertical
mixing under the conditions of thermal stratification
(Fischer et al. 1979), High-frequency temperature
observations can also indicate the presence of motion
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associated with internal waves (Lemmin 1987).
Alternatively, dissolved solids or salinity may be used as
a tracer if spatial gradients in these constituents are
present. Of course, both temperature and dissolved
solids affect water density, and density differences
between reservoir and tributary waters may result in
buoyancy-driven water motion and transport (Fischer
et al. 1979, Ford and Johnson 1983). A monitoring
program which includes selected physical measure-
ments of temperature, dissolved solids, and water
motion allows important transport processes to be
identified and quantified,

Here I describe the occurrence and magnitude of
selected transport characteristics of Cannonsville
Reservoir that were identified from a monitoring pro-
gram conducted from April through November of
1995. The program included observations of tributary
and reservoir temperature and conductivity, outfow
temperatures, and currents. The observationsdescribed
here were a part of a larger program that was designed
to support the development of hydrothermal and
eutrophication models for the reservoir. The analysis
of the monitoring data provided here serves both to
describe the spatial and temporal dynamics of the
observations, and to identify potentially important




derlymg physical processes that should be included
analyzed in hydrothermal models of the reservoir
Owens 1998b, Gelda et al. 1998). These models are
esigned to provide a quantitative linkage between
rologic, meteorologic, and reservoir operations
onditions, and the resulting dynamics of water tempet-
tire and transport processes in the reservoir. These
1odels may then be used in the analysis of water
juantity and quality management alternatives.

- Cannonsville Reservoir is a water supply and flow
ugmentalnon impoundment owned and operated by
wYorkC1tyDepartmentofEnwronmentalProtecuon
NYCDEP). Atfull capacity the reservoir has mean and
--'rﬁaxunum depths of 19 and 50 m, respectively. Two
‘major tributaries, the West Branch of the Delaware
River (WBDR) and Trout Creek (TC) enter the two
arms” of the long, narrowbasin (Fig. 1). Reservoir out-
“flow occurs in three forms: over a spillway located
-adjacent to the dam (spill), through release ports
“located at the base of the dam (release), or through
‘one of three drinking water intake structures (Fig. 1)
that are located at different elevations (withdrawal).

Methods

Temperature and conductivity were measured
weekly at six sites in the reservoir (Fig. 1) from April
through November of 1995, a total of 37 dates, Measure-
ments were made at 0.5 m depth intervals. In addition,
temperature and conductivity sensors were deployed
ata depth of 0.5 m at sites 1 and 4 (Fig. 1), recording
atan hourly frequency, from 11 April until 9 Gctober.
The temperature and conductivity of WBDR and TG
inflows were monitored with deployed temperature
and conductivity sensors recording at an hourly
frequencyon 101 and 129 days during the April-October
period for WBDR and TC, respectively. In addition,
single biweekly daytime temperature and conductivity
measurements were made at the tributary mouths. All
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Figure 1.-Map of Cannonsville Reservoir, showing location of dam

and drinking water intakes, major tributaries, reservoir monitoring

sites, and tributary menitoring sites.
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conductivities were corrected to 25 °C. In order to
quantify the effect of temperature and conductivity on
water density, an equation of state that relates density
to temperature and total dissolved solids (7DS)
concentration was used. TDS is computed from
temperature-corrected conductivity using the empiricai
relationship 7DS =0.64C where C is the conductmty
(umhos-cm?) corrected to 26 °C. SR
Reservoir water surface elevataon and the ral:e of
each form of reservoir outflow are recorded as daily
averages by NYCDEP. The temperature ofwater released
from the base of the dam is measured:in’ th. __:__rlver
channel 2.4 km downstream of the dam. Thé_ emper—
ature of the drinking water withdrawal is measured
from sampling taps that lead from- each of thé three
intakestructures, Ameteorologlcaistatlonwas mstalled
at the Cannonsville Dam throughout: 1995, Among_
other quantities, wind speed and d1r ctiod
measured at an hourly interval.:
Thermistor strings (Aanderaa Mode 2862) and
associated data loggers (Aanderaa Model TR7) were
installed at sites 1 and 4 (Fig: 1) for the.period. 13
September to 10 October. At site 1, elght therrmstors
located over a depth range from 1.3 16:18.8 m, ata
uniform interval of 2.5 m were deployed Atj site: 4,
11 thermistors over depth from 1.3 0 18.8 mata uniform
interval of 1.25 mwere used. The therm]stor chams were
suspended from surface buoys; so that the position of
the thermistors relative to the changmg water surface
elevation remained fixed. At both sites, temperatures
wererecorded every 10 minutes. Currentmeters (Endeco
Model 174) were also deployed for thé same period and
at the same sites as the thermistor strings. The cutrent
meterswere moored from bottomanchors and remamed
atafixed elevation, butvariablte depth below the changmg
reservoir water surface elevation, “over the penod of
deployment. Atsite 1, the current meter was located at.
elevation $23.0m, or 10 m above the bottom, thIe atsite
4 the meter was located at elevation 323 6 m, or 2 5 m
above the bottom at thatlocation. .. sl

