
sT^i

CALIFORNIA, DEFT. OF WATER RESOURCES.
PTrT,T."I^TIl\T

,

V4 ^v



D.LI

4



STATE OF CALIFORNIA

ikup The Resources Agency

SC;. . S

partment of Wa ter Resources

BULLETIN No. 156
JUN 16 1^'

ml 8K0

MATHEMATICAL SIMULATION

OF SALINITY

IN THE

SACRAMENTO RIVER SYSTEM

LIFOrVN!/^ I

?s C D. L!BR*

AUGUST 1971

NOR/AAN B. LIVERMORE, JR.

Secrefary for Resources

The Resources Agency

RONALD REAGAN
Governor

State of California

WILLIAM R. GIANELLI

Director

Deportment of Water Resources



Bulletin No. 170 Series, "Abstracts of DWR Publications*

Twice annually, the Department of Water Resources publishes its Bulletin No. 170, "Abstracts of DWR
Publications". These reports are free. These reports contain abstracts of all Department of Water Re-
sources technical bulletins published during the previous six months, a cumulative index to those abstracts,

a price list of those bulletins published during the past five years which remain in print, and a list of

libraries which shelve the bulletins. If you would like your name placed on the mailing list, write to

Department of Water Resources, Attn: Reports Administration, P. O. Box 388, Sacramento, CA 95802.

In addition, you may wish to purchase Bulletin No. 170-69, "Abstracts of DWR Publications: 1922-1969".

This report summarizes the 600-odd major engineering reports published by the Department of Water Re-
sources and its predecessor agencies since 1922. It contains a complete subject index and lists the

purchase price of those reports remaining in print. It is available, at $5.00 a copy from: State of California,

Documents Section, P. 0. Box 20191, Sacramento, CA 95820. Residents of California should add 5 percent
sales tax, thus paying $5.25. This price includes shipping. Please make checks or money orders payable
to STATE OF CALIFORNIA.

ABSTRACT

The Sacramento Valley water quality model simulates mathematically tne
monthly flow-weighted mean electrical conductivity (EC) by reaches In
the Sacramento River system. Using readily available flow and EC data,
the rrodel vjas developed arc'-'"-.i the system's three ^ereril *-ype2 of f 1 t.-,' :

unregulated ti'lbutary inflow; reservoir impoundments and releases; and
valley floor accretions or depletions. The latter was further broken
down into storm-water runoff, irrigation return flow, municipal and
industrial waste discharges, diversions of streamflow for beneficial use,
weir spills, and unmeasured Inflows and losses.

Plow and EC data for all inflows, diversions and other losses were com-
bined in a series of equations in which mean monthly EC was weighted
with quantities of flow. Model outputs were flow-weighted mean EC in
micromhos, salt loading in tons and corresponding rates of streamflow in
acre-feet at 12 locations in the system for each month of a selected
time period.

The model was verified by comparing computed EC values with prototype
values at selected river stations. Although rather large deviations
occurred between computed and prototype EC values for some months, the
model simulated the general pattern of EC fluctuations at the river
stations. Excessive deviations generally could be attributed to specific
inadequacies of prototype data.

The model was used to estimate the probable future EC at each station in
the system under a projected 1990 level of development. Results showed
an Increase in flow-weighted average EC, but no monthly values were great
enough to threaten any beneficial uses of the Sacramento River.
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FOREWORD

Selection of the most favorable management plans
for California's water resources relies, in part, on careful
evaluation of possible future changes in water quality. Such
changes may be brought about by altered land and water use
patterns, construction of dams and reservoirs, or alternative
methods of reservoir operation. Foreseeing the probability
of adverse water quality conditions will give planners oppor-
tunities to minimize or even eliminate some potential problems.

A computer-programmed mathematical model, which can
simulate a selected indicator of water quality, is a valuable
tool for estimating water quality under future conditions.
A model developed by the Department of Water Resources as
part of a special water quality study simulates mean monthly
electrical conductivity in the Sacramento River. Electrical
conductivity was selected as the water quality indicator for
this study primarily because it measures total dissolved solids,
or salinity, and because it can be used to estimate other min-
eral constituents.

The study was conducted in I969 and 197O with
counties and local valley irrigation, reclamation, and drain-
age districts, all of whom assisted with costs of computer
programming and operation and provided a technical advisory
committee to work cooperatively with the Department.

William R. Gianelli, Director
Department of Water Resources
The Resources Agency
State of California
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INTRODUCTION

Systems analysis techniques employing mathematical models program-
med for the digital computer provide a highly flexible means of
incorporating water quality considerations in water resource plan-
ning. A model permits prompt evaluation of the probable response
of a particular water quality factor in the prototype system to a

change in that system.

The modeling technique was applied in a special water quality study
of the Sacramento River, completed in July 1970, that was directed
toward analysis of factors that influence the mineral quality of
water in the river system. Its overall purposes were to provide
the Department with environmental planning information; to give
irrigation, reclamation, drainage districts and associations, and
county governments in the Sacramento Valley the information they
needed to evaluate the Central Valley Regional Water Quality Con-
trol Board's proposed water quality control policy for the Sacra-
mento River; and to provide the Board the means to develop an
adequate policy.

The mathematical model developed in this study was used to analyze
present and probable future electrical conductivity at 12 stations
in the river system between Keswick Reservoir and Freeport. The
model permits evaluation of the effects on the river mineral qual-
ity of changes in land and water use. The development and struc-
ture of that model and illustration of its use for estimating
future river salinity are described in this report.

Electrical conductivity (EC) was selected as the water quality
parameter for modeling for several reasons: 1) more historical
data were available for EC than for any other constituent; 2) EC
as a conservative constituent of water is not changed signifi-
cantly by time or biological activity; and 3) EC can be used to

estimate other conservative constituents, particularly total dis-
solved mineral concentrations.

This study was conducted as a part of the Department's continuing
role in planning for protection of water quality in water resource
management planning. The model described in this report is not a

final product. It is being continually updated and refined as new
information becomes available. In future studies, other important
water quality indicators than dissolved minerals should be evalu-
ated by mathematical simulation of the Sacramento River system.
Nonconservative nutrient and organic constituents, which cannot
be simulated by this model, will be of particular Importance.
Consideration of these additional parameters will make possible
fuller evaluation of the impact of future economic development on
the quality of water in the Sacramento River.



The Department will make the model available for farther use by-

other organizations that seek solutions to water quality problems
in the Sacramento Valley. Information on the machine program can
be obtained through the Statewide Planning Branch of the Division
of Resources Development.

Area of Study

The area studied (Figure 1) included the entire Sacramento Valley
drainage area above Freeport, about 24,000 square miles. Primary
attention was focused on the valley floor where occur virtually
all agricultural drainage, municipal and industrial waste dis-
charges, and other significant factors that tend to degrade the
quality of water in the Sacramento River. This report discusses:
1) the Sacramento Valley water quality model as developed in 19^5;
2) the current model as used in this study; 3) computational
methods and assumptions employed; 4) the hydrologic base period
considered; 5) development of model inputs; 6) verification of the
model; 7) estimates of 1990 mineral quality of water in the Sacra-
mento River expressed as electrical conductivity; and 8) results
of the computations.

Data Considerations

Data used to develop and operate the model were primarily those
which were readily available in the Department's files and reports
or in federal publications. Agricultural drainage data collected
under a second part of this study were available for use as guides
in assigning quantity and quality values to agricultural return
flows to the Sacramento River.

As expected, available data were not fully adequate for detailed
analyses of all important factors which influence the mineral
quality of water in the Sacramento River system. Some hydraulic
and other characteristics of the system are virtually unknown,
and their determinations, if they were possible, would require
detailed field investigations. For example, quantities of seep-
age in or out of any given reach of river have not been determined
for any historic period. Yet such seepage can significantly affect
mineral quality of water in the river, because seepage outflow
removes salts and seepage inflow adds salts.

Data also are sketchy on the fate of minerals introduced to valley
floor areas in applied surface water, rim inflows and precipita-
tion. At certain times such minerals are retained in the soils
and groundwater of the area to be leached out later. Investiga-
tion of this phenomenon could not be included within the scope
of this study.

Notwithstanding data inadequacies, a usable mathematical simula-
tion of the Sacramento Valley system was possible. Inputs were
provided for all mineral sources considered significant. Where
data were weak or lacking, value judgments were made.



