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Subject: Progress report on model s~udies of the Sacramento-San Joaquin 
Delta, Central Valles, , California. 

i. Introduction. The Central Valley project is a vast undertaking 
to resolve the numerous interrelated water problems of this large valley. 
The two principal rivers of the valley are the Sacramento and the San 
Joaquin. One of the problems arises from the fact ~hat while two-thirds 
of the water used in the valley is used in the San Joaquin portion, only 
one-third of the total annual river flow into the valley is contributed 
by the San Joaquin River. The problem is further complicated by the fact 
that flow of both rivers drops so low during the summer months of some 
years that ocean salinity is propagated upstream far enough to ~eriously 
affect the agricultural developzent of the Sacramento-San Joaquln Delta. 
.One phase ~ of the projiect deal~ w~th this double problen~ of water defici- 
ency and distriouticn, ~Ld i~ is ~hie phase which constitutes the subject 
of the mo:~l s~udy beir~.g reported herewith. 

By means ot Shasta Dam on ~he Sacramento P~Iver, enough storage is 
r resided to insure a ~irdmum flow sufficien~ to provide for water use in 
the San Joaquin Valley, for use in the Delta area, and for keeping the 
salinity encroaciz~ent below a tolerable value in the Delta. To accom- 
plish this threefold purpose some means must be provided for distribut- 
in£ this Sacr~me1~to River water. It is proposed to divert the required 
amount froz~ Zhe Sacramento River by a pumping plant and convey it across 
the Delta to another p~npi~g plant, called Delta-Mendeta, which will pro- 
vide the first s~agc for its delivery to the upper San Joaquln Valley. 
Durlr~g the transfer, some of the water will be diverted to gupply the 
requirements of the Delta. 

Two plans for zransferring wa~er acrcss the Delta have been pro- 
posed. The first plan, the so-called Delta Cross Channel, involves the 
tr~fer of water across the Delta to Delta-Mendota pumping plant by a 
c,~nul constructed solely for t}~is purpose. At various points along the 
c~_nel, turnouts woul:~ be provided to release water to the river channel~ 
for use in the Delta and for salinity control. The second plan, the so- 
called State Plr~n, proposes to convey water across the Delta by using 
present river channels with some enlargements by dredgln C. With no direct 
delivery to the Delta-Mendeta pumping plant, the required flow (net) must 
be irduced by the draft head of pumping. 

o 

~ i~ ̧ 



@ 

f 

By reason of certain contracts between some of the water users and 
t~e Buruau of Reclamation, the water pumped at Delta-~.endota must meet 
ccrtain standardz as to quality which are certain to be m~t by the Delta 
Cross C:~a~el plan but at a ~reatly increased cost over that of the State 
i~lan, in the State ~lan, however, the transfer water is exposed to pos- 
sible contamination by the waters of the Delta channels which would mak~ 
it unsatisfactory under the terms of the contracts. Before this latter 
plan can be considered, it must be determined whether or not harmful 
mixinI~ will occur• The hydraulic problem involved in any such deter- 
mii~tion represents a very complex example of unsteady flow, and, since 
theoretical solutions for even the simplest cases of this type are none 
too rigorous, it ~as decided that only by means of an hydraulic model 
could such a determination be made. ~ore details of the background of 
the decision to build an hydraulic model are given in the two memoranda 
which are included in this report as appendix 1 and appendix 2. 

2. ~odel scales• The geometric scales of the model were set at 
! to 4,800 horizontal and 1 to IO0 vertical, as explained in the memo- 
randum to Chief Engineer from J. E. Warnock, appendix 2. The horizontal 
scale was controlled principally by the limitations of available labora- 
tory space, once the problem area had been determined. The problem area 
includes the entire tidal basin because the tidal variation at any sta- 
tion is influenced ~, reflections which ar~ controlled by the conditious 
upstream. The limits were extended to l~ossdale Bridge and Sacramento by 
distortin C ~ few sections as shown in figure 1. The vertical scale was 
e~tablished by balancing the allowable distortion as indicated by prece- 
den~ with limitati~-s of laboratory equipment ~nd instrumentation. 

It has been flrmly established by other experimenters that progres- 
siv~ w~ve tra~rels with a velocity equal to ~ where d - depth 
a~d g ~ ~ravity acceleration co1~ponent. From this relationship the wave- 
velocity scale is dete~lined as the square root of the depth ratio, since 

can be assumed constant. Since the wave velocity is directly related 
to ~'low velocity in all ~uuo'~ wave theories, it can be assumed that the 
s~me scale holds for all velocities. With the geometric and the velocity 
sc~les set, all other pertinent scales can be computed as shown by the 
followir.¥: tabulation. All scales are expressed as the ratio of the pro- 
totype quantity to the corresponding model quantity. 
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Quanti t~ De si gnation 

Length, horizontal L 
r 

Leith, vertical D 

v r ( D ) 1 / 2  ge 1 o ci ty 
r r- 

- L (v) "l Time T 
r r r 

Area, horizontal (L 2 

Area, vertical D L 
r r 

Vo lu.~ (Lr)2 D r 

Discharge (Lr)2 D r (Tr)'l 

Hydraulic radius (r_) 
, L 

not cons~ant~ varies 
with channel shape 

Roughness (based o~, 
Manning's formula~ nr ~ (rr)2/S ~.[)-I/2 

Reynolds v number R V r (%) 
r r r 

Scale Ratio 

4, SO0 

i00 

i0 

480 

2 • 504 x 10 7 

4°8 x 10 5 

2.504 x 10 9 

4o8 x i0 6 

The last two scales were used only in a :,lore or less qualitative 
way. ~rom the rou6hness scale it is evident that the r~odel must be 
rougher than the prototype or ~hat the value of N in Hanning's for~la 
for open channels r:mst be hi~,her for the model than for the prototype. 
The Reynolds' number scale was used only to show that laminar or near 
l~min~r flow could be expected in the model. The time scale can be ex- 
pressed in more conver_tent form as followsl 

I month prototype 
I day 
i hour " 

= 90 minutes model 
= 3 minutes model 
= 7½ seconds model 

3. Model construction. As a first step in buildln~ the model the 
entire area was circumscribed by a concrete wall 12 inches high and 4 
inches thick. A wood strip and a steel annie were cast into the top of 
this wall. The steel ankle provided a convenient level datum for any 
part of the model. Small brass pins were driven into the wood strips 
until t~e heads were flush to outline a coordinate system correspondin~ 
to a 4,000-foot interval in the prototype. By stringing lines between 
the brass pins, any section of the model could be quickly aligned• 

In the usual fixed-bed x"odel the river channels are molded in con- 
crete with templates, either inside or outside, for guides. The large 
distortion of the coJaparatively narrow prototype channels in the present 
case resulted in such narrow model channels that it was necessary to de- 
vise a new method of model construction. The method which proved to be 
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both fast and accurate consisted principally of c~stin~ the river channels 
by pouring concrete around cores which accurately represented the water 
mass of the channels as indicated by soundin& maps. The various s~eps of 
the method are illustrated in figure 2. A piece of wallboard was cut to 
the plan of a particular section of river and the locations of the sound- 
ing sections were .marked upon its under side in addition to a pair of in- 
tersectin[ coordinate lines. Inside templates of the river cross sections 
were cut fro~, cardboard and fastened to the m~llboard. The spaces between 
templates were filled with modeling clay shaped to ~he templates. After 
th'~s core was stiffened by attaching~ it to a wooden frame, it was shel- 
lacked and suspended between two flexible vertical forms, leveled, aligned, 
and secored by wei6hts to prevent movement during the pouring and setting 
of the concrete. As soon as the concrete in each section had hardened, 
the next section w~s set up and a new pour made agaiust the preceding sec- 
tion to eliminate ~roublesome joints. The islands formed by the~e river 
channel castings were filled with pea ~ravel and topped with a thiB coat- 
ing oz ~ concrete to approximately +lO.O feet U. S. Geological Survey ~atum, 
making a continuous surface where it Joined the sides of ~he river channel 
blochs. 

4. Model apparatus. Because of the large time scale it was neces- 
sa~J to have some type of tide gage which would give a continuous indi- 
cation of river stage rather than the u~al type of point gage which must 
be set to the water surface before being read. At the same time, this 
gage ~st have sensitivity to O.OO1 foot, which corresponds to 0.I0 foot 
prototype. These requirements were me~ with inclined manometers having 
a slope of I to I0 and graduations on the sloping scale of 0.01 foot. 
Errors due to surface tension were held to a minimum by addin~ colored 
aerosol, a wetting agent which reduces the surface tension approximately 
65 percent, to ~he manometer fluid. The coloring additive served to ex- 
pedite observations. The Gages were adjusted for zero and slope by 
r~ans of level water surfaces in the model. Details of the gages shewing 
the n~nner of connecting them into the model are shown in figure 3. 

The v~ter used in the Delta by crops, weeds, and water surfaces, and 
designated as consumptive u~e, was assumed to be concentrated first at 
nine ~oints and later at fourteen points, and was assimilated by adjust- 
able drains. The drains were of two types; either a i/4-inch plastic 
tube ~routed into the channel wall or a 1/4-inch plastic siphon as shown 
in fi~Jre 3. in both cases the discharge end was placed as low as pos- 
sible to minimize the effect of v~riations in head due to tidal fluctua- 
tion, and a rubber hose clamp served for adjusting the discharge. The 
methods used to allocate the total consumptive use to the various drains 
will be discussed subsequently. 

The river inflow controls were more elaborate and consisted of a 
small constant-head tank with a needle-,valve control that had a very fine 
adjustL~nt. The tank was s,~p~lied from the city water mains. Model dis- 
charges were so small, 1,000 second-feet prototype beir4~ only 5.92 cubic 
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centi.neters per second, that they were measured volumetrically, using 
metric units because standard beakers calibrated in these units were 
available. The model tides were created by a plunger-type mechanism 
which duplicated a complete lunar cycle of tides rather than a mean 
tide. This type was selected becaus~ it had the small inertia required 
by the large tin~ scale and the complexity oi" the tide. The month of 
August lS4! was selected as a representative lunar month because proto- 
t?~pe records 'Jot this period were available and the season of 1941 
represe:~ted a favorable salinity condition. The tide-generating nmchine 
was located in a basin at the downstream end of the model. The princi- 
pal features of this machine, as sho~m in figure 4, are the tide- 
producing mechanism which consists of a plunger, a counterbalance, and 
operatinz piston, and the conzrol mschanism which consists of a float, 
a cam, two pendulums, and a cor~tzol valve. Tides were created by dis- 
placing water with the counterbalanced plunger whose size was determined 
from the tidal prism vulumns ~'iven in Bulletin 27." Since the buoyancy 

~ublication of the Division of Water Resources, State of California, 
'~rariation and Control of Salinity in Sacramento-San Joaquin Delta and 
Upper San Francisco Bay - 1931." 

of the water caused the weight of the plunger to change as it submerged, 
Li:e counterbalancing pulley was made cam-shaped so t~t the unbalanced 
force was never greater than 20 pounds. 

The plun~er was raised or lowered by a two-way piston attached to 
t~e frame formuing the housin& of the plun~er. A compensatinE~ type of 
control was used, that is, a control which made the tide plunger move 
in such a n~nner that the water surface followed a 5iven pattern, or 
cam. .'.bile the plunger moveuent must bear some relation to the tides, 
it need not be evaluated, since the plunger merely acts as a compensator 
to raise or lower the water surface in the plung.er basin as required. 
The cor~trol flc~t indicated the actual wa~er surface at any time, while 
the control cam indicated the required water surface at any time. The 
~ovement of the float was ma~mifie~ and set in a horizontal direction 
b/ a pulley-strin~ ~chanism. A point on the horizontal strir~ was 
attached to the bottom of the counterbalanced float pendulum. Parallel 
with the float pendulum, &he c~m pendulum followed the movement of the 
cam. Attached to the cam pendulum was a delicate four-way control 
valve t:avin& a hi,h-pressure islet, a pressure lir~ to each side of the 
plunger piston, and an exhaust. This valve was operated by the i~loat 
pendulum. When the float pendulum was in line witt, the cam pendulum, 
the control valve was shut off, for the water surface was the same as 
that indicated by the tide cam. When the float pendulum was not in 
line with the cam pendulum, zhe control valve was opened, permitting 
water under pressure to flow i~to one side of the plun~er piston and 
exhaust from the other side. The piston '~uld then move the plun~er up 
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or down until the correct va~ter level was obtained and the val.~e was 
sr~t off auto.~tically. Some of the difficulties encountered in the 
development o.' this machine will be discussed under the headin~ of 
~!de verification studies. 

