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GmNGIES IN PERSONNEL 

The Laboratory staff Bas been strengthened during 1962 by the 

addi t ion  of three new ~ e m b e r s ,  They are as  fo%lows: 

A .  He Morse, Clerk-Dictating Mach1n.e Transcriber  
B,  E. Fjsher ,  Li r a r y  Assistant 
S, T *  Mitchebl, Physleal Science Technician 

Also during 1962 ",$or@ were four .t-esignat.SLons, They are as  follows: 

The Laboratory staff is now e s ~ e n t d a l l p  at f u l l  s t r e n g t h  with one 

o r  t w o  exceptions,  
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TITLE: HEAD EWIROmNT OF SEEPAGE MI3TERS I N  FLOWING WATER 
j 

LINE PROJECT: SWC 4-gel  CODE NO,: Ariz,-WCL-4 

This  p r o j e c t ,  which a l s o  inc ludes  a s tudy  of t h e  d i r e c t  e f f e c t  o f  

v e l o c i t y  on seepage, w a s  r epo r t ed  i n  Annual Report 1961. The s tudy  was 

publ ished i n  t h e  Proceedings o f  the  American Socie ty  o f  Civil  Engineers 

(57), Pending formal d i scuss ion  of  t h e  paper and p repa ra t ion  o f  c lo s ing  

remarks, t h e  p r o j e c t  w i l l  be terminated,  

PERSONNEL : L, E, Myers, R ,  C. Rice ,  

Annual Report of the U.S. Water Conservation Laboratory



JECT: SWC 4-g61 

The theory and application 

technique for measuring seepa 

CODE W .  : Ariz. -W@L-14 

SEEPAGE HETERS 

of the falling-head seepage meter 

and hydraulic conductivity of bottom 

material  (see Annual Report 1.961 and (3.7)) were i n i t i a l l y  based on the 

assumption t h a t  seepage was not a fected by pressure head a t  the bottom 

of the canal and tha t  the bottom material  was s uai form hydraulic con- 

duct ivi ty ,  The theory has now been extended t o  conditions of seepage 

affected by head and to  s t r a t i f i e d  bottom mater ia ls ,  The condition of 

srmity sf bottom materials  was simplified in to  the case of 

(a) bottom material  underlain by much more permeable s o i l ,  (b) bottom 

material  underlain by much less  permeable s o i l ,  and (c) thin, slowly 

permeable layers completely penetrated by the seepage meter, For the 

l a t t e r  condition, the csnductivSty information i s  obtained i n  terms of 

hydraulic impedance and the balanced-flow different ia l .  head % can be 

used to evaluate t h e  pressure head immediately below the slowly 

permeable Layer, 

Laboratory t e s t s  were performed t o  ver i fy  the new principles,  and 

f i e l d  measurements were made to  exemplify the various pos s ib i l i t i e s  

for  application s f  the  technique, A paper with a complete description 

of the developments i s  i n  press (821 ,  

PRO CEDUIEaE : 

The extension of the falling-head seepage meter theory to  head- 

affected seepage and s t r a t i f i e d  bottom materials  was done analyt ical ly .  

Since the reLationship bet.ween seepage and pressure head can be 

expected to be Xinear, a l inear  re la t ionship was employed i n  the 

t s f  the equation for seepage cal.cuZation from fa l l i ng -  

head measurements, 

The principle of the calcukation of the hydraulic conductivity K 

i s  to  subs t i t u t e  Z and l$ i n  the flow factor  F (Annual Report 1961), 
s 7 f 
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since a t  the balanced-flow level  she seepage component and the leakage 

component are  n.unmerica9l.y equal, This yie lds  

In  t h i s  equation, R and B are kaown from the ff  eld data and F can be 
c S E 

determined from one s the graphs presented as Figures 2 and 5 i n  (22) 

for the par t icular  value of D or  D whish r e f e r  to  the depth of material 
P 

of much lower or  much higher hyd.rau1 fc esnductivity, respectively, below 

the canal bottom, The seepage component, I a t  the balanced-flow 
~ 9 %  

level  i s  m t  ~ R ~ P W J ~ ,  ever, since the seepageUobtaiaed with the seepage 

meter is the seepage I when W 3 0 ,  Thus, Is must be estimated 
s ,  0 

before I< of bottom material can be evaluated, s estimation w i l l  be 

done by assuming ye r t f ca l  3.ww be1.0~ the canal bottom and applying 

Dar cy b equa t %on ts de terml ne Z from X for the various conditions " J,, s ,Q  
of non-uniformity or s t r a t i f i c a t i o n ,  

For thin,  shw1.y permeable layers tha t  are completely penetrated 

by the seepage meter, the seepage meter can be considered as a fa l l ing-  

head permeameter aad the impedance o f  the slowly permeable layer, 
IPS 

I s  

derived without a id  o f  the flow fac tors ,  

The term M i s  an Important indicator of  the roadit.j;oas under 
b 

which seepage takes place, "I$ seepage occurs in unfform s o i l  with a 

deep water table, the seepage gradient i s  mot much i n  excess of one 

and the seepage I s  esseratially uaaEfected by pressure head i n  the 

canal, For a gradient o f  one, equatfon (11 shows tha t  B i s  equal t o  
b 

R ~ / F ~ .  If  I$, is smaller than t h i s  r a t i o ,  the seepage gradient i s  l ess  

than one, T h i s  may indicate r e s t r i c t fng  layers a t  re la t ive ly  small 

distance below the canal bottom o r  i t  may indicate presence of  re la -  

t ively high water eables adjacent to  the caaal. If I+, exceeds R /I? 
c f 9  

the material  i n  which the seepage meter i s  placed i s  of lower hydraulic 

an the underlying material ,  I f  approac.ktes the water 

depth \, t h e  bottom layer o f  .lower hydraulic csnduetivity i s  ra ther  

th in  and i t i mpletely penetrated by the seepa e cup. I f  I$, ex- 

ceeds the warer depth, negative pressures ex i s t  below the slowly 
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permeable layer, h Z  exceeds R /P, considerably, but i s  less than 
6 I 

Hwp the slowly permcable bottom Iayas is not completeky penetrated by 

the seepage meter, Also, a t k ~ n  Jayex of moderate hydraulfc impedance 

may be present ora, otherwise relat ively urkl&gbrm bstcom material, The 

various eqwatisns few ealculatl  qq K and a e showSng what equation 

to  use la r e l a t i o ~  t o  i s  presented i n  

8 
.--> 

Tbe use O F  seepa e meters to evaluate R of $bin? Layers wf th  high 
s 

hydraulic impedance was tested with a seepa e meter i v  a 55-gallon drum, 

The drum was i l l e d  with sand ct 0,s mm partic!e s i ze ,  The sand was 

covered by a 5-cm layer o f  28 p. glass beads to  simulate a slowly per- 

meable layer of bottom materfal, Te~s4omete-r~ were instal led i n  the 

sand below the slgow1y permeab ace layer to  vers y the pressure 

head determined w i t  the seepage meter, he t e s t  procedure consisted 

of measurfag the outflow from the barrel  to calculate the seepage, of 

reading the %earl.siometers t o  cletezrmine khe pressure head below the 

slowly permeable Layer, and of ea2culating the impedance R of the 
S 

layer from the seepage r a t e  and the bead boss acrass the layer, The 

l a t t e r  was measured as the vertical  distance between the water level in  

the mammeter tubes connected to the tensiometers below the slowly 

permeable layer and the f ree  water above the layer, These quantit ies 

are referred to  as "seepage taak" and are sham on the abscissa i n  

Figure 1, Palling-head measurements were then carried out with the 

seepage meter to calculate H A f t e r  this, t 5 e  vaive between the 
s, 8 "  

seepage meter and the fal l ing-level  reservoir was c?,osed and I$, was 

measured for evaluation s f  the pressure bead below the sl.owlg perme- 

ace layer, These quantit ies are referred to as "seepage 

meter" i n  Figure 1 ,  By ma.c~fpudatimg the tak l~~watez  level sf  the 

seepage taak, posi t ive  pressures and negatjve pressures esu bd be 

created below the sIisw4y permeable layer, The drum was equipped with 

a i r  entry vents so that  unsaturated conditions below the slawly perme- 

able layer could be established iF the pressure were lowered suf f ic i -  

ently for draiaage of pose water Lo occur, 
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Field s tud i e s  
v 

The equipment used in the f i e l d  s tudies  i s  sfmilar t o  tha t  reported 

i n  the Annua Report 1961, A valve was placed between the fa l l ing- level  

reservoir  and the seepage meter, Upon closure of t h i s  valve, which is  

normally open, the  balanced-flow level. w i l l  be rapidly established inside 

the seepage meter. A mercury manometer was used for  measurement of 

r e l a t i ve ly  large E$, values, 

Qne of the f i e i d  s tudies  was carr ied out i n  a goif  course lagoon 

west of Phoenix, The object  of the study was t o  determine the depth 

of the r e s t r i c t i n g  Layer as formed by an a r t i f f c i a 1  s o i l  sealant tha t  

was applied t o  the lagoon for  reducing seepage, The seepage meters 

were ins ta l led  a t  d i f fe ren t  depths, As the  slowly permeable material  

was penetrated by the  seepage meter, a sharp increase i n  

observed, This increase would cease a f t e r  the meter had completely 

penetrated the layer ,  The other f i e l d  t e s t  was performed i n  an experi- 

mental ground water recharge p i t  northwest o f  Phoen i .~ ,  The object  of 

t h i s  study was t o  dakermfne whether a decline En recharge was caused by 

s o i l  clogging a t  the bottom 0 the p i t  OC. by a pexched ground water 

mound. 

RESULTS mD DXSCUSS 10 

seepage i n  the  development of the 

falling-head seepage meter equation can be described by the equations 
~- c, 

Q s , ~  -. 's,0 

and 

Qw := CH9 

w h r e  A and C are  a rb i t ra ry  constants, 
Q S 3  

i s  the seepage component 

and Q i s  the leakage component, A t  the balanced-flow condition, 
Z,H 

the two components a re  xeumerical.ky equal. and opposite, so t ha t  the two 

expressisns can be combined to  y ie ld  

Q ,  (A + H b o  

A t  a n y o t h e r v a l u e o f  H, w e e a n w r i t e  fo r  t h e n e t  %.kowQ leaving 
m,H 

the seepage meter, ca1lfn.g n = HIH~?  

Annual Report of the U.S. Water Conservation Laboratory



QmJ IA -=; CDE$ - Qs, + A"% 

= ( A t  C)nH$ - Q s , O o  

Substi tution of the expression for  Q i n  t h i s  equaeion gives 
s ,  0 

Qm2 H - (n - 1 )  Q,,,, 

which i s  the same a s  equation ( 6 )  f a  (3.71, so t h a t  the resul t ing 

formula for  seepage ca1,culation in t h e  r.ase of head-*affected seepage 

i s  t h e  same as  the equation for the condition sf constant seepage, 

namely, 

where I, is the seepage r a t e  a t  B = 0, R aad R are  the r a d i i  of 
s , o  c v 

seepage be.3.1 and reservoir ,  and H. and H r e f e r  t o  H a t  time 0 and 
k) t 

a t  time t ,  Thus, the equation or ig ina l ly  presented for  seepage 

unaffected by pressarc head ow the canal bottom appears to  be a lso 

applicable t o  the  condition where there i s  a l inear  r e l a t i on  between 

seepage and pressure head, 

The folJ.owing equations 

conductivity K s f  the bottom 

condi t ion s , 

were developed for  estimating the hydraulic 

material  for nan-uniform conductivity 
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The select ion of the par t i cu la r  equation depends on I$,, The following 

values of K1, and the associated procedure for  I(--calcu.Latisn are offered 

here as a gui.de., 

E,, < 0.2hw Use equation (21, The term D o r  D for  evaluating F 
P f 

may be deufved from the description s f  the bottom 

mater ia l  on the data sheet ,  For instance, 5 inches 

of coarse. sand on loam would indicate  a D of 5 inches, 

Xn the absence of knowledge regardfng the bottom 

material,  uniform s a i l  conditions may have t o  be 

assumed, t h a t  i s ,  D o r  D i n  excess o f  2 R . 
P e 

Use procedure as for % < Q,2hw, 

Use equation (3)  i f  D i s  known, i n  which case the 
P 

pressure head p below the slowly permeable material  

so be computed, f D i s  not known, use 
P 

equation ( 4 )  with an assumed value for  p, fo r  instance, 

p .= 0, D can a lso be estimated i n  t h i s  caseo 
P 

Use e q u a t h n  (5) t o  obtain  hydraulic impedance of the 

s 1owl.y permeable layer ,  

Laboratory s tudies  

The r e su l t s  of the laboratory study on determining impedance of 

thin,  sl.ow.Ly permeable bottom layers with seepage meters are  shown i n  

Figure 1. The agreement between the data obtained from the seepage 

tank and from the seepage meter appears t o  be quf te  good, Although 

the  t e s t s  were only made for  g lass  beads and sandy loam as  slowly 

permeable layers, more than two d l f f e r e ~ t  impedances are  shown i n  

Figure 1 because the impedance of a s ing le  layer had a tendency to  

increase during a t e s t  because of the formation of a "skins' a t  the 

surface s f  the layer.  

Field s tudies  

The r e su l t s  of the seepage meter s tudies  i n  the golf course 

lagoon are  shown in f igure  2, where I$, i s  plotted as  a function of the 

depth of penetration d of the seepage meter, The heavy l ine ,  which 

indicates the approximate mean of the three seepage meters, shows 
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meter r e s u l t s  and measured o r  calculated values of seepage, hydraulic 

conductivity, impedance, and pressure below slowly permeable layers .  

