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FOREWORD

The model described in this appendix is the result of a four year project to
expand the capability of the "Simulation of Flood Control and Conservation
Systems" model, HEC-5, to include water quality analysis.

This document and the associated computer program are the final products of
this project. The model will regulate a ten-reservoir system for water quality
control, in addition to the HEC-5 objectives of conservation and flood control
regulation. The model has the capability to satisfy control point objectives for
temperature, three conservative constituents, three non-conservative constituents
and dissolved oxygen for combinations of either tandem or parallel impoundments.

Funding for this model was provided by the Environmental and Water Quality
Operational Studies (EWQOS) program, sponsored by the Office, Chief of Engineers,
and managed by the U. S. Army Corps of Engineers Waterways Experiment Station,
Vicksburg, Mississippi. The model has been developed by contract under the
project administration of Mr. R.G. Willey.

This appendix is a supplement to the April 1982, HEC-5 Users Manual (and
Exhibit 8 from March 1985), and any references to HEC-5, within the document,
refer to the program for quantity regulation. Information regarding error
corrections can be given to or obtained from the Hydrologic Engineering Center
by contacting Mr. R.G. Willey at (916) 551-1748.
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HEC-5
SIMULATION OF FLOOD CONTROL AND CONSERVATION SYSTEMS

APPENDIX ON WATER QUALITY ANALYSIS

1. INTRODUCTION
1.1 Origin of Program

The flow simulation capability of this program (i.e., flow simulation
module or HEC-5) was developed at The Hydrologic Engineering Center (HEC) by
Mr. Bill §S. Eichert. The initial version was written for flood control
operation of a single flood event and was released as HEC-5, "Reservoir System
Operation for Flood Control," in May 1973. The flow simulation module was then
expanded to include operation  for conservation  purposes and  for
period-of-record routings. This revised program was referred to as HEC-5C up
to the February 1978 version. Further revisions to the flow simulation module
were made and the revised program was referred to as the June 1979 version of
HEC-5 [HEC 1979].

In March 1979, the HEC contracted with Resource Management Associates, Ine.
to add to the HEC-5 program the capability of simulating temperature in a

single reservoir (i.e., temperature simulation module or HEC-5Q).

In November 1979, the HEC contracted with Dr. James H. Duke, Jr. to add

the capability to simulate conservative and non-conservative constituents,
including dissolved oxygen, in a two-reservoir system and its associated
downstream vriver reaches. These modifications were added to the temperature

simulation module and the module was structured to interact with the HEC-5
program to change flow releases if such a change would improve water quality in
the downstream reaches.

In February 1982, the HEC contracted with Resource Management Associates,
Inc. (RMA) and Dr. James H. Duke, Jr., to extend the November 1979 version of
the model to ten reservoirs of an arbitrary tandem and parallel configuration
and to perform additional modifications. The capabilities of the total model,
that have resulted from all of these modifications, are documented herein.

1.2 Purpose of Program

The flow simulation module was developed to assist in planning studies for
evaluating proposed reservoirs in a system and to assist in sizing the flood
control and conservation storage requirements for each project recommended for
the system. The program can also be useful for selecting proper reservoir
operational releases for hydropower, water supply, and flood control.



The water quality simulation module was developed so that temperature and
selected conservative and non-conservative constituents, including dissolved
oxygen, could be readily included as a consideration in planning studies. The
water quality simulation module accepts system flows generated by the flow
simulation module and computes the vertical distribution of temperature and
other constituents in the reservoirs and the water quality in the associated
downstream reaches.

The water quality simulation module also selects the gate openings for
reservoir selective withdrawal structures to meet user-specified water quality
objectives at downstream control points. If the objectives cannot be satisfied,
the model will compute the increase in flow (if any) necessary to satisfy the
downstream objective.

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.

The water quality simulation module will operate in any of three modes: a
calibration mode, an annual simulation mode and a long-term mode. In the
calibration mode, historical flow, water quality and reservoir operations are
furnished so that simulations can be made to determine the necessary values of
module parameters such as decay rates and dispersion coefficients.

In the annual simulation mode, the model is executed on a daily basis to
determine the effects of reservoir operations on reservoir water quality and
the water quality in the associated downstream vreaches. The 1long-term
simulation mode provides simulations similar to the annual simulation mode
except that the time steps are longer, generally thirty days, so that the
effects of reservoir operations on water quality can be examined over a long
planning horizon of ten years or more.

1.3 Hardware and Software Requirements

The program, now written in FORTRAN77, was developed on the CDC Cyber 205,
PRIME 550 and HARRIS 500 computer systems. The storage requirements are
68,387K words of memory on 64 bit computers (i.e., CDC) and 1000K words of
memory on 24 bit computers (i.e., HARRIS). A current version of the program is
maintained for Corps use on the CDC and HARRIS computer systems.

The water quality simulation module 1is an integral part of the flow
simulation module and is not designed to be run independently of the flow

module. Twelve data and scratch files are required for water quality
simulation module operation, in addition to the files required for the flow
simulation module. A total of 31 data and scratch files are required for

operation of both the flow and water quality modules.



2. WATER QUALITY SIMULATION MODULE CONCEPTS
2.1 General Capabilities and Limitations

The water quality simulation module 1is currently limited to a system
containing mno more than ten reservoirs which may be in either tandem or
parallel configuration. The most upstream point, or points, of any system must
be defined by reservoirs. The total stream reservoir system may contain a
total of thirty control points. These control points may be placed at any
desirable location provided that the following guidelines are followed:

a. The most downstream point in the system must be defined by a control
point.
b. The confluence of the two streams, on which parallel reservoirs are

located, must be defined by a control point.

c. The end of the stream reach above tandem reservoirs must be defined by
a control point.

The quality simulation may be performed on only a portion of the total
system simulated by the flow simulation module; however, the quality simulation
portion must begin at the wupstream limits of the total system and cannot be
fragmented.

The water quality simulation module uses flow data from the flow simulation
module and the specification of these data must match the mode in which the
water quality simulation module is operating. For the calibration and annual
simulation modes, flow data must be furnished at intervals of one day and
simulations are limited to periods contained in one calendar year. For the
long term mode, flow data must be furnished at longer intervals (generally 30
days) and the period of simulation is unlimited.

Reservoir dimension limitations include the following:

(1) 50 volume elements? per reservoir

(2) One flood control outlet

(3) One uncontrolled spillway

(4) A selective withdrawal system composed of two wet wells containing up
to eight ports each

The number of volume elements 1is controlled by the total depth and the
element thickness in the reservoir.



Stream dimension limitations include the following:

(1) 300 volume elements?
(2) 3 locations between adjacent control points for allocating local flows

Water quality capabilities include two alternative simulation options.
With option number one, the variable constituents include:

(1) Water temperature which must always be simulated

(2) TUp to 3 conservative constituents

(3) Up to 3 mnon-conservative constituents may be simulated with the
following restrictions:

(a) A maximum of two oxygen consuming constituents may be simulated
(b) Only one non-conservative constituent not connected with the
dissolved oxygen cycle may be simulated

(4) Dissolved oxygen may be simulated within the following restriction:

At least one oxygen consuming constituent must be simulated as a
non-conservative constituent

The second water quality option, referred to as the phytoplankton
option, requires the following eight constituents.

(1) Water temperature

(2) Total dissolved solids
(3) Nitrate nitrogen

(4) Phosphate phosphorus
(5) Phytoplankton

(6) Carbonaceous BOD

(7) Ammonia nitrogen

(8) Dissolved oxygen

None of these constituents may be omitted. The phytoplankton option is
designed to provide a more realistic representation of the lake environment and
the forces affecting dissolved oxygen.

2.2 Reservoir Hydraulics

The reservoirs are represented conceptually by a series of one-dimensional
horizontal slices such as those shown in Figure 1. Each horizontal slice or
layered volume element is characterized by an area, thickness and volume. In
the aggregate the assemblage of layered volume elements 1is a geometric
representation, in discretized form, of the prototype reservoir. This
one-dimensional representation has been shown to adequately represent water
quality conditions in many reservoirs by Eiker [Corps 1974], Baca [1977], and
WRE [1968, 1969a, 1969b].

The number of volume elements is controlled by the total stream length
and the element length in the stream.



FIGURE 1

Geometric Representation of a Stratified Reservoir and
Mass Transport Mechanisms
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Within each element, the water is assumed to be fully mixed. This implies
that only the wvertical dimension is retained during the computation. Each
horizontal layer 1s assumed to be completely homogeneous with all isopleths
parallel to the water surface both laterally and longitudinally. External
inflows and withdrawals occur as sources or sinks within each layer are
instantaneously dispersed and homogeneously mixed throughout each element from
the headwaters of the impoundment to the dam. It is not possible, therefore,
to look at longitudinal wvariations in water quality constituents in a
reservoir. Module results are most representative of conditions in the main
reservoir body.

Vertical advection 1s governed by the location of inflow to, and outflow

from, the reservoir. Thus the computation of the zones of distribution and
withdrawal for inflows and outflows are of considerable significance in
operation of the model. The WES withdrawal method is used for determining the
allocation of outflow. The Debler inflow allocation method is used for the

placement of inflows. These methods are described in the following sections.
2.2.1 WES Withdrawal Allocation Method

The outflow component of the model incorporates the selective withdrawal
techniques developed by Bohan [1973]. Laboratory investigations were conducted
to determine the withdrawal zone characteristics created in a randomly
density-stratified impoundment by releasing flow through a submerged orifice.
From these investigations generalized relationships were developed for
describing the vertical limits of the withdrawal zone and the vertical velocity
distribution within the zone.

A definition sketch of wvariables for orifice flow is shown in Figure 2.
The following transcendental equation defines the zero velocity limits of the
withdrawal zone.

2 Ap'
v, o= L d z 1
=B (s (L)
where:
V, = average velocity through the orifice in m/sec
Z = vertical distance from the elevation of the orifice center line to
the upper or lower limit of the zone of withdrawal in meters
A, = area of the orifice opening in m?
Ap' = density of fluid between the elevations of the orifice center
line and the upper or lower limit of the zone of withdrawal in
kg/msk
pPo = fluid density of the elevation of the orifice center line in
kg/m®
g = acceleration due to gravity in m/sec2

*All water densities in the water quality simulation module are computed solely
as a function of water temperature.



FIGURE 2

Definition Sketch of Variables for Orifice Flow
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With knowledge of the withdrawal limits, the velocity profile due to
outflow can be determined. First, the location of the maximum velocity is
determined by:

T Z1

. 2
— = [gin (1.57 —— 2
r [ ( e )] (2)
where:
Yy = vertical distance from the elevation of the maximum velocity V to
the lower limit of the zone of withdrawal in meters
H = thickness of the withdrawal zone in meters
Zl = vertical distance from the elevation of the orifice center line to

the lower limit of the zone of withdrawal in meters

The distribution of velocities within the withdrawal zone is then
determined by:

v A
~ - a0’ 3
m
where:

v = local normalized velocity in the zone of withdrawal at a distance y
from the elevation of the maximum velocity V

V = maximum velocity in the zone of withdrawal in m/sec

y = vertical distance from the elevation of the maximum velocity V to
that of the corresponding local velocity v in meters

Y = vertical distance from the elevation of the maximum velocity V to the
limit of the zone of withdrawal in meters

Ap = density difference of fluid between the elevation of the maximum
velocity V and the corresponding local velocity V in kg/m’

Ap_ = density difference of fluid between the elevation of the

m
maximum velocity V and the limit of the zone of withdrawal in kg/m®

This equation can be used to describe both the upper and lower sections of
a velocity distribution wusing the elevation of the maximum velocity V as the
reference elevation, except for conditions in which the withdrawal zone is
limited by either the free surface or the bottom boundary. For conditions
where the free surface and bottom boundary limit the withdrawal zone, the
velocity distribution is computed by:

v A
Jo_q. (__Z_f_)2 (4)
v Yap,



For a situation in which only one 1limit (upper or lower) is affected by a
boundary (free surface or bottom boundary), equation (3) can be used to
determine the velocity distribution from the elevation of maximum velocity V to
the 1limit wunaffected by a boundary, and equation (4) can be used to determine
the wvelocity distribution from the elevation of maximum veloecity V to the limit
affected by a boundary. The flow from each layer is then the product of the
velocity in the layer, the width of the layer and the thickness of the layer.
A flow-weighted average is applied to water quality profiles to determine the
value of the release content of each constitutent for each time step.

2.2.2 Allocation of Inflow

The allocation of inflows is based on the assumption that the inflow water
will seek a level of like density within the lake. If the inflow water density
is outside the range of densities found within the 1lake, the inflow is
deposited at either the surface or the bottom depending on whether the inflow
water density 1is less than the minimum or greater than the maximum water
density found within the lake.

Once the entry level is established, the inflow water is allocated to the
individual elements by one of two methods. If the inflow enters a zone of
convective mixing, the inflow is distributed wuniformly throughout the
convectively mixed zone. If the inflow enters a stratified region of the lake,
the inflow is distributed uniformly within a flow field, the thickness of which
is determined by Debler’s criteria [1959].

The thickness of the flow field is determined by:

D= 2.88 (—%x—g—g—)l/z (5)

where:

= thickness of the flow field in meters

inflow rate in m®/sec

effective width* of reservoir at the inflow level in meters
density gradient at the withdrawal location in kg/m*
acceleration due to gravity in m/sec?

= water density at the outlet location in kg/m

I

I

TR ™o
I

Once the thickness of the flow field is established, the water is deposited
to the elements about the entry level assuming a uniform velocity distribution.

*The effective width of the flow field is defined as the reservoir area at
the entry level divided by the effective reservoir length at the inflow
location.



2.2.3 Vertical Advection

Vertical advection is the net interelement flow and is one of two transport
mechanisms used in the module to transport water quality constituents between
elements. The wvertical advection is defined as the interelement flows which
result in a continuity of flow in all elements. Beginning with the lowermost
element, the vertical advection 1is calculated by algebraically summing the
inflows and outflows. Any flow imbalance 1is accounted for by vertical
advection into or out of the element above. This process is repeated for all
remaining elements taking into account the vertical advection from or to the
element below. Any resulting flow imbalance in the surface element is
accounted for by an increase or decrease in the lake volume.

2.2.4 Effective Diffusion

Effective diffusion 1is the other transport mechanism used in the module to
transport water quality constituents between elements. The effective diffusion
is composed of molecular and turbulent diffusion and convective mixing.

Wind- and flow-induced turbulent diffusion and convective mixing are the
dominant  components of effective diffusion in the epilimnion of most
reservoirs. In quiescent, well-stratified reservoirs, molecular diffusion may
be a significant component in the metalimnion and hypolimnion. For deep,
well-stratified reservoirs with significant inflows to or withdrawals from the
hypolimnion, flow-induced turbulence in the hypolimnion dominates. For weakly
stratified reservoirs, wind-induced or wind- and flow-induced turbulent
diffusion will be the dominant component of the effective diffusion throughout
the reservoir.

One of two methods may be selected by the user to calculate effective
diffusion coefficients: the stability method or the wind method.

(1) Stability Method - The stability method of computing the effective
diffusion coefficients 1is appropriate for most deep, well stratified
reservoirs and shallower reservoirs where wind mixing is not the
dominant turbulent mixing force. This method is based on the
assumption that mixing will be at a minimum when the density gradient
or water column stability is at a maximum.

The relationship between stability and the effective diffusion is shown
graphically in Figure 3. This figure shows the range of effective diffusion
coefficients reported by WRE [1969b] and were deduced from data collected in

reservoirs of the Pacific Northwest. Effective diffusion coefficients for
reservoirs in other regions may fall below the lower envelope of values shown
on Figure 3. The relationship between effective diffusion and stability is

shown below.

D = Al when E < E (6)

crit

A
D, = A)E > when E > E_,;, (7
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where:

D, = effective diffusion coefficient in m?/sec
Aq = maximum effective diffusion coefficient in m?/sec
1 d
E - — x £
o 0z
E = water column stability or normalized density gradient in 1l/meter
E.rit = water column critical stability in 1/meter

Ay ,Aq = empirical constants

A typical density profile for a stratified reservoir and the resulting
effective diffusion coefficient distribution are shown in Figure 4.

(2) Wind Method - The wind method for computing effective diffusion
coefficients 1is appropriate for reservoirs in which wind mixing
appears to be the dominant component of turbulent diffusion. This
method assumes that wind-induced mixing is greater at the surface and
diminishes  exponentially with  depth. The following empirical
expression which 1is a combination of wind-induced diffusion and a
minimum diffusion term representing the combined effects of all other

mixing phenomena is used to calculate the effective diffusion
coefficient:
_ -kd
Do = Dpin *+ A1Vye (8)
where:
Dyin = minimum effective diffusion coefficient in mz/sec
Aq = empirical coefficient in meters
V, = wind speed in m/sec
N 44 .
Ag = empirical coefficient
d. = depth of the thermocline in meters or six meters during
unstratified conditions

d = depth of specific layer in meters

Typical <wvalues reported by Baca [1977] for the minimum effective diffusion
coefficient and the empirical coefficients required by equation (8) are
presented in Table 1. Within the model the actual diffusion coefficient, D.,
is constrained by a maximum Dmax, which is wusually about 5 x 107%. The
shape of the diffusion coefficient as a function of depth is shown in Figure 5
for two different cases.

12



FIGURE 4

Effective Diffusion Coefficients vs. Depth for Stability Method
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TABLE 1

Minimum Effective Diffusion Coefficient and
Empirical Coefficient for Wind Mixing Method

Well-Mixed Stratified
Coefficient Reservoirs Reservoirs
Minimum Effective 1x107° to 5x107° 1x10°° to 1x1077/
Diffusion Coeff (Dmin)
Empirical Coeff (Ap) 1x10°% to 2x107% 1x1079 to 5x107°
Empirical Coeff (Aj) 4.6 4.6

2.3 Stream Hydraulics

The stream system is represented conceptually as a linear network of
segments or <volume elements. Each element is characterized by length, width,
cross section area, hydraulic radius, Manning’s n and the relationship between
flow and depth (see Figure 6).

Flow rates at stream control points are calculated within the flow
simulation module by using one of the hydrologic routing methods. Within the
flow simulation module, incremental local flows (i.e., inflow between adjacent
control points) are assumed to be deposited at the control point. Within the
water quality simulation module, the incremental local flow may be divided into
components and placed at different locations within the stream reach (i.e.,
that portion of the stream bounded by the two control points). A flow balance
is used to determine the flow rate at element boundaries. Any flow imbalance
(i.e., flow at wupstream control point plus the increment local flow not equal
to the flow at the downstream control point) is distributed uniformly to the
flows at each element boundary. Once interelement flows are established, the
depth, surface width and cross section area are computed at each element
boundary (assuming normal flow).

All additional stream hydraulic data required to represent the mass
transfers mneeded to simulate stream water quality can be calculated using these
three relationships and the input channel geometry.

2.4 Thermal Analysis

Both the streams and reservoirs are represented by an assemblage of fluid
elements linked together by interelement flow and diffusion (stream diffusion
is assumed mnear zero). The interelement mass transports and the fundamental
principle of conservation of heat can be represented by the following
differential equation model for the dynamics of temperature within each fluid
element.

14



FIGURE 6

Geometric Representation of Stream System and
Mass Transport Mechanisms
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V —— = Az:Q, —— + Az+A, D, + QqeT; - QT - T (9)
at at dz pec at
where:
T = temperature in degrees Celsius
V = volume of the fluid element in m®
t = time in seconds
z = space coordinate 1in meters (vertical for the reservoir and horizontal

for the stream)

Q, = interelement flow in m®/sec

A, = element surface area normal to the direction of flow in m?
D, = effective diffusion coefficient in m?/sec

Q; = lateral inflow in m®/sec

T; = inflow water temperature in degrees Celsius

Q, = lateral outflow in m’/sec

Ay = element surface area in m?

H = external heat sources and sinks in kcal/m?/sec

p = water density in kg/m®

¢ = specific heat of water in kcal/kg/°C

This equation represents the dynamics of heat within the fluid element.
The set of equations for all elements within the reservoir or stream system
represents the dynamics of heat within that system. All of the terms on the
right side of equation (9) represent physical heat transfers including the
external heat sources and sinks.