In selectin~ a method for measurin~ model salinities, it was 
necessary to consider three different types of water; saline ocean 
water, acceptable water from the Sacramento River, and polluted water 
from the San Joaquin River. The difficulties involved in tracing and 
separating, the three ~ypes become insurmountable ~,zith the usual met/%ods 
of moasurin Z concentrations by titration or electrolytic conductivity. 
The method finally adopted for measurin2~ the salinity involves the use 
of the spectrophotometer. This instrument permits a fast and accurate 
determination of the component concentrations contained in a mixture of 
two solutions of different colors and, with lesser accuracy, of three 
solutions of different colors by direct instrument readings of the 
color density at different wave lengths. A more complete description 
of instrument, as well as the details of the color-salinity technique. 
will be found in appendix 3. Prowl salinity studies in the prototype 
as reported in Bulletin 27, the variation of salinity in the various 
river sections was sufficiently small to justify the elimination of 
salt in ~he model, since the evidence is clear that no salt-water wed[.e 
exists. The effect of density on velocities was assumed to be negli- 
gible compared to the tidal action. De~ree of salinity was represented 
by the concentration of a color which, from tests of stability, stain- 
ing qualities, and ease of visual observation, ~a selected as Patent 
Blue, a biological stain. W~th the exception of one test to verify 
that the influence of density is negligible, it will be understood that 
in the followinz pa~es the concentration of Patent Blue in r/~e model 
will be called salinity. 

5. Tide verification studies. Before a~temptin~ to carry out the 
~:~ : i ' : r i pa ]  objer~ive of the model-~tudy, which is to investigate various 
i.~cns'" for traz~portlr~. ~'.~ter across the Delta, it "~Jas first necessary 
to establish the validity of the model as a means of predictir~ the be- 
havior of the protctuTpe. To do this, a series of verification studies 
were made in which various features of the model were adjusted until 
knowr, occurrences in the proto~,,pe could be duplicated in the model. 

One of the largest factors controlling hydraulic conditions in the 
Delta is the flow created by the action of the tides. This tidal flow, 
which extends through the entire Delta, involves discharges raany ti~s 
lar~er than no.~.~al stream ~'lows and is a large factor in the propagation 
of salini~. Z he first step in the verification studies was that of 
risking the tidal flow of the model duplicate that of the prototype which 
is a matter of record. In General, this process consisted of forcing 
the correct tidal heig>ht variation at Antioch by means of the tide 
generator and adjusting the roughness of the model channels until varia~ 
tlons at other selected points were also correct. It was accepted that 
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duplication of tids-ga~e variation established the correct tidal flows 
in the model, since a volumetric measurement of the model channels 
be~'een elevations +S and *8, prototype, indicated a discrepancy of 
less tbmn 5 percent from ~hose computed in Bulletin 27. 

All the tidal-flow studies were made on the basis of the tide-gage 
records for the month of August, 19~I. The case record at ~ntloch was 
used to construct the tidal cam which is a part of the tide machine. 
The locations of ~he prototype tide gages ~ich were duplicated in the 
model are listed below, and their locations are sho~ in figure 1. 

Sacramento River 

Three ~4ile Slough 
'&a Inut Grove 
Snodgrass Slough 
Sac ra:~;ent o 

San Joaauin River 

Anti och 
T~-ee Nile Slough 
Burns Cutoff 
Brandt' s Bridge 
Mos sdale Bridge 
01d River (~ansion House) 
~iddle River (Borden) 
Grant Line Canal 

~oke lumne River 

Geor ~iana Slough 
New Hope Bridge 

To conserve time, comparisons were made for t.hree periods of three 
days each. The periods chosen, August 7 to 9 inclusive, August 16 to 
l~ inclusive, and August 25 to 27 inclusive, represent the different 
tides which occur during a lunar cycle. The prototype tide-gage records 
at each station for the test periods were reduced to a common datum, 
U. S. C, oological Survey mean tide, corrected for cumulative time errors 
resulting from the driving clocks running too fast or tee slow, and 
plotted to convenient scales on transparent paper. Reproductions of 
these plots were used for recording the readings of model tide gages to 
facilitate model-prototype comparisons. To obtain the model tidal ~aria- 
tion, an observer read and recorded the reading on the prepared plots, 
at ~he signal of a bell which was controlled by the tide cam to ring at 

l 
7-1/2-second intervals, or 1 hour prototype. The speed of the tide cam 
thus controlled model time, and it ~s adjusted to make one revolution # 
representing 27 days 22 hours, in 83 minutes and 45 seconds, or a scale 
of I to 480. The adjustable feature of the tide cam was used later to 
study the effect of changing the time scale. 

The first attempts to operate the model with the initial design of 
tide machine were disappointing. This first design utilized the jet 
and the receiver plate principle, with air as t~le motive power. Due to 
the compressibility of the air, the plunger would move in Jerks which 
set up local waves that made the control float oscillate. This oscil- 
lation was transmitted through the valve to the plunger, which aggra- 
vated the original Jerking, and the mechanism was soon vibrating out of 
control. The basic arrangement of the tide machine was changed to 
eliminate t~lis auto-oscillation. The float was eliminated and the 
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plunger linked to the float pendulum so t~mt the movement of the plunger 
was directly proportional to the movement of the cam follower. By using 
damping springs on the control valve, a fairly smooth :~lunger movement 
was obtained. 

Observations of model tides, for the model as constructed, indi- 
cated that they were nearly in proper phase but far too great in ampli- 
tude, particularly at Sacramento where the range was even greater than 
that at Antioch (6 feet compared with 8 feet). The significance of this 
test was that the damping action of channel friction affects tidal ampli- 
tude far more than tidal phase. 

While there appears to be no definite procedure for adjusting rough- 
ness in tidal models except by trial and error, some conception of the 
required amount of the type of rou~Ynuess selected was obtained in the 
fo!lowin~ nmnner. The reach of the Sacramento from Sacramento to Shod- 
grass Slough was selected for this purpose since it represented a 
sinAle, reasonably uniform channel. The slope of the prototype hydraulic 
gradient for this reach was computed for several discharges by Manning's 
formula, using the value of N recommended for prototype channel condi- 
tions. Equivalent discharges were addgd to the model, with the stage 
controlled by an obstruction below Sn~grass Slough. The hydraulic slope 
was measured by reading the tide ~a~es at eacn end of the reach. Arti- 
ficial roughness in the form of zigzag strips of hardware wire cloth 
was added until the proper slope, as computed for the prototype, was ob- 
tained. ~.Tnile this test ~ives only an approximation oi' the amount of 
artl1_clal rou~hness required for adjust~ent of the particular reach 
used, it served as a startini~ point for the trlal-and-error process whi~ih 
followed. The approximate roughness for other reaches of the Sacrament~ 
River was obtained by va~j'ing the ~,,~ount of screen in accordance with 
the distortion of hydraulic radius. From similitude relations, as shown 
previously, the roushness required to counter the distorted slope of the 
model depends upon thu d!sto~tion of the hydraulic radius which is a 
function of channel shape. For the smaller channels, such as Georgian& 
Slou~h~ the distortion is so large th,~t no artificial roughness should 
be required. 

Studies of the Sacramen~.o River revealed several things which w~re 
useful in later tests. Roughness in the large channel downstream from 
Junction Point had such a sl~ht effect that it could be neglected. This 
seens locical when the very low velocities in this reach of the pre~otype 
are considered. The river discharge had little effect on the tides~in 
this reach or on the amplitude at Walnut Grove a~id Snodgrass Slou~h, but 
it did raise the mean tide at these latter stations. At Sacramento the 
river discharge decreased the amplitude of the tide and raised the m~an 
height. Improvement in amplitude was accompanied by improvement ix 
phase, although the latter was not very sensitive. 

In the study of the San Joaquin system an attempt was made to :install 



I.¢ 

roughness in a logical mam}.er by computing the roughness scale of cer- 
tain ch~nnels and using the experience gained in the Sacramento tests. 
The rouihness patterns did not fol!ov~ amy apparent logical pattern, as 
was later discovered. The follov~ng general results were found: 

(I) Three Nile Slough was fairly good in amplitude and 
phase. 

(2) In some cases tides at Burns Cutoff were out of phase. 

(3) The amplitude at Old and ]4iddle Rivers was r~o low. 

(4) Tides at Mossdale Bridge were fairly good. 

The most serious defect was the low amplitude of tides at Old and Niddle 
Rivers. Removing rou@bmess froHl these rivers did not improve the ampli- 
tude. Obviously some other factor than roughness was prevailing in Old 
and }~iddle Rivers. It was suspected t~mt the small islands in the middle 
of the rivers might be the cause. In buildin~ S the model the general 
elevation of these islands was assumed to be 0.00, U.S.G.S., because the 
true elevation could not be ascertained from the available maps. Con- 
sequentlv they ~'ere flooded except for very low tides. If, actually, 
th~'. ~j were subn~r~ed in the model and no~ in the prototype, it would follow 
that the amplitude of tides would be low in the model because the tidal 
prism would be too larL'e. Therefore these islands were built up with 
clay, and the amplitude of tides in Old and }~iddle Rivers was increased 
favorably. 

Tides in the ~.~okelu.mne River were sorae~at low in amplitude but were 
considered satisfactory since furtk~r refinements were anticipated in 
later verification studies after revision of the tide machine. During 
these tests the problem of r~uintaining the correct tide at Antioch became 
increasingly difficult because each adjustment changed the tidal prism 
and required an adjustment of the plunger movement. The tide-generatlng 
machinery was revised ~o eliz~inate zhis defect. The Jet-receiver-plate 
type control valve was replaced by the four-way valve shown in fi~ure 4, 
and water was substituted as the operating fluid. These changes smoothed 
out the action of the plunger to such an extent that it was possible to 
use the original scheme where the plur~er acts to compensate any differ- 
ence in water levels as indicated by the float and the cam. After 
several adjustments, a good tide at Antioch was obtained which was inde- 
pendent of cheauges in tidal prism. To demonstrate this independent, s a 
comparison was ~de with all roug~hness removed from the model (maximmm 
tidal prism) and with the c}mnnels blocked above Antioch (minimum tidal 
prismj. The tide at ~uutioch was identical for both conditions. 

Further adjustment of model roughness was made by starting at Three 
~ile Slough and working upstream. Taking the Sacramento River first, 
the amplitude at Three Mile $1ou~u was a little low and more so at 
Walnut Grove. A decrease in resistance below Walnut Grove increased the 
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ampli~.ude but lowered the mean tide elevation. Conditions at Snodgrass 
Slou~h and Sacramen~;o paralleled those a~ Walnut Grove. The amplitude 
at Three ~ile Slou~h was raised ~ry eliminating most of the roughness 
downstream. This improved conditions co a satisfactory degree at the 
T.hree upstream stations, pendin~ the ~inal ever-all adjus~nents. 

In the San Joaquin system the tide was out of phase a~ Three Mile 
Slough aud was corrected by removin~ some roughness do~mstream. The 
tide at Burns Cutoff was still out of phase by about one and one-half 
hours althoush the amplitude and the general characteristics were right. 
Conditions at Brandt's Bridge and Mossdale Bridge were fair in both 
phase and amplitude; in Old and Middle Rivsrs, good in p,hase but low in 
~mplitude; and in the ~okelumne River, good in both phase and amplitude. 
These conditions were comparable to those in the Sacramento River and 
were likewise considered satisfactory pending the final adjus~r~nt. 
Before attemptin~ the final over-all adjustment, the following miscel- 
laneous tests were made: 

(a) To verify that surface tension was a negligible factor, 
a ~vetting agent, Aerosol. was added to the model in sufficient 
quantity to reduce the surface tension approximately 65 percent. 
No appreciable c~ange in tidal flow could be detected. 

(b) - , ~ ~o~ o .... ass olaced in Grant Line Canal improved the tides 
at 01d and }.~iddle Rivers. 

