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ABSTRACT

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

The hydrology of Cannonsville Reservolr, a water supplyand flow augmentation reservoir for the City of New York,
Is analyzed. Measurements of components of the hydrologic budget of the reservoir over the entire 30 years of operation
are reviewed. The largest tributary is gauged near its discharge to the reservoir; all others are ungauged, Water surface
elevation and outflow, in the form of spillway flow, direct releases for flow augmentation, and drinking water withdrawal .
are monitored. Multiple uses of the reserveir and variations in runoff common to the region resultinstrong seasonal and
interannual variations in hydrology. Spillway flow typically occurs in late winter and spring, and is rare la summer and
early fall. Releases, to meet minimum flow requirements in the Delaware River downstream, generally occur only in
summer and early fall. Drinking water withdrawal is relatively uniform throughout the year. On average, spill, dam
releases, and withdrawal for the water supply have represented 40%, 32%, and 28%, respectively, of the outflow of the
reservoir over the 30 years. Reservoir water surface elevation is generally greatest in the spring and lowest in the fall.
Reductions in maximum depth of 40% and in storage volume of 75% have occurred in dryyears. A hydrologic model was
developed to maintain a hydrologic balance and estimate surface inflows from the ungauged portion of the watershed.
While estimatesbased ona simple ratio of ungauged flow to gauged flow may be used for annual averages, amore complex
budget calculation based on a 10-day averaging perlod was used to provide a time series of dailyaverage ungauged inflow,
The average annual flushing rate for the 50 years was 2.6 y! while the range was 1.9 10 3.6 y 1. Use of the entire 30 years
hydrologic record is recommended 1o support forecasting with hydrothermal and water quality models.
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Establishment of a hydrologic budget is funda-
mental to support effective management of any lake or
reservoir. Simulation models of water quantity (e.g.,
Johnson et al. 1991) and quality (e.g., Chapra 1997,
Chapra and Reckhow 1983, Thomann and Mueller
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1987) that are based on the principle of conservation
of mass have become important tools to support such
management. The credibility of these models depends
critically on the accuracy of measurementsand estimates
of majorsources/sinks. In addition, the determination
of material loading (Heidtke and Auer 1992,

Longabucco and Rafferty 1998, Stepczuk et al. 1998a) .

for water quality modeling depends on accurate




" determination of inflow from major sources of water
- and constituents.

" Wide seasonal, interannual, and longer term
variations in inflows and outflows thatare common for
" many lakes are magnified and modified for many

+éservoirs due to outflow requirements. Perhaps the
“most important and conspicuous feature which
" contrasts lakes and reservoirs is the relatively large
temporal variations in water siorage and associated
“water surface elevation (WSE) thatis often observed in
" reservoirs. Analysis of historical data for Cannonsville
Reservoir (1989-1995) conducted by Effler and Bader
- (1998) established empirical relationships between
° WSE and the duration of stratification and selected
- features of water quality. Shorter periods of stratification
and degraded water quality were associated with
increased drawdown. These findingsindicate thatthere
may be a water quality cost when watershed runoff
cannot match outflow that is required to meet the
intended use of a reservoir, Some water quality effects
may be mediated by the changes in features of the
stratification regime, as these changes are known to
influence various common measures of water quality
(Orlob 1983, Owens and Effler 1989, Stefan et al. 1976,
Stauffer and Lee 1978). Reservoir hydrology may also
be an important consideration in the selection of
conditions to be used in testing of hydrothermal and
water quality models, and in application of the models
to forecast water quality conditions as a part of the
evaluation of management alternatives,

Our objective is to review and analyze the entire
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80-year hydrologic record of Cannonsville Reservoir,
including all available measurements. In addition, we
develop and test a simple reservoir hydrologic model
that maintains a hydrologic balance for the reservoir
for the 30-year period at a time scale consistent with the
needs of dynamic hydrothermal (Gelda et al. 1998,
Owens 1998) and water quality (Doerr et al. 1998,
Owens et al. 1998) models to support testing, hind-
casting and forecasting. Estimates of inflows from the
ungauged portion of the reservoir’s watershed are
developed as part of this analysis. Approaches for in-
corporation of the hydrologicrecordand the hydrologic
modelin conducting testing and forecastingwith hydro-
thermal and water quality models are'discuss':eﬂ.. L