Seepage meters can be used i n  seepage invest igat ions ,  i n  evalu- 

a t ions  of the ELeld performance of a r t i f i c i a l  s o i l  sea lan t s  f o r  

reducing seepage, and i n  invest igat ions  of recharge i n s t a l l a t i o n s ,  

Examples a r e  presented t o  i l l u s t r a t e  the various appl ica t ions  of 

seepage meters and the type information tha t  can be obtained with 

the falling-head technique, 

PERSONNEL: Herman Bouwer and R ,  6. Rice. 
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Table I, Results sf seepage meter t e s t s  i n  recharge p i t ,  July 27, 1962, 

Seepage meter b8 d Hb 
3' 

W s ,  0 

-=-- P" 
inches ---=- inches inches ---- inches /hq - hr s 

1 5 3 Q 0 8  46 Q , 8 1  5 7 

1/ Only calculated where l$, was approxfmate'l.y equal to  h . - W 

2/ Deeper penetration of seepage be l l  for I$, measurement only. -. 
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FOR SEEPAGE &EXT*EPS 

CODE HO, hr'%z.-WC%-14 

Ithotagh the double tube metbd bas g l v m  good r e su l t s  and shown 

promise as a smftable Ela$d method for measur4ng %ydraulic conductivity 

i n  the absence of a water table,  i t  was considered desirable t o  extend 

Jeld tes t ing  to  develop and t e s t  equipment and procedures for 

routine appl i cation,  o tbm p o i m  b~ te r iv t .  was to  determfne bmw 

the hydraulic comduct37f.t as measured with the double-tube method 

d vary i f  t h e  t e s t  were carr ied out f o ~  an exteaded period of time 

oad the mjnimum time required far su f f i c i ea t  a r t i f t c l a l  satura- 

Lion,  Finally, 2 simplif%ed procedore was developed for processing 

the data to obtalc  hydx'aulfc conductivity, This prssedurs, which con- 

s l s t ed  o f  an arrthmetic integrarion rather tFav r)re graphical integrac- 

t i s n  ir t3e srfgfwil  equation lor K, was tes ted or a ra t%er  large 

number s f  cases to  de te~mine  i f s  valadi t w  , 

Pfeld t e s t s  *----, - A - 2  

ff s l d  t e s t s  were camf ed out on the Bermuda Zawss southeast 

of the main La ratory buELding9 war the eas t  fence, The so i l  i s  

Adelanto loam, Three double-tube i s s ta lda t i sns  were tes ted simul- 

taneous.i.y and a t o t a l  of nine $scat.io*s was tes ted ,  The depth 06 

the auger holes ranged from 76 t o  186 cm, Tne duration of the t o t a l  

t e s t  periods ranged from 2 t o  7 days w ~ t h  R-measuremmts take3 several 

tjmes dai ly ,  In  addition, a record was kept of &he i a f i l t r a t i o n  r a t e  

ar the bottom 02 the hole wlth both standpipes fulB, a ~ d  o f  the 

temperature of the  warer, 

The location of t he  holes, wbf cA axe ident i  hjed by sumber, i s  

shown i n  Figure 1 ,  Pertinent data for the hales i s  shown i n  Table 1, 

S -- -~o&ge- 

T ~ E  simplified arithme&ie procedure for K-calculation cs rs i s ted  

af rep4 acing rhe graph1ca8 iy determined r a t i o  A% /$at by the r a t i o  
t 
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2 
2at/teq 1 e ,  

whish can be d i rec t ly  computed rom the equal-level and 

constant-level M and t measurements (42, 851, The r a t i o  2 ~ t , / t  
2 
eq.1, 

was then used i n  the equation for  calcuiat ion of K, The equali ty of 

the two r a t i o s  appears rom Figure 2, w5em the equal-level and 

TS curves are  replaced by s t r a igh  

RESULTS AND D 

Field t e s t s  --- 
The var ia t ion  of bydraultc conductivity, f n f i l t r a t i s w  ra te ,  9,' 

and temperature with time is  shown fo r  each test i n  Figures 3 through 

L l ,  In general ,  consistent  K-values ware obtsived a f t e r  four hours 

had elapsed, After  sufficient saturat ion w a s  at ta%ned, the difference 

between the maxfmum and the minimum I<-vaiue for any given day did not 

exceed 50% of the maxfmum value, The var ia t ion rom day to  day was 

somewhat g rea te r  with the maximum being two  to three times the minimum 

value, In  most cases, the trend i n  the K-values From day t o  day 

paral ie led that  o the i n f i l t r a t i o n ,  although dally f l u c t u a t i m s  i n  

K did not always foIIow t h i s  trend, 

The changes i n  temperature were not suf f ic ien t  to explain the 

variatfol-! i n  K with time, However3 temperature may have affected I< 

indirect ly ,  f a r  instance, throu h formation of a i r  pockets i n  the 

s o i l  and subsequent solut ion of the a i r  i n  the water due to  

temperature f luctuar ions ,  

Structural  decline or microbiological a e t f w  may cause r e d u c t i ~ n s  

in K under prolonged Inundation, n the other hand, K increases may 

be caused by repeated "Le age" flow due t o  ailing-Level measurements 

i n  the inner tube standpipe, This  could r e su l t  i n  "'f?Lzashing'l or  

enlarging the macro pores i n  the s o i l  acesuntiqg r the Leakage 

flow, TRus i t  i s  possible tha t  K increases o r  decreases during the 

period of tes t ing,  depe d i ~ g  on which act ion has a predominant e f f e c t ,  

In general, however, the variat ions for  excended periods of t e s t s  were 

not prohibit ive and "levehs" of hydraulic conductivity could be assessed 

i n  most instances,  

The average K-values or "levels" of hyd-sait2.1~ conductivity for  

group of holes 2 through 9 ranged from 0.06 cmimfn to  0,12 cm/min with 
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re la t ion  t o  the depth of the auger ? e  does not show a e1e.ar r e l a t i on  

between. R and dept\  Figure 121, T%e "out1yln.g" hole Moo J. was close 

to  a struccure a ~ d  the so i l  may have beear affected by excavation, 

om the f a l i i ~ - . l e v e i  measuremmts, values of &Jt!,f~dt and 
2 

2At/teq * I. w e r e  determined graphically a ~ d  a r i t h e t i e a l l y ,  respectively,  

a ~ d  extrapolated t o  E or t equal to 0 (85)* "psibe r e s u l t s  (Figure 13) 
2 

show that  80% of the values o f  2At-/teqoio was within plus o r  minus 20% 

t/~Hdt-values.  Mist of t h e  values chat were not within the 

20"/,fmits were calcullated f r o m  hole No, 1, where LiB was very small 
t: 

and could therefore not be accurately dee&armfned from the graph with 

the equal-level and ou te r - leve l  constant. curves, Since the graphical 

determirratfon o de i s  t o  some degree subject  t o  the manner i n  

which the curves a r e  drawn thraugh the J3 aad t points, i t  i s  concluded 

that: 2&6tL can be used as  a e o a v e ~ ~ e n t  ard accurate subs t f tu te  of eq , l ,  
the r a t i o  ~ & ~ / J a l d t .  

Nine dcawb1.e-tubs inst.allatfcms were run for  a period o 

seven days LQ Bermuda-covered Adelanto Asam southeast of the laboratory 

build%ng, P d r L y  ssresisteat values were apbtai.md withfn four hours 

aftex water application was s t a r t ed ,  Tb@ f luctuat ion i n  the K-values 

dfd not exceed f.2 t t y  percent of the maxSmum value during any one day, 

e trend in K paaralleiled t ha t  i n  the f m  l l t r a t l s n  r a t e  a t  the bottom 

of the hole ,  Direct e f f ec t  s f  temperature esukd not be detected, 

Structural  decline, %ormatfglnn of a i r  pockets arxd subsequent solut ion 

s f  a i r  i n  the so l1  water, spenfag up o f  pores due to successive leakage 

Clclw patrerns, and microbiohogical act ion caw be c i ted  as  reasons why 

draul ic  ~ c 7 u 3 d ~ ~ ~ t f ~ $ t y  may I ~ c r e a s e ~  decrease, or f luctuate,  during 

extended t e s t  periods,  Of t h e  n ine  'holes, e ight  were Located r e l a t i ve ly  

close together, The I<-values sf these b l e s  ranged from O,Q6 to 0,12 

cm/min 

Comparison betwem the a r f t h e t l c a l l y  determined r a t i o  2 ~ t / t  
2 
eq,3, 

for substi tutSsn of the graphically determiwd r a t i o  / l ~ d t  f n  the 
t 
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equation for c a l e u l a t f o n  of K shows t h a t  a  simpl.ifying assumption is  

v a l i d  and t h a t  the former can be used as an accu ra t e  s u b s t i t u t e  of t h e  

l a t t e r ,  

mEL: Bermaa Bouwer and R ,  C, R i c e ,  '------ 
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a/ Table I, Pertinent Data for Double-Tube Field Tests - 

Hole No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

a/ 5" - 8" tubes and I" standpipes used - 

%ole Depth 
ern -. 

76 

100 

186 

A8 2 

1.34 

108 

178 

14 1 

LO5 
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Figure 1, Location of holes for double-tube tests, 
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5 
Figure 3, Result of double-tube test at hole Eo. l 
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Figure 4 ,  Result of double-tube t e s t  a t  hole No, 2 .  
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Figure 5, Result of double-tube test at hole No. 3, 
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Figure 6, Result of double-tube test a 
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20 
Figure 7, Result of double-tube test at hole Ho, 5, 
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Figure 8. Result of double-tube test at hole No. 6, Annual Report of the U.S. Water Conservation Laboratory



Figure 9. Result of double-tube test at hole Annual Report of the U.S. Water Conservation Laboratory



Eigure 10, Result of double-tube test at hole 
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Figure  11. Resu l t  sf double-tube test at  ho le  
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Figure 12 ,  Hydraulic conductivity i n  r e l a t i o n  t o  depth of Role, Annual Report of the U.S. Water Conservation Laboratory



Figure 13. Comparison of 2&/r2 eq,l. and &H//)~dt. 
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ON SEEPAGE ~~~ CAHALS, 

LIME PROJECT: SWC 4-gG1 DE MI,:  Ariz,-WCL-24 

For decision maki ng in. water management problems invoIvir,g canal. 

seepage, a general knowledge as to  how seepage I s  i n  principle af 

by ccmd;P t ioas  a canal, s a i l ,  and water table  i s  desirable ,  

for a few cowdieions a ~ a l p t 2 c a l  o r  approximate sclutsons a r e  available,  

such s~~Xut ions  were not a t  hand for  a number o f  problems, Sface various 

ra ther  esmpbicated problems were considered to he ivcluded in t h j s  scudy, 

am e l e c t r i c a l  reslfstanee network was used to  sbtai.3. solutions,  By taki9i:~g 

t h i s  approach, addit ional information such as flow nets, water table  

shapes, capi l lary fringee, e t c , ,  could a l so  be obtataed, The experiment 

i s  stEl, l  in progress, and only preliminary data  and coackusdsns wiB?& be 

presea ted here, 

EDWE :: 

See 

The maoy d i f fe ren t  conditions under which seepage from c a ~ a k s  may 

take place were simplified xzpto the ollowjng tbkee basic coaditioas: 

A, The sail below the canah i s  emsidered t o  be of uniform 

hydraulic cssrrductivfty K and underlain a t  a depth D below the canaL 
P 

bottom by much more permeable matsrja!!. The water table slopes awa 

from the canal and approaches asymptotically a horizo t a l  water table ,  

The vertical. distance of t h i s  horizontal. water tab e belaw the water 

kevea i n  the canal is designated D The water t a b k  position a t  
w9Ga0  

an a r b i t r a r i l y  selected distance of. f i ve  times the bottom width o f  the 

e center o f  the ca a1 i s  designated D w,5" 
sox1 below the canal is underlain a t  depch D by material  

f 
that  i s  impermeable o r  of much lower Pydraulfc conduet%vity than I<, 

In other respects, t h i s  cnndltion 4 s  s imilar to  coadftiox A, 

6, The canal is  surrounded along i t s  wetted perimeter by a %kin, 

pesmeabLe layer which r e s t r i c t s  the seepage flow, Th,e s o i l  

belaw the slowly permeable layer 1s unsaturated 3 r d  the flow f:ii the 

percolation zone below the canal is essent3.all.y downward a t  mi% gradient,  
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e three ~ a n d i t l o - s  are il:ustrated i r j .  Pspsac  1 ,  w % ~ c h  also 

skiows the symbols used, P . e  seepage for ~wrdb T ~ O E F S  A and B was 

analyzed by meaTis of the r e s i s t a x e  r~ecwork aaaLog, c o n d i t l o ~  C! 

caukd br treated axalytsca: By, 

Analog anal-wses 
------""# - ----% 

Variables f ncluded Fa, &?e a-adysm were k ' w  water dep th  -&n the 

canal, the cross sectttoar s l  it>a c a ~ n a ? ~  tifie dopa-,% 0% the water table  

at i c f i n i t y ,  the depth o t be  permelable mster id (fox coada tiox. A) 

the depth of the impermeable maferlaf ( 5~ r  eo-drt i o ~  8 ) )  the hydraulic 

csnductivfty o the canal betorn material ,  t"-r ?t.~d.razll f c condurltiv~ry 

of t k e  subsoil,  and the unsaturated cs~,dust.lvf r y  sbaracter isti ss  of 

.diurn, For gene~al fza t ioa  of the s eau l t s ,  t h e  data are  expressed 

in d imens i~r less  parameters, 

be res is tance network for solvfag so:&ltio;rs A a ~ d  13 was designed 

r i d  pattern was densest i n  t% v r e i r ~ i t y  of the canal and 

became more ~xtfnsdve with increasing h n r  e zsn % ahand  v a r t i  sa l  distance 

from the canal, e shape sf the water ~ a b %  baweea $he canal and the 

terminat ion zone he anaiog rapreserrt.r.rq iw!;.-nty cwdl  t m  

found by t r ia l  a ~ d  error, s r a r t i ng  wxt5 assumed s apes aad making 

adjustments u n t i l  the pressure a t  the wate-v cabEe was measured as 

atmaspberf c , e horizontal water table, wh.ch is theory i s  reached 

a t  inffnf ty, was sfmdated on the a-a3ng a.t- a d i s t a x e  of 10 W from 
b 

the canal center,  

e seepage raws, mneasured as e k c t r  i r a i  C W ~ T E T  t 2  w e ~ e  C O ~ ; , V ~ K  ted 

to the volume rate q 0% seepage per  unit  !,enat5 of "i~a~znab p a  u n i t  
s  

width of the water surface, and per u d  t. hydxaulf c ccr1duetav.i ty 04: 
- 7  

the s o i l ,  o r  = q s / ~ s ~ .  T%r dimws2oq:rss pa-r.rsmetrr thus obeafred 
S 

i s  essent laJ ly  aD expressiw of t%e seepage 4 1  terms o f  an average 

ver t ica l  gradient fn a po theeka l  EScw TO-,$ extevd1.g v e r t ~ c a k l y  

downward from the water surface o f  the caaaE, The parmeter  can 

c considered as the r a t e  of f a l l  of t h e  water surface due t o  

e i n  a ponded canal, sxpaassed per b ; i t  hydraulic sanduet3vlty 

o f  the s o i  1 ,  e geometries 0 the se@pa&"i:Iaw sy8tr"."m were chaxac- 

terf zed by r a t i o s  o f' character f atAic 3,m 
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caaal a ol r~ctari!gtAar arid rr?aaguLar cross sec t ioes  are 

also to  be lwlwded in tPe s'rq~dy, the resu l t s  pms.-rited bere are for 

a canal ( ~ f  trapezoidal cross sactioa with 1x1 srde slopes, 

Unsaturated conduc t lx&rx 
--.&.-- -mb---- 

be e f f e c t  of thr  uwaturat ed e~wdueti v i t y  c'karactesls t i c s  sf the 

subsoil was Zneluded by the Ptgtrodoctloa of a cratfead pressure 

as i t  refdests the a $Bit? OF a s o f l  to transmPf vater a t  negative 

pressures. The critical pressure ~ e ! a r t e d  I? the aral,yses was -%b/12. 

lt?gr a canal with a bottom width of ? 2  f t ,  i w  1r~stm~g3, th i s  would 

mean a c r i t f c a Q p r e s s u ~ e  of '- f t  af wake.., t ~ a ~ w r a ~ l y ,  a t  a c.xilb-3cal. 

