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Q 

1. I n t r o d u c t i o n .  This r e p o r t  i s a  , c o n t i n u a t i o n  o f  ~ h y d r a u l i c  

l a b o r a t o r y  r e p o r t  Nee 142, , P r o g r e s s  r e p o r t  on model s t u d i e s ,  o f  : the  

Sacramento-San Joaquin Delta - Central Valley, California," to which 

r e f e r e n c e  i s  made f o r  details and ba%kground conce rn ing  t h e  i n i t i a -  

t i o n  of the hydraulic model studies as well as details of model con- 

struction. For the  purposes  of  t h i s  r e p o r t  i t  i s , s u f f i c i e n t  t o  

summarize briefly the pertinent points of the earlier report. . 

After suitable adjustment of the model~ (figure I) the tidal 

t flow, as indloated by the variation of stage a numerous stations 

throughout the Delta, was similar in general to that of the prototype. ' 

V e r i f i c a t i o n  o f  s a l i n i t y  i n t r u s i o n  by d u p l i c a t i o n  o f  h i s t o r i c a l  t e s t s ,  

was n o t  s u c c e s s f u l ,  even a f t e r  a d j u s t m e n t  

count  f o r  i t s  c u r t a i l m e n t  du r ing  p e r i o d s  

t r u s i o n .  T h e - a p p a r e n t  r a t e  o f  d i f f u s i o n  

of the prototype in all tests. In tests of~stea~ state sallnlty 

distribution, called equilibrium tests in the report, a greater !',flow 

was required in the model to establi-~h the estimated gradient than 

the control flow predicted in Bulletin 27o* The probable sources of • 

It- 
"Variation and Con t ro l  of S a l i n i t y  i n  Sacramento-San  Joaqu in  D e l t a  
and Upper San Francisco Bay," Division of Water Resources, State 
of California, 1931. 
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the dlscrepancios between model and prototype were discussed, and bvo 

possible methods of adjustment were suggested: (I) alteration of the 

rate of diffusion in the model by slmplifyin~ the channels and (2) 

distortion of the discharge scale to offset the high diffusion rate 

of the model. 

Other Feasible explanations for thediscrepancles betweenmodel 

and prototype were offered in a letter from Raymond M~tthew, Super- 

vising Hydraulic Engineer, Divl sion of Water Resources, to Edward 

Byatt, State Englneer of Callfornia, after Mr. Matthew returned from 

the conference relative to the model studies, held in Denver from 

January 27 to February 2, 1944. In this let~ f ~hich"as 

sent to the Bureau, he suggested that tbo ex I .... 

"I. Too large a tidal flow into the.San Jc 
and not enough into the Sacramento RiverDelta, for some 
reason so far unexplained. 

"2. Division of flow through channels connecting 
Sacramento and San Joaquin Deltas, not according to proto- 
type. 

"5~ Tidal cycle variation of salinity at Collinsville 
and Antioch not conforming with prototype." 

In connection with the first of these suggestions, a memorandum 

written by Martin H. Blote, Associate Hydraulic Engineer, Division of 

Water Resources, was transmitted to the Chief Engineer by Mr.:~att, 

in which it was pointed out that by, assuming a constant datum plane 

d u r i n g  c o n s t r u c t i o n  o f  t h e  mode l ,  t he  San J o a q u t n D e l t a : w a s  i n  g e n e r a l  

about OeS foot (0.005 foot, model) too low. This Feint..wae carefully 

considered, and it was decided that revision of the model would not be 

Justified for the following reasons: 

i. The revision would be one of shifting the bed levels 

and not the water lorelei so the effect would be principally 

a cha~e in channel resistance due to a change in cross- 

sectional area. Since the model resistance was artificially 



adjusted in the tldal-verlfication studies, this effect!was 

a t  l e a s t  p a r t i a l l y  c o m p e n s a t e d .  ~ 

2. Since the survey used :in building the model dates 

back  as f a r  as  191~,, i t  i s  p r o b a b l e  t h a t  i n t e r v e n i n g  changes. 

i n  the  channe l  bed which  w e r e ~ n e c e s s a r i l y  n e g l e c t e d - i n - t h e  

model would be o f  a t  l e a s t  t he  same o r d e r  o f  m a g n i t u d e .  

3. Any change o f  t h e  o r d e r  o f  OoG08 f o o t  l i n l t h e  model 

would be at the limit of accuracy of the~model-construction. 

Q 

With respect to the second of Mr. Matthew,s suggestions, it 

devel, oped in later tests, which will be discussed subsequently, that 

after certain other adjustments weremade, theeffect of an erroneous 

division of the Sacramento River flow became evident and was correc- 

ted in the model. '~ 

His third sugges,tionwas based upon the lack o f  agreement be- 

tween model measurements of tidal cycle variation of salinity~for 

equilibrium (steady state) conditions compared to prototype estimates 

based on measurements made for nonequilibrium (transient) conditions. 

Unless the salinity gradients were similar for the ~wo different con- 

ditions, which is unlikely, agreement could not be expected. Varia- 

tion of salinity during a tidal cycle is a funb:i'*J~bn of the salinity 

gradient and the amplitude of tidal flow, which is the distance 

traveled by the water during the cycle. Since ~he amplitude of tidal 

flow of the model was approximately correct ~s shown by the tidal- 

verification studies, the disparity between model and prototype tidal 

cycle variation, of salinity was fundamentally one of salinity lgradi- 

ents. This point was illustrated nicely by the/~ests with the channels 

simplified to reduce diffusion. Due to the steepening of the salinity 

gradient, the tidal cycle variation of salinity was greatly increased. 

2. Tests with simplified channel. As explained in the first 

progress report, tidal diffusion in the model was accomplished mainly 

by the mixing action of the vortices -hich, admittedly, are distorted 

3 
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in the model. The vortices resulted fromsharp changes In channel 

shape and allnememt and were materially reduced in ~ number when the 

San Joaquin River between Collinsville and Jersey was replaced b y - a  

smooth, uniformly tapering channel, No change was made in the 

Sacramento River above Collinsville, since the natural channel was 

practically uniform. The course of the rivers at thelir Junctlo~ near 

Collinsville was straightened by removing par 

that section~ and the connection with the app de 

with an easy curve° Several small islands, as well as the flooded 

area on Sherman Island, were eliminated. 

The unbalance in the tidal adjustment resulting from these 

changes was expected and was not considered important because in 

t h e s e  t e s t s  t h e  t ~ d a l  a c t i o n  was r e g a r d e d  o n l y  as  a, mechan i sm,  i n a  

qualitative sense, which caused the advance cf salinity. As com- 

pared to the Sacramento River, occurrence of tidal phases was ad' 

vanoed in the San Jcaquin Rivers but the shape and ~the amplitude 

were nearly correct. It was necessary to partially block Three Mile 

Slough to prevent excessively high flow to the San Joaquin River. 

The results of equilibrium test No. i0, ~with a net flow of ~,300 

second-feet, are shown in figure 2. Sailnitiee at high-high tide for 

the various stations, referred to I00 at Antioch, were 180 at 

Collinsville, 5 at Jersey, and 15 at Emmaton. A comparison wlth a 

similar test for the original channels equillbriumtest No. 4, first 

p r o g r e s s  r e p o r t ,  shows t h a t  t h e  ~ s a l i n i t y  g r a d i e n t  ~ a s  • 

enough to resemble the gradient predicted for ~,300 s 

Bulletin 27. As a result of the steepened gradient the tidal varia- 

tion of salinity was also increased. The salinity atAntioch varied 

from 180 at high-hlgh tide to 20 at low-low tide, which is approxi- 

mately the range measured in the prototype. 

The magnitude of the change accomplished by the device of reduc- 

ing the number and the size of vortices indxcated that it could be 

4 
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-used  a s  a t o o l  f o r  a d j u s h i n 6  t h e  s a l i n i t y  i n t r u s i o n  o f  t h e  m o d e l .  I t  

had been planned originally to adjust the model diffusion on the basis 

of tests of historical intrusionse H£storical tests were difficult~to 

make at best, and when it is considered that in an historloal~test the 

intrusion was governed as much by the magnitude and the variation ell 

net discharge as by diffusion, it is apparent that'thls type oftest 

was not too desirable as a criterion for adjustment of the model. If +~ 

sufficient prototype data were available for e~ilibrium or steady 

state ~salinity distribution, the model adjustments would have-been 

reasonably s t r a i g h t f o r w a r d  b e c a u s e  the variation of net flow would be 

eliminated. This type of data was not available except for one per~od 

ending November 15, 1929, during which time-an average net flow Of 

8,000 second-feet prevailed. The salinity measurements indicated that 

a steady state had been reached. The only qualifying feature was the 

fact that the condition occurred after a period of retreat rather than 

after an advance of salinity, which might make the apparent;control 

flew too high if, as claimed in Bulletin 27, the. flew required to 

e f f e c t  retreat of s a l i n i t y - o f  a g i v e n  d e g r e e  i s  gr"ater than the flow 

required to contain sa l i n i t y  of the same degree. 

Overlooking this point fo r  the time, an e ~ i l l b r l u m  tes t  was mmade 

wi th a net f low of 6,000 second-feet. £ t  was foun~ that the sa l in i t y  

would not advance much beyond Antioch although a high concentration 

was maintained at Collinsville. The steepness of the model gradient 

compared to that of the prototype indicated that the diffusion o~f the + 

simplified channel was much too low. The amount of revision of the 

simplified channel required to increase the:model diffuslonand thus 

decrease the gradient to the correct value was indicated in equilibrium 

test ,No. 8, which was described in the flrst repo~t, In this test it 

was f o u n d  t h a t  w i t h  t h e  o r i g i n a l  model  c h a n n e l s  and a n e t  f l o w  o f  

6,600 second-feet, the model gradient was quite similar to the proto- 

type gradient of November 1929+ Although the net flew was not quite 

right, it was definitely indicated that the dlf£ueion of the orlginal 

5 



o 

model channels was, nearly correct. 

These conclusions relative to the model diffuslon were based on 

the reliability of the November 1929 steady state as a criterion of 

model performance. The increasing importance of this pro ,:data 

made it necessary to establish whether or not its use mus ~ali- 

fled because it occurred during retreat of salinity. A~ccording ito 

Q 

dent of the'dlreetion from which the condition is approached, provided 

sufficient time is allowed for establishment of a true. steady state, 

A rough test in which the steady state for a net:flowi0f.6,000 second- 

£eet was established, after retreat from higher salinities, indicated 

that the grad.ient would be approximately the same as.the one estab'. " .... ' 

llshed.during advance of salinity, The test wasnot con ~I,,°4v~ ~-w- i-~ 

ever, because the salinity gradient with thesimpllfied 

too steep fon a reliable comparison. AmOre oomplete test/of the" same 

type was scheduled for repetition with the original channels. 
f 

Before the simplified channel w~s abandoned, an historical test 

was made to determine bowmuch transient conditions were affected by 

the reduction in diffusion. For this purpose the season of I929was 

selected because abundant prototype data ,were season 

and it included the important steady state, the 

model salinity advanced too f~f up the San Joa~in River despite :the 

reduced diffusion of the model channel. Although part of ~ss 

was due to the difficulty of oontroln  salinity at  lnnsvine, the 

large model intrusion indicated that the net flow was too low, This 

point was demonstrated by repeating the test with the net flow altered. 

The amount of alteration was obtained from the time graph of salinity, 

corrected to a common tide of 180 percent at Collinsville, a spring 

high-high tide, sho~n in figure ~. The marked decrease in the slope 

of the curve about August I0 was taken as an indication of an increase 

in net flow. As no appreciable change in flyer flow occurred atthat 

time, the increase in net flow must have been caused by a decrease in 

6 
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c o n s u m p t i v e  u s e .  Dur ing  t h e  pe r~od  f r o m  A u g u s t  10 to  S e p t ~ b e r  lm t h e  

s l o p e  o f  t h e  c u r v e  r e m a i n e d  ~ r e  o r  l e s s  c o n s t a n t  w i t h  a c o n s t a n t  
e 

river flow~ so it was reasoned that the consumptive use was alsooon- 

stant. When a model test was made with ~he rate of eonlumptive use 

lowered by extending the September value forward to August i0, the ad- 

vance of salinity ~ r~k closely resembled that of the prototype, and the 

retreat was equally good until NoveBber. During November the salinity 

in the model continued to retreat instead o~ stabilizing as in the 

prototypes Apparently the model was at~e~pti~ t o  establish the c o n -  

d i t i o n  which prevailed in the equilibrium test with 6.000 second,feet 

net flow. This was further proof thatthe steady state salinity di~ 

t r i b u t i o n  was n o t  a s  d e p e n d e n t  upon a d v a n c e  o r  r e t r e & t ~ a s  was p r e -  

v i o u s l y  thought. The test also demonstrated that the net flow was a 

 eat.r fac r diffusion in  ntrollln  hls ric 1 infusion. 