Hydrologic Settmgof
Cannonsville ReserVQi_’_'I:f-._;“:-g i

Overview

Cannonsville Reservoirislocated 190 kmnorthwest
of New York City near Deposit, NY (Fig. 1). The reservoir
is owned and operated by the NewYork City Department
of Environmental Protection (NYCDEP) as a supply of
drinking water for the City and to augment flow in the
Delaware River downstream of the reservoir. The
reservoir has been in operation since 1966. . e
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Figure 1.-Map showing major tributaries to and withdrawals from Cannonsville Reservoir, and USGS gét:ge sites.
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The primary tributary to the reservoir is the West
Branch of the Delaware River (WBDR, Fig. 1), which
drains 79% of the total reservoir watershed (Table 1).
Trout Creek, the second largest tributary drains about
5% of the reservoir watershed and enters the reservoir
at the upstream end ofits other “arm.” The remaining
surface inflow enters from smaller streams distributed

S around the perimeter of the basin. Water leaves the

reservoir by one of three pathways: flow over the dam's
illway (designated “spill”), which occurs in an
uncontrolied manner when the WSE of the reservoir
exceeds the crest elevation (350.6 m NGVD); drinking

il 1d releases at the base of the dam

_ Therelease works at

of the reservoir (Fig. 1) are a series _
diameter located at the: base of the: earth-fill dam.
Releases are controlled by a valve on éach pipe, which
may be closed or fully open. The releases at the dam are
regulated tomeet the downstream release requirement
mandated by New York State law, and together with
similar releases from Pepacton and Neversink Reser-
voirs, to augment flow further downstream in the
Delaware River.,

Bathymetry/Hypsographic Data

A geographical informationsystem (GIS) method-
ology was employed to model the physical features
of the reservoir (Gorokhovich et al, 1996). Precon-
struction topographic maps (USGS 1964 7.5-minute

Table 1.-Areas of selected portions of the Cannonsville
Reservoir watershed. Data obtained from NYCDEP
GIS database (Gorokhovich et al. 1996)

 dam on the western end
a serics of pipes of varyirg )

Description Drainage Area, km?
Cannonsville Reservoir
-at dam 1178
-reservoir surface area 19.3
-reservoir watershed 1159
West Branch Delaware River
-at Walton 860
-ai Beerston 916
Trout Creek
-old Cannonsville gauge 128
-at reservoir 55.3

quadrangles) were digitized to determine under-
water contours of the Cannonsville basin. The digitized
mapswere then converted intoa 3-meter grid structure
using conversion and interpolation software. The grid
structure was used to generate hypsographic data
(Fig. 2) and also to provide geometric data for hydro-
thermal (Gelda et al. 1998) and water quality (Doerr et
al. 1998) models,

Hydrologic Data

NYCDEP provided data on daily average rates for

the three outflows and WSE for the period 1966-1995,
and daily precipitation measured at the dam from
1982-1995. Flow rates for the spillway and each release
pipe are determined from rating curves established by
NYCDEP. Flow in the pipeline to Rondout Reservoir is
determined by directinstrumentation, WSE is ineasured
with a float gauge at the dam.
" The United States Geologic Survey (USGS) pro-
vided daily average streamflow for gauges on WBDR
at Walton (period of record 1951 to 1995): on Trout
Creek at Cannonsville (1951-1962, abandoned in 1963
prior to filling of the reservoir); and on WBDR at
Stilesville (1989-1995), located downstream of the dam
(Fig. 1). The USGS considers the flow record for
Walton “good” (indicating that 95% of daily discharges
are within 10% of the true value) for most of the year
and “poor” (indicating that 95% of the daily discharges
have error in excess of 25%) during the winter months
of some years due to ice problems, The Trout Creek
and Stilesville records are considered “good.”

The accuracy of the measurements of reservoir
spill and dam releases can be checked by comparing
the summation of these to the streamflow measured
at Stilesville, located about 2 km downstream from
the dam (Fig. 1). There are noidentifiable (from USGS
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Figure 2.-Cannonsville Reservoir hypsographic data; (a) horizontal
area as a function of reservoir water surface elevation, and (b)
volume as a function of reservoir water surface elevation. Derived
from 3-meter grid digital elevation model (see Gorokhovich et al,
1996); elevation datum is NGVD.
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w5 minute topographic maps) streams entering the
“river between the dam and the Stilesville gauge. The
~high degree of agreement between the surnmation of
- the two reservoir outflows and the downstream flow, on
“an annual basis for 6 years (Table 2), supports the
- accuracy of these measurements of outflow, The percent
* difference ranged from ~ 3.7 to 10.2; the average was
~5.8%. The rootmeansquare (rms) difference between
" the summed reservoir outflow and the downstream
" flow, each averaged over a 10-day period, was 5.8% for
- this 6-year period. These differences are less than the
modestlevels of uncertainty in the flow measurements.
Independent checks on measurements of other of the
- components of the hydrologic budget {e.g., water
supply withdrawals, WSE, inflows from the watershed)
are not available. The accuracy of measurements of
other hydrologic components is supported by the
degree of balance of the subsequently presented
hydrologic budget calculations and interrelationships
demonstrated between the components.