Results

Significant reservoir drawdown occurred in 1995
(Fig. 2) as aresult of low tributary inflow and sustained
reservoir withdrawal and release through the spring
and summer (Owens etal. 1998). The large drawdown
resulted in a relatively early fall turnover in the first
week in October (Owens 1998a). Thermal stratification
was observed in the reservoir (Fig. 3), and vertical
variations in conductivity were also detected. However,
the contribution of conductivity to vertical variation in
water density was very small, so that for practical
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Figure 2.-Selected reservoir characteristics for 1995: (3} watersurface
elevation; (b) thermocline elevation; and (¢c) neutral buoyancy
elevation of WBDR inflow.

purposes water column variations in density can be
determined from temperature only. The average and
maximum density differences over the water column at
site 1 associated with top-bottom differences in 7DS
were 0.0036 and 0.028 kg m?, respectively, These levels
are quite small relative to the total density difference
(Fig. 3).

The relative temperature of tributary and reservoir
surface waters varied seasonally, with WBDR and TC
being warmer in spring and cooler from mid-summer
through fall (Owens 1998a), resulting in a seasonal
density difference (Fig. 3). Variations in conductivity
also existed between tributariesand the reservoirsurface
(Fig. 4), but again the contribution of conductivity to
variations in density is negligible. This allows conduc-
tivity (or TDS) to be used as a passive (not affecting
water motion through buoyancy effects) tracer in the
reservoir,

Variations in the relative density of tributary and
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Figure 3,-Density of reservoir and tributary waters: (a) difference in
density between bottom and surface waters of reservoir at site 1; (b}
density of reservoir surface atsite 4, and of WBDR; and (¢) difference
indensitybetween WBDR and site 4 surface on daysthat temperature
measurements of both waters were made.
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Figure 4.—Variation of conductivity during 1995: (a} West Branch
Delaware River and Trout Creek; (b) surface and bottom at site §;
(c) surface and bettom at site 5; (d) surface and bottom at site 4; (e)
surface and bottom at site 2; (f) surface and bottom at site 1. The
plots from reserveir sites also indicate the observed occurrence of
fall turnover (vertical homegeneity in temperature) at each site,

reservoir surface waters indicate that a seasonal shiftin
the inflow mixing regime occursin the reservoir. When
the tributary is less dense than reservoir surface waters,
a buoyant overflow occurs, so that tributary inflow is
mixed directly into the upper mixed layer of the
reservoir (Ford and Johnson 1988, Alavian etal. 1992).
When the tributary is more dense, a plunging density
current forms, where the negatively-buoyant tributary
waters flow down the submerged river channel as a
relatively distinct current, until its density is equal to
thatof the reservoirwater column ata particular depth,
at which point an interflow occurs and the tributary
inflow effectively enters the reservoir water column
{(Ford and Johnson 1983, Alavian et al. 1992). The
vertical position of the effective entry, or “neutral
buoyancy,” may be estimated by locating the elevation
in the reservoir water column where the temperature
is equal to that of the inflow. During 1995, an overflow
occurred {rom spring until early June, after which the
position of neutral buoyancy wasat or slightly above the
thermocline until fall turnover in October (F ig. 2).