5. Comparison of advance and ~ retreat. As soon as the original 

model channels were replaced, a special t~st Was ~de to determine 

the effects of advance and retreat on alinlty dis- 

tribution. Regardless of whether or n, elon is in 

proper similitude to the prototype, it is a similar ph~omanon and 

would be governed by the same general laws. ,The gemeral oha~cteris- 

tics the  dei diff  islon would then be applicable to 'the prototype, 

Two model tests were made with all condit~ 

in the first test the salinity advanced u I ~ ~ 

initially contained only clear water and in the ~ second test the salin- 

ity retreated from values which were initiall~ higher 

than thoBs reached in the steady state. In b¢ ~ was a 

constant total net flow of ~,000 second-feet consisting of 5,000 

second-feet of Sacramento River flow and I,O00 second-feet of San 

Joaquin River flow which approximates the net ri~er flow of the 

October-November 1929 period~ The eeti~ted division of flow past 

Antioch was 2,500 second-feet in the Sacramento and ~,500 second-feet 

in the San Joaquin, although it was not important in this comparative 

7 



4 

e~ 

Q 

consumptive use. Duri~ the per~od from August 10 to September 1, the 

s l o p e  o f  t h e  c u r v e  r e m a i n e d  n ~ r e  o r  l e s s  c o n s t a n t  w i t h  a c o n s t a n t  

r i v e r  ~'low~ so i t  was  r e a s o n e d  t h a t l t h e  c o n s u m p t i v e  use  w a s , a l s o - c o n -  

s t a n t .  When a model test was made with the rate ofconsumptlve us@ 

lowered by extending the September value forward to August I0, the ad- 

vance of salinity closely resembled that of the proto~pe, and the 

retreat was equally good until November. Durim~ November the salinity S 

in the model continued to retreat instead of stabilizing as in the 

prototype. Apparently ~he model was attempting to establish the cone 

dition which prevailed in the equilibrium test with 6,000 second-feet 

net flow. This was further proof that the steady state salinity di~-, 

tribution was not as dependent upon advance or retreat as =aB pre- 

viously thought. The test also demonstrated that the net flow was a 

greater factor than diffusion in controlling an historical intrusion° 

8. Comparison of advance and retreat. As soon as 

model channels were replaced, a special test was made to 

the effects of advance and retreat on the ni~, dis- 

tributlon. Regardless of whether or not _ ___n is in 

p r o p e r  s i m i l i t u d e  %o t h e  p r o t o t y p e , ,  it is a simila'r phenomenon and 

would be governed by the same general laws. !The general characteris- 

tics of the model diffusion would then be applicable 

Two model tests were made with all conditions the sam 

in the first test the salinity advanced upstream in cl 

initially contained only clear water a~d in the s e c o n d  test the salin- 

ity retreated from values which were initially considerahlyhigher 

than those reached in the steady state. In both tests there was a 

constant total net flow of 6,000 second-feet consisting 0f 5,000 

second-feet of Sacramento River flow and 1,000 second-feet of 

Joaquin River flow which approximates the net river flow of the 

0ctober-November 1929 period° The estimated division of flow past 

Antioch was 2,500 second-feet i n  the Sacramento and 8,500 second-feet 

in the San Joaquln, although it was not important in this comparative 

7 
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test. Due to the variable nature of the fades, sit was necessary to 

make measurements at a given station on identical tides and in general 

to use considerable care in conducting the tsetse 

The results, shown below in tabular£orm, indicate that the same 

s t e a d y  s t a t e  w a s  r e a c h e d  w h e t h e r  t h e ,  s a l i n i t y  w a s  a d v a n c i n g  o r  r e t r e a t -  

in K . An extended period of time was allowed in each test to insure 

that a true steady state hadbeen reached, because an apparentdiffer- 

ence would exist if insufficien~ ~ time were~allowed. 

Station 

P r o t o t y p e  , MODEL 

NoV.(Antioch1929 Salinity advancing. I ~Salinit retreatin 

= i00) Start Finish I_ Start i Finish 

.L 

Q 

The dlf~erenee in the salinity at Three Miie Slough!~'and at Jersey 

for advance a~retreat was attributed to erratic readings andhas~no 

special signifi~,~anoe. The slightly higher ealinitles for retreater 

Twitchell and at Central Landing were significant because they de.on- 

err&ted the manner in which ~alinity from sun earlier intrusion can 

become trapped in the San Joa quin River above Central Landing. As 

the major portion of the transfer flcav reached the S~n Joaq~in River 

at or below Central Landing, ~hrough Ge, orglana and Three Mile Sloughs, 

any reduction of salinity in the San Joaquin River above Central 
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Landing had to  be a c c o m p l i s h e d  l a r g e l y  by  d i l u t i o n  or  n e g a t i v e  d i f f u -  

s i o n .  Elsewher~,, as in the Sacramento .River, the salinity was reduced 

more q u i c k l y  by  e' the d i r e c t  d i s p l a c e m e n t  o f  a p o s i t i v e  s t r e a m  f l o w ,  

With thqJ n e c e s s i t y  f o r  q u a l i f y i n g  t he  i n d i c a t i o n s  o f  t h e  November 

1929 steady state eliminated by the comparative model tests, it w~s 

accepted as prototype evidence that fora steady state salinity pattern 

the total ~et stream flow requir~ed to maintain a mean tidal-cycle- 

surfaceosoi~c salinity of ,I00 parts of chlorine per lO0,000 parts of 

water at Jmtioch is approximately 6,000 second-feet. The large dis- 

crepancy ~between thiB value and the control flow of 3,~00 second-~eet, 
I 

which was the an~unt estlmated in Bulletin 27 to,accomplish the same 

pu~'pose, suggested the possibility that the method of analysis used 

in Bulletin 27 was not complete. Discussion of this method of.analy- 

sis is deferred until an alternate method of ~ presanted. 

Although the prototype division of flow between the two rivers 
° 

was not necessarily duplicated in the model, it .was approximated suf- 

ficiently close to allow a comparlsonof Salinity gradients. The fact 

that model and prototype gradients were similar was further evidence 

that the modelldiffusion was close to the correct value. This situa- 

tion, together with the fact ~hat changes in net flow were shown to 

have a much greater ~ffect than changes in diffusion, indicated that, 

for reasons unknown, the net fin used In ~ the previous hiltorioal 

t e s t s  was no t  c o r , ' ~ c t .  

4 .  P r o t o t y u e  d a t a  examined In the  l i g h t  o f  t he  i n d i c a t i o n s  o f  

the model tests, the prototype data were exanJne~ for corroborating 

e v i d e n c e  and f o r  p o s s i b l e  e r r o r s  in  t h e  d a t a  used  t o  o b t a i n  the  v a l u e s  

of net flow. These values of net flow were obtalned by eorrecting ~ 

gross inflow into the Delta for extractions such as consumptive use 

and additions such as return flow from upstream diversions. The gross 

inflow was determined from river gagings, with suitable adjustments 

for extractions and additions outside the Delta limits, and is open to 

little question. While the consumptive-use ~ values were obtained from 



use  r a t e s  d e t e r m i n e d  by t h e  a c c e p t e d  method o f  t ank  measurements ,  i t  

i s  e s t i m a t e d  t h a t  t h e i r  a c c u r a c y  i s  n o  b e t t e r  t h a n  p lus  o r  minus t e n  

p e r c e n t .  The s c h e d u l e  o f  consumpt ive  use  shows a v a r i a t i o n  f rom 500 

to  3,700 s e c o n d - f e e t ,  w i t h  t h e  maximum o c c u r r i n g  i n  Augus t .  In  com- 

p u t i n g  the net flow, it was assumed that consumptive use ford,any 

g iven  t ime i n t e r v a l  was s u p p l i e d  by d ive r s ion>  o f  an  equal  ~ a n t i t y  

f rom the  r i v e r  channe l s  d u r i n g  t h e  same i n t e r v a l .  The p o i n t  t s  t h a t  

if, for reasons not clear at this ,time, there is a time lag between 

d i v e r s i o n  f rom the  r i v e r  f l c ~  and consumpt ive  u s e ,  i t  would e x p l a i n  

some of  the  c o n f l i c t i n g  e v i d e n c e .  

An e z - ~ t i o n  of Plate LXXX, page 227, Bulletin 27. shows that 
n 

in the years 1924 and 1926 the maximum salinity at Colllneville 

o c c u r r e d  a t  a t ime when, a c c o r d i n g  to  t h e  h y d r o g r a p h s  o f  g r o s s  i n f l o w  

azd the consumptive-use curves in the lower portion of the plate, the 

net flow was practically zero. It hardly seems li~sly that the salin- 

ity i n t r u s i o n  was h a l t e d  and r e t r e a t  begun a t  a t ime  when t h e r e  was 

zero net flow. For the years 1920 and 1929, the net i flow was positive 

downstream a t  the  b e g i n n i n g  o f  r e t r e a t  but  amounted to o n l y  700 o r  800 

second-feet. In 1920 the rise in salinity was abruptly halted and 

n e a r l y  s t a b i l i z e d  a t  a t ime preced ing  the  o c c u r r e n c e  o f  t h e  maximum 

s a l i n i t y ,  when t h e r e w a s  a d e c r e a s i n g  n e g a t i v e  n e t  f l ow ,  Al l  o f  t h e s e  

indications point towards the probability~ of higher net flows .than 

those shown. 

Q 

A d d i t i o n a l  e v i d e n c e  was o b t a i n e d  b y a n  e n t i r e l y  d i f f e r e n t  a v p r o a c h .  

In p l a c e  of  t he  d i f f e r e n t i a l  e q u a t i o n  o f  eddy d i f f u s i o n ,  ~,I:be 

p r e s e n t e d  s u b s e q u e n t l y ,  a f i n i t e  d i f f e r e n c e  e q u a t i o n  was d e v e l o p e d  by 

t r e a t i n g  the  e n t i r e  body o f  w a t e r  pe rmea ted  by s a l t  as a u n i t .  

Cons ider  t h i s  body o f  st:~!t w a t e r  ups t r eam f rom a g iven  s e c t i o n .  

The total salt contained in this water is o the volume integral of the 

s a l i n i t y  d i s t r i b u t i o n  a t  any g iven  t i m e .  S a l t  i e  added t o  t h e  s e c -  

t i o n  more or  l e s s  c o n t i n u o u s l y  by t i d a l  d i f f u s i o n  w h i l e  s a l t  i s  be ing  

removed by n e t  s t r e a m  f l o w  ou t  of the  s e c t i o n .  The s a l t  added b y  
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diffusion is proportional t o  the salinity &S gradient and the salt 
A x  

removed is equal to the product of the net outflow and the +mean salin- 

ity Qn~. The net change In total salt for a~ interval of+tlme aT 

is equal to the dif£erence between the two factors over the same inter- 

val, irrespective of the distribution of salt through the water priam. 

a ( s  x v )  a s  Q 

AT . . . .  . . . .  . . . . . ' . . . . . . . . . . . . . ( 1 )  

where 

$x V - total salt of  water prim.. 

a ( S V )  
T " change in total salt during interval ~,T, 

K - diffusion coef£icient for the section, 

Qn " average net di'scharge past section for interval a T, 

S - mean salln~ty at section averaged over interval ~ T. 

The total salt at any given time was evaluated ~e curve 

of measured salinity versus channel volume, an, Its were 

AS obtained. Evaluation of the salinlty-gradient term x proved to be- 

e much more difficult task. An approximation of the term was made'by • 

using the difference in salinity between the section under oonsldera- 

tion and the next station upstream "divided by the distance betwee~ the 

two stations. These values were erratic, and it wasnecessary to use 

considerable Judgment in selecting the mean value. The mean salinity 

in the last term was taken from the curves of mean salinlty shown An 

Bulletin 27. The diffusion constant ~ K was evaluated from the steady 

state data of November 1929. With all the terms known fora giveL 

interval, the average value of net+flow for the interval was computed 

by the e~uation for several months of 1928, with Bullshead Point as the 

base section, as shown in the following table. The value of K for 

this station was taken as 2.25 x lO 5 inmiles times acre-feet per ~ay, 
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Interval 

A ( s  x v )  

a T  

p a r t  p e r  
I00,000 

June  59. =~x i05 

July 98.0xi05 

August 47. IxlO 5 
r 

== 

0 bet)- 
Q (net) o (gro s s )  

- , , m i n u s  

The most significant point shown b y : t h e  above eoaputation is the 

difference in the two net flows for August. The value obtained from 

the actual, measured, salinity intruslonlis more than 2,800 second- 

Q 

only by decreasing the consumptive use from 3,700 to 1,000 second-feet. 

~imilar computations were made for other years of record, and, though 

the values for a~ month were not conslstent enough towarrant inclusion 

in this report, the same drup in the August consumptlve use was indi- 

cated in every trial. 

The main  cause  o f  t h e  i n c o n s i s t e n c i e s  was u n d o u b t e d l y  t h e  e r r a t i c  

n a t u r e  o f  t h e  v a l u e s  o f  t h e  s a l i n i t y  g r a d i e n t  ~ -  P r o b a b l y  t h e  

b e s t  da t a  f o r  e v a l u a t l n ~  th~ g r a d i e n t  were  t h e  measu remen t s  o f  t i d a l  

c y c l e - v a r i a t i o n  of  salinity shown i n  B u l l e t i n  27.  With m o r e  o f  t h i s  

type of data and some Mnowledge of the amplitude of tidal flow, a more 

reliable evaluation of the salinity gradient m~ght have been possible. 

One of the weaknesses of the method used to approximate the salinity 

gradient was the assumption that the amplitude of tidal flow was large 

enough to include the two stations used. If suitable means could be 

found for evaluating this term from prototype data, equation (I) offers 

a means by which net flow could be computed from measurements of 
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s a l i n i t y  i n t r u s i o n  and g r o s s  f l o w .  

The d a t a  f r o m  t h e  s p e c i a l  model  t e a t s  w h i c h  w e r e  nade  i n  c o n n e c t i o n  

with appendix I, and w h i c h  will be p r e s e n t e d  s u b s e q u e n t l y ,  w e r e  tried 

in equation (I) with little success. The model intrusion occurred so 

rapidly and the salinity gradient was so steep att~ beginning of the 

model that it was difficult to select the mean Talues of the required 

factors. 

5. Historical tests with adjusted net flc~. The :possibility of 

i m p r o v i n g  t h e  mode l  s a i l  i r u  i 8 t i n  i n e t  f loW: had  b e e n  

apparent since the preliminary ~linity verification tests, bu 

not exploited until evidence supporting such an adjustment was found. 