pressure range OF - O r 5  to  - 7  it of water kLr sr!erted yalue of -wb/12 

for er i t f  eal  pressure wou4d eo-vex a ran %P i n  b o t ~ ~ n l  wfdtks o f  6 t o  28 

f t  , Since seepage &ends to be Braat severe :a roarse so i l s ,  which tend 

t o  have higher c r i t i c a l  p r e ~ s ~ a e s ~  the c r i t i ca l  pressure of -W / I 2  and 
b 

the analyses with a e r i t t ca l  8 caw be eonsidered as end 

rh is Ilks" to  e w e r  3 t  cases i~ practice,  

a determine t h e  re latf  ve magq~tud~s  of seepage from e"-re canal 

banks and eke canal botto~, seepage diserfbutdon pa t te rm across the 

canal w e t t e d  perimeter w e r r  evaluated ar a *amber O F  ~ a s e s ,  Also, 

the e f fec t  oE io.8 t72e battom inpermeable sa seepage was determined 

to  evaluate the feas%bflf ty s f  sealing botcom material onay for reducing 

seepage. 1 wformatf on regarding t%f s ef Bect wodd be valuable, for  

instance, in designing mfnimnm cost treatments wi th  water-borne 

ehemical sealants for seepage r e d u e t f o ~  , 

A typica"!! exampie o f  the resultas sf the aqratyses f ~ r  sa;lndlt,loas A 

and B is slmwa i n  ich applies to  a trapezotdai canal wlth 

I :% side slopes, a of O,7% Wbl a ~ d  a c r i t i c a l  pressure of 
'z- > 

0 ,  Figure 2 sbws  that low 1 l ~ - ~ v a ~ , u e s  occur fatr shal low water tables 
'- s 

and In~permable layer s (eondi t i o v  B ke seepage increases as the 

depth of t he  impermaabke material arjd t h t  u F  t F e  water table is 

increased u c t f l  a maximum f s  aeaeied for 2) ar. i z fB-~f&y,  Tbe curves It 
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for  coxadf t i s n  A are  abo-ve this  curve, s t a r t i n g  w r t k  deep permeable 

layers (large values of D ), As t h e  depth of t rx  permeable layer 
P 

decreases, the seepage F?cseases, T%e curves far condition A termlnatc 

a t  the point where D D Hw, where the warm tab1 e c o i ~ x i  des wl t l: 
P w p m  

the top of the permeable layer, dr i s  seepage condition. is e s s e i t i a l  ly 

one o f  seepage to  a permeable substratum wairh %as sraBfPeieat lrrternal 

drainage to drspose o f  the seepage wlc"!zo~t formati02 of a ground-water 

table extending above the p Y neab f e subs r ratvm, T%m, r he permeab 1 e 

bed can be jus t  saturated or F t  can b~ unsaturated with atmospheric 

pressure eondf t ioas ,  r~ any case, t%e Ewer bwndarg of r$e seepage 

flow system i n  this case i s  a h o r i z o ~ i r a ~  plane a f  atmospheric pressure, 

For further reference, thes co-di. &to- w i  LL be d~s igaa ted  condf ti 

Plgwre 2 shows t5a t  ii D > 4W and if D > 1-5Wb, the seepage 
P b E 

approximates that for  the  eurge where ar D i s  inf iaf  ry ,  Thus, as 
P 1 

long as the permeable materia!: i s  m o ~ b  t%an 4 bottom wldths below the 

canal, or t h e  Impermeabae material j s  m a r e  tkan 7.5 bottom widths below 

the ccacaE., the medlum caq be eonr;/dered cll:, b~ noiform %or essent ial ly  

frahilrrlte dept-I.. T3e ef ' fsc t  s f  loweriz3g the water table, that  is, 

insreaslsg B i s  greatest a t  Low values s f  D bilhesr D has 
w , w 9  w , m 0  w.9- 

reached a value of appr~ximate;~y 4 W  he effect  of Further lowering ba 
the water table oa seepage I S  very small and the  system caa be csn- 

sidered as that  of seepage to  an $:>fmi;f&ely deep water table or per- 

meable strakum, The very high values of the curve for conditio? A n  

a t  low values of D / w ~  shws  t t e  high seepage rates ,  or  rather 
WY @3 

gradients, that  can oeeur if canals are u~dexla in  by permeable sub- 

s t r a t a  a t  shallow depths, 

Graphs similar to the ne ra Flguse 2 wzll be prepared for orher 

depths s f  water in the caaal, Average curves for the seepage uvder 

condition B, ~ahfsh g i v e  t"4z seepage for a de t h  rar,ge o f  0,25 Wb to  

0 -75 W w l  t h  less  than LO% errox, aye s;"am 1n Figure 3 ,  b 
The seepage for ~ond i t ions  A@ and B f a s  a lso beeE sapkved mathe-, 

matic;aJ.ly (see, for Fastance, The Flow o" Bomogeneous Fluids Tkrci~gha 

Porous Nedia by M, Nuskat), F o r  t k  ease O& sseepag t ts  a t%~ore t iea / l ,y  

f ~ f  ~ r ~ i t e l y  deep permeable bed or water tabla,  t%e theoretical s ~ k u t  i g 3 ~  
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The seepage of ~o~di"Co711 B has becq created a ~ a l y t i c a l l y  for rela-  

t ivel-y shal low water tab1 es aad imperraea is theory, which 

i s  due to  Dae 3cx aad 2s discussed by Hus a t ,  c o w  t s r s  of dividicg the 

flow system into t570 paxts, orw park t d e k  predomivanty horizontal flow, 

and one part  w i t h  lane-ssnrce f %ow, a:+Eer ' s procedure, the 

e rate ,  li /K was calculated far severar poalcions s 
s 

e resulrs,  3cd i ca i sd  as dots in Figure 3, 

show good agreement evea though the heory  9s approxfmate and semi- 

Unsaturated csaductivitx 
P-PP.--- 

The main effect  c intscdueinlg a critical pressure Less than 0 i s  

that  an extra f 8 s w  path is provided, For hmrfzo~ta l  or mildly sloping 

water tables small D 1 th i s  extra path 3s como-ri1.y referred to  as 
w, G3 

the capilkary f r inge,  he con t r fbu t io~  o he rap2 1 lary f r inge to  tkze 

seepage flow i n  t h i s  case is approximatel roporkfona1 to  the hei 

the capillary fringe with respect to  t$e awpage distance between 

the water table and t impermeable layer, Taus, t h e  e f fec t  s 

pressure oa X "or car.dftfoa B can be ig~xxed,  except under conditi.ons 
S 

o f  shallow impermeable Layers, For v e r  deep water tables ( ja r  

D ), where the saepa e f;ow $ 9  mainly dmmward, the  introduction 
w, Q3 

of a crf t ieak p r e s s ~ r e  less  than 0 causes a3 Increased divergence of 

the streamline below the canad, aked ccmseqmatly, a greater width of 

the flow zone a t  uvi t  ve r t i ca l  radleat a t  same distance below the 

canal.. 

The effect of  crftfeaX pressure on seepage fox condition A q s  

i l l u s t r a t ed  by re 4 The gseatest  e$%act af the cxi t ical  pressure 

appears to occur a t  re la t ive ly  large D .values, where the sppsr- 
w9c.X 

tunity for flow divergence i s  greater t h a n  f o x  small D -va!.ues, 
w,- 

The increase i n  seepa e, however, is ratber smaB k 3  and insignificant 

Ecr practicaf cons idera t fo~s ,  
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The seepage f a r  cccandftion C f s axalyzed from a standpafat of 

hydraulic impedance, symbol R a z f  the slowly permeable layer, and 
s "  

the unsaturated canducehity character is t ics  of t l e  underlying s o i l  

material as ref lected by the c r i t i c a l  pressure p . Taking the pressure 
C 

i n  the unsaturaeed material  below &%e sSowky permeable material as the 

critlieal. pressure, the seepage a t  a ~ y  poizt can be axpressed as 

h - PC 
W 1 .. --- I n  t h i s  equation, i t  i s  assumed that the thickness of 

Ws 

the sbwly  permeable lager i s  insignifica-tzy small compared to  the 

water depth, Applying the above e q u a t i o ~  to  the en t i r e  wetted perim- 

e t e r  of the canal gives 

seepage under condition 

- 
the fol  lowing expression for  'd: for  the 

S 

6, 

Typical d i s t r ibu t ion  patterns for  t h e  seepage Insjde the canal 

are  shown 139 F i  ures 5 and 6 whie5 apply to  flow systems sf  re la -  

t ively darge extent (large D for ~ ~ 3 d i t i o n  A' aad large D for  
97, 03 a 

condition B ) ,  The paint sf  highest seepage i s  a t  t he  toe sf  the canal 

bank and the loca l  seepage gradients in t h e  bottom are  sl.fghtly greater 

than those a t  the bank;;, A marked increase i n  bottom seepage occurs 

when., for condi t ion  A',  the atmosp$eri c pressure contour becomes closer 

to  the canal bottom (Figure 71, Alth~ugh a decrease xn D causes 
W, M 

both bank and bottom seepage t o  increase, the greacest increases are  

for  the bottom seepage, A decrease i n  bottom seepage can be observed 

when, for  condition BS the impermeable layer is a t  rekativehy shallow 

depth (figure 81, I n  the extreme case of D = 0, no seepage a t  a l l  
i 

occurs a t  the bottom for condition B, The seepage dis t r ibut ion 

patterns for eoaditlon A can be expected to  Lie between those SOP 

condl t ion A' and B, 

The seepage d is t r ibu t ion  SOP conditAsn G can be calculated with 

equation (I), Assuming eonstant R a ~ d  PC, the seepage a t  the bottom 
s 
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i s  uniform and equal t o  (H - P ~ ) / R ~  The seepage a t  the bank varies 
W 

l inear ly  from - P ~ / R ~  a t  the water level t o  (Hw ' .  P c ) / ~ s  a t  t 

the bank, 

The seepage dfstrSbution pat t@ras presented here apply to  uniform 

s o i l  or,  for condition C, to a m i f o r m ,  slowly permeable layer underlain 

by permeable so/.t TW hetexaganeous so i l s ,  en t i re ly  dif  fereat  d i s t r ibu-  

t ion pat teras  may exf s t  , 

T11e e f f ec t  ox? seepa e of rendering the bottom material Impermeable 

while Peaviag the permeabf l i t y  of the banks u~e3an  ed, f s shown i n  

Figure 9 for  a Xew selected values of D a ~ d  D for  csrxditions A' 
w,= d 

and B, The) general pic ure lndfcalted by the eurves i s  that  sealing 

canal bottom onky does not give sa t i s fac tory  seepage reduction, 

or very shallow eanaks ar c a ~ a h s  undergain by very shallow 

permeable substra ta ,  

S W Y  & T  WNG 

Resistance network analyses were made t~ de termine quant i ta t ive  

e f fec t s  o f  caaak and subsurface eond~t fons  09 seepage, Variables 

included were the water depr fn  the canal, t h e  shape of the c a ~ a l ,  

the positicm o f  the water table  a t  great, d f s t a ~ e a  from the canal, and 

the saturated and unsaturated hydraulic c o ~ d u ~ t i v i t y  o 

Distfaetfsn was made between two subsurface s o i l  conditfons, For the 

f f r s t  cowdj t loa  (condition A), the sof 1 was considered to  be un~derlain 

by very permeable material  with va"rtual1 uamestrieted internal drain ' ,  

age, For the sec nd c~nd ik fon  (condition B), the  sol1 was masidered 

to  be underlain by impermeable matekial , The depth. of the permeable 

o r  impermeable material  was taken as a variable i n  the analyses, A 

th i rd  eozditfam. (csadftion C), cmsisttnag of a e a ~ a l  surrounded along 

i t s  wetted perimeter by a thin, slswXy permeable layer,  was analyzed 

mathematically. The study i s  s t i l l  in p r o ~ r e s s  and only preBimimry 

resudts applying to a trapezoidal c a r d  wfrh L:I s ide  slopes and a 

water depth of 3 / 4  the bottom wfdth a r e  premwted I:e the f '~1 low~ng 

paragraphs, 

The r e su l t s  were expressed i n  dfmensioaBess terms, showf3g i n  

graphxcal form t5e seepage per uni t  length a;g canal, per uwf t watew- 

Annual Report of the U.S. Water Conservation Laboratory



surface width, and per unxt so$ hydrav.1 i c  c ~ ~ d u e t i v i  ty versus 

pertjnene system dimensions, For e o ~ d l r i o n  A, the seepage 

increases as the depth o f  the permeable substratum decreases, For 

a given water table  ellevation, a maxfmtm seepage i s  rsaached when the 

top of the permeable materia.!. coincides wikh the water table, In which 

case the seepage is one o fdow ts an unsaturated, Qr just saturated, 

permeable stratum, This condition can a % ~  be haadlad analytically and 

f o r  the case of a deep permeable bad the a~a!~yt%cal treatment yielded 

seepage ra tes  that  agreed with%n 3Xwjlth tbose obtained by the analog, 

Reduced seepage ra tes  occur i n  the presewe of shallow impermeable 

layers, H f  the permeable material i s  a t  a distarLce of more than 5 

bottom widths of the canal below the cam1 bottom, i t s  effect  on 

seepage can be f nored and the s o i l  can be take2 as uniform to great 

( inf in i te )  depth, For condition B, t h i s  distance for the impermeable 

layer i s  15 bsttd~m widths, 

Lowering the water table a t  great distance from the canal has i ts  

Largest e f fec t  on seepage when the water table elevation i s  not much 

below tha t  of the water surface Lrra the canal, The ef fec t  on seepage 

s f  Iswering the water table has ceased when the position s f  the water 

table a t  great distance from the canal i s  mre than 5 canal-bottom 

widths below tha t  o f  the water surface f a  the canal, The seepage can 

then be considered as one to  an fvffai te ly deep water table. 

Pkasurements of the seepage distrfburlon a b n g  the canal cress 

section showed that  for  seepage into deep ualform soi l s ,  the point sf 

highest seepage is a t  the toe s f  the bank and that  the bottom seepage 

ra tes  are s l ight ly higher than those for the bank, If, for  condftfon 

A, however, the permeable layer i s  brought relatf-vely close to  the 

canal bottom, the bottom seepage ra tes  s%arply inicrease and exceed 

those of the bank, e reverse is true whm aa impermeable layer i s  

a t  re la t ive ly  smabl distance below the canal bottom, I n  that  case, 

the ra tes  a t  the bank exceed those a t  the bottom, 

Matural or  a r t i f f c f a l  sealing of canal bottoms while leaving the 

permeability of the canal baak unehasged, givss o9hy substantial  
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seepage reductions i f  the canal is  very shallow sr i f  the canal is  

underlain by permeable substra ta  a t  shallow depths, 

The e f f ec t  s f  unsaturated hydraulic conductivity, as evaluated 

by the introduction of a c r i t i c a l  pressure l e s s  than 0, is due t o  a 

capi l lary  f r inge i n  case of shalIstl7 water tab es  and due t o  an increase 

i n  divergence of streamlines i n  ease of seepage t o  deep water tables  or 

permeable s t r a t a ,  Excepting conditisns of very small ditches or  very 

s h a l l ~ w  impermeable layers, the e f f ec t  o f  unsaturated conductivi ty  on 

seepage can be ignored o r  most practical. purposes, 

The seepage for  condition C was expressed anal.ykie.aLIy, taking 

the pressure below the clogged layer as equal t o  the c r i t i c a l . p r e s su re  

of the underlying s o i l ,  Local seepage was t h e n  calculated as the 

total.  head loss (water depth minus c r i t i c ak  pressure) divided by the 

hydraulic impedance of the r e s t r i c t i n g  I.ayer, and integrated for  the 

wetted perimeker t o  sbtai3fi the total ,  seepage per uni t  length of canal, 

P E R S 0 N m  : Herman. Bouwer . 
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,, Figure 3 ,  Average seepage curves f o r  th ree  water depths 

under cbndktion B, 

5 
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Figure 4 ,  Results of sdepage analyses for  trapezoidal  canal 

under condition A s .  
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Figure 5, D i s t r i b u t i o n  of see age grad ien t s ,  for condition A' to 
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Ps t r ibu t ion  of see ients f o r  condit ion B w L t  
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i gu re  7 ,  As Figure 5, but shallow 
Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Figure 3 ,  Effec t  of s e a l i n g  can tom only on seepage, Annual Report of the U.S. Water Conservation Laboratory



JECT: SWC 4-gG1 

conductivi ty,  symbols a ~ d  Kv, r e s p e c t j v ~  : y l  to 68risIder aSL t h i s  

reporc,, i t  w i l l  be discussed $.ow &he donbb~- tube  m ~ t % ~ d  can be used to  

determine % and K . 
P 

PliO CEDIgKE :: 