SACRAMENTO VALLEY WATER QUALITY MODEL

In 1965 the Department developed a mathematical model for use in
estimating future mineral quality of water in the Sacramento
River. The model was concerned mainly with the quality of water
in the State Water Project, and hence, major emphasis was placed
on the quality of Sacramento Valley outflow. The study reported
herein, on the other hand, is concerned with the quality of water
at additional points in the river as related to the previously-
mentioned water quality control policy. It was necessary, there-
fore, to completely restructure the model to comply with the new
objectives.

The basic structure of the I965 model-^is still valid, however,
and a brief description of that model would be helpful in under-
standing the revised model used in this study. In both models,
mineral concentration is expressed in terms of electrical con-
ductivity (EC). For Sacramento River streamflow, total dissolved
solids (in parts per million) is approximately equal to EC (in
micromhos) x 70 percent.

The 1963 Model

The 1965 model was developed around three general categories of
flow: unregulated tributary runoff; reservoir impoundments and
releases; and valley floor accretions and depletions. Flow and
quality data on all inflows, including natural flow, agricultural
drainage, and municipal and industrial waste discharges, and on
diversions are combined in a series of equations in which mean
monthly EC is weighted with quantities of flow. Flow is expressed
in cubic feet per second.

Unregulated Tributary Runoff

In deriving a method for estimating future quality of unregulated
tributary runoff into the river system, a quality-versus-flow
relationship was employed. A reasonably stable relationship
exists between rate of flow and mineral concentration for natural,
unregulated runoff from the mountainous watersheds bordering the
Sacramento Valley. This relationship can be expressed by a math-
ematical equation in the form C=aQ'^, where "C" represents elec-
trical conductivity; "Q", the rate of streamflow; and "a" and "b",

constants characteristic of individual watersheds. Empirical

1/ Described in detail in entry No. 27 of the bibliography,
JTppendix A.



C/Q relationships were developed by plotting observed values of EC
against corresponding rates of flow for the headwaters of the Sac-
ramento River and its major tributaries at gaging stations located
where the natural regimen of flow has not been substantially altered
by major impoundments or diversions.

Reservoir Impoundments and Releases

The natural C/Q relationship is generally upset by impoundment in
a reservoir. Reservoir stratification, incomplete mixing, and
varying detention times all complicate the problem of predicting
mineral content of reservoir outflow. An emperical approach based
on available inflow-outflow records was used to develop a computer-
oriented method for deriving a quality of reservoir releases from
inflow data. No general solution was derived for this problem,
and each reservoir required individual treatment. The following
two basic approaches were employed.

1) The quality of reservoir releases was assumed equal
to the quality of water in storage, which was deter-
mined by successively mixing the flow-weighted
average quality of inflow for each month with the
average quality of water in storage for that month,
and then allowing for a one -month detention time in
the reservoir. The inflow quality was computed by
the C/Q equation and the initial quality of water in
storage was assumed equal to the quality of inflow
for the month preceding the first month under
consideration.

2) The quality of reservoir releases was assumed equal
to the quality of water in storage, which was deter-
mined by the monthly running average of inflow
quality, weighted according to flow, over a period
of time in which the total volume of outflow during
the period equaled or exceeded the volume of storage
at the end of the period.

Neither of these approaches, by itself, gave acceptable answers
for all months and at all reservoirs. This was shown by com-
parison with recorded data. In most cases, better answers re-
sulted from a combination of the two approaches, often together
with a factor to allow for unknown impoundment influences.
Mathematical explanations of the two approaches are included in
this report as Appendix B, "Reservoir Computational Methods".

Valley Floor Accretions and Depletions

In addition to its major measured tributaries, the Sacramento River
receives local drainage and unmeasured tributary inflow as it
traverses the valley floor. At the same time, various amounts of
water are diverted from the river for beneficial use. The changes
in water quality resulting from these factors are represented by



the third part of the model. Accretions which originate In the
valley floor account for a large part of these water quality-
changes. In the Initial study, historic water quality data were
assumed to represent future mineral concentration of the agricul-
tural drainage portion of these accretions and flow quantities
to be proportional to irrigated acreage drained. The remaining
unmeasured accretions and depletions were accounted for by eval-
uating the differences in flow and water quality at existing
stream gaging stations along the main stem of the river. In
later studies, estimates of future accretion and depletion flow
quantities were taken from actual water supply studies.

In short, the I965 water quality model for the Sacramento River
used the foregoing relationships to determine the weighted mean
electrical conductivity of tributary inflow and valley floor
drainage, as modified by impoundments and diversions.

The model was verified by checking its ability to reproduce his-
toric records at key points in the watershed and at the head of
the Delta. An average difference of about 10 percent was noted
between computed and historic values of conductivity. Wider
discrepancies were found for individual months, particularly
when large fluctuations of flow occurred during the month. This
difference may be related, at least in part, to the fact that
computed values were based on average monthly flows, while the
actual Instantaneous observations of water quality that constitute
the historic record may or may not represent average conditions.
Nevertheless, satisfactory correlations were obtained, though it
was recognized that the model could be improved by collection of
additional data and refinement of empirical relationships.

The model has been used with system operation studies to evaluate
water quality conditions in the Sacramento River watershed under
projected 1990 development. Basic hydrology representative of
both normal and critical dry periods was used and agricultural
drainage, waste discharges, and other accretions were estimated
for 1990 level of cultural development. Results demonstrated
that, despite increased development and water usage, the mineral
concentration of Sacramento River inflow to the Delta will remain
well within established State Water Project contract objectives,
even during the most severe dry period on record.

The Current Model

The current model, used in this study, may be viewed as an
extensive refinement of the third part of the I965 model, the

part which deals with valley floor accretions and depletions.
Mean monthly electrical conductivity (EC) in mlcromhos remains
the water quality parameter. Flow in the current model is

expressed in thousands of acre-feet per month.

Since only mean monthly conditions were considered, certain
limitations of the model should be noted. The model does not



show short-term fluctuations or instantaneous values of flow or
EC which would occur at any time during a particular month. Thus,
it does not indicate the dynamic effects of a large momentary slug
of municipal or industrial wastes discharged into the river. Nor
does the model account for time of travel of flow in the river sys-
tem. But, because travel time from Keswick to Preeport is only
about six days, this latter factor is not important. The model
also fails to account for tidal action in the lower reach of the
river, which would affect the Sacramento and Preeport stations.

For the I965 model, the Sacramento River was divided into only two
reaches between Keswick Dam and Preeport. The intermediate station
was Hamilton City. Nine Sacramento River reaches below Keswick
were used for the current model. Each of the two major tributaries,
the Feather and the American Rivers, was considered as one reach.
The current model thereby could more accurately describe the EC of
water in the full Sacramento River than could the I965 model.

The nine Sacramento River reaches below Keswick Dam were designated
reaches "A" through "l". The Feather River was designated reach "j";

the American River, reach "k"; and all inflow above Keswick Dam,
reach "L". The system is shown schematically on Figure 2. Reach
terminals were selected on the basis of: 1) water quality check-
points mentioned in a proposed Sacramento River water quality
control policy, 2) additional checkpoints required to structure
the model, and 3) availability of water quality and streamflow data.

Figure 2, page 8, shows the identification number of each source of
input to the model and its location by river reach. The facing page
lists each inflow and outflow designated.

Inflow sources included reservoir releases, tributary streams,
agricultural drains, municipal and industrial (M&I) waste dis-
charges, and any additional inflow and other accretions that
could occur in each reach. The distinction between inputs des-
ignated as "additional inflow" and "other accretions" is explained
later.

Outflow sources included diversions from the river, weir spills,
and any additional losses that could occur in each reach.

Monthly flow and EC data on each source were obtained either
directly from available records or estimated where recorded data
were not available or where they did not apply. Flow and EC in-
puts for "other accretions" could be generated by the model.

A vital component of the current model was an "accretion sub-
routine", in which the quantities and qualities of valley floor
accretions were computed for each river reach. Inputs were
monthly flow quantities (in thousands of acre-feet) and mean EC
values (in micromhos) of precipitation, surface water, and ground-
water, plus "additional salt" (in tons) applied to the valley
floor drainage area of each reach. The total inflowing salt load



to the area was the sum of the products of the above flow and EC
values, expressed in tonsi/, plus the tons of additional salt
added by fertilizers, soil conditioners, etc.