The nodel tests showed that minor revisions in consumptive 

changes in diffusion were not effective in reducing the ex 
w o 

trusion of the model~ but when the net flow in the zodel was increased 

for the short period of one month, a considerable change in the model 

salinity intrusion was obtained. This indication was corroborated by 

the prototype data of Plate I~XX, Bulletin 27, which showed that the 

net flow obtained in the accepted manner was too lowduring the months 

of August and September. Changes in net flow were then considered 

Justified, and a series of tests was ~de in which the net flowwas ad- 

Justed to make the nodel and the prototype salinity intrusions agree. 

The accuracy of the values of net flow obtained in this ma~uer depended 

upon the similarity between the nodel and the prototype diffusion. 

Similitude relationships, or scale ratios, for diffusion and salinity 

intrusion were not shown in the first progress report because they 

could not be developed until the eddy diffusion analysis was introduced 

into the study. The development of the scale ratios pertinent to salin- 

ity intrusion will be demonstrated subae~ently when the eddy diffusion 

analysis is presented. The scale ratio controlling the time rate o f  

change  o f  s a l i n i t y  h a s  t h e  same d i m e n s i o n s  a s  t h e  t i m e  r a t e  o f  d i s c h a r g e ,  

provided the model was adjusted so ~hat it duplicated a known steady 

state in the prototype. Since the model and the prototype agreed approx- 
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imately for the November 1929 steady state, at least In the region 

from Collinsville to and including Jersey, thedischarge required its 

make t h e  model i n t r u s i o n  d u p l i c a t e  t h e  p r o t o t y p e  i n t r u s i o n  in  , t h i s  

region was approximately the netdischarge which prevailed i n  the 

prototype. 

As a first step in this aeries of tests, the 1929 historical 

test, with the simplified channel and the consumptive use decreased 

after August i0, was repeated with the orlginal channel. Since this 

teat was essentially qualitative, the testing procedure was not held 

in accordance with a planned schedule. Consumptive use was not taken 

from the drains but was accounted for by decreaain~ the river inflow. 

During the test, the roughness in Three Mile Sloug 

Slough was adjusted several times when the salinity appeared to be 

advancing too rapidly up either river. Itwas observed that the ampli- 

tude of the tides was less than intended. For example, a 5-foot tide 

as indicated by the tide camwas only 4-I/2 feet in the mdelj but the 

condition was not corrected for this preliminary test. 

The results, which were similar to those she 

were sufficiently good to warrant a repetition of 

carefully controlled condition,. A new discharge Schedule was pre- 

pared by advancing the consumptive-use schedule 20 days. This oRange 

was made on the basis that there was a lag of 20 days between diver- 

sion from river flow and consumptive use. This appea~ed to be a m~re 

logical way of obtaining the desired net flow than merely lowering 

the consumptive use after August i0. Consumptive use was actually 

taken from the drains, although several drains were combined when they 

were located upstream from the point of greatest advance. In addition, 

the amplitude of the tides was corrected and the roughness in Three 

Mile and Georgians sloughs was fixed. 

In the first trial with these reTisions, the salinity advanced 

too fa~t in the San Joaquin channels. After checking the model and 

finding nothing wrong, the tidal amplitude was adjusted me that a 
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5-foot tide was again 4ol/2 feet. The effect of reducing the tidal 

amplitude was a decrease in tidal~flow and consequently a decrease In 

diffusion, although the change in diffusion was much smaller than the 

change in tidal amplitude. Since the tide earn was originally~cut 

from the August 1941 records and was being used for other years, the 

change ~n tidal amplitude was not considered critical. The shape of 

the tides and the variation in tidal flew were still correct and 

could be even a closer approximation of the desired tide than the 

August 1941. tide. In any event, the adjusted diffusion could be 

accepted as being more nearly similar to that of the prototype if in- 

trusion was improved by the change. 

The adjustment in tidal amplitude improved conditions somewhat, 

but not nearly as much as was expected, and the salinity still advanced 

too fast in the San Joaquin channels. It was observed :that~there was 

pr~otieally no flow down Georgians Slough. Thiswould account for the 

o b v i o u s  deficiency of net flow inthe San Joaquin channeleo To elimi- 

nate any question regsrding the magnitude of the transfer flew through 

Georgians Slough, which has been troubleson 

tests, the following procedure was adopted l 

its bifurcation with the Sacramento River, 

flew was added directly to the slough. The Sacramentm River flow was 

decreased by the same amount. The estimated transfer flows were ob- 

tained from Plate XXVI, Bulletin 27, which shows the relationship 

between flow in Georgian~ Slough and flow in the Sacramento River 

based o n  prototype measurements: This revision improved the model re- 

suits considerably, and a fair agrees~nt between model and prototyp@ i 
% 

was obtained at all stations except Webb Point, where the 8alinitywas 

too high (figures ~ to 7). Even at this station the salinity retreated 

properly, and it was nearly correct at the end of the test. The re- 

treat stopped at all stations when it reached a pattern corresponding 

roughly to the November steady state of the prototype. 

In order to demonstrate that the agreement obtained in this test 
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was not unlqMe, it was necessary to te~t the salinity intrusions of 

other years with the' same adjustments. For this purpoaethe years 

1936. 19~3. and 1934 were selected and tested in the order listed. 

The h igh  f l o w  o f  t h e  1936 s e a s o n  a l l o w e d  o n l y  a m i n o r  a d v a n c e  o f  

s a l i n i t y  i n t o  t h e  D e l t a ;  so p r o t o t y p e ,  o b s e r v a t i o n s  w e r e  m a d e - o n l y  a t  

Collinlville, Emmaton, Antioch, and Jerseys The model~Irr~rusion 

agreed q~ite well with the p r o t o t y p e ,  a s  shown in figure 8 .  Itwas 

observed further that no salinity advanced beyond Jersey. 

The low flow s e a s o n  of  19S~ was similarto that o£ 1929 but of 

shorter duration. The model results are compared tothe prototype in 

figures 9 and 10. Good agreement~waeobtained~at all eta%ions except 

Central Landing, where the model salinity~was similar tn that at Webb 

Pump. 

The s e a s o n  o f  1934 was  v e r y  d r y  w i t h  an  abnol  

i n t r u s i o n  w h i c h  ha B b e e n  e x c e e d e d  b y  o n l y ~ a  few~.othe 

such  a s  1931 and 1924.  This  s e a s o n  was  s e l e c t e d  tn~ 

which was studied previously, as the curtailment of 

large ulinity 

r o o o r d p  

t o  ,1931, 

wo u l d  

b e  s m a l l e r  t h a n  i n  1 9 e l  b e c a u s e  o f  t h e  l e s s e r  i n t r u s i o n .  The f a o t i : . t h a t  

the consumptive u s e  was decreased substantiallyln these tests in:a 

large measure compensated for the neglect of curtailment. The results. 

shown in figures Ii to 16 were acceptable although minor improvements " 

could be made. In this test a reasonably close oontrolof salinit~l was 

maintained at Collinsvllle. In general, the advance and the retreat 

was good in the lower Sacramento River. Above Rio Vista, however, the 

retreat was somewhat t~o fast, as shown by the curves at Rio Vista~ .... 

Junction Point, .~ud Isleton Bridge. Lndications were tha~ the transfer 

flow through Georglana Slough should have been Increased by a small 

amount after Septembere The small lag in the retreat for the San 

Joaquin River indicated the need for a similar adJust~aent. Good agree- 

ment was obtained for Antioch, Curtis Landing, and Jersey, but for 

s t a t i o n s  f a r t h e r  u p s t r e a m ,  l i k e  Webb Pump, t h e  s a l i n i t y  was  somewhat  

h igh  d u r i n g  r e t r e a t .  
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Model salinities were consistently high at two stations - Orwood 

Bridge and Central Landing. The high salinity at the first station, 

in the 19S4 test, was the result of the action of a drain located in 

Old l~iver  J u s t  u p s t r e a m  f r o m  t h e  s t a t i o n .  T h e  e a l i n i t i e s  a t  p o i n t s  . 

near by, but beyond the effect of the drain, were m~ch lower. The 

explanation for the high salinlties at Central Landing is:more uncer- 

tain. In all of the tests the model salinityat tRis stationwas the 

same as the salinity at Webb Pump, whichwas usually in good agreement 

with the prototype measurements. Observation of flow in the modellln '~ • 

dioated that there should hare been no difference because thewater 

was mixing continually betweez the two stations. Also, the quanti~- 

of water coming down the Mokelumne River and Geo~rglana Slough did not 

appear to be enough in a single tidal cycle to account for the differ- 

ence. There was, however, a very steep salinity gradient in the 

MokeluLmne River near its mouth, and the salinities at Southwest Point, 

which is only a relatively short dlstanoe above!CentralLanding, were 

nearly correct in the model. This condition suggests ~wo possibili- 

ties: first, that the model location of the Central Landing station 

should have been moved upstream a short distance in the Mokelumne 

Riverj or second, that there was a separation of fresh and saline water 

in the prototype at the mouth of/the river which would a@count for the 

lower prototype values. In any case it is interesting to note that 

model salinities at stations on all sides of Central Landing were In 

fair agreement with prototype measurements. 

It was indicated in each historical test/ further improvement 

could have been obtained by refining the adjustments of net flow. 

Most of the stations where further improvement seemed possible were 

located in that part of the Delta where multiple channels existed. For 

this portion of the Delta, the comparison of model and prototype diffu- 

sion on the basis of the November 1929 steady state was virtually im- 

possible b e c a u s e  i n  t h e  p r o t o t y p e  d a t a  t h e r e - w e r e  t o o  many d i f f e r e n t  

f a c t o r s  c o n t r i b u t i n g  t o  t h e  m e a s u r e d  s a l i n i t y  and t h e  amount  o f  o©ean 
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s a l i n i t y  could  no t  be s e g r e g a t e d .  W i t h o u t  such a compar i son ,  t h e  

v a l u e s  o f  p r o t o t y p e  n e t  f low cou ld  no t  have b e e n o b t a i n e d  f r o m  the  

model v a l u e s °  So me a t t e m p t s  to  f u r t h e r  r e f i n e  the  model n e t  f l o w  

were  made.  B e s i d e s ,  t h e  p r i n c i p a l  o b j e c t i v e  o f  t h i s  s e r i e s  o f  : t e s t s  ~: 

was to establish the source o~ the exaggerated model intrusion rather 

than to evaluate net flow of the :prototype. ' : 

The possibilities offered by this method of using 

true/on as an index for determining net flow' are worth7 

a model built to a larger scale and extended to San:Pablo Bay were 

available, the method would be .simplified and more effective because 

of the longer time intervals of a bigger model and because of the 

longer stretch of single channel in which steady state conditions 

could be.studied and adjusted as requiredo 

Despite the fact that no deflnite conclusions with regard to ~ab- 

solut~ values of net flow could be drawn from these tests, for the 

reasons explained previously, the general Implications of~ thereat 

results were valide The agreement obtained in the.four tests provided 

strong evidence that for the period from.-July through September, the 

variation of net flow required to give good model ~intrusions did not 

agree with the variation obtained by applyi~ the ~neumptive-use 

schedule of Bulletin 27 to the measured gross flowse ~It was~found that 

the  r e q u i r e d  varia%ion could be app rox ima ted  by  s h i f t i n g  t h e u s e  eohed ,  

ule ahead in time, at least for the period .covered ;sets. 

No definite physical heals for 8uch~a shift of use schedule o~.n 

be offered in this report, du~ to l a o k  of precise information about 

irrigation practices in the Delta. It is suggested, based on-a test 

described in the Water Supervisor,s Report for o1929,%hat if ,the .ground 

water i8 depleted and replenished as was done in this test, there-is 

some basis in fact for a shift in the use curve for its application An 

computing net river flow® From the standpoint of net flyer flow, the 

a c c o u n t i n g  f o r  consumpt ive  u se  must  be made a t  the t ime o f  d i v e r s i o n  

f rom t h e  r i v e r  c h a ~ n e l s .  I t  i s  u n d e r ~ t o o d  t h a t  a s t u d y  o f  ground w a t e r  



by means of wells situated in the Delta is now being made. The purpose 

of this study is not k~own to the+laboratory, but the results +should 

serve to clarify the question of time lag between diversion from river 

channeYs and actual use by the crops of the quantity of water labeled 

as consumptive use. 

If the net flows used in the analysis, by which the control flow 

was estimated in Bulletin 27, were to be changed in value by Virtue of 

a shift in the consumptive-use schedule, the+values of control flow 

would also be changed, The change probably would not be very large 

b~caus~ at the time salinity of i00 parts per I00,000 ofwaterwas 

pae~ing Antioch, there would be only a small change inner flow due to 

shift in the use schedule. There must be~ some other reason to ~ex- 

plain the low figure of control flow presented i n  Bulle~in 27, and it 

probably can be found in the method of analysis used to reduce proto- 

type data. 

6. Discussion of tidal-diffusionformula of Bulletin 27. The 

basic tidal-diffusion formula used in Bulletin 27 ~(page 2Og) to reduce 

prototype data for use in predicting control flows atatest~at 

C-D+S 

and 

where 

D-C÷S 

IoIIIIBO/IIQ/Oe+IIIeOIB~//Ie+eQ 

...... ..................................,.(3) 

C = the total amount of advance or retreat of salinity 
in a particular channel section, expressed as the 

ticular time interval. 

