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Modeling and Managing Water Resource Systems for Water Quality*

R. G. Willey ii
-.

- INTRODUCTION

Several state-of-the-art models [2,3,5] are available for
-" analyzing water quality conditions in complex reservoir systems for a

given set of operational conditions. Some of these models can even
make operational decisions for proper gate regulations to obtain
desirable water quality conditions at a dam site for a given set of
flow conditions.

HEC-5Q, Simulation of Flood Control and Conservation Systems
(Including Water Quality Analysis) [4] computer model has the unique

*j capabilities to accept user-specified water quantity and quality needs
system-wide and to decide how to regulate the network of reservoirs.
The decision criteria are programmed to consider flood control

%. hydropower, instream flow (municipal, industrial, irrigation, water
supply, fish habitat) and water quality requirements.

The HEC-5Q program was first applied to the Sacramento River
system in California and a report was published in July 1985 [8]. Two

other applications are in progress, the Kanawha and Monongahela River
systems have been completed and reports published in July 1986 and
November 1986 (draft) respectively. A brief description of the HEC-5Q
concepts and these three applications will be discussed below.

KATHEMATICAL MODEL CONCEPTS

HEC-SQ has been developed specifically for evaluating the type of
problem shown in Figure 1. The model is capable of evaluating a
reservoir system of up to ten reservoirs and up to thirty control
points. The model will define a best system operation for water
quantity and quality, evaluating such operational concerns as flood
control, hydropower, water supply, and irrigation diversions. Si
the computer program users manual [4], and several technical papers
[1,6,7] adequately document the details of the model concepts and the

input description, only a brief ov-rview is provided below.

* Presented at ASCE Wate. Resources Planning and Management Division
Specialty Conference, Kansas City, Missouri, March 1987.

! Hydraulic Engineer, U.S. Army Corps of Engineers, Hydrologic

Engineering Center, 609 Second Street, Davis, CA 95616
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Flow Simulation Module

-. The f low s imuflat ion module

was developed to assist in
planning studies for evaluatinger
proposed reservoirs and to assistRervi8
in sizing flood control and
conservation storage requirements
for each project recommended for
the system. The program can be
used to show the effects of C A 3 Reservoir C
existing and/or proposed
reservoirs on flows and damages
in a complex reservoir system. Reservoir D
The program can also be used to
select proper reservoir releases

system-wide to minimize flooding
yet maintaining a balance of City 8 6

flood control storage ("balanced
pool") among the reservoirs.

Water Quality Simulation Module

The water quality simulation
module is capable of analyzing
water temperature and up to three 7

conservative and three non- Figure I
conservative constituents. If at
least one of the nonconservative TYPICAL RESERVOIR
constituents is an oxygen SYSTEM SCHEMATIC
demanding parameter, dissolved
oxygen can also be analyzed.

The water quality simulation module accepts system flows
generated by the flow simulation module and computes the distribution
of all the water quality constituents in up to ten reservoirs and
their associated downstream reaches. The ten reservoirs may be in
any arbitrary parallel and tandem configuration.

Gate openings in reservoir multilevel withdrawal structures are
selected to meet user-specified water quality objectives at
downstream control points. If the objectives cannot be satisfied
with the previously computed "balanc-d pool" flows, the model will
compute a modified flow distribution necessary to satisfy all
downstream objectives. With these capabilities, the planner may
evaluate the effects on water quality of proposed reservoir-stream
system modifications and determine how a reservoir intake structure
should be operated to achieve desired water quality objectives within
the system.
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SACRAMENTO RIVER SYSTEM APPLICATION

The Sacramento Valley reservoir system consists of four major

reservoirs as shown in Figure 2. Shasta and Keswick Reservoirs are

located on the Sacramento River in northern California about 240

miles north of Sacramento. Below Shasta and above Keswick.

inter-basin water transfers enter the Sacramento River through Spring

Creek. Along the Sacramento River, Cow Creek and Cottonwood Creek

are major inflowing tributaries and the Anderson-Cottonwood (ACID),

Tehama-Colusa (TC), Corning (C), and Glenn-Colusa (GCID) Irrigation

* District Canals are major irrigation diversions.