A potential impact of plunging or negatively-
__yant tributary inflows on reservoir water quality is
“formation of metalimnetic oxygen minima, This
fition is defined as the existence of low con-
ntration of dissolved oxygen (DQ) in the area of the
metéhmmon relative to the epilimnion above or the
hypohmmon below {(Weizel 1983). Ina detailed analysis
Ghservations from DeGray Lake that included meta-
imnetic oxygen minima, Nix (1981) found that the
utral buoyancy depth for the major reservoir inflow
was at the same vertical position as the lowest meta-
imnetic DO concentration over the period of time that
the minimum existed. Together with other evidence,
Nix (1981) concluded that the minima was caused by
i é transport of oxygen-demanding materials from
upstream into the metalimnion by the plunging tributary
inflow. Asimilaranalysis of 1995 Cannonsville Reservoir
data indicates that the neutral buoyancy depth for the
WBDR inflow is consistently 3 to 6m higherin the water
¢olumn than the point of minimum metalimnetic DO
concentration (Fig. 5), indicating that the source for
the oxygen-demanding materials is not the tributary
inflow. An alternative source of organic material may
* be settling from the productive epilimnion (Nix 1981,
 Wetzel 1983).

<+ The conductivity of TC was relatively constant over
the 1995 monitoring period, while WBDR conductivity
increased from May through mid-September, and
decreased rapidly thereafter (Fig. 4a). Conductivity in
* the reservoir apparently responded to these variations
_in the major inflow, with gradual increases over the
“summer (Fig. 4). At all reservoir monitoring sites, the
- bottom conductivity was less than the surface
conductivity from spring to mid-summer, with asudden
increase in bottom conductivity to levels higher than
. surface occurring in late summer (Fig. 4). The only
. possible source of water of such elevated conductivity is
: WBDR, and its appearance at the bottom of the water
* column at various reservoir sites is an indication that
. WBDR is negatively buoyant and is plunging to the
bottom once thermal stratification is lost ata particular
site. There isalag in time atwhich elevated conductivity
is detected in the bottom waters (Fig. 4b through 4f),
indicating that the WBDR inflow does not plunge to the
bottom until the thermal stratification hasweakened at
a particular site,

Estimation of longitudinal dispersion
coefficient

The observed dynamics of inflow conductivity
(Fig. 4a) and the observed longitudinal gradient in
conductivity in the epilimnion of the reservoir (Fig. 4b
through 4f) presents the opportunity to estimate the

IDENTIFICATION AND ANALYSIS OF HYDRODYNAMIC AND TRANSPORT CHARACTERISTICS. .. 165

longitudinal dispersion coefficient in the epilimnion
through the application of a mass transport model,
While a detailed two-dimensional (vertical and
longitudinal) numerical mass transport model: has
been developed for the reservoir (Gelda etal. 1998),a
simple analytical model is used here to promde an
estimate of the average dispersion coefficient over the
period May-August 1995. This estimate is based on the
followingassumptions: (1) the ep1hmmon of theWBDR.
arm and main basin of the reservoir is assumed tobea
“channel” of constant cross-sectional area from the "
mouth of the WBDR to the dam; (2) mass transport at
the base of this assumed channel, or. between the
epilimnion and hypolimnion, is neg]ected _'(3) only. :
flow from WBDR is considered, and this flow '
channel at the upstream end and exi 1€
downstream end; (4) the waterflow," resu'lung' ﬂow- o
velocity, and dispersion coefficient are’ constant: o
Under these conditions, theanalytlcalsolutlonfor:' B
aninstantaneoussource of mass Mat the upstream end e
of the reservoir is (Thomas ancl McKee 1944) '
Mo alexp(-k t+ze I’i)

V& Er A pe ket

C=2—

where Cis concentration, Vand L are the volum and R
length of the channel representing the epmmnlon ®i§"
the longitudinal position (x=0 at upst:ream end),: tls';

time, f=L/Uis the detention time in the_ epllunmon P
Pe=UL/Eis the Peclet number, Ulis the flow veloc1ty- :
through the epilimnion, Eis the longitudi '
coeflicient, and g,are the roots of the 1mph(:1t'equau0n_ L
given by e

el Pe
cot{al) = -t m .
and
k= al’ + i
i Pe 4

This simple analytical model was apphed to the
epilimnion of Cannonsville Reservoir for the 4month
period from 1 May, when increases in WBDR con-
ductivity began (Fig. 4a), until 31 August when
deepening of the thermocline and plunging of the
WBDR inflow were occurring. During this perlod
longitudinal conductivity gradients were ‘observed in
the epilimnion (Fig. 4). The assumed geometric
properties of the rectangular channel representing the
epilimnion were I=22.5 km, and depth and width
equal to 7 and 400 m, respectively. The average WBDR
flow rate for this period of 3.6 m?-s?! resulted in a
velocity I=0.13 cm-s? .