TheoxeItical " 

of the double-tube methad, symbols, equations, 

f l o w  f ac to r s ,  e t c , ,  reference i s  made Lo previous publieatisms (22,4L), 

From the theory of Daralan f l o w  i w  a?Ksotrs i e  media, t h e  double- 

Penet ra t ion  of inner tube d 

Depth of permeable sol l D 
P P 

Flow f a c t o r  

Thus, by multfpLying the  actuad dapt% of penet ra t ion  o 

tube by )/Rh/K, rhe double& tube system caq bi coxwidered a s  t h a t  in au v 
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i so t rop ic  s a i l  wlth hydraul i r  co-tductivity -i/ K&. Y%is hydraulic con- 

duct ivi ty  K could be calculated with snse of the two double-tube equa- - rn 
the flow fac tor  i n  these equatfoas could be evatuated for d / ~  

c 
which i s  equal t o  (d/R ) d&IK-. Tihe term K /R js not known i ~ i t i a l l y >  

4. '$7 
c- - --a 

h v 
so tha t  the flaw Eactsx f o r  d / ~ ~ ,  symbol Fg, cart not be defterminedo - 

The apparent d rau l ic  cowductf.vfty calculated with sae of the. 

ac tua l  d/R of the system. Siruce Re,, R;I, B a ~ d  r are  n o t  affect-ed by c 
the transformation in to  the equivalent sotzoplc sys tem, i t  d"01 :ows from 

the double-tube equations (22, 411, for 

- 
After subst i  tu t ioa  of YKhK, for K and rearrangrme~t  

equation (29 gives 

of terms, 

93 1 

values of d / ~ ~  i s  A graph r e l a t i n  K h / K y  axd K / K  fo r  d i f fe ren t  
de v 

shown. I n  f igure  1, Thls graph was constrncted by takiag a ee r t a ix  vafne 
w 

o f  d/R and calculating db?. for a number of values of Kh/KV. The flow 
CS 

c-d 
c 

factors  for d/Rc and d / ~ ~  w e r e  evaluated from the Ff-graph (figure 2 o r  5 

i n  22) for i n f i n i t e  D or  D (D or  D i.arger than 2Rc), a f te r  whfc!, Kdt/K 
P P 19 

was calculated with equation (31,  &,is process was then repeated for 

other values o f  d / ~  so as  to  y i e ld  the f ive  curves i n  f igure  1, 
C 

The pr inciple  of evaluating the cmdur t iv i  tg jin horizsxpt.aL and 

v e r t i c a l  d i rect ion with the double-tube mef: d consis ts  of obtaining, 

i n  addit ion t o  K a measurement K . Fram the r a t i s  K /K 
d t9  "ay dt  v7 Kh/k 

i s  determined from FSgure 6 4br d j  I n  questiov, Slace K i s  known,, 
6: v 
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Measurcmeac a z l i  K 
'y -----=....=-, 

f the water levels i n  t h e  s tandpipes  osr zhe ~ P Q ~ S . X  and 

are equal., the double - tube f n s t a l  latlon is s i m f  jar to thae  o h  a buffered 

cylinder in f  iltrometer, Cbnsequanr3p, the %Low i n  %be s o i l  below t h e  

Inner tube can be expected to  be vertically dowwazd for some d l s t m c e  
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The t h r e e  pienometers used i n  t3v ~ v a l ~ a t i ( c m  08 5 of an  a r t i f i c i a l  

a n i s o t r a p l c  sell (see next  s e c t l o a )  had a ?ee?gt% of 12 cm, 'The p i~z t3 -  

meters  were tapered  from a diameter oF 6 mm a t  tbe  top  to 3 mm a t  the 

Porwic band, D e t a i i s  o f  t he  ocustrueleorr of t5v plczometers a r e  shown 

i n  'Figure 2,  The piezsmeters  were mouofed s y m e t x i ~ ~ a l l y  on a 1/4-inch 

b r a s s   plat^, w$licb was Fas t ewd  n"-wide a punde sleeve c o ~ s i s t t n g  of a 

s h o r t  s e c t i o n  of p ipe  t h a t  f i t t e d  j u s t  i*,slde .~.,%e jmer tube,  The 

pdasitiozn sf tFe p.iate w i t 3  t%e pP'iezomkters w a s  C ~ S  t . r~Rled by means o f  

a rod, wFich exteaded t\rough t h e  tap,  p l a t e  (Figure 1, The piezometers 

were connected wi th  f l e x i b l e  tub$r% to  mt:ometer t u b ~ s  above the  s u r f a c e  

od t he  grotand, TO o b t a i n  f a s t  measurement of the  pzezemetric Levels, 

smal l  bore t u b f ~ g  was used for t h e  manometers a ~ d  t h e  marmmeters could 

be r a i s e d  o r  lowered f o r  r a p i d  detection o f  tke  equi zbreum l e v e l ,  

Takfag piezometrfc  measuremenks a t  va r ious  depths,  t h e  v e r t i c a l  

g rad ien t  dh/dz eaq be determfsed,  S i n c e  t h e  f / o w  LSaes below the  inne r  

tube t e ~ d  to  d i v e r  e a t  i nc reas ing  dept5, t h i s  g r a d i e q t  can o n l y  be 

eva lua ted  for r e l a t i v e l y  smaL1 xm-?ues a% z ,  T%e intake race a t  the  

bottom sf t h e  auger  hole ma3 vary dua9n.g the course  of the plezometrjic 

mc-asurements a t  var ious  depths ,  T'bieredore, a r eco rd  s f  i n t a k e  r a t e  

should be maSntained so  t h a t  the piezometr ic  measurements caD be cxx- 

r e c t e d  to  a comma i n t a k e  r a t e ,  

Zabora  to^;^^^, *---.- 

The pr-fncip kes aqd procedures fo l~  eva l~aa r  f ag csndut t a si t y  com- 

ponents i n  ax%so t rap ic  sci :s were t e s t e d  ir the Laboratory, Anfso- 

t r s p l c  s o i l s  were obta ined  by p l ac ioq  a1ternat4?g layews ot medlum 

sand and lrpaqj sand i n  a 55 g a l  drum, %%.; t b ~ ~ c k a a m  of t b =  i nd iv idua l  
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' d 

us ing  tbti know- x a & f o  % , / K ~  for t d i i . o m  d a?dl s i~bsayurnt ly ,  - L - Le2 

Tipo Th is  y a l w  of R w a s  t5.n cosnparcd w i t h  the K ca'cvtaLed from t h e  

kwwn and K . The loamy sand fa t b  t%-e t m t s  was v e t .  b t a l n e d  
V 

f r o m  t%e s a w  satsrce, Thus, X. i.elu.2s f0.r tbra materra! w m + .  dete.sPm 
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The P -Factors  i n  122 )  a r e  ju? t'5eo.af.y for az11 o u t e r  tube ~f l n f l n i t e  
f - 

r a d i u s ,  B t  was show9 b;s awalop that t h ~ s e  vakucs couV dba used wf tk  Less 

than 18% error a s  long a s  t ke o u t e r  t u b e  r adi us was a t  l e a s t  1,6 2' R , 
C 

t h e  Impsrtaoce of  a 10% ~k.a';"~gt. i n  Kdt for d ~ t ~ ~ m i d r g  K /K 
h v 

with Figure 1, Ff-values are paleserpci;d .ln Figi re 4 ,  w?rsh arz  app l i cab le  

t o  tube-s ize  r a t i o s  of  1,67, a s  approached by tke f Jve-e ight  inch com- 

b i n a t i o n  used in t h i s  example, T3e lower curve s3rormld be used pa r t f eu -  

l a s l y  if t he  o u t e r  tube i s  d u i v m  in somewbat deeper thaa t b ~ 3  f n m r  tube 

to  extend the  zone a f  v e r ~ ~ e a l  Blow below ehe fnlner tube lor measurement 

approaches wr  ll be br % ~ * f  ly d i s c u s s ~ d ,  

ne possfbjlfty I m e s t i g a t e d  w a s  t h ~ t  of d~~rexmLl;a;.~g K for d i f -  
d t  

ferent pene t r a t ion  depths of t h e  i ~ c c r  tube  and eva lua t ing  I( and Kh 
V 

from chk: v a r i a t i o n  o f  K wi th  diR . he c u r v e s  iz  Figure 1 show, 
&It t;: 

hawever, t h a t  f a r  a c e r t a i n  K ~ ( K ~ ,  t v a r i a t i o ~  in Kdt/Kv, and thus  

1 K due to d f f f e r e a t  d l 2  f a  q t ~ i t ~  sma21, Therefore, it would 
d t '  c 

be d f f f l c u ~ t  to c o n c l u d e  w%et"z~r, for il-staql-e, a redttckisn $77 K a f t e r  
dt 

incveasfng d i s  due to aniso t ropy  w i t 1  K, dasger chaa K sr due cs s o i l  
f i  v 

A second approach co*:s%sted of  cons%dex;r$ t h s  advarclng s a t u r a t n o a  

f ront  below ehe auger bole aa a ska rp  i ~ t w X a e e  betweep so4 9 of s a t u -  
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t h a t  case,  the deprb  to  the  aa tb ra s$oa  f r o n t  In the equ iva l en t  i s o t r o p i c  - 
system eoa;idd be r ep re sen ted  by 5, F'agure 2 2.i (223 shews t h a t  a s  D 

t S a l l y  cons t an t  can be detected, Prom  he Inea 
Q 

- 
a t  t h a t  momeat, K can be c a l c u l a t e d  a s  

whexe h f s  t h e  d i s t a n c e  between t h ~ l  t o p  of rhe s t a ~ d p i p e s  and the  
w 

bottom of the  auger hole ( 2 2 ) ,  25: t h i s  e ua&im, the pressure  bead a t  

t h e  s a t m a t f a n  f r o n t  is assumed ro be ~egkig9b1-y smal l  compared t o  h . 
W 

Sf nee 5 f n  equatfon (6) ean no t  be eva8;xareel f ~ o m  ignre 2 i n  (229, 
c ,  L."d 

un l e s s  d8k f s know, a trPaE-mbd-error procedure wou9d be r equ i r ed ,  
C ,=. 6 - 2  

A cereaiq r a t i o  K k would be assumed acd d % ~  would be c a l c u l a t e d ,  
h .ca --* c 

From Figure 2 i n  (221, wh~reby F beeomea esaeat~allp e m s t a n t  c Z '- 9 

then be eva lua ted ,  1f d becomes la rge ,  D w k s e  F becomes e s n s t a a t  
c 3 f ,a 

approaz".r,es d ,  The equiva len t  f s o t r o p f s  eondaaetf wity R zag now be can- 

puted w i t h  equat ion  ( 6 ) .  K w f n g  K and K, K.&/Kv can tben be calcu-  
d t  21. 

l a t e d ,  T h i s  %K should be equal t o  t i n i t i a l l y  assumed r a t i o ,  4f 
V 

not ,  t h e  procedure is repea ted  u n t l l  t h e  assumed and c a l c d a t e d  va lues  

aod K can then  be computed, Although t h i s  apprsac?, has shown pramise 
b 

in l abo ra to ry  s t u d i e s ,  i t s  mjor diaadvaatage 1 s  t h~ t  the exac t  m0men.t 

t h i s  mameat may occur r a t h e r  shntal-t1-y a f t e r  t%e s t a r t  of the  water applf.8 

decreasing r ap id ly ,  s o  that small e r r o r s  1% determS7,irg t he  momect t h a t  

%t 
becomes e s s e n t i a 9 l y  caas t aT~ t  caa cause a r a t h e r  large e r r o r  ia 1, 

= 

and consequently 3n KO 

5 9 
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e t h i r d  a8teraatlve c o n s i d e r e d  was based 0x7 deziving K From the 
'd 

r e l a t i o n s h i p  between the igtake rare i r ~ s t d e  the i t j n e ~  t ube  a9d the total 

water depth Ear succes s ive  equab-7ewJ s measurs-mwrts 8\4.i), Pas a 

cular equal - levels  md.asurement, t h i s  re katlonsb~p ea- he w i t  te? as 

13 H - p *d- D 
F-6 I - a .--a---==-%- 

'V I3 (7) 
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p r i n c i p a l  d i r e c t i o n s  of anssotropy i n  t E e  s o l  l are i r  the h o r x z m t a l  axtd 

tropy i n  the P B ~ I Z Q D ~ ~ D ( . ~ ! I  p lane ,  t h e  ii.o-~dx;ct f vatg compc7Pnrs "s be cotsf d'- 

below the inner tube is fait3aL:y 9 7  v e r t i ~ " a Q 7 ~  domward d i r e c t i o n ,  Wjth 

piezometers for measuriag the ver tY=ai  gsadzeat and knowi~g the intake 

rate, K may be cbta.ined, 1 the wader levels f n the s t andp ipes  are 
V 

i s  k~otzr~ ,  %a c a n  be computed. 

Laboratory s t u d i e s  were pr;.rfa-.med 17 a 55-ga.iioa drum wftk a r t f  %i- 

t ive ly  coarse and rn7aarive$ f i n e  so$ L, TIP co-~dus P S W P  ty of each so41 

was determined s e p a r a t e l y  i q  cykinder permemeteas ,  so t h a t  K and K, 
V '$1 

of t h e  l aye red  medium could be c a l c w l a t ~ d ,  A h s o ,  sieee t\e layers were 
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and Kdt was measured according t o  the double-tube p r i w i p l e  from f a l l i n p -  

l e v e l  measurements i n  the staniidpfpes, Af t e r  t h i s ,  ~ h e  piezometers i n s i d e  

t h e  inner  tube were pushed i n t o  t h e  s o i l  a ~ d  t h e  ve r t f caS  

measured, Knowing the i n t a k e  r a t e ,  K eoukd be computed, T11.e r a t i o  
v 

I. /K was then  ca l cu la t ed ,  from wbrcb was determisad by means o f  t he  
de v 

graph r e l a t i n g  \/K and K ~ ~ / $ .  The resu l . t ing  va lues ,  i .  e., Kv --- Q,23 
4. V 

em/min and Kh 2, 0.86 cm/mio agreed w i t h  the p r e v l ~ s s L y  determined va lues  

8 ,  kba, and 0,8% cm/mlsr, respect ive?ly,  

ry s t u d l e s  wfeh layered  s o i l  were performed t o  v e r i f y  

the  t h e o r e t i c a l  p r i n c i p l e s  am3 t o  determine w%tber 8,s cm Layers were 

h s o  t h a t  t h e  medfum csa?-d be c o w i d e r e d  an  a ~ i f ~ ~ t + ~ p i ~  

tinuum, A s tudy  wPt the double-tube system i n  aalform sand y i e l d e d  

Kdt = 3.94 cm/mln and K = 4 .Q6 cm/min, which i z d i c a t e d  cha t  t be  sand 
-v 

was e s s e n t i a l l y  f s o t r o p i . ~ ,  

L : Herman Bower and R,  C ,  Rice,  
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Table 1, Results sf double-tube tests %a t a ~ k  (ai.1 Iewgth dimensisas i n  

em, K dimensions in cm/min), 

Test 3 
=-sr= 

Rel, coarse sodl medium sand 
0) 

8 ReL. fine soil I s aq  sand 
U 
0 a 
cd I< of rel., coarse soil l , 3  
5v 

1/ from equal-level and OTS-full measureme.nts .- 
2 /  from balanced-flow equation - 
3/ measured i.n tank - 

Test 3 -- 
loamy sand 

Pine si, cd, 
loam 

00Z)6Q3 

0,0017 
3/ 0,0833 - 

0,831 

o m 0  

5 

15.3 

2,54 

l,19 

.I 6 0,087P '- 

0,82 

O,64 

4 8 8.01.3 - 
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Figure 1. Graph showing Kh/KV as a function of Kdt/% for different 

values of d / ~ ~  (an the curves). 