The total of the above inflow quantities was then reduced by a

depletion quantity which consisted of the consumptive use of irri-
gated crops and native vegetation plus soil moisture requirements.
The result was the net accretion of flow to the river for each
month (Figure 3)' Assuming all inflowing salts were returned to
the stream, the EC of net accretions was obtained by dividing the
total inflowing salt load as computed above by the net accretion
flow. By inspection, these EC values were then modified where
they deviated significantly from known historic EC values of irri-
gation return flow or runoff. Final flow and EC results became
input data for the "other accretions" model input source listed on
the key to Figure 2. Additional study is required on the accre-
tion portion of the model so that it will more consistently produce
more realistic results of both flow and EC. The accretion sub-
routine is explained in more detail in "Computational Methods "#

1/ 0.735 parts per million (ppm) of total dissolved solids (TDS)
= 1 ton of TDS per 1,000 acre-feet of water. In the Sacramento

River 0.735 ppm is roughly equivalent to 1 micromho of EC. There-

fore, 1 micromho was assumed equal to 1 ton of TDS per 1,000 acre-

feet of water.
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COMPUTATIONAL METHODS

The mean monthly EC at each river station was assumed equal to
the flow-weighted mean monthly EC of all Inflows and outflows In
the reach under consideration. The products of each flow and its
EC were summed algebraically and divided finally by the total
flow at the downstream station. This may be expressed as:

Cy = (QxCx + QtiCti + Qm^Tn + QaCQ + Vm + ^a^a
-

QjjCjj - QgCs - Ql^l) / (% + QtI
+ Qrn + Qq + ^M +

^A - ^D - % - <^l)

Eq. (1)

where,
C = mean monthly EC in micromhos
Q = monthly flow in 1,000 acre-feet
Y = downstream station In reach
X = upstream station in reach
T = measured tributary
n = number of tributaries
G « estimated groundwater or other inflow not accounted

for in the other model inputs
M = municipal and Industrial waste discharges
A = unmeasured accretions (irrigation return flow and

additional surface water runoff)
D = diversions from the river for beneficial use
S = spillage from the river over flood control weirs
L = unmeasured losses from the river

The numerator in Eq. (l) is equivalent to the total salt load
fsSL) in tons entering the river in the reach under consideration
(the product of flow in 1,000 acre-feet and EC in micromhos is
approximately equal to tons of salt). The denominator in Eq. (l)
is the flow (SQ) in the river at the downstream station in
1,000 acre-feet. Eq. (l) then may be expressed more simply as
Cy = ESL/SQ.

Plow quantities and EC values for item A, unmeasured accretions,
in Eq. (l) were computed by the accretion subroutine. As an
option, however. Individual accretion values could be specified
in the input data, in which case the computed values would not
be used. The accretion subroutine is illustrated schematically
in Figure 3 and mathematically below.
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Solving for accretion flow ;

Qa = R(Qp + Qs + Qg - "iET) Eq. (2)

where,

Q^ = net accretion flow In 1,000 acre-feet
R = coefficient of runoff
Qp = adjusted precipitation in 1,000 acre-feet
Qs = applied surface water In 1,000 acre-feet
Qq = applied ground water In 1,000 acre-feet
Qgrp = evapotransplratlon 3n 1,000 acre-feet

Solving for accretion EC ;

Ca = P(QpCp + QsCs + QqCg + As)/Qa Eq. (3)

where,
Ca = EC of net accretion In mlcromhos
F = salt return factor
Cp* ^s, Cq = EC in mlcromhos of precipitation, applied

surface water and applied groundwater,
respectively

As = additional salt in tons (fertilizers, soil condi-
tioners, etc.)

The coefficient of runoff , R, has not yet been established with
any reliability for subareas of the Sacramento Valley. It was not
used in the manner indicated by Bq. (2) for the 1969-7O study.
Instead, storm water runoff and irrigation return flow values were
modified by inspection where they deviated significantly from
measured historic values.

Coefficients should be developed, however, so that the model can
more rationally simulate the processes which produce storm water
runoff and return flow from applied irrigation water.

The salt return factor , P, as in the case of the flow factor, R,
requires additional study for Its development. It is directly
related to quantities of applied salts retained in the soil
during the irrigation season and to quantities of salts leached
from the soil during periods of heavy rainfall.

Base Period for Hydrologlc Applications

The hydrologlc base for the I965 model was the period from 1953
to 1961, which covered a wide range of hydrologlc conditions.
For development of the current model, time and budgetary limita-
tions restricted selection for data processing to only three
hydrologlc years--1965, 1961, and 1955.

The 1965 water year was chosen for preliminary development of the
model's structure and for writing the computer program because it
represented an approximate present level of development. Also,
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an expanded source of water quality data was readily available
from the Department's data collection programs.

For 1965 conditions, the objective was to devise a model which
would reasonably simulate the Sacramento Valley water resource
system. The main concern was to develop a method for computing
flow and EC of valley floor accretions.

Net accretions (and depletions) first were approximated by evalu-
ating differences in flow and EC between the upstream and down-
stream stations in each reach, based on recorded values for the
river stations. That method was not satisfactory, however,
because net accretions did not indicate individual accretion
sources, such as irrigation return flow, storm water runoff,
groundwater Inflow, etc. The nature of certain losses in flow,
other than recorded diversions and weir spills, also could not be
accounted for. A more refined accretion analysis method was
required. The accretion subroutine was the result. This was
used in subsequent runs of the model, with the 1961 water year as
the base hydrology for further refinements.

The 1961 water year was selected because the Sacramento River
Water Pollution Survey conducted at that time provided an addi-
tional source of data, including data on agricultural drains not
before or since Included in the Department's data collection
programs

.

To develop a better rationale for use in projections of flow and
EC under future levels of development, flow and EC values for
1961 were first computed for each river station, using the accre-
tion subroutine for accretions, and results were then compared
with recorded values. Where deviations between computed and
recorded values were excessive, adjustments were made in either
valley floor inflow or losses (provided the adjustments could be
Justified on some rational basis or logical assumption).

The 1953 water year was used to verify the model because it was
the second year for which comprehensive diversion data were
available from the Trial Distribution studies of flow in the
Sacramento Valley system conducted by the U. S. Bureau of Recla-
mation, the Department of Water Resources, and local water users.
Water quality data also were available from the Department's
data programs, which began systematic collection of surface and
groundwater quality data in 1951. Results of the 1955 verifica-
tion run are discussed under "Model Verification".
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10

6 J Net accretions (including natural salt loadings)
7) Municipal and industrial waste discharges
8) Additional inflow to the river
9) Direct diversions from the river for beneficial use

Spillage from the river over flood control weirs
11) Additional losses of river flow

Tables 1 and 2 are copies of machine printouts which show how the
above factors were incorporated into the model. Table 1, "Analysis
of Accretions for Reach from Below Colusa Basin Drain to Verona",

! shows those factors which were considered in the model's accretion
I

subroutine and which contributed to valley floor accretions of
j

both flows and salts in each reach of the river. The particular
I reach considered in Table 1 is Reach G, below Colusa Basin drain
to Verona. Net accretions contain agricultural return flows, run-
off from precipitation, or a combination of the two, depending
upon the particular month under consideration.

Table 2, "Estimated I96I Monthly Flow and Mean Conductivity in
Sacramento River System, Below Colusa Basin Drain to Verona",
shows all of the inflows (including previously computed accre-
tions) and outflows which occur within the same reach. The final
values are net flows and conductivities at Verona, the downstream
station of the reach. Zero values are shown for Sacramento Slough
and Natomas Cross Canal because these are channels for agricul-
tural drainage or other surface water runoff, values for which, in
this case, have been computed in the accretion analysis and are
included in the item "other accretions". If desired, flow and EC
values may be specified for these two inputs rather than computing
them in the accretion analysis. In that manner, the effects on
river EC of any individual agricultural drain at any point in the
system can be evaluated by the model. The option of specifying
accretion values is discussed further under "Net Accretions".

Precipitation

Historic monthly quantities of precipitation falling on the valley
floor area of each reach were available through the Department's
studies (23) of consumptive use and water requirements. In those
studies, estimated average monthly rainfall was computed by multi-
plying measured rainfall at key stations by an appropriate Index
factor to yield the rainfall on the given land area in terms of
thousands of acre-feet.