Oroville Reservoir is located on the Feather River in the Sierra

foothills about 100 miles north of Sacramento. Major tributaries

entering the Feather River include the Yuba and Bear Rivers. Major

diversions are located immediately below Oroville Dam from the

Thermalito Afterbay. The Feather River flows into the Sacramento

River near Verona.
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Folsom Reservoir is located on the American River in the Sierra
foothills about 30 miles east of Sacramento. The American River
below Folsom Reservoir is leveed with no major tributaries entering
before its confluence with the Sacramento River at Sacramento.

The Sacramento River continues to flow south towards the San
Francisco Bay. The lower boundary of this study is located near Hood~about 20 miles south of Sacramento.

The application of the HEC-5Q model to the Sacramento Valley

reservoir system includes data assembly, model execution and
interpretation of results as described below and elsewhere in more
detail [8].

Data Assembly

The HEC-5Q model data requirements are similar to those of most
comprehensive water quality models. The data to be assembled are

categorized into three types: time independent, required time
dependent and optional time dependent.

The time independent data include: physical description of the
reservoir (i.e., elevation, volume, surface area, discharge capacity,
and vertical reservoir segmentation), physical description of the
river (i.e., cross sections, channel discharge capacity, and river
reach segmentation), control point desired and required flows, model

coefficients (i.e., flow routing; reservoir diffusion; physical,
. chemical and biological reaction rates) and initial conditions for

the start of the simulation. The required time dependent data

include: evaporation, meteorology, diversions, inflow quantity and

quality for all reservoir and river tributaries, discharge quantity
from reservoirs (only required to reproduce historical operation),
and control point targct flow and water quality conditions. The

optional time dependent data include: reservoir storages; river flows
at other than control points; and reservoir and river water quality

profiles. These data are used as checks on the model output in
contrast to the previously mentioned data which are required to make

the model work.

Sources for the data categorized above are numerous. In general,
they include all water-related agencies at the federal, state, local
and private levels. Meteorological data are readily available from
the U.S. Weather Service, local airports and universities. The
primary data source is the NOAA's Jational Weather Service (NWS)
office in Asheville, North Carolina.

Tributary inflows, diver .ons and reservoir discharges may be
readily available from WATSTORE and STORET data systems. WATSTORE is

managed by the USGS and contains streamflow data. STORET is managed

by the EPA and contains water quality data. These computer data
systems can often provide the necessary tributary inflow quantity and

quality data.

-4.
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Model Execution

4 The model simulation for the Sacramento Valley system used
temperature, specific conductance (sometimes called electrical
conductivity), alkalinity, carbonaceous biochemical oxygen demand
(BOD), ammonia (NH3) and dissolved oxygen (DO). These specific
parameters were chosen based on the availability of data in the main
channels as well as some limited data for the tributary water quality

inputs.

The model can be used for existing and/or proposed reservoirs. If
an existing condition is being simulated, usually the objective is to
reproduce historical events through model calibration. Selection of

the calibration option can significantly decrease computer time by not
using the time-consuming linear and non-linear programming algorithms

- - - in the model.

Once the model has been calibrated, the objective may be to modify

an existing reservoir operation pattern or to evaluate the impact of
proposed new reservoirs or channel modifications. This analysis

requires the use of linear and non-linear programming algorithms.

These algorithms compute the water quality targets at the dam--ones

that best meet all the user-specified downstream targets--and decide
on the gate operations to meet these computed targets.

The simulation mode discussed above can be used in either of two
ways: (1) to evaluate the best water quality possible throughout the

system for given reservoir discharges (obtained either externally to

the simulation or determined by the HEC-5 flow simulation module); or
(2) to evaluate the best water quality operation without prespecified
discharge quantities. The former operation is referred to as a
balanced pool operation; the latter is a flow augmentation operation.

When using the ba1_Liced pool operation, the HEC-5Q program simply

evaluates the best vertical level for withdrawal (assuming multiple
level intakes are available) at eacl reservoir to meet all downstream
water quality targets for the givg reservoir discharge determined by

the flow simulation module.