64 
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ketch of double-tube system with giezometers for 
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Figure 3 ,  Graph sf fa versus z for double-tube test in 

uniform sand (d 4 3  cm) 
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SEEPAGE %O$SX$i !:FRU% iZ,hMALS 

: Arkz. -WcL,=4 

IMTRoD~Jel ION : 

aer-qa&lon of the John. R a n d d l  pand, sprayed w i t h  a W O % , ~  

d i spe r san t  to reduce seepage as described l .m the 1.961 ,ktm,ual 

Kegart, i.n$i,cx;lted that rhe treatment f a i l ed  because ehe resu%t:Fng 

d i spe r s ion  was pri.makiXgr in t e surlaee soi,:I, ,~~f.a:i,ch rapdl.ky exsded, 

86.;eosd%agI,y, laboratory and f i e l d  atud%.es were ,  k x i t i a t e d  to see if 

treatments could be designed to provide: a ~0"c.tro3.:8.ed degree of 

~efkseei~]Latj~~~, or &Q d&lsecr,ula&e ghe so&B. a:+& fi+aT2a depth  b(enea$b 

the s o i l  s~arEace. 

Brl.,vioue work in, 1962 @howad that pondlng or rjgray agpHica- 

stia.ons of calionic asphalt emuls:L~ns reduead seepage but were 

d&j tk&ayfi-~,d by s$o8i.on0 St;ud$es wepe Fn~.t~.atc?d ag ::?pie eLa:in t 

s$$e to evaluate d f k &  I P ~ f n g s  rin.hic";h 2,1&r,I,uds %e&Ln.fo:rt.~::.f:,g m~t:erB.aB.s 

in addit;ion to asghal.&, 

Seepage fsan concrete cma% and d5tch -li:Y.i~!$ir,~gs "Pas become 

an &~c,raeshgIy  ser5ou.s problew b,&ich has not bee!n solved, ZPmitxd 

was irmit i ,ated &&a ewgl.ors:e post $& %l%fcbcl.,s for  ~ e ~ : : a ~ ~ r a g  concrete 

dhteb  linings, 
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i 
surface  th ree  inches of m i 3  @ouBd reduce seepage t rough the Pine 

s o i l  without any mechaaLca% @omgactisn. Ponds 1 and 2 were dBsked 

to a depth of three inches, e x t r a  coarse. NaCl was spread un i fomly  

a$  rates of 4,  00 pounds per  ac re  ow pond B and 6,000 on pond 2, 

and the ponds were disked a ain.  CsnsBderabIe difEkcu8ty was 

encountered i n  dB,sk g &Be skeep banks, 

The treatments reduced seepage as shorn Pw Table 1, Seepage 

reductron increased wi th  decreasing w e e r  depth, indica t ing  t h a t  

the t reatment was h a s t  e f f e c t i v e  ow t e upper slopes of the goad 

mixiag of s a l t  and so%% is  obtained, 

A f i e l d  s&udy ~ i t e  

was obtained near  F lags ta f f ,  Arizona, in, the Dick Hason pond, 

about 1/7 acre i n  a r e a  and 5 feet deep, omed by Mr, KeB Pox. 

The labora tory  steady of seepage con t ro l  w i t h  d$.sper.sants 

can Dick Mason s o i l  showed no advantage costwise f o r  e i t h e r  HaCl, 

t a g b s p h a t e ,  o r  tetrasodilwm pyrophoaphate, However, 

tetrasodium pyrophosphate ouppl i e d  mare ?%a' per unit weight than 

s o d i m  h e x a m e t a g h s s p h a ~ ~ ~ , ~  The golyphosphates also .form iwso1ubEe 

compoun.ds wit% caBekm and magneshm and thLs is  thought to be 

benef %cia1 in. el.ay d i s  pess ion, For these masons, anhydroas 

te tsasod%.m pysophosphate was se lec ted  for use ire, %re;31E5i.~g the  
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widely sca t t e red  s a l t  c r y s t a l s  d id  not  de f l sccu la te  the  surface  

s o i l  a s  d id  t h e  powdered s a l t ,  

Low-cost d i  Various types of low c o s t  d i t c h  

l in ings  were apglted t o  sec t ions  of an opera t ional  head d i t c h  

a t  the  Lakin test s i teo  The d i t c h  had bean fi1Bm.i in and reshaped 

but  che Bemuda g rass  sod remined  i n  the  d i t c h  baa& s o i l ,  Treat- 

ments and r e s u l t s  were a s  follows, 

Three sec t ions  were t r ea ted  by adding d i f f e r e n t  modifica- 

t ions  of an aspha l t  emuXsion t o  water ponded in the sect%ons. 

A l l  treatments were destroyed by emsfon  the  d i r s t  t%ne water 

was turned i n  t o  the d i t ch .  

Two sec t ions  were Created with surface  spzays of c a t i o n i c  

asphal t  emulsion, These were kougher coskhgs than the  ponded 

appl ica t ions  but  were graduelly destroyed by eros ion during the  

summer irr2gabl.m season, 

h e  s e c t i o n  was sprayed on March 7, 1962, with c a t i o n i c  

aspha l t  emuhion modified t o  obta in  penet ra t ion  i n t ~  s o i l ,  

Penetrat ion was about 0,25 inch, Bermuda g r a m  r e a d i l y  grew 

through the  coating desp i t e  heavy preDreatment appbications of 

po lyborch lo~a te ,  The l i n h g  d id  not  erode a t  was desbroyed 

by c a t t l e  during October and November, 

Blaek 10 rail polyethylene sheet ing was bonded ko the  d i t c h  

bed with cs$%onic aspha l t  emulsim i n  two 50 foo t  long sect ions  

on March 5, 1962. BF.e sec t ion  received a top 8prsy Q£ e m ~ s i o n  

and the o ther  was Left uncovered, The tog sprayed liesing became 

coated with s o i l  which should have provided some protec t ion aga ins t  

weathering, Bonding t o  t h e  d i t c h  bed was not  continuous because- 

of surface  i r r e g u l a r i t i e s  but  was s u f f i c i e n t  t o  prevewk wand and 

water from moving the  shee t ,  Cost sf mwteria3.s was about 30 cents  

per square yard, including s o i l  s t e r i l a n t ,  The l i n h g s  were in good 

condit ion wtil destroyed by c a t e l e  about e i g h t  months a f t e r  

apglicat%on. 

A sec t ion  of ju te-asphal t  l i n i n g  a s  developed by C, W, Laurl tzen 

was i n s t a l l e d ,  The j u t e  had not  been properly rot-proofed and the  
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uls,i.cn readaly penetrates a thin layer of s i l t  and algae Lo make 

an int 8ma te b o ~ d  w i  tb Choz can.crete, 

eo make soupy s l ~ r r i e a  and stiff sand mixes, The slur~ies are 

a concrete with s squeegee to fill small cracks, 

and eke sand mslxes are used to f i l l  larger cracks and holes, 

0th shrrLes and sand mixes had Ilitaized p l a s t i c i t y  after curing, 
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Depth 
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Percent deflocculated clay vs ESP and s o i l  solution 

concentration for Dick Mason s o i l  treated with sodium 

chloride, 
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Figure 2. Relationship between seepage rate and percent deflocculated 

clay for Dick Pllason s o i l  treated with sodium chloride, 
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Figure 3, Relationship between ESP and percent deflocculated clay for 

Dick Mason s o i l  treated with sodium chloride and tetra- 

sodium pyrophosphate* 
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Figure 4. Vertical distribution of deflocculated clay treated with 

powdered and crystall ine sodium chloride, 
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The energy budget method, by wk,ieh t h e  f l u x  of water  vapor and 

s e n s i b l e  h e a t  may be est imated,  r e q u i r e s  measuremeac of n e t  radkacfon, 

Instruments  f o r  measuring ne t  r a d i a ~ i o n ,  in a d d i t i o n  t o  having good 

instrument  q u a l i t i e s ,  mst b e  ecoaornkcal so  t b a t  they can he  replicated 

s u f f i c i e n t l y .  Such an  instmman4: and methods of caltbra",on were 

descr ibed  i n  t he  1960 Awmal Report,  Recent emphases have been on 

inc reas ing  t h e  ou tpu t  of t he  min ia tu re  set radaomeier, simp8ifybwg 

i ts  eons tmet%on,  and modifying &Re f nseru~anf:  so rhat i t  can be used 

t o  measure t o t a l  hemisf ier ieal  radfat . ion,  

PROCEDURES :: 

To inc rease  the  output. of the miniature a e t  radiometer  and maf r t&ln  

i ts  d e s i r a b l e  feat ,ures ,  new t r ansduce r s  were cowserueted, The con- 

s t ructgow e n t a i l s  winding 4-mil cons tan tan  wire  on IjM- by 3/8- by 

3/4-inch g l a s s  plates. Half of t h e  coi.1 is overp la ted  w i t h  copper so  

the  copper-constantzn junc t ions  a r e  oa the 3/8- by 384-inch su r f aces ,  

Two c o i l s  a r e  then  connected in s e r i e s  and cast in epoxy, forming the 

t ransducer ,  

Previously,  t h e  t ransducer  was supported between two s h e e t s  of 

p l a s t i c  f i lm ,  This method of assembly requi red  a spacing r i n g  and a 

j i g  t o  s t r e t c h  t h e  p l a s t i c ,  The new t ransducers  need not  be  supported 

by the  p l a s t i c  f i lm,  thus  reducing t h e  components of t h e  wet radiometer  
*. 

t o  t he  t ransducer ,  two hemispherical,-shaped r a d l a t t o n  windows, and two 

clamp %ng r i n g s  . 
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Hod%ficat%on of the  mfniafvre net  radLome&er t o  measure t o t a l  

hemispherical r ad ia t ion  was aeeompl%shed by a t taching a hemispherfcahJy 

shaped dome on one s i d e  ( e i t h e r  top or bottom) of be ne t  radiometer, 

By knowing t h e  temperature of the  dome, t h e  output of the  transducer, 

and assumiag t h a t  2he dome and the surface a r e  i n  rad ia t ion  equilibrium, 

t o t a l  hemispherical r a d i a t i o a  can be ealcnlated,  

A c a l f b r a t i o n  coef f i c ien t  was d e t e t m f ~ ~ e d  %or each dome in the  

calibration chamber using long-wave r a d l a r i o , ~ ,  the coeff ic3ent  being 

dependent upon t b e  proximity of &be rh~rmscsnpkes t o  t h e  concave 

surface  of the dome and &e number of coafs of p a i n t  op. t h a t  surface ,  

PSSULTS AND D'K 

me cal%bras%on f a c t o r s  of the  m$nC.ara;re net radioneters  a re  about 

20 times g r e a t e r  when the new transducer8 a r e  used, the  average tali- 

with the  new transducer, appears t o  have a i l  sbe des i rab le  fea tu res  

of the previous model plus &be l a rge r  output ,  The transducer bas a 

*- 1 of 1 
temperature c o e f f i c i e n t  a t  1. 3y min net r a d i a t i o n  of 0,07 ber&ent 

0 
devia t ion from d i e n t  t e m g ~ r a t u r e  of 20 C,  en the am'blisnt &em- 

0 - L 
perarure is 40 C and net r a d i a t i o n  i s  E Ig min , the temperature 

- 10 
eoefffclewt i s  equtvalewt t o  I,& percent o r  0,14 l y  min 

During September 1962, Three minfature n e i  sadlomet=ers (two w%th 

hemispherical domes] ard two solar imeters  were placed %x the  experf- 

mental f i e l d  1 m e ~ e r  a ove e%e Sudaagsass, Orwe of the t o t a l  hemispher- 

i c a l  radiometers (net  radfometer w i k h  dome) and one of the  solarimerers 

were inverted.  '6lfLt.h th is  combination of tvstramertts, a l l  of t h e  com- 

ponents of net  r a d i a t i o n  could be measured or  obtaEned with t h e  use 
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of the following re la t ions :  

Rt Q and Rt f~ were measured with the  boLal hemiapberical radiometers; 

Rs & and Rs + were measured wirh the  solarimeters,  and R was measured 
n 

with a n e t  radiomeQer, 

The r e s u l t s  obtained from 0000 t o  8600, 17 September 1962, 

- 1 
indicated t h a t  Re &, averaged 0.545 l y  min , while Rt f averaged 

- 1 -. 1 
0.574 l y  m i m  giving a ca lcula ted  B [3] of -0,03 l y  miaa ., The 

n 

average R measured over the  l y s  fmetars about 30' 'ma$&~re :~~  n' 
-1 same period was -0.83 l y  min During darkness, Rt 4 = R1 + and 

The t o t a l  upward long-wave rad ia t ion  from a surface  with emfssivi ty,  

E ,  may be wr i t t en  a s  

%! 
where T is the t r u e  temperature and T f s  the apparent temperature, 

0 0 

assuming E = 1. Tbe average T measured a t  the surface  of xbe 
0 
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0 * 
Sudangrass w a s  20,6 C, whi le  T computed from the radiometer  d a t a  

0 

0 
was 16,5 6, i n d i c a t i n g  an  emis s iv i ty ,  c, of 0,94, Values of E found 

i n  the  l i t e r a t u r e  range from 0 ,98  f o r  vege tac ioa  to  0 ,9  f o r  ba re  s o i l ,  

Since the  Sudangrass d i d  not  form a compleze canopy, 0 ,94 seems t o  be 

a good e s t ima te  of t he  ernissivit-y, 

The r e s u l t s  ob ta ined  d u r i  g t he  d a y l i g h t  hours  (0615 t o  1400, 

- 1 
17 September 1962) were not  as good, Rt & averaged 1.250 l y  min 

and R averaged 0,778, r e s u l t i n g  I n  a caLru laaged R 0,64, a s  com- 
t I El 

pared t o  a measured R of 0,53, Rs $ and R 4 averaged 0.731 and n ,s(. 

0.167 l y  m i n ' l ,  r e spec t ive ly .  Thus .& and R ~ P  from [l] and [2]  

were 0.519 and 0.611 l y  min-". The 5 4 was 0.026 l y  rnin*' l e s s  and 

- 1 1: was only  0.038 l y  min g r e a t e r  dur ing  day3 l g h t  per iod  than the 

.bi. 0 
night t ime per iod .  The average apparent  temperature ("41 ) w a s  21.0 C, 

0 

while  t he  temperature measured a t  t h e  fog  of the Sudaagrass (T $ w a s  
0 

31.3O6, i n d i c a t i n g  an  em-fssivity of 0 ,86,  

The poor daytime r e s u l t s  appear t o  be  due to i n t e r n a l  r e f l e c t i o n  

of short-wave r a d i a t i o n ,  which wfll be  eiimiwated when the  new t r a n s -  

ducers  a r e  used. "P"k,,erefore, t h i s  s tudy w i l l  b e  cont inued i n  the 

Euture , 
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The output  of t h e  ~ L n I , a t u r a  ne t  radiomexers was increased  t o  

.- 1 
approximately 1 , 5  mv l y  m%n 'by ~ l s g  s ransducers  made i n  t h e  

Laboratory, The u s e  of the mm travsducer  a i m  wimpELfdes t h e  

assembly by reducing t h e  nu er of c o m p o ~ ~ e ~ t a  Lo f i v e ,  while  mafn- 

t a i n i z g  the  d e s i r a b l e  c h a r a c t e r i s t i e s  of t h e  prevSous t ransducer ,  

The min ia tu re  ne t  radiometer  was modified KO measure t o t a l  hemi- 

s p h e r i c a l  r a d f a t i o n  by t h e  a d d i t i o n  of a S?,emlspkrer%caB dome, Prelim- 

ina ry  t e s t s  y i e lded  good r e s u l t s  dur ing  per iods  of darkness .  I n t e r n a l  

r e f l e c t i o n  of short-wave r a d i a t i o n  causes erroneous daytime va lues .  