D ,,, t i d a l  d i f f u g i o n ,  o r  t h e  e f £ e o t  .of t i d a l  a c t i o n . o n  
the total amount of advance or retreat of salinity 
(expressed In.terms of channel volume)durin~ the 
same time interval° 

$ - t h e  n e t  s t r e a m  f l o w  p a s s i n g  t h e  p a r t i c u l a r  c h a n n e l  
s e c t i o n  d u r i ~  t h e  same t ime  I n t e r v a l , .  
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Determination o f  the flow required to control salini~ was based upon 

computa t ion  of  t h e  q u a n t i t y  D, ~ s i n g  d a t a  t a k e n  d u r i n g  t h e  advance  

o f  s a l i n i t y .  When d a t e  t a k e n  d u r i n g  t h e  r e t r e a t  o f  s a l i n i t y  were  

used, it was found that the values of D were'"somewhat greater during 

r e t r e a t  than  t h o s e  computed f o r  advance  o f  s a l i n i t y , , ,  A t ! t h e  same 

time, the shape o f  the diffusion curves was similar for both ~ad~ance 

and retreat. Since the oomparatlve model taste ~ehowed that'the value 

of D or control flow for a given salinity was independent of retreat 

or advance, the variation in D" computed:by equation (S) must have 

been due to shortcomings in the equation. The fast that a .quantity 

which should hate been constant ~opeared as a varlable suggested that 

some factorw which was'a variable,-was not specified in the equation, 

Comparing the eddy diffusion equation given In the following 

section with equation (~), it is apparent that the 

ence is the inclusion, explicitly, of the salinity 

t h e  eddy d i f f u s i o n  e q u a t i o n .  While the  d a t a  used  i n  the  c o n t r o l - f l o w  " 

studies o f  Bulletin 27 must hay, included this factor, :it is~not, ex- 

plioltly specified in the equation (3)..Unless the 

was a c o n s t a n t  o r  some d e f i n i t e ,  r e p e t i t i v e  fune t i o~  s 

the beginninz of advance, it would not be: expected.that correlation of 

prototype data would be obtained through:applica~lon of this incomplete 

e q u a t i o n .  The f a c t  t h a t  f a i r  c o r r e l a t i o n  was o b t a i n e d  f o r  d a t a  t a k e n  

during advance of salinity indicated that the intrusions used ~in :the 

analysis did follow more or less the same pattern, }~wever,: for re- 

treat of salinity, the pattern changed ~ enough to give an entirely 

different curve, If data for advance and retreat had been combined, 

t h e r e  would no t  have been c o r r e l a t i o n .  The q u e s t l o n n a t u r a l l y  a r i s e s  

as to w h e t h e r  the  p a t t e r n  f o r  the s t e a ~  s t a t e  c o n d i t i o n  i s a p p r o x i -  

mated d u r i n g  advance  o r  d u r i n g  r e t r e a t .  As a f i r s t  app rox ima t ion  i t  

would seem r e a s o n a b l e  to  assume the  s t eady  s t a t e  as the mean be tween  

advance  and r e t r e a t .  The c o n t r o l  f l ow would t h e n  be the  mean o f  t h e  

values de.termlne~ during advance and retreat, ~ Since the actual values 
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which were computed for the period of retreat were not included 4 ............. 

B u l l e t i n  27,  t h i s  a p p r o x i m a t i o n  c o u l d  n o t  b e  ~ t r i e d .  

There is substantial prototype ev.~denee which 'Justifies the s o n -  ~! 

t e n t i o n  t h a t  t h e  c o n t r o l  f l o w  a s  e s t i m a t e d  ~in B u l l e t i n  2 ? w i l l  h o l d  !;; 

t h e  s a l i n i t y  t o  t h e  d e s i r e d  m a x i m u m a t  ~ A n t i o c h  i f  f u t u r e . h y d r o g r a p h s  . -- 

a r e  ~is~ilar to those used in its e~stimate. One requiredfeat~e of~ 

such an hydrograph is ~t the l~v,~low period beef limited duration 

t / : and tha~ it be- er~nated before the corresponding steady stare'Is 

reached. Hydrographs expected under Central Valley proJect ~ operation • " 

will not satisfy this condition. The low-flow perlod may bevery ~ 

long, and there will no doubt be every opportunity for the-steady 

st%re to be reached. The effectiveness,of the control flow estimated 

in Bulletin 27 under the expected conditions is highly questionable. 

An independent review of the Bulletin 27 control-flc~ analysis 

will be found in appendix I of this report. 

7. Development of eddy diffusion analysis. As the model test' 

ing program developed and the di screpancies wlth, regard to control 

flow appeared, It became evident that a more~complete typeof dif£u- 

elon analysis would be extremely useful. Because it-was definitely 

established by prototype studies that the movement of salinity ~in~the 

Delta channels is accomplished by turbulence rather'than by denal ty 

flow. as-in the case of a ~ salt~vater wedge.~the,turbuient sLixing 

theory of modern fluid mechanics suggested~itself i,~as, s 

During the' last several years ,this theory~ has been:ap~ 

s der ble success to p oble   o f  fhid heat r ow. 

pended load distribution in streamse Its use~In analyzln~ 

trlbution of salinity in ocean~ was described by S~rdrup, Johnson, 

and Flemlng,* but so far as is known it has not been used to study 

"The Oceans,n by Sverdrup, Johnson, and Fleming, Prentice-Nail, Inc., 
1 9 4 2 ,  p. 159. 

the propagation of ocean salinity into tidal estuaries. In this 
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t h e o r y ,  i t  i s  a.q-==,ed t ~ t  a8 t h e  ~ - 1 1  £1uid  maese8 a r e  exehanged 

between N o t i o n =  o f  d i f f e r e n t  e o n e e n t r a t i o n e ,  t he  oonoe~tPa t ton  &eeom- 

panlee the Fluid mass. The-Lotlon ean_be+treated_,mathenatleally as-& 

flow of come entlt3r, eallnity In:this eale. whioh+ie ~proportlonal to 

the gradient of that entity. The Faetor of proportionality i=,a-t~me- 

tion of the intensity of the turbulenee. ~The equation applied to a 

m u l l  eube of  F l u i d ,  a s  ~ v e n  by Sverdrup ,  i s  

8S , =  8 t x  8S 

88 88 8S • Iv 
"= ~ , ° . - - - +  v. ~ ÷  v ,  ~ )  . .  . . . .  . . ( , )  

The laet term ACCOUnts for the eFFeot of stream flow. Negleotlag All 

ohangee exoel~ those in the x-direetion, the equation simplifiee to 

A 
as a as 

" ~ a x  • - - - a x  . . . . . . . . . . .  . . . . . . .  ( 5 )  

w h e r e  

S - s a l i n i t y ,  

t = t ime,  

x - h o r i z o n t a l  d i s t a n c e  ( i n : . t h i 8  e a s e  t a k e n  a long  the  
s t r eam) ,  

A 
x 

--- kinematic eddy diffusion ooeffiolent. 

p - density of the fluid, 

V x -velooity in the x-direotion. + .:., 

This equation =-st be =impllfied before a ready eolutloncan b6 found:. 

One elapliFioation is to aeeume that a eteady etate:exlsts, ~at is, 
aS 

- 0, which reduces the equatlon to 

A 
a z os~ . v as 

( p e x  " x - ~ : - -  " . . . . . . . .  " ° ' " ' " ' "  . . . . .  . . ( 8 )  

A 
x 

and i f  - - 7  i s  assumed to  be  independen t  o f  x and e q u a l  to  a 
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constant K, a known solution is 

V 
X 

m 

K 
S x - S O • (see  appendix  I) . . . .  . . . . . . . . . . . . . . . ( ? )  

where the subscripts indicate the looatlon 0£ the sections, 0 beA~' 

the origin and x a~ other section. 

A similar expression can be derived without imposing the restrie- 

tlons of cons~n~ on the coefficient of diffusion. Zf!itlsusumed 

at any section under steady state conditions that the diffuelon of 

A x dS salinity across the section ~ ~ lie equal to the salinity~st 

by reason of the flow across the section Qn~ where Qn = netdlscharge 

and S - mean salinity, the equation can be written as follows: 

dS p dx 
---=--s " o,~ A . . . . . . . . . - ~ . . . . . . . . . . . . . . . . . . .  . . . . .  (8) 

= 

where the negative sign indicates that ~ decreases as x increases 
A • X 

can be assumed as some function of x whlch includes theeffect 

of changes in ores s-sectional area as well as the degree of mlxing. 

Integration of the equation gives 

X 

- - l °ge Sx " Qn / P dx A 
0 X 

+ C 

When x = O, 

X 
P dx P 

J A = 0 and C =: , - - lOge So 
0 X 

SO 

log c 
X 0 X 

or 

2~ 



X 

S " @n / ' 'p d x  A 
X 0 X 

So • (which is a solutionof equation 6) 

• . . . . . .  . . . . . .  . ( 9 )  • 

~quations (7) and (9) are important  because t h e y  apply  t o t h e  s teady 

state which, in the termlnolo~ of Bulletin 27, is the condition of 

controlled salinity. If sufficient prototype data for steady state 

conditions were available, the constants of these equations could be 

evaluated. Either equation could then be used to compute the flow 

required to control any desired salinity. 

Application of a solution of  equation (5)  to prototype data as 

well as to certain model data is presented in appendix I, which com- 

prises a memorandum by engineers R. E. Glover and W. H. Jurney of the 

Bureau,s staff. The purpose of this study was the determination of  

the constants from transient conditions for use with the steady state 

equation (7). The difficulties inherent in analyzing transient con- 

ditions are evident in this study. 

Equations (5) and (7) provided the functional relations of the 

various factors controlling salinity intrusi~n which were required in 

formulating the similitude ratios b ;ype. The 

ratio of the time rates of change i o model, 

according to equation (5), is 

] ] ( x aS 
) r - ( v  r 

as 
at 

. . . . . . . . .  • . . . . . ( l o )  

where the subscript m represents model and the subscript r indicates 

the ratio, prototype to model, of the various quantities. If the model 
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and the prototype have similar steady states, equation (6)imay be 

used  a s  a r a t i o  e q u a t i o n .  

a ( ) r . r ... ........(ii) 
~ x 8x ) "'""" 

Subetltuting in equation (I0) and clearing, 

8S aS 
r . (v r (12) 'Ill • • I r  t • I I  I l l  • • • ~ • ~ @ $ o o e ql, I i I ,@ O @ e ,qp @ 9 @ 0  I 

o r  

Sr ~r Sr Sr 
1 1 -- 

t r 

-I 
Then t r - L r V r which is the same time ratio seethe one developed 

in the first progress report which was usec )fish model dis- 

charges. If then, the steady state values __ are in proper 

similitude, as indicated by the similarity of protege/gra- 

dients, the speed of intrusion and the rate of discharge have the same 

time ratio and when one is correct In perforce 

also correct. ~ ~: 

8. Model t e s t a  to  e x a m i n e  v a l i d i t ~  o f  edd~ d i f f u s l ' o n  C h a S s i s .  

In  o r d e r  t o  d e m o n s t r a t e  t h e  s o u n d n e s s  o f  t h e  eddy d i f f u s i o n  a n a l y s i s  

for both transient and stea~y state conditions. ~m~ also to indicate 

the type of prototype data needed for a complete solution of the Delta 

salinity problem, a series of special model tests was made. 

The first series of tests was made to check the method of comput- 

ing transient conditions presented in appendix I. In these tests the 

San Joaquin portion of the Delta was isolated so that it alone was 

subject to tidal flow. With only one channel system, the unoerta'inties 

regarding divi 8ion of flow between the Sacramento and the San Joaquin 

Rivers were eliminated a~d the velocity conditions were definite for 

any given discharge. Before the start of each teat, the model channel 
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was blocked a short distance below Collinsville and the water below 

the block was brought to a uniform colors The tests were started by 

removing the block suddenly and starting the tide-generating ~ehine. 

Measu remen t s  o f  s o l o =  w e r e  m a d e  a t  ~he v a r i o u s  s t a t i o n s  a t  s h o r t  

intervals of time to determine the time variation of e~lor concentra- 

tion as shown in figures i to ~, appendix I. Tests were Bale with 

discharges, in prototype terms, of 2,200, zero, and negative 2,200 

second-feet, respectively. The data and their treatment will be found 

in appendix I. 

A second series of tests was made to check the validi~ of equa- 

tion (9), which is a solution of the basic equation (5), for certain 

conditions which were easily arranged in the model, When a steady 

state of salinity distribution exists, the ratio of salinities at amy 

two s t a t i o n s  c a n  b e  expressed as  

Sx --~n K 
" e .....,.,................,............. (lS) 

S 
o 

since the integral in the exponent of ) is a constant 

between two given stations. Therefore conditions are 

arranged with different values of discharge io of ealini- 

ties s h o u l d  v a r y  with discharge a c c o r d i n g  tc  

F o r  this series of tests the model was b y  

using only the San Joaquin channel. The Sacramento. ~kelumne, Old, 

and Middle Rivers were blocked to eliminate the uncertain transfer 

flows through interconnecting channels and to give some approximate 

semblance of the single p r o t o t y p e  chapel which exists d o w n s t r e a m  f r o m  

Oollinsville but which was not included in the model. The testing 

procedure consisted of establishing a constant discharge in the San 

Joaquin River. malntainin~ a constant rate of addition of concentrated 

color at the bay end of the wodel, and allowi~ the model tide to 

operate until salinities at all stations reached steady values. Care- 

ful m e a s u r e m e n t s  o f  c o l o r  c o n c e n t r a t i o n  w e r e  t h e n  t a k e n  a t  C o l l i n e v i l l e ,  
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Antioch, Curtis Landingj Jersey, Twitchell, and Webb Point. To 

eliminate any effect due to variation in tide height, these measure- 

ments were taken on identical tides. 

Three sets of data were obtained for discharges of 50, i00, -and 

200 c.o. per I0 seconds, in the model. For each station, the ratio 

of the salinity at that station to the salinity at Collinsville for 

each discharge was used to determine three values of the constant K. 

These ratios were then averaged to obtain the mean value. If. by 

suitable measurements of the turbulence parameters, the value of ~K 

could have been determined independently, this step would have been 

unnecessary. With E evaluated and station 0 taken at Collinsvill~, 

a curve for each statior scharge was com- 

puted. The discharge ws use the values of K 

apply to the model only. The ratio Sx • is dimensionless a n d  re- 
S 

quires no further comentj The measurements of ~ were then 
So 

plotted at the corresponding discharge for comparison with the ~m- 

puted curves, as shown in figure 17. The agreement between measured 

and computed values, which is very close and in most oases within the 

accuracy of the measurements, constitutes a good check of the eddy 

diffusion equation. 