The flow augmentation operation allows the model to relax the
balanced pool concept and to decide how much flow should come from

which reservoir and at which vertical level in order to me t

downstream water quality targets. Sometimes downstream water quality

improvements require significantly increased discharge rates to obtain

only small improvements in water quality. This flow augmentation

e I?. ,operation is the most time consuning mode of execution.

e'V. For the Sacramento Riv r application, the input data set was

executed using the calibration option. This option allows the user to

define the exact level of the intake structure operated, the normal

method used when calibrati'g the mouel to observed historical data.

L --



Interpretati ,n of Results

The HEC-5Q execution of the Sacramento Valley reservoir system

produced results which were compared to observed water quantity and

quality data in the four reservoirs and at all downstream control
points. The observed data consisted of discharge rates at most
control points as well as water temperature at many of the same
locations. Data for other water quality parameters were more limited
in availability but were compared where they were applicable. Figures

3-6 show sample graphical results for -he reservoirs and at selected

locations along the stream network.

These plots satisfactorily demonstrate the capability of HEC-5Q to
reasonably reproduce observed reservoir and stream profiles on large
systems. The legend on the reservoir temperature graph defines

simulated and observed data for various dates. Shasta, Oroville and

Folsom Reservoirs have sufficient observed temperature data to be
useful for calibration purposes. Sufficient observed data for the

* I other parameters were not available. (Only data for Shasta Reservoir
are shown due to space limitations.) Considering the model limitation
(at the time of application, but since corrected) of having only one
weather station for the entire system, it is the author's opinion that
the reproduction is quite good. Perhaps some further refinement could

be achieved with additional trials, but the acceptability of the model

can be demonstrated with these results.

The legend on the stream plots defines the various observed and
simulated water quality parameters for the study period. Simulated
constituents I and 2 are specific conductance (or EC) and alkalinity.
Unlike the simulated data, the observed data points are often more
than one day apart. Some caution should be applied to interpretation
of the connecting line between observed data points further apart than
one or two days.

In general, the calibration of the model is quite good along the
Sacramento River- for all the observed parameters down to Hamilton

* City, inclusive. (Only data for Hamilton City are shown due to space
limitations.) Butte City and Colusa measured temperatures show that
significant warming of this reach of the Sacramento River takes place,
at least during the Spring (April and May 1956). This temperature
increase, in addition to the lack of sufficient simulated quantity of
flow at Butte City and Colusa (compared to accurate simulation of flcw

O4 at Bend Bridge), suggests that the undefined return flows on the
Sacramento River between Hamilton City and Knights Landing are
signifi:cat and need to be evaluated.

The Feather River below Oroville and the American River below
Folsom lack sufficient water quality data to provide adequate
information for calibration purposes.

4-
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Since the Sacramento River below Sacramento is the combined
product of all three river systems, the inaccuracies already discussed

are also apparent at this location. Careful interpretation and
evaluation of all these results lead the author to encourage the
continued application of this model to help develop understanding of
the workings and operation of any stream system.

KANAWHA RIVER SYSTEM APPLICATION

The Kanawha River system consists of three major reservoirs as
shown in Figure 7. Bluestone Lake Dam on the New River is located
about 107 miles south of Charleston, West Virginia. The Greenbrier
River, a significant tributary, drains into the New River immediately
below Bluestone Lake Dam and above Hinton, West Virginia--the site of
significant amounts of observed flow and water quality data. The
Summersville Lake Dam on the Gauley River flows into the New River at
Kanawha Falls, about 40 miles above Charleston. The Sutton Lake Dam
on the Elk River flows into the Kanawha River at Charleston. The New
River is renamed the Kanawha River at Kanawha Falls.

The Kanawha River system has been ealuated (9] using HEC-5Q for
temperature, specific conductance (or electrical conductance, EC)
biochemical oxygen demand (BOD) and dissolved oxygen (DO). Since the
necessary input data were available at Hinton (below Bluestone Lake)

and analysis of Bluestone Lake was of no interest, only the two lakes,
Summersville and Sutton, were .nalyzed along with the three-river

network.