Dynamics of Reservoir
Hydrology/Operations

Variations in the magnitude of inflows and the
requirements forwater supplyand downstream releases
combine to make the hydrology (including WSE) of
Cannonsville Reservoir highly dynamic on an inter-
annual (Fig. ), aswell asseasonal (Fig. 4), basis. Strong
interannual variationsin the WBDR flow have occurred
over this period (Fig. 3a). The highest annual average
flow (~ 27 m®- 5%, 1977) was about 2.5 times the lowest
(~11 m?- s, 1980). Inflow was generally higher in the
1970s than in the 1980s (Fig. 32).

The magnitudes of dam releases have also varied
greatly from year-to-year over the period of operation

Table 2.~Comparison of USGS (gauge at Sdlesville)
and NYCDEP (sum of spill and dam release) flow
volumes (10° m®) downstream of Cannonsville Dam.

Water Year USGS NYCDEP % Difference
1989 283 266 6.1
1990 602 K72 5.0
1991 633 E6G8 10.2
1992 151 156 3.7
1993 659 629 4.6
1994 260 266 2.5

1980-94 2572 2436 5.9
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Figure 3.-Statistics of hydrologic features of Cannonsville Re_ééﬁ'uif'
for the period 1966-1995 evaluated separutely: for. euch year:: (a),
WBDR flow at Walton, (b) dam release, (c} spillway discharge; (d).
drinking water withdrawal, and (e) reservoit water surface elevation;
Each plot shows the mean (filled circle), and 10 and 90 percentiles
(horizontal lines below and above), ... 2 e

of the reservoir (Fig. 3b). Though an inverse relation-
ship between annual dam release and inflow-at
Walton is indicated, it was not found to be strong. In
part, this reflects interannual differences in operation
of the reservoir, such as the use of this particular
reservoir rather than the other two reservoirs available
to meet flow augmentation obligations. Spill has been
an important export pathway for the reservoir (Fig. 3c)
during years in which inflow was relatively high
(Fig. 3a). The reservoir has been used more for water
supply (withdrawals via the tunnel) over the last 15
years of its operation (Fig. 3d}; the average withdrawal
rate for the 1981-1995 interval (~ 8 m®* ') was nearly
twice as great as for 1966-1980 (p = 0.05). Variations in
dam releases (Fig. 3b) and spill (Fig. 3¢) within
individual years have usually been substantially greater
than those for water supply withdrawal (Fig. 3d).
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Figure4.-Statistics of hydrologic features of Cannonsville Reservoir
for the period 1966-1995 evaluated separately for each month: (a)
) _WBDR flow at Walton, (b) dam release; {c} splllway dxscharge, {d)
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1gh mndff years such as
. 1990 Varlauons in WSE of

Strong s seasona] variations in WBDR streamflow at
\ _altpn prevml with the hlghestmﬂowand interannual
variations in inflow occurring in spring (Fig. 4a),
= assocmted toalarge extent with rainfall and snowrmelt,
. The minimum usually occurs in July, August, or Sept-

- ember. Inflow increases to an intermediate level in late

- dnnkmgwatermthdmwal and (¢} mservoxrwatersurfaceglevaﬂon .
. Each plot shows the méan {filled circle); und 10-anid 90 percentﬂm L

fall and winter. In strong contrast to inflow, most of
the dam release occurs in late summer and early fall
(Fig. 4b). The scasonal variation of the spill (Fig. 4c)
has tracked that of inflow (Fig. 4a), being greatest in
spring. Spill has occurred rarely in August and
September. Water supply withdrawals (Fig. 4d) have
been more seasonally uniform than the other outflows
or inflow, The seasonal decrease in WSE in early fall
(Fig. 4e) has lagged behind the seasonal decrease in
inflow, reflecting the influence of reservoir storage,
The reservoir is most often full in April, May, and
June. The greatest magnitude and variability in
drawdown has occurred in the September-November
interval (Fig. 4¢). The WSE tends to increase through
winter to full capacity in spring.