9. Control of ocean salinlty for protection of the Delta. After 

careful consideration of all the factors involved, the upper limlt of 

acceptable ocean salinity intrusion was defined in Bulletin ~7 as a 

mean t i d a l - c y c l e  surface-zone s a l i n i t y  a t  Antioch o f  : l O 0 , p a r t s o f  

chlorine per i00,000 parts of water, with the salinities~at points/up- 

s t r e a m  m a t e r i a l l y  l e s s .  In  o r d e r  to  d e t e r m i n e  the  n e t  f l o w  r e q u i r e d  

to control ocean salinity at or below this limit, it was necessary to 

know the relationship between net flow and salinity for the steady 

state condition at Antioch or some nearby station. Sueha relation- 

ship was determined for the model and is shown by the curves of figure 

17. Similar curves could be constructed for the prototype if the re- 

quired data were available. 
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Theoretically, the variation of steady ~ state salinity at.any 

station can !~e computed if measurements of Justone steadyl states.are 

available. For example, inthe model .tests described in.the preced- 

ing s e c t i o n ,  t h e  c o n s t a n t  f o r  e a c h  s t a t i o n  cou ld  have  been  cOmPuted 

from t h e  d a t a  f o r  o n l y  o n e  d i s c h a r g e  w i t h o u t  -: c h a n g i n g  t h e . c u r v e s  

a p p r e c i a b l y .  S ince  o n e , r e a s o n a b l y  w e l l - d e f i n e d  s t e a d y  s t a t s  d i d  o c c u r  

i n  t h e  p r o t o t y p e  in  November 1929, i t ,  was u s e d . t o . c o m p u t e  a . c u r v e : o f  

salinity against discharge ~'or Collinsville. Collinsville w a s  s e l e o -  

t e d  b e c a u s e  i t  i s  downs t ream f r o m . t h e  o o n f l u e ~ e  o f  t he  two r i v e r s  

and the problem o f  dividing the total net flow~between the .rivers ~is 

thereby eliminated. Also, it would serve Just.~as well asAntAooh 

f o r  s e t t i n g  t he  c o n t r o l  f l o w  f o r  p r o t e c t i o n  o f  the  De l t a  i n - , a c c o r d a n c e  

w i t h  t h e  c r i t e r i o n  o f  B u l l e t i n  27.  For  t h e  p u r p o s e  o f  c o n s t r u c t i n g  

the curve, the 0 station was taken at some indefinite but fixed point .... 

in San Pablo Bay where the salinity for the range of.disaharges u~ed 

can be assume~ as  ocean  s a l i n i t y  o f  1 ,800 p a r t s  o f  c h l o r i n e  :per  

100,000 p a r t s  o f  w a t e r .  Using e q u a t i o n  ( 1 2 ) , t h e  v a r i a t i o n  o f  8 a l i n -  

ity at C~llinsville, with net discharge, can:~be expressed ~as 

O 

The c o n s t a n t  K was e v a l u a t e d  b y ~ u a i ~  t h e  d a t a  f rom . the  November ,1929 

s t e a d y  s t a t e  when S - 150 f o r  c Qn " 6,000 s e c o n d ° f e e t ,  ~as . , fo l lowsz 

l . 150o . 4.1, 4 
K - ~ , o g  e - l ~  • - - 

S u b s t i t u t i n g  i n  t h e  o r i g i n a l  e x p r e s s i o n ,  t h e e q u a t i o n  becomes 

- , .  , .  % x I 0  4 

- l ~ o  o ..(14) ~ s o *  • • m * s o  ~ m g  O e  j .  t t O Q o o  e m e  

The e r a ' r e  c o r r e s p o n d i n g  t o  t h i s  e q u a t i o n  i s  shown i n  f i g u r e ~ : l S .  In  

c o n n e c t i o n  w i t h  t h e  s t u d y  r e p o r t e d  i n  a p p e n d i x ' . I j  a s e a r c h  o f  t h e  

r e c o r d s  was made to  c o l l e c t  enough  p r o t o t y p e  d a t a ~ a p p r o x l = a t l n g  t h e  

s t e a d y  s t a t e  c o n d i t i o n s  to  p e r m i t  t he  c o n s t r u c t i o n  o f  an  e m p l r l c a ~  
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curve  similar to  the  t h c o r e t i o a l  eurve of . f igure  1 8 .  T h e s e - d a t a  as 

shown p l o t t e d  in  f i g u r e  18 g ive  a . r e a s o n a b l y ~ g o o d  check Of t h e  theo-  

r e t t c a l  c u r v e ,  especial ly since t h e y  w e r e o ~ , t a i n e d  i n d e p e n d e n t l y .  

The p r o c e d u r e  used in  s e l e c t i n g , t h e . d a t a  i s " f u l l y  d l s c u s s o d - I n  a p p e n d i x  

I .  

A ei~.~ilar curve b a s e d  on P la t e :LXXVII I  o f  B u l l e t i n  2 7 i s ~ a l s o  

shown in figure 18. Although the two curves have the same general 

shape, their location with respect ~to ~the axis isconsiderably dif- 

ference i n  t h e  c o n t r o l  f l o w s  which  .has been d i s c u s s e d  p r e v i o u s l y .  

In a f u r t h e r  a t t e m p t  to  r e c o n c i l e  the  t w o : c u r v e s ,  an e n t i r e l y  

d i f f e r e n t  s e t  o f  d a t a  was u s e d .  T h e s e  d a t a  were  t a k e n  f rom P l a t e  

LXXII o f  B u l l e t i n  27 which c e n t s / n e d  ,curves  showtng~the,  t ime g raph  

o f  mean s u r f a c e - z o n e  s a l i n i t y  a t  v a r i o u s  . s t a t i o n s  f o r  s e v e r a l  y e a r s  

o f  r e c o r d .  The m a x i m u m - s a l i n i t y  w a s ~ r e a o h e d : a t  abou t  ~the, s a m e , t ~ e  

every year during the early part, of Septelber. For some of the/years 

t he  s a l i n i t y  r e s ~ i n e d  r o u g h l y  c o n s t a n t  f o r a  s h o r t  p e r i o d  b e f o r e  r e -  

t r e a t  b e g a n .  When r e t r e a t  s t a r t e d ~ i t  s eemed l to  occu r  more o r  l e s s  " " 

simultaneously at all the stations above  Bulls H e a d : P o l n t .  This 

would i n d i c a t e  t h a t  t h e r e  amy have.been~ an-approximat ion,s . to  a . : s t e a d y  ~. 

s t a t e  s a l i n i t y  d t s t r i b u t i o n ~ a t  t h e , t i m e , r e t r e a t  s t a r t e d ~ b y  v i r t u e . o f  • 

an increase in net f l o w .  If this wet ~ ex- 

pected t h a t  r e t r e a t  would s t a r t , a t  dl  Lon. 

I t  mus t  be  remembered • t h a t  the c u r v e s  u p o n , w h i c h , . t h e s e ~ c o n c i u s i o n s  

were  b a s e d  a r e  a v e r a g e d  c u r v e s  drawn ~through~, ~ d a t a w h i c h h a s  b e e n ~ c o r -  

rected .to mean tide. Any selection of specific points, such seethe 

maximum and the beginning of retreat, was at,best an inexact method, 

bu t  the  d a t a  a r e  p r e s e n t e d  b~cause  t h e y  seem to add to  u n d e r s t a n d -  

ing  of the differen~-e in the the control curves. 

The salinity at the beginning of retreat was selected from the 

Collinsville curve of Plate LXXII, and the gross inflow into ~theDelta 

at the same tiae was taken from the discharge tables in the back of 

29 



o 

B u l l e t i n  27 .  The n e t  f l o w  r e q u i r e d  f o r  p l o t t i n ~  t h o s e  d a t a  i n  f i g u r e  

18 was  o b t a i n e d  i n  two w a y s .  F i r s t .  t h e  ~eonsumpt ive  u s e  w a s ~ a s s u m e d  

as  1 , 2 0 0  s e c o n d , f e e t ,  w h l c h  i s  t h e - v a l u e ' r e q u i r e d  to  m a k e  t h e ~ d a t a  

a g r e e  w i t h  the  t h e o r e t i c a l  c o v e .  S e c o n d l y ,  t h e  v a l u e s  o f , ~ e o n s u a p t l v e  

u s e  w e r e  t a k e n  f r o m  t h e  s c h e d u l e :  shown i n  ~ B u l l e t i n  . 27 .  These  l a t t e r  

v a l u e s  r e s u l t e d  in  p o i n t s  w h i c h  f e l l  b e t w e e n  t h e  t w o  c u r v e s ,  b u t  

c l o s e r  t o  t he  B u l l e t i n  27 c u r v e .  Assuming t h a t - t h e . d a t a  app ly~ , to  c o n -  

d i t i o n s  w h i c h  a p p r o a c h  t h o s e  f o r  s t e a d y  I t a t e ~ o o n d i t i o n s ,  t h o s e  p o i n t s  

b e a r  a c e r t a i n  s i g n i f i c a n c e .  I n t h e  f i r s t  e a s e ,  i t  was  n e c e s s a r y  ~¢o 

assume a conmumptive use of 0nly 1,200 second-feet, which represents 

a g r e a t e r  r e d u c t i o n  t h a n  t h s o n e  u s e d  ~in t h e  m o d e l  i n t r u s i o n  t e s t s .  

However, when it is considered that theil.adJusted ~del~consumptive use, 

which gave £air duplication of the prototype intrusion, was an average 

of only 2.000 second-feet in September and that even better duplication 

could have been obtained withe further lowering of consumptive use , 

the value of 1.200 second°feet does not seem unreasonably low. In he 

second  e a s e ,  whe re  t h e  o o n s u a p t i v e - u s e  v a l u e s  o f  B u l l e t i n  2 ? w e r e  

used, the nearness ofthe points to he Bulletin 27 curvelndlcated 

that if a curve had been drawn based on retreat and then averaged ~With 

t h e  one  b a s e d  on a d v a n c e ,  i t  m igh t  b e  c l o s e  t o  t h e  l o c a t i o n  i n d i e a t e d  

by the points. If this were:foundto be true, it could ~.be,:eaid that. 

the difference between the two curves is,a combination. O'f the.effect, 

of basing centre l-flow estiNates on advance only! and the effect.of ~ 

using a net flow which was too low. 

The net flow required to maintain a~ desired sallnl~ at "Collins- 

ville be selected the.th,o ti=l c ve ,ho  figure  18. 

If it had been important to estimate the sallnitles at other~etations, 

similar curves could have been constructed to show the relatlonlbetween 

the salinlty at Collinaville and any other station, ~ovided sufficient 

d a t a  w e r e  a v a i l a b l e .  From t h e  s t a n d p o i n t  o f  c o n t r o l l i n g  oo~m~, s a l i n i t y  

a c c o r d i n g  t o  the  c r i t e r i o n  i n  B u l l e t i n  27, t h i s  was  n o t o o n e i d e r e d  n e -  

c e s s a r y  b e c a u s e  t he  November 1929 s t e a d y  s t a t e  was  v e r y  c l o s e  t o  t h e  

desired ~ndition. The salinitiee during this period were approxlmately 

~0 
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150 a t  C o l l t n s v l l l e ,  110 a t  A n t l o o h ,  and m a t e r i a l l y  l e e s  a t  S ~ a t l o n s  

f a r t h e r  ups+ream.  I f  t h e  e ~ f e c t  o f  r e s i d u a l  s a l i n i t y  t r a p p e d  i n  t h e  . 

San Joaquin River were eliminated, ,Iris estimated that the salinity 

at Antioch would have been very close to :i00 parts Of ehlorin~ per 

i00,000 of water. The total net flow in both rivers, requlred:~o 

maintain a mean salinity at Antioch of i00 parts of ~ ohlorine:~per 

I00,000 parts of water, would then be the same as the~net flow which 

prevailed during the November 1829 period, or approxim~telyid,000 

second-feet, This value compares  f a v o r a b l y w i t h  t h e  v a l u e  o f  iS,600 

second-feet obtained in the independent study reported in appendix I. 

10. Control of ocean s.alinity £or ~rotection of the Delta-U-ndct. 
, . -- .. 7 " v  

water. The criterion for determining protect the 

Delta-Menders pumping plant intake age y ocean 

salinity is the "Contract for Exchange Of Waters., The terms of this 

contract require t.hat the total pollution added to th.ewater:whloh is 

transferred from the Sacramento River be held to 55 percent:of the 

average original pollution of said water, When it "is considered that 

the ori~inal pollution of the Sacramento River water is expected to be 

120 parts per million of total dissolved solids, or lees, it is.appar- 

ent that the added pollution must'be less than. 42 parts per million 

total dissolved sollds. Of the total pollution which might:~be added 

to the transfer water other than from the San Joaquin~River, whloh 

w i l l  be  t r e a t e d  s e p a r a t e l y  l a t e r ,  some p o r t i o n  o f  ' i t  ~.would no d o u b t  

originate in the drainage,water from irrigation in the Delta, There- 

fore, the amount of pollution from ocean salinity muet~be held below 

42 parts per million total dissolved solids. 

To forestall an X confusion arising, from the: use of two dlffe:~ent 

methods of expressing pollution, the methods were correlated, In the 

preceding pages the method used in Bulletin 2?has been followed. 

Pollution was expressed as so many parts of ehlorlne per I00,0OO parts 

of water. If the origin of the pollution is ocean water, there is a 

definite relationship between chlorine content, and total dissolved 
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solids. This relation was given by Sverdrup, et el., ~ as: 

salinity = 0.0~ + 1.805 x chlorinity 

Loc. tit., page 51. 