The external heat sources and sinks that are considered in the module are
assumed to occur at the air-water interface. The rate of heat transfer per
unit of surface area can be expressed as the sum of the following heat exchange
components:

Hn = HS - HSr + Ha - Har + Hc - Hbr - He (10)\

where

H, = the net heat transfer

H, = the short wave solar radiation arriving at the water surface

Hy, = the reflected short wave radiation

H, = the long wave atmospheric radiation

H, .. = the reflected long wave radiation

H, = the heat transfer due to conduction

Hy .. = the back radiation from the water surface

HaB = the heat loss due to evaporation

All units are in kcal/mz/sec

Complete discussions of the individual terms have been presented by
Anderson [1954] and by the Tennessee Valley Authority [1972].
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The method wused in the module to evaluate the net rate of heat transfer at
the air-water interface has been developed by Edinger and Geyer [1965]. Their
method wutilizes the concepts of equilibrium temperature and coefficient of
surface heat exchange. The equilibrium temperature is defined as the water
temperature at which the net rate of heat exchange between a water surface and
the atmosphere 1is zero. The coefficient of surface heat exchange is the rate
at which the heat transfer process proceeds. The equation describing this

relationship is:

H, = K, (T, - Ty) (11)
where:
H, = net rate of heat transfer in kcal/hﬁ/sec
K, = coefficient of surface heat exchange in kcal/m?/sec/°C
T, = equilibrium temperature in degress Celsius
T, = surface temperature in degrees Celsius

A Heat Exchange Program which computes these terms is available at the HEC
[Corps 1974].

All heat transfer mechanisms, except short wave solar radiation, apply at
the water surface. Short wave radiation penetrates the water surface and may
affect water temperatures several meters below the surface. The depth of
penetration is a function of adsorption and scattering properties of the water
[Hutchinson 1957]. This phenomenon is unimportant in the stream routines since
elements are assumed vertically mixed.

In the reservoir routines, however, the short wave solar radiation may
penetrate several elements. The amount of heat which reaches each element is

determined by:

I=(l-p) Ie X (12)
where:
I = light energy at any depth in kcal/m?/sec
B = fraction of the radiation absorbed in the top foot of depth
I, = light energy at the water surface in kecal/m?/sec
k = light extinction coefficient in 1/meter
z = depth in meters

Combining equations (11) and (12) for the reservoir surface element, the
external heat source and sink term becomes:

-kAz
H=K (T, - Ty) - (1 - p) Ige (13)
and the external heat source for all remaining reservoir elements becomes:

I=1,(1- K% (14)

where:

I, = the light intensity at the top of the element in kcal/mz/sec
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2.5 WATER QUALITY ANALYSIS
2.5.1 Physical and Chemical Constituents

Water quality constituents other than temperature are represented by
equation (9) with minor modifications:

a. The definition of the wvariable T 1is generalized to represent the
concentration of any water quality constituent.

Ay H

b. The distributed heat gain/loss term is:

pec

(1) Eliminated for conservative constituents
(2) Replaced by a first order kinetic decay formulation, -KlT,

for non-conservative constituents where K, is the decay
rate in 1/day.

(3) Replaced by a first order reaeration term,
As-KZ(DO*-DO)—SO, for dissolved oxygen where As ii

the element surface area, Kz is the reaeration rate, DO
is the dissolved oxygen saturation concentration at the ambient
temperature, DO 1is the existing dissolved oxygen concentration,
and SO is the benthic uptake rate.

The reservoir reaeration rate is computed as follows:
K, = (a +bW2)/Az (15)
where:

Ky = reaeration rate in 1/day at 20-C

a,b = empirical coefficients derived by curve fit from Kanwisher [1963] to
be 0.50 and 0.025, respectively.

W = wind speed in meters per second

Az = surface element thickness in meters

The stream reaeration vrate 1s computed using the O'Conner-Dobbins [1958]
method:

0.5
(D0

Ky = — (16)
2
bl.5

where:

o = Treaeration rate in 1/day at 20-C

molecular diffusion coefficient in meters?/day
flow velocity in meters/second

average stream depth in meters

ocu R
ron
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at which chemical and biological processes take place are normally a
of temperature. To account for this temperature dependence, all first

kinetic rates are adjusted for 1local ambient temperatures wusing a
multiplicative correction factor:

i

r

T-20
o = 1, (T20) (17)

eaeration rate multiplicative correction factor

empirically determined temperature correction factor

1

ocal ambient water temperature in °C

2.5.2 Phytoplankton Analysis

When the phytoplankton option is selected, the distributed heat gain/loss
term is replaced by:

Nitrate Nitrogen...+ VeKNHqeNH; - VeKB«PN+P+PG(1-FN) (18)
where:
KNHg = ammonia decay rate adjusted to ambient temperature
NH4y = ammonia concentration
KB = phytoplankton activity rate at ambient temperature
PN = nitrogen fraction of phytoplankton (PN=0.08)
PG = phytoplankton growth rate
P = phytoplankton concentration
FN = ammonia fraction of available nitrogen
Phosphate Phosphorous...+ VeKB+PP«P (PR+PM-PG) + SP (19
where:
PP = phosphorus fraction of phytoplankton (PP=0.012)
PR = phytoplankton respiration rate
PM = phytoplankton mortality rate
SP = benthic source rate for phosphorus
)
Phytoplankton...+ VeKB+P (PG-PR-PM) - -—5; (P-AZ)-PS (20)
where:
PG = phytoplankton growth rate
C
= Pmax I —é;'-'_—c—— I min (21)
P oy = maximum phytoplankton growth rate
C = nutrient concentration or light intensity o
Co = half saturation constant for phytoplankton utilizing nutrients or
‘ light
PS = phytoplankton settling rate
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Ammonia Nitrogen...+ VsKB<PNeP (PR+PM-PG+FN) + SN

where:
SN = benthic source rate for ammonia nitrogen

Dissolved Oxygen...+ As+K, (DO*-DO) - VeKLeL - VeKB+P (PR+O2R+PM-

02R-PG-02G) - V-KNH3-NH3-02N-SO
where:
KI. = BOD decay rate at ambient temperature
O2R = ratio between oxygen consumed and phytoplankton respiration and decay
(O2R = 1.6)
02G = ratio between oxygen produced and phytoplankton growth (02G = 1.6)
02N = ratio between oxygen consumed and ammonia decay (02N = 4.6)

Computation of the reaeration rate for dissolved oxygen and the first order
rate adjustment for the ambient teémperature 1is the same as for the
non-phytoplankton option except for the  temperature adjustment for
phytoplankton growth and respiration. The ambient temperature adjustment
factors for phytoplankton growth utilizes the temperature limit approach which
assumes that the rate at which a reaction takes place is a function of two
exponential expressions similar to those depicted in Figure 7. The temperature
tolerances define the functions wused to modify the growth and respiration

rates. The temperatures Tl and T4 are the lower and upper tolerance limits,
respectively, for growth, and T2 and T3 define the optimum range at which the
growth is a maximum. The upper range of the optimum temperature T3 and the

upper tolerance 1limit T4 for phytoplankton respiration and mortality processes
are assumed outside the range of normal prototype temperatures.

2.6 SOLUTION TECHNIQUES
2.6.1 Reservoir

A Gaussian reduction scheme is used for solving the differential equations
which represent the response of the water quality constituents within the
reservoirs. Equation (9) 1is rewritten in a form where a "forward time and
central difference" scheme 1is wused to describe all the derivative processes,
For element i adjacent to elements i-1 and i+l (see Figure 8), the general mass
balance equation becomes:

i }'Ti {

n [45] e {
1

1 { 141 J\+ZQ Tt —— (24)
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where:

subscripts i, i-1, i+l denote element numbers
= volume of the fluid element in m®
= temperature in degrees Celsius or water quality constituent
concentration, milligrams/liter
= computation time step in seconds
= element area at the fluid element boundary in m
= effective diffusion coefficient in m?/sec
Az = element thickness (length is stream) in meters
Q, = upward advective flow (stream flow) between elements in ms/sec
Qq = downward advective flow between elements in m3/sec
= rate of flow removal from the element in m3/sec
Q, = rate of inflow to the element in m®/sec

H <
[

2

O > ot
!

T, = inflow water temperature in degrees Celsius or constituent
concentration in milligrams/liter

H = external sources and sinks of heat in kcal/sec

p = water density in kg/m®

¢ = specific heat of water in kecal/kg/°C

Recall that the

o term is replaced by -kyT or k,(0¥-0) for
nonconservative water quality constituents and dissolved oxygen respectively.
A finite difference equation of this type is formed for each element and
integrated with <respect to time. The system of finite difference mass balance
equations represents the response of water quality within the entire reservoir,
and with the aid of a numerical integration technique, the equations are solved
with respect to time.

The heat or mass balance at any element, i, can take the form:

ViCi = €5.18i-1 - ©i%i * €4418i41 t Py (25)
where:
v; = volume of element i
L]
c; = time rate of temperature or water quality constituent concentration
in element 1
c; = temperature or constituent concentration in element i

s; = the bracketed terms of the mass balance equations (i.e., advection,
diffusion and change of volume)
p; = the constant term for each element i (i.e., sources and sinks)
The complete system of mass balance equations for the n elements can be
written in the matrix form:

[v] () = [s] {e) + {p) (26)
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where:

[vl] = an n x n matrix with the element volumes on the diagonal and zeroes
elsewhere

a column matrix of the rates of change for temperature or constituent
concentrations in each of the n elements

an n x n matrix of the coefficients which multiply the temperature or
constituent concentrations

{c} = a column matrix of the temperature or constituent concentrations in
each segment

a column matrix of the constant terms for each segment

EEG)
oo

I

{p}

To integrate the basic equation over time, the following numerical
approximation for each element is made.

At e
Cerat T St T T (Gt Cppng) (27)

where:

= temperature or constituent concentration at the
.. beginning and end of an integration interval, respectively
Cr,Ceypr = rate of change of temperature or constituent
concentration at the beginning and end of an integration
interval, respectively
At = the length of an integration interval

Ct:Ctrat

At any point in time c, and c, are known, thus the expression becomes:

At .
Cepar = B F CriAt (28)
where:
At .
B = ce + Cp
Equation (27) rewritten in matrix form is:
{c} = {B} + {c) : (29)

2

where:

{c}

a column matrix of temperatures or constituent concentrations at the
end of the time interval

{B} a column matrix of the terms defined in Equation (28)

{c} = a column matrix of the time rate of change in temperature or
constituent concentrations
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Substituting Equation (29) into Equation (26):

[v] {c} = [s] {B) + [s] {5} + {p} (30)
oY
[s*1 (e} = (p) (31)
where:
%] = [v] - == [s]

(p*) = [] (B) + (p)

Equation (31) forms the basis for a solution, as there is only one unknown
in the equation (i.e., ({c}). The following recursive scheme can be used for
the numerical solution of equation (31).

1. Form the wvector {B} from the initial condition or the solution just
completed.
2. Form the known hydraulic solution and known boundary conditions;

define the conditions which will exist at the end of the interval.

3. With known values of [v], [s], and {p}, form [s*] and {p*}.
4, Solve for {é} at time (t + At).
5. Compute {c} by substitution in equation (29).

The above recursive scheme is that used in many computer codes and has proven
to be very stable.

2.6.2 Stream
A linear programming algorithm is used to solve a fully implicit backward

difference in space, forward difference in time, and finite difference
approximation of equation (24). This approximation has the general form:

t+l t+1 t+l b 39
83,1-161-1 ¥ 31,18+ 85 3410541 - 1 = By (32)
where the "a" terms are coefficients formed from the area, dispersion

coefficients, flows, 1lengths of the computational elements, and time step for
each volume element; the "C" terms are the unknown temperatures and constituent
concentrations in each volume element; the "b" terms are constants formed from
initial conditions or previously computed conditions, tributary inputs of heat
or mass loads and, depending wupon the context (see below), the reservoir
releases.
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Two matrix formats are used in the stream water quality simulation module.
The first can be wused to solve for temperature and constituent concentrations
given all external input. This format is

-3

lale = b (33)

-
where |A| is the matrix of coefficient; ¢ is the vector of unknown

temperatures or constituent concentrations; and b is the vector of constants.
Expanding the notation yields:

ai1 P 0
asy agy ags 0
0 asy asgy asy
la] = . . . Ny . (34)
0 4n-1,m-2 4n-1,m-1 4n-1,m 0
m,m-1 m,m
»
[ ] 7
cq by
- -
C == C2 b= b2
‘Fm _bq_

In this format, the |A] matrix is a tri-diagonal matrix consisting of N .
m X m elements, where m is the number of stream elements. The vectors c and b
both consist of m elements.

The |a] matrix will not necessarily be tri-diagonal in a given
application of the stream water quality simulation module to a particular
stream system but the matrix will be symmetrical about the principal diagonal
and will always be a square matrix,

This format 1is wused in the water quality simulation module to compute the
final results after all reservoir operations have been completed. In effect,
the linear programming algorithm is wused simply as a matrix solver for a
simulation model.

The second, and more complex, matrix format wused in the water quality
simulation module is for determining the temperature and constituent
concentrations that must come from the reservoirs to satisfy all water quality
targets 1in the stream system. 1In effect then, the second format is used to (1)
determine which control point controls the release for each constituent and (2)
determine the reservoir release water quality that most closely satisfies the
targets at the controlling points.
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This decision making capability is achieved by (1) transforming the
constituent concentrations at each control point into a specification of the
target and the deviation of the concentration above or below the target and (2)
making the concentrations in the reservoir releases unknown so that they can be
computed.

The transformation used at control points to specify the target is:

t+1 t+1 t+1 35
C; =0Co1 + Gy -Gy (35)
where:
t+l . . . . .
Cy = temperature in degrees Celsius or constituent concentration in
milligrams/liter
Cyi = target temperature in degrees Celsius or constituent concentration
e+l in milligrams/liter
C,i = deviation of simulated temperature or constituent concentration

above the control point target
C_ ;" = deviation of simulated temperature or constituent concentration
below the control point target

This transformation 1is substituted into equation (32) to vyield the
following equation which 1is applied to those volume elements that are located
at control points:

t+l t+l t+1 t+1 t
83,1-101-1 * 81 301 - 35,405 * 34 3410541 - G5 =P - 235 3CGo; (36
where the (a; ;C, term has been moved to the right hand side of the
equation since it is known. Thus, the m x m simulation matrix has now been
transposed into a m x n rectangular matrix, where n = m + NCP and NCP is the
number of control points.

i)
s

Equation (36) 1is the general form of the equation used for all volume
elements in formulating decision making problems. It includes, as variables,
the constituent concentrations in the reservoir releases, although the
inclusion is not obvious., For those volume elements that are just below

reservoirs, the CET% concentrations represent the constituent concentrations

in the reservoir releases. In the simulation model, where the reservoir release
constituent concentrations are known, the ai,i-lc§T% terms were included

in the b vector for those volume elements just below reservoirs. For the
decision making model, the ai,i-lcgfi terms are included as unknowns. Thus

the m X n simulation matrix has been made even more elongated in variables and
~n is now m + NCP + NRES, where NRES is the number of reservoirs in the system.
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One additional set of equations is included in the water quality simulation
module to ensure that vrealistic results are obtained in computing reservoir
release water quality. These equations are applied to define the range of
constituent concentrations that may be released from the reservoirs. Normally
the range is defined by two inequalities:

t+1 t+1 37
Cy = Cpin (37)
t+l t+1
r = Cnax (38)
where:
t+1 L . . . .
Cpin = Minimum temperature or constituent concentration in reservoir
4] Vater quality profile
Cpax = Maximum temperature or constituent concentration in reservoir
c41 vater quality profile
C, =~ = final computed temperature or constituent concentration in

reservoir release

In practice, these 1inequalities are written as equalities by adding slack
and surplus variables.

t+l t+1

Cy - Xsurplus = Cnin (39)
t+1 t+1

Cr + Xslack = Chax (40)

Although the slack and surplus variables have meaning, in the water quality
simulation routine they are added as a computational necessity.

With the problem so formulated, the IAI matrix of equation (34) consists
of (m + 2 * NRES) rows and (m + NCP + NRES) unknowns, and the b vector consists
of (m + 2 * NRES) constants. The lA| matrix may be conceptually
partitioned as shown in Figure 9, where it is assumed that reservoirs are above
volume elements 1 and 3, that these reservoirs are in tandem and that volume
elements 1, 3, 7 and m are control points.
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There are a number of solutions that will satisfy a matrix that is not
square (i.e., m x m). The purpose of using a linear programming solution is to
select the solution that best satisfies the objectives of the reservoir
operation on downstream water quality. However, it is known that one class of
solutions will never appear: at no time will the variables that describe the
positive and the negative deviations from the control point target constituent
concentrations appear simultaneously in the solution. At all times, one or the
other deviation will appear, but not both. It is also known that the reservoir
release constituent concentrations will always appear in the final solution.
Thus, selecting the solution that best satisfies the objectives of the
reservoir operation on downstream water quality reduces to selecting which
control point deviation wvariable appears in the final solution and the
numerical wvalue attached to that variable. Once this numerical value is known,
it 1s known that the deviation of the opposite sign is zero so that the actual
control point constituent concentration can be computed using equation (35).

The objective function is wused in a linear programming formulation to
quantitatively describe the desirabiity of any given solution to a formulated
problem. In the water quality simulation module, a minimization routine is
used which is expressed as:

- >
minimize z = p ¢ (41)

The actual value of z is immaterial to the water quality simulation module;
it is just an index by which the desgirability of the solution is determined.
The vector c¢ 1is the same vector ¢ in equation (33) except that, as previously
described, it includes the variables representing:

1. The deviations from the control point targets for those volume elements
that represent control points

2. The constituent concentrations in all other volume elements

3. The constituent concentrations in the reservoir releases.

The wvector B represents the penalty associated with the appearance of a
given wvariable in the final solution. Logically, the penalties in p are
nonzero only at control points and are applied only for the variables that
represent deviations from the target.

The water quality simulation module 1is structured flexibly so that
different penalties can be assigned for each control point, for each
constituent and for each deviation, above and below. The magnitude of the
penalty is unimportant, as 1long as it 1is nonzero where necessary and
realistically represents the desired policy. For instance, for a temperature
target expressed as "the temperature at control point I shall not exceed
20°C, or

TI < 20,
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the penalty for the positive deviation at control point I could be set to 1.0,
and the penalty for the negative deviation could be set to 0.0. Obviously,
when trying to minimize =z, as shown in equation (41), the linear programming
algorithm would try to ensure that the variable representing the negative
deviation would appear in the final solution since a lower value of the index z
would result.

If it was twice as important that the target temperature at control point I
be maintained than at another control point, say J, then the penalty associated
with a positive deviation from the target at I could be set to 2.0, and the
penalty associated with a similar positive deviation at J could be set to 1.0.
Of course, the penalties associated with negative deviations at both I and J
would be set to 0.0.

Similar logic 1is wused for setting penalties for constituents that must
always exceed a target value, such as dissolved oxygen. The nonzero penalties
are applied to the variables representing negative deviations, and the
variables that represent positive deviations are given penalties of O.

In specifying the penalties for violating control point targets, the
relative importance of one unit of measure for the various constituents must be
considered. As an example, the importance of a one mg/l violation of a total
dissolved solids target value would normally be much less than a one mg/l
violation of a dissolved oxygen target; therefore, the penalties for violating
dissolved oxygen targets would mnormally be much greater than those for total
dissolved solids.

2.6.3 Gate Selection

The port selection algorithm serves to determine which ports should be open
and what flow rate should pass through each open port in order to maximize a
function of the downstream water quality concentrations. Solution of this
problem 1is accomplished by wusing mathematical optimization techniques. The
objective function is related to meeting downstream target qualities subject to
various hydraulic constraints on the individual ports.

Kaplan [1974] solved a similar, although more difficult, problem by
including in the constraint set wupper and lower bounds on the release
concentration of each water quality constituent. Kaplan also considered as
part of his objective function the reservoir water quality that resulted from
any particular operation strategy. A penalty function approach was used to
incorporate the many constraints into the objective function, which could then
be solved as an unconstrained nonlinear problem. For the problem of interest
with respect to HEC-5Q, with appropriate transformations it is possible to
formulate a quadratic objective function with linear constraints. Mathematical
optimization techniques are available to exploit the special structure of this
problem and to solve it efficiently.