Precipitation quantities, before being used as inputs to the water
quality model, were modified by the effects of soil moisture stor-
age and deep percolation to groundwater. Durlrig some months, a

portion of direct precipitation served to replenish soil moisture
storage and/or storage in the groundwater basin, and precipitation
values were adjusted by deducting those quantities. During other
months, water was withdrawn from soil moisture, and precipitation
values were adjusted by adding the amounts withdrawn. The latter
condition was obtained generally during the irrigation season and
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often would indicate that direct precipitation had occurred when
in fact it was a consumptive use of stored precipitation that had
occurred earlier.

No systematic records were available on the mineral content of
rainfall in the Sacramento Valley. Chemical analyses of snow on
the west slope of the Sierra Nevada (13) have shown total dis-
solved solids ranging from less than 1 to 11 parts per million,
with a mean value of about 5 ppm. In this study, EC of rainfall
was initially assumed to be a constant I5 micromhos, corresponding
to about 10 ppm of total dissolved solids. In later model runs,
the EC value was increased from I5 to 100 micromhos to reflect the
mineral pickup of rainwater as it flowed over the soil and rocks
of the valley floor. This produced a more realistic result, since
it corresponded more closely to that of surface water runoff into
the river.

Applied Surface Water

The term "applied surface water" as used in this study refers to
amounts of water diverted from the Sacramento River or its tribu-
taries and used to irrigate crops in the area under consideration.
These are not necessarily the same amounts of water per reach as
those included in "diversions", which will be discussed later.
Water diverted from the river in one reach may be applied for irri-
gation in another area which contributes return flow to a reach
downstream. For example, the Glenn-Colusa Canal carries water
diverted from Reach "B" and applied in Colusa Basin where drain-
age returns to Reach "F".

For any historic year, monthly diversion flow quantities are
recorded in publications on surface water flow (16, 19). These
recorded values, where applicable, were used as the basic sur-
face water supply in accretion analyses for each reach. In some
areas unmeasured amounts of surface water also are diverted from
minor tributaries crossing the area. In such instances measured
diversion quantities alone may be insufficient for use as the
total surface water supply. Where estimated depletions in a

particular area exceeded the estimated total water supply (precip-
itation, measured stream diversions, and estimated groundwater
applications) the deficit was assumed to be made up by unmeasured
diversions from minor tributaries.

The EC of applied surface water, in general, was assumed to be
the same as the EC of the Sacramento River at the upstream sta-
tion of the reach from which the water was diverted. For Colusa
Basin, however, the average of EC's at Colusa and Hamilton City
was used.

Applied Groundwater

Very little data are available on measured quantities of ground-
water applied historically in the Sacramento Valley. Preliminary
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estimates for use in the model were provided by the Coordinated
Statewide Planning Program of the Northern District office of the
Department.

EC's of groundwater used in the model were the approximate areal
averages of EC data gathered from wells since 1951 "by the Depart-
ment's groundwater quality data program (l6, 17).

Additional Salts

The total quantities of salts in a given area, in addition to those
occurring there naturally and those brought in by inflowing water,
include additional salts", those added by fertilizers, soil con-
ditioners, etc. Quantities of these added salts for use as model
inputs were obtained from various sources. Available publications
by the University of California Experiment Stations were reviewed
and additional information was obtained by interviewing farm
advisors and other knowledgeable individuals.

The amounts of additional salts are minor in relation to those
carried by the river and its tributary inflows. For example, in
1961 a total of 59 tons of salts were estimated to have been
returned to the river from such sources as fertilizers, soil amend-
ments, etc., during April, the month of greatest application. The
total salt loading in the river at Freeport during that month was
estimated at 163,300 tons. These additional salts were less than
0.04 percent of the total salts in the river. In terms of nutri-
ents, however, fertilizers may be of much greater significance.

Depletions

Monthly depletions in water supplies to meet the consumptive de-
mands of agricultural, urban or native lands could not be computed
directly by the water quality model. A side model, programmed for
digital computer, was used to make these computations. This side
model was developed by the Department as part of the continuing
Joint DWR-USBR Central Valley operation studies (23), which de-
veloped a program commonly referred to as the C.U,-2 Program.

The C.U.-2 Program, which will simulate actual field moisture con-
ditions, is capable of handling the lag in time between the time
rainfall or irrigation water enters the soil reservoir and the
time it is lost to evapotranspiration. Water stored in the soil
is treated as part of the water supply in the month in which it
is used. Depletions in any given month are essentially restricted
to evapotranspiration.

The C.U.-2 Program, simulating the action of the soil reservoir,
stores precipitation that falls in the winter months for use in
the spring and summer. Applied irrigation water also is retained
in the soil or released in the same manner, but no water is
stored in the winter. With the C.U.-2 Program it is possible to
consider the differences in rooting depth and growing seasons of
various crops, the moisture retention of various soil textures,
or the addition of ponding water for rice during April and May.
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For this study, the C.U.-2 model was used to compute both monthly
and annual depletions for eight major agricultural crops and for
urban and native lands. These land uses and acreages for the
selected water years are shown in Appendix C.

Net Accretions

Accretions such as storm water runoff and return flows from irri-
gation are computed in the accretion subroutine of the model,
unless specified directly in the input data. Examples of flow
and EC values of computed, as well as specified net, accretions
are shown on Table 1, with specified values designated by an aster-
isk. Final net accretion values are carried as other accretions"
for each reach, as shown on Table 2.

In the accretion subroutine, all salts applied to an area during
a particular month were assumed returned to the stream that same
month. This is not necessarily true; and strong evidence exists
to show that, in the Sacramento Valley, some of those salts gen-
erally are retained in the area during the irrigation season and
are returned to the stream when leached from the soil during
periods of heavy rainfall. For that reason, the option of speci-
fying the flow and/or EC of accretions was incorporated into the
structure of the model. Whenever an accretion value is specified,
the computed value will not be used as input to the model. Observ-
able patterns of historic accretions can thereby be reproduced.
During the brief period allotted to this study, a detailed analy-
sis of these possible patterns could not be undertaken. However,
available flow and EC data on return flows and runoff were in-
dispensable guides to probable magnitudes of values specified.

Accretion flow values were specified most frequently for months
of relatively heavy rainfall. For those periods, the accretion
subroutine often produced net accretion flow values considerably
in excess of apparent historical quantities of runoff. In the
model, more realistic flow results were obtained when runoff in
the Sacramento Valley floor during any one month did not exceed
30 percent of that month's total of precipitation, applied sur-
face water, and applied groundwater. For that reason, net accre-
tion values were limited to 30 percent of precipitation and
applied water. Admittedly, this 30 percent factor was a some-
what arbitrary runoff coefficient. A more valid coefficient
undoubtedly would vary, depending upon antecedent precipitation
and soil moisture conditions, types of terrain, and other factors.
Further refinement of the accretion analysis portion of the model
should produce more valid runoff coefficients.

Municipal and Industrial Waste Discharges

The analysis of accretions (Table 1) provided flow and EC esti-
mates of agricultural drainage and surface water runoff, but did
not include estimates of municipal and industrial (M&I) wastes
discharged to the river system. These wastes were treated as an
individual model input, as shown on Table 2.
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For the 1955-62 period covered by DWR Bulletin No. 68-62 (6),
quantities of M&I wastes discharged directly to the Sacramento
River and its tributaries varied from 62,330 to 79,230 acre-feet
per year.l/ Since, in general the bulletin considered only indi-
vidual waste discharges exceeding 500 acre-feet per year, the
above total quantities could be low. For the 1955 verification
run, a total of 84,000 acre-feet was used, with 60,000 acre-feet
in the Sacramento-Freeport reach; 12,000 acre-feet between
Sacramento and Colusa (introduced in the Verona-Sacramento reach);
and 12,000 acre-feet above Colusa (introduced in the Hamilton
City-Colusa reach).

EC of M&I wastes during the 1955-62 period at the City of Sacramento
sewage treatment plant varied from 642 to 738 micromhos, with an
average of 699 micromhos. An EC of 700, therefore, was considered
representative for M&I wastes and was used as a constant throughout
the system for both historic and future levels of development.
Sewage treatment processes by 1990 in the Sacramento Valley were
not expected to change significantly with respect to EC; therefore,
a total dissolved solids in M&I wastes were assumed to remain about
the same as they are now. However, nutrients and toxic materials
contained in M&I wastes are more likely to adversely affect river
water quality than would total dissolved solids.