AsEq. lisa solutlon to the linear advecuon-
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Figure 5.-Dissolved oxygen profiles during period of metalimaetic oxygen minima in 1995: (a} 12 June; (b) 27 June; (c) 17 July; (d} 1 Angust;
() 14 August; (f) 29 August; and (g) 11 September. Also shown isthe elevation of neutral bueyancy (NB) atwhich temperature of West Branch

Delawmre River matches the water column temperature at site 4.

dispersion equation for an instantaneous source, the
solution for a continuous source can be computed by
superposition of a series of instantaneous sources of
varying magnitude over time. Also, as the advection-
dispersion equation represents a mass conservation
principle, observations of conductivity were converted
to TDSfor use in Eq. 1. The observed time variation of
inflow conductivity (Fig. 4a) was used to define a time
series of equivalent daily mass loadings of 7DS which
was introduced at the upstream end of the channel.
The use of Eq. 1 also assumes that TDSis conservative
in the reservoir. The only unkaown in this analysis is
then the dispersion coefficient E. The estimated value
of B=13 m?-s! was determined by minimizing the
difference hetween computed and observed concen-
trations of TDS. Given the nature of the assumptions
necessary to apply this simple analytical model, the
agreement between computed and observed concen-
trations (Fig. 6) is reasonably good.,

Analysis of vertical transport

Asvertical gradients in conductivity were weak and
not well-defined when compared to longitudinal
gradients, temperature is the only tracer that may
be used to evaluate vertical mixing. To evaluate the
relative magnitudes of advection and diffusion on
vertical transport, a heat budget was calculated for
the portion of the reservoir volume below elevation
335.0 m (Fig. 7a) for the period 1 June through
15 August 1995, This elevation was selected because it
is 2 m above the top of the withdrawal structure used.
during this period, so that it can be assumed that ail
outflow occurred from the water: column below this
elevation. Inaddition, during this time the thermocline
was located above this elevauon, so that ali inflow

(including the effects of plunging inflow) entered the
water column above this elevation. As a result, a water
balance on this constant volume states that the outflow
(dam release Q, plus drinking water withdrawal Q, is
equal to the inflow (Fig. 7a). This inflow is idealized as
a vertical waterflow across the area at the top of the
volume, The total rate of heating of this water volume
.. is given by

L
= (2)
where cis the specific heat of water, and V, and T, are
the volume and average temperature of the layer, It is
assumed that the total rate of heating has components
due toadvection (vertical water motion) and diffusion,
The advection component is computed by

Dy = pel(Qpt Qp) Ty = QpTr= LT3 3)
where T,,., T, and T are temperatures in the water
column at elevation 335, of the dam release and of
drinking water withdrawal, respectively.

Determination of the temperatures in Egs. 2and 3
indicates that inflow into the layer is warmer than the
layeritself 7,,.>7, ), while the dam release flow is cooler
(Fig. 7b), leading to the result that @, is a positive
quantity (Fig. 7c). Comparison of the relative magni-
tudes of @ and @ indicates that vertical advection
dominates the process of heating of the lower waters of
the reservoir over this period (Fig. 7d).

Temperature of Outflows

The temperature of water leaving the reservoir

" through the active drinking water intake generally

increases over the period of thermal stratification in
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Figure 6.-Variation of total dissolved solids concentration with
lengitudinal position on various dates during the summer of 1995:
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I4 Augusi; and (g} 29 August. Observations {computed from
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dispersion coefficient F=13 m*- s* are shown.

the reservoir (Fig. 8a). During 1995, the middle intake
was used until late August, when significant drawdown
forced the use of the lower intake until mid-September,
whenwithdrawal was discontinued untillate November.
During periods when thermal stratification is present
in the reservoir, matching of the withdrawal tempera-
ture to that occurring at a certain vertical position in
the water column can be used to indicate the position
from which the intake is effectively drawing water. The
apparent withdrawal elevation so determined corres-
pondswell to thevertical position of the intake opening
(Fig. 8b).