Based on daily average outflow for the 30-year
record, partitioned according to the three components
(Fig. 5), the greatest outflow occurs in spring, and
mostly via spill. Dam release has been the dominant
mode of outflow from the reservoir for the June-October
interval. The greater uniformity of water supply
withdrawal is apparent. On average, spill, dam releases,
and withdrawal for the water supply have represented
40%, 32%, and 28%, respectively, of the total outflow
{rom the reservoir over the 30 years of operation.

Tosupportan analysis of the long-termvariation of
gross measures of reservoir hydrology, the average
values of the WBDR streamflow at Walton, water surface
elevation, and total outflow for the June-September
period of each year of the historical record were
determined. Using a simple ranking as a2 measure of
probability of occurrence, cumulative probability distri-
butions for these three quantities were constructed
(Fig. 6). Rankings for 1994 and 1995 are highlighted as

- these years are the focus of testing of a nutrient —
- phytoplankton model for the reservoir (Doerr et al.
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Figure5.-Variation over theyear of the three components of reservoir
outflow. Data were averaged from daily values for the period of
record (1966 - 1995).
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Figure 6 —Cumulative pro!)abilitydistdbuﬁonsforhydrologic features
of Cannonsville Reservoir for the June-September interval of the
1966-1995 period: (a) inflow from WBDR, (b) total reservoir outflow
(sum of spill, withdrawals, and releases), and (c) water surface
elevation.

1998). The year 1995 was unusually dry; only 1993 had
less inflow from WBDR to the reservoir {Fig. 6a). By
contrast, 1994 was moderately wet; the cumulative
inflow was in the 60th percentile. Although a dry year,
outflow in 1995 was in the 75th percentile for the
period of operation (Fig. 6b). Substantial dam releases
were needed in this year to augment flow further
downstream in the Delaware River. The combination
of low inflow and ¢levated outflow in 1995 resulted in
the fifth lowest average WSE (Fig. 6¢) for the period of
record. Insharp contrast, 1994 wasin the 15th percentile
of outflow (Fig. 6b) and 80th percentile of WSE. The
widely divergent hydrologic conditions that occurred
during these 2 years provide a robust test of related
hydrologic, hypsographic, and material loading
(Longabucco and Rafferty 1998) conditions for model
simulations ofwater quality (Doerr etal. 1998).Further,
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the 8year period of monitoring (1988-1995) that
supported testing of hydrothermal models (Gelda et
al, 1998, Owens 1998) and the developmernitof empirical
water quality ~ WSE relationships (Effler and Bader
1998) should be considered generally 'i"epfesentative
on a hydrologic basis, as they encompassed a w1de
range of hydrologic conditions (Fxg 6) '

Reservoir Hydrologic
Models |

Annual Budget wzth Szmpl Infle
Model

A reservoir hydrologlc budget analysm begins with.- s
the followmg water balance: .. :

- Ot Qurt Qs Qo+_"_2_i;(P.-:'J;i>

where ViS reservoirvolume (storage),
gauged surface inflow, Q, is the ungauge ] surt‘ace
inflow, Qis the net groundwater mﬂoW/ o tﬂ

respectively.
Simplifying assumplmns are D

assumed that Q_issmall and can’be negli 5
itis assumed thatthe (P—E) term 1s jsmall _relatwe 0 the_ -

part of the hydrothermai mode}s for the reservoir:
(Geldaetal. 1998, Owens 1998), Evaiuatlonsfo everal
years indicate that the term A (P E) averaged overa
year, accounts for less that 2% of the average annual.
outflow, Since this is well within the range of error for
the measured waterflows, the assumptton is judged to
be appropriate. The water balance equatlon thus
sunphﬁes to

et QutQ @
For computauonal purposes, daily average values

of V(based on WSE and hypsographic data, Fig. 2), Q,;
(Walton gauging station) and Q, (NYCDEP) are
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available from the historical record. Integration of Eq,
2providesan expression for the change of storage over
the time interval as given by

AV= ASS, (Qp + Q- Q) (3)

Avalue of At= 24 hours allows the summations to
proceed using daily average values of the flow rates,
withallvalues known except @, Calculations based on
Eq. 3 are used here to mimic the mannerinwhichwater
budget, or more generally mass balance calculations,
are carried out in mechanistic hydrothermal and water
quality models. An initial condition (value of V) is
specified at the start of the simulation period, and
values of Vare computed for subsequent times based
on specified values of Q,, Qq»and Q.