Additional Inflow

In developing the current model an essential step was to make an
approximate hydrologic balance between upstream and downstream
stations of each reach for which recorded flow data were available.
After accounting for all known or estimated inflows and outflows,
significant additional inflows were needed to achieve flow balance
in some reaches during parts of both the 196I and 1965 water years.

A typical example may be observed in Table 2. September I96I
shows that an additional inflow" of 45,000 acre-feet (TAF) was
introduced (arbitrarily) in the reach below CBD to Verona. The
analysis of accretions (Table 1) shows zero net accretions for
September, which appears reasonable in view of the relative
amounts of precipitation, applied ground and surface water, and
depletion flows. The difference between recorded and computed
flows at Verona was 56 TAF (523 TAF versus 467 TAF, respectively)
before adding the 45 TAF additional inflow. Although the adjusted
value at Verona was still less than the recorded value by 11 TAF,
the new computed value at Sacramento was brought to within 4 TAF
of the recorded value with no further adjustments. The rela-
tively small difference of 4 TAF should be within the probable
error of flow measurements.

After the probable amount of additional inflow has been deter-
mined, the most likely source of such inflow must be considered

1/ Additional data on M&I waste discharge are shown in
15WR Bulletin No. Ill, bibliography entry No. 26.
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so that an appropriate EC value can be assigned to it. On the basis
of EC, these additional inflows could most often be best attributed
to groundwater. Assignment of known groundwater EC values to the in-

flow (as was done for the 45 TAF additional inflow shown on Table 2)
and operation of the model could approximately reproduce recorded
EC values at the river stations.

Where hydrologic conditions are favorable, groundwater inflow un-
doubtedly occurs along the river. When the river stage is rising,
water will be recharged into bank storage. When the stage drops,
water will tend to be withdrawn from bank storage to the river.
Wherever the adjacent groundwater level, whether in bank storage or
in the groundwater basin, becomes higher than the surface of the
river, groundwater inflow can occur. No firm criteria were devel-
oped in this study upon which to base the occurrence or quantities
of groundwater inflow. Historically, the hydrologic balance served
as a guide.

The EC of groundwater inflow generally was assumed to be the same
as that measured in the adjacent groundwater basin. Wherever in-
flow appeared to be derived mainly from bank storage, EC was as-
sumed to be considerably lower than the EC of water pumped from
wells, particularly in those areas containing more highly miner-
alized groundwater.

Groundwater inflow from subsurface agricultural drainage can affect
the quality of Sacramento River water. A recent study (15) reported
by the University of California Agricultural Extension Service in
Davis was an important guide in judging the probable significance of
the water quality problems caused by such inflow. Its findings as-
sisted in assigning flow and EC values to model inputs. The study
estimated the extent to which future subsurface agricultural drain-
age will be a problem in Tehama, Glenn, Colusa, and Yolo Counties in
20'^0. Findings for the four-county area are summarized here,

1) Area that will need artificial subsurface drainage:
75,150 acres

2) Quantity of subsurface drainage water: 232.2 cfs
(13.9 TAF per month)

3) Salinity (EC) range: 5OO to 5,000 micromhos

Almost 70 percent of the above drainage, or 159^7 cfs, would enter
the Colusa Basin drain at an EC ranging from 500 to 5,000 micromhos.
The remaining 30 percent, or 72.5 cfs, would enter the Sacramento
River at Stony Creek or above, with an EC ranging from 5OO to
2,000 micromhos. The total of this drainage is small in relation
to other valley floor accretions to the river, amounting to only
about 6 percent of the projected agricultural drainage that would
enter the river between Keswick and Knights Landing.

Diversions

Direct diversions from the river in a particular reach may not be
the same as diversions for "applied surface water" in that same
reach, because a portion of the diversions may be applied in the

23



area of a different reach. For historic conditions, data on diver-
sions of streamflow are available from state publications on sur-
face water flow (l6, 19). For future conditions, diversion
quantities were related to quantities of applied surface water
which would be withdrawn from the river, but not necessarily ap-
plied in a particular reach.

The EC of diversions was assumed to be the same as the EC in the
river at the upstream station of each reach. For prediction model
runs, the upstream EC would be the only "known" EC river value in
the reach, since it would have been the final result of computa-
tions for the reach immediately upstream.

Weir Spills

Five weirs along the Sacramento River divert floodflows from the
river into bypass channels. These are the Moulton, Colusa, Tisdale,
Fremont, and Sacramento Weirs. Historic flow over these weirs is
recorded in reports on surface water flow (l6, 19, 12). As in
other diversions, EC of weir spill flow is the same as that of the
river at the weir location. With one exception, this is consid-
ered in the model to be the EC at the upstream station in each
river reach under consideration.

The exception for determining the EC of weir spillage occurs in
Reach "G , below Colusa Basin Drain (Station 10?) to Verona
(Station IO9). In that reach, the computed EC at Station 10?
could be a considerably inaccurate basis for computing the EC of
outflow over Fremont Weir. That is because, under high flow con-
ditions, Fremont Weir spillage would likely include large Feather
River flows at EC values differing widely from those in the
Sacramento River upstream from the weir. The EC of the Fremont
Weir spill, therefore, was computed as that of the mixture of flows
in the Sacramento River below CBD and the Feather River at Nicolaus.

Additional Losses

As discussed under "Additional Inflow", a hydrologic balance be-
tween upstream and downstream stations was attempted for each
historic year considered. During some months, losses in river
flow were detected with could not be accounted for in measured
diversions. Additional losses undoubtedly do occur under certain
hydrologic conditions. When the river stage is rising, water can
be expected to flow from the river into bank storage and possibly
as recharge to the adjacent groundwater basin or seepage onto
adjacent lands.

No firm criteria or patterns for such losses were developed during
the course of this study. However, observation showed that the
most substantial losses usually occurred during periods of sharp
increases in river flow. In the model, the EC of these losses was
considered in the same manner as was the EC of diversions: equiv-
alent to EC of the river at the appropriate upstream locations.
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MODEL VERIFICATION

To verify the model, computed EC values were compared graphically
and numerically with prototype values at selected river stations.
Because data for comparisons were limited to only one year of
record and because of uncertainties in the record itself, an in-
volved statistical approach toward verification was not considered
appropriate. Verification, therefore, was largely a matter of
individual judgment guided by knowledge of the Sacramento River
system, the structure of the model, and the adequacy of data used.

As discussed earlier, the I965 water year was used for developing
and programming the structure of the model; the 1961 water year,
for refinements and preliminary verification; and the 1955 water
year, for final verification. Several machine runs were made for
1961 until reasonable agreement was achieved between computed and
measured values. Successive adjustments in flow and/or EC of cer-
tain unmeasured input data were necessary, primarily for additional
inflow or additional losses.

Certain "boundary" conditions, of course, were considered fixed.
These included all measured or estimated flow rates and EC values
of reservoir releases, tributary inflows, diversions, precipita-
tion, applied irrigation water, consumptive use, and municipal and
industrial waste discharges. Certain other constraints were intro-
duced, such as a maximum runoff coefficient of 30 percent and ad-
herence to approximate historic EC values for irrigation return
flow. The latter constraint was necessary because the accretion
subroutine often produced results which deviated greatly from EC
values observed in irrigation drains.

The same basic assumptions and rationale employed for I96I and

1965 were used for the 1955 verification run and computed results
were compared with 1955 recorded data. No adjustments were made
on the basis of recorded EC data for the river stations, so that
the model's probable accuracy for use in future predictions could
be evaluated.

The model was balanced hydrologically , however, against recorded
streamflow rates at terminal river stations in each reach to

account for unmeasured accretions or depletions, such as ground-
water inflow and seepage losses.

Figures 4 through 8 show comparisons between the 1955 recorded
and computed EC values and recorded and computed river flow at sta-

tions where historid data a *e available. ALttiough most recorded and
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computed flow values coincided, they were not necessarily identical,
but deviations were not great enough to be perceptible on the
graphs. The close correlation in flows was achieved intentionally
by the hydrologic balance. Additional inflows or losses in each
reach were adjusted so that the computed flows at the river sta-
tions would approximate the measured values. For future conditions,
the model was balanced hydrologically by reservoir release and
river flow values established in Central Valley water project op-
eration plans.
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Tables 3 through 5 list EC values as recorded and computed at
three sites: in the Sacramento River at Hamilton City, in the
Sacramento River below Colusa Basin drain, and in the Sacramento
River at Sacramento. Also shown are deviations of computed
values from recorded values for each month.