Similarly, the water temperature observed in the
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river channel downstream of the dam also increased
through the summer stratification period (Fig. 8a).
Matching of dam release temperature with a- water
column temperature atsite 1 determined the apparent
vertical position in the water column from which dam
release draws water. The resulting elevations were. -
much higher than the actual elevation of the release
pointandvaried over time. Similar results were oblained. .
in the analysis of observations from previous years. " -

Thermistor Chain Measuremnts

The thermistor chain at site. 1 observed the ap-
proach to fall turnover, and subsequent cooling of th
water column during the turnover period (Fig. 9:
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Transport of heat downward causes increasing temper-
ature prior to turnover at depths of 13.8, 16.8, and
18.8 m at site 1 (Fig. 9a). At depths less than 13.8 m,
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Figure 9.-Selected measurements from thermistor chains in
Cannonsville Reservoir, Septemberand October 1995: (a) observed
temperatures at site ! at depths of 11.3, 13.8, 16.3, and 18.8 m;
(b) observed temperatures at site 4 and of West Branch Delaware
River inflow. With the exception of diurnal stratification near the
surface, vertical variation in temperature was less than 2 °C above
the shallowest depth shown,

_:.t'émperatﬁrés were uniform and were continuously
. “falling during the period of deployment, indicating
* . thermistors at depths less than 13.8 m were located
i the deepening epilimnion. The lowest thermistor
-+ (18.8 m depth) reaches a maximum temperature on

- 25 September, It is interesting to note that thermal

stratification was present near the bottom of the water
column over the period from 25 September through
10 October, even though temperatures were decreasing
at all depths on the chain. The more shallow water
column at site 4 was largely unstratified for the period
of thermistor chain deployment (Fig. 9b), in that
temperatures at all depths were decreasing. As in the
case of thermistor observations after 25 September at
site 1, weak thermal siratification was present at site 4
throughout the deployment period (Fig. 9b). A com-
parison of the thermistor measurements at site 4 to the
WBDR temperaturesfor the same period indjcates that
the relatively cold inflow may act as a source of cold
water at the bottom of the water column (Fig. 9b).

The thermistor observations at both sites 1 and 4
indicate higher frequency fluctuations in temperature.
For thermistors that are located in the deepening
epilimnion, these fluctuations are affected by short-
term variations in meteorological conditions. In the
stratified hypolimnion at site 1 (Fig. 9a), these fluc-
tuations are likely to be associated with internal wave
(internal seiche) activity. A speciral analysis of the time
series of temperature observations at the 18.8 m depth
over the period from 13 to 24 September indicates the
presence of several characteristic or dominant periods
of oscillation (Fig, 10). Roschek (1996) has found that
these frequencies are in close agreement with those
predicted by a simple two-layer model of frictionless,
unforced internal wave oscillations.

Observations of Currents

Currents observed at sites 1 and 4 were episodic,
with events of significant speeds (>2 em's?) separated
by periods with no (or undetectably low) currents
lasting for several days or more (Fig. 11cand 11d). The
location of the current meters during the early fall
deployment period was such that no significant ther-
mal stratification was present above the level of the
meters at either site, so that the effect of wind stress
(Fig. 11a) would not be dampened at depth by the
presence of the thermocline. Wind events occurred
on 13 September, 26 September, and 4 to 5 October
(Fig. 11a), with coincident events in current speed
(Fig. 11c and 11d). It might also be expected that
reservoir outflow would affect currents, particularly at
nearbysites. For example, dam release was in the range
of 15 to 30 m*-s* for most of this period, but was
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bruptly reduced to nearly zero on 4 October (Fig. 11b),
hich may in partexplain currents occurring atnearby
site 1 (Fig. 11c). Drinking water withdrawal ceased on
14 September for the remainder of the deployment
‘period, while reservoir inflow was generally low for the
“entire period (Fig. 11b).

‘Discussion

. Severalofthe observations describedabove support
“the conclusion that, during late summer and fall, the
“inflow from WBDR formed a negatively-buoyantdensity
- current. Comparison of WBDR and water column
. temperaturesfrom the deepestmonitoringsite indicates
that the neutral buoyancy (equal temperature) depth
* generallyfollows the thermocline asitdropsin elevation
over this period. As the thermocline drops, thermal
stratification is progressively lostfrom shallow (8 August
at site 6; Fig 4b) to deep locations (24 September at
site 1; Fig. 4f). After turnover has occurredata particular
. site, it would be expected that the presence of the
plunging inflowwould be detected at the bottom of the
water column. This was found in observations of
conductivity at sites 6, 5, 4, 2, and 1 (Figs. 4b through
4f) and temperature at sites 4 and 1 (Fig. 9). Prior to
turnover at a particular site, elevated conductivity at
the thermocline was occasionally detected in vertical
profiles (not shown), indicating the presence of inter-
flow from WBDR.