The hydraulic structure under consideration is composed of two wet wells,
containing up to eight ports each, and a flood control outlet. It is assumed
that releases through any of these ports (including the flood control outlet)
leave the reservoir through a common pipe. At any given time, only one port in
either wet well and the flood control outlet may be operated. Hence, the
algorithm provides flows through three ports at most.
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The HEC-5 model also provides for releases through an uncontrolled
spillway. These releases are not a part of the gate selection algorithm, but
the water quality of the spillway releases are considered by the gate selection
algorithm.

The algorithm proceeds by considering a sequence of problems, each
representing a different combination of open ports. For each combination, the
optimal allocation of total flow to ports is determined. The combination of
open ports with the highest water quality index defines the optimal operation
strategy for the time period under consideration.

There are four different types of combinations of open ports. For one-port
problems all of the flow 1is taken from a single port, and the water quality
index 1is computed. For two-port problems combinations of one port in each wet
well and combinations of each port with the flood gate are considered. For
three-port problems combinations of one port in each wet well and the floodgate
are considered. The total flow to be released downstream is specified external
to the port selection module, but if the flow alteration option is selected,
then the flow can be treated as an additional decision variable; and the flow
for which the water quality index is maximized is also determined.

For each combination of open ports, a sequence of flow allocation
strategies 1is generated using a gradient method, a gradient projection method,
or a Newton projection method as appropriate. The value of any flow allocation
strategy is determined by evaluation of a water quality index subject to the
hydraulic constraints of the system, The sequence converges to the optimal
allocation strategy for the particular combination of open ports.

To evaluate the water quality index for a feasible flow allocation

strategy, first the release concentration for every water quality constituent
is computed.

R, = (42)

where:

release concentration for constituent c
index for constituents

index for open ports

number of open ports

concentration of constituent ¢ at port p
flow rate through port p

number of constituents under consideration

w
I |

OZ'UO B =g 0
I

The deviation of release qualities from downstream target qualities can be
computed.

(43)
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D, = deviation of constituent C
T. = downstream target quality for constituent C

The subindex S, for each constituent can be determined by:
Sc = £(D); c =1, N, (44)

Where the function f takes the form of the sixth order polynominal:

, 2 3 4 5
£(b,) = a + bD, + cD, + dD, + eD, + D, (45)
In selecting these coefficients, the magntiude and importance of the water
quality parameter should be considered. To aid in the coefficient selection

process, Table 2, Figure 10 and the following discussion are provided.

TABLE 2. Typical Coefficients in Constitutent Suboptimization Function

Coefficient

Curve

Number ax b c d e £
1 100 0.0 - 0.1 0.0 0.000 0
2 100 0.0 - 2.0 0.0 0.000 0
3 100 0.0 - 10.0 0.0 0.000 0
4 100 - 3.2 - 0.7 - 0.1 - 0.005 0
5 100 3.2 - 0.7 0.1 - 0.005 0

*a should always equal 100

Curves 1 through 3 are functions where equal weight is given to deviation
on either side of the target concentration. Under normal conditions, this type
of function should be used.

Curve number 1 would be used for a quality parameter such as TDS since wide
variations from the target are normally allowable. For a parameter such as
nitrate where the concentration is low, curve number 3 would be appropriate.
Curve number 2 might be wused for temperature or other paramters where the
concentration range is 5 to 25.

Curves number 4 and 5 are functions where deviations about the target are
not weighted equally. Curve number 4 could be used for a toxic parameter where
the lowest discharge concentration would be desirable, conversely, curve 5
could be wused for a parameter where a higher concentration 1is always
desirable. Curve 5 might be appropriate for dissolved oxygen in some
applications.

In summary, almost any shape of function can be developed (a curve fit

routine will be wvery helpful) using the sixth order polynomial function. In
developing these functions, the importance of the parameter and the normal
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anticipated concentration magnitude are the major considerations. Keep in mind
that the weighting factor can be set to zero if the quality parameter is
unimportant.

Finally, the scalar water quality index can be determined by:

Ne
Z =) W.S. (46)
c=1
where:
Z = water quality index
W, = weighting factor for constituent c
S, = subindex for constituent ¢ and:
N
c
Y W=l (47)
c=1

In summary, the problem of determining the optimal allocation of flows to
ports for a particular combination of open ports and for a specified total flow
rate Q can be expressed as follows:

MAX Nc
(Y W, S (48)
Qp c=1
Subject to:
N
P
L Q=Q
p=1
Fmin,p = Qp = Fmax,p ; p=l, Np

where F_ . ~—~and F .. are the minimum and maximum acceptable flow rates

through a port.

When an acceptable flow range Qj, yer t© Qupper is specified, then the
problem is written as:
MAX N
c
(% W, S
Qp c=1
Subject to:
N
p
Qower ) Qp = Qupper
p=1
Fmin,p = Qp = Fmax,p ; p=1, Np
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These  problems are solved very efficiently by wusing mathematical
optimization techniques that take advantage of the problem structure, namely a
quadratic objective function with linear constraints.

2.6.4 Flow Alteration Routine

The flow alteration routine is designed to change the reservoir releases,
computed by the flow simulation module, to better satisfy the stream control

point water quality objectives. There are two flow alteration routines
contained in HEC-5Q. The first 1is contained in the selective withdrawal
algorithm and 1is described in Section 2.6.3, Gate Selection. Flows are

increased 1in the gate selection algorithm if increasing the flow will result in
releases that better meet the reservoir release targets called for by the
stream linear programming algorithm.

The second flow alteration routine computes increases in reservoir releases
to ensure that control point targets are met insofar as is possible. The
routine 1is designed about a mass balance for all reservoir releases and all
control points affected by those releases. Tributary inflows and other flow
changes are included. Second order effects, such as reaeration and external
heating due to increased or decreased stream surface area, are not included.

The procedure is as follows:

1. The vrelative mass that needs to be added in the flow at the control
point (for those constituents below the target) or reduced in the
flow at the control point (for those constituents above the target)

is computed using:

AM = Qg (G4 - Cop) (49)
where:
Qcp = flow at the control point as determined by the flow simulation
module
C, = target constituent concentration at the control point
CCp = computed constituent concentration at the control point
2. The average reservoir release concentration is computed for

all reservoirs for which the constituent concentration in the
releases 1is greater than the target concentration at the control point
of interest (for those constituents below the target) or for which the
constituent concentration in the releases is less than the target at
the control point of interest (for those constituents above the
target). Thus:

n n
CR=X Qi Ci /% i (50)
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where:

Cp = average constituent concentration in reservoir releases for only
those reservoirs releasing flow with constituent concentrations
adequate to dilute the control point concentration and bring it to
the target

Qi = flow release from reservoir i
Ci = constituent concentration in release from reservoir i
n = number of reservoirs

The sums are taken only over those reservoirs i that are capable of
diluting the control point constituent concentration that is of poorer quality
than the target concentration.

3. The total dilution flow requirement is then computed by the following
quotient:

AM
Q= —— (51)

Cr

where Q, 1is the total flow release needed to bring the constituent
concentration at the control point of interest to the target.

4. The flow Q, 1is then apportioned to the reservoirs capable of bringing the
control point constituent concentration to the target in proportion to the
flows originally computed for those reservoirs by the flow simulation
module,

Thus the flow augmentation requirement can be computed for each control point
and for each constituent. The various computed flow rates are then combined by
using the coefficients of the 1linear programming objective function and the
deviation  of the respective constituent concentrations from the target
concentrations at each respective control point as follows:

N N
1 Cp CP
Y = 2 L Qo By (Cgy - Cp) (52)
N, N i=1 j=1
5P Y R (Gpy - G
i i i
i=1  j=1 ©
where:
Q. = flow release from reservoir k
N., = number of control points affected by both reservoirs
p : X
N,. = number of constituents
Pij = linear programming objective function coefficient for constituent j

at control point i.
C;; = computed concentration of constituent j at control point i

i
Cig target concentration of constituent i

Once the Qr is determined, wusing equation (51), the flow simulation
module 1s recalled, and the daily computations for flow and water quality are
solved again for the final results.
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3 INPUT STRUCTURE
3.1 Organization of Input

The dinput structure 1is designed to be flexible with respect to specifying
characteristics of the reservoir system and other inputs to the system. Each
input record is described 1in detail in Exhibit 3. The last two pages of the
exhibit are a "Summary of Input Records." The summary shows the order in which
the records should be placed.

3.2 Type of Input Records

The various types of records wused are identified by two characters in
columms 1 and 2. These characters are read by the computer to identify the
record., Types of records are as follows:

a. Title Records - TI. Three title records are required.

b. Job Control Records - JA. This record is required and specifies length
of simulation, number of control points, and water temperature units.

c. Water Qualitvy Constituent Records - QC. This record identifies which
water quality constituents will be modeled. It provides control over
the number of records to be read.

d. Reservoir Records - Ll through CR. These records are used to control
the reservoir simulation and describe the characteristics of the
reservoir. All records except L5, L6 and L7 are required. Required

records define the printout interval (L1 record), miscellaneous
physical constants (L2 record), effective reservoir length (LR record),
effective diffusion coefficients (L3 and L4 records), effective
reservoir width (L8 records), initial reservoir temperature and water
quality profiles (L9 - SC records), and various modeling coefficients
(K1 - CR records). Optional vrecords (L5, L6 and L7) define the
characteristics of the flood control outlet, the uncontrolled spillway
and the wet wells. These records are optional to the extent that the
reservoir 1is not required to have all outlet options. Records TQ, Cl -
SC, and Kl - CR are optional in that they are not required if only
temperature is simulated.

e. Stream Records - S1 through CT. All stream records are required.
These records define printout controls and the amount of channel
geometry data (Sl record), reach limits and local inflow locations (S2
cards), reaeration controls (SR and SK records), channel cross section
geometry data (S3 records), typical energy grade line elevations (S4
records), nonconservative constituent decay rates (KR records) and
water quality objectives (CT records).

f. Local Inflow Temperature - I1 through I4. Record Il is required to
define the period of the inflow. Each tributary inflow point requires
an 12 record plus sets of either 13 or 14 records (but not both) to
define water quality over the period of record.
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g. Water Surface Heat Exchange - EZ and ET. One EZ record identifies the

station for the ET records which follow. One ET record defining
surface heat exchange characteristics 1is required for each day of
simulation.

h. Optimization Objective Functions and Relative Weights - PL and WT.

These records define the shape of the objective function for each
constituent (water quality index) and the relative weight between

constituents.

i. Gate QOperations - Gl and G2, These records define the operation
schedule for the wet wells, flood control outlet and uncontrolled
spillway. The values can be actual flows or relative weightings.

4, OUTPUT

Options to control output from the water quality simulation module are
limited to omitting the printout of channel cross section geometry and defining
the frequency (in time and space) at which temperature and water quality
simulation results are printed. These options are specified by use of the L1
and S1 records.

The sequence of printout from the water quality simulation module is: (a)
miscellaneous information transferred from the flow simulation module, (b) job
titles and simulation control data, (c¢) reservoir related input data, (d)
stream related input data, (e) 1input water quality objectives at control
points, (f) results of the reservoir water quality simulation, and (g) results
of the stream water quality simulation. Items (a) through (e) are printed at
the beginning of the run prior to the actual water quality analysis. Items (f)
and (g) are printed during each simulation iteration. During the simulation
and in-between the printed reservoir and stream results, selected data
transferred from the flow simulation module to the water quality module may be
printed. A detailed description of these items that appear in the output is
provided below.

a. Flow Simulation Module Geometry and Flow Data. The geometry and flow
data transferred from the flow simulation module to the water quality

simulation module includes:
(1) Job titles

(2) Miscellaneous reservoir and stream channel discharge control data
and routing information.

(3) The elevation versus storage versus surface area tables defining
the reservoir geometry.

The printout of some of the above data may be suppressed at the users
option (JA card, Field 7).

b, Job Titles and Simulation Controls. Selected information from data
records TI through TQ are printed. Simulation controls include the
length of simulation, input units, and identification of water quality
constituents to be simulated.
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Reservoir Related Input Data. The reservoir related data include data
from records L1 through CR, Il through I4, and data transferred from
the flow simulation module. These data include:

(1) Miscellaneous geometric data, reservoir light attenuation
characteristics and diffusion coefficients.

(2) Outlet characteristics of the flood control outlet, uncontrolled
spillway and the wet wells of the reservoir’s selective withdrawal
structure.

(3) Table of reservoir geometry data and initial temperature and water
quality data which includes both the input data and interpolated
data for each fluid element. The geometry data includes
elevation, area, volume and width at the dam.

(4) Reservoir inflow water quality data.

Stream Related Input Data. The stream related data include data from
the S1 through I4 records. These data include:

(1) Miscellaneous print and read controls.

(2) Control point Jlocations, fluid element lengths, location of local
inflows and the fraction of the incremental 1local inflow
discharged at the various locations.

(3) Stream channel cross section geometry tables. These tables define
the relationship between elevation and area, hydraulic radius to
the two-thirds power, width, Manning's n and flow. The printout
of these geometry tables may be suppressed at the users option.

(4) Tributary inflow water quality data.
Water Quality Objectives at Control Points. The water quality

objectives include data input on the CT records. These data include
the control point objectives and the objective function parameters.

Results of the Reservoir Simulation, The results of the reservoir
simulation are printed at intervals specified by the user. This output
is printed during the appropriate simulation iteration and includes:

(1) Equilibrium temperature, heat exchange rates, short wave solar
radiation and wind speed. (These data are input via the ET
records.)

(2) The reservoir inflow rate, outflow rates through the various
outlets, mean outflow temperature and water quality, outflow
temperature and water quality objectives and the reservoir

elevation, surface area and volume.

(3) Computed reservoir temperature and water quality profiles.
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g. Results of the Stream Simulation. The results of the stream simulation

are

printed at intervals specified by the user. This output is printed

during the appropriate simulation iteration and includes:

(1)

(2)
(3)
(4)
(3)

Equilibrium temperature, heat exchange rates, short wave solar
radiation and wind speed. (These data are input via the ET
records.)

Reservoir outflow rates, temperature and water quality.

Local inflow rates, temperature and water quality.

Computed stream temperature and water quality distributions.

Stream temperature and water quality targets.

An example of the output from this module is provided in Test Problem 1 of

Exhibit 1.
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EXHIBIT 1
TEST PROBLEMS

INTRODUCTION

Input for six water quality test problems are shown in this exhibit along

with a

general description of each. Output for Test Problem 1 is also shown as

an illustration of typical output.

EXHIBIT 1

TEST PROBLEM 1 - Standard Parallel Reservoir Case

The system simulated in this test of the water quality simulation module
consists of two parallel reservoirs and the downstream system. The
system diagram is shown on the following page.

The reservoir characteristics are:

Baker Resgervoir Smith Reservoir
Reservoir depth 250 ft 115 ft
Reservoir capacity 1,688,000 ac-ft 1,130 ac-ft
Flood control outlet Yes No
Uncontrolled Spillway No Yes
Number of wet wells 2 2
Gates per wet well 4 4

The stream system consists of a 5.5 mile stretch from Baker Reservoir to
the confluence with the stream on which the Smith Reservoir is located.
Smith Reservoir is 4.7 miles above the confluence. The energy grade
line (EGL) slope from Baker reservoir to the confluence is 0.00065. The
EGL slope from the Smith reservoir to the confluence is 0.0014. From
the confluence (CP #30) to CP #40, the EGL slope is 0.00057 and from CP
#40 to river mile 30.4 the EGL slope is 0.00065. Below river mile 30.4,
to the end of the system, the EGL slope is 0.000076.

Tributary inflows are input to the stream system at two points, RM 45
and RM 30.

Temperature, total dissolved solids (TDS), carbonaceous BOD and
dissolved oxygen are simulated. Local inflow temperature values for
both of the two reservoirs and for the stream system are furnished as
departures from the equilibrium temperature. Similarly, carbonaceous
BOD is furnished as five-day values and a factor of 1.463, based on a
bottle BOD decay rate of 0.23 per day, is used to convert the five-day
values to ultimate values. TDS and dissolved oxygen concentrations were
furnished in mg/l.
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f. The water quality objectives for the control points are expressed as

follows:

1. Temperature: less than or equal to the specified value

2. TDS: 1less than or equal to the specified value

3. Carbonaceous BOD: 1less than or equal to the specified value

4. Dissolved oxygen: greater than or equal to the specified value.

Different weights are place on each constituent at each control point
(see CT cards in input data listing).

g. The recommended weights and objective parameters were used for the gate
selection routine (see WT and PL cards).

A complete 1listing of the input data file follows. Following the data
listing, selected simulation results are presented as an illustration of example

output. The simulation results that have been omitted are the repetitive printed
tables that show simulated stream and reservoir water quality on days after day
130. A complete output listing is included with the computer source code
distribution.
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T1 TESTING HEC5Q WATER QUALITY SIMULATION CAPABILITY
T2 PARALLEL RIVER SYSTEM
T3 TEST PROBLEM 1

Jl 0 5
J2 36 0
Jo

RL 10 1200000
RO 3 30
RS 7 100
RQ 7 0
RA 7 10
RE 7 800
R3 2 2
R3 99 99

CP 10 20000
IDCP10-BAKER DAM

RT 10 30
RL 20 550000
RO 3 30
RS 8 2000
RQ 8 0
RA 8 150
RE 8 892
R3 2 2
R3 99 99

CP 20 20000
IDCP20-SMITH DAM
RT 20 30
CP 30 30000
IDCP30-CONF RM60
RT 30 40
CP 40 30000
ID CP40 ** RM 40
RT 40 50
cPp 50 50000
IDCP50 *# RM24.2

RT 50 0
ED

BF 0 120
NOLIST

IN 10 1MAY74
IN 1549 1509
IN 2752 2293
IN 1810 3581
IN 189 1750
IN 1803 1360
IN 1846 2107
IN 1910 1606

IN 890 890
IN 804 806
IN 747 717
IN 633 639
IN 662 838
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5 3 4 2 0
0 0 0 0 0
0 100000 200000 1500000 1600000
40 50
6300 31300 88000 188000 563000
20000 30000 40000 50000 50000
500 1500 3000 5000 10000
825 850 870 900 950
2 2 99 99 99
300 200
2.2 .25 12 0
0 2000 550000 952000 1130000
40 50
20000 52000 113000 209000 320000
5680 5680 5680 5680 5680
2100 4500 7600 11800 17000
910 920 930 940 950
2 2 99 99 99
30 20
2.2 .25 12 0
300 200
2.2 .25 12 0
300 200
2.2 .25 12 0
300 200
0 0 0 0
0 074050100 120 24
2059 1814 2125 2243 1947
1413 4584 7520 5061 3549
1962 1793 2476 2528 1958
3367 7629 5501 3699 3057
1596 1423 1313 1251 1052
1185 1200 1456 2434 4601
1918 15259 7046 4185 3113
1448 1535 1368 1196 1039
865 826 783 826 928
945 801 712 751 914
823 1416 997 806 759
621 644 604 598 598
756 1130 1138 1202 1774
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1688000
50000
20000

1030
99

550000
29180
22400
962.5

99

1836
2931
1650
2603
1312
3121
3167
1032
847
911
732
596
2727

99 99
800000 1130000
59680 104980
28600 37200
970 980
99 99
1735 1587
2801 3866
1462 1344
2294 2073
2547 2301
2769 2230
2814 2295
1013 940
788 829
935 792
683 653
601 642
2659 1566
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IN 20
IN 698
IN 434
IN 169
IN 639
IN 348
IN 348
IN 126
IN 64
IN 56
IN 47
IN 297
IN 88
IN 40
IN 406
IN 1685
IN 669
IN 575
IN 671
IN 829
IN 922
IN 279
IN 106
IN 178
IN 161
IN 87
IN 50
IN 3011
IN 6757
IN 1941
IN 978
IN 2159
IN 1483
IN 3314
IN 980
IN 566
IN 930
IN 684
IN 621
Qa 10
QA 1480
QA 4130
Qa 1270
QA 1570
QA 3120
QA 2100
QA 1750
QA 570
Qa 741
QA 819
QA 719
Qa 521
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1IMAY74
569
381
133
366
226
386
122
58
50
47
405
165
1MAY74
398
1941
1011
431
585
712
465
235
139
172
166
235
1IMAY74
3250
6013
1852
844
1563
1761
2783
990
627
930
606
825
1MAY74
1480
3960
1680
1570
2840
2030
1470
600
730
786
685
600