- 1 
Durfng t h e  n igh t ,  the do a r d  f l u x  of r a d i a t i o n  was 0.545 l y  m h  , 
while  t he  upward f l u x  was 0.574 l y  mia-I. An zmis s iv i ty  of 0.94 w a s  

computed f o r  a Sudangrass cover,  which compared favorably  wi th  emissfv- 

i t i e s  found i n  t h e  l i t e r a t u r e  (0 ,98 f o r  w e g e t a ~ i o a  and 0.9 f o r  b a r e  

s o i l ) .  

Symbols and dfmens$ons: 

-1.. 
R = a e t  rad ia t io ia  !Iy mln j 
n 

Rt: 
= t o t a l  hemispher ica l  r a d i a t i o n  f l y  min-l'j 

R1 = long-wave r a d i a t i o n  i ly  min-'1 

R = short-wave r a d i a t i o n  f l y  min.'-'] 
s 

o r  9 i n d i c a t e  the d i r e c t i o n  of the r a d i a n t  f l u x  

PERSOMNEL: Leo 3.  PrLtsohew 
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:rRR:LGA%"ED ALFALFA, 

LINE PROJECT: SWG 4-gG2 CODE NO, :: Ariz -WCL-l7 

LNTRODUGTTON : 

Measurements o r  esf imat%ons of exmporaki,oa from va r ious  su r f aces  

i n  an  a r i d ,  warm c l ima te  a r e  g e n e r a l l y  no% a v a f l a b l e ,  T h i s  i s  

e s p e c i a l l y  t r u e  f o r  s h o r t  per iods ,  The da ta  ~nh ich  a r e  a v a i l a b l e  

gene ra l ly  have n o t  een augwe~ted  with s u f f f e i e m  atmospheric measure- 

menrs f o r  estimat5.o.l-i; of evaporat ion by micrometec3ro?!ogfcaI models, 

In orde r  t o  better undesstari~d .'she, meekaz15s1.a of I ~ t e n t  and s e ~ s i i b l e  

h e a t  t r a n s f e r  and t o  test models a d  equtpmeni f o r  e s t ima t ing  these  

f luxes ,  d e t a i l e d  s t u d i e s  need t o  b e  conducted &,at Eully desc r ibe  

t h e  p e r t i n e n t ,  phys i ca l  v a r i a b l e s  of t h e  acmospherfc and soh1 environ- 

ments. Some of the ob, ject ives  of t hese  s t u d i e s  a r e :  

(1)  t o  measure the  energy ba lance  components of var ious  

c rops  from s e e d i ~ g  t o  matur i ty ;  

(2)  t o  t e s t  va r ious  models f o r  e s t ima t ing  evapora t ive  r a t e s ;  

and 

(3)  t o  e s t ima te  t h e  evapora t ive  rate of va r ious  su r f aces  

throughout L5e growfglg season,  

S W R Y  OF ACTXVITXES: 

The followfng d s  a summary of t he  a c t i - A t l e s  of t h e  p a s t  year ,  

inc luding  a n a l y s i s  of da t a  c o l l e c t e d  during the  previous year .  

Unfortunately,  a l l  of t h e  d a t a  c o l l e c t e d  bas  not  been analyzed due 

t o  a de lay  i n  wrlt%n?rg t h e  gene ra l i zed  l i n e a r  computer program t o  

process  the  d a t a ,  The program Is descr ibed  under "Ertstrznmentation 

f o r  mferometeoronogical 

November - December 1961, A l f a l f a  was seeded ra t he  experimental  ------- 
f i e l d  dur ing  November 1961, Measurements were made eo determine how 

t h e  emerging seedings a f f e c t  t he  energy baEmce compoi%ents, However, 

s i n c e  the  crop f a i l e d ,  the measuremens~ made dur$ng that  per iod  a r e  

over ba re  s o i l ,  Net radfa$fon was measured a t  1.0 e m  over  each of the 

t h r e e  ly;simeters,  So%Z h e a t  flow w a s  measured a t  la-cm depth fa each 

of t h e  t h r e e  ly s ime te r s ,  Encorning and r e f l eaaed  s o l a r  radiat5.on and 
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wind d i r e c t i o n  were a l s o  measured, l k e s a  ~ , l s r o ~ e t e o r o l o g i c a l  

parameters were sampled b u r l y ,  T3-e d a t a  were comb-~ed wirh those 

from the  Iys imeter  t o  so lve  t h e  energy ba lance  equation f o r  t he  

s e n s i b l e  h e a t  f l u x ,  Sedl  temperatures  were sa t  rnaai?~xed, so i r  was 

no t  p o s s i b l e  t o  compute rbe  chaage %PI xce awergp sas rage  of t h e  s o i l  

l a y e r  above t h e  heat-flow &raasducer ,  

Peb r u a r  ----- 2, Msase~reaeats. of S O . ; ~  8 smperature and - 
s o i l  h e a t  f % u x  in s ide  and oubslde of the  kyaScmrers were made t o  

determine i f  t h e r e  w a s  any difference S2, the t m p e a a r u r e s  beoween che 

lysimeDer and t h e  s u r r o u n d h g  f g e l d ,  72 addfLlen ,  defa  was coP2ected 

&o determine the energy b a l a x e  corrspowr~cs oae r  b4re a o f l  during 

per iods  of low r a d k a t i o ~  4.vtenairy. 'We? r ad i a r30 r  was aeasured ae 

I 0  cm over  each of the t h r e e  %yoimetws,  S o i l  beat-  f l o g  was measured 

at 5 cm in each of ?-he three Eys ime~er~ ,  Soi l  i ernperaturea were 

measured at t h e  Q ' swr face 'ba~d  a",-cm dap+i? ko determine the  change 

i n  energy s t o r a g e  of t h e  layer above xTbhe k2&6rii0w t r a h ~ d u e e r ~  

Incoming and r e f l e c t e d  s o l a r  r a d i a t i o n ,  wjrd &peed a6 h meter, and 

wend df ree6  &OD were a 130 n?easurcd, A 3 3 - ~ C Z  aI crmr~efe07:03_og isax 

parsmeters  were recorded a t  15-~4 DL t z  :- ssr t/al s , 

a r c  A Alfalfa whs a g a i n  seeded in the experimental 

f i e l d  during March 1962, Me&snremexa xera agasr) made t o  determine 

the  e f f e c t  of tbe  energ82ag crop  U ~ I O I ( I  8 h e  eom;o~e~xls of t h e  energy 

balance,  A s a t i s f a c t o r y  s t m d  was n o t  o b t a f w d ;  k ~ e r e f o r e ,  the 

a l f a l f a  was removed and Sndangrasa w a s  p i m t e d ,  Bet  r a d i a t i o n  was 

meabured a t  10 cm over each of the  t%ree 1 y ~ i ~ i e t e r s ~  $of I, h e a t  flow, 

"surface" s o i l  temperacurst., and c$a Ztmperairure at. 5 ern were measured 

in each of t h e  lgafmeters ,  X~eombng aald re f  i e c t e d  solar r a d i a t i o n ,  

wind speed a t  1 meter, x t d  w i d  d l r e c t l o p  were a l s o  measured, T%.ese 

parameters were recorded ac 38-m;n~te k a ~ e r v e k ~ ,  

e emerging Sudangrash was arqn oxdmaxely 5 -em hfg!? . 
Data were e o l l e e t e d  t o  derermiae t h e  eornporeaas s f  ttCe energy ba lance  

equat lon  and $0 calculac,e che f l u x  of t h e  s e n ~ i b i e  beat by aero-  

dynamic rerhniquea. e k  r a d i a s t o n  w a s  nsleaaured at 10 crn above each 

of the I y s i m & e s s , ,  So4 L heat  f Ius was a.eaw.red a t  a depth of 5 ci, 
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"Surface" s o i l  temperature and the  temperature a t  5 cm were measured 

i n  each ly s ime te r ,  inromrag and r e f l e c t e d  s o l a r  r a d i a t i o n ,  wind 

speed and wind d i r e c t i o n  were a l s o  ms3asured0 

Three a i r -  temperature masts cont afnH2g cwo-juw.e Lon f Fermopf i e s  

between 5 and 10, 10 and 20, 20 aad 40, and 40 aad 80 em, and a tbermo- 

couple l oca t ed  a t  80 em,  were placed fa the experimental f i e l d ,  a s  

shown i n  F igure  1, A t  l o c a t i o n  ewo, the a f r - t e w ~ e r a r u r e  d i f f a r e n t l a l s  

between 5 and 10 and 10 and 2 cm were recorded con t 9 nuous l y  on two 

s t r i p - c h a r t  r eco rde r s .  A l l  cather temperature differentials were 

recorded with t h e  dara-handllqig syetex a t  5-x;.lau&e ia$erval .s ,  

Anemometers were placed near  loeatfoa wo at 5, 20, 20, 40, and 80  c m  
f, 

above the s o i l  s u r f a c e ,  he wind speeds aY che va r ious  e l eva t ions  

were i n t e g r a t e d  f o r  5-minute i n t e r v a l s  and bhen recorded along wi th  

t h e  wiad d i r e c t i o n  and ,other mkrometeorodog~.caS. parameters,  
> 

June - J u l y  1962. Data were obta ined  to determine the  components 

of t h e  energy balance over  growixig Sudangraeo, Eet r a d i a t i o n ,  s o i l  

h e a t  flow, "surface" s o i l  temperatures ,  and khe 5-cm s o i l  temperature 

were measured over and in one ly s ime te r ,  lnesmisg and r e f l e c t e d  s o l a r  

r a d i a t i o n  and wind speed were a l s o  measured, These pa r  

recorded a t  30-minute i n t e r v a l s ,  

12 - 24 and 20 - 23 J u l y  3.962, Measwernencw were made t o  

determine t h e  e f f e c t  of c rop  heighk and ma tu r i t y  u on t h  e components 

of t h e  energy ba lance ,  The Sudangrass s a  checks 5, 6 ,  and 7 was 

allowed t o  grow, Checks 1 through 4 were mowed a t  approximately 

20-cm height ,  Then two weeks p r i o r  t o  t h e  ex  

allowed t o  grow, whi le  checks 1, 2, and 3 were mowed a t  20-cm height;, 

Thus a t  t h e  experimental  time, checks 1, 2, and h e r e  approximately 

20 em; check 4 was 75 cm; and checks 5, 6, and 7 were 140 c m ,  A t  

t h i s  t t m e  t he  Sudangrass fn  checks 5, 6 ,  aqd I was headed out ,  wh% 1e  

the  Sudangrass in  t h e  o t h e r  checks w a s  not ,  Data c o l l e c t e d  f o r  two 

days, 12  and 13 J u l y ,  cons i s t ed  of measurements of n e t  r ad3a t io2  

1 meter above t h e  c rop  and 5 cm above t h e  s o i l  s u r f a c e  i n  each of t h e  

t h r e e  ly s ime te r s ,  S o i l  heae flow was measured ?In each of the t h r e e  

ly s ime te r s  a t  t h e  5-em depth ,  "Surface" so%'! and 5-cm temperatures  
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were a l s o  measured, Zincoming and r e f l e c t e d  so Ear r a d i a c i o ~ ,  wind 

d f rec t ion  and wmd speed I mter above hhe crop in  check 4 were a l s o  

measured, 

Af ter  13 July, check6 5, 6, and 7 were wowed and ebecks 1 ~ h r o u g h  

4 were allowed t o  grow, By the time the second see of data were 

col lec ted ,  20 - 23 duly, ebecks 1, 2, roxBmate8y 40-cm 

t a l l ,  while check 4 was 00-em t a l l ,  Swdmgrass begjnniag ro head 

out ,  Checks 5 ,  6, and 7 bad not ~ C C O V O I P C ~  frorxz t h e  mowing, the 

s tubble  being 8-cm talP, Data codlected durfng thjs period consisted 

of n e t  radBatLon measpared X meter above the  crop %n checks 2 and 4, 

1 meter above the  s tubble  in c eck 6 ,  and 5 em above the  s o i l  surface  

within the crop canopy on eheeks 2 and 4,, Heat flow a t  5 cm, "surface" 

s o i l ,  and 5-cm soil .  tempera&ures were a l s o  measured, Lneomlng s o l a r  

radia t ion,  wind d i r e c t i o n  and wead speed 1 meter above the crop were 

measured, Reflected s o l a r  r ad iac io  was medsured over checks 4 and 6.  

A l l  m%croraeteorolsgi~?aII! parameters were prlnzed out  ah 15-minute 

i n t e r v a l s .  

s t  1962, During xhe latter part  of Yuly and the  f i r s t  -- 
rou t ine  measurements were made over the  growing 

Sudangrass crop, These measurements consis ted  of ne t  r ad ia t ion  

measured 1 meter abo*re t h e  crop, s o i l  beat. flow and 8091 temperature 

a t  5 em, 'Ysurface" s o i l  temperature, incomisg and r e f l e c t e d  s o l a r  

radia t ion,  m d  wind d l r e c t l o n ,  These micrometeorologicd parameters 

were pr in ted  out  a t  38-minute i n t e r v a l s ,  

14 - I6 Augucrt 296?, During 14 t o  16 August., she e f f e c t  s f  '-- 

per iodic  r a d i a t i o n  upon evaporation was Ejnwesrigated, me r e s u l t s  

are reported under s'E~qaporat90nu and per%od$c i r radnat ion,"  

August - SepEember x, Measurements made d~nrdag t b f s  per%od 

were s imi la r  t o  those made during Pa t t e r  J u l y  avd f i r s t .  p a r t  of August. 