Neglecting the constant, whlch:is not important in this study, -the 

total dissolved solids in parts per million equal~ 

18 time~- the chlorine content in parts per IO0,OOC ce 

of the dissolved load is ocean w~ter. The equivalent of 42 parts 

per million is then 2.~ parts of chlorine per i00,000, The allow- 

able ocean salinity at Delta-Mendota pumping plant, in'the absence 

of pollution from any other source, is only approxlmately 2 per- 

cent of the allowable salini.ty at Antioch. 

It was demonstrated by modal tests that operation of the State 

Plan changed conditions in the Delta in only one respect:for pet 

flows varying from 5,000 to 8,000 second'feet. This chsunge occurred 

along the route by which the bulk of the Delta-Mendota supplywas 

conveyed to the pumpin~ plant intake. This route comprised the 

stretch of Old River from the mouth of the Mbkelunme River to the 

intake. The negative average flow in this reach resulted in a 

uniform salinity for all stations located thereon, includin~ Webb 

Point, Webb Pump, Contra Costa Canal intake, and the Delta-Mendota 

pumping plant intake. This uniform salinity had a value!approxi- 

mately equal to the sallnity~which existed at Webb Pumpfor the 

same net outflow under ~tural conditions. In the first progress 

report the reference station for predicting the amount of ocean 

salinity in the Delta-Mendota water was taken at the mouth of the 

Mokelumne River because most of' the mixing of transfer water and 

water contaminated with ocean salinity occurred at this point. 

The salinity station closest to this point was Webb Point, but for 

some unknown reason only very few records were taken at this sta- 

tion® The next closest station was Central Landin~ on the Mokelumne 
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River. The historical teats with adjusted net flow ~8howed that while 

the agreement between model and prototype was poor at Central Landing, 

which is only one-half mile up the ~kelumne River from its mouth, it • 

was good at Webb Pump where the model salinil 

the mouth of the Nokelumne River. Because oi 

Webb Pump, it was selected as the reference 

Point or the mouth of the Mokelunme River, i! ~ 

To determine the flow required to protect the Delta~Mendota in- 

take against contamination by ocean salinity,;itlwas necessary to 

know the relation botwean  n e t  f l o w  Lnd s t e a d y  8tatesalinity at'Webb . 

Pump, An a t t e m p t  w ~  made to  c o n s t r u c t  a ,curve  f o r  Webb Pump s i m i l a r  

to the one shown for 0ollinsville in fi~ 

successful because very little reliable 

particularly for periods when iow salinity prevailed at Webb Pump. It 

was impossible to segregate ocean salinity from the:various factors 

contributing to these low 8alinlties, such as pollution fromriver ,~ 

water, from drainage water, and from previous ~intrusions of ocean 

salinity. The rough estimate which was obtained indicated 

flow required to hold the ocean salinity at Webb;Pump, and ~,,us a~ 

Delta-Mendota. below the tolerable value may be less than the flow re- 

quired to maintain I00 part8 of chlorine per I00,000 parts of water at 

Antioch. The theoretical value of 4,650 second-feet given i ~ ~'ix 

I corroborates this finding. Because of the approximations 
~J 

in this findi~ and the fact that pollution by drainage water would be 

additive tolany ocean salinity at Webb Pump, it ia suggested that the 

control flow be established on the basis of allowable salinity at 

Antioch. 

Ii. Pollution from San Joaquin River. A few preliminary tests 

which showed that San Joaq~in water reaches the Delta-Mendota pumping 

plant intake northwest of Tracy in appreciable quantity were reported 

in the first progress reports The seriousness of this situation be- 

came evident when predictions of the quality of this water were re- 
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oe ived  from t h e  Branch o f  P r o j e c t  P l a n n i n g ,  These  e s t i m a t e s  showed 

d i s c ~ r g e s  v a r y i n g  f rom 600 to 2 ,000  s e c o n d - f e e t  and p o l l u t i o n s  v a r y -  

i n g  f r o m  1,000 to 2 ,000 p a r t s  p e r  m i l l i o n  o f  t o t a l  d i s s o l v e d  s o l i d s ,  

I t  r e q u i r e s  o n l y  a s m a l l  amount o f  t h i s  t ype  o f  w a t e r .  ~o r a i s e  t h e  

d i s s o l v e d  load  o f  t h e  D e l t a - M e n d e r s w a t e r  above  t h e m a x i m u m  a l l o w e d  

by t h e  c o n t r a c t s  w h i c h  s p e c i f y  i t s  ~ a l i t y ,  - 

I t  had been  p l a n n e d  o r i . g i n a l l y  t o  d e t e r m i n e  D e l t a - M e n d e r s  p o l l u -  

t i o n  by o c e a n  s a l i n i t y  and ~y San J o a q u i n  w a t e r  c o n c u r r e n t l y  by u s i n g  

dyes  o f  d i f f e r e n t  c o l o r  to  i d e n t i f y  each  s o u r c e  o f  p o l l u t i o n .  S ince  

each source constituted an entirely separate and distinct proSlemo 

each was studied and tested by itself. To determine the B~ount of 

San Joaguin water likely to reach the pumping plant, itwas colored 

witch th~ ,Patent Blue" dye which had been used previously to assimi- 

late ocean salinity. With the San Joaquin water held to a conete~ut 

concentration and all other water originally clear, the proportion 

of San Joaquin water at any point was determined with the spectre- 

photometer which was described in the first progress report. After 

a few preliainary observations, it was evident that the model test~ 

could be simplified without introducing any appreciable error by 

eliminating consumptive use and conoentratln~ entirely on local con- 

ditions from the San Joaquin River through Old River to the pumping 

plant intake. The difference between the Delta-Menders discharge and 

the San Joaquin flow was supplied by transfer of water from the 

• d Sacramento Riv~rj so there was no net flow J rein the me el. The con- 

templated dredging of Old River from Grant Line Canal to the pumping 

plant was not assimilated in the model, because hydraulic losses in 

the model are not accurate enough to warrant it and because, as shown 

by the test results, the benefit of the dr~ging would not offset or 

materially change the high proportion of San JoaT~in water reaching 

the pumping plant~ The test conditions and the results are shown in 

the fo flowing tabulation. 
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P o r t i o n  o f  P a r t  of  
Discharge in second-feet San Joaqu in  torsi pumping 

going to represented by 
San Joaquln  Del ta -Mendota  Del ta -Mendota  San Joaqu in  w a t e r  

River p~ping (In percent I :(in~:F ercent) : , 

600 4,600 lO0 13 
I •000 4,600 i00 22 
2• 000 4,600 78 34 

506 2,500 I00 20 
1 • 000 2 • 500 88 35 
2•000 2• 500 65 52 

In every  c a s e ,  a l l  o r  n e a r l y  a l l  o f  , the  San Joaquin~:flow was 

drawn i n t o  t h e  pumping p l a n t .  In t h o s e  ca se s  where  l e s s  t h a n  .the ~n- 

t i r e  f low e n t e r e d  the  pumping p l a n t •  t h a t  p a r t , w h i c h  c o n t i n u e d  down 

the San Joaquin River would have ev~ . . . . .  in 

part, to the pumping plant by mixing om the 

Sacramento Rivers This would have taken some time to develop, and• 

s i n c e  the  t e s t s  were  n o t  con t inued  o v e r  a long  i n t e r v a l , o f  t i m e ,  ,-the 

measured v a l u e s  were  c o n s e r v a t i v e l y  low, The l a r g e ,  p o r t i o n  o f  t h e  

San Joaqu in  f l ew e n t e r i n g  t h e  pumping : p l a n t  :, i s  : no t  surpr is ing~,when i t  

is considered that for low flows withno draft head from apumping 

plant to assist it, approximately 28 percent of the San Joaquin flow, 

as estlmate~ by Army ~gineers, travels down Old site 

of the proposed pumping plant. This percentage would be increased 

greatly under the influence of the draft head for a pumping load of 

4,600 second°feet. 

The seriousness of this situation can be illustrated best by an 

example. Assuming a quality of the San Joaquin River water of 1.000 

parts per million and of the Sacramento River water of 150 parts per 

million, withthe lowest ratio listed in the table, the quality of 

the Delta-Mendota water would be: 

0~I~ x 1,000 + 0e87 X 150 - 150 + 13C - 260 pep.re. 

exclusive of any contamination added by ocean salinity or water of 
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the  De l ta  c h a n n e l s ,  An i n c r e a s e  o f  90 p a r t s " ~  ~r m i l l i o n  o c c u r s  u n d e r  

t h e  most f a v o r a b l e  c o n d i t i o n  t e s t e d o  In view of  t h e  f a c t  t h a t  u n d e r  

the t e rms  o f  t he  w a t e r  exchange,  c o n t r a c t  , i n c r e a s e s  o f  o n l y  ~0 t o  80  

p a r t s  per  m i l l i o n  may be c r i t i c a l ,  t h e  i m p o r t a n c e : o f  p o l l u t i o n  by San 

Joaquin River water is evident. 

In an attempt to relieve this situation, a dam was installed lh 

Old River Just downstream from its bifurcation with the San Joaquln 

River. In theo~,, the damp which prohibits direct access to the pump- 

Ing plant, would constrain the San joaquin River until it reached the 

Stockton ship channel where there would be an opportunity for it to 

mix with the t~tal transfer flow. Under these condltlons the portion 

of the transfer flow which provides the net outflow for controlling 

ocean salinity would carry with it some part of the San Joaquin flow. 

The effect of the dam was tested under model conditions which 

included river flows, in prototype terms, of Ii,I00 second-feet in 

the Sacramento and 1,000 second-feet in the San Joaquln, The dispo- 

sition of these river flows was: salinity control, 5,500j ~Del~- 

~endota pumping, 4,600, and consumptive use, 2,000 second-feet. 

Transfer of water from the Sacramento River to the San Joaquin River 

was made up of 7,680 second-feet thro and Georgians 

Sloughs and 900 second-feet through ~ ugh. 

The San Joaquin Niver flow was colored with a definite concentra- 

tion of blue for identification. Color appeared in the Stockton ship 

channel 4 drays (prototype) after the start of the test, and in the 

Delta-Mendota water 20 days after the start, but it did not reach its 

maximum ~ncentration at the latt@r point until 1-1/2 months later. 

When the maximum steady concentration was finally reached, 55 percent 

of the San Joaquin flc~r was contained in the Delta-Mendotawater. A 

large portion of the colored water appeared to be taking advantage of 

a short cut from the Stockton ~ ship channel to Middle River through 

Turner Cut. When a dam was installed in Turner Cut, the improvement 

was only temporaryj so it was r~moved. The numerical value of the 
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measured  r a t i o  (55 p e r c e n t )  i n d i c a t e d  t h a t  t h e  Sacramento  R i v e r  w a t e r  

being transferred through Georgiana and Snodgrass Sloughs (7,680 

second-feet) and the San Joaquin flow, less the consumptive uee:up- 

stream from the mixing zone (800 second-feet), were mixing nearly i00 

percent, Aesumlng i00 percent mixing, the percentage of the total 

San Joaquin water going to Delta-Mendota would equal the ratio of the 

pumping load of 4,600 seoond-f,eet to the total available mixed water 

of 8,480 second.feet (7,680 ,+ 800) o r  54 percent. The balance of the 

San Joaquin flow was carried from the Delta with the net outflow. For 

e~timating purposes it can be assumed that the dam in 01d River re- 
v-J • " duced by 50 percent the percentage of San Joaquin water in the uel~a- 

Mendota water and resulted in nearly the' °ptimhm quality of Delta- 

Mendota water which may be obtained by mixing the San Joaquin flow, 

corrected f o r  extractions upstream from the mlxing zone, roughly up- 

stream from Rindge Pump, with the transfer flow through iGeorgiana and 

Snod grass Sloughs. 

The idea of using dams to control flaw in the Delta was carried 

to an extreme in the model. The transfer flow of Snodgrass Slough 

was forced by a series of dams to flow down th 

Mokelumne through White and Fourteen Mile Slou 

nel at a point upstream from Rindge. From there the portion required 

for net outflow passed downstream and the Delta-Mendota water flowed 

up the San Joaquin Fiver to a pumping plant on the San Joaquin Just 

downstream from its bifurcation with Old River. A dam Just upstream 

from this site forced the San Joaquin River flow to pass down Old and 

Middle Rivers. The points where the two flows crossed ~ ~he ship cha~nel 

were far enough apart and the net outflow ,great enough that no mixing 

occurred and all the San Joaquin flow passed out of the Delta. When 

some of the dams controlling the •transfer flow were removed, there was 

some ,mixingand part of the San Joa~uin water reached the Delta- 

Mendota i n t a k e .  The c o n t r o l  dams need  n o t  n e c e s s a r i l y  be c o m p l e t e  

obstructions of flow and could probably perform their function of 

t r a i n i n g  the  f l o w  e v e n - t h o u g h  an o p e n i n g  fo r  n a v i g a t i o n  were  p r o v i d e d  
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thorugh them° It £s apparent that the southwest portion of the Delta 

would receive undiluted San Joaquin water, which might be objection- 

able. 

12. Conclusions. Subject to confirmation by prototype tests 

of certain critical data and to the model limitations, the following 

conclusions are drawn: 

IA Diversion and transfer of Sacramento River water 

through natural channels according to the so-called State 

Plan affected conditions in the Delta in only one respeoto 

The ocean salinity at Webb Pump remained unchanged, but 

~he entire stretch of Old River from its mouth to the Traoy 

pumpl~ plant assumed a salinity equal to that at Webb 

Pump, due to the negative average flow in this reach. The 

ocean salinity at Oontra Costa Canal intakewas approxi- 

mately the same as that at Webb Pump. 

2. With the ocean salinity at Antioch controlled by 

stream flow to i00 parts of chlorine per I00,000 parts of 

water, the salinity at Webb Pump will be limited to a 

fraction of a part per I00,000 and maybe completely ab- 

sent. 