(c) The time scale of the tides was arbitrarily varied by 
changing the speed of the tide cam. For the first change, the time 
of one hour prototype was =~de equivalent to five seconds model 
or a time scale of 1 to 720. Since the depth scale was unchanged, 
this c}mnge of tiH~ scale is equ~.valent to distorting the length 
in the direction of making it too long and increasing the tidal 
volume. The effect of both changes was evident in the tide at 
Middle River. The tide was behind in phase by about one and one- 
half hours protot~qpe, and the amplitude was decreased. 

In the second chan~e, one hour prototype was made equivalent 
to ten seconds or a time scale of" 1 co 360. The effects of this 
chan~e are the inverse of the first c}~ange; the leng~h and the 
tidal volume are both decreased. The tide at Middle River was 
ahead in phase by about one and one-half hour~, and the amplitude 
was increased. Channel fr~ction was probably affected very little 
by this distortion of time scale; so any changes are attributable 
.to the relative changes in length and tidal volume. I~ is clear 
from these two tests that the time scale ~s computed ~8 ve~/ 
close to the bes~ value. 

The final adjustment of the model consisted in minor refinements 
an various spots in the model to improve tide~ at nearby stations. In 
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these final adjustz.ents a natural balance of ~e tides in each system 
became apparent because ~enever tides at one station were improved by 
some adjustment, the tides at nearby stations were also improved. A 
final verification test was made, readin~ all stations simultaneously, 
and the results are sho~m in figures 5 to 18. Few of the stations were 
in perfec~ agreement , but none of the tides was in error more than 0~20 
foot prototype, which is only 0.002 foot model. Considerin 5 the inter- 
min~li~ C channels, t~q~e of tides, and large model scale, it is believed 
t:~t this is a good tidal verification tes~. 

J%ince blockin~ T~hree Mile Slough or Georo~iana Slough did not affect 
tides either in t~he Sacramento or the San Joaquin Rivers, it became ap- 
parent that no index of flow through these sections could be obtained 
trLro~, ~n tidal "~'~ " verlll~atlon. Likewise, blocking Dutch Slough and False 
River did not affect tides a: Old ~{iver. T}mrefore, while tidal verifi- 
catlor tests give a reliable index of tidsl flow in the model, in gez~eral 
the flow characteristics through these smaller sloughs and rivers are not 
necessarily correct. 

6. Salinity verification studies. Another important feature of 
~he [~acramento-~an Joaquin Delta requiring verification is the intrusion 
of ocean salinity v~hich has occurred in the past as the result of tidal 
action and stresm flow. The control of this salinity has been the sub- 
ject of investigations, many of v~ich are reported in Bulletin 27. 

~';hereas the tidal-f'low studies were known to be reasonably straight- 
forward, as indicated by the results cf a number of similar model exper- 
ments, studies of salinity intrusion of the type experienced in the 
Sacramento-San Joaquin Delta have little precedent. ~ny theoretical 
basis for the similarity between model and prototype as regards the move- 
ment of salini~y depends upon a knowledge of the mechanics oi' the phe- 
nomena. From the data reported in Bulletin 27, which show very definitely 
that ~he salinity is practically uniform across any section, it is clear 
tha~ turbulence plays an important role. If this were not ~rue, the 
salinity distribution would take the form of a salt-water wedge tapering 
upstream. The turbulence engendered by tidal flow was apparently suffi- 
ciently in~ense mo overcome the tendency for the saline water to sink by 
reason of its ~reater specific weight. The type, scale, and intensity of 
the turbulence are factors which are generally accepted as beir~ not 
susceptible of control in hydraulic models because of the conflicting re- 
strictions imposed by t~e 8eometric scales and the physical properties of 
the model fluid. It was expected, therefore, that the model ~uld not 
necessarily duplicate the prototype in this regard without adjusting em- 
pirically such qusntities as discharge and time to offset the noncon- 
formity of turbulence and its effects. 

The salinity verification studies were of two distinct ~tpes, his- 
torlcal and equilibrium. In the historical tests the advance of salinity 
in the model wa~- compared to that in ~h~ prototype for the saI~e conditions 
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c~ ztresN~ flow, co,~sumptivo use, etc. In the equilibriu:~ tests the river 
dis:~ar~es wer~ held constant over a period of time of sufficient length 
to allow the salinity conditions to reach equilibrium. 

7. Prelindnarv i~istorical tests - Season of 1931. The season of 
I~31 wa~ Lseiecte~ for the first historical test be(~ause it represents an 
e×tre.me condition, where the salinity reached Snodgrass Slough on the 
~acr~.~nto River and Stockton and Orant Line Canal on the San Joaquin 
kivero whic~ permits a study of ~alinlty movement in the entire Delta. 
The test consisted of duplicating the h~storical conditions as given in 
"Report of Sacramento-San Joaquin Water Supervision" for 1931 and ob- 
serving the advance of salinity by analyzing the color of samples taken 
at various Delta stations. 

The river discharges were obtain by scalin~ down the values listed 
in the 1931 report [n accordance with the model discharge scale of i to 
4.8 x l0 g . Due to the large time scale it ~s expedient to level the 
dischargle over periods of ten days or more. The model discharges for 
each river are given in table I. 

Values of total conm~mDtive use for the different months were taken 
from table 68, colur~u 15, in the 1931 report. The values in this table 
are computed and not meusured quantities. The Delta was classified 
according to crops of v~rious ~ypes, bare lands, marsh lands, open water 
surfaces, etc., and, by applying, unit rates for each class obtained by 
t~,r~k exT~eriment~, the total water use is obtained. In the model the 
total consumptive use was represented by nine drains. The discharge 
a,:~ertioned to each drain was assumed to be proportional to the ratio of 
the areg represented by the drain to the total area. A list of the 
tracts represented by each drain is shown in table 2, and the model val- 
ues of consum~tive use are shown in table 3. 

Net flow froln the Delta, which may be either positive or negative, 
is t~e al~ebraic difference b~mween the total inflow and ~he to~al con- 
sumptive use. ~iodel values of this factor are shown in table 1. A 
drain in the Dlun~.er basin provided positive net flow, and a reservoir 
discharginF into the basin prc~'ided negative net flow. 

Since the model did not extend downstream to the point where con- 
stant salinity prevailed for the test period, w.~lich would be in the 
vicinity of Point Orient, it was necessary to force the salinity at 
Collinsville to follow the historical record. The prototype salinity 
m~as~red at slack tide after high-hir~ tide a*. Collinsville is plotted 
in figure 19. The erratic nature of the data is to a large degree 
caused by sampllnz after lowlhig,h tide instead of hi~-hi~h tide, end 
no attempt was made to adjust for this featu~re. A mean curve was drawn 
throu5h the points, as shown, and this curve was used to represent the 
v~riation of salinity at Co1.1insville for slack after hlgh-hi~h tide. 
For the model a color was selected zo cive the best accuracy over the 
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r~uge oi" concentrations to be expected, wi~h special emphasis on the 
lower concentrations. This color, or rather the concentration of 
!'~tcnt ~,l,,e which ~ave this color, was designated as lO0 parts per 
lO0,OOO of ~nlor~de, and all ocher values were obtained by proportion. 
The e~t,:~l technique by v~ich a color reading on the spectrophotometer 
v~as co'~v~rt~d to co~centration is explained In appendix S. 

Th~ advance oz" salinity was observed at 36 stations in the model, 
correspondin~ in all b~,': three c~ses to prototype salinity observation 
st~tlons. Sa~!es were taken every 15 days, prototype (45 minutes 
~odel), dur~zg slack after hi~h-hi[h tide. The variation of model 
salinity wit', res~,ect to ~,ime is compared with the prototgq~e at repre- 
sentative station's in figures 19 co ~0. For ~ more ;-enersl over-all 
picture, a com oaris~o between model and prototype w~s nude by drawing 
lines of equal salinity on ~ plan of the Delta at the bedinning of each 
month, see f~res ~I to ~o. 

Siuc, this test was duplicated later ~dth more careful adjustment 
of th9 v,~rious factors, onlv ~ few general observations will be discussed. 
It has %~en pointed out previously that the propa~ation of salinity in 
the model was not expected co follow the prototype because the scale re- 
lationships involvin~ turbulence could not be predetermi~md. Referring 
to fi[9.1res S1 to 35, ~ is indicated that for two months, ~ay and June, 
the model and the prototype compare fairly well. During this period the 
net flow was positive most of the time! so the advance of salinity re- 
presents an actual diffusion upstream in opposition to the stream flew. 
Ouri~:i~ %he monChs of July and August, however, the model salinity moved 
too far in ~he San Jo~quia portion and not far enou,~h in the Sacramento 
portion. Since the n~c f'!~, was negative in this period, there w~s an 
ect~l flow from tr~e ocean into the Delta. Finally, the retreat of 
s~iin~t}, ~ic~ occurred in the prototvpc did not take place in the modeL. 
It ~vould spoear %,hat the model diffusion rate was coo high in the San 
Joaquin and the Lowe~" sacramenmo Rivers and too low ia the Sacramento 
River above Junction Point. Before a decision could be reached on this 
point, ther~ were several other factors to be considered. 

(i) The model consumptive use was too hign because no 
correction was .~de fe ~ curtailment of irri~atlon due to the 
salinity polht~on. 

(2) The consumptive-use drains were not located to the 
best advantage, and the method of allocatin~ the total accord- 
ing to acrea~le did not ~ive a true distribution. 

3) The v~riatlon of salinltv from hi~.h to low tide was 
~ch less than the prototype. 

(4) A dlsch~rge of approximately 300 second-feet down 
the ~okelu~me River in the period /'ro~ July 25 to September 
1 was inadvertently omitted in the model test. 
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(5) Rock Slou~ih Dam was nissin& from ~he model, allow- 
ing a shorter route for the passage of salinity through 
Dutch Slou~_h. 

(6) The transfer flows through Three Mile s~nd GeorgiAns 
Sloughs might be an error• 

8. Season of 1941. An h~storical test of the 1941 season from 
July i to November 15 was made with the same procedure as that used in 
the preceding test. The schedule of discharges is shown in table 4. 
Va!uesand distribution of consumptive use were the same as for the 1931 
test. The con~rolled variatio~ of salinity at Collinsville is shown in 
figure 36. Salinity measurements were limited to the lower end of the 
Delta below Rio Viste on the Sacramento River and below Central Landing 
and Holland pump on the San Joaquin River because the salinity did not 
advance beyond these points• Meas~rements at a few model stations are 
shown in fig, ure 36. 

~'easurements of salinity in the prototype were discontinued, except 
for miscellaneous samples, on July 15; so no detailed comparison could 
be made. The value of the test lies in the fact that the prototype 
salinity at ~.ntioch reached a maximum of approximately IO0, which is the 
condition used for estimacin& control flows in Bulletin 27. It was in- 
dicated that the model salinity advanced too far on ~he San Joaquin 
River, especially at Rack Slough. The condition at ~ock Slough is in 
large measure due to the absence in the mcdel of Rock Slou~h Weir• 

9. Eevised historical tests. The preliminary historical tests 
indicated t--~n~at severai l~ac'tors " m~y be incorrectly represonted in the 
model, and some of the possibilities have been listed. In order to re- 
solve these possibilities and perhaps uncover additional ones, a con- 
ference was held in Denver, Colorado, from January 25 to February 2, 
1944, attended by engineers Raymond Matthew an~ M. H. Blots from the 
office cf the State Engineer of California, engineers 0. G. Boden and 
I. G. Imrie from t'~e Bureau's Delta Division, members of the laboratory 
staff and o~her Denver Office representatives. The discussions which 
took place durin~ the conference brought a~out a better understanding 
by all parties concerned of the vario~s problems connected with the 
Delta and the model study. Several changes were ~ade in the model, 
some before and some durin~ the con/erence. 

(1) The variation of salinity during a tidal cycle was 
improved by reloca~in~ the tide ~Lchlne as shown in figure I. 

(2) The dam across Rock Slough was installed in the 
model. Actually, Rock Slou~h Dam was not built until after 
1931 but Sand Mound Slou~h Dam was in place at that time, and, 
since it has the same effect, it was assumed that Rock 
Slough Dam was in operatior for the 1931 test. 
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(3) The model was corrected for the fact that the 
Stockton Ship Canal vms only partially completed in 1931. 
The corrections were made by blocking the unfinished por- 
tions ~ith clay which could be removed for tests of later 

years. 