Asimple model for Q, investigated here is given by

Quy=F Qs (4)

where fisa dimensionless factor, This equation implies
ungauged surface inflow is a constant fraction of the
gauged surface inflow, which further implies similarity
between characteristics of the gauged and ungauged
watersheds (slope, soil type, land use, etc.) and precipi-
tation received by the gauged and ungauged watersheds.
If the watersheds are in factsimilar, fshould be roughly
equalto theratio of the gauged and ungauged watershed
areas. Dissimilarities in watershed characteristics may
indicate that some other, but still relatively constant,
value of fmay be appropriate.

Paired streamflow measurements of WBDR at
Waltonand Trout Creekat Cannonsville (Fig. 1), made
over the period 1951-62, were used to test this inflow
model. The annual average streamflows of WBDR at
Walton and of Trout Creek represent @, andQ,,
respectively, and fwas calculated for each year and
compared to the ratio of the watershed areas (0.149,
Table 1). Calculated fvalues range from 0.125 t0 0.158,
withan average value of 0.141 and a standard deviation
of 0.0099 (Table 3). The analysis further suggests that
Trout Creek inflows can be predicted most accurately
on an annual basis using f= 0,141, which is only about
5% less than the ratio of watershed areas. Modest
differences in precipitation between the WBDR and
Trout Creek could explain the variability in fand, toa
lesser extent, the small deviation of the average valye
from the ratio of the areas of the watersheds.

The daily inflow from two ungauged portions of
the reservoir watershed, the Trout Creek watershed
and the ungauged portion of the WBDR watershed,
were estimated using Eq. 4. The mouth of Trout Greek
is well upstream of the location of the abandoned
USGS gauge (Fig. 1). Based on the ratio of watershed
areas (Table 1), the fvalue for the Trout Creek inflow
to Cannonsville Reservoir is 0.064. Trout Creek inflows

Table 3.~-Average annual flows (m® *s™') for Trout Creek
at Cannonsville and West Branch Delaware River
(WBDR) at Walton, 1951 to 1962, and their ratio. Flows
measured by USGS,

Year Trout Creek WEDR f
1951 2.04 19.58 0.130
1952 2.18 16.41 0.133
1953 2.12 17.03 0.125
1954 2.27 16.49 0.137
1955 2.64 18.14 0.146
1956 3.03 20.01 0.152 -
1957 1.84 12.69 0.145
1958 2.72 19.24 0.142
1959 251 17.08 0.148
1960 2.43 17.63 0.138
1961 2,21 13,97 0.158
1962 1.82 11.96 0.152
1951-62 28.3 200 0.141

were calculated by

Qo= 0.064 Q,, (5)

where (J, isthe flow in Trout Creek at the shoreline of
thereservoir,and @, is the measured dailyaverage flow
atWalion. In addition, the drainage area of the WBDR
at Beerston (Fig. 1, the location of the mouth of
WBDR) is 6.5% larger than the drainage area atWalton
(Tablel). ThusinflowsatBeerston (Qg) were calculated
by

Q,=1.065 @, (6)

Thesimple inflowmodel (Eq.4) was furtherapplied
to predict the inflow from the entire ungauged portion
of thewatershed forrecentyears of reservoir operation.
Data for the period from 1979 through 1995 were
analyzed, with fbeing determined in two ways. First, a
value of fwas determined for each year to achieve a
yearly water balance. Annual estimates for f were
determined by combining Eqs, 3 and 4, which yields

AV+AZQ, - ATQ,
B AXG,,

(7

where the summations are made over an entire year
using daily average flows at Walton, and AV is the
change in storage volume over the year. The numer-
ator on the right hand side of Eq. 7 represents the
integrated ungauged inflow volume computed from
the water balance (Eq. 3); the ratio of this to the




integrated gauged inflow yields a value of f for the
“period (Table 4).
. An average value for f=0.381 was calculated for
‘the 17 years of record, which is 9% higher than
“expected based on the ratio of watershed areas alone
(299/860 = 0.348, see Table 1). In addition, the range
ofvalues was substantial, from 0,269 to 0,454 (Table 8).
-: The coefficient of variation for the values of fdetermined
. according to Eq. 7 (0.138) is about twice the value
' obtained when considering just the WBDR and Trout
Creek flow measurements (0,069, Table 3), consistent
with the introduction of additional sources of variation
or error inherent in the calculation of faccording to
* Eq. 7. This additional variability or error is associated
= with the measurements of the components of { and
* WSE, and the calculation of V (includes uncertainty in
. WSE and hypographic data; Fig. 2), which were not
considered in the earlier calculations (Table 2).