3. The net stream flow in both rivers past Antioch 

required to maintain i00 parts of chlorine per I00,000 parts 

of water over an extended period of time was indicated to be 

6,000 second-feet instead of the 3,300 iseoond-feet predicted 

in Bulletin 27. 

4. When ocean salinity was controlled by the required 

net stream flow and the proper division of it between the 

two rivers, the quality of the Delta-Mendota water was prin- 

cipally determined by the quality and the quantity of San 

Joaquin R i v e r  f lowo 

5.  When no p renzen ta t ive  measu re s  were  t a k e n ,  p r a c t i c a l l y  
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a l l  . the San Joaquin  f l o w  .was drawn in to  t h e  De l ta°Menders  

pumping p l a n t  by r e a s o n  o f  the d r a f t  head indueed  by pump- 

ingo 

6. Wlth the S t a t e  Plan i n  o p e r a t i o n ,  approximate~7  

one-half of the San Joaquin flow was eliminated from the 

Delta-Mendota water by constructing a dam in Old River be- 

low its bifurcation with the San Joaquln Rivert 

I~. Proposed prototype ",to.st. Of the conclusions stated In the 

preceding section, the second and third are the most controversial. 

Their importance at the present time depends entirely upon the value ..... 

of water which will be great enough eventually, if : 

quire confirmation of the amount of water necessary 

salinity bot~ for pro~ecting Delta use and for insuring that no ad, 

verse contamination of Delta-Menders water oocur~s under operation of 

t h e  State P l a n .  

Because of  the discrepancy between the control flow estimated 

from prototype studies in Bulletin 27 and that predicted in this re- 

port, the most satisfactory method for confirming the true value 

would be certain prototype tests. The reasons for~ questioning the 

results based on previous tests as given in Bulletin 27 have been • 

fully discussed. As contrasted with prototpye tests made in the past, 

the proper confirmation of control-flow value can be supplied~on~y by 

prototype tests made under conditions closely resembling those ex- 

pected during project operation when the net flow required to control 

salini'ty may be held constant for an extended period of time, It is 

essential that the net flow during the period of test be known with 

some degree of certain~y. This type of prototype test can be made 

only when the inflow to the Delta can be controlled while a steady 

state salinity pattern develops. Heretofore it would have been im- 

possible to arrange such a test, but wit~ Shasta Dam on the Sacramento 

River and Friant Dam on the San Joaquin River, it would seem that the 

necessary control of stream flow is available. 
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D e n v e r ,  C o l o r a d o ,  September  1 4 .  1 9 4 4 .  °+ 
~ r  

MEMDBANDUM TO MR. J .  X. WARI~)CX 
(R.  L" G l o v e r  +and W. I~. J u r n e y )  . . . . .  , 

Sub,sort Salinlty-dletributlon estimte8 £or theDelta ,region- 
Central Valley project- California. + 

~+:3: : - ' 

1 .  
i i  

Del~rtment of 
27, w V a r i a t i o n  and Control  o f  : : k l i n i t y  i n  S a o r a ~ n t o - S a n  J o & ~ i n  Delta~ 
and Upper San F r a n o l s o o  Bay ,e  1 9 5 1 .  . . . .  

( b )  S t a t e  o f  C a l i f o r n i a .  D e p a r t m e n t  o f  P u b l i e  W o r k s .  R e p o r t s  ,of 
S a e r a l e n t o - S a n  Joaquin Water S u p e r v i s i o n  f o r  the: years: ! lg29. . ,  1951,  ~'~ 
1 9 5 5 - 5 4 - 5 5 - ~ 6 - 5 8  and 1959e 

( e )  Memorandum to  the  Chief  Eng ineer  b y D .  J .  Hebert  and Fe C. ~;~ : 
Lows d a t e d  A p r i l  10 .  1 9 4 4 .  S u b j e c t .  w P r o E r e s s : r e p o r t  o n  m o d e l  s t u d i e s  
o f  the  Saoraaento-San Joaquin D e l t a .  Centra l  V a l l e y ,  C a l i f o M ~ i a . "  

(d)  Memorandum dated  Sept~aber  27j ,1948,: by J.~ L.. B0nnold~en - 
t i t l e d . . O p e r a t i o n  S t u d i e s  Shasta  R e s e r v o i r ,  C e n t r a l  V a l l e y  ~Power 
Plants, w i t h  S u p p o r t i n g  D a t a . "  ~ :  + - .... ~+ 

Re£erenee e 

Referenoe is made to the Following publioat'ionst " 

(a) or  llror i .  bllo rk,  lle i",:No.. 

r j 

2.  Contents  

The f o l l o w i n g  paraEraph8 c o n t a i n  the  r e s u l t s  :of a , f  . . -  

methods o f  e s t i ~ t i n g  s a l i n i t y  d i s t r i b u t i o n s  i n  t h e  : D e l t a  r e . o n .  The 

£ o r ~ l a  proposed i n  .the B u l l e t i n  No. 2 7 0 .  r e f e r e n c e  (a )  i 8  £ t r s t  .4  

s t u d i e d  and a new pro.oedure i s - t h e n  s e t . u p  to, s e r v e  as  a shock .  Curves 

s h o w i n g  a e o m p a r l s o n  o f  o b s e r v e d - d a t a  and v a l u e s  computed  b y t h e  new 

prooedure  are  shown. F i n a l l y .  an ~8t imato  o f  the  s a l i n i t y  a t , t h e  . ~ u t h  

o f  the Mokelumze in terms o f  the salinity at Collinsville is made for a 

s e r i e s  o f  o o n t r o l  . f l o w s .  and a minimum c o n t r o l  f l o w  i s :  e s t i m a t e d .  
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The f o r m u l a  o f  B u l l e t i n  No, 27 

This formnla is described in a paragraph on "Tidal Diff~- 

sic,- beginning on page 208 of Bulletin No. 27 on "Variation and 

control of  linlty-of reference (a). : ,is fO  la i. or the 

C n._+ s ... .......... . ..... . ......... ..............,-'tAj + 

where the ~antities as defined in the Bulletin Nee 27 are: 

C - the total amount of advance or retreat of galinity 
in a particular channel eeetlon, mxpressed as the 
volume of channel through whloh salinity of a 
particular degree advances or retreats during a 
particular time interval. 

D = T ida l  d i f f u s i o n ,  o r  t h e  e f f e c t  o f t i d a l  a c t i o n  on 
the  t o t a l  amount o f  a d v a n c e  o r  r e t r e a t  o f  s a l i n i t y  ~ 
(exprgssed in terms 0£ channel volume) during the 
same time interval. 

S - the net stream flow passing the particular channel 
section during the same time interval. 

I 

D 

+See page 209 of reference (a). 

On p l a t e  LXXIV the  t i d a l  d i f f u s i o n  i s  e x p r e s s e d  in  t e r m s  o f  t h o u s a n d s  

o f  acre-feet per day, and it is presumed that the two other ~quantAties~ 

in tL,~ formul~ would be expressed in the same units. The observed 

d a t a  w e r e  r e d u c e d  by  use  o f  t h e  f o r m u l a  .by t h e  method exnla ined~ i n . t h e  

p a r a g r a p h  on " T i d a l  D i f f u s i o n s  and the r e s u l t s  a r e  eho~n on plates~. '- 

LXXIV, LXXV. LXXVI, and LXXVII, where it will be noted th~t the dlfl~,• 

sic, is treated as a function of salinity. 

When an effort was made to judge the suitability of an ex~ 

presslon of this tTpe for the purpose of estimating the control flow 

necessary to hold the salinity in cheek, certain ~leetions arose. Xn 

the plates mentioned above, for example, the diffusion will be seen 

to decrease with increasing salinity, wherea's, if other faotors we)e 

a b s e n t ,  i t  would  be  e x p e c t e d  t h a t  t he  r a t e  o f  p r o p a g a t i o n  would  'be 

i n d e p e n d e n t  o f  i t ,  s i n c e  t h e  t i d a l  ebb and f l ow  would d o u b t l e s s  b e  . ~ -  

affected .by the amount of salt present. (The expression Wrate of 



r 

t 

p r o p a g a t i o n ,  as her,e used r e f e r s  to a v e l o c i t y  o f p r o p a g a t i o n  o f  a 

s a l i n i t y  p a t t e r n  by t i d a l  a c t i o n  which i s  the  a u t h o r f s  i n t e r p r e t a t i o n  

p laced  upon the te rm " d i f f u s i o n "  as used i n  the  Bul le t , in  No. 27. I t  

i s  assu~ed t h a t  i t s  express ion  in  terms o f  a c r e - f e e t  per  da was Y 
adopted as  a r o t t e r  of  convenience to p e r a i t  e o m p a r i s o n w i t h  staAeaa. 

fl~ data. On this basis ~the actual velocity of propagation :~ould be 

obtained by dividing the diffusion by the cross-sectional area of the 

channel. ) 

In t he  e o l e n t s  on " V a r i a t i o n  of  Tidal  D i f fu s ion  wi th  

Salinity w a~pearing on page 212 of the Bu:~.letin ~oj 27, the behavior 

described might be explained on th(~ assumption that the rate Of propa- 

gat ion is primarily dependen~ upon the salinity gradient and that the 

ourTes re la t i ng  sa l i n l~ r  and d i f fus ion  acquire t h e i r  v a l i d i t y  .~ough 

a relation existing between.the salinity and/the salinity gradient 

where in  the g r a d i e n t  dec r ea se s  wi th  an i n c r e a s e  of  s a l i n i t y .  Since 

t h e r e  i s  some u n c e r t a i n t y  in  regard  to  the  s t a b i l i t y  of the  r e l a t i o n 8  

between s a l i n i t y  and d i f f u s i o n  under t h e  proposed:ahanged c o n d i t i o n s ,  

produced by c o n t r o l l i n g  the  r i v e r  f low t h r o u g h  r e s e r v o i r  o p e r a t i o n ,  i t  

was de s i r ed  to provide  an independent  check o f  t he  e s t i a a t e d  o~_nt~i  ~ 

flow necessary to hold the salinity in check, ~ ~mhi~s~e~k~imate Wa~ baeA~ 

upon a se t  of  s imple a s s u m p t ~ o n s l w ~ s e ~ s u i t a b i l i t y  was Judged by u s i n g  

a test of  extremes, Thi~est is applied by determining whether the 

assumed r e l a t i o n s  w i l l  h o l d u p  under t h e  n e s t  extreme c o n d i t i o n s  

i ~ g i n a b l e .  The r e s u l t s  of  computa t ions  based upon assumptions ~o 

chosen should be reasonab le  even though they  B y  no t  r e p r e s e n t  the  

actual c o n d i t i o n s  exactly, 

4.  New procedure  

The new procedure  i c  based upon the  assumption t h a t  the  propa-  

ga t i on  of  s a l t  by t i d a l  a c t i o n  and s t r ea~  f low depends p r i m a r i l y  upon 

the salinity gradient. If the test of extremes is applied ~ this 

assumption in the manner described In the preceding paragraph, It will 

be found to give the .expected result ~n all eases, For exaaple, if the 

8 

\ 

;im 
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salinity i s  the same everywhere, radient o r  t h e  

v a r i a t i o n  o f  s a l i n i t y  w i t h  d i 8 ~  g t h e  s tream O h a ~ e l  

w i l l  b e  z e r o ,  In t h i s  e a s e  no change  o f . s a l i n i ~  lean occur  due t o  t i d a l  

a c t i o n .  This  r e s u l t  would b e , o b t a i n e d  i£,~the pro a n u ~ s d  . ~  

to  be p r o p o r t i o n a l  t o  t h e s a l i n i t y  g r a d i e n t .  ,If from 

f r e s h  t o  s a l t  w a t e r  w e r e  a b r u p t  ~ so t h a t  t h e  s a l i n i t y  g r a d i e n t ~ w o u l d  be 

steep, .then a, rapid propa~ation of~ ~ salt ~-i.tldal action would be ~ex- 

p e o t e d .  This  r e s u l t  would a l ~ o  ,be e o ~ p a t i b l e ~ i t h  t h e - - a s s t m p t i o n  t h a t  

the rate of propagation i s  proportional tO theiealinity gradient. 

In a uniform oh.ariel ,the str~a~ flow would t~d, tomove-a 

salinity distribution along bodily !8o that with respo{ 

the b~k~ the rate of chaz~e of ~ l in i ty  wlt~ respect to,tiara would be 

pro~rtional to the etre~ velooityand the salinity gradient. ~' This 

assumption would also stand the test of extreme. 

.~L. 

o . 

These relations can b e  e x p r e s s e d  in mathematical £or~ in-the 

followi~g manner. . . . .  ~ ~~. - =.- ........... " ...... ...... = ~ = = = ~ = ~ ? = = ~ = = = ~  

r e p r e s e n t - a  d i s t a n c e  measured a l o n g  the  bank ~- ~ . i t : i v e  
upstream, 

the timem 

the salinity at the point x I 

the stream velocity - positlv, ~d 

Let 

X 

.~ 

t j  

S. 

9 ,  

K, • consent . ob the 

.rate of salt propa~tion ~ past the notion at the 
point x due to t idal  aetl 
i 8  c o n s i d e r e d  to  be p o e i t i  
p r o p a g a t e d  u p s t r e a e  or i n  
PO s i t  i v e .  