(4) The disch~ro=e down the }~okelumne River was in- 
cluded in the model schedule. 

(5) Consumptive use in the Delta was revised. Under 
~he direction of the s~ate engineers vmo had gathered in- 
fo,'~,~at!on relative to curtailment of irrigation in 1931, 
tl.J ~otual a~.~on ~ of water available and distribution for 
~e~.:s~,:z.p,~ive use were revised. Instead of usin6 a simple 
Frcportion,:!it~- for disCributiuc bbe total ~se, t~he 1931 

crop surve 2" -~as used. 

The nmnber of model drains was increased from 9 to 14. A list of the 
zracts represented by each drain is £iven in table 5. The locations 
of the new drains in the model are shown in figure I. The consumptive 
use for each ~roup of tracts was computed by applying the unit rates 
5ivan in table 29 for d~fere..t crops to t:.e acreage of each crop 
v~.thin the Group as listed in table 68 of the Wa%er Supervisors' Report, 
1931. ~crea~es of exterior water surface and aquatic growth for each 
~;roup were estimated from maps, and the results are shown in table 5. 
This computation cave consunptive use for a y e a r  vtnen there was no cur- 
tailment. To obtain the use with the curtailment of 1931, the unit 
rate was changed on the date of curtailnent to the seepage rate for peat 
or sedimentary land, whichever applied. The modified use for the re- 
vised 1951 test is tabulated by totals for comparison with that of the 

first test in table 3. 

1931 test.--The general procedure 1"or the revised 1931 test ~e 
similar to the preii~.inao, test except for the fact that salinity 
samples were taken at shorter intervals and a more careful control of 
the discharge v;as n~in~ined. The results of this test are shown on 
the plots used for the preliminar F tests, figures 19 to 30 and 31 to 35. 
The comparison between the two model tests indicates a definite improve- 
ment, but some discrepancies betn~een model and prototype still exist. 
Until August 1 the t~'o model tests are practically the same except for 
an improvement near Rock %iou~h which was no doubt caused by the weir 
in the second test. Up to this point the consumptive use was practically 
the same; so no chan~e would be expected. Beginning in August the cur- 
cailmsnt of irri~ation began to manifest itself, and the use dropped 
from 237 to 169 cc per second in the model, ms shown in table i. The 
effects of curtailment are evident in the 01d and the Middle Rivers 
sections, although even the revised model test showed too mch salinity 
on this date. The same effects carry forward through September ~hen the 
revised test showed a definite retreat which was missing in the first 
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The disparity between the Sacramento and the San Joaquin sections 
wa~ not chan~ed by the revisions, if it is asm:r~d that any error in 
model diffusion is the same in both sections, this disparity must be 
due to some error in model discharge in the Sacramento River section. 
It is possible that the transfer flo~ ~ throuAJ-~ Oeorgla~a Slou~h was too 
low in the model and thaw the flow of the Sacramento River below the 
Junction was t,herefore too high and kept ~he salinity out. At the 
sam~e time, the model tr~r.sfer throush Three ~ile Sloush might have been 
too hiS/%. This would decrease the flow do~unstream and permit the &rester 
encro~.chment which did occur. These possibilities were studied further 
by equilibrium tests and will be discussed subsequently. 

1941 test.--The second 1941 test was made with all the revisions dis- 
cussed previously. The consumptive use, sh~^m in table 4, was of 
course unmodified because there was no curtailment in 1941. The results 
sho~ in figure 36 are similar to those of the first test except for an 
impro:'ement at Rock Slou[~h. 

IC. The e~uilibrium tests• To follow a strict course, the model 
sboul~ hev~ e~l v-~ified by historical tests before any further studies 
~'ere made. However, t~here was a lapse of time between the first and the 
second 1931 and 1941 historical tests, during which six equilibrium tests 
were run. Follov~.ng the second 1931 and 1941 historical tests, four 
~,cre equilibrium tests were run. The General procedure was to maintain a 
constant ri~er discharse and a constant salinity in the plunger basin, 
while the salinity was allowed to advance upstream to equilibrium. In 
the prototype such a condition has never occurred bec~use river flows do 
not remain constant. Nevertheless, when the Central Valley project is 
in operation, it is possible that the net flow from the Delta will re- 

300 main at 3, second-feet for an entire season. Acoordin~ to the con- 
clusions given in Bulletin 27 this discharge will be sufficient to hold 
the mean tidal cycle surface-zone salinity at Antioch to lOO parts per 
1no,000 and prevent the advance of salinity in the Delta beyond Emmaton 
and Jersey. 

In the first equilibrium test, figure 37, the flow down the Sacra- 
mento River was 2,000 second-feet and the flow dov~ the San Joaquln 
River 1,3C~0 second-feet. No consumptive use was Included. With the 
salinity in the p!un~er basin constant, the salinity advanced upstream 
and finally reached equilibrium in four and one-half hours (3 months 
prototype). !,~odel sailnities were expressed relative to the concentra- 
tion at Antioch v~ich was arbitrarily set at I00 at high tide. No 
attempt was m~de ~o obtain the mean salinity as tests indicated that 
the variation of salinity with tidal cycle was incorrect in the model. 
Relative to a salinity a~ Antioch of I00, the salinity was 60 at 
~Lm~naton, 50 at Jers~y, and I0 at Webb Point. Although the salinity 
advanced too far into the Delta, the test was useful in that a cross- 
channel flow following the recommendation of the State Plan could be 
superimpose4 upon the control flow of 3,300 second-feet. The change of 
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salinity would then be indic ~ ire of the effectiveness of the State 
Plan. The revised flows were 7,900 second-feet down the Sacramento 
River with 5,900 second-feet diverted at Snod~rass Slough, no flow 
down the San Joaquin Riwer, 4~600 second-feet from the Delta-L:endota 
intake, and 3,300 second-feet for saliniti¢ " control. No consumptive 
use in Zhe Delta was included. To put these flows in the model by 
actually diverting water would be difficult; so a discharge of 5,900 
second-feet was put directly into Snodgrass Slough and only 2,000 
second-feet in the Sacramento River by the method shown in, figure i. 
The results of this test indicated that if the salinity does advance 
properly in the model, the salinity at the Delta-Iicndota pump will be 
I0 parts per lO0,OCO, ~&ich would not meet requirements. .~s the sali- 
nity advanced too far in the model, a more reliable conclusion of this 
test is that the salinity at the Delta-Fendota pur~ps will be the same 
as the salinity in the San Joaquin River at the mouth of the 5~okelumne 
River. The salinity ~t this point was not affected by transfer and 
Delta-~endota pumping. 

To finish the first equilibrium test, a ~antity of fluorescein 
~.las put into Snod~rass Slough co permit observation of the flow of the 
diverted ~ter. The principal direction of flow was observed to be 
do~m the north fork of the ~!okelumne River, into the San Joaquin at 
the mouth of the Mokelumne, and thence up Old River to the pumpin G 
plant. Some color, however, was observed to go down the south fork of 
the Mokeiumne and some up ~iddle River. Ocean salinity was picked up 
in the San Joaquin ,~t the mouth of the Mokelumne, at the bifurcations 
of Old River and False River, Old River and Sand }~ound Slough , ~d Old 
kiver and Rock Slough. (The dm.~ at Rock Slough was no~ instal led in 
this test.) 

Equilibrium tesZ 2 ~'as essen~ially the same as test I, with con- 
suJnptive use added. The weir at Rock Slough was included for this test 
and all subsequent tests. The disc~mrges wore 3,400 second-feet down 
the Sacramento i~iver and 3,900 second-feet dovm the San Joaquin River 
to provide 4,000 second-feet for consumptive use and 3,3C0 second-feet 
for salinity control. The equilibrium [rattern shown in figure 38 was 
not greatly different fro~ test l, except thmt the dam at Rock Slough 
was effective in reducin~, salinity at Rock Slough. 

After reachin~ equilibritu~, t~he flc~s were changed to show the 
effect of transporting water across the Delta. The revised discharges 
were 12,500 second-feet down the Sacramento River, 9,200 second-feet 
diverted at Snod~rass Slou~h, 4,000 second-feet for consumptive use, 
3,300 second-feet for control flow, 4,600 second-feet from the Delta- 
Mendota pumping plant, and no flov: in the San Joaquin River. Again 
the pattern of the advance of salinity did not differ greatly from 
t~t of test I, the salinity at the Delta-L'endota pumping plant being 
only sliF~tly less than that in the San Joaquin at the mouth of the 
~.okelumne River, which was the same with or without diversion and pump- 
ing • 
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rquilibrium test 3 involved relocating the tide plunger bas%n. In 
precedin~ tests there was practically no change of salinity vcith respect 
to tidal cycle at Collinsville and Antioch, and a variation reasonably 
similar to the prototype was obtained only at stations upstream from 
Three Eile Slough on the Sacramento River and Jersey on the San Joaquln 
River. It follows that ~en the salinity is too high at Imtioch and 
Collinsvi!le for Io~" tide, it will be too high at the upstream stations, 
since it is the same water moving back and forth. Such a condition 
would prevent correlation between the m6del and the prototype. The appar- 
ent cause for this lack of variation lay in the closeness of the tide 
plunzer basin to t/~e mouth of the Delta. The water at high tide at sta- 
tions as far upstream as Mayberry and Curtis Landin~ would be drawn into 
the plunger basin and mixed with water of the high tides at Collinsville, 
and would be increased in salinity. V.rnile the desirable method for cor- 
rectin~ this condition would be co extend the model to include Suisun 
Bay, such a revision ~ms not considered practical because it would in- 
volve a major overhaul to the tide-~enerating machinery. Therefore, the 
tide plunger basin was relocated and separated from the mouth of the 
Delta by a narrow channel havin~ sufficient length to prevent water in 
the model at hi~h-hi~h tide from reaching the tide plunger basin at low- 
low tide. Being narrow, the additional channel did not greatly increase 
the tidal prism volume. Tests were made to verify the tides, after which 
an equilibrium t~t was made, using the same discharges as in test 2 
with no transfer. A definite improven~ent was observed in that the ad- 
v,_hoe of salinity was not as great as formerly, see figure 39. 

As this improve::mnt was not sufficient to be completely satisfac- 
tory, it was m~gested that the lem&th of the approach channel separat- 
ing ~he model and the plunger basin be increased. However, the salinity 
gradient, that is the change of salinity with respect to distance, was 
found to be ~reater in the approach channel than in the model channels, 
indicating that no great improvement could be obtained by increasing the 

length of the approach channel. 

In the model the salinity at Collinsville at high tide was about 
three times as Great as the salinity at low tide. This variation was 
considered sufficient to make a comparison of the mean tidal cycle 
salinity with the salinity at hlgh-high tide. This comparison was neces- 
sary because the model equilibrium tests, based on I00 parts at Antioch, 
were compared with a prototype criterion based on a mean tidal cycle 
surface-zone salinity of I00 parts per I00,000 parts of chloride. 

Equilibrium test 4 was a comparison of the readings at hlgh-high 
tide and mean tide based on i00 parts at Antioch. The method of esti- 
mating the salinitj at mean tide was to take the average of the readings 
at hi~h-hish tide and the followino ~ low-low tide. The salinitles at 
mean tide based on I00 parts at Antioch did not differ greatly from the 
• salinlties at h~gh-hi~h tide also based on I00 parts at Antioch (figure 

~0). 
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In equilibrium test 5 the effect of chanEinG the concentration of 
the base color was studied. In all precedin@ tests it had been assumed 
that the distribution of color when expressed relative to the color at 
~utioch was independent of the actual concentration. To verify this 
assumption, equilibrium tests were made with two different concentrations 
of Patent Blue. In one test the concentration was 0.I percent of a 
given base solution and in the other it was 0.9 p~rcent. A comparison 
of the results, as shown in figure 41, shows that the difference is 
small and probably not much more than the experimental accuracy for this 
type of measurement. 