430
455
361
163
255
179
197
112
47
49
49
201
95
645
380
1849
1113
407
369
549
361
143
183
162
160
418
3317
3265
4768
1735
714
1308
1469
1990
1160
774
918
637
1619
1270
1790
3720
2210
1570
1640
2030
1210
610
730
494
494
438

816
402
327
192
194
198
133
108
53
41
43
128
83
588
923
1752
1740
375
237
2648
384
142
220
177
117
701
3816
4695
3744
1747
809
1482
4196
1912
785
742
981
670
2200
1320
2190
3370
2480
1560
819
3600
1290
610
741
819
631
797

668
472
289
203
236
198
134
89
49
43
47
100
184
561
1207
1784
1529
357
288
1733
353
139
269
135
61
621
3333
13438
3530
1903
784
1621
7637
1651
550
696
1006
578
2012
1360
2480
2470
4000
1560
854
9280
1320
621
730
865
580
1410

1979
424
338
181
596
164
141

80
39
39
96
79

1167
488

1171

1322

1352
348
360

1751
328
150
268
119

42
790
3150
10915

3463

2065
873

1469

5846

1441
695
661
881
562

1742

1410

3480

1910

5510

1530
900

11000

1320
631
719
654
521

2000
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1523
415
758
166
432
155
181

87
43
39
151
64
463
452

1161
645

1273
243
546

1617
298
226
278
117

51
976

2843

9154

3178

1847
969

1155

5734
937
679
613
924
558

1687

1440

4490

1950

5350

1510

1540

7280

1290
642
707
865
346

2050

1195
956
355
212
284
159
407

80
46
43
112
89
601
440

1075
397

1219
231
768

1671
305
282
283
117
141

1222

2861

8282

2914

1399
816

1353

4803
893
705
578
829
486

2852

1470

4420

1940

4400

1480

2750

4130

1270
707
707
831
540

2130

1065
613
262

1017
251
177
212

69
60
39
473
102
676
425

1190
366

1171
469
900

1565
296
276
311
130
142

1532

2976

7643

2592

1148

1405
975

4285

1209
701
630
857
458

4965

1480

4300

1890

2930

1830

3250

3250

1230
764
775
797
486

3460

847
510
202
639
745
888
145
68
60
39
212
90
665
405
1601
458
908
598
874
1433
285
191
249
164
108
1570
2831
7539
2150
1035
1972
1469
3660
1028
786
914
780
440
4311
1480
4210
1570
1970
2690
2860
2180
948
753
775
764
486
4590
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QA
QA
QA
QA
QA
QA
QA
QA
QA
QA
QA
QA
QA
EJ
TI
TI
TI
JA
EZ
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET

20
1528
597
403
637
430
440
110
110
35
35
182
125

1MAY74
1040
495
400
627
423
437
105
110
35
35
240
125

1236
600
310
286
518
226
430
110
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125
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35
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275
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35
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665

FICTICIOUS PARALLEL RIVER BASIN TEST OF HEC-5Q WITH WATER QUALITY
RESERVOIRS ARE FICTICIOUS ALSO ** C.P. OF 10, 20, 30, 40 AND 50
CONSTITUENTS ARE TEMPERATURE, TDS, CARBONACEOUS BOD AND OXYGEN
740831
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.36
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71.
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165.
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2518.
2492.
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2480.
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2640,
2626.
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.56
.57
.59
.54
.51
.54
.51
.55
.58
.53
.54
.51
.54
.52
.53
.53
.51
.53
.72

.43
.26
11.
13,
.64
12.
10.
10.
10.
.35
12.
.88
.72
11.
.85
10,
12,
13.
11.
13.
.06
.65
.59
.60
.55
.46
.68
.31
.01
.21
.72
.76
47
.02

34
89

35
31
60
34

60

48

09
21
40
23
02
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ET 150 80.04 107.4 2543.5 6.31
ET 151 77.13 137.9 2528.9 8.64
ET 152 70.47 132.4 2598.9 10.09
ET 153 72.09 120.6 2629.7 9.06
ET 154 78.21 86.5 2621.4 5.50
ET 155 79.57 99.9 2598.9 6.09
ET 156 76.06 133.5 2597.6 8.93
ET 157 77.65 133.5 2579.1 8.50
ET 158 75.63 175.0 2568.3 11.63
ET 159 78.80 137.6 2562.9 8.34
ET 160 82.00 138.6 2539.4 7.67
ET lel 77.77 212.1 2535.9 13.02
ET 162 69.73 170.9 2626.5 13.27
ET 163 71.67 119.4 2644.6 8.88
ET le4 73.76 105.8 2658.3 7.56
ET 165 79.68 93.8 2632.5 5.75
ET 166 72.72 153.5 2601.4 10.85
ET 167 71.62 145.3 2627.1 10.72
ET 168 71.26 110.0 2663.7 8.34
ET 169 73.63 124.3 2646.5 8.88
ET 170 77.79 129.1 2600.1 8.21
ET 171 82.04 144.8 2542.0 8.05
ET 172 77.67 199.4 2553.1 12.44
ET 173 81.25 107.0 2592.8 6.22
ET 174 72.32 143.9 2625.9 10.51
ET 175 71.35 151.0 2647.8 11,52
ET 176  71.62 129.3 2649.1 9.80
ET 177 77.68 96.6 2622.1 6.13
ET 178 75.09 129.3 2628.7 8.93
ET 179  74.39 127.5 2615.1 8.88
ET 180 74.98 130.1 2601.1 8.84
ET 181 74.88 210.0 2568.0 14.18
ET 182 80.55 135.6 2566.8 8.01
ET 183 80.89 185.1 2524.8 10.67
ET 184 83.64 204.0 2486.3 10.76
ET 185 83.70 200.2 2483.8 10.56
ET 186 82.60 140.0 2503.8 7.58
ET 187 83.17 106.5 2566.4 5.97
ET 188 89.10 87.1 2546.7 4.14
ET 189 89.42 102.4 2502.9 4.72
ET 190 86.77 141.1 2467.9 6.85
ET 191 82.85 165.3 2461.5 8.77
ET 192 77.04 165.3 2538.5 10.65
ET 193  79.90 105.1 2557.9 6.38
ET 194 87.21 86.2 2531.5 4.30
ET 195 82.40 168.8 2466.9 9.26
ET 196 78.49 168.8 2498.7 10.43
ET 197 76.98 140.4 2528.0 9.08
ET 198 85.08 91.6 2508.9 4.79
ET 199 83.80 141.6 2436.7 7.47
ET 200 81.34 201.3 2425.6 11.30
ET 201 77.05 147.3 2496.5 9.51
ET 202 77.18 127.0 2509.5 8.30
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79.
84.

80
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85

82
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86
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34
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44

58
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41
23
59
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84
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32
34
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78.
78.
.66
82.
79.
81.
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15
78

54
68
79

.68
.77
87.
.54
90.
85.
.12
84.
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53
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.42
87.
86.
80.

62
02
53

.48
79.
80.
77.
76.
73.
65.
67.
69.
70.
78.
84,

11
02
29
95
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34
48
66
47
08
67

.58
82.
78.
77.

51
78
58

109.
124,
119.
86.
81.
90.
133.
151.
150.
127.
103.
111.
175.
172.
118.
102.
95.
107.
98.
134,
161.
114.
122.
132.
96.
86.
152,
73.
73.
67.
89,
89.
95.
110.
71.
88.
159.
145.
149,
122.
150.
112.
110.
149,
102.
89.
99.
71.
58.
50.
63.
98.
150.

2467 .
2445.
2435.
2450.
2408.
2398,
2372.
2377.
2393,
2391.
2373.
2329.
2297.
2324,
2364,
2340.
2296.
2261,
2259.
2266.
2230,
2198.
2195.
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2219.
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2150.
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2158,
2142,
2121.
2106.
2088.
2072.
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2042,
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1996.
1948,
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1844,
1817.
1779.
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.22
.29
.85
.50
.71
.25
.18
.93
.42
.67
.55
.68
.04
.85
.76
.09
.97
.59
.08
.19
.64
.88
.55
.76
.35
.25
.77
42
.47
.93
.38
.43
77
.88
.22
.21
.88
.19
.48
.89
.06
.80
.34
.30
.05
.60
.05
.05
.71
.17
.09
.50
.88
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IQ
IQ
IQ
L2

L3
L5
L7
L7
L8
PL
PL
PL
PL
L9
Cl
G5
CG7
SA
DK
L2

L3
L5
L6
L7
L7
L8
PL
PL
PL
PL
L9

TOTAL DISSOLVED

256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
-274
1

76.30
68.81
68.40
71.20
70.88
71.83
74.23
73.63
64.69
60.17
57.00
59.29
62.06
65.01
70.84
72.84
63.36
56.34
53.71

0

152.
104.
92.
85.
113.
105.
83.
110.
107.
102.
77.
71.
114,
115.
87.
129.
163.
119.
104.

OQOWPHENFFPOFNOUNWOWEREOREWLERENNDW

CARBONACEOUS BOD IN MG/L

DISSOLVED OXYGEN IN MG/L Ll
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2

50
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.25
.05
.20
.25
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5
10000
.01
50000
2000
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100
100
100
100
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120.
0.5
9.1
100

2
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.01
10
99300
2840
2840
410
100
100
100
100
54
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1
1.-6
825
820
840
400

3.2
41
120.
0.5
9.1
160
0.1

1.-6
895.5
962.5
895.5
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460

10
5000
1.-4

860
880
800
-4.00
-0.20
-8.00
-0.70
42
120,
0.5
9.1
100

5

1.-4

909.5
916.5
500
-4.00
-0.20
-8.00
-0.70
57

1764.
1823.
1819,
1791.
1763,
1738.
1717.
1677.
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1649.
1620.
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1549.
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0.5
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.68
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.34
.31
.84
.22
.93
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10.72
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750
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Ccl 160 190 190 190 190 190 190 190

G5 .3 .3 .3 .3 .3 .3 .3 .3
c7 8.4 8.7 9.2 9.2 9.2 9.2 9.2 9.2
SA 100 100 100 100 100 100 100 100
DK .2 1.463

CR 1.047 1.047 1.047 1.0159

sl 10 1 0 10 20 1
52 10 65.5 30 60 1.5

52 20 4.7 30 0 1.5

52 30 60 40 40 2 45 3
52 40 40 50 24.2 1.975 30 4
SR 10 30 2 7

SK 1. 1. 1. 1 1 1. 1 1
SR 20 30 1 2

SR -30 50 1 4

S3 10 65.5 844.0 0. 0. 0. .050
S3 844 .2 0. .21 5.0 .050
S3 844 .6 4.0 .35 20.0 .050
S3 845.0 14.0 .61 29.0 .050
S3 846.0 54.0 1.04 50.0 .050
S3 847.0 114.0 1.40 67.0 .050
S3 848.0 194.0 1.55 99.0 .050
S3 849.0  305.0 1.84 121.0 .050
S3 850.0 440.0 2.02 152.0 .050
S3 851.0 605.0 2,20 185.0 .050
S3 8§52.0 827.0 2.17 264.0 .050
S3 853.0 1100.0 2.52 279.0 .050
S3 854.0 1384.0 2.87 288.0 .050
S3 855.0 1677.0 3.15 301.0 .050
S3 856.0 1985.0 3.40 316.0 .050
S3 857.0 2308.0 3.67 326.0 .050
S3 858.0 2634.0 3.99 326.0 .050
S3 859.0 2960.0 4.30 326.0 .050
S3 861.0 3612.0 4.88 326.0 .050
$3 863.0 4264.0 5.41 326.0 .050
S3 30 60. 825.4 0. 0. 0. .050
S3 825.6 1.0 .22 9.0 .050
S3 826.0 10.0 .43 33.0 .050
S3 826.4 27.0 .64 52.0 .050
S3 827.4 92.0 1.13 77.0 .050
S3 828.4 179.0 1.51 96.0 .050
S3 829.4  287.0 1.79 119.0 .050
S3 830.4 418.0 2.08 138.0 .050
S3 831.4 563.0 2.38 152.0 .050
S3 832.4 723.0 2.65 166.0 .050
S3 833.4 893.0 2.95 174.0 .050
S3 834.4 1071.0 3.23 183.0 .050
S3 835.4 1258.0 3.48 191.0 .050
S3 836.4 1455.0 3.64  207.0 .050
§3 837.4 1675.0 3.68 234.0 .050
S3 838.4 1922.0 3.83 253.0 .050
S3 839.4 2175.0 4.16 253.0 .050
S3 840.4 2428.0 4.48 253.0 .050
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S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
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S3
S3
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S3
S3
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S3
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S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3

20

30

40

40.0
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842.
844,
859,
859.
860.
860.
861.
862,
863.
864.
865.
866.
867,
868.
869.
870.
871.
872.
873.
874.
876.
878.
825,
825.
826.
826.
827.
828.
829.
830.
831.
832.
833.
834,
835.
836.
837.
838.
839.
840,
842.
844,
765.
765,
765,
766,
767.
768.
769,
770.
771.
772.
773.
774,

OO OO0 OO N O NP R R LR ERPPRPPOOLOCONOORNARRNRRARNRNGNGANOGN WO S

2934
3440

22,
56.
178.
307.
442,
583.
729,
878.
1030.
1186.
1346.
1510.
1677.
1848.
2022.
2200.
2567.
2949,

10.
27.
92.
179.
287.
418.
563.
723,
893.
1071.
1258.
1455.
1675.
1922,
2175.
2428,
2934.
3440.

10.
27.
92.
179.
287.
418.
563,
723.
893.
1071.

.0
.0

o
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.08
.65

0

.16
.46
.73
.28
.82
.28
.57
.97
.19
.49
.78
.06
.32
.57
.81
.04
.27
.69
.10

.22
43
.64
.13
.51
.79
.08
.38
.65
.95
.23
.48
.64
.68
.83
.16
.48
.08
.65

.22
.43
.64
.13
.51
.79
.08
.38
.65
.95
.23

253.
253.

0
0

24.

70.
104.
128.
134.
140.
142.
147.
149,
156.
162.
168.
174.
180.
186.
192.
198.
210.
222.

0.
9.
33.
52.
77.
96.
119.
138.
152.
166.
174.
183.
191.
207.
234,
253,
253.
253.
253.
253.
0.
9.
33.
52.
77.
96.
119.
138.
152.
166.
174.
183.
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.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
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S3 775.0 1258.0 3.48 191.0 .050
S3 776.0 1455.0 3.64  207.0 .050
S3 777.0 1675.0 3.68 234.0 .050
S3 778.0 1922.0 3.83 253.0 .050
S3 779.0 2175.0 4.16  253.0 .050
S3 780.0 2428.0 4.48  253.0 .050
S3 782.0 2934.0 5.08 253.0 .050
S3 784.0 3440.0 5.65 253.0 .050
S3 50 32.0 730.6 0. 0. 0. .050
s3 730.8 0. .21 2.0 .050
S3 731.2 2.0 A4 6.0 .050
S3 731.6 6.0 .45 19.0 .050
S3 732.6 74.0 .84 96.0 .050
S3 733.6 177.0 1.37 109.0 .050
53 734.6  291.0 1.80 120.0 .050
53 735.6  421.0 2.12  135.0 .050
53 736.6  565.0 2.44 147.0 .050
S3 737.6 715.0 2.74 155.0 .050
S3 738.6 878.0 2.99 168.0 .050
S3 739.6 1050.0 3.26 176.0 .050
s3 740.6 1230.0 3.51 184.0 .050
S3 741.6 1418.0 3.74 193.0 .050
S3 742.6 1618.0 3.83 212.0 .050
S3 743.6 1844.0 3.86 239.0 .050
S3 744.6 2094.0 4.05 253.0 .050
S3 745.6 2347.0 4.37 253.0 .050
S3 747.6 2853.0 4.98  253.0 .050
S3 749.6 3359.0 5.55 253.0 .050
S3 50 30.4 722.9 0. 0. 0. .030
S3 723.1 2.0 .22 15.0 .030
S3 723.5 14.0 .45 45.0 .030
S3 723.9 37.0 .64 74.0 .030
S3 724.9  130.0 1.12 111.0 .030
S3 725.9  271.0 1.43 167.0 .030
S3 726.9  462.0 1.72  218.0 .030
S3 727.9 701.0 2.04  257.0 .030
S3 728.9 978.0 2.34  287.0 .030
S3 729.9 1275.0 2.59 310.0 .030
S3 730.9 1599.0 2.79 337.0 .030
S3 731.9 1964.0 2.71  418.0 .030
S3 732.9 2394.0 2.98 444.0 .030
S3 733.9 2851.0 3.24  469.0 .030
S3 734.9 3342.0 3.39 518.0 .030
S3 735.9 3887.0 3.54 571.0 .030
S3 736.9 4482.0 3.74 610.0 .030
S3 737.9 5100.0 4.01 627.0 .030
S3 739.9 6390.0 4.49 662.0 .030
S3 741.9 7745.0 4.96 692.0 .030
S3 50 28.4  725.3 0. 0. 0. .030
S3 725.5 4.0 .23 30.0 .030
S3 725.9 22.0 .48 59.0 .030
S3 726.3 51.0 .67 90.0 .030
S3 727.3  167.0 1.13 139.0 .030
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50

26.3

24.2
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728.
729.
730.
731.
732.
733.
734.
735.
736.
737.
738.
739.
740.
742.
744,

722.
722.

723.

723.
724,
725.
726.
727.
728.
729.
730.

731.
732.
733.
734.
735.
736.
737.
739.
741,
721.
721.
722.
722.
723.
724,
725.
726.
727.
728.
729.
730.
731.
732.
733.
734,
735.
736.

375.

644,

946.
1271.
1617.
1985,
2387.
2831.
3311.
3824,
4370.
4985.
5632.
7002.
8458,

22.
92.
219.
436.
751.
1158,
1628.
2254.
3038.
3867.
4756,
5699.
6697.
7750.
8825,
11032.
13278.

50.
118.
354,
656.

1079.
1606.
2215.
2903.
3687.
4563 .
5511.
6555.
7684,
8885.
10105.
11341.
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.37
.75
.13
.46
.76
.03
.20
.41
.55
.73
.86
.99
.20
.58
.02

.22
.45
.62
.00
.22
.38
.58
.86
.17
.19
i
74
.00
.23
.45
.68
.97
.51
.08

.22
47
.69
.13
.4l
.60
.88
.16
.4l
.62
.87
.10
.32
.50
.80
.09
.38

249.
289,
313.
336.
357.
379.
428.
463.
497,
527.
575.
634.
659.
709.
742.

26.
45,
94,
167.
265.
365.
441.
496.
729.
809.
858.
913.
981.
1022.
1067.
1083.
1117.
1129.