Then the  t i m e  rate o f  i n o r ~ s e  o f  s a l i n i t y  i n  t h e  l e n g t h  dx i s  

W 

4 
'~i ̧ ~:~ 
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82S • .~ _~_ as " "~ ,(~.) 
- K ~ ÷ V 8 x  . . . . . . .  " ' ' " ' " ' ' " ' ' "  . . . .  " 0 ;  

An i ~ o r t a n t  e p e e l a l  e a s e  i s  t h a t  o f  t h e .  x t e a ~ y  s t a t e .  T o  ~ " 

o b t a i n  . t h i s ,  s e t  - ~ -  O. Then t h e  d i f f e r e n t i a l  e q u a t i o n  be,erase 
. . . .  i l  

d2S =" . . - ~ : 
_ a S  - 0 : :/ :i ..... ~ * ~ - ~ -  . . . . . . . . . . . .  ..... ,...............(~) 

A s o l u t i o n  o f  t h i s  e q u a t i o n ,  h a v i ~  t h e  s a l i n i t y  g r a d i e n t  ovor~whore 

n e g a t i v e  and a m a i n t a i n e d  s a ~ n i t y  S x -  O, i s  
O 

- -  - ~ - x  

s s o - ..(4) 

This  e q u a t i o n  ~s u s e f u l  ~or  e s ~ m a t t n ~  t h e  f i n a l  s a l i n i t y  d i s t r ~ b u t i o n  

in  a ohanne l  a f t e r  t he  o o n t r o l  f l ow has  been  m a i n t a i n e d  o o n s t a n t  f o r , &  . 

c o n s i d e r a b l e  t ~ .  . " 

5. D e t e r m i n a t i o n  o f  t h e  o o n s t a n t  K • 

The c o n s t a n t .  K was d e t e r m i n e d  b y t r i a l  .from s e l e c t e d  p r o t o - i i " , -  ~:i~/i! 

t h e  B u l l e t i n  No. 27 o f  re£erenee-Ca . )o  s d e s o r t b e ' i " l n ,  - : :  

t h e  ~ , p ~ r t  o f  r . ~ e r . , ~ .  ( ~ .  A f t e r  . . - . , ~ I  t r Y ' i , ,  ~ :  

K - 900 f t . 2 / s e e ,  was o b t a i n e d  f o r  t h e - p o r t i o n  o f  ~:4~,,~ • ::~ 

c h a n n e l  be tween C o l l i n s y i  l l e a n d  J e r s e y .  As a e ~ e k ,  f o u r  e a s e s o b : r l  ~~:'~:::,/./:: 
r a i n e d  frQm t h o ~ d e l  and o n e  e a s e  f o r  t he  p r o ~ t y p o  w e r e  worked ~ o u t .  ~' 

The model  d a t a  w e r e  c o n v e r t e d  to  e q u i v a l e n t  p r o t o t y p e  /i 

l a b o r a t o r y  and the  c o m p u t a t i o n s  were  made on a p r o t o t y p e  b a s i s .  = These .. 

oases  a r e  shown on f i g u r e s  1 t o  5, i n o l u s i v e .  In  a l l  oases ,  t he  oh-  :: 

served salinity at Collinsville was used as a basis for ~mputlng the ~? 

s a l i n i t y  a t  o t h e r  p o i n t s .  The d i s t a n c e 8  f r o n  C o l l i n s w i l l e  t o  t h e  wari- 

ou8 8~at ion8  were  read  f rom ~ l a t e  LXXI i n  B u l l e t i n  N o .  27. 

,5 



6 .  ~Bsti=a.te of. ~eontro'l . f l o w  , r equ ired  

I t  to r e q u i r e s  t l m t  1;be :tot~l*;dimso'lved :: 

1~5 p e r c e n t  ,0£ t h a t  o f  : the~ :~e~snen*o  ~River ~water .  

t h a t  t h e  s a l i n i t y  o f  , the w a t e r  :at :1;he 

chlorine c o n t e n t  ,of ocean ,~ater 'i 

w o u l d  r e p r e s e n t  .,about 85 p a r t s  o f  ~ t a :  p a r t s  ~of 

w a t e r .  I f  t h e  .~i  s w l v e d  ' s o l i d s  i z  the,. .  

t o  b,; oi:  as 

s~fioe to provAde a eontro) . . . . . . . . .  

to 2 parts per-::lO0~O00 at ,t~ 

m a t h e e a t i o a l  w o r k  ,prevtou81]~ 

s a l t n t t t e  s a t  • C o l l t n e v l  I l e  and , la tLon • 

t ~ e e n  t h e  e o n t r o l  :flow p a s s i n g  

tersre , 1 0 0 .  

r i l l s  is requlre~. 

n b e -  

• 8 

:A s e a r c h  w a s : ~ d e  o f  

so the values -~thus ..obtained may. :be, sxpeel 

,re- 

) 

hl~er .thmn .those :m~Intalned :by .-a iioonet~ :~oontl~:l ~f,i~ r~ -~he~efOre " '.i 

e ~ t g h t ~ y  on t h e s a £ e  .81de £or  : t h e ' p r e s e n t  p u r p o s e .  ~ T h e : r e s u l t  .ofr:':th'~8 "~ ~: 

8~_dy Is shown :on*~f.!~ure 6o . . . .  - .... " ': 

g e t  ~ h e  values of "the., ~: °n: flg~r°~6;. "i 

~ n ~ o l d , x  averages ilref.erenoe ~ (d)l were u8 ed 

and 19~9 .  . '-~L ' ~  .~ . ~: '~ Thsse are,averages £or the  month i 

there was a :rapld ~:rlse'/An ~'C~ eontrol flow in 

aonthe X~ thAs .ease ~he Flow st ~he :ead~oof,a 

f l o w - w a s  o b t a i n e d  f r o m  l ~ l l e t i n  *]~oo: 27~, : ,when ~ " 

• f o r  the years  19Z0.  /1921. 1922 ,  1 9 2 5 .  1926. 1928.  :and 192S~:,?:Fer ~he ,r 

four  years  1931-aS-Z54 and 11988 ~:~be F l ee  ~wa8 read Lin the W a ~  !SUpers i 

v i s o r .  8 ReIx)rt ,from t ~8raph repreae=t in l ;  the OOmhlned .~IOW8 : :Of/ :~. :  



n i t i  e s  were  • oban£ed t o  ,me 

u s e  o f  P l a t e  LXII ~n Bul l ,  

Saoraasnto  ~ P~ver'- a t  8aorsaento  and ~the :Sam:~oaq~ ~n "Rivor~,at Ve~nal£ s .  

A l l  othor~.£low8 . x o e p t  t h e  l a s t / £ o u r  r e l ~ 8 ~ o n t ~ t o t a l  ~£:lowa~froaii~Iil, i':,~ •'/ 

e o u r o e s .  The use  was .road '~ro:  ~ h e  ~obnmanptlveouso onrv~ .on p a ~  :2~7 

o f  B u l l e t i n - N o .  27.  In no e a s e  was t h ~ s  ~ourve 8h~F.ted, The oontrO1 

Flow was oonputed b y  deduot2ng ~tho" oonmanptiyo ~u8o ~2n t h e  .~Delta f r o a  

t h e  t o t a l  ,:Lu.t'low .into_ ~,the D e l t a .  ...... 

T o o b t a i n  t h e  va'luo8 ..of :tl 

t h e  v a l u e s  wore road  2n . B u l l e t i n  ins s 

Report  a t  the e n d o f  tbs  

f o r  1929 was o b t a i n e d  fro: 

y e a r s  t h e  t i d e  data  was n o t  avarilable. ,and me 

hours  a f t e r  the  h i g h ~ h i ~  ~t ide:were  ohangod 

The ~<tlde'/=data 

• i 

Q 

b 

a b l e .  

' A oompariaon.was ~ d e  ,to-~the Collinsvi,l~te::ourwm, whtoh~wae 

o b t a i n e d  i n  .the main :body or  , th i s  r e p o r t  and s ~ w n  ~ln : f t g u r e  l ?  t h e r e - "  

o f , ' - b y  ~ : t n g  :the o u r v e  , , 
• . J  

Vx 

go through t h e  1929 data  ,as used  t h e r e i n  ( . contro l  £10w 6 , 0 0 0 j  ! s a i l -  

n i t  7 ,  . 160~). ~.Thls. ourve ,  whloh t s ~roproduood ~ln f igur ,  o 6 ,  £ i t t e d  ',•~the 

data  w e l l  enough to  !be .used here  a l s o .  - - , .  .~ 

The o o r r e s p o n d i n g  ~aa~inttAes at ,  the aouth o f  t h e  . ~ k e l m m e  

a r e  shown o n . £ i g ~ e  7 .  The 8 a l t n i t i e s a t  the  ] foker lu~e  Rlvor~were  

oomputed from t h o s e  a t  C o - l l i n e v i l l e  i n  . the  f o l l o w i n g ,  manner,  iFor ,a 

g i v e n  e o n t r o l  f l o w ,  i t  was  .assumed t h a t  t w o - t h i r d s  o f : l t - w e n t  down-the 

- i 



San J o a ~ l n .  ~ h e ~ e r o s s o s e e M o n a l  :aroa-lwae,,,taken~,as~,79~200,is~,~,~te-i:,, " ' . - / i  

,Then t h e  v e l o c i t y , w a s  ~ob~atnbd :from ,the - r e l a t i o n  --~ : : 

0 

whore  0 i 8  t h e  c o n t r o l  ~ low I n  :the :8 

Nbkelum~e RAver w e 8  , o b ~ i n e d  ,~ron ~the 

S - S  • 
o 

where 

x - d i s t a n e e  A n  t e e t , ~ f r o n  : C o l l i  
- 1,10,8 e0 ,~ £ t . .  ~! ( P l a t e  i: LXXI ,  

F i b r e  7 ~how8 t h a t  a ~ e o n t r o l  f i o w ~ o f  4 . 6 5 ~  

s a l i n i t y  a t  t h e  ~ o u t h  o f  t h e  ~ k e l ~ e  a t , |  

p a r t s  w a ~ e r ,  o r  20 p a r ~ 8 - p e r ~ m i l l t e n .  ~ ~ 

I t  ~ a y ' b e  noted  t h a t  t h e  ~ 

be v a r i e d  t o  ~ m e  e x t e n t - w i t h o u t  ~ 

'7) a g r e a t  d e a l e  

8 

c u r v e .  This  dioorepem'oy t 8  c o n e t d e r e d  to ,be due to  l o c a l  o o n d i t i o n 8  

f e e t  p e r  8eoond i n s t e a d . o f  ,the 4,800-rOQbio . f ee t  g i v e n  ~ ¥  ~ h e  : e e t ~ m t e d  

~. A n t i o c h  to  100  par~8 per  1 0 0 . 0 0 0  ~would - t h e r e f o r e  :be ~nearer  5 ; 5 0 0 , ~ ~ b t e  

The e s t i ~ t e d  ,salinity distributAon/~fer ~ t ~ t o e i ~  ;IS 

f i g u r e  8 .  t o g e t h e r , w i t h ~ a  c u r v e  ~repreeent ing  • eert'e 

o b t a f n o d  from t h e  r e e o r d 8  a n d  p l o t t e d  An ~ h e  u l n n e r  ~. 

D e e t i e n  w i t h  .the C o l l i n s v l l l e  e u r v e o f  ~ £ i K u r j 5  ® ~Zt  at 

the  e e t i u a t e d  ourve  ~fer ,Ant iooh ./1-o ~ o o  l o w .  T h i s  ~18 ,:egmslderod to-be', .-  ~ 

due to  ~th8 e f f e o t , o f  f l o w  ~through ,~the ~NW ~Tork a l o U ~  a n d  ~the i inereaeed'  

m i x i n g  due t o  eddy f o r ~ t t o n ~ a t  ,the -~unotton o f  ~ h e  ,Saere~en~o and  ~the:,. i ~ '  

San Joa~Atn r i v e r j e  The , eontro l , . f , l ew  needed to:~bold t h e  e a l A n i ~  a t  

i ~. ~ ~!ii, 

-IL • :/ ,iiii!i  

I 
'"i ~ • 

M~kelunne River ~ ~ . i-:~ 



which are not present elsewhere. The estimated 8alinlty distribution 

for intermediate points is shown on figure 9.~.T 

were computed by use of equation ~d ~' 

that two-thirds of the ~otal loon 

Joaquin channel either naturally -or through ar~ificlal control exerted 

to  c a u s e  it to  do so. 

It wi ii 

f e e t  per second pa 

he ld  t h e  o c e a n  s a l i n i ' ~ y  , a t  t h e  mouth o f  

1 0 0 . 0 0 0  o r  20 p a r t s  •per m i l l i o n  o f  chloJ 

minimum value since, if the other-water. 

solids than the Sacramento River ~watero 

necessary to dilute the~ It ia :beli~ 

waters e~tering>the Delta may 

Oi ~ other  

)" 

~Iver water due-to the l~ge p t h o  fO~. 

Becau'se o f  the uncertainties involved, i~he above fi~.ure should be con- 

sidered as a reasonable estimate • of minlmu=:requiremnts rather tlunm., 

an ~xact V1~luee ' "  

7. Summary •and concluelens 

Ca) T h e f o r ~ l a  o f  Bul le~  o n  

t o g e t h e r  w i t h  t h e  s u p p l e m e n t a l  d a t a  

u n d e r s t o o d  to  ,be based upon d a t a  o b t a i n e d  dur in~ ,  p v a r ~ a b l e  

stre~ flow and for this reason may possibly give values i: 

f o r  a n o t  f l o w  to  ho ld  t h e  8 a - l i n ! t y  i n  e ~ o k  Under a 

(b)  A n - a l t e r n a t i v e  method o f  co~putatloni,d~Ised"to 

provlae a check and is applled to osti~te :the 

hold the salinity in check under :controlled ~:eonditionso A'JLiniDm •":':!: .: 

value o£ 4,650 cubic fee t  persecond is-the:value.obt~ined by th is  

method. 

:~ii ~ i 

. •4 ~ 

:::• : ,I~ii~ i 
" •'7. 
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',80 C~mput~t ions  
t 

Cem~utstton8 were :n~de by 

i ~  p a r t  b y t h e  a u t h o r s .  
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