For the purpose of this paper, the modeling procedure used for the
Kanawha River system is sufficiently close to that used on the
Sacramento River System and therefore not repeated here. The data
availability in th- main channel was somewhat less than that in the
Sacramento River, but is shown in Figures 8 and 9 for a location near
the lower boundary selected due to its integrated result from all
upstream analysis. Although it has limited observed data for
temperature and dissolved oxygen, the results at this location and
other locations having observed data are reproduced well within the
accuracy necessary to adopt the use of this model. Consequently, the
local Corps of Engineers office, for which this model was calibrafed,
used this model every morning during the 1986 low-flow season to .

5-day operational forecasts on the water quality to be expected at all

control points due to specified reservoir operations for wator
quantity.

MONONCA' .LA RIVER SYSTEM APPLICATION

The Monongahela River system consists of three major reservoirs as
shown in Figure 10. StinewaLi Jackson Lake Dam (presently under

construction) is located about 202 miles south of Pittsburgh,

Pennsylvania, on the West Fork Monongahela River. Tygart Lak, Uam

about 152 miles north of ittsb'ryh on the Tygart River drains into

S/
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the Monongahela River at Fairmont, West Virginia (CP25 in Figure 10).

Youghiogheny Lake Dam about 85 miles east of Pittsburgh on the
Youghiogheny River drains into the Monongahela River at Braddock, West
Virginia (CP65). Braddock is about 11 miles south of Pittsburgh.

The Monongahela River system has been evaluated [10] using HEC-5Q
for temperature, EC, BOD, and DO. Unlike the Kanawha River Basin
study, this study had less interest in the real-time forecasting
capability of the model and more interest in being able to assess the
water-quality impacts of various operating alternatives for the
Stonewall Jackson Reservoir multilevel intake structure.

Preliminary results for temperature and dissolved oxygen are shown
in Figures 11 and 12 for a location near the lower boundary. The
results are sufficiently accurate to be used for either real-time
operations or for development of operation guidelines. Although the
final report is still in the review process, the model is virtually
certain to be accepted and applied on a routine bases.

Other potentia] alternative uses of this particular modeling
" effort include slight modifications of the data set to evaluate

hydropower retrofit at the nine navigation dams along the lower
*Monongahela River up to Fairmont.

SUMMARY

In this paper, the author has provided a brief description of the

HEC-5Q computer program for analysis of water quality impacts due to

reservoir system operations and a discussion of three applications.

The model results are very encouraging. Applications are in progress

on the Umpqua River in Oregon for analysis of a proposed reservoir

system and the Columbia and Snake River system for hydropower

operations.

The model has thu capability to evaluate present operations on

large integrated reservoir systems such as the Columbia River or

similar large systems in other regions of the United States. Once

calibrated to historical conditions, alternative regulation can be

easily evaluated to meet all project purposes at all points in the
system and provide the water managers with input to their operation

decisions either in a planning or "real-time" mode.

* -I -
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V. R. Bonner, Jun 81, 18 pp.

TP-80 Use of Non Sequential Techniques in the AD A109 788
Analysis of Power Potential at Storage
Projects, G. M. Franc, Jun 81, 1R pp.

TP-81 Data Management Systems for Water Resources AD All4 650

Planning, D. W. Davis, Aug 81, 12 pp.

TP-82 The New HEC- 1 Flood Hydrograph Pacl'age, A. D. AD All4 360
Feldman, P. B. Ely and D. M. oldman,

May 81, 28 pp.

TP-83 River and Reservoir Systems Water Quality AD-AI14 192
Modeling Capability, R. G. Willey,
Apr 82, 15 pp.

TP-84 Generalized Real-Time Flood Control System AD-A1I4 359
Model, B. S. Eichert and A. F. Pabst,
Apr 82, 18 pp.

TP-85 Operation Policy Analysis: Sam Rayburn AD-A123 526

Res -voir, D. T. Ford, R. Garland
an! ' Sullivan, Oct 81, 16 pp.

TP-86 Training the Practitioner: The Hydrologic AD-A123 568
Engineering Center Program,

W. K. Johnson, Oct 81, 20 pp.

TP-87 Documentation Needs for Water Resources AD A123 558

Models, W. K. Johnson, Aug 82, 16 pp.

TP-88 Reservoir System Regulation for Water AD-A130 829
Quality Control, R.G. Willey,

Mar 83, 18 pp.