56.
150.
190.
270.
358,
484,
568.
648,
730,
834,
914,
994,

1081.
1191.
1211.
1229.
1242.
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S3 738.6 13849.0 4.93 1266.0 .030

S3 740.6 16405.0 5.45 1289.0 .030
S4 854 835 870 835 775 743 742 741 740
sS4 739.5

KR 0.10 1.463
KR 0.15 1.463
KR 0.20 1.463
KR 0.25 1.463
CT 10 740101 40. 3. 0.
CT 740318 45, 3. 0.
CT 740723 50. 3. 0.
CT 741017 45. 3. 0.
CT 741206 40. 3. 0.
CT -741231 40. 3. 0.
CT 740101 150. 1. 0.
CT -741231 150. 1. 0.
CT 740101 0.1 1. 0.
CT -741231 0.1 1. 0.
CT 740101 5. 0. 30.
CT -741231 5. 0. 30.
CT 20 740101 45 4 0
CT 740318 50 4 0
CcT 740723 55 4 0
CT 741017 50 4 0
CT 741206 45 4 0
CT -741231 42 4 0
CT 740101 160 .8 0
CT -741231 160 .8 0
CT 740101 .05 .15 0
CT -741231 .05 .15 0
CT 740101 4 0 50
CT -741231 4 0 50
CT 30 740101 45. 3. 0. 10 20
CT 740510 50. 3. 0.
CT 740531 60. 3. 0.
CT 741001 55. 3. 0.
CT -741231 45. 3. 0.
CT 740101 160. 1. 0.
CT -741231 160. 1. 0.
CT 740101 .15 4, 0.
CT -741231 .15 4. 0.
CT 740101 4.5 4, 0.
CT -741231 4.5 4, 0.
CT 40 740101 45, 3. 0. 10 20
CT 740504 50. 3. 0.
CT 740514 55. 3. 0.
CT 740515 60. 3. 0.
CT 741005 55. 3. 0.
CcT 741109 50. 3. 0.
CT 741214 45, 3. 0.
CT -741231 45. 3. 0.
CcT 740101 170. 1. 0.
CT -741231 170. 1. 0.
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CT 740101 0.2 1. 0.

CT -741231 0.2 1. 0.

CT 740101 5.5 0. 30.

CT -741231 5.5 0. 30.

CT 50 740101 50. 3. 6. 10 20

CT 740506 55. 3. 0.

cT 740510 60. 3. 0.

CT 740515 65. 3. 0.

CcT 740708 70. 3. 0.

CT 740924 65. 3. 0.

CT 741018 60. 3. 0.

CT 741112 55. 3. 0.

CT 741206 50. 3. 0.

CcT -741231 50. 3. 0.

CT 740101 190. 1. 0.

CT -741231 190. 1. 0.

CcT 740101 0.3 1. 0.

CT -741231 0.3 1. 0.

CT 740101 6.0 0. 30.

CT -741231 6.0 0. 30.

I1 740101 741231

12 O TRIB 1 ... LEFT INFLOW RATE ... RES # 1

I4 740101 -0.5 740408 -0.5 740422 -0.7 740708 -0.3
I4 740826 -0.3 741231 -0.5 -1

I2 2 0 TRIB 1 ... LEFT INFLOW TEMPERATURE

I4 740101 -1.5 740408 -1.5 740422 -5.0 740708 -8.
I4 740826 -5, 741231 -1.5 -1

12 0 TRIB 1 ... LEFT INFLOW - TOTAL DISSOIVED SOLIDS
I4 740101 105. 741231 105. -1

I2 0 TRIB 1 ... LEFT INFLOW - CARBONACEOUS BOD

I4 740101 0.5 741231 0.5 -1

I2 0 TRIB 1 ... LEFT INFLOW - DISSOLVED OXYGEN

I4 740101 12.8 740115 13.1 740215 12.4 740315 11.8
I4 740415 11.7 740515 9.3 740615 8.9 740715 8.2
I4 740815 7.8 740915 9.7 741015 10.0 741115 11.0
I4 741215 12.4 741231 12.8 -1

12 0 TRIB 2 ... RIGHT INFLOW RATE ... RES # 1

I4 740101 -0.5 740408 -0.5 740422 -0.7 740708 -0.7
T4 740826 -0.7 741231 -0.5 -1

12 2 0 TRIB 2 ... RIGHT INFLOW TEMPERATURE

I4 740101 -0.1 740125 2.0 740210 1.2 740224 -1.8
I4 740310 0.1 740324 -10.4 740414 -15.8 740428 -24.3
I4 740512 -15.6 740527 -16.0 740609 -11.0 740623 -15.6
I4 740714 -9.1 740728 -12.3 740811 -10.3 740825 -15.0
14 740908 -15.5 740922 -17.8 741014 -11.1 741028 -6.1
I4 741110 -6.5 741124 4.4 741208 -6.2 741231 1.5
I4 -1

12 0 TRIB 2 ... RIGHT INFLOW - TDS

T4 740101 140 740115 110 740215 240 740315 400
I4 740415 130 740515 1095 740615 80 740715 100
I4 740815 70 740915 50 741015 100 741115 90
I4 741215 310 741231 360 -1

I2 0 TRIB 2 ... RIGHT INFLOW - CBOD

I4 740101 .2 740115 .2 740215 .4 740315 .5
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I4
I4
I4
I2
I4
I4
I4
I4
I2
I4
I2
I4
I4
I2
I4
I2
I4
I2
I4
14
I4
14
I2
I4
12
I4
I4
I2
I4
I2
I4
I2
I4
I4
14
I4
ER
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740415
740815
741215

740101
740415
740815
741215

740101

1
740101
740826

740101

740101

740101
740415
740815
741215

740826

1
740101
740826

740101
740101
740101
740415

740815
741215

.2 740515 1.8 740615 .1 740715 .2
.1 740915 .1 741015 .2 741115 .1
.5 741231 .6 -1
0 TRIB 2 ... RIGHT INFLOW - DISSOLVED OXYGEN
13.1 740115 13.1 740215 12.4 740315 11.8
11.8 740515 9.4 740615 9.0 740715 8.3
7.8 740915 9.7 741015 10.0 741115 11.0
12.4 741231 12.8 -1
0 TRIB 3 INFLOW RATE - RM 45 & RES # 2
-1 741231 -1. -1
OTRIB 3 - RM 45
-1.5 740408 -1.5 740422 -3.0 740708 -4,
-3. 741231 -1.5 -1
0 TRIB 3 - RM 45 - TOTAL DISSOLVED SOLIDS
160. 741231 160. -1
0 TRIB 3 - RM 45 - CARBONACEOUS BOD
0.6 741231 0.6 -1
0 TRIB 3 - RM 45 - DISSOLVED OXYGEN
12.8 740115 13.1 740215 12.4 740315 11.8
11.7 740515 9.3 740615 8.9 740715 8.2
7.8 740915 9.7 741015 10.0 741115 11.0
12.4 741231 12.8 -1
0 TRIB 4 INFLOW RATE - RM 30
-1. 741231 -1. -1
OTIRIB 4 - RM 30
-1.5 740408 -1.5 740422 -3.0 740708 -6.
-5. 741231 -1.5 -1
0 TRIB 4 - RM 30 - TOTAL DISSOLVED SOLIDS
160. 741231 160. -1
0 TRIB 4 - RM 30 - CARBONACEOUS BOD
0.6 741231 0.6 -1
0 TRIB 4 - RM 30 - DISSOLVED OXYGEN
12.8 740115 13.1 740215 12.4 740315 11.8
11.7 740515 9.3 740615 8.9 740715 8.2
7.8 740915 9.7 741015 10.0 741115 11.0
12.4 741231 12.8 -1
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TEST PROBLEM 2 - Standard Tandem Reservoir Case

The system simulated in this test of the water quality simulation module
consists of two tandem reservoirs, the reach of the stream between the
reservoirs and a reach of stream below the more downstream reservoir.
The system diagram is shown on the following page.

The reservoirs wused for this test problem have the same sizes, depths
and outlet characteristics as the two reservoirs used for Test Problem
1. The Hayes Reservoir, in this example, corresponds to the Baker
Reservoir in Test Problem 1. Similarly, Davis Reservoir, in this
example, corresponds to the Smith reservoir in Test Problem 1.

The stream system consists of 25.5 milesg of stream between the Hayes and
Davis Reservoirs. The energy grade line (EGL) slope between the Hayes
Reservoir, at RM 65.5 and RM 60 (CP #20) is 0.00065. The EGL slope
between RM 60 and RM 40 (CP #30), in the headwaters of the Davis
Reservoir 1is 0.00057. From Davis dam, at RM 32.0 (CP #40) to RM 30.4,
the stream has an EGL slope of 0.00012. From RM 30.4 to the end of the
system, RM 24.2 (CP #5), the EGL slope is 0.000076.

Tributary inflows to the stream system between the two reservoirs occur
at control point 20 and 30. Below the Davis Reservoir, tributary inflow
occurs at river mile 30.0,

Temperature, total dissolved solids (TDS), carbonaceous BOD and
dissolved oxygen are simulated. All data, inflow wvalues, control
points, water quality objectives, and gate selection weights and

objective function parameters are furnished as described for Test
Problem 1.

A complete 1listing of the input data file is given below. A complete output
listing is included with the computer source code distribution.

EXHIBIT 1
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Upstream
Inflow

HAYES
RESERVOIR

CP-10, RM 65.5 —»

CP-20, RM 60.0 —~@<——— Local Inflow, RM 60.0

CP-30, RM 40.0 —~®<—— Local Inflow, RM 40.0

DAVIS
RESERVOIR

CP-40, RM 32.0 —

~-—— }ocal Infiow, RM 30.0

CP-50, RM 24.2—>

EXAMPLE TANDEM RESERVOIR PROBLEM
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Tl TESTING HEC5Q WATER QUALITY SIMULATION CAPABILITY

T2 TANDEM RIVER SYSTEM

T3 TEST PROBLEM 2

J1 0 5
J2 36 0
J9

RL 10 1200000
RO 3 20
RS 7 100
RQ 7 0
RA 7 10
RE 7 800
R3 2 2
R3 99 99

CP 10 15000
IDCP10-HAYES DAM
RT 10 20
CP 20 12000
ID CP20 ** RM 60
RT 20 30
CP 30 12000
ID CP30 ** RM 40

RT 30 40
RL 40 550000
RO 1 50
RS 8 2000
RQ 8 0
RA 8 150
RE 8 892
R3 2 2
R3 99 99

CP 40 10000
IDCP40-DAVIS DAM
RT 40 50
CP 50 50000
IDCP50 **% RM24.2

RT 50 0
ED

BF 0 120
NOLIST

IN 10 1MAY74
IN 1549 1509
IN 2752 2293
IN 1810 3581
IN 1894 1750
IN 1803 1360
IN 1846 2107
IN 1910 1606

IN 890 890
IN 804 806
IN 747 717
IN 633 639
IN 662 838
EXHIBIT 1

5
0

0

30
6300
20000
500
825

300

20000
5680
2100

910

300

2059
1413
1962
3367
1596
1185
1918
1448
865
945
823
621
756

2
0

0

200000 1500000 1600000

3 4
0 0
100000
40
31300 88000
30000 40000
1500 3000
850 870
2 99
200
.25 12
200
.25 12
200
.25 12
2000 550000
52000 113000
5680 5680
4500 7600
920 930
2 99
200
.25 12
200
0 0
074050100
1814 2125
4584 7520
1793 2476
7629 5501
1423 1313
1200 1456
15259 7046
1535 1368
826 783
801 712
1416 997
644 604
1130 1138

188000
50000
5000
900

99

0

563000
50000
10000

950
99

952000 1130000

209000
5680
11800
940

99

120

2243
5061
2528
3699
1251
2434
4185
1196
826
751
806
598
1202

TEST PROBLEM 2

320000
5680
17000
950

99

24

1947
3549
1958
3057
1052
4601
3113
1039
928
914
759
598
1774

1688000
50000
20000

1030
99

550000
29180
22400
962.5

99

1836
2931
1650
2603
1312
3121
3167
1032
847
911
732
596
2727

99

99

800000 1130000

59680
28600
970
99

1735
2801
1462
2294
2547
2769
2814
1013
788
935
683
601
2659

104980
37200
980

99

1587
3866
1344
2073
2301
2230
2295
940
829
792
653
642
1566
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IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
QA
QA
QA
QA
QA
QA
QA
QA
QA
QA
QA
QA
QA
EJ

20
406
1685
669
575
671
829
922
279
106
178
161l
87
30
406
1685
669
575
671
829
922
279
106
178
161
87
50
3011
6757
1941
978
2159
1483
3314
980
566
930
684
621
10
1480
4130
1270
1570
3120
2100
1750
570
741
819
719
521

1MAY74
398
1941
1011
431
585
712
465
235
139
172
166
235
1IMAY74
398
1941
1011
431
585
712
465
235
139
172
166
235
1MAY74
3250
6013
1852
844
1563
1761
2783
990
627
930
606
825
1IMAY74
1480
3960
1680
1570
2840
2030
1470
600
730
786
685
600
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645
380
1849
1113
407
369
549
361
143
183
162
160
418
645
380
1849
1113
407
369
549
361
143
183
162
160
418
3317
3265
4768
1735
714
1308
1469
1990
1160
774
918
637
1619
1270
1790
3720
2210
1570
1640
2030
1210
610
730
494
494
438

588
923
1752
1740
375
237
2648
384
142
220
177
117
701
588
923
1752
1740
375
237
2648
384
142
220
177
117
701
3816
4695
3744
1747
809
1482
4196
1912
785
742
981
670
2200
1320
2190
3370
2480
1560
819
3600
1290
610
741
819
631
797

561
1207
1784
1529
357
288
1733
353
139
269
135
61
621
561
1207
1784
1529
357
288
1733
353
139
269
135
61
621
3333
13438
3530
1903

784
1621
7637
1651

550

696
1006

578
2012
1360
2480
2470
4000
1560

854
9280
1320

621

730

865

580
1410

488
1171
1322
1352
348
360
1751
328
150
268
119
42
790
488
1171
1322
1352
348
360
1751
328
150
268
119
42
790
3150
10915
3463
2065

873
1469
5846
1441

695

661

881

562
1742
1410
3480
1910
5510
1530

900

11000
1320

631

719

654

521
2000
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452
1161
645
1273
243
546
1617
298
226
278
117
51
976
452
1161
645
1273
243
546
1617
298
226
278
117
51
976
2843
9154
3178
1847
969
1155
5734
937
679
613
924
558
1687
1440
4490
1950
5350
1510
1540
7280
1290
642
707
865
346
2050

440
1075
397
1219
231
768
1671
305
282
283
117
141
1222
440
1075
397
1219
231
768
1671
305
282
283
117
141
1222
2861
8282
2914
1399
816
1353
4803
893
705
578
829
486
2852
1470
4420
1940
4400
1480
2750
4130
1270
707
707
831
540
2130

425 405
1190 1601
366 458
1171 908
469 598
900 874
1565 1433
296 285
276 191
311 249
130 164
142 108
1532 1570
425 405
1190 1601
366 458
1171 908
469 598
900 874
1565 1433
296 285
276 191
311 249
130 l64
142 108
1532 1570
2976 2831
7643 7539
2592 2150
1148 1035
1405 1972
975 1469
4285 3660
1209 1028
701 786
630 914
857 780
458 440
4965 4311
1480 1480
4300 4210
1890 1570
2930 1970
1830 2690
3250 2860
3250 2180
1230 948
764 753
775 775
797 764
486 486
3460 4590
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TI FICTICIOUS TANDEM RIVER BASIN TEST OF HEC-5Q WITH WATER QUALITY

TT RESERVOIRS ARE FICTICIOUS ALSO %% C.P. OF 10, 20, 30, 40 AND 50
TI CONSTITUENTS ARE TEMPERATURE, TDS, CARBONACEOUS BOD AND OXYGEN
JA 740501 740831 5 2 F 1
EZ 1

ET 116 67.59 105.5 2350.0 8.53
ET 117 75.54 75.0 2350.5 5.56
ET 118 72.51 155.0 2250.2 11.54
ET 119 73.50 195.0 2250.1 13.59
ET 120 74.51 125.5 2250.3 8.54
ET 121 64.56 135.8 2350.6 12.55
ET 122 62.54 115.4 2450.1 10.51
ET 123 65.54 125.3 2350.9 10.50
ET 124 60.56 105.7 2450.1 10.54
ET 125 63.56 105.6 2450.1 9.55
ET 126 57.50 125.1 2450.3 12.50
ET 127 58.55 85.7 2550.6 8.58
ET 128 66.56 95.8 2450.1 7.52
ET 129 66.56 135.3 2450.0 11.58
ET 130 67.58 95.1 2450.6 7.55
ET 131 70.53 135.1 2450.9 10.59
ET 132 66.58 145.4 2450.1 12.51
ET 133 62.56 145.1 2550.4 13.50
ET 134 72.50 145.0 2450.1 11.53
ET 135 71.59 175.2 2450.3 13.52
ET 136 74.51 135.5 2450.6 9.56
ET 137 78.51 175.4 2450.2 10.55
ET 138 75.56 125.7 2450.3 8.59
ET 139 72.54 135.9 2550.7 9.50
ET 140 73.53 115.8 2550.2 8.55
ET 141 81.53 95.9 2550.9 5.56
ET 142 77.55 145.0 2450.5 8.58
ET 143 73.54 145.7 2550.6 10.51
ET 144  68.59 155.9 2550.9 12.51
ET 145 67.54 95.2 2650.1 8.51
ET 146 69.55 95.3 2650.0 7.52
ET 147 64.59 115.9 2650.5 10.56
ET 148 71.57 95.5 2650.2 7.57
ET 149 73.54 145.0 2550.2 10.52
ET 150 80.54 105.4 2550.5 6.51
ET 151 77.53 135.9 2550.9 8.54
ET 152 70.57 135.4 2550.9 10.59
ET 153 72.59 125.6 2650.7 9.56
ET 154 78.51 85.5 2650.4 5.50
ET 155 79.57 95.9 2550.9 6.59
ET 156 76.56 135.5 2550.6 8.53
ET 157 77.55 135.5 2550.1 8.50
ET 158 75.53 175.0 2550.3 11.53
ET 159 78.50 135.6 2550.9 8.54
ET 160 82.50 135.6 2550.4 7.57
ET lel 77.57 215.1 2550.9 13.52
ET 162 69.53 175.9 2650.5 13.57
ET 163 71.57 115.4 2650.6 8.58
ET 164 73.56 105.8 2650.3 7.56
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ET 165 79.58 95.8 2650.5 5.55
ET 166 72.52 155.5 2650.4 10.55
ET 167 71.52 145.3 2650.1 10.52
ET 168 71.56 115.0 2650.7 8.54
ET 169 73.53 125.3 2650.5 8.58
ET 170 77.59 125.1 2650.1 8.51
ET 171 82.54 145.8 2550.0 8.55
ET 172 77.57 195.4 2550.1 12.54
ET 173 81.55 105.0 2550.8 6.52
ET 174 72.52 145.9 2650.9 10.51
ET 175 71.55 155.0 2650.8 11.52
ET 176 71.52 125.3 2650.1 9.50
ET 177 77.58 95.6 2650.1 6.53
ET 178 75.59 125.3 2650.7 8.53
ET 179 74.59 125.5 2650.1 8.58
ET 180 74.58 135.1 2650.1 8.54
ET 181 74.58 215.0 2550.0 14.58
ET 182 80.55 135.6 2550.8 8.51
ET 183 80.59 185.1 2550.8 10.57
ET 184  83.54  205.0 2450.3 10.56
ET 185 83.50 205.2 2450.8 10.56
ET 186 82.50 145.0 2550.8 7.58
ET 187 83.57 105.5 2550.4 5.57
ET 188 89.50 85.1 2550.7 4.54
ET 189 89.52 105.4 2550.9 4.52
ET 190 86.57 145.1 2450.9 6.55
ET 191 82.55 165.3 2450.5 8.57
ET 192 77.54 165.3 2550.5 10.55
ET 193 79.50 105.1 2550.9 6.58
ET 194 87.51 85.2 2550.5 4.50
ET 195 82.50 165.8 2450.9 9.56
ET 196 78.59 165.8 2450.7 10.53
ET 197 76.58 145.4 2550.0 9.58
ET 198 85.58 95.6 2550.9 4.59
ET 199 83.50 145.6 2450.7 7.57
ET 200 81.54  205.3 2450.6 11.50
ET 201 77.55 145.3  2450.5 9.51
ET 202 77.58 125.0 2550.5 8.50
ET 203 82.52 105.7 2450.6 6.52
ET 204 79.54 125.5 2450.3 7.59
ET 205 80.52 115.4 2450.2 6.55
ET 206 84.59 85.9 2450.7 4.50
ET 207 89.54 85.8 2450.1 3.51
ET 208 88.57 95.9 2350.6 4.55
ET 209 82.58 135.1 2350.5 7.58
ET 210 78.56 155.3 2350.3 8.53
ET 211 77.51 155.5 2350.2 9.52
ET 212 79.53 125.3 2350.3 7.57
ET 213 83.59 105.3 2350.8 5.55
ET 214  84.54 115.8 2350.0 5.58
ET 215 79.54 175.7 2250.5 10.54
ET 216 76.56 175.7 2350.9 10.55
ET 217 75.50 115.1 2350.3 7.56
ET 218 79.52 105.2 2350.8 6.59
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ET 219 84.54 95.9 2250.2 4.57
ET 220 83.50 105.5 2250.9 5.59
ET 221 83.53 95.9 2250.4 5.58
ET 222 78.55 135.9 2250.7 8.59
ET 223 78.58 165.9 2250.5 9.54
ET 224 83.56 115.8 2150.0 5.58
ET 225 82.54 125.9 2150.5 6.55
ET 226 79.58 135.4 2250.7 7.56
ET 227 81.59 95.2 2250.6 5.55
ET 228 85.58 85.2 2150.8 4.55
ET 229 79.57 155.6 2150.0 8.57
ET 230 87.54 75.6 2150.9 3.52
ET 231 86.54 75.1 2150.0 3.57
ET 232 90.50 65.8 2150.1 2.53
ET 233 85.53 85.0 2150.1 4.58
ET 234  85.52 85.0 2150.5 4.53
ET 235 84.58 95.2 2050.7 4.57
ET 236 82.52 115.2 2050.5 5.58
ET 237 87.52 75.2 2050.9 3.52
ET 238 86.52 85.3 2050.6 4.51
ET 239 80.53 155.8 2050.4 8.58
ET 240 79.58 145.3 2050.1 8.59
ET 241 79.51 145.2 1950.7 8.58
ET 242 80.52 125.7 1950.4 6.59
ET 243 77.59 155.1 1950.6 9.56
ET 244 76.55 115.8 1950.0 6.50
ET 245 73.52 115.2 1950.1 7.54
ET 246 65.54 145.9 2050.9 12.50
ET 247 67.58 105.8 2050.9 8.55
ET 248 69.56 85.2 1950.8 6.50
ET 249 70.57 95.1 1950.5 7.55
ET 250 78.58 75.3 1950.2 4.55
ET 251 84.57 55.1 1850.7 2.51
ET 252 86.58 55.5 1850.6 2.57
ET 253 82.51 65.2 1850.6 3.59
ET 254  78.58 95.0 1850.5 5.50
ET 255 77.58 155.8 1750.7 8.58
ET 256 76.50 155.9 1750.1 9.56
ET 257 68.51 105.2 1850.9 7.57
ET 258 68.50 95.7 1850.5 6.59
ET 259 71.50 85.1 1750.5 5.54
ET 260 70.58 115.5 1750.5 8.51
ET 261 71.53 105.1 1750.1 7.54
ET 262  74.53 85.9 1750.1 5.51
ET 263 73.53 115.4 1650.7 7.55
ET 264 64,59 105.9 1750.2 8.58
ET 265 60.57 105.2 1750.1 9.53
ET 266 57.50 75.9 1750.6 7.54
ET 267 59.59 75.2 1750.0 6.51
ET 268 62.56 115.1 1650.1 9.54
ET 269 65.51 115.0 1650.5 9.52
ET 270 70.54 85.4 1550.5 5.53
ET 271 72.54 125.1 1550.2 8.53
ET 272 63.56 165.7 1550.3 13.51
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ET 273 56.54 115.4 1550.0 11.53
ET -274  53.71 104.9 1568.0 10.72
EZ -2