At Hamilton -City (Table 3)^ the monthly average error was 13«5 per-

cent. The recorded EC value for December, however, definitely did
not represent the monthly mean, since the rate of flow when the
sample was taken was two times as great as mean monthly flow in
cubic feet per second (cfs). Omitting December, the monthly aver-
age error was 7.5 percent.

TABLE 3. ERROR ANALYSIS, 1955 WATER YEAR
Sacramento River at Hamilton City



TABLE k, ERROR ANALYSIS, 1955 WATER YEAR
Sacramento River Below Colusa Basin Drain



TABLE 5. ERROR ANALYSIS, 1955 WATER YEAR
Sacramento River at Sacramento



system possibly would reveal monthly or annual patterns of salt
distribution which, if incorporated in the model, would result
in more accurate monthly values.

More importantly, measured EC values may not represent a complete
mixture of all inflowing waters at some stream locations. Also,
at those locations where only one "grab" sample was obtained per
month, the relationship between measured EC and mean monthly EC
was uncertain.

At the few locations where continuous conductivity recorders were
in operation during the periods under consideration, errors in
obtaining mean monthly EC values were minimized. Reasonably re-
liable data also were obtained from a few stations where samples
had been collected daily.

The greatest chance for error occurred in trying to account for
unmeasured valley floor accretions. For those inputs the sources
were assumed and values assigned primarily on the basis of judg-
ment. For example, if the source were assumed most likely to be
groundwater inflow, an EC value corresponding to known EC of
groundwater in the area was assigned.

Further refinement of the model and additional evaluation over a
series of years of the more critical input values, particularly
those of the major accretions, undoubtedly would produce more
valid results, A more thorough statistical approach toward eval-
uating the relationships between computed and recorded data cur-
rently is being Investigated. Additional computer runs with
output for additional years would more materially aid in the
statistical analysis.

The Department does plan to conduct additional verification runs
of the model based on more recent data, including that for stations
where conductivity recorders provide continuous EC records. These
additional funds could not be made within the time available for
the present study =,

Although additional studies are desirable, the model appears to
be conceptually valid. The I961 and 1965 runs demonstrated that
a mathematical simulation of electrical conductivity in the
Sacramento River system was feasible. The 1955 verification run
showed that the assumptions, coefficients and general rationale
employed in developing the model were sufficiently reliable to
simulate the general monthly pattern of EC at selected river sta-
tions and that approximate values of mean monthly EC could be
estimated.

In many instances, flow and/or EC values of certain model inputs
must be specified primarily on the basis of Judgment. However,
considerable (and growing) backlog of data is available as guides
to Judgment.
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Additional Comments on
Accuracy and Use of the "Hodel

Output from the model consists of specific values of flow, EC
and salt loading. These values can be expected to deviate by
varying amounts from prototype values where comparisons can be
made. The more Important consideration Is whether or not the
model reasonably simulates the prototype system. If It does,
the model can then be used to compare alternative systems.

In this study comparisons were made In terms of EC between two
levels of cultural development. Results of the 1955 verifica-
tion run Indicated that the model simulated the prototype system
well enough to be used for estimating the effects of a projected
future level of development on EC In the Sacramento River.

The accuracy of computed results depends on the accuracy of In-
put data. In this study Input data had to be extrapolated or
estimated where measured data were not available. Although cer-
tain guides to Judgment were available, accuracy of those values
was uncertain.

Measured streamflow and EC values used in the model generally
were accepted as correct, although they are subject to the nor-
mal errors in measurement. These errors, particularly in
streamflow, generally do not exceed 10 percent.
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ESTIMATES OF FUTURE SALINITY OF WATER
IN THE SACRAMENTO RIVER SYSTEM

Since the basic objective of the study was to develop a tool for
estimating EC, or salinity, under future levels of development,
the initial application of the model was placed at the 1990 level.
The selection of 1990 was based on the availability of estimates
(5) of anticipated levels of population growth and agricultural,
municipal, and industrial development for that year. The objec-
tive was to illustrate the extent to which potential changes in
any or all these areas may affect the mineral quality of the
Sacramento River some 20 or more years in the future.

Water supply estimates (2) for 1990 in the Valley prepared by
the Department of Water Resources and the U. S. Bureau of Recla-
mation provided a base hydrologic record and reservoir operation
model for this study. Their estimates covered the 33-year period
from (and including) 1922 through 195^, which included the years
from 1928 to 1934, the most critical dry period ever recorded in
the Valley. The record also covered several normal and extremely
wet years. The time allotted to this study restricted evaluation
of historic and probable future EC to only three of those 33 years:
1931, a critically dry year; I936, a relatively normal year; and
1938, an extremely wet year.

The 1990 level of development, which had received the greatest at-
tention in water supply and project operation studies in the Vallej^
was particularly applicable to this study because it had been used
in previous water quality model runs, thereby making more input
data available for the current runs.

Increased land use in the Sacramento Valley between I96I and 1990
is illustrated below.

Land Use 1961 1990
Percent
Increase

Urban acreage l48,800 239,900 6I

Irrigated acreage 881,500 1,269,100 44

Detailed tabulations for
are presented in Appendix
ulation in the Sacramento
932,000 in i960 to 2,470,
was used as the basis for
waste discharge quantitie
data had been collected d
model to estimate histori
quired before future cond

these and other years used in this study
C, "Present and Future Land Use". Pop-
Basin is expected to increase (5) from
000 in 1990. This I65 percent growth
projections of municipal and industrial

s for 1990. Because very little quality
uring 1931, 1936 and 1938, use of the
c EC conditions for those years was re-
itions could be assessed. Projected
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1990 conditions were then superimposed upon the historic conditions
to make the projected EC estimates.

The major changes in the Sacramento Valley water resource system
between historic and 1990 conditions were the effects of seven
major reservoirs on flow into the Sacramento River. These were
Shasta Lake, Lake Oroville, Polsom Lake, Whiskeytown Reservoir,
Marysville Reservoir, New Bullards Bar Reservoir, and Auburn Res-
ervoir. Consideration also had to be given the system from the
Trinity River via Clear Creek and Spring Creek Tunnels and the
possibility of additional imports from the Eel River. For this
study. Eel River imports were not considered, but they may be
included in later computer runs.

Other significant changes were increased agricultural, municipal,
and industrial development. Agricultural development is incor-
porated in the accretion analysis of the study, which reflects in-
creased Irrigated acreage and projected cropping patterns (see
Appendix C). Waste discharges from municipal and industrial devel-
opment were considered separately in the model and estimates of
future quantities were based primarily upon the Department's pop-
ulation projections for use in water supply studies.

Figures 9 through l4 illustrate historic and projected 1990 flow
and EC at Colusa and Freeport, two key stations on the Sacramento
River. Figure I5 summarizes projected 1990 results for the three
hydrologic conditions for the Sacramento River station at Freeport.

Tables 6 through n are copies of computer printouts showing esti-
mated monthly flow in thousands of acre-feet, mean monthly con-
ductivity in micromhos and monthly tons of salt contained in the
flow at all 10 stations on the Sacramento River and on inflow from
the Feather and American Rivers. Tables 6 through 8 show com-
puted historic values, and Tables 9 through 11 show projected
1990 values for each of the three historic hydrologic conditions.
Historic flow values shown for "Keswick Out" in the tables were the
natural flows that occurred at the Shasta Dam site.

As indicated earlier under the heading "Model Verification", the
absolute values computed by the model in some months may deviate
substantially from prototype values. However, when the two levels
of development are compared by means of computed values for each
level, the degree of difference of change between the two levels
should be reliably reflected by the model.

Discussion of Results

This section compares historic and projected EC values for each
of the three water years considered. These comparisons should
provide some indication of the degree of change which may be
expected at the 1990 level of development. The data are shown in
Tables 6 through 11.
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1931 Hydrology

As mentioned earlier, I93I was one of the driest years on record
for the Sacramento Valley. The year's total outflow at Sacramento
was about 4l percent of that which occurred in 1936, approximately
a normal water year (Tables 6 and 7). Flow values shown on the
tables do not include overflows into Yolo Bypass. During a dry
year, when lesser amounts of water are available for dilution,
higher than normal concentrations of dissolved minerals are ex-
pected in river flows.