12 - 18 September 1%, Detailed FnEormasEow was col lec ted  t o  

determine the  energy akanee over each lysimeter  and t o  c a l c u l a t e  t h e  

f l u x  of sena%bke beat  by the  aerodynamic gradient  technique. These 

measurements eonststed of net  radLatEon measured 1 meter above the  

crop i n  each s f  the rhrec ZysBmeters, s o i l  b e a t f l o w ,  "se~rfaca" and 
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5-em sof  1 temperature,  fncoming asd  r e f l eeced  s o  Lar r a d i a t i o n ,  aad 

wind d i r e c t i o n ,  Wirld speed was: nleaaured a t  TO, 20, 40, and 80 cm a t  

loca t ions  w i t h i n  t h e  e~pe r imen ta9  f j e l d ,  These parameters were 

p r fn t ed  ou t  on o rx  system a s  5-mkncre i n t e r  ?also OD the second daka- 

handl ing system, t h e  f ollowfng %emperat ares were r h r e d  samx a t  

1-minute i n t e r v a l s :  fhe  temperamre d f f f e r ence  between 5 and l o  cm, 
10 and 20 cm, 20 and 40 em, 40 and 8 cmg tne  temp~r&;ure  a t  80 em, 

and a t  the g r a s s  s u r f a c e ,  e s e  tempera",ure measa~rement s were r e p l i -  

ca t ed  a t  t h r e e  l o c a t x . o ~ s  In the experfme~.ral f ' feld,  In add% t ion, &he 

5- and 10- and 10- and 20-ern Cerperar~a-e d i f  fenens la3s a t l o c a t  ton 

two were recorded on two drag  p e ~  r eco rde r s ,  

RESULTS DISCUSSION: 

November - December I=, BourSy compoceats of the energy -- 
balance equat ton  p lus  s o l a r  r a d i a t  t o ~  a ~ d  wind d i r e c t i o n  f o r  two 

s e l e c t e d  c l e a r  days a r e  presented  fa F igu res  2 and 3 ,  These days-- 

19 and 28 November- -occurred 3 a ~ ~ d  2 days a f t e r  the f i e l d  was 

i r r i g a t e d ,  r e s p e c t i v e l y ;  therbfore ,  they r ep resen t  the case  of moist  

and d ry  s o i l s  a t  &%is cime of the yea r ,  Da~r f -~g  t h i s  per iod  s o l a r  

r a d i a t  i on  intensity was dropp k-g ra: h e r  rap id  l y o  The components of 

t he  energy balance equasiow appeared co be  &OUT cwtce a s  l a r g e  on 

19 November a s  on 28 November, Par *, of L Y  f 8  fs dt e TO the lower 

r a d i a t i o n  i n t e n s i t y  from the sun a d  par& is due r o  the f a c t  t h a c  t h e  

s o i l  s u r f a c e  w a s  d r i e r  on t h e  1att.er day, 

The hour ly  componex.Ls of t h e  energy 

E s t i o ~ ~ ,  wiod speed acd wind d i r e c r i o a  f o r  

two s e l e c t e d  c l e a r  days-1-17 P m a r y  dnd k Mar&-.-are shown jn  

F igures  4 and 5. The l y s i r n e t e ~  f i e l d  was t r r i g a t e d  on 15 February; 

t he re fo re ,  t h e s e  Two s e l e c t e d  days r ep resen t  t5.e 2nd and 14th day 

a f t e r  i r r t g a t i o n ,  2.v Lhe "irerim betwaea these :wo days, 1'7 mm of 

p r e c i p i  t a t t o n , o c c u r r e d ,  zbe l a a t  sf  w%icb fell on 25 and 26 February, 

The t w o  days s e l e c t e d  ca? be c ~ n s i d e r e d  r e p r e i e v f a ~ i v e  of wet and 

r e l a t i v e l y  d r y  s o i l ;  however, a o  d i r e c t  comparison can be made sfnee 

s o l a r  radxaLPo~ i n t e n s i t y  Snrredsed considerably during t h e  i n t e r -  

vening per iod ,  Net r a d i a r i o ~ ~  on bosh days was  he sane, Ewpoca t i  ve 
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f l u x  was approximately once-h3.f a s  mluch orc 1 %arch a s  on 1% February, 

The g r e a t e s t  d i f fe rence  appeared i n  the se%stibIe beat f?ux t o  the 

air, which was almost twice as large  on 1 Waraa a s  on 17 February, The 

lower evaporat ive f l u x  and the  higher sensible hear f lux t o  %he a i r  

can be attxribuked d i r e c t l y  t o  the  d r i e r  soiB surface, 

62, Data from S@!reh and Aprlk 1962 have not  been - 
analyzed a s  of this date .  They w i l l  be reported l a t e r ,  

May 196Ze The hourly components of the energy balance equation - 
plus  s o l a r  r ad ia t ion ,  wind speed and wind d i r e e c i o ~  f o r  29 Hay  a r e  

show f w  Figure 6 ,  As: ehls time t h e  emerging Sudr-lngrass was approxfi- 

mately 5-cm hfgh, These da ta  shen c a ~ r m t  e d2rect ly  compared t o  

any of tho previous work d e a 2 h g  with eetraporai; ion from bare s o i l ,  

However, i f  one wbhes  t o  corn a r e  these datg  againsr some of the  da ta  

from Big Mud 2, 30 Apsfl 1961, i t  ap eaxd Lkat f o r  s imi la r  s o l a r  

r ad ia t ion  and in tens i ty ,  ne t  r a d i a t i o n  Is bigher, evaporative f l u x  

I s  lowerp and the  sens ib le  heat f l u x  6 0  the air B.5 l a rge r ,  These 

f a c t s  a r e  akt r ibuted t o  the  presence of t h e  erg $ng Sudangrass 

which could reduce the wf ad movement aad COP sequertt9g, the evaporation 

from ehe s5i.1 surface .  

Comparisons of in tegra ted  versus sampled temperatures were made 

on the  da ta  co l l ec ted  29 Nay 1962, me char t s  upon which the  a f r -  

temperature d i f f e r e n t l a t s  wege recorded were analyzed using a 

planimeter ro  o b t a h .  ha l f  =;knourly averages of the  temperatrrre d i f f e r -  

e n t i a l .  TFne half-hourly averages of the 5-minute samples of 

temperature df .fferent$als  were a l s o  o b t a i m d ,  Thus for ty-e ight  

30-minute averages were recorded during tbe  day f o r  each of the  

heights .  Regression analysf s was used t o  compute the  sample standard 

devia t ion of the  5-rnLnute samples on t h e  iws8gratsd averages, me 

r e s u l t s  indicated thak the average of &he 5-minute samples could be 
0 used t o  e s t h a t e  the  irstegrated averages wi th ia  -$0,068 C a t  the 5- 

and 10-cnr height ,  and ?a 4 - 0 , 0 9 4 ~ ~  a t   he 90- t o  20-cm h e f g h ~ ,  'The 

di f ference  between these  two values was due co the f a c t  that the  

air-temperature d i f f e r e n t i a l  a t  &be b ig te r  e l e - ~ t f o n  varied more 
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used t o  est imate ~11e t r u e  temperacures i f  one is w481Kag to  accepc 
0 

an e r r o r  wit$%n f l .09  C, Further ssudfes sh  e c o ~ d u c i e d  t o  

determine how mue 1-mlsute samples would decrease t h i s  e r r o r  of 

est imation,  

The 80-cm temperatures a t  locat ion one, two, aad three  wexe 

analyzed $0 d e t e r m h e  i f  there  was a hor.ieoata1 temperarure gradient  

across the  f %eld due t o  local advect Eon, e daea ob ta i~md indicated 

t h a t  the re  was no apprecicrlbLe temperature d l f fe reaee  between any 

of the  three  locat foas  f o r  the period OOOO t o  800 a ~ d  8308 t o  2400. 

A temperature d j f f e r e r e e  of t h e  order of maga:ltsida of 3. degree o r  

l e s s  was noted between 0880 and 1700, h r i n q  tbia perlod the wind 

was primar6ly from the  e a s t  o r  soakbeasZ, A t  1600, rhe wind d i recs ion  

became southwesterly; the  temperature a t  the  80-cm height on locat ion 
0 

two was approximately 8 ,5  C higher e h a ~  ibac  a f  locatfon th ree  and 

1°c bigher &an t h a t  of locacion one, If hor9zontal advection 

exis ted ,  zhen one would expect a temperature gradient  t o  e x i s t  from 

loeakiow three  through one when the wind was from fhe eas t ,  and 

loca t ion  one throug three whea the wind was from t h e  southwest, 

'Ilhe opposite of hb ia  appeared t o  be t r u e  in t h a ~   he emper a t  use i n  

the  middle of the  f i e l d  was warmer than eke remperatures toward the  

edge of the  f i e l d ,  This is contrary to  what would be expected when 

considering f had $:he lysdmeter f i e l d  was fsrfgaLed the day p r e d o u s  

and surroundfng a r e a  was relatLveEy dry ,  Xf a hor izonta l  Lempera'sure 

gradient  does e x i s t ,  Ht muse be  c.loaer t o  the edge of the  f i e l d  and 

possibly a t  a g r e a t e r  e levat ion,  the  lower temperatures of each of 

the three  p r o f i l e s  being r e l a t f v e l y  a imt lar ,  

m e  two-hourly p l o t s  of the  air-temperature p r o f i l e s  averaged 

over a 30-minute er iod a r e  shown i n  Figure 7, The absence of any 

apgree Eable temperarure gradient  between 48 and 80 em fs She predom- 

inant  f e a t u r e  of t h i s  graph, elow 40 em, temperature gradients  do 

occur, However, these  g rad iza t s  appear t o  be in  the opposite  d i r e c t i o n  

of the  gradient  of the  s o i l  "surface" t o  rhe 5-cm height ,  This would 

ind ica te  t h a t  Pf a i r  temperarure gradients  were used ro ea lcu la re  the  

f l u x  of s e m f b l e  hem, the  a n m e r  tn. many cases would be qualEtatFtveZy 

wrong. 
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Before the  s k a r t  of tbe experiment, d t  was doubted whether 

eed p r o f i l e s  could be obtained by laef ag the  anemometers so 

c lose  t o  the  surface  of t e s o i l ,  and Et was quest ionable what the  

wind speeds s o  recorded ac tua l ly  mean. The surpr i s ing  thing was 

t h a t  during most of the  day the  anemometers continued t o  r o t a t e ;  

however, the wend speeds between 0080 and 0530, and a f t e r  1930, 

were too low t o  be measured accura te ly ,  e 5-md.~.ste wind speeds 

were averaged f o r  30 m%nutes and the  p l o t  on two-hourly in te rva l s  

a r e  shorn i n  Figure 8, f one can assume rbas the  measuremeats a t  

;the lower leveks, 5 and 10 emsl, a r e  t rue  measayerne3es of the  wind 

speed, then it appears tha t  &he w%nd-qy?ed p r o f i l e s  below 20 e m  

obey the  logarithmic law throughout the dayllgbe hours, and t h a t  the  

wind speeds above 20-cm l e v e l  do nor appear t o  obey the  logarithmic 

e anemometers used i~ t h i s  study were ca l ib ra ted  before and 

a f t e r  &he study and the wind speeds f o r  each anemometer were 

corrected f o r  the  c a l i b r a t i o n  constant, 

Previous r e s u l t s  obeained i n  1969 usLtbg aerodynamic ca lcu la t ions  

t o  determfne sens ib le  heat  f l u x  indicated $.hat the values obtained 

were q u a l i t a t i v e l y  of the  opposite  s ign  of those obtained from the  

so lu t ion  of t h e  energy balance equation, Tke a i r  temperature d i f f e r -  

ences used En these  s tud ies  appeared to  kave  the wrong sign compared 

to  the temperature d i f ferences  between the surface  aad 40 cm. 

Aceord'kngly, the sisudies on 29 May were eomdnctcd whch the  tamperatare 

p r o f i l e  below 80 cm, A s  could be expected from examining the  

grad%ents of the  temperature p ro f i l e s ,  aersdynamle eaYculations of 

the  sens ib le  heat f o r  the  da ta  obtained on 29 May 1962 a r e  qua l i t a -  

, tive1.y i n  e r r o r .  The r e s u l t s  of these  c a I c ~ ~ l z t i . o a s  plus the ealcu- 

l a t f o n s  made in 1961 a r e  shorn fa Figure 9. Wit$ f u r t h e r  examination 

of the kemperature profi . les ,  i t  becomes q u i t e  oobvfous t h a t  i f  one i s  

t o  make ca lcu la t ions  of the  sens ib le  heat  f Eux at t h e  sxtrface, then 

the  surface  temperature should be one of the  parameters t o  be used i n  

each ca lcu la t ion ,  Further s t u d i e s  w i l l  be pointed toward t h i s  d i r e c t i o n ,  

Jane .--- Tke da ta  collected i n  Jwae and J u l y  1962 have 

not bee3 analyzed a s  of t is da te  and will be reported a t  a l a t e r  time. 
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L2 =, 14 and 20 - 23 J u l y  1962-, By 12 J u l y  the Sudangrass had - ------ 
a t t a ined  the  average he lgb t  of 25 c m  on khe f i r s t  three  checks, 

35 cm on the  2nd check, and 1-40 em on the  5 ~ h ,  ith, and 9 t h  checks, 

The 140-em Sudangrass had developed seedheads, U~nfortunakelg, the  

stand near lysimeter  X j n  check 3 was wt sontinuous enough t o  

v a l i d i t y  the r e s u l t s  obtained fvom I y ~ i m e t e r  I, %erefore,  i t  w i l l  

be disregarded in t h i s  discussion,  

Ihe  ressuBts from the  'i75-mn and the  140-cm C Z O ~ S  a r e  shown i n  

Figures 10 and 11, E v a p o t r a r ~ s p i r a ~ f ~ n  from t h e  75-em crop was 

243 l y  dayrm1 g r e a t e r  than t h a t  from xhe 140-ca crop. A slmblar 

d i f fe rence  was not r e f l e c t e d  in t h e  mcasaremenzs of n e t  r ad ia t ion  

and SOIR heat: flow,, p i r a t i o n  r a t e  of t h e  7'5-cm crop 

exceeded net  r ad ia t ion  plus s o i l  heat  flow, The soasree of the  e x t r a  

energy t o  sus ta fa  th i s  large  evapotranspfrat ton r a t e  musk be the  

sens ib le  heat  from t b e  a h ,  whereas the euaporranspirst lon from the  

140-em crop did  not  exceed a e t  radfatlorr; tbierefore, energy was 

given off  in the  form of sensfblli. heat, One notable fac t  is the 

absence of a midday depressloxi even w i t h  t h i s  h i g h  e-vapotranspiration 

rate, 

By t h e  20th of duly, the Sudangrass in  ebeck 4 had reached a 

heighr of 100 em {%ntermediate Bo t h e  kmSgh%a on 12 and 13 duly) and 

bad s r a r t e d  to develop some seedheads, D a b  co l l ec ted  on 20 J u l y  

own in,  Figure 12, Eve2 though. s o ' & % r - r a d ~ a t i m  i n t e n s i t y  was 

lower and the  average dewpoint was higher,  he components of the 

energy balmce equatLoa were sfmL8ar so $hose in Figure 11; conse- 

quearly, the LOO-em Sz~daxsgrass can be s a i d  t o  be s imi lar  t o  the 

$5-cm Sudampass with respect  so these  companeats, The di f ference  

that  ex i s t ed  between the  75-cm and 140-cm S~sdangsass a l s o  exis ted  

between the  100-. and 140-ern Sudangrass, Th Ls was ,sot. due t o  physio- 

l o g i c a l  maturi ty because rhe evapotrawpErat%on from zhe 140-em crop 
,- I -, 1 

increased t o  10,05 m day compared t o  9 ,01  m day when the  grass  

around the  1ys.Emeter was cut, permlttimg ewrgy t o  reach the  trans-, 

p i r fng surfaces ,  The reason f o r  the  d t f ference  eppeara t o  be dite Do 

the  presence of seedheads, The aeedheada, not abLe t o  &ranspire,  
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absorb a po r f loa  of t he  energy and cowserr it i l t o  s e n a i b l a  bea t ,  

and a l s o  provide  m aarod;yr?m4k bara'ler f o r  rhe s r a n a f e r  of: s e n s i b l e  

h e a t  t o  the t r a n s p t r i n g  s u r f a c e s ,  

A comparison of the a f f e c t  of w % w l  speed iillpo7n evapo t r ansp i r a t io r~  

may be  made by comparing F i g a r e s  169 and 3 3 ,  r 13 Ju ly ,  t h e  average 
" A  1 

wind speed w a s  139 cm sc,c'=' a u  compa-ced ro 247 sm s e e  on 12  J u l y .  

very s i m f  l a r  a f t e r  L000, A marked d%f ference appeared i n  t h a t  t h e  

evapotraaasp%rat9.o~ rake  on  ! 2 JBU I y  3 ~ ~ ~ r e a s e d  w i  rb i nc reas ing  wind 

speed and remadned g r s a r e r  tham @hat of I3 d u l y  throughout the 

remainder of the day, The d i f f e r a s x e ~  in t%e ev~pot ran .~pIra tE ,on .  r a t e  

a r e  the9 r e f 1  ee t ed  in e.hs s e n s i b l e  ?!,ea"Lfkeax tear@, xiiet. r a d i a t i o n  p l u s  

s o i l  h e a t  flow being essen2.l.af hy the s m e ,  O.P. 'both days, s e n s i b l e  

h e a t  was derfved from %he a i r  rs malntair! She evapo t r ansp f ra t loa  r a t e  

of t he  s h o r t e r  crop9 t h e  amouaat b d q g  ? 0  ern l a r g e r  O Q  22 July .  