ET 116 67.19 100.5 2335.0 8.43
ET 117 75.04 77.0 2331.5 5.26
ET 118 72.91 155.0 2291.2 11.34
ET 119 73.40 196.0 2278.1 13.89
ET 120 74.01 127.5 2294.3 8.64
ET 121 64.06 138.8 2385.6 12.35
ET 122 62.44 111.4 2409.1 10.31
ET 123 65.44 126.3 2385.9 10.60
ET 124 60.66 107.7 2456.1 10.34
ET 125 63.36 102.6 2457.1 9.35
ET 126 57.60 124.1 2466.3 12.60
ET 127 58.75 89.7 2507.6 8.88
ET 128 66.16 90.8 2484.1 7.72
ET 129 66.36 138.3 2446.0 11.48
ET 130 67.68 96.1 2494.6 7.85
ET 131 70.23 130.1 2473.9 10.09
ET 132 66.18 147.4 2470.1 12.21
ET 133 62.56 144.1 2518.4 13.40
ET 134 72.00 149.0 2492.1 11.23
ET 135 71.49 175.2 2472.3 13.02
ET 136 74.91  133.5 2480.6 9.06
ET 137 78.21 176.4 2413.2 10.65
ET 138 75.06 127.7 2486.3 8.59
ET 139 72.84 131.9 2525.7 9.60
ET 140 73.33 118.8 2544.2 8.55
ET 141 81.63 95.9 2508.9 5.46
ET 142 77.95 142.0 2476.5 8.68
ET 143 73.94 148.7 2521.6 10.31
ET 144  68.99 151.9 2563.9 12.01
ET 145 67.24 99.2 2614.1 8.21
ET 146 69.55 97.3 2617.0 7.72
ET 147 64.69 119.9 2640.5 10.76
ET 148 71.17 97.5 2626.2 7.47
ET 149 73.54 145.0 2558.2 10.02
ET 150 80.04 107.4 2543.5 6.31
ET 151 77.13 137.9 2528.9 8.64
ET 152 70.47 132.4 2598.9 10.09
ET 153 72.09 120.6 2629.7 9.06
ET 154 78.21 86.5 2621.4 5.50
ET 155 79.57 99.9 2598.9 6.09
ET 156 76.06 133.5 2597.6 8.93
ET 157 77.65 133.5 2579.1 8.50
ET 158 75.63 175.0 2568.3 11.63
ET 159 78.80 137.6 2562.9 8.34
ET 160 82.00 138.6 2539.4 7.67
ET lel 77.77 212.1 2535.9 13.02
ET 162 69.73 170.9 2626.5 13.27
ET 163 71.67 119.4 2644.6 8.88
ET l64  73.76 105.8 2658.3 7.56
ET 165 79.68 93.8 2632.5 5.75
ET 166 72.72 153.5 2601.4 10.85
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ET 167 71.62 145.3 2627.1 10.72
ET 168 71.26 110.0 2663.7 8.34
ET 169 73.63 124.3 2646.5 8.88
ET 170 77.79 129.1 2600.1 8.21
ET 171 82.04 144.8 2542.0 8.05
ET 172 77.67 199.4 2553.1 12.44
ET 173 81.25 107.0 2592.8 6.22
ET 174 72.32 143.9 2625.9 10.51
ET 175 71.35 151.0 2647.8 11.52
ET 176 71.62 129.3 2649.1 9.80
ET 177 77.68 96.6 2622.1 6.13
ET 178 75.09 129.3 2628.7 8.93
ET 179 74.39 127.5 2615.1 8.88
ET 180  74.98 130.1 2601.1 8.84
ET 181  74.88 210.0 2568.0 14.18
ET 182 80.55 135.6 2566.8 8.01
ET 183 80.89 185.1 2524.8 10.67
ET 184  83.64 204.0 2486.3 10.76
ET 185 8§3.70 200.2 2483.8 10.56
ET 186 82.60 140.0 2503.8 7.58
ET 187 83.17 106.5 2566.4 5.97
ET 188 89.10 87.1 2546.7 4.14
ET 189 89.42 102.4 2502.9 4.72
ET 190 86.77 141.1 2467.9 6.85
ET 191 82.85 165.3 2461.5 8.77
ET 192 77.04 165.3 2538.5 10.65
ET 193 79.90 105.1 2557.9 6.38
ET 194  87.21 86.2 2531.5 4.30
ET 195 82.40 168.8 2466.9 9.26
ET 196 78.49 168.8 2498.7 10.43
ET 197 76.98 140.4 2528.0 9.08
ET 198 85.08 91.6 2508.9 4.79
ET 199 83.80 141.6 2436.7 7.47
ET 200 81.34 201.3 2425.6 11.30
ET 201 77.05 147.3 2496.5 9.51
ET 202 77.18 127.0 2509.5 §.30
ET 203 82.02 109.7 2467.6 6.22
ET 204 79.34 124.5 2445.3 7.29
ET 205 80.82 119.4 24352 6.85
ET 206 84.99 86.9 2450.7 4.50
ET 207 89.44 81.8 2408.1 3.71
ET 208 88.47 90.9 2398.6 4.25
ET 209 82.58 133.1 2372.5 7.18
ET 210 78.96 151.3 2377.3 8.93
ET 211 77.41 150.5 2393.2 9.42
ET 212 79.23 127.3 2391.3 7.67
ET 213 83.59 103.3 2373.8 5.55
ET 214  84.94 111.8 2329.0 5.68
ET 215 79.84 175.7 2297.5 10.04
ET 216 76.86 172.7 2324.9 10.85
ET 217 75.70 118.1 2364.3 7.76
ET 218 79.32 102.2 2340.8 6.09
ET 219 84 .34 95.9 2296.2 4.97
ET 220 83.50 107.5 2261.9 5.59

EXHIBIT 1 TEST PROBLEM 2 Page 9 of 17



ET 221 83.93 98.9 2259.4 5.08
ET 222 78.15 134.9 2266.7 8.19
ET 223 78.78 161.9 2230.5 9.64
ET 224  83.66 114.8 2198.0 5.88
ET 225 82.54 122.9 2195.5 6.55
ET 226 79.68 132.4 2210.7 7.76
ET 227 81.79 96.2 2219.6 5.35
ET 228 85.68 86.2 2188.8 4.25
ET 229 79.77 152.6 2150.0 8.77
ET 230 87.04 73.6 2159.9 3.42
ET 231 86.54 73.1 2158.0 3.47
ET 232 90.10 67.8 2142.1 2.93
ET 233 85.53 89.0 2121.1 4.38
ET 234  85.12 89.0 2106.5 4 .43
ET 235 84.78 95.2 2088.7 4.77
ET 236 82.42 110.2 2072.5 5.88
ET 237 87.62 71.2 2069.9 3.22
ET 238 86.02 88.3 2042.6 4.21
ET 239 80.53 159.8 2012.4 8.88
ET 240 79.48 145.3 2004.1 8.19
ET 241 79.11 149.2 1979.7 8.48
ET 242 80.02 122.7 1985.4 6.89
ET 243 77.29 150.1 1973.6 9.06
ET 244 76.95 112.8 1979.0 6.80
ET 245 73.62 110.2 1992.1 7.34
ET 246 65.34 149.9 2008.9 12.30
ET 247 67.48 102.8 2007.9 8.05
ET 248 69.66 89.2 1996.8 6.60
ET 249 70.47 99.1 1948.5 7.05
ET 250 78.08 71.3 1920.2 4.05
ET 251 84.67 58.1 1888.7 2.71
ET 252 86.58 50.5 1870.6 2.17
ET 253 82.51 63.2 1844.6 3.09
ET 254  78.78 98.0 1817.5 5.50
ET 255 77.58 150.8 1779.7 8.88
ET 256 76.30 152.9 1764.1 9.26
ET 257 68.81 104.2 1823.9 7.67
ET 258 68.40 92.7 1819.5 6.89
ET 259 71.20 85.1 1791.5 5.84
ET 260 70.88 113.5 1763.5 8.01
ET 261 71.83 105.1 1738.1 7.14
ET 262 74.23 83.9 1717.1 5.21
ET 263 73.63 110.4 1677.7 7.05
ET 264  64.69 107.9 1709.2 8.68
ET 265 60.17 102.2 1716.1 9.13
ET 266 57.00 77.9 1727.6 7.34
ET 267 59.29 71.2 1705.0 6.31
ET 268 62.06 114.1 1649.1 9.84
ET 269 65.01 115.0 1620.5 9.22
ET 270  70.84 87.4 1585.5 5.93
ET 271 72.84 129.1 1529.2 8.43
ET 272 63.36 163.7 1549.3 13.71
ET 273 56.34 119.4 1576.0 11.63
ET -274  53.71 104.9 1568.0 10.72
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Qc 1 0 0

TQCARBONACEOUS BOD IN MG/L
TQDISSOLVED OXYGEN IN MG/L

0

1

0

1
TQTOTAL DISSOLVED SOLIDS IN MG/L, COMPUTED AS 0.62 X CONDUCTIVITY

Ll 10 1

L2 10 5 10 .4 1 2

LR 1 10000

L3 .01 1.-6 1.-4 0 -7

L5 50 50000 825

L7 10 2000 820 860 900 940

L7 10 2000 840 880 920 960

18 200 400 800 1400 2000 3000 5000

PL 0.25 100 -4.00

PL 0.05 100 -0.20

PL 0.20 100 -8.00

PL 0.25 100 3.2 -0.70 0.10 -0.05

L9 40 41 42 43 45 48 60

Cl 105. 110. 115. 120. 125. 135. 145,

G5 1.5 1.5 1.0 0.5 1.0 2.5 2.5

c7 6.0 6.0 6.5 7.5 8.5 9.0 9.5

SA 100 100 160 100 100 100 100
DK 0.1 1.463

12 40 2 60000 5 Ny 1 1

LR

L3 .01 1.-6 1.-4 0 -.7

L5 50. 5000. 895.

L6 870 99300 962.5

L7 7.9 2840 895.5 909.5 923.5 937.5

L7 7.9 2840 902.5 916.5 930.5 944.5

L8 410 460 500 550 600 650 700 750
PL 0.25 100 -4.00

PL 0.05 100 -0.20

PL 0.20 100 -8.00

PL 0.25 100 3.2 -0.70 0.10 -0.05

L9 54 55 57 57 57 57 57 57
Ccl 150 155 160 165 170 180 190 200
C5 1.0 1.0 1.0 1.5 2.0 2.5 3.0 3.0
c7 5.5 5.5 6.0 6.5 7.0 8.0 9.0 9.5
SA 100 100 100 100 100 100 100

DK .2 1.463

CR 1.047 1.047 1.047 1.0159

S1 10 1 -1 8 20 1

52 10 65.5 20 60 1.5 2
52 20 60.0 30 40 1.5 3
S2 0 0 0 0

S2 40 32 50 24.2 1.975 30 4

SR 10 20 2 7

SK 1. 1. 1. 1. 1. 1.

SR 20 30 2 2

SR -40 50 1 2

S3 10 65.5 8440 0 0. 0. .050

S3 65.5 844 .2 0. .21 5.0 .050

s3 65.5 844.6 4.0 .35 20.0 .050

S3 65.5 845.0 14.0 .61 29.0 .050
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S3 65.5 846.0 54.0 1.04 50.0 .050
S3 65.5 847.0 114.0 1.40 67.0 .050
S3 65.5 848.0 194.0 1.55 99.0 .050
S3 65.5 849.0 305.0 1.84 121.0 .050
S3 65.5 850.0 440.0 2.02 152.0 .050
S3 65.5 851.0 605.0 2.20 185.0 .050
53 65.5 8§52.0 827.0 2.17 264.0 .050
S3 65.5 853.0 1100.0 2.52 279.0 .050
S3 65.5 854.0 1384.0 2.87 288.0 .050
S3 65.5 855.0 1677.0 3.15 301.0 .050
S3 65.5 856.0 1985.0 3.40 316.0 .050
S3 65.5 857.0 2308.0 3.67 326.0 .050
S3 65.5 858.0 2634.0 3.99 326.0 .050
S3 65.5 859.0 2960.0 4.30 326.0 .050
S3 65.5 861.0 3612.0 4.88 326.0 .050
S3 65.5 863.0 4264.0 5.41  326.0 .050
S3 20 60.0 825.4 0. 0. 0. .050
S3 60.0 825.6 1.0 .22 9.0 .050
S3 60.0 826.0 10.0 .43 33.0 .050
S3 60.0 826.4 27.0 .64 52.0 .050
S3 60.0 827 .4 92.0 1.13 77.0 .050
S3 60.0 828.4 179.0 1.51 96.0 .050
S3 60.0 829.4  287.0 1.79 119.0 .050
S3 60.0 830.4  418.0 2.08 138.0 .050
S3 60.0 831.4 563.0 2.38 152.0 .050
S3 60.0 832.4 723.0 2.65 166.0 .050
S3 60.0 833.4 893.0 2.95 174.0 .050
S3 60.0 834.4 1071.0 3.23 183.0 .050
S3 60.0 835.4 1258.0 3.48 191.0 .050
S3 60.0 836.4 1455.0 3.64 207.0 .050
53 60.0 837.4 1675.0 3.68 234.0 .050
53 60.0 838.4 1922.0 3.83 253.0 .050
S3 60.0 839.4 2175.0 4.16 253.0 .050
S3 60.0 840.4 2428.0 4.48 253.0 .050
S3 60.0 842.4 2934.0 5.08 253.0 .050
S3 60.0 844 .4 3440.0 5.65 253.0 .050
S3 30 40.0 765.0 0. 0. 0. .050
s3 40.0 765.2 1.0 .22 9.0 .050
S3 40.0 765.6 10.0 .43 33.0 .050
S3 40.0 766.0 27.0 .64 52.0 .050
S3 40.0 767.0 92.0 1.13 77.0 .050
53 40.0 768.0 179.0 1.51 96.0 .050
S3 40.0 769.0 287.0 1.79 119.0 .050
S3 40.0 770.0  418.0 2.08 138.0 .050
S3 40.0 771.0  563.0 2.38 152.0 .050
S3 40.0 772.0 723.0 2.65 166.0 .050
S3 40.0 773.0 893.0 2.95 174.0 .050
S3 40.0 774.0 1071.0 3.23 183.0 .050
S3 40.0 775.0 1258.0 3.48 191.0 .050
S3 40.0 776.0 1455.0 3.64 207.0 .050
S3 40.0 777.0 1675.0 3.68 234.0 .050
S3 40.0 778.0 1922.0 3.83 253.0 .050
S3 40.0 779.0 2175.0 4.16 253.0 .050
S3 40.0 780.0 2428.0 4.48 253.0 .050
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735.
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177.
291.
421,
565.
715.
878.
1050.
1230.
1418.
1618.
1844
2094.
2347,
2853.
3359.

14
37.
130.
271.
462,
701.
978.
1275.
1599.
1964.
2394,
2851.
3342.
3887.
4482.
5100.
6390.
7745.

22.
51.
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946.
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.08
.65

.21
YA
.45
.84
.37
.80
.12
v
.74
.99
.26
.51
.74
.83
.86
.05
.37
.98
.55

.22
.45
.64
.12
.43
.72
.04
.34
.59
.79
.71
.98
.24
.39
.54
74
.01
.49
.96

.23
.48
.67
.13
.37
.75
.13
.46
.76
.03
.20

253.
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19.
96.
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184.
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212.
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0.
15.
45.
74,
111.
167.
218.
257.
287.
310.
337.
418.
4ih,
469,
518.
571.
610.
627.
662.
692.
0.
30.
59.
90.
139.
249.
289.
313.
336.
357.
379.
428.
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3
3
3
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3
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3
7
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2
7
7
7
7
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7
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7
7
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7
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7
7
6
8
2
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835

0.10
0.15
0.25
40,
45,

2831.
3311.
3824.
4370.
4985.
5632,
7002.
8458.
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1.

8.

22.
92.
219.
436,
751.
1158.
1628.
2254,
3038.
3867.
4756.
5699.
6697.
7750.
8825.
11032.
13278.
0.

6.