The reasons for not usin~ salt in the model have already been fully 
discus sod. To eliminate any uncertainty on this point, a test was made 
comparin~ colored fresh water and colored saline water. Although this 
test ran into unforeseen complications which resulted in incomplete data, 
sufficient observations v~re made to show that there was no appreciable 
chan~e in salinity pattern with the addition of enough sodium chloride 
to give a density at Antioch of approximately 1.O36 grams per cubic 
centimeter, which is equivalent to 180 parts per lOO,O00 of chloride. 
The test results are shown in figure 42. No indication of density flow 
v~s observed in the model except in the Sacramento River near Rio Vista 
where the salt concentration on the surface was 18 and at the bottom .$7, 
based on lO0 at Antioch. The nonexistence of a salt wedge in the model 
is additional evidence that none exists in the prototype where the den- 
sity is no higher than in the model but the strength of turbulence 
opposiu~ it z~ch Greater. 

Followin,~ equilibrium test 6, a few more preliminary tests of the 
State Plan were made, primarily to study problems of technique and pro- 
cedure for the final tests which will be made after completion of the 
salinity verification adjustments. In any test of the State Plan there 
are three distinctly different types of water and possibly a fourth 
which can become mixed before the Delta-~endota pumping plant is reached. 
In the salinity verification studies, since the principal objective was 
Co trace ocean salinity, one color was sufficient. To determine the 
quality of water delivered to Delta-~endota under operation of the State 
Plan of diversion and delivery, it is necessarf to trace ocean water, 
Sacramento River water, San Joaquin River water, and water stored in 
the channels of the Delta. This can be accomplished by usin~ three dif- 
ferent colors, with clear water representing the fourth or Delta water. 
The technique developed to handle the three colors is described in 
appendix 3. The qu~lity and the quanti~j of water from each source must 
be kno~m before the test results can be expressed in terms of total dis- 
solved solids. The necessa~j data are available for all sources except 
the San Joaquin River with Friant Dam in operation. Studies to estimate 
the future qualit7 and quantity of this source are now bein£ made by the 
Branch of Project Plannin~. These tests were mlspended durir~ the con- 
ference from Janua~ 25 to February 2. 
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Equilibrium test 7 was a study of the effect of the flows through 
Three ~:ile and Geor~iana Slou~hs. It was pounted out during the con- 
ference that in apportioning the flows between the Sacramento and the 
San Joaquin Rivers allowance had not been made for the net flow through 
T!~xee 1,~ile Slough. Moreover, it was doubtful that tha flows through 
the two sloughs were correct in the model. A test was made with ~,300 
second-feet in the Sacramento ~iver, transfers to the San Joaquin 
assumed as 1,500 second-feet through Georgians Slough and 900 second- 
feet throuih Three Mile Slough, and no flow from the San Joaquin. These 
revised flows did not change the salinity pattern from that of previous 
tests so both Georgians Slough and Three Nile Slough were blocked and 
the flows chunLed to 1,100 second-feet in the Sacramento River and 2,200 
second-feet in the San joaquin River. The effect of blocking the 
sloughs, as shown in figure 43, was to increase salinity in the Sacra- 
mento River above Three l:ile Slough and to decrease it belo~, Three Mile 
Slou~h. Salinity in the San Joaquin River was increased both above and 
below Three Mile Slough. The increase in salinity in the Sacramento 
above Three Mile Slough indicated that the flow in this section exceeded 
1,100 second-feet before the sloughs were blocked, probably because +.he 
transfer through Georgians Slough was smaller than assumed. The increase 
in salinity below Three Mile Slough indicated that the net flow in this 
section was less than 1,100 second-feet before blocking the sloughs, 
which means that the transfer of water through Three E~ile Slough was 
greater +~han assumed. The increase in salinity in the San Joaquin River 
below Three 1~ile Slough substantiated the conclusion that the transfer 
throug.h the slou~, was too high. The increase above Three E{ile Slough 
is ~ach more complex, for it is certain that in the test before block- 
ing the sloughs the flow was less than 2,200 second-feet in this section. 
It is possible that the increase in salinity below Three }~ile Slough was 
reflected upstream: despite the greater flow. The action of Three ~ile 
Slough in equalizing sallnitie s between the two rivers was eliminated by 
blockin~ the slough, and this may have been a contributing factor. 

In none of the tests was the distribution predicted for the proto- 
type v.dth the reco~nded control flows ever: approximated. It was 
ap;)arent then that some of the factors which contribute to salinity in- 
cursior~ will have to be adjusted before a verification can be achieved. 
On~ of the possible adjustments is a change in discharKe scale. To 
evaluate the nature and the magnitude of s~ch a change a test was made 
comparin~ salinity conditions for net flows of 3,300 and 6,600 second- 
feet, respectively. Since the test with 3,300 second-feet had been made 
with the transfer sloughs blocked, the same condition was held for the 
test with 6,800 second-feet. For both discharges the proportion was one- 
third in the Sacramento River and two-thirds in the San Joaquin River. 
The comparison shown as equilibrium test 8, figure 44, indicates that the 
salinities were reduced with the higher discharge, but not to values pre- 
dicted for 3,300 second-feet in the prototype. As it seemed unlikely, 
in view of the a~reement in the earlier portions of the 1931 tests, .that 
an adJustr.~nt of I00 percent in the discharges would be required, an 
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attempt ~s made to evaluate the required adjustment from prototype 
data. The only period shown in available records during which the flow 
into the Delta remained constant was from September 20 to December I0, 
192~. For this period the salinit~ dropped dnring October but remained 
more or less constant during November. Assuming that a state of equi- 
librium had been reached durin G November, the net flow for this period 
should be significant. The net flow for the period was about 6,100 
second-feet, and it was estimated that the division was 2,270 down the 
Sacramento River and 3,8~0 down the San Joaquin River. The salinity 
gradient for this apparent equilibrium condition can be compared with 
that of the model for discharges of 2,200 and 4,400 second-feet in the 
Sacramento and the Sen Joaquin Rivers, respectively. ~en the salini- 
ties are expressed relative to that at Colllnsville there is fairly close 
agreement, indicating a correction in discharge scale of only a few per- 
cent. These conflicting indications can be resolved only by more histor- 
ical tests, which are planned. 

Ii. Proposed testing program. Tests are planned in which various 
model qusntities will oe adjus'ted or modified in an effort to make the 
model duplloate an historical intrusion. The proposed adjustments are 
of two different t~q~es. 

O~ 

First, the mechanism by which salinity is diffused into 
the Delta will be altered with ~he same discharge and time 
scales. Tests are now being made alon~ this llns, and it has 
been sho~m t~t much improvement can be accomplished by this 
alteration. In these tests the tidal diffusion of the model 
was altered by changin~ the model channels below Jersey, par- 
ticularly in the San Joaquin, from the rou~ch, tortuous channels 
which duplicate the prototype to smooth, re,slat channels with 
ea~j curves. The'effect of these changes was the elimination 
of nm_ny of the vortices which are too large in the model be- 
cause of the distortion in scales. ~oet of the diffusion in 
the model probably is caused by these vortices, whereas in the 
prototype the action is more of an eddy diffusion. The term 
eddy is used here to designate that concept of modern turbulence 
theory which predicates the existence of periodic fluctuations, 
distributed in a random fashion throughout the fluid body, which 
&ffect an exchange of momentum, heat, salinity, or any other 
feature subject to ~ransfer. In the case of momentum exchange, 
the net effect is one of shearing stresses and the mechanism ia 
called eddy viscosity. For conservative concentrations such as 
he~t and salinity, the net effect is a diffusion from hi~qer to 
lower values and the action is called eddy diffusion. Eddy 
diffusion of the type described is no doubt a very small factor 
in the model because it follows from the Reynolds' number scale 
that the model turbulence is too small. The fact that the vor- 
tices in the model are too large does not in itself mean that 
the diffusion will be too high, because there must be some dis- 
tortion to offset the lack of eddy diffusion. 
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Secondly, it is planned to accomplish some of the model ad- 
justment of salinity incursion by ~'~iterin~ the discharge and the 
time scales. Diffusion and stream flow are opposing factors, and 
the rate of advance of salinity can be controlled by changing 
either factor or a combination of both. Adjustments of the dis- 
charge or the time scales are n!tern~te ways of accomplishing the 
salr~ purpose. In the fo,-mer case the scale will be changed so 
that a ~,reater quantity of water will be discharged in a given 
period. In the latter case the same effect is achievod by allow- 
ins a Given flow to operate for a shorter period of time. In 
either case the time scale of the tidal period, or, ~ore slmplv, 
the speed of' the tide cs~a, would be held constant. This is equiv- 
alent to thinking of the tidal fluctuation as merely a device to 
propagate salinity upstream. ~my adjustment of th~ model muse be 
Judged by comparin C model and protot~pe on the basis of historical 
tests which are complicated and slow to ~al~. It is to be ex- 
pected, ~herefore, that it will take considerable ~ime to complete 
adjustment of the model. 

If it s.'~ould bezome necessary to expedite the model tests so that 
a decision can be reached regarding the cross channel, the following 
procedure could be useds First, it would be assumed that the tide 
verific~zion studies have established that in the main the distribution 
of flow amonK~ t]~e various Delta channels is correct. Secondly, it 
would be accepted, from the recommendations of Bulletin 27, that with 
a sallnity-control flow of 3,~O0 second feet no ocean salinity is en- 
countered upstream, from} Jersey. Relative to this point it is pointed 
out that even thouvoh saliniZy intrusion upstream from Antioch is veri- 
fied by historical tests, the value of salinity a~ i~nzioch ~st be ac- 
cepted as I00 parts per 13C,000 for 3,300 second-feet net flow. Equi- 
librium test 2 indicated t~mt with water diverted and transferred 
according to the ~ ' ,~a~e Plan, ~he Delt~-~Lendota water contained only as 
much color as the water in the S~u Joaquin River at ~e mouth of the 
Mokelumne River. Therefore, if there is no ocean salinity above Jersey, 
there will be none iu the Delta-~iendota water. On this pre~,ise tests 
can be ~ade without waitins !'or salinity verification, considering only 
Sacramento and Sun Joaquin river flows and the water in the Delta chan- 
nels at the start of diversion. Seasonal tests with various flows in 
the San Joaquin would indioat~ the changing proportions of water from 
the div~rs~ sources, with ti~r~ for each river f!~v. Tests m~de before 
e~:d after altering the model to duplicate the proposed dredGin S would 
show its effect in reducins the percentage of San Joaquin river water. 
The percentage of San Joaquin tvater in the Delta-Mendota water can be 
measured, but ti~e dissolved solids represented cannot be determined 
until the quality of this source is predicted. 

D. j. Hebert 
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~YOR/~[DUY TO '~= ~.I EF ENGINEER 
"" (.q'. R. l~cBirney) 

Subject~ 

~21~T~T~ 1 

COPY EWF 

Denver, Colorado, January 16, 1943. 

Hydraulic model - Salinizy Control studies - Delta Division 
- Central Valley Project. 

I. At a couference in your office January II, 1943, on matters 
pertaining pri.~mrily to water supply and saliniD, control in the Delta 
rez~ion, the susgestion was made that a comprehensive study, utilizing 
a hydraulic model, be initiated, in an effort to determine waich of 
the several construction plans now under investigation, for w~ter dis- 
tribution in that resion , would produce the bes~ results. The plans 
bein C investigated are in p~.-t as follows: 

(a) The ori:~inal State plan utilizing Snod~rass Slough and the 
~{oL'e lu~.~me River. 

(b) A "Delta Cross Cut" route, utilizin~ rivor or presently con- 
structed channels almost exc!usively, in conjunction with the Delta- 
~r vl 4-~ 

(c) A "Delta Cross Cut" route entirely outside of exlstin~ chan- 
nels s~d to the east, in conjunction with the Delta->~endota Canal. 

(d) ~tuy combinazion of (b) and (c). 

(e) American River storage and diversion plan. 

(f) Possibly or ultil,mtely the Salt 'A'~ter Barrier. 

2. The ~agnitude and complexity of this undertaking is such as 
to cause some misgivings as regards t.hs beneficial or conclusive re- 
suits that are probable. The prospects seem encouraging enough, how- 
ever, co justify a thorough evaluation of the problem. ~uthorization 
for the follo~ng procedure is requested. 

(a) With the data available in this office, gi;e cocsideration 
to (I) scope of the undertaking, (2) procedures involved, (3) diffi- 
culties i.~erent, (4) location of model, (5) scale and area involved, 
(~) man-power required, (7) time required for completion, (8) estimate 
of cost, (9) assurance as to success of undertaking. 
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(b) The hydraulic laboratory section to head-up this study, 
assisted by the Hydrology-Investigation Section, the Canal Section, 
and aT! other group or individual involved. 