To investigate the use of f=0.381 in long-term
water balances, a continuous simulation of reservoir
storage was made. The measured storage volume on
the first day of 1979 was used toinitialize the calculation
of Vin Eq. 3. A daily time step was used and (), was

Table 4.—-Annual water budget calculations for
Cannonsville Reservoir. Change in storage AV and
outflow volume AYQ from NYCDEP records; inflow
volume Af}Q . from USGS records for WBDR at
Walton; ungauged inflow volume tZQ,Ucomputed from
AV + A Q _— AtZQ, ; fis ratio of ungauged to gauged

inflow volume. All volumes are 10* m'

Year AV N3O, AZQ. AXQ, f

1979 180 743 676 246 0.364
1080  -223 735 355 157 0444
1981 58 572 451 180  0.398
1982 -89 671 421 161 0.382
1983 92 705 576 221 0.384
1984 -29 739 542 168 0.311
1985 114 421 386 149 0.385
1986 83 690 557 215 0.387
1987 -3 636 496 137 0.276
1988  -160 705 390 155 0.397
1989 115 568 481 202 0.420
1990 55 837 644 248 0.385
1991 -156 690 421 113 0.269
1992 70 542 421 191 0.454
1993 -77 837 534 226 0.423
1994 99 618 500 216 0.433
1995 -64 615 394 156  0.396
197995 64 11321 8245 3141  0.381

®e 350

End of Year Storage, 1(}6
[
3
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computed using Eq. 4. Significant errors in computed
storage volume occurred, with computed end-of -year
storage values as much as 30% too low (at the end of
1991; Fig. 7). The root mean square (rms) error in
computed daily reservoir storage was 15% of: the
observed storage (Table 5), Errors in the: comiputed
reservoir volume of this magnitude are. unacceptable
for the purposes of hydrothermal and water. quallty
modeling (e.g., Chapra 1997, Thomann and Mueller
1987). Thus, the use of Eq.4 to generate dally estimates
of Q,,with a constant value of fwas reJ ected for Support
of these types of models.
Asimilar calculation was done to evaluate the use

of annual, as opposed to long-térm average, values of f

This calculation used f=0.396 to predict daily reservoir”
storage during 1995 (Table"3). The calculated_
end-of-year storage matched the observed value: but:
there were significant errors over the year (F1g 8), with
rms and maximum errors of 3.4% and 8,4% (Table 5).-
Errors of thismagnitude are also deemed unacceptable ;
for these dynamic models.

Refined Hydmlogzc Budget Jo
Daily Flows -

The goal of the refined hydro ogic :
estimate the time series of daily ungauged mﬂows tho .
maintain a hydrologic balance (Eq. 3), __glven measure-'
ments of gauged inflows Q ., the total outflow 3
reservoir J , and the storage volume V. For purposes of
this simulation, Q, isredefined as the inflow from both )
WBDR (at Beerston) and Trout Creek ined:
from flows at Walton from Eqs: 5 and 6) and Q wisthe
inflow from the remaining 188 1::m2 of: the: watershed .

Thismodelis based on the concept that the change _
instorage volume overany time period _of onsecutive

450

400

oy
=
<

N>
[4.]
<

—
i
(=}

—g— Chsarved
---@- Predicted ]

=]
(=)
T
o

50 | _ 4

i 1 1 1 1 1 1 1} H 13 1 1 5 1 1

1] .
1973 1980 1981 1562 1983 1984 1985 1966 1987 1988 1983 1900 1991 15921993 1994 1895

Figure 7.-Computed and measured end-of-year storage in
Cannonsville Reservoir for 1979-1985. Computed results obtained
using daily flow data and time step, with f= 0.381.
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Table 5.—Root mean squai-’é and maxunum errorsmpredmteddmly reservoir storage using three methods.