In 1931 maximum computed EC at Freeport was 584 micromhos, occur-
ring in August (Table 6). Projecting 1931 hydrologic conditions
to the year I990 shows a marked decrease in maximum EC to 362
micromhos, in April (Table 9 ). The August I99O value dropped to

259 micromhos. The reasons for these changes are apparent in view
of the respective flow values for each level of development. In

1931, flow in August at Freeport was only 33,000 acre-feet; pro-
jected flow for August 1990 is 259,000 acre-feet. On the other
hand, flow in April I93I was 492,000 acre-feet; projected flow for
April 1990 is 362,000 acre-feet.

The flow-weighted yearly average EC at Freeport, however, was
171 micromhos in I93I and a projected value of 221 micromhos in

1990. This is an increase of about 30 percent. However, the
projected overall mineral quality is still quite good and does
not approach the historic extremes.

The predicted EC values for all stations (Table 9 ) indicate total
dissolved solids concentrations well below the recommended limit
of 500 parts per million TDS for drinking water set by the U. S.

Public Health Service. In terms of EC, that limit represents
about 700 micromhos. The computed values are even farther below
established criteria for irrigation water. In a water supply,
however, the greater the margin of dissolved mineral concentrations
under limiting criteria for beneficial uses, the more suitable is
the water for reuse. Also, as mineral concentrations increase,
more water is needed to remove salts from a basin and maintain a

favorable salt balance,

1936 Hydrology

Water year 1936 is considered a normal year in terms of Sacramento
Valley outflow. In historic I936 maximum EC at Freeport was esti-
mated at 333 micromhos, occurring in August (Table 7). The pro-
jected 1990 maximum EC at Freeport based on I936 hydrology was
239 micromhos, occurring in June (Table 10).

The flow-weighted average EC for the year at Freeport for I936 was
128 micromhos. The projected I99O flow-weighted annual average,
based on I936 hydrology, was 188 micromhos, an increase of 47 per-
cent (Tables 6 and 10). As indicated in projections based on 1931,
the overall mineral quality for 199O is quite good. The more
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highly regulated river flows tend to smooth out quality fluctu-
ations and reduce extreme values.

1938 Hydrology

In contrast to 1931> water year I938 was one of the wettest on
record in the Sacramento Valley. Not counting weir spillage into
Yolo Bypass, outflow at Freeport for 1938 exceeded that of 1936
by 60 percent (Tables 7 and 8). In historic I938 maximum EC at
Freeport was estimated to be 23I micromhos, occurring in August
(Table 8). The projected 199O maximum EC at Freeport for 1938
hydrology was 289 micromhos, also occurring in August (Table 11),

The flow-weighted 1990 average EC for the year at Freeport was
160 micromhos, an increase of 47 percent over the historic flow-
weighted 1938 EC of 109 micromhos. As expected, the larger trib-
utary inflows reduced I938 average EC of 1931 and 1936.
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SACRAMENTO RIVER AT COLUSA, 1938 HYDROLOGY
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SENSITIVITY ANALYSES

A final phase of this study was an additional series of computer
runs performed to test the model's degree of response, or sensi-
tivity, to varying magnitudes of certain input data. These addi-
tional runs were expected to provide 1) a guide to those areas
where further refinement of the model might be Justified and
2) an indication of the probable range of computed EC values in
the river. The first step was to determine how sensitive the
model was to those variables which have the widest range of prob-
able values. As brought out by this study, those variables are
the quantities and qualities of valley floor accretions. A
second step was to test the sensitivity of the model to munici-
pal and industrial waste discharges.

Valley Floor Accretions , .,

Historically, the probable quantities of valley floor accretions,
although widely variable, appeared more reliable in their deter-
minations than did the probable qualities (EC's). Accretion quan-
tities could be related to probable return flows from precipitation
and applied irrigation water in each hydrographic area. Although
accretion EC could be related to the estimated salt input of the
source waters, there was no firm basis for estimating how much of
these salts would be returned to the stream during any given month.

In the first sensitivity runs, therefore, accretion EC values were
varied with respect to EC values used in the original computer runs.
These included runs for the 199O level of development under each of
the three hydrologic conditions--1931, 1936 and 1938. The previous
EC's of all major accretions in the system, those occurring in

Reaches B, D, F, G and H (Figure 1), were multiplied by factors (C)

of 0.5, 0.9, 1.1 and 1.5 for the three hydrologic conditions.

Figures 16 through 21 show the monthly results at Colusa and Free-
port for each year with C = O.9, 1.0 and 1.1. Figure 17, in addi-
tion, shows values for C = O.5 and 1.5. The 0.5 and I.5 C factors
were used, not to produce a probable range of values, but to show
the overall response of EC in the river to accretion EC's.

The results of the sensitivity runs with C = 0.9 and 1.1 could be
viewed as a possible range of predicted EC at the river stations.
This range would be based on the assumption that each accretion EC
value as estimated for the original runs had a probable error of
+10 percent. A more statistically reliable range could be obtained
by reexamining each Individual accretion EC value as to its probable
range of accuracy and then running the model, using first the low
range and then the high range for each EC. Undoubtedly some of the
original values are considerably more accurate than others and a
blanket 10 percent probable error for each EC value is not realistic,
However, a lack of time during this study prevented a more detailed
evaluation.
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The figures clearly display the significance of valley floor ac-
cretions during the irrigation season, which is evidenced by the
wider spread between each month's values for April through Septem-
ber. The sharp response of the river EC, with accretion EC values
varying +50 percent (Figure 17)* shows that the quality of the
river can be profoundly influenced by the quality of the accretions.

The results of these runs justify additional study to more accurately
evaluate both quantity and quality of valley floor accretions.

Municipal and Industrial Waste Discharges

Sensitivity runs also were made to test the effects on river
quality of municipal and industrial waste discharges. In these
runs, all 1990 flow quantities of M&I wastes for 1931 and I936
hydrology as originally used were doubled. EC values were held
at the constant 700 micromhos, a value based upon recorded data
for the City of Sacramento sewage treatment plant that probably
will not change significantly.

With the original M&I waste flows doubled, the annual flow-
weighted average EC for 1931 hydrology in the Sacramento River at
Freeport increased from 221 to 237 micromhos, or 7.2 percent. For
1936 hydrology, the increase was from 188 to 193 micromhos, or 2.7
percent. Results for individual months are shown in Table 12.

TABLE 12. EFFECTS OF DOUBLING MUNICIPAL
AND INDUSTRIAL WASTE FLOWS ON 1990 EC,

SACRAMENTO RIVER AT FREEPORT
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APPENDIX A

ANNOTATED BIBLIOGRAPHY
Ref

.

No.

(1) California State Department of Water Resources. "Accretion
Study Phase of the July I966 DWR Water Rights Operation
Study." Office Report. April I967.

(2) . "Central Valley Project-State Water Project System
Operations Study No. 90-1. 01 -69." DWR Files. December
1969.

This publication provided 1990 Inflow quantities.

(3) . "Explanation of Input Data, Joint DWR-USBR Central
Valley Depletion Study of July I966." Office Report.
September 1965.

(4) . "Ground Water Conditions in Central and Northern
CJalifornia." Bulletin No. 77 series.

(5) . "Implementation of the California Water Plan."
bulletin No. I6O-66. March I966.

(6) . "Reclamation of Water from Sewage and Industrial
Pastes in California, July 1, 1955-June 30, 1962."
Bulletin No. 68-62. October I963.

Basic source of municipal and industrial waste discharge
data.

(7) . "Sacramento Valley Seepage Investigation." Bulletin
Uo. 125. August 1967.

(8) . "Supplemental Information for DWR Exhibit No. 80,
Coordinated State Water Project-Central Valley Project
Operation Study." August 1966.

. "Upper Eel River Development Interim Report, Water
Quality." Office Report. August I966.

. "Water Rights and Estimated Entitlements to the Flow
of the Feather River." Bulletin No. l40. August 1965.

United States Department of the Interior, Bureau of
Reclamation; California State Department of Water
Resources; Sacramento River and Delta Water Association.
"Hydrology Supplement to Report on 1956 Cooperative
Study Program, Water Use and Water Rights Along
Sacramento River and in Sacramento-San Joaquin Delta."
March 1958.
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(12) . "1957 Joint Hydrology Study, Sacramento River and
?an Joaquin Delta." July 195o.

(13) United States Department of the Interior, Geological Survey.
'Chemical Composition of Snow in Northern Sierra Nevada
and Other Areas." Water-Supply Paper 1535-J. 1964.