TP-89 A Software System to Aid in Making Real-Time AD-A138 616
Water Control Decisions, A. F. Pabst

and J. C. Peters, Sep 83, 17 pp.
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* TECHNICAL PAPERS (TP)(Cor.tinued)

HEC HEC NTIS

NUMBER TITLE PRICE NUMBER

$2.00 Each

TP-90 Calibration, Verification and Application AD-A135 668
of a Two-Dimensional Flow Model,

D. M. Gee, Sep 83, 6 pp.

TP-91 HEC Software Development and Support, AD-A139 009
B. S. Eichert, Nov 83, 12 pp.

TP-92 Hydrologic Engineering Center AD A139 010

Planning Models

0. T. Ford and D. W. Davis,

Dec 83, 17 pp.

TP-93 Flood Routing Through a Flat, Complex AD-A139 011

Floodplain Using A One-Dimensional

Unsteady Flow Computer Program,

J. C. Peters, Dec 83, 8 pp.

TP-94 Dredged-Material Disposal Management AD-A139 008

Model, D. T. Ford, Jan 84, 18 pp.

TP-95 Inflitration and Soil Moisture Redistribution AD-A141 626
in HEC-l, A. D. Feldman, Jan 84,

TP-96 The Hydrologic Engineering Center Experience AD-Al41 860

in Nonstructural Planning, W. K. Johnson

and D. W. Davis, Feb 84, 7 pp.

TP-97 Prediction of the Effects of a Flood Control AD-A141 951

Project on a Meandering Stream,

D. M. Gee, Mar 84, 12 pp.

TP-98 Evolution in Computer Programs Causes Evolution AD-A145 601

in Training Needs: The Hydrologic

Engineering Center Experience, V. R. Bonner,

Jul 84, 20 pp.

TP-99 Reservoir System Analysi- for Water Quality, AD-A145 680

J. H. Duke, D. J. Smith and R. G. Willey,

Aug 84, 27 pp.
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NUMBER TITLE ... .PRICE NUMBER

$/.O0 Each

TP-100 Probable Maximum Flood Estimation Eastern AD A146 536

United States, P. B. Ely and J. C. Peters,

Jun 84, 5 pp.

TP-101 Use of Computer Program HEC-5 For Water AD A146 535
Supply Analysis, R. J. Hayes and
Bill S. Eichert, Aug 84, 7 pp.

TP-102 Role of Calibration in the Application of HEC 6 AD-A149 269
of HEC-6, D. Michael Gee, Dec 4, 19 pp.

- TP-103 Engineering and Economic Considerations in Al50 154
Formulating Nonstructural Plans,

M. W. Burnham, Jan 85, 16 pp

TP-10. Modeling Water Resources Systems for Water AD-A154 288

*Quality, R. G. Willey, D. J. Smith and
J. H. Duke, Feb 85, 10 pp.

TP-105 Use of a Two-Dimensional Flow Model to AD--A154 287

Quantify Aquatic Habitat, D. M. Gee
and D. B. Wilcox, Apr 85, 10 pp.

TP-106 Flood-Runoff Forecasting with HEC1F, J. C. Peters AD-A154 286
and P. B. Ely, May 85, 7 pp.

TP-107 Dredged Material Disposal System Capacity AD-A171 090

Ex -sion, D. T. Ford, Aug 85, 23 pp.

TP 108 Role of Small Computers in Two-Dimensional AD-159 666

Flow Modeling, D. M. Gee, Oct 85, 6 pp.

X TP- 10A One Dimensional Model for Mud Flows, AD-159 921

D. R. Schamber, and R. C. MacArthur,
Oct 85, 6 pp.

TP 110 Subdivision Froude Number, David H. Schoellhamer, AD-A160 486

John C. Peters, and Bruce E. Larock,

Oct 85, 6 pp.

. TP 111 HEC 5Q: :;ystem Water Quality Modeling, AD-164 832

R. G. Willey, Jan 86, 13 pp.

TP- 112 New Developments ir dEC Programs for Flood AD-A]72 495
Control, V. R. Bonner, Aug 86, 18 pp.
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