Prediction method

rims error, percent ‘-

Maximum error, percent

Constant f=0.381; 17 years
Constant /=0.396; 1995
Refined method; 17 years

BT 39
0.34 0.93

days must be balanced by the sum of inflows and
cutflows over that period. It is assumed that, through
previous application of this same procedure, the

ungauged inflow for the first Al days of an Nday

period have been determined and the goal is to
determine (0, on thelast day of this period. An estimate
of the ungauged flow can be obtained from

1 i i 5]
Q)= 37 Vaa= Vi) + T (o)~ % (R~ 2 (Qu);
JeENtl Fei-N+l =N+l

1
| + X E,, {8)
where the subscript i refers to the value of the quantity
on the * day of the calculation, and Eis the cumulative
error in the water budget since the start of the

simulation, and is calculated from

E,=V,, - Y+ AE(Q) - AB(Q) + MGy, (©)
1 <1 1

The error Eisnota true measure of the total error
in the water balance calculation, but rather hasa more
narrow definition, Itis known that the quantities V, Q ,
and @, on the right side of Eq. 8 cannot be measured
without error. At times, these errors are of such a
magnitude that the computed value of (2, ) isnegative.
This resultis of course not physically realistic; a negative
value of (@, ). isnotallowed and isreplaced in the time

450 T T H T T T T T T T T
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Figure 8.—Computed and measured daily storage in Cannonsville
Reservoir for 1995. Computed results were obtained using daily flow
data and time step, with f= 0.396.

series by zero. When this is done, anonzero value of the
error Eresults, The term E,  in Eq. 8 corrects the water
budget on subsequent days of the calculation for the
insertion of zero values of (), in the series.

The water balance calculation described by Egs. 8
and 9 proceeds from i =1 to the number of days in the
time series. The water budget calculations move ahead
one dayata time. For the special case i< N{the firstdays
of the calculation period), the ungauged How is
estimated from a special form of Eq. 8 given by

i i i1
(@, =7 (Vi = W) + 3000, - (@), - Z(Q),
¢ i1 i1 71

(10)

The quantity N represents the number of days
over which a water balance is imposed on the reser-
voir. Ideally Nshould be made as small as possible in
order to minimize the amount of averaging that is
introduced into the calculation. However, as N is
decreased, the amount of error calculated by Eq. 9
generally increases. Thus, some amount of averaging is
introduced into the water budget calculation. A value
of N=10 days was used here, as this is arguably a lower
bound for the temporal resolution of nutrient-
phytoplankton models,

Due to variability in the measurements of storage
volume Vand the other termsin the hydrologic budget,
and that negative values of ungauged inflows (2, ;are
not allowed, the resulting values of (Q,); can be
somewhat “noisy” (fluctuating between zero and
nonzero values) and, at times, inconsistent with the
measured flow at Walton. For this reason, a moving
average of periocd N days is computed. The resulting
smoothed estimate of the ungauged inflow (Q ), is
computed from

_ 1 itg‘@ 11
Q= % (@, an

A calculation of reservoir storage was performed
using Eqgs. 8 through 11, with 1995 as a test year. The
model predictions for January through March provide
an example of how the model calculations proceed
(Fig. 9). The “raw” estimates of ((J,), are computed
from Eq. 8 without removing negative values. The




negatwe values during the month of February indicate
that the inflow from WBDR and Trout Creek computed
_'by Egs. b and 6 (with no inflow from the remainder of
‘the watershed) is larger than the combined change in
storage and outflow. This is a clear indication that
ere are errors in the measured components of the
water budget over this period. During the winter
months, the accuracy of USGS streamflow measure-
mentsat Walton can be reduced significantly due toice
at the gauge site. When the “raw” values of (), are
ac{]usted by setting negative values to zero (Fig. 93)
NON-Zero errors (Eq.9) in the water budget calculation
are introduced (Fig. 9b). The errors in the water
budget occurring in February are removed by the
‘middle of March by reducing the “raw” values of (@),
‘(Fig. 9a). The smoothing operation described by Eq. 11
‘reduces some of the oscillations thatare presentin the
corrected values of (Q,,), (Fig. 9c). Use of the resulting
tirne series of ungauged inflow to predict reservoir
storage volume (according to Eq. 3) in 1995 results in
‘a high degree of match with the observations; the rms
- and maximum errors in reservoir storage were 0.34%
and 0.93%, respectively (Table 5). This is a major
' improvement over the previous simple inflow madel.
 Thus the smoothed time series (“Q:;)'.has been used in
hydrologic, hydrothermal {Gelda et al. 1998, Owens
1998}, and water quality (Doerr etal. 1998, Stepczuk et
" al. 1998b, Owens et al. 1998) model calculations.
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Figure 9.-Predictions of the refined hydrologic model for January
through March 1995: (a) rawand corrected (negatives values removed)
values of (Q,); (b) values of the error E, associated with the
corrected values of (@, ) s and (c) the corrected and smoothed values
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Management Perspectives

Flushing Rates and R'espofise .Timés .