50.
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1606.
2215.
2903.
3687.
4563.
5511.
6555.
7684,
8885.
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11341.
13849.
16405.
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3.41  463.0
3.55 497.0
3.73 527.0
3.86 575.0
3.99 634.0
4,20 659.0
4.58 709.0
5.02 742.0
0. 0.
.22 9.0
.45 26.0
.62 45.0
1.00 94.0
1.22 167.0
1.38 265.0
1.58 365.0
1.86 441.0
2.17 496.0
2.19 729.0
2.44  809.0
2.74 858.0
3.00 913.0
3.23 981.0
3.45 1022.0
3.68 1067.0
3.97 1083.0
4.51 1117.0
5.08 1129.0
0. 0.
.22 56.0
.47 150.0
.69 190.0
1.13 270.0
1.41 358.0
1.60 484.0
1.88 568.0
2.16 648.0
2.41 730.0
2.62 834.0
2.87 914.0
3.10 994.0
3.32 1081.0
3.50 1191.0
3.80 1211.0
4.09 1229.0
4.38 1242.0
4.93 1266.0
5.45 1289.0
743 742
1.463
1.463
1.463
0.
0.
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.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030

741

740
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CT 740723 50. 3. 6.
CT 741017 45. 3. 0.
CT 741206 40. 3. 0.
CT -741231 40. 3. 0.
CT 740101 150. 1. 0.
CT -741231 150. 1. 0.
CT 740101 0.1 1. 0.
CT -741231 0.1 1. 0.
CT 740101 5. 0. 30.
CT -741231 5. 0. 30.
CT 20 740101 45 4 0
CT 740318 50 4 0
CT 740723 55 4 0
CT 741017 50 4 0
CT 741206 45 4 0
CT -741231 42 4 0
CT 740101 160 .8 0
CT -741231 160 .8 0
CT 740101 .05 .15 0
CT -741231 .05 .15 0
CT 740101 4 0 50
CT -741231 4 0 50
CT 30 740101 45, 3. 0.
CT 740510 50. 3. 0.
CT 740531 60. 3. 0.
CT 741001 55. 3. 0.
CT -741231 45. 3. 0.
CT 740101 160. 1. 0.
CT -741231 160. 1. 0.
CT 740101 .15 4, 0.
CT -741231 .15 4. 0.
CT 740101 4.5 4. 0.
CT -741231 4.5 4, 0.
CT 40 740101 45. 3. 0.
CT 740504 50. 3. 0.
CT 740514 55. 3. 0.
CT 740515 60. 3. 0.
CT 741005 55. 3. 0.
CT 741109 50. 3. 0.
CT 741214 45. 3. 0.
CT -741231 45, 3. 0.
CT 740101 170. 1. 0.
CT -741231 170. 1. 0.
CT 740101 0.2 1. 0.
CT -741231 0.2 1. 0.
CT 740101 5.5 0. 30.
CT -741231 5.5 0. 30.
CT 50 740101 50. 3. 0.
CT 740506 55. 3. 0.
CT 740510 60. 3. 0.
CT 740515 65. 3. 0.
CT 740708 70. 3. 0.
CT 740924 65. 3. 0.
CT 741018 60. 3. 0.
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CT 741112 55. 3. 0.

CT 741206 50. 3. 0.

CT -741231 50. 3. 0.

CT 740101 190. 1. 0.

CT -741231 190. 1. 0.

CT 740101 0.3 1. 0.

CT -741231 0.3 1. 0.

CT 740101 6.0 0. 30.

CT -741231 6.0 0. 30.

I1 740101 741231

12 0 TRIB 1 INFLOW RATE - RES #1

I4 740101 -1 741231 -1. -1

12 2 0 UPPER INFLOW

I4 740101 -1.5 740408 -1.5 740422 -5.0 740708 -8.
14 740826 -5, 741231 -1.5 -1

I2 ] 0 UPPER INFLOW - TOTAL DISSOLVED SOLIDS

I4 740101 105. 741231 105. -1

12 0 UPPER INFLOW - CARBONACEOUS BOD

14 740101 0.5 741231 0.5 -1

12 0 UPPER INFLOW - DISSOLVED OXYGEN

I4 740101 12.8 740115 13.1 740215 12.4 740315 11.8
I4 740415 11.7 740515 9.3 740615 8.9 740715 8.2
I4 740815 7.8 740915 9.7 741015 10.0 741115 11.0
T4 741215 12.4 741231 12.8 -1

12 0 TRIB 2 INFLOW RATE - RM 60

I4 740101 -1 741231 -1. -1

12 2 0 TRIB 2 - RM 60

I4 740101 -1.5 740408 -1.5 740422 -5.0 740708 -8.
14 740826 -5. 741231 -1.5 -1

12 O TRIB 2 - RM 60 - TDS

I4 740101 150. 741231 150. -1

12 0 TRIB 2 - RM 60 - CBOD

I4 740101 0.5 741231 0.5 -1

I2 O TRIB 2 - RM 60 - DO

14 740101 12.6 740115 12.7 740215 13.0 740315 12.6
I4 740415 11.5 740515 9.1 740615 8.6 740715 7.7
I4 740815 7.7 740915 9.0 741015 9.7 741115 11.1
I4 741215 12.6 741231 12.6 -1

I2 0 TRIB 3 INFLOW RATE - RM 40

14 740101 -1 741231 -1. -1

I2 1 0 TRIB 3 - RM 40

14 740101 -1.5 740408 -1.5 740422 -5.0 740708 -8.
14 740826 -5. 741231 -1.5 -1

I2 O TRIB 3 - RM 40 - TDS

I4 740101 150. 741231 150. -1

I2 O TRIB 3 - RM 40 - CBOD

I4 740101 0.5 741231 0.5 -1

I2 0 TRIB 3 - RM 40 - DO

I4 740101 12.6 740115 12.7 740215 13.0 740315 12.6
I4 740415 11.5 740515 9.1 740615 8.6 740715 7.7
14 740815 7.7 740915 9.0 741015 9.7 741115 11.1
I4 741215 12.6 741231 12.6 -1

12 0 TRIB 4 INFLOW RATE - RM 30

T4 740101 -1 741231 -1. -1
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I2 1 0 TRIB 4 - RM 30

I4 740101 -1.5 740408 -1.5 740422 -3.0 740708 -6.
I4 740826 -5. 741231 -1.5 -1

12 0 TRIB 4 - RM 30 - TOTAL DISSOLVED SOLIDS

I4 740101 160. 741231 160. -1

12 0 TRIB 4 - RM 30 - CARBONACEOUS BOD

I4 740101 0.6 741231 0.6 -1

12 -1 0 TRIB 4 - RM 30 - DISSOLVED OXYGEN

I4 740101 100. 741231 100. -1

ER
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TEST PROBLEM 3 - Parallel Reservoirs with Calibration Option

The system simulated in this test of the water quality module consists of
the same reservoir and stream configuration as Test Problem 1. The unique input
to this test problem includes selecting the calibration option (J9 card, Field
4) and specifying the gate operation cards (Gl and G2 cards).

A complete 1listing of the input data deck is given below. A complete output
listing is included with the computer source code distribution.
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Tl TESTING HEC5Q WATER QUALITY SIMULATION CAPABILITY
T2 PARATLEL RIVER SYSTEM...CALIBRATION OPTION
T3 TEST PROBLEM 3

J1 0 5 5 3 4 2 0 0

J2 36 0 0 0 0 0 0

J9 0 0 1

RL 10 1200000 0 100000 200000 1500000 1600000

RO 3 30 40 50

RS 7 100 6300 31300 88000 188000 563000 1688000

RQ 7 0 20000 300600 40000 50000 50000 50000

RA 7 10 500 1500 3000 5000 10000 20000

RE 7 800 825 850 870 900 950 1030

R3 2 2 2 2 99 99 99 99 99 99
R3 99 99

CP 10 20000 300 200

IDCP10-BAKER DAM

RT 10 30 2.2 .25 12 0

RL 20 550000 0 2000 550000 952000 1130000

RO 3 30 40 50

RS 8 2000 20000 52000 113000 209000 320000 550000 800000 1130000
RQ 8 0 5680 5680 5680 5680 5680 29180 59680 104980
RA 8 150 2100 4500 7600 11800 17000 22400 28600 37200
RE 8 892 910 920 930 940 950 962.5 970 980
R3 2 2 2 2 99 99 99 99 99 99
R3 99 99

cp 20 20000 300 200

IDCP20-SMITH DAM

RT 20 30 2.2 .25 12 0

CcP 30 30000 300 200

IDCP30-CONF RM60

RT 30 40 2.2 .25 12 0

cP 40 30000 300 200

ID CP40 ** RM 40

RT 40 50 2.2 .25 12 0

CP 50 50000 300 200

IDCP50 #** RM24.2

RT 50 0 0 0 0 0

ED

BF 0 120 0 074050100 120 24

NOLIST

IN 10 1MAY74 2059 1814 2125 2243 1947 1836 1735 1587
IN 1549 1509 1413 4584 7520 5061 3549 2931 2801 3866
IN 2752 2293 1962 1793 2476 2528 1958 1650 1462 1344
IN 1810 3581 3367 7629 5501 3699 3057 2603 2294 2073
IN 1894 1750 1596 1423 1313 1251 1052 1312 2547 2301
IN 1803 1360 1185 1200 1456 2434 4601 3121 2769 2230
IN 1846 2107 1918 15259 7046 4185 3113 3167 2814 2295

IN 1910 1606 1448 1535 1368 1196 1039 1032 1013 940
IN 890 890 865 826 783 826 928 847 788 829
IN 804 806 945 801 712 751 914 911 935 792
IN 747 717 823 1416 997 806 759 732 683 653
IN 633 639 621 644 604 598 598 596 601 642
IN 662 838 756 1130 1138 1202 1774 2727 2659 1566
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IN 20
IN 698
IN 434
IN 169
IN 639
IN 348
IN 348
IN 126
IN 64
IN 56
IN 47
IN 297
IN 88
IN 40
IN 406
IN 1685
IN 669
IN 575
IN 671
IN 829
IN 922
IN 279
IN 106
IN 178
IN 161
IN 87
IN 50
IN 3011
IN 6757
IN 1941
IN 978
IN 2159
IN 1483
IN 3314
IN 980
IN 566
IN 930
IN 684
IN 621
Qa 10
QA 1480
QA 4130
QA 1270
QA 1570
Qa 3120
QA 2100
QA 1750
QA 570
QA 741
QA 819
QA 719
Qa 521
EXHIBIT 1

1MAY74
569
381
133
366
226
386
122
58
50
47
405
165
1IMAY74
398
1941
1011
431
585
712
465
235
139
172
166
235
1IMAY74
3250
6013
1852
844
1563
1761
2783
990
627
930
606
825
1IMAY74
1480
3960
1680
1570
2840
2030
1470
600
730
786
685
600

430
455
361
163
255
179
197
112
47
49
49
201
95
645
380
1849
1113
407
369
549
361
143
183
162
160
418
3317
3265
4768
1735
714
1308
1469
1990
1160
774
918
637
1619
1270
1790
3720
2210
1570
1640
2030
1210
610
730
494
494
438

816
402
327
192
194
198
133
108
53
41
43
128
83
588
923
1752
1740
375
237
2648
384
142
220
177
117
701
3816
4695
3744
1747
809
1482
4196
1912
785
742
981
670
2200
1320
2190
3370
2480
1560
819
3600
1290
610
741
819
631
797

668
472
289
203
236
198
134
89
49
43
47
100
184
561
1207
1784
1529
357
288
1733
353
139
269
135
61
621
3333
13438
3530
1903
784
1621
7637
1651
550
696
1006
578
2012
1360
2480
2470
4000
1560
854
9280
1320
621
730
865
580
1410

1979
424
338
181
596
164
141

80
39
39
96
79

1167
488

1171

1322

1352
348
360

1751
328
150
268
119

42
790
3150
16915

3463

2065
873

1469

5846

1441
695
661
881
562

1742

1410

3480

1910

5510

1530
900

11000

1320
631
719
654
521

2000
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1523
415
758
166
432
155
181

87
43
39
151
64
463
452

116l
645

1273
243
546

1617
298
226
278
117

51
976

2843

9154

3178

1847
969

1155

5734
937
679
613
924
558

1687

1440

4490

1950

5350

1510

1540

7280

1290
642
707
865
346

2050

1195
956
355
212
284
159
407

80
46
43
112
89
601
440

1075
397

1219
231
768

1671
305
282
283
117
141

1222

2861

8282

2914

1399
816

1353

4803
893
705
578
829
486

2852

1470

4420

1940

4400

1480

2750

4130

1270
707
707
831
540

2130

1065
613
262

1017
251
177
212

69
60
39
473
102
676
425

1190
366

1171
469
900

1565
296
276
311
130
142

1532

2976

7643

2592

1148

1405
975

4285

1209
701
630
857
458

4965

1480

4300

1890

2930

1830

3250

3250

1230
764
775
797
486

3460

847
510
202
639
745
888
145
68
60
39
212
90
665
405
1601
458
908
598
874
1433
285
191
249
164
108
1570
2831
7539
2150
1035
1972
1469
3660
1028
786
914
780
440
4311
1480
4210
1570
1970
2690
2860
2180
948
753
775
764
486
4590
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QA 20 1MAY74 1236 521 387 405 4432 949 1602 1572

QA 1528 1040 600 593 590 488 390 497 600 600
QA 597 495 310 220 220 220 226 325 420 417
QA 403 400 286 165 110 110 110 110 275 540
QA 637 627 518 420 420 420 420 320 227 330
QA 430 423 226 110 110 110 110 105 316 440
QA 440 437 430 226 110 110 110 110 110 110
QA 110 105 110 110 110 110 110 110 110 110
QA 110 110 110 110 110 110 75 35 35 35
QA 35 35 35 35 35 35 35 35 35 35
QA 35 35 35 35 36 38 62 85 105 125
QA 182 240 240 240 235 230 178 125 125 125
QA 125 125 125 125 285 463 601 676 665 655
EJ

TI PARALLEL RIVER BASIN TEST WITH PRESET GATE OPERATION (CAL.MODE)

TI RESERVOIRS ARE FICTICIOUS ALSO %% C.P. OF 10, 20, 30, 40 AND 50

TI CONSTITUENTS ARE TEMPERATURE, TDS, CARBONACEOUS BOD AND OXYGEN

JA 740501 740831 5 2 F 0

EZ -1

ET 121  64.06 138.8 2385.6 12.35

ET 122 62.44 111.4 2409.1 10.31

ET 123 65.44  126.3 2385.9 10.60

ET 124 60.66 107.7 2456.1 10.34

ET 125 63.36 102.6 2457.1 9.35

ET 126 57.60 124.1 2466.3 12.60

ET 127 58.75 89.7 2507.6 8.88

ET 128 66.16 90.8 2484.1 7.72

ET 129 66.36 138.3 2446.0 11.48

ET 130 67.68 96.1 2494.6 7.85

ET 131 70.23 130.1 2473.9 10.09

ET 132 66.18 147.4 2470.1 12.21

ET 133 62.56 144.1 2518.4 13.40

ET 134  72.00 149.0 2492.1 11.23

ET 135 71.49 175.2 2472.3 13.02

ET 136 74.91 133.5 2480.6 9.06

ET 137 78.21 176.4 2413.2 10.65

ET 138 75.06 127.7 2486.3 8.59

ET 139 72.84 131.9 2525.7 9.60

ET 140 73.33 118.8 2544.2 8.55

ET 141 81.63 95.9 2508.9 5.46

ET 142 77.95 142.0 2476.5 8.68

ET 143 73.94  148.7 2521.6 10.31

ET 144  68.99 151.9 2563.9 12.01

ET 145 67.24 99.2 2614.1 8.21

ET 146 69.55 97.3 2617.0 7.72

ET 147 64.69 119.9 2640.5 10.76

ET 148 71.17 97.5 2626.2 7.47

ET 149 73.54 145.0 2558.2 10.02

ET 150 80.04 107.4 2543.5 6.31

ET 151 77.13 137.9 2528.9 8.64

ET 152 70.47 132.4 2598.9 10.09

ET 153 72.09 120.6 2629.7 9.06

ET 154 78.21 86.5 2621.4 5.50

ET 155 79.57 99.9 2598.9 6.09
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ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
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156
157
158
159
160
16l
162
163
l64
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

76

78

82

82

.06
77.
75.
.80
82.
77.
69.
71.
73.
79.
72.
71.
71.
73.
77.
.04
77.
81.
72.
71.
71.
77.
75.
T4,
T4,
74.
80.
80.
83.
83.
82.
83.
89.
89.
86.
82.
77.
79.
87.
.40
78.
76.
85.
83.
81.
77.
77.
82.
79.
80.
84.
89.
88.
82.

65
63

00
77
73
67
76
68
72
62
26
63
79

67
25
32
35
62
68
09
39
98
88
55
89
64
70
60
17
10
42
77
85
04
90
21

49
98
08
80
34
05
18
02
34
82
99
44
47
58

133.
133,
175.
137.
138.
212,
170.
119.
105.
93.
153.
145.
110.
124,
129.
144,
199.
107.
143,
151.
129.
96.
129.
127.
130.
210.
135.
185.
204.
200.
140,
106.
87.
102.
141.
165.
165.
105.
86.
168.
168.
140.
91.
141,
201.
147,
127.
109.
124.
119.
86.
81.
90.
133.

2597.
2579.
2568,
2562.
2539,
2535.
2626.
2644,
2658.
2632,
2601,
2627,
2663.
2646.
2600.
2542,
2553.
2592.
2625.
2647 .
2649,
2622.
2628.
2615,
2601.
2568.
2566.
2524
2486
2483.
2503.
2566,
2546,
2502.
2467.
2461,
2538,
2557.
2531.
2466.
2498.
2528.
2508,
2436
2425,
2496.
2509.
2467 .
2445,
2435.
2450.
2408.
2398,
2372.

TEST

8.93
8.50
11.63
8.34
7.67
13.02
13.27
8.88
7.56
5.75
10.85
10.72
8.34
8.88
8.21
8.05
12 .44
6.22
10.51
11.52
.80
.13
.93
.88
.84
.18
.01
.67
.76
.56
.58
.97
.14
.72
.85
.77
.65
.38
.30
.26
.43
.08
.79
.47
.30
.51
.30
.22
.29
.85
.50
.71
.25
.18
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ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
QC
TQ
TQ
IQ
L1
L2

L3
L5
L7
L7
L8
PL
PL
PL
PL
L9
Cl
C5
c7
SA
DK

OO OO

210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
-240
1

78.
77.
79.
83.
84.
79.
76.
75.
79.
84,
83.
83.
78.

78

83.
82.
79.
81.
85.
79.

87

86.
90.
85.
85.
84.
82.
87.
86.

80

79.

TOTAL DISSOLVED
CARBONACEOUS BOD IN MG/L
DISSOLVED OXYGEN IN MG/L

10
2

50
10
10

.25
.05
.20
.25

10

5
10000
.01
50000
2000
2000
200
100
100
100
100
40
120.
0.5
9.1
100
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1

1

96
41
23
59
94
84
86
70
32
34
50
93
15
.78
66
54
68
79
68
77
.04
54
10
53
12
78
42
62
02
.53
48

0

SOLIDS IN MG/L, COMPUTED AS 0.62 X CONDUCTIVITY

1

1
.-6
825
820
840
400

3.2

41
20.
0.5
9.1
100
0.1

151.
150.
127.
103.
111.
175.
172.
118.
102.
95.
107.
98.
134,
le6l.
114,
122,
132.
96.
86.
152.
73.
73.
67.
89.
89.
95.
110.
71.
88.
159.
145,

10
5000
1l.-4

860
880
800
-4.00
-0.20
-8.00
-0.70
42
120.
0.5
9.1
100

2377.
2393.
2391.
2373.
2329.
2297.
2324,
2364.
2340.
2296.
2261.
2259.
2266.
2230.
2198.
2195,
2210.
2219.
2188.
2150.
2159.
2158.
2142.
2121.
2106.
2088.
2072.
2069.
2042.
2012.
2004.

900
920
1400

0.10
43
120.
0.5
9.1
100
1.463
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.93
42
.67
.55
.68
.04
.85
.76
.09
.97
.59
.08
.19
.64
.88
.55
.76
.35
.25
.77
.42
47
.93
.38
43
.77
.88
.22
.21
.88
.19

1

=
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940
960
2000

-0.05
45
120.
0.5
9.1
100

0

3000

48
180.
6.5
9.1
100

1

5000

60
180.
0.5
9.1
100
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L2

L3
L5
L6
L7
L7
L8
PL
PL
PL
PL
L9
Cl
G5
Cc7
SA
DK
CR
sl
S2
S2
S2
S2
SR
SR
SR
SR
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3

EXHIBIT 1

OO OO

.25
.05
.20
.25

10
20
30
40
10
20
30
-40
10

30

60000.
.01
10
99300
2840
2840
410
100
100
100
100
54
160

8.4
100
1.047
10
65.5
4.7
60
40
30
30
40
50
65.5

60.