Inalake or reservoir where temperature dynamics
are driven solely by heatand momentum transfer at the
water surface, temperature variations in the days prior
to fall turnover would typically involve decreasing
temperatures in the epilimnion in response to loss of
heat at the water surface, together with increasing
temperature in the hypolimnion resulting from
transport of heat from the epilimnion into the
hypolimnion. These processes continue until the tem-
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peratures of the warming hypolimnion and the cooling
epilimnion meet, at which time fall urnover begins.
Following the onset of turnover, the continued loss of
heat at the water surface together with w1nd driven
mixing and buoyancy-driven convection causes. the
entirewater column to be isothermal durmgthlscoohng
period, until the temperature of max1mum' ensuy at
4 °C s reached. '

The thetrmistor chain observatmns at - sit
(Fig. 9a) are consistent w1th ﬂ’llS progressnb u

persists in the water column; Thus; thére must be:
source of cold water which causes the bottom waters to
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Figure 11. .Observed time series of: (a) wind speed at Cannonsvilie

Dam meteorological station; (b) total reservoir inflow, dam release,

and drinking water withdrawal; {c) current speed atsite 1, elevation

$23.0 m; and (d) current speed at site 4, elevation 323.6 m.
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in the vicinity of the intake elevation (Davis 1987), The
analysis of temperature of drinking water withdrawal
indicates that this range of depth is not significantly
skewed in the vertical elevation so that, while the
intakes may draw water from above and below the
elevation of the intake itself, the resulting mix of water
closely resembles, at least in temperature, water at the
level of the intake. However, the temperature of dam
release is significantly higher than that found near the
bottom of the dam at the elevation of the release
tunnels. While it is possible that the elevation of the
thermocline may be reduced in the immediate vicinity
of the release point, it is more likely that significant
heating of the water released occurs over the 2,.4-km
channel between the base of the dam and the temper-
ature monitoring station downstream of the dam.

Vertical transportin areservoir may be decomposed
into advection and diffusion processes (Fischer et al.
1979). Advection describes the net downward water
motion associated with shoreline inflows and deep
withdrawal or release. Diffusion refers to the turbulent
mixing thatis driven by wind shear at the water surface
and is damped by thermal stratification (Fischer etal.
1979). The fact that the observed rate of heating of the
lower waters of the reservoir can be largely explained
by advection (Fig. 7) indicates that diffusion played a
relatively small role during the stratification period of
1995. This may be explained by the unusually large
drawdown during 1995 (Fig. 2), or by the steep hillsides
thatsurround the reservoir basin, which partiallyshelter
the water surface from wind shear and resulting
turbulent mixing.

Longitudinal gradients in temperature (Owens
1998a} and water quality (Effler and Bader 1998) have
been found to be modest in Cannonsville Reservoir.
Thelongitudinal dispersion coefficient, estimated from
conductivity observations, may be used in models that
describe longitudinal variation (Gelda et al. 1998).
The value so estimated (E=13 m?'s?) is in the range
found for other reservoirs (Fischer et al. 1979, Martin
1988), The magnitude of the observed currents at
site 4 are sufficient to cause sediment resuspension
from the underlying bottom (Lemmin and Imboden
1987). It has been found that resuspension of particles
containing phosphorus is significant in Cannonsville
Reservoir, particularly in the late summer and early fall
of 1995 (Effler et al. 1998). It may be concluded from
these observations that resuspension from the pelagic
(deep) sediments may contribute to the total re-
suspension,

In summary, transport processes that affect the
vertical and longitudinal distribution of heat and mass
constituents in Cannonsville Reservoir have been
identified and, in some cases, quantified. The plunging
inflow phenomenon may affect the vertical and

longitudinal distribution of nutrients, DO and other
constituents, and thus should be included in manage-
ment models of the reservoir. These modeis may also
be used to further investigate the relationship between
plunging inflow and metalimnetic oxygen minima
(Fig. 5). Water quality modeling of this condition
would allow comparision of the quantity of oxygen-
demanding materials in the inflow to the magnitude of
DO depletion observed in the metalimnion,

The data described here may be used to calibrate
and confirm hydrothermal models of the reservoir.
Model reproduction of the observed rate of hypolim-
netic heating, particularly over multiple years that
encompass varying levels of release and drawdown,
would indicate accuratesimulation of vertical transport.
A two-dimensional model (Gelda et al. 1998) may be
used to reproduce the longitudinal gradient in
conductivity and the observed short-term variations in
temperature and water motion. Accurate hydrothermal
model hindcasting of these observations would indicate
that the models may be applied with confidence in the
investigation of water quality managementalternatives.
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