The flushing rate of a 1ake or reservmr 1s a
fundamental hydrotogic characterlstlc with 1mportant
implications for water quality’ management The
instantaneous completely mixed ﬂushmg rate is glven _
by the ratio of outflow rate to storage volume, Q/ Vi
Integrating this rate over time yields £ the number of ~
flushes which occur over the perlod ‘of i 1ntegrat10n as [T
given by : 8

dt

Annual ﬂushmg rateswere determmed foryearsin .
the interval 1969-1995 Cannonswlle :'.'Reservmr has G

and arange of 1.9 (1985) to 3 6 (1977 Fi
values of Fwere only weakly correlated ¢
the annual average WSE valu' 5 (a
relationship). S
The response | t1me for a comple te

systemsarenotcomplete}ymxxed) ltremmﬁSavaluable :
diagnostic representation. For F—'Q 6:y ;approachmg'__ o

would reach 93% of the steady state o_ncentratlon"-':'_
within ! year ofa change mloadmg, and 99% in2 years.

Thus, Cannonsville Reservoir would: respond rapldly. ;
(1 to 2 years) to systematic reductions i in phosphorus:
loading because of the high flushing rate of ‘the
impoundmentand lowrelease of phosphorus from the -
sediments (Effler and Bader 1998; Erickson and Auer
1998). : . S

Support of Mechanistic Modéls'_' i

Hydrologic conditions are central feamres of the
overall suite of forcing conditions for mechanistic
hydrothermal and water quality models with respectto
heat transfer, flushing and material loading/export.
The primary concerns for support of model hindcasting
areaccuracyand the robustness of the casesto be tested
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Figure 10.-Computed values of the annual number of flushes (F} in
Cannonsville Reservoir over the period 1969-1995.

with the model. The accuracy of the various hydrologic
measurements (and the hydrographic data)
contributing to the hydrologic budget of Cannonsville
Reservoir appears to be good based on: 1) direct
comparison of certain components to independent
measurements, 2) the consistency of inflow measure-
ments from two different watersheds with the ratio of
their drainage basin areas, and 3) the performance of
overall hydrologic budget analyses. The imbalances in
budget calculations encountered were well within the
accuracy commoniyassociated with hydrologic measure-
ments. Thus, these calculations of the hydrology of the
reservoir can be used in mechanistic hydrothermal
(Gelda et al. 1998, Owens 1998) and water quality
(Doerr et al. 1998, Stepczuk et al. 1998b, Owens etal.
1998) models of the reservoir, presented subsequently
in this issue, do not introduce substantial error or
uncertainty.

The primary concern for model forecasting is the
use of forcing conditions that are representative of a
desired case, most often described as the critical case.
Commonly, this has involved the selection of an in-
frequently occurring event or condition. Perhaps the
best known specification of hydrologic conditions in
water quality modeling is the use of the 10-year return
period drought streamflow in the analysis of stream
and river assimilative capacity (Thomann and Mueller
1987). While the return frequency of annual average
components of the hydrologic budget have been
identified here (Fig. 6), it is unclear what particular
combinations of these components represent
conditions which are critical to water quality. The
selection of other natural forcing conditions, such as
material loading and meteorology, mustalso be made.

The entire 30-year historical record of hydro-
logic as well as other ambient environmental forcing
conditions may be used as the basis for forecasting
of reservoir water quality in the analysis of water

" OWENS, GELDA, EFFLER, HASSETT

quality management programs. These conditions are
inherently representative of the hydrology of the reser-
voir and include the effect of regional meteorological
and reservoir operation. A simiiar approach has been
used previously in hydrothermal model analyses for
perturbed systems (Effler and Owens 1985, Owens and
Effler 1989). This approach takes advantage of the
richness of the record, (Figs. 3 through 5) and it elim-
inates the potentially arbitrary process of selection
critical conditions. Distributions (based on 30 years) of
predicted hydrothermal /water quality conditions can
be generated by driving the entire record through the
models (see Owens et al. 1998). Such distributions
describe the résponses of the reservoir to documented
hydrologic conditions inctuding operations. The effects
of operational strategy can be evaluated by retaining
the 30 years of inflows, butmodifying outflowsaccording
tospecified managementscenarios, Critical hydrologic
conditions can be identified objectively from review of
the multiple-year predictions. Many managers will find
such multiple-year predictions attractive, as a repre-
sentation of the variability to be expected due to
natural variations in ambient forcing conditions, and
as a basis to evaluate the extent to which year-to-year
differencesin measured water quality reflectsystematic
changes.
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