1.-6
895.5
962.5
895.5
902.5

460

3.2
55
190

8.7
100

1.047

S W
SO O

844 .
844,
844,
845,
846.
847.
848,
849.
850.
851.
852.
853.
854,
855,
856,
857.
858.
859.
861.
863.
825,
825.
826.
826.
827.
828.

wu
PR PO PO O0O0CO0CO0OO0OO0O0O0OO0O00O0OO0O0O0OANOHERRO

909.5
916.5
500
-4.00
-0.20
-8.00
-0.70
57
190

9.2
100
1.047

60

24,

14,
54.
114.
194.
305.
440,
605.
827.
1100.
1384,
1677.
1985.
2308.
2634,
2960,
3612,
4264 .

[>NeoNeoNoNoNeNoNoNoNoNoNoNoRoNoNoNoNe]

10.
27.
92.
179.

OO CoOoO

923.5
930.5
550

0.10
57
190
.3
9.2
100
1.463
1.0159
10
1.5
1.5

2
1.975

.21
.35
.61
.04
.40
.55
.84
.02
.20
.17
.52
.87
.15
.40
.67
.99
.30
.88
.41

OQURFRPWWWWRNNNNNRF R

.22
.43
.64
.13
.51

=

937.5
944 .5
600

-0.05
57
190

9.2
100

20

45
30

C.
5.
20.
29.
50.
67.
99.
121.
152.
185.
264,
279.
288.
301.
316.
326.
326.
326.
326.
326.
0.
9.
33.
52.
77.
96.

[>ReNoNoRoNoNeoNeoNoRleNoRoleNoNoNeNoN ol

OO OO0

TEST PROBLEM 3

650

57
190

9.2
100

.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050

700

57
190

9.2
100

750

57
190

9.2
100
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S3 829.4  287.0 1.79 119.0 .050
S3 830.4 418.0 2.08 138.0 .050
S3 831.4 563.0 2.38 152.0 .050
S3 832.4 723.0 2.65 166.0 .050
S3 833.4 893.0 2.95 174.0 .050
S3 834.4 1071.0 3.23 183.0 .050
S3 835.4 1258.0 3.48 191.0 .050
S3 836.4 1455.0 3.64 207.0 .050
S3 837.4 1675.0 3.68 234.0 .050
S3 838.4 1922.0 3.83 253.0 .050
S3 839.4 2175.0 4,16 253.0 .050
S3 840.4 2428.0 4.48 253.0 .050
S3 842.4 2934.0 5.08 253.0 .050
S3 844 .4 3440.0 5.65 253.0 .050
S3 20 4.7 859.6 0. 0. 0. 0.050
S3 859.8 1.5 0.16 24, 0.050
S3 860.2 22.0 0.46 70. 0.050
S3 860.6 56.1 0.73 104. 0.050
S3 861.6 178.2 1.28 128. 0.050
S3 862.6 307.7 1.82 134. 0.050
S3 863.6 442.8 2.28 140. 0.050
S3 864.6 583.8 2.57 142. 0.050
S3 865.6 729.1 2.97 147. 0.050
S3 866.6 878.1 3.19 149. 0.050
S3 867.6 1030.6 3.49 156. 0.050
53 868.6 1186.8 3.78 162, 0.050
S3 869.6 1346.6 4.06 168. 0.050
S3 870.6 1510.1 4.32 174. 0.050
S3 871.6 1677.2 4.57 180. 0.050
S3 872.6 1848.0 4.81 186. 0.050
S3 873.6 2022.4 5.04 192. 0.050
S3 874.6 2200.5 5.27 198. 0.050
S3 876.6 2567.5 5.69 210. 0.050
S3 878.6 2949.1 6.10 222. 0.050
s3 30 0. 825.4 0. 0. 0. .050
S3 825.6 1.0 .22 9.0 .050
S3 826.0 10.0 .43 33.0 .050
S3 826.4 27.0 .64 52.0 .050
S3 827.4 92.0 1.13 77.0 .050
S3 828.4 179.0 1.51 96.0 .050
S3 829.4  287.0 1.79 119.0 .050
S3 830.4 418.0 2.08 138.0 .050
S3 831.4 563.0 2.38 152.0 .050
S3 832.4 723.0 2.65 166.0 .050
S3 833.4 893.0 2.95 174.0 .050
S3 834.4 1071.0 3.23 183.0 .050
S3 835.4 1258.0 3.48 191.0 .050
S3 836.4 1455.0 3.64 207.0 .050
S3 837.4 1675.0 3.68 234.0 .050
s3 838.4 1922.0 3.83 253.0 .050
S3 839.4 2175.0 4.16 253.0 .050
S3 840.4 2428.0 4.48 253.0 .050
S3 842.4 2934.0 5.08 253.0 .050
s3 844 .4 3440.0 5.65 253.0 .050
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S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
53
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3
S3

EXHIBIT 1

40

50

50

40.0

32.0

30.4

765.
765.
765.
766.
767.
768.
769.
770.
771.
772.
773.
774,
775.
776.
777.
778.
779.
780.
782,
784,
730.
730.
731.
731.
732,
733.
734,
735.
736.
737.
738.
739.
740.
741.
742,
743,
744 .
745,
747.
749,
722.
723.
723.
723.
724,
725.
726.
727.
728.
729,
730.
731.
732,
733.

WVWOWOWOWOWOUWLOWWOWOWOOWURPOAAANIITATATOTOAAAONTAAANTATANNTTONANNAANOANDODODODOOODODODODOOOOOODOONODO

177.
291.
421.
565.
715.
878.
1050.
1230.
1418.
1618.
1844,
2094,
2347.
2853.
3359.

14,

37.
130.
271.
462.
701.
978.
1275.
1599.
1964 .
2394,
2851.

[eNeNeNoNoNeNoNeNeoNoNoNoNoNoNeNoNoNoNo)

[oNeNoNeoBoNoNoNeoNeNoNoNoNoNolNoeNoloNo)

DOO OO OO OOOLOOO0

WRNNNNDONDN PR

CU PSP WWWWWNNNDNS R

OCUP PP WLWWLWWWWRWNDNONON P

.22
.43
.64
.13
.51
.79
.08
.38
.65
.95
.23
.48
.64
.68
.83
.16
.48
.08
.65

.21
Ja4
.45
.84
.37
.80
.12
44
74
.99
.26
.51
.74
.83
.86
.05
.37
.98
.55

.22
.45
.64
.12
43
.72
.04
.34
.59
.79
.71
.98
.24

33.

52.

77.

96.
119.
138.
152.
166.
174.
183.
191.
207.
234,
253.
253,
253,
253.
253.

19.

96.
109.
120.
135.
147,
155.
168.
176.
184,
193.
212.
239.
253.
253.
253.
253.

15,

45,

T4
111.
167.
218.
257.
287.
310.
337.
418.
444
469.

TEST PROBLEM

o NeooNeNoNoNoNoNeNoNoNeoNo N NeoNo No Neo el

OOOOOOOOOOOOOOOOOOO.

QOO OO OO OODOCOO

.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.050
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
.030
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S3 734.9 3342.0 3.39 518.0 .030
S3 735.9 3887.0 3.54 571.0 .030
S3 736.9 4482.0 3.74 610.0 .030
S3 737.9 5100.0 4.01 627.0 .030
S3 739.9 6390.0 4.49 662.0 .030
S3 741.9 7745.0 4.96 692.0 .030
S3 50 28.4  725.3 0. 0. 0. .030
S3 725.5 4.0 .23 30.0 .030
S3 725.9 22.0 .48 59.0 .030
S3 726.3 51.0 .67 90.0 .030
S3 727.3 167.0 1.13  139.0 .030
S3 728.3 375.0 1.37  249.0 .030
S3 729.3 644.0 1.75 289.0 .030
S3 730.3 946.0 2.13 313.0 .030
S3 731.3 1271.0 2.46 336.0 .030
S3 732.3 1617.0 2.76  357.90 .030
S3 733.3 1985.0 3.03 379.0 .030
S3 734.3 2387.0 3.20 428.0 .030
S3 735.3 2831.0 3.41 463.0 .030
S3 736.3 3311.0 3.55 497.0 .030
S3 737.3 3824.0 3.73 527.0 .030
S3 738.3 4370.0 3.86 575.0 .030
S3 739.3 4985.0 3.99 634.0 .030
S3 740.3 5632.0 4.20 659.0 .030
s3 742.3 7002.0 4.58 709.0 .030
S3 744.3 8458.0 5.02 742.0 .030
S3 50 26.3 722.7 0. 0. 0. .030
S3 722.8 1.0 .22 9.0 .030
S3 723.2 8.0 .45 26.0 .030
S3 723.7 22.0 .62 45.0 .030
S3 724.7 92.0 1.00 94.0 .030
S3 725.7 219.0 1.22 167.0 .030
S3 726.7  436.0 1.38 265.0 .030
S3 727.7 751.0 1.58 365.0 .030
S3 728.7 1158.0 1.86 441.0 .030
S3 729.7 1628.0 2.17 496.0 .030
S3 730.7 2254.0 2.19 729.0 .030
53 731.7 3038.0 2.44  809.0 .030
S3 732.7 3867.0 2.74 858.0 .030
S3 733.7 4756.0 3.00 913.0 .030
53 734.7 5699.0 3.23 981.0 .030
S3 735.7 6697.0 3.45 1022.0 .030
S3 736.7 7750.0 3.68 1067.0 .030
S3 737.7 8825.0 3.97 1083.0 .030
S3 739.7 11032.0 4,51 1117.0 .030
S3 741.7 13278.0 5.08 1129.0 .030
S3 50 24.2 721.6 0. 0. 0. .030
S3 721.8 6.0 .22 56.0 .030
S3 722.2 50.0 47 150.0 .030
S3 722.6 118.0 .69 190.0 .030
S3 723.6 354.0 1.13 270.0 .030
53 724.6 656.0 1.41  358.0 .030
S3 725.6 1079.0 1.60 484.0 .030
S3 726.6 1606.0 1.88 568.0 .030
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S3 727.6 2215.0 2.16 648.0 .030
53 728.6 2903.0 2.41 730.0 .030
S3 729.6 3687.0 2.62 834.0 .030
S3 730.6 4563.0 2.87 914.0 .030
S3 731.6 5511.0 3.10 994.0 .030
S3 732.6 6555.0 3.32 1081.0 .030
S3 733.6 7684.0 3.50 1191.0 .030
S3 734.6 8885.0 3.80 1211.0 .030
S3 735.6 10105.0 4.09 1229.0 .030
S3 736.6 11341.0 4.38 1242.0 .030
S3 738.6 13849.0 4.93 1266.0 .030
S3 740.6 16405.0 5.45 1289.0 .030
sS4 854 835 870 835 775 743 742 741 740
sS4 739.5

KR 0.10 1.463

KR 0.15 1.463

KR 0.20 1.463

KR 0.25 1.463

CT 10 740101 40. 3. 0.

CT 740318 45. 3. 0.

CT 740723 50. 3. 0.

CT 741017 45, 3. 0.

CT 741206 40. 3. 0.

CT -741231 40. 3. 0.

CT 740101 150. 1. 0.

CT -741231 150. 1. 0.

CT 740101 0.1 1. 0.

CT -741231 0.1 1. 0.

CT 740101 5. 0. 30.

CT -741231 5. 0. 30.

CT 20 740101 45 4 0

CT 740318 50 4 0

CT 740723 55 4 0

CT 741017 50 4 0

CT 741206 45 4 0

CT -741231 42 4 0

CT 740101 160 .8 0

CT -741231 160 .8 0

CT 740101 .05 .15 0

CT -741231 .05 .15 0

CT 740101 4 0 50

CT -741231 4 0 50

CT 30 740101 45, 3. 0.

CT 740510 50. 3. 0.

CT 740531 60. 3. 0.

CT 741001 55. 3. 0.

CT -741231 45. 3. 0.

CT 740101 160. 1. 0.

CT -741231 160. 1. 0.

CT 740101 .15 4. 0.

CT -741231 .15 4, 0.

CT 740101 4.5 4, 0.

CT -741231 4.5 4. 0.
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CT
CT
CT
CcT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
Il
12
I4
14
I2
I4
I4
12
14
I2
14
12
I4
I4
14
I4
I2
I4
I4
I2
I4
14
I4

40

50

740101
740504
740514
740515
741005
741109
741214
-741231
740101
-741231
740101
-741231
740101
-741231
740101
740506
740510
740515
740708
740924
741018
741112
741206
-741231
740101
-741231
740101
-741231
740101
-741231
740101

740101
740826

1
740101
740826

740101

740101

740101
740415
740815
741215

740101
740826

1
740101
740310
740512
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12.
11.

12.

-0.
-0.

-0.

-15.

UOWULOMOOQOWW:

NP ONWUVMO HONoOWUmO-:.

TRIB 1 ..

740408
741231

TRIB 1 ...

740408
741231

TRIB 1 ...

741231

TRIB 1 ...

741231

TRIB 1 ...

740115
740515
740915
741231

TRIB 2 ..

740408
741231

TRIB 2 ...

740125
740324
740527

w W

=NeRoloNoNeNeNoNoNoNoNoNe NoNoNeoNoNole NoNoNoNoNoNoNeRolNeNe Nl

W w

. BAKER

-0.5
-0.5
BAKER
-1.5
-1.5
BAKER
105.
BAKER
0.5
BAKER
13.1
9.3
9.7
12.8

. SMITH

-0.5
-0.5
SMITH
2.0
-10.4
-16.0

INFLOW
740422

-1
INFLOW
740422

-1
INFLOW

-1
INFLOW

-1
INFLOW
740215
740615
741015

-1
INFLOW
740422

-1
INFLOW
740210
740414
740609

TEST PROBLEM

RATE ... RES # 1
-0.7 740708 -0.3
TEMPERATURE
-5.0 740708 -8.
- TOTAL DISSOLVED SOLIDS
- CARBONACEOUS BOD
- DISSOLVED OXYGEN
12.4 740315 11.8
8.9 740715 8.2
10.0 741115 11.0
RATE ... RES # 1
-0.7 740708 -0.7
TEMPERATURE
1.2 740224 -1.8
-15.8 740428 -24.3
-11.0 740623 -15.6
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I4
I4
I4
I4
12
I4
I4
I4
I4
I2
I4
I4
14
I4
I2
I4
I4
I4
I4
I2
I4
12
14
I4
I2
I4
I2
I4
I2
I4
I4
I4
I4
I2
I4
12
T4
I4
I2
I4
I2
I4
I2
14
I4
I4
14

G1740501

G2
G2
G2
G2
G2
G2
ER

EXHIBIT 1

20
10
20
20
10
10

740714
740908
741110

-1

740101
740415
740815
741215

740101
740415
740815
741215

740101
740415
740815
741215

740101

1
740101
740826

740101

740101

740101
740415
740815
741215

740826

1
740101
740826

740101

740101

740101
740415
740815
741215
740831
740501
740501
740516
740621
740521
740711

-10.3
-11.1
-6.2

- TDS
240
80
100
- CBOD

.4
.1
2

- DISSOLVED OXYGEN

12.4
9.0
10.0

740825
741028
741231

740315
740715
741115

740315
740715
741115

740315
740715
741115

45 & RES # 2

-3.0

740708

TOTAL DISSOLVED SOLIDS

CARBONACEOUS BOD

DISSOLVED OXYGEN

12.4
8.9
10.0

30

-3.0

740315
740715
741115

740708

TOTAL DISSOLVED SOLIDS

CARBONACEOUS BOD

DISSOLVED OXYGEN

-9.1 740728 -12.3 740811
-15.5 740922 -17.8 741014
-6.5 741124 4.4 741208
0 TRIB 2 ... SMITH INFLOW
140 740115 110 740215
130 740515 1095 740615
70 740915 50 741015
310 741231 360 -1
0 TRIB 2 ... SMITH INFLOW
.2 740115 .2 740215
.2 740515 1.8 740615
.1 740915 .1 741015
.5 741231 .6 -1
0 TRIB 2 ... SMITH INFLOW
13.1 740115 13.1 740215
11.8 740515 9.4 740615
7.8 740915 9.7 741015
12.4 741231 12.8 -1
0 TRIB 3 INFLOW RATE - RM
-1 741231 -1. -1
OTRIB 3 - RM 45

-1.5 740408 -1.5 740422
-3. 741231 -1.5 -1

0 TRIB 3 - RM 45 -
160. 741231 160. -1

0 TRIB 3 - RM 45 -
0.6 741231 0.6 -1

0 TRIB 3 - RM 45 -
12.8 740115 13.1 740215
11.7 740515 9.3 740615
7.8 740915 9.7 741015
12.4 741231 12.8 -1
0 TRIB 4 INFLOW RATE - RM
-1, 741231 -1. -1

OTRIB 4 - RM 30

-1.5 740408 -1.5 740422
-5. 741231 -1.5 -1

0 TRIB 4 - RM 30 -
160. 741231 160. -1

0 TRIB 4 - RM 30 -
0.6 741231 0.6 -1

0 TRIB 4 - RM 30 -
12.8 740115 13.1 740215
11.7 740515 9.3 740615
7.8 740915 9.7 741015
12.4 741231 12.8 -1
740515 0 0 2
740520 0 0 1
740620 0 0 3
740831 0 0 2
740710 0 0 2
-740831 0 0 2

TEST PROBLEM 3

12.4
8.9
10.0

740315
740715
741115

AN RN

-15.0
-6.1
1.5

400
100
90

MO

11.
8.
11.

O W

11.

11.

D W N = wWw
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TEST PROBLEM 4 - Tandem Reservoirs with Phytoplankton Option

The system simulated in this test of the water quality module consists of
the same reservoir and stream configuration as Test Problem 2. The unique input
to this test problem, includes selecting the phytoplankton option (QC card,
Field 9), omitting constituent title card (TQ cards), and specifying the
necessary stream objective function wvalues (CT cards) and the local inflow
quality cards (I1-I4 cards).

A complete listing of the input data deck is given below. A complete output
listing is included with the computer source code distribution.
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Tl TESTING HEC5Q WATER QUALITY SIMULATION CAPABILITY
T2 TANDEM RIVER SYSTEM...PHYTOPLANKTON OPTION
T3 TEST PROBLEM 4

J1 0 5
J2 36 0
J9

RL 10 1200000
RO 3 2
RS 7 100
RQ 7 0
RA 7 10
RE 7 800
R3 2 2
R3 99 99

CP 10 15000
IDCP10-HAYES DAM
RT 10 20
cP 20 12000
ID CP20 #* RM60
RT 20 30
CP 30 12000
ID CP30 #% RM4O

RT 30 40
RL 40 550000
RO 1 5
RS 8 2000
RQ 8 0
RA 8 150
RE 8 892
R3 2 2
R3 99 99

CP 40 10000
IDCP40-DAVIS DAM
RT 40 50
CP 50 50000
IDCP50 *# RM24.2

RT 50 0
ED

BF 0 120
NOLIST

IN 10 1MAY74
IN 1549 1509
IN 2752 2293
IN 1810 3581
IN 1894 1750
IN 1803 1360
IN 1846 2107
IN 1910 1606

IN 890 890
IN 804 806
IN 747 717
IN 633 639
IN 662 838
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20000
5680
2100

910

300

2059
1413
1962
3367
1596
1185
1918
1448
865
945
823
621
756

3 4 2
0 0 0
100000 200000 1500000 16
4
31300 88000 188000 5
30000 40000 50000
1500 3000 5000
850 870 900
2 99 99
200
.25 12 0
200
.25 12 0
200
.25 12 0
2000 550000 952000 11
52000 113000 209000 3
5680 5680 5680
4500 7600 11800
920 930 940
2 99 99
200
.25 12 0
200
0 0 0
074050100 120
1814 2125 2243
4584 7520 5061
1793 2476 2528
7629 5501 3699
1423 1313 1251
1200 1456 2434
15259 7046 4185
1535 1368 1196
826 783 826
801 712 751
1416 997 806
644 604 598
1130 11