(14) University of California, Agricultural Extension Service.
"West Side Sacramento Valley Projected Subsurface
Drainage Investigation, Plows and Quality." Unpublished
Report. April 1970.

(15) Water Resources Engineers, Inc.; California State Department
of Water Resources. "Develop Preliminary Structure of
Hydrologic-Water Quality Model." San Francisco Bay-Delta
Water Quality Control Program. Task Order No. III-l.
March 19 67.

The following publications were basic sources of streamflow
and water quality data.

(16) California State Department of Water Resources. "Hydrologic
Data", Appendix B: "Surface Water Plow", Appendix D:
"Surface Water Quality", Appendix E: "Ground Water
Quality". Bulletin No. I30 Series.

(17) . "Quality of Ground Waters in California." Bulletin
Ro. 66 Series.

(18) . "Quality of Surface Waters in California." Bulletin
Flo. 65 Series.

(19) . "Surface Water Plow." Bulletin No. 23 Series.

(20) United States Department of the Interior, Geological Survey.
"Quality of Surface Waters of the United States 1955."
Parts 9-14. Water Supply Paper l403.

(21) . "Surface Water Records of California." Series.

(22) . "Surface Water Supply of the United States." Water-
S"upply Paper 1715> Part II. Series.

The following publications were of especial value in pre-
paring this report.

(23) California State Department of Water Resources. "A Machine
Program to Estimate Monthly Consumptive Use and Water
Requirements." Office Report. November I967.

This program is commonly referred to as the C.U.-2
Program.
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(24) . "Estimated 1990 Mineral Quality of Water In the
^ gacramento River Based on Dry Period (1931-3^) Hydrology."

Office Report. November 196?

.

(25) . "Predicted 1990 Mineral Quality of Water In the
^ Sacramento River with Einphasls on the Effects of Agri-

cultural Drainage." Office Report. November 1966.

(26) . "Sacramento River Water Pollution Survey." Bulletin
^

JJo. ill. Appendix A, "Hydrography, Hydrology and Water

Utilization and Appendix B, "Water Quality". August

1962.

(27) . "Water Quality Management of the State Water Project,
^ Central Valley Portion, Part I: Sacramento Valley.

Office Report. June 1965.

63





APPENDIX B

RESERVOIR COMPUTATIONAL METHODS

Two basic approaches were employed by the I965 model to predict
the mineral content of reservoir outflow. Earlier in this report
computational methods were expressed verbally but mathematical
equations were omitted for the sake of brevity. This appendix
presents the mathematical equations for each approach. These
are identified as Method 1 and Method 2.

' ' Method 1 - :.

The quality of reservoir releases was assumed equal to the qual-
ity of water in storage, determined by successively mixing the
flow-weighted average quality of inflow for each month with the
average quality of water in storage for that month, and then al-
lowing for a one-month flow-through time in the reservoir. The
inflow quality is computed by the C/Q equation (see "The I965
Model"), and the initial quality of water in storage is assumed
equal to the quality of inflow for the month preceding the initial
month of consideration.

In Method 1, a weighted average is obtained of the quality of the
inflow, storage, and outflow. The quantity of the total inflow
into the reservoir may be calculated from the following equation.

I = A S + E + D + . Eq . (B 1

)

where:

I = average monthly inflow in cfs;

AS = change in end-of-month storage in cfs per month;

E = average monthly evaporation rate in cfs;

D = average monthly diversions out of the reservoir
in cfs; and

= average monthly outflow in cfs.

The quality of the total inflow may be assumed equal to the
weighted average of the measured (or calculated) quality of

all the tributaries.
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J = 1 Eq. (B2)

Cm
n

I ^J

J = 1

where:

m
= specific conductance (EC) of the total inflow

for any month under consideration;

q = average monthly discharge of a tributary in cfs;

c = monthly EC from C/Q equation;

n = number of tributaries; and

j = any tributary

The data obtained from Equation (B2) are used as input data for
Equation (B3)j where it is assumed that the quality of outflow
for a given month is equal to the quality of the water in storage
for the previous month; that is, the outflow for one month occur-
red before the inflow for that month affected the quality of the
water in storage.

The equation is

:

C(l)jjj = C(l)m-1 (Sm-l-Om-Dm)+CmIm Eq. (B3)

^m

where:
C(l) = monthly specific conductance obtained from

Method 1;

S = end-of -month storage in terms of flow in cfs
required to produce the given storage in one
month

;

= mean monthly outflow in cfs;

D = mean monthly diversions in cfs;

1 = mean monthly inflow from Equation (b1);

C = average specific conductance of the total
Inflow from Equation (b2);

m = month of consideration; and

m-1 = month preceding m.

66



In Equation (b3) the original C(l)^_]^ value may be any reasonable,
easily obtained value, since any error caused by an incorrect
initial value diminishes progressively in calculations for following
months.

Method 2

The quality of reservoir releases was assumed equal to the quality
of water in storage, determined by the running average of mean
monthly inflow quality, weighted according to flow, over a period
of time in which the total volume of outflow during the period
equaled or exceeded the volume of storage at the end of the period.

In Method 2 a weighted average of the inflow is averaged over a

time period determined by comparing the reservoir content with the
reservoir outflow. The period may be determined for each month by
adding the total outflow (diversions, evaporation, and reservoir
releases) for the month under consideration to the total outflow
for the proper number of consecutive months which immediately pre-
cedes the month under consideration. The number of months com-
prising the time period should have been determined when the total
volume of the monthly outflows equals, or just exceeds, the volume
of water in storage at the end of the month under consideration.
This procedure is expressed in the following equation.

: m :i:x.'',r:. '.'

Sm - y^ (0 + E + D)^ .„., . ....... Eq. (b^^)

i = X

where:

S = erid-of-month storage in terms of the flow in cfs
required to produce the given storage in one month;

= mean monthly outflow in cfs;

E = mean monthly evaporation rate in cfs;

D = mean monthly diversions in cfs;

i = any month during the period of consideration;

m = calendar number of the month under consideration; and

X = calendar number of the month at the beginning of the

period of consideration.

Equation (b^) mus t be solved for "x", which defines the period

under consideration. Where the period under consideration spans

two consecutive years, the numerical values assigned to the months

in the succeeding year should be assigned a value of 12 plus their

normal value; that is, January, m = 13- The quality of water in

the reservoir, and consequently the quality of the outflow, may be

assumed equal to the weighted average of the measured (or
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calculated) quality of the inflows from the tributaries during the
period of consideration. The following equation is developed to
calculate the specific conductance according to Method 2, the
running-average method, based on outflow.

^ XZ '=^'ji
J = 1 i = X

C(2)„ = Eq. (B5)

n m

= 1 i = X

where:

C(2) = EC determined by Method 2;

c = monthly EC of a tributary, taken from the
C/Q equation;

q = mean monthly flow of the tributary in cfs;

E = average monthly evaporation rate in cfs;

n = number of tributaries;

m = calendar number of the month under consideration;

X = calendar number of the month at the beginning of
the period of consideration from Equation (b5);

i = any month during the period of consideration; and

j = any tributary.

68



APPENDIX C

HISTORIC AND FUTURE LAND USE

The current water quality model discussed in this report depends
for its operation on information developed through several side
models. One of these is the CU-2 model that provides basic in-
formation on the consumptive impairments of various Sacramento
Valley stream systems that are created by changes in agricultural
and urban land use. Land use data presented in the following
tables are those that were used as input to the CU-2 model.

Land use information for water year 1955 and I961 were developed
by the Department, while that for I93I, 1936, and 1938 were syn-
thesized by the Bureau of Reclamation, mainly from older census
data. The future land use projections to the year 1990 were ex-
cerpted from file data prepared by the Department's Coordinated
Statewide Planning Program.

The Department's 1955 and I96I land use surveys were made by
field personnel who mapped on 1:20,000 scale aerial photographs.
The data were later transferred to 1:24,000 scale USGS quadrangle
sheets where planimetric measurements of over 70 different agri-
cultural crops and numerous related urban land uses were made.

Area numbers shown in the following tables refer to depletion
study hydrographic units shown on Plate 1. Areas I5W and 15E
refer to those portions of Area 15 lying west and east, respec-
tively, of the Sacramento River.

^9.



1931 Land Use Input
(In lOOOs of Acres)

Crop



1938 Land Use Input
(In 1000s of Acres)

Crop



1961 Land Use Input
(In 1000s of Acres)

Crop
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