S. The study should be followed promptly by a report to you, 
so that you vrill be in possession of the facts necessary for judging 
the merits of the undertaking and for issuing instructions as to fur- 
ther procedure. 

H. R. McBirney. 
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APPENDIX 2 

JEW-EWF 

Denver, Colorado, February 19, 1945. 

MEMORANDUM TO CiiI~.. v ENGINEER 
(J. Z. Warnodk) 

Subjects Hydraulic model - Salinity control studies - Delta Division 
- Central Valley Project. 

B ~ 

I. In a memorandum on January 16, 1943, Mr, McBirney requested 
consideration of a hydraulic model of the Sacramento-San Joaquin Delta 
re6ion to make a comprehensive study in an effort to determine which 
of the several construction plans now under investigation, for water 
distribution in the Delta region, would produce the best results. 

2, In paragraph 2 of his memorandum, he requested that, based on 
data available in thi6 office, consideration be 5iron to 

(I) Scope of the uncertakin~, 
(2) Procedures involved, 
(3) Difficulties inherent, 
(4) Location of the model, 
( 5 )  Scale and area involved, 
(6) Manpower requi red, 
(7) Time required for completion, 
(8) Estiz:~te of cost, 
(9) A~surance as to success of undertaking. 

3 .  Based on a study of the introductory chapter of bulletin 27 
(Department of Public Works, State of California) "Variation and Control 
of Salinity in Sacramento-San Joaquin Delta and Upper San ~ancisoo Bay" 
1931; a study of a ~opo~raphio map of the Delta region assembled from 
I~31,680 U.S.G.S. quadrangles; a review of literature on the subject of 
hydraulic models involving geometrical distortion and tidal phenomenon; 
and discussion of ~m problem ~_th engineers in the Hydrology Investi- 
gation and Canal Sections, certain conclusions have been reached. 

4. Scope of the under takin~. The problem in this case is the 
study of an estua~/ as distin~ulshed from a river involving fluctuation 
of flow due to hydrological conditions and from harbors or bays in which 
tidal action is the predominating factor. The movement of flow through 
the Sacramento-San Joaquin Delta is ir~luenoed by the hydrology of the 
contributinE rivers and by the oceanography of Suisun Bay directly and 
the Pacific Ocean indirectly. To make a study of the flow conditions of 
the Delta all of those factors mast be present in the model, which means 
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that there is no approach ~o the soh~tion ti:ouKh use of a model of a 
portion of the re&ion. It ape)ears *~erefore that a model must include 
all of the ,qacr~men~o River below Hood (figure i), one of the proposed 
points of diversion; all of the San joaquin River below Mossdale 
Brld~e, the site of %he put.pin 5 intake for the Delta-Mendota Canal; and 
s~'ficient length of Suisuu Bay in which zo install e~uipH,ent for de- 
veloping the tidal cycle. ~ line across Suisun Bay 4~ miles below 
Pittsbur~ has been selected as the dov~nstream end of the model. In ele- 
vation, the 5-:'oo~ contour ~,as followed roushly in establisnin~ the 
necessa~ limits of ~e model. 

The grea~ exDanse of the reiion 1~kes a reasonable zeometrically 
undistorted sc~!e economically and technically infeasible so no con- 
sirlerati<3n has be~n Biven to such approach. The model must be distorted 
b~: usin~i differe~t horizontal and vertical scales. 

8. i'rocedures involved. In the use of a distorted model it is 
necess~r 3' to look upon it as a :nech~n~cal means of solvln& the equations 
of fluid motion for conditions v,'hieh are too complex for mathematical 
reprosentatlon rather than a pictorial or topographic representation. 
An3: hydraulic system which c~. be used to predict the behavior of a pro- 
type should be classed as a model whether or not there is any similarity 
of outline. Then a method musm be discovered for transferring, the data 
from the model to ~ae prototype. It is apparent that a distorted model 
i~ dissi~::ilar to the prototype in several important aspects ~hich modify 
the model's conformance to the theoretical laws of similitude. The 
trust~.orthiness and usefulness of the mclel are based not on theoretical 
consideration, but on a practical operation kno'.~m as model verification. 
The principle underlyin& the process of model verification is simgly 
that if ~L model can reproduce accurately events whic}, are knov~ to have 
occurred, it can be depended upon to predict accurately events which 
will occur as the result of cersain given operations. The soundness of 
this princi[le rests on inductive reasoning rather r/nan a ~.wathematical 
proof. There are necessary qualifications to this principle, the most 
important bei:~ (1) the past event must not be radically different from 
the future even~ - a distorted model consmructed ~o study a low-~mter 
condition canr~ot be used for a flood condition, (2) the even~ must be 
definite and must have occurred over an appreciable period of time, and 
(3) the event must not i,o ~ fro~k, for if the model is adjusted to re- 
produce a freakish occurrence, iz will not reproduce normal events. 
In the case of' a model of the Delta region, it wouli be constructed 
based on topographic surveys available or obtainable; the model would 
be operated and adjusted until it would duplicate a past condition such 
as the salinity encroac~nnent of 192~ or 1931. Then, with the model ad- 
justed or verified for a past event, the water from the ~Zacramento 
l<iver would be diverted through the proposed channel via Snod~rass 
Slou~h, end the effects of retardation of salinity encroachment from 
Suisun Bay, and consumption of water by punpiz~ at the Delta-Eendota 
Canal and Contra Costa Canal int,~kes would be observed. 
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6. Difficulties inherent. There are a number of difficulties to 
be overcome, the ouzstandin;[ one bein6 the element of time allowable for 
the stud[:. It is difficul~ co judge the time needed, as we have little 
or no precedent exce!~ our experience in 1939-40 with the model of the 
Little Dalles on the Columbia River. Another difficulty is space in 
'.'~i~h to build the model. The water supply is not as simple as in pre- 
vious s~udies in that three types of water must be introduced into the 
model - saline water t}~ough Suisun Bay, water of acceptable quality 
through the ~acramento .Miver, and polluted water through the San Joaquin 
kiver. Once these are mixed in the model they v.@ll have to be dumped 
into the sewer, as it will not be possible to recirculate as had been 
the prac:ice in o~her s~udies. Laboratory equipment will have to be de- 
veloped capable of measurin~ the extremely small discharges in the model. 

7. Lozation of the model. Consideration has been ~iven to in- 
stalling the model either in the hydraulic laboratory or in a Garage 
t,,. p.~ 0u~idin[~ near the Customhouse. Since garage space does not appear 
to be available within a reasonable distance of the Customhouse, a model 
~ith a horizontal scale of 1:4800 has been adopted. That scale is the 
larcest v~rkable scale which will fit into the hydraulic laboratory. 
The model to t~c scale is shown in place on figure 2. 

8. Scale ~nd area involved. The area of prototype involved has 
bee:: discussed under (43, and the area involved in the model insofar as 
labor;~tory floor space is concerned is shown on figure 2. The scale of 
1:4800 for the horizontal dimensions at first thought appears outland- 
ishly sz~ll, particularly after years of thinking in terms of undis- 
torted models in which, because of hydraulic factors, a scale of less 
than l:lOO was seldom considered. For the present, the vertical scale 
is left unestablished, as it must be based on hydraulic considerations 
v'~ich may not be determined until the model is under construction or 
even in operation. In any case those factors are capable of manipula- 
tion ~dthin the limits of our laboratory facilities. There is prece- 
dent. for these conclusions as followsz 

Proretype Seine Rangoon Severn Columbia ~issis sippi 
:'rance Burma England U. S. A. U. S. A. 

Expe:'imenter Vernon- Gibbs Gibson O' Brien Waterways 
Harcourt Exp. Station 

Purpose Channel Channel Effect of Estuary Flood 
Improve- through dam on and control 
ment outer silting bar- 

bar and channe Is 
currents 

Horizontal 40,000 8,068 8,500 3,600 2,000 
scale 7,050 

Vertical 400 192 2 O0 128 i00 
scale 

Depth i flOe i142 is42.5 1:28 I120 
cistortion 



In his paper in Trans. A.S.C.E., Vol. 104, 1939, "Geometric Distortion 
in Hydraulic ~odels," Kenneth D. Nichols says "... In the foregoing 
models, the ran£e in depth scales was only 1:50 to 1:200, compared to 
a r~nge in length scales of iz50 to l:2(X)0. (He was discussin~ a 
group of models with horizontal scales of lI20tJ ~r less and did not 
include any of the above except the Mississippi River model). The range 
in depth distortion was :rein 1 to 20, an." the range in slope distortion 
was from 1 to 26. Models of the larger protctl~ s were built with the 
greater degree of geo~tr~c distortion." O'Brl~n, in his stu~, of the 
Columbia estuary, used a horizontal scale of is36OO with a vertical 
scale of 1:64 in his early experiments. He found this distortion too 
great and chanLed to 1:128 for the vertical soale in later experiments. 
Assuz~n~ a depth distortion of 1:48 for the present, a vertical scale 
of lzlO0 appears reasonable for a model of the Delta region. Even 
thouch the model were built to a vertical scale of IzlO0 and subsequent 
operation showed the desirability of another vertical scale, it v~uld 
be a simple .~atter to convert, since it would entail only a change of 
the templets. The horizontal control would remain fixed. 

9. .Vanpower recuired. To determine only the merits of the State's 
L A 

plan to divert Sacra~nto--water through Snodgrass Slougj~ do~m to the 
Nokelumne River, it is estimated that the following time will be requiredl 

Design of model (incl. acquisition of necessary 
information from outside sources) 

Construction of model 
Verification of model 
Testing effectiveness of diversion scheme 

2 months 
3 months 
3 months 
2 months 

Total iO months 

That time ~ay be reduced since part of the construction can be oompleted 
while the desi£n and acquisition of data is in progress. On the basis 
of i0 months fo:" the oriDinal tests, it is estimated t}~t the following 

manpower will be requireds 

I engineer 5 n~n-mont2:s at $402.36 $ 2,011.80 
1 associate engineer I0 " " " 31~.02 3,190.20 
i assistant " IO " " " 233.19 2,331.90 
2 carpenters 2 " " " 706.83 413.66 
I tinner i " " " 206.83 206.83 
2 plumbers i " " " 206.83 206.83 
I model-maker 8 " " " 212.91 1,703.28 
2 mechanics i0 " " " 206.83 2,068.30 

$12,132.80" 

"Includes present overtime salary. 

4 



"i 
t 

4 

By completion of work in progress the engineering personnel can be made 
available within two weeks and the laboratory personnel is now avail- 
able. 

i0. Time required for completion. This item has been estimated 
under (9). 

II. Estimate of =oat. 

Engineering (from item 9) 
Laboratory and shop personnel (from item 9) 
Travel 

~aterials, equipment, etc. (not estimated 
in detail) 

Contingencies, 10% 

$ 7,500.00 
4,500.00 

300.00 

1,000.00 

$13,300.00 
1,330.00 

$14,630.00 or 

$15,000.00 

12. Assurance as ~o success of undertaking. In the opinion of 
the ~erson~el of the hydraulic laboratory, the Use oi" a distorted model 
to study the feasibili~- of the State Plan for diversion of Sacramento 
kivez water into the San Joaquin River is entirely practical. Assuming 
sufficient topographic and hydrographic data available on which to 
construct a model and adjust or verify it to some past event such as 
the salinity encroac)~ent of 1924 or 1931, there is little reason to 
coubt but that the feasibility of the State Plan can be determined. It 
must be remembered, however, that the success of the undertaking will 
be qualitative rather than quantitative. It would be unreasonable to 
expect to determine quantities with anythint~ but average success because 
of the very minuteness of the quantities involved in the model. 

The assurance as to the suocess of this proposed model earn beat be 
measured by the success of other experimenters in the same type of under- 
takinl. Several models of rivers, e~tuaries, and harbors have been suc- 
cessi~l in the solution of problems involvln~ silt transportation and 
d~poaition which is considered to be one of the most difficult to solve 
with models. In a study of the Delta region by model, the silt i~ not 
considered as a factor which is a factor of simplification. 

13. If the decision is made to proceed with this model study on 
the basis herein outlined, it is considered advisable for Associate 
Engineer D. J. Heberc to be sent to the U. S. Waterways Experiment 
Station, Vicksbur[, ~ssissippi, for a week or ten days to become thor- 
ou~hly familiar with the technique of distorted and tidal models and 
the instrumentation of each. It is also considered advisable for the 
writer to be sent to S~cramento to obtain first-hand information as to 
field data ant to discuss the problem with field men who are thoroughly 
acquainted with the region. 

m D m 

8 J.E. ~arnock 



APPENDIX 3 

Use of Spectropho~.ometer in ~odel Siudies of 
Sacramento-San Joaquin Delta 
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All determinations of concentration in the model testing were made 
with a spectrophoto~ter- The theory and the application of this in- 
stru~nt Bz~ fully discussed in n~ny textbooks on chemical analysis, 
and it will suffice here to describe the instrument only very briefly. 

The spectropaotometer is a combination of a photometer - an instru- 
ment for measuring light intensities, and a monochromator - a device for 
isolating light of any desired wave length. For a ~iven wave length the 
light absorbed by a medium, ~ch as a colored solution, decreases in 
intensity in accordance with an exI.~onentia I function known as the Beer- 

Lambert Law which is 

I 

LoglO (--~) - ECL 

vlhere K is a constant for ~y wave lem.gth, C .is the concentration, L 
is the ~hickness of the absorbing 1~dium, and I and I refer to the 
original and the transmitted intensities, respectively. By reason of 
the variation in light transmission with wave lent~th, it is possible to 
determine the concentration of two or more solutions of different colors 
when mixed. To date most of the tests have involved only one color, 
Patent Blue, which was used to represent ocean ~alinity, as explained in 
the text. In the following data it will be understood t}mt all concen- 
trations are expressed in terms of milliliters of the base solution per 
I00 milliliters of v,~ter. The base solution was 0.5 grams of Patent 

Blue per liter of water. 

Preliminary tests of Patent Blue solutions indicated small devia- 
tions from the Beer-La~.bert Law; so it ~.'as necessary to calibrate trans- 
mission against concentration at the selected wave length. The optinn~m 
wave length at v~nich absorption is a maximum was determined as 630 
millimicrons. ~;]~en the tests required heavier concentrations, a wave 
length of 550 :~:illimicrons was used and another calibration of trans- 
mission against concentration was made. The two calibrations were pre- 

pared as tables. 

With these calibration tables available, a typical determination 

would proceed as follows: A sample of colored water from the model 
was transferred to a rectangular glass cuvette, 40 ~llimeters in 
depth, which was placed in a holder containin~ another cuvette filled 
;~ith clear water from the mod~l. The holder was inserted in the spec- 
tropho~o.m~ter ~th the clear sample in front of the light beam, and 
the galvanometer scale was adjusted to a readin~ of I00. The holder 
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then was slid imvard until the colored sample was in front of the lisht 
beam. The readin& on the ~alvanometer is the percenta&e transmission 
which is used with the calibration tables to :ind concentration. 

Tl~ee-color tests. In later tests on the Delta model it will be 
neces~ary to determine the component parts of a mixture of waters from 
as z~ny as four sources. Water from three sources will be colored 
solutions of a given concentration of red, yellow, and blue, while the 
fourth source ~ll be clear water. In the mixture, each color will be 
diluted by the presence of water from the other sources. The rem~Itant 
concentration of each color, expressed in percent of the concentration 
at its source, will represent the'percentage of w~ter from that source• 
It follows that the percentage of clear water from the fourth source 
will be lO0 minus the total from the other three sources. 

In developinc the technique for this procedure, the major diffi- 
culty has been in the selection of suitable chemicals for coloring the 
water. The criteria for their selection were (1) that the spectral- 
transmission curves must be simple vrith single absorption bands so 
located that the absorption of two colors would be a minimum when the 
absorption of the third was a maximum; (2) that the chemicals must be 
stable in tap water containin~ Ca ~4 ions and CO -- ions, that is, they 

O 
must be stable in themselves and not fade or coagulate when exposed to 
light or time; (3) that they must not stain concrete or paint; and (4) 
t.hat they must be available. Patent Blue, a biological stain, w~s 
used in the salinity measurements and was selected as the blue. Picrlc 
acid was selected as the yellow. No red could be found which would not 
fade, coagulate in map water, or stain badly. Certified D. & C. Red 
No. 8 (Fast Red), a cosmetic dye, was selected ~:hen it w~s shown that 
the addition of Cal~on would prevent it from coaculating~ in tap waCer. 

Th~ spectra].-trs~ismittance curves for these colors indicated that 
suitable wave lencths would be 400 millimlcrons (rap) fo~- the yellow, 
500 for the red, and C30 for the blue. Actually, the best wave length 
for the yellow was 350 millimicrons, but this involved chan~ing filters 
on the instru51ent. Each color was calibrated at the selected ~ve 
lensths and transL~.ttance-concentration curves were drawn. The yellow 
color was ideal, havin~ an intense absorpcion at 400 millimicrons and 
practicalll" none at 500 and 630 millimicrons. The fast red had a high 
absorption at 500 millimicrons, slight absorption at 630, and an ab- 
sorption at 400 of about one-thlrd that at 500. The Patent Blue had 
a high absorption at 630 millimicrons and low absorption at 400 and 
500. The relatively high absorption of fast red at 400 millimicrons 
was undesirable, but was not considered especially significant because 

correction factors would be applied to each reading. 

To find the concentration of yellow, red, and blue in a given 
sample of the ~/xture, the first step is to measure the percentage 
transmission at wave len6ths of 400, 500, and 630 millimicrons, respec- 
tively. An approximate concentration for each color at its special 
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wave length is obtained by assuming that there is no interferemce from 
the other two colors. Using these approximate values to make correc- 
tions for interference, a mere accurate determination can be made. 
Repetition of the process will give concentraticne to any desired accu- 
racy. The interference curves are not shown because they are incomplete. 

o 
J 
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EXPLANATI0 N 
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Date 

5- I 5-10 
5-ii 5-~i 
8- 1 6-16 
6-17 ~-~5 
6-26 6-50 
7-1 7-8 
7- 9 7-31 
B- I 8-21 
8-22 8-31 

DISCHARGE SCHEDULE FOR RIVER FLOW 

~ . ~ u w ~ % o  R. San Jo~%uln R, 

PR~LIMIHkRY 1931 TBST 

DISC~ARG] 
in o.f.a. 

6,410 ~0 444 28 

l,e~) 9~ S92 2S 
5,5~) 197 SSZ 2~ 
I, ~80 80 3%2 25 

~oo 55 255 14 
7 0 2 ~  14 

~00 17 228 14 
850 5O 228 l:& 

9- I i 9-10 1,679 99 520 
9-ii 9-SO 3,640 216 320 

I0- I i0-2~ ~,~50 218 478 
I0-84 I0-51 6,~90 370 478 

I f) A~er~e Prototype dlae~r~o for period. 
2) Ne*: flow - River flow less oormump%lwe use. 
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$,998 
~,030 

• ~,~4 
1,675 

7o9 

~7 
-8o 
~6 

541 
85O 

1,760 
3,700 
~,655 

~82 

181 
181 
8~ 

~o~ 
89 
44 
Z2 

-3 
+5 
5 

22 
82 

106 
221 
818 

REVISED 1931 T~ST 

g 
| • 

Model i n  ec.  pe r ,  10" seO, .' 

~,.o~o : Modei P r o t e  Model P~o%o -Mo4el 

10| :,- ,::, : 

158::: ~ ~ 7  • 
168 ... -~0 

a6a%l(s)  :oto 

521 57 
37~ 

87~ 
85 
38 
~6 
35 

Z7 
87 
27 

~5 
~5 
25 
S0 
~0 
89 

From ~ To 

5- I 5-i0 
5-11 5-20 
8-21 5-51 
6-1 ~-4 
6- 5 6-16 
6-17 6-g4 

7-I 7-5 
7 -  6 7-i0 
7-11 7-16 
7-17 7-28 
7-~6 7-31 
8-I 6-~ 
8- 4 8-21 
8-82 8-~I 
9- 1 9-11 
9-12 9-~0. 

I0- I i0-2~ II 
I0-2~, ~0-51 

~09 

,~09 

U~ 

18 
18 
18 
18 

521 
521 
497 
497 

497 
S49 
~ 9  
349 
549 
;549 
525 
525 
~25 
407 
,$07 
565 

6,261 ~7~ 555 ~9 

(I) 2 cc./lO sec, added for leakage of model. 
(2) Includes return flow bergen Vern~lls and Mossdale At. 
(5) 6 cc./!O see, a<ded for !eak~e of model, 

~ A  
tB7~ 
237 
1 6 2  
l a 2  
9 8  

- ~ g |  

-2O7 
-206 
-175 

-44 
"75- 
151 

1 

.%sorrel ~i.M0dol ~- neo%"o, Model 
- - -  _ .  

l e t  
l e t  
167 

171 
171 
171 ~ 

~28 
228 
226 

169 
169 
169 
119 
119 

79 
79 

10 i  
4S:- 

- 6 1 "  

-85  
-16~ 
-185 

-210 
, -184 

-112 
-82 

*9. 
+].24 
~170 
-826 
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APPORTIONMENT OF CONSUMPTIVE USE TODRAINS 

Table 2 

PRELIMINARY TEST 

& 

The total consumptive use, as given in Water Supervisors Report, 1931, is 
apportioned to each d ra~n according to the irrigated area represented 

* Drain 
designation 

Irrigated 
tracts 

represented 

Irrigated 
ac tea ge 
Percent 
total 

A 

1/2 R.~.9~9 
Little Holland 

Liberty 
Has t~ nge 
~,.P . 5 3 6  

I/2 ~,.~.~Ol 
P .P. 1667 

38,500 

12.4 

1/2 R.D.501 
Grand Is land 
1/2 R.D.551 

R.D • 556  

Y, .D .407 
R.r .317 
R. r :  . 2 0 6 7  

37,500 

12 • I 

C 

1/2 R.D.999 
Merr~ tt Island 

R.D .755 
I/2R.~ .551 

R.D .349 
P.D.]I3 

2 4 , 5 0 0  

7.9 

R.D • 1002 
McC ormac k 
R.D.348 

Canal Ranch 
Sta*'en is ]and 
T~l@r:-Is land 

P .T .2033 

34, i00 

ii .0 

McDonald 
Medford 

Bradford Is land 
Webb Tract 

Mandevil le Is. 
Qu~mby 

Franks Tract 
Bethel Tract 

Jersey 
~otc h kl s s 
~olland 

Veale Tract 
Fa Im 
Fay 
Ba c on 

Mildred 
Henning 

F 

Bouldin island 
Terminous I s l a n d  
Venice Island 
Empire Tract 
King I s l a n d  

Rind ge 
B~ ~,;er ~ !nman 

B~shop 
Shims 
' r ~ gbt 
Bmith 

Elm~ood 
Sa rge~nt-B arnha rt 

Fox 

H J 

Lower Roberts 
Middle Roberts 
Rough & ready 
Boggs-Statton 

Pocket 
Honker ts ke 

D re xle r 
Jones 

I~wer Jones 

G 

Byron 
Baird 

Clifton 
Or~ood 

Woodward 
V~ctoria Is. 

1/2 Un~on 
Coney 

More~ng 
Fabian 

Fink & Winkler 
. 1/2 Union 

Upper Roberts 

3 9 , 2 0 0  

12.6 

38,500 38,900 

12.4 12,5 

30,300 2 8# 800 

9 ,3  9.8 

*See figure 1 for drain location. 

i 

J 

¢ 
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DISCIL~/IGE SCHEDULE FOR CONS'O'IIPTIVE US5 DKAINS 

Prototj'pe in c.f. 

19 A 

B 
C 
D 
E 
F 
G 
H 
J 

TOTAL 2,560 

I 12 
18 
17 
19 
19 
19 
15 
14 

152 

FRELL~tINA-RY 1931 TEST 

DISG~LklIGE 

Oul~ 

19 P o?o I 
12 
19 
17 
19 
19 

I 19 
i 15 

14 

2,580! 153 

Jul'YM°del ] 

27 
17 
26 
25 
27 

~8 
22 
21 

3,730 , 221 

~del ~n cc. per i0 sec. 
~:a ~ust S opt ~mbe r 

Proto '~Model Proto Model 

, 29 20 
19 13 
29 20 
26 18 
29 20 
30 20 
30 20 

I 25 16 
I 22 15 

4,000 I 237 2,790 162 

REVISED 1931 T}~T 

with allow~uce for curtailment of irrigation 

Table 3 

October 
Proto Model 

, _ , , , , 

12 
7 

ii 
i0 
12 
12 
12 
9 

8 

1,590 93 

Prototype in acre-feet per month 
K~y June Jul L ........ 

-~5 . . . . .  r-~,-Ti ..... Draln . roto i J~ocel Proto -~[~ei- Proto Mod~l 

" t I 9,140 5 i0, i00 i0 10,900 , ii 
2 11,500 12 12,000 12 13,700 ~ 14 
3 15,~00 16 16,800 17 2i,800 22 

" 2,030 7,180 7,9~0 4 i0 14 20 
8,210 13,200 13,200 

* 9,070 .u,~20 15,160 

5 15,700 25 9, Z20 19 16,500 "~$ 

" 6,160 5,940 12,000 6 17 15 i 23 
II 12,000 12,000 13,300 1 

7 t[ i~, 300 14 Ii, 000 ii 15,300 I 15 
8 il 10,600 ii 11,500 12 16,200 I 16 
9 7,060 7 8,290 8 13,100 I[: 
i0 9,750 i0 7,860 8 i0, 4z~C } i0 
ii i 8,870 9 10,800 II ii, 700 ! 12 
I~ [ 7,858 8 8,~02 9 9,570 I0 
15 i 7,8~0 8 9,610 I0 11,400 Ii 
14 ii,000 ii 14, ~00 15 16,000 16 

,I i 

e85 percent upland diversions to a!l~ for return flow. 

Proto ~odel 

10,400 i0 
11,700 12 
14,500 14 
5,710 

ii 
6,1~0 

11,790 
23 9,620 

8,7%0 22 
14,600 
11,700 12 
12,500 13 
10,900 II 
12,O00 12 

6,550 6 
~,i00 4 
4,910 5 

13,600 1% 

~odel in cc. p e r  i0 sec. 
$e~ember October 

pr.__.o!2= = ,  ,,,?Je_! Proto " od l 

5,680 6 
6,950 7 

i69 

8,490 8 
9,550 9 

ii,400 ii 
4,480 7 
2,950 
6 ,920  

12 4 ,720  

4 ,380  16 
ii,200 

7,820  8 
i0, i00 i0 
6,290 6 
7,800 8 
5,74<) 6 
3,850 4 
3,850  4 
9,780 i0 

119 

~,120 9 
I,b6C 5 
4,070 
2,~0 

7 
4,i90 
1,7~0 6 

6,110 6 
7,800 8 
4,380 4 
4 ,5~0  5 
4,850 5 
$,420 3 
3 , 3 9 0 .  3 
5,440 5 

79 

7": 



DISCILARGE SCiH~DUL~ FOR 1941 TEST Table 4 

PRELIMINARY TEST 
l , 

Date 
Fr~n i To 

7-1  ~ 7 -15  
7-16! 7-$i 
8-1 ; 8-31 
9-i , 9-~0 

i0-I ! 10-51 

Pro%ot~rpe in,o.f.s. (i) 
Sacrmmento R. 
Proto 

11.040 
6.900 
4. 530 
5.170} 
7,010 i 

l ~ o d e  1 

652 
408 
268 
306 
415 

DISCHAS~GE 

San Joaquin ];. 
Proto  L ~od~l 

l 
15,6OO 804 
4,920 291 
2.095 , 124 
1,686 ! i00 
2,199 ' 150 

Model in cc. per i0 seconds 
~okelumne R. CoEsu~ t~us~_(2) Net flo,(3) 

Proto [ Model Proto I Model Proto { ~odel 

316 19 
316 ! 19 
210 I 12 

! is 
{ 

347 . 20 
n - i  i i - 3 o  9 ,5Bo ! 56e 2, 29 i i s 8  3as i $2 

i 

(i) Average discharge ~or period. 
(2) The con-umptive use same as in preliminary 1931 test table 3. 
(3) Net flow - River flow - consumptive use. 

! 
i 221 
i 221 
1 237 

185 

49 

1 1254 
" 497 
I 167 

256 ! 
4 7 2  

I ,687 
l 

Da~e 
Fr~n ; To 

7-1 : 7-15 
7-16 7-$1 
8-1 8-31 
9-i 9-30 

i0-i lO-31 
Ii-i ii-~0 

F~-~'I S ED TEST 

DISCF~/~G~ 

S a c r a m e n t o  R. Sen J o a g u i n  R. 

: 652 
' 408 

268 
$06 

! , ,i5 
566 

I 804 
! 291 
i 124 } 

IO0 
i 130 
I i38 

I 

Moke lumne R. 
Proto i Mod el 

"$.._.cL. r - ,  ~ , ~ - ,  

; 19 
19 
12 

20 
52 i 

Consumptlve use (4 ! 

! 2 4 6  
i 246 

255 
I i74 

97 

1 

Net flow 
P r o t o  ~ Model 

t 

l 1 2 2 9  

I 
1~9 

I 
{ 247 

468 
688 

CONSU~/FfIVE US3 FOR 1941 REVISI~D T31~T (4) 

Drain 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

13,890 14 

DASCHA~,OE 

July August Sept.:bet 
Proto i ° :.' ~ l . . . .  ---~.- ............... 

i 18,226:18 
i 22,8~2 ~ 2~ 
i 15,743 2o(5) 

zs, i 12(5) 
} 13, ,,mI 2 (5) 

16,464~16 
15,59114 
10,906 11 
14,945~ 15 
14,472i14 
13,592114 
1 5 , ~ 8 5 ' 1 6  

15,927i 16 
18,1821 18 
20,648i 21 
13,941 ;' 18 
i9,140 31 
1 4 , 6 5 7  ~ 2£ 
1 5 , 2 5 8 '  15 t 

16,895 ! 17 
16,0511 16 
15,353i 15 
17,~58 ; 18 
17,682! 18 
15,260i 15 
16.462i 16 

i 

!2 ,56v .  I 12 
12 ,433 !  12 
13,5621 14 

6,252 i 12 
12,465 20 
11 ,251 .  16 
I0,4581 !0 
11,468! ii 
ii,517 12 
~,8S71 I0 

12,816 13 
12,388; 12 
10,450 i0 
11,454 : Ii 

O c t o b e r  November 

7,823: 8 
7 , 2 1 3 !  7 
7,9281 8 
3 , 5 8 1  ~ 5 
6 , 3 3 9  ' 9 
4 , 9 3 5  6 
5,703; 6 
7 , 6 0 2  I 8 
7 , 5 3 2  I 7 
5,6~6 6 
7,S12[ 8 
8 , 0 9 5 i  8 
b , 7 0 ~  6 
6,1~i 6 

2 , 9 7 4  3 
4,009 4 
5,0351 5 
2 ,539 ;  3 

"15 4 
2,~34i 3 ! 
3,452! 3 
4,E76 ~ 4 
3 ,116  5 
2,937 3 
3 ,477  5 
5 , 5 1 4  4 
2,~2~ 3 
3 ,~02  i 3 

(4) Consumptive use based on 1951 crop survey without amy restrictions of flow. 
(5) Consu~iptive use at drains 4, 5, and 6 includes upland divers1~ns, 

December 

2,03$ 
2,661 
3,345 
1,756 
2 , 4 6 3  
1,955 
2,3V0 
2,662 
2,248 
2,065 
2,$89 
2 , 5 6 7  
2 , 0 7 5  
2 , 5 6 2  

l 
2 

i , 3 
I 
I 3 

2 
! 2 

2 
t 
l 2 

3 
{ " 2  

2 
2 
3 
2 
2 



$ 

? 

*Drain 
deslgnation 

W%ter 
consuming 

tracts 

1 
_ . = 

Sherman Is • 
Twitohe Ii Is • 

R .P~ .50 

Dontan Is.~ 
~est Is • 

Kimball Is. 
Rorseshoe Is.- 

Black PoSnt 

Col llnsvl lie ) 
Manor) 

i 2 

R.b ,2059 
R.I,. 650 
R.D .1619 

F r a n k s  Tr. 
~otohkiss +) 

R,D . 7 9 9 )  
R . D .  2 02.=, 
Webb T r .  

Porter Est. 

17~ter ~ 7,52b 5,961 

~{Tu:les {~ 70 ~ 6~9 

Wil lows li 0 0 

diversions ! 

*See f i g u r e  I f o r  d r a i n  location. 

APPORTIONMENT OF C~SUMPTIVE USE TO DRAINS - REVISED 

The total consumptive use for any year was  computed for 
each traet a c c o r d i n g  t o  c r o p  s u r v e y  of 1931 

7 {,, 8 i0 '11 12 : 

• D .2065 
R.D .2036 
• D .2028 

Henning 
Quimby I s  • 

Mandevllle Is. 
Medford Is. 

McDone ]d I s .  

Or~ood Tr. 

Woodward Is, 
'He~dreach Is. 

Hog Is. 
M~ idred Is. 

]O~ood ) 
1 Highlands) 
: Rhode Is • 
: Lower  J o n e s  
[ 

Byron Tr. 
Viotorla Is. 
Baird Raue~ 

Drexler Tr. 
Upper Jones 

ney is • 
Union 
,ism Tr. 

C)Ifton Ct. Tr. 
Widdow 18 • 

! 

l,~l~ -~i ...... 4__04__, _~ 174 

I 0 .  I0 

C~n~r. co~t_, j Both~y i 

Uidd l e  Rober~ 
U p p e r  Roberts 

Boggs Tr • 

The Pocket 
Calif. Irr. ?arms 

Fink & Wink]st 
More~ng Ranch 

974 

13 

769 
S~n J o a q u i n  

u p l a n d  s 

Lower Roberts 

S too k~om Acres 

Smith Tr. 
Sa rKeant ) 

Bernhard) 
S~m te Farm 
Fox Ranch 

~roh C~rd. ~) 
B r o o k e [ d e  Tr.) 

E lamvood Tr, 

Shims T r .  
Wright Tr. 
Rindge T r .  

R .D .  1614 
H o n k e r  L .  T r .  

V e n i o e  I8 ' .  
Empire Tr • 
King Is. 

Bishop Tr. 
Bishop ) 

Highlands) 
Rio Blanoo 
Bouldin Is. 

Terminous Is • 

Bigger & Inman 

Tulle Is • 
Spud Is. 
Fern Is • 
Fay Is. 

State-.,. I s  , '  
Tyler I s  • 
Brack Is • 

R.D .34B 
Canal Ranch 

Deadhorse Is. 

MoCormac k 
R .D • 1002 

R ,D . 554  
z/2 ~.~.az3 

R.D i369 

~ h s r d t  Club 

2/S Piers on 

B ramm~ 

~ Grand Is. 
' IfZ RMer 

I / 2  Andrus, • 

Prospect Is, 
ULb,'rty 

Little , ) '  

1i~ ~,r 
~astlngs 

Suffer Is. 
Rande ii : I s .  
Merrill Is • 

~/2 R.D,999 
z/~. R.D glS 

R.D.SS6 J I/3 P i e r s o n  
2_~5 Grand"  I s  • 
8S 

l ............. - - T  . . . . .  l . . . . . . . . . . . . . . . . .  r . . . . . . . . . . . . .  F ~ - - - -=~ 
i 778 L i 

lJ i0 9 i , 16 i ...... ........ '" 

I 

, ,, , ' ...... 

' , ' 882 " 2,875 l,Oi8 ' 

" 5 I 15~ ' 0 
; .|' • . " . . . .  • • ° - 

0 i 1 9  5 5 .  0 
I r .... I q i* 

• ' . , . 

.,. . .... , .. 

Tab le 5 

- = 

EoD • 744 
R.D .900 

Contcnt 
Edinger- 

Jolmson 1 
Ida Is. 
R.Z*67S 

R.D • 745, • 

R,D • d2@: ~i 

R.,D ..76 5 - ' i  
W,D .~307 

i/2 R.D .99S 

) ,880 

0 

- f .  

" ' 2 "  

,1 
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