Energy in t he  form of s e m i  Le b e a t  w a s  given of f  from the t a l l e r  

crop, wi th  30 l y  more be ing  g iven  o f f  on 3.3 Yli!I.y, 

g-spp2ber *i.'%k2 ; "s2_-LLSep temb e r  19 6 2, 

d u r  Eng these  perl.ods bags n o t  been a ~ a k y z e d  

a s  of t h i s  d a t e  due %,o a r a v l s i o n  of t h e  ~omp"a:er program. These 

d a t a  w i l l  b e  r epo r t ed  at a Later  t f ~ i e ,  

SIJBliVARY ANTI 

Surface energy balsaace and evapora t ion  o r  evapotranspiratalon 

was measured over  ba re  s o i l  and Sudmgrass  due t o  a f a i l u r e  t o  

tsstabl%,sh a s t and  of a l f a l f a ,  A i l  of t b e  d a m  have ;not been completely 

analyzed because of a de lay  in w r i t i n g  a genera l ized  l i n e a r  computer 

program ro  process ehe data, f Rhe d a t a  t 5ac  was col lected ' ,  ' t h e  

fol lowing emc3:usfoaw can be dram.: 

Ql) Measuremenra made over  w e t  and d ry  ba re  s o i l  November 1961, 

and February and %arc& i962, i nd ica t ed  t h a t  h i  at B. cases, t h e  

evapora t ive  f l u x  w a s  l e s s  than neb: radlah : ,B:?~ e-wrgy was da r  ived 

from the  under ly ing  so t2 ,  and energy was u2414zed in. hea t ing  the 

ai r ,  The f a c t  t b a t  :sa"ladfae f on always exceeded the evapora t ive  

f l u x  may be charao?terl.skiee of t h e  win ter  season, wblch. has  low- 

r a d i a t i o q  i n t e n s i t y  and cooker temperatures, 
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( 2 )  Neaauremenzs made over esraerging Sudangrass fadfcaite t h a t  

f o r  sfm%Par solar - rhdtaeion intensflry, m t  radiatr.oiis. is higher, 

evaporative f l u x  is lower, %ad the semsSbPe hea t  flux t o  the  a i r  

is l a rge r  than over we&, bare  S O E L ,  These f a c t s  a r e  a t t r i b u t e d  t o  

the presence of the  emerging Sudaagrass, whS& eouLd reduce &he wind 

movemea t and consecpeqtly, the  evaporat3on from the s o i l  surf  ace, 

(3) Compar9sons of i r ~ t e g r a t e d  .vexsus sampled air-temperature 

d$fferent  Lals fndfcake that  ~ - I T I ~ T X R ~ ~  s pSes can be used t o  es t imate  
0 

in tegra ted  waIuea;_" w$%hin 29,094 C, 

(4) Air-~tsmperaiture prof f $ es measured a. i-3rea hcait jons across 

t h e  experimental. fajeld d id  m t  fndEeaEe any appreciabita hor izonta l  

temperature gradient  af  80 cm, even though t 5 e  experimental f i e l d  

was w e t ,  while t h e  surrounding a r e a  was rela"ve1g dry,  "Xf a 

hor izonta l  eemperature g r a d i e ~ t  does e x i s t ,  tkm L t  w s t  be c lose r  

t o  the  edge of %be f i e l d  and possIbZy, at g r e a t e r  e levet ions  than 

those measured. 

(5) Wind-speed measurements made a t  5, 343, 20, 40, and 80 c m  

indf cage t h a t  the w iwd-a eed profEZes below 20 cm obey the  logarithmic 

law t h ~ o u g b o ~ t  ehe dayl ight  Bours, aad twit t h e  w89d speeds above 

20 cm do not  ap7ea.r 60  obey this law, 

(6) Aerodynamic caleula&ions of the  sevsibbe hear f l u x  ind ica te  

t h a t   he f h x  is o f ~ e n  of the opgoslge s;;%glm to  tha t  determined by the  

energy balance equation, and that zhe tslaper8ture of t h e  surface  

should be one of the parameters used i n  these ea4culatfons0 

(7) Xessurement of the energy balance cornponecs.t-s over Sudangrass 

of" 75-, 108-, a ~ l d  144)-a~1 heJ.gEst bndi.cazed that the w e t  rad ia t ion  was 

s imi lar ,  while evapotransp%ration w a s  mueb less a.nd she seepsible-heat 

f l u x  was cons%dft?rably larger  over the  b48-CKP crop, This dl f fe reace  

was no& explahwed by p3ysiolog%c&% maturi ty because t h e  Sadangrass 

was able  t o  Increase i ts  t ransp$rat%oa rate bo that. of &be 100-cm crop 

when the surroundfagg a r e a  was CUE aal3owiwg energy t o  reach the  t rans-  

p i r ing  surfaces,  batt was aetri 'butcd t o  rbe prcserjce of &ha seedheads, 

The seedheads, not  being able t o  fz"ansp%re, absorbed a port ion of the  

rad ian t  energy and converted f r  i n t o  seas ib je  !mat; a l s o ,  provided 
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an e f f e c t i v e  aerodpamfc b a r r i e r  agains t  rhe ~ r a n s p o r r  of sens ib le  

hea t  t o  the  t ranspi r fng surfaces ,  

( 8 )  kJhe~ evapotranspirat ion r a t e s  were dekermlned during 

periods of maximum inso la t ion  and l a rge  ~ i . a p o r ~ - p r e r e  d e f i c i t s ,  

no midday depressions were observed, These measurements were made 

under high soil-mofs&are co d i t ions ,  and may sr.ot be c h a r a c t e r i s t i c  

of any other  crop but S~dangrass .  

PERSONNEL:: Leo J, Fritschen,  C. H, H, van Bavel, W e  Reeves, 
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Figure 1, Ob'seruation f ield and location of air-temperature and 
wind-speed recording equipment 

. ' - . 
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Figure 2. EIoazrly energy balance and wind direction over a base, 
urf ace on 19 November 1961, 
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Figure 3. Hourly energy balance and wind "direction over a bare, 

dry surface on 28 November 1961, 
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Figure 4,  Hourly energy balance and wind movement: over a bare, 
wet surface on 17 February 1962. 
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Figure 5. Hourly energy balance and wind movement over a bare, 
dry surface on 1 March 1962. 
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Figure 6. Hourly energy balance and wind movement over a wet 
surface w i t h  5-cm High energing Sudangrass on 29 May 1962. 

P 
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Figure 7 .  Temperature profiles over a wet surface on 29 Hay 1962. 
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US, rv~8'6Sn L&lborL7toryt 
T~mi~ls,. Arizona 

Figure 8, Wind profiles obtained on 29 my 1962. 
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Figure 9. Sensible hea t  f l u x  as measured and ca lcu la ted  a t  d i f f e r e n t  
e levat ions  on 29 Apr i l  1961 and 29 Play 1962. 
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Figure 10,. Hourly values of the  components of the  energy balance 
equation, s o l a r  radia t ion,  wind speed and d i r e c t i o n  
measured over Sudangrass 75 cm t a l l ,  
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Figure 11, Mourly values of energy balance components, so l a r  
radia t ion,  wind speed and d i r ec t i on  measured over 
Sudangrass 140 cm t a l l ,  
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Figure 12, Hourly components of the energy balance, solar  radiation, 
wind speed and direct ion measured over Sudangrass 100 cm t a l l .  
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Figure 13, Hourly components of the energy balance, s o l a r  radia t ion,  
wind speed and d i r e c t i o n  measured over Sudangrass 75 cm t a l l .  
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SUPPLEmNT : A, EVAPOWTHOH A.W PERHgBDlC X~AIBIk\l;l:OR 

INTRODUGZTON : 

Energy f o r  evaporadnon ss supplfed by r a d i a k i ~ e ,  convective, 

and conductive t r a n  f e r ,  Each of tk,ese co~~?.pone:?~w hag Bts o m  

typ ica l  rapidity, $be f i r s t  being instan.taneoua, the second with 

t r a n s f e r  coeff%eiew%s of the order s f  decimeters squared per second, 

and the  1at:ter on t%.e order of a fractisa of a cerxt kmeter squared 

per second, 

The r e l a t i v e  s ign i f i cance  of each t sa>msfer process, aad quan- 

t i t a t i v e l y ,  t%e tiransfer coef f i c i enes ,  em. be atu.dled by periodically 

turning one of t h e  sources of energy o f f  and on, 1.n the case of the  

e a r t h ' s  surface,  t h i s  can be done conveaieait?y duriqg the daylime and 

e l e a r  weather by shading, 

PROCEDUHS : 

A preliminary experiment waa c a r r i e d  out: La Tespe, Arizona, on 

14 and 1.6 August 1962, on a f i e l d  sf  f r r i g a t d  Sadangrass that had 

a height  of about 50 cm. R e  f i e l d  was approximately 200 by 100 meters, 

and three  preedsion lys$.meters were avail  be LO measure evaporation, 
2 

'The lysimetess were 1 m in s i z e ,  and a sb.ads wa eonstrueted of 

sheat  metal about 1.,3 by 1 . 3  metors, sumpended above one lysimeter 

at: a height  of about 4 meters, T w b  Pys&h$ters bad a reasonably good 

stand of graas, one (#2) was se lec ted  $0 be shaded, the ot.hsr (#3)  

was used as a con t ro l ,  Tke shade would, b(t4f:men 1000 and 1,500, cover 

the  e n t i r e  lysimeaer plus a border of dimut 18 e m ,  The shade could 

be quickly pulled over the  Lysimeter and was adjusted by a rope t o  

keep pace with the  moving sun, $he operator  b d n g  s u f f i c i e n t l y  removed 

from Ehe shaded s i t e .  

Evaporation was measured by recordiag &'he Iyaiheter  weaght to &he 

neares t  0,Ol mm every f i v e  minutes I.n t.rnplfirp,at:e, Snoothing and 

in te rpo la t ion  of the  weight-loas curves gave reasioaab2y accurate 

f igures  f o r  the evaporation r a t e  over 5-w%l~.ut.e periods,  The e r r o r  - B 
i s  estimated at 0,04 im h r  o r  5 percen& of prevakkLwg rat.es 

- 1 
(0 .8mmhr l o  
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Net r a d i a t i o n  was mceasared with rrsiwfatcare Lgstruman&s over each - 1 
l y s i m e ~ e r  to the  aeareBt 0,02 Ig  micr. , as was aoSE ?neat f l a x  immed%- 

ateky below the surface ,  Tbarmocou~p1.e ~ ~ c m o m e t e r s  were imbedded 5n 

the soi l .  surface  and mounted at the crop surface,  whneh was approxi- 

mately 50-cm high, Rad ia t im ~ h i e l d i m g  of frbe 1afr:ts.r: was not  required,  

Windspeed was measured a t  2 and 280 e m  over %be crop surface with 

e a s e l l a  anemometers. Solar' r a d i a t i o n  was measured ur7itb a Kelp 

solar imeter  , 

A 1 1  va r i ab les  were recorded every mimete on punched paper tape 

dux i ag  %.:.be exper i-meat:. 14 August., the 1 ~ ~ 3  kad becnn i r r i g a t e d  

6 daya e a r l i e r ,  but  the  crop was s t i l l  well supplied with water, The 

experiment was m w  from 3020 t o  1520 uxdw p e r f e e t  weather condit ions,  
o 

1 igh t  winds, and temperatures around 40 %, Tice shade was "ontf from 

1045 t o  1115, 114.5 6s 1245, and 3.345 9 0  3415, Dwfng t h f s  period 
'.. )! 

s o l a r  r a d i a t i o n  var ied  between 1 , O  and 1 , 3  Y y m9n True noon. 

occurred a t  1228, 

On 15 August, the f i e l d  was f r r fga ted  with about I00 meters of 

water and the  experiment repeated 01: 16 A u g u ~ t  dur ltnrg the  same Pime 

period and wit11 the s m e  '%sh.adlng1I mcheduLe~, Some sca t t e red  eloudinesa 

occurred unt% 1 1110, t h u s  Lw~aS$datlng the lBrst  p a r t  of the data ,  For 

the remsrnder of the day the  weaeher was  he mm~e as  on i4 A F S ~ U B ~ ~  

&a the controlg, lyeimster ((V33, vat rad iaa ioa  wsa the  s m e  on both - 1 days, v e r y h g  from 0,65 to 0,95 ly m i m  during the measurement perfod, - 1 Evaporation had a maximum value of 0,$0 mm hp: on 14 Auguet and 0,95 m 

h r - I  on 16 August. A i r  temperature at. crop height bad a m w i m u m  of 

40'6 on 1.4 ~ugust and 3 OC on 86 Auguaat, Surface t m p e r a t u r e  showed 
B 0 a maximum of &2-C on 14 Aakgus~ and 39 Q;: on 36 Aug~sst, S o i l  keae flax 

was typiealLy about. 0.0b*ly mi.<' on 0th daya dum~ng the e 

period, Thus we conclude that  on 16 August. condit ions resa$tfng from 

the  recent  i r r i g a t i o n  with 100 mm of water wsald 8cnd t o  promote g r e a t e r  

downward energy Elow a s  8ertsi.b~e haat from the a i r  during Che k a t t a r  

p a r t  of %he day, 
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Figure k and 2 ~ummarize, by 5-minute periods, &be e f f e c t s  of 

shading on the  energy balance eompoments R , S, LE, aad A on 34 August, 
n" 

Also portrayed a r e  windspeed a& 2 matcra above t h e  m o p  and the 

temperature d i f  f ereaee of the air above th.e shaded and wntshaded 

lysimeter, both qua~kf, tLes haviag a l$eaw;i,~.g ow advection of sens%ble 

hea t  t o  the  s aded Iysfmeter, The l a f t s r  Informa$iow I s  shown. f o r  

16 August in Figure 2 ,  

Results  oa  both days were q u i t e  simalar except that  A was g r e a t e r  

OM 16 August khan on August (see A h bohh f igures) ,  Since 14 3 
August was a more corn l e t ,  s e r i e s  of measw~emen$ti, reference fa  made 

primari ly t o  Figure 1 giving the  data Esr 3.4 A u g u s t ,  

Response t o  shading of ne$ r a d i a t i o n  i n  immediate, a balanced 

value of R isrrc the shade occurring a f t e r  ahor-t 5 s fnu tee ,  Response 
ah 

t o  el imfnating the shade tak.es place in 1 rni'~1'.ute, The temperature 

of the air a t  the crop s r f  ace and $he t m p e m t u r e  d i f  f e r e ~ L i a 2  

between shaded and unsbaded areas  were aPso essaBI%shed with a lag 

of no more Ohan 5 minutes, The tempara%ure record i s  more va r iab le  

and eoaclusjoas Less c e r t a i n ,  

The s o % I  surface  temperature reacts more %-l.owEy, requir ing &out 

15 minutes t o  become near-stat iswary,  Also, evapcrat%on r e s p o ~ d s  

more slowly t o  shading, the  f i r s @  5-minute period evidencing no 

e f f e c t  and %he f i n a l  value es&abf%ahed oaly  a f t e r  95 Lo 28 minutes, 

as dearly shown %w the seco d shadjng period. Since soi l .  heat  f Sow 

shows a l s o  a f a s t  response with 1e8p &ha3 a 5-miinute lag, b2 r e f l e c t s  

changes i n  E. Prom a "normalv' value of about -0.15 ly m i a - 1 ,  A2 
,- E 

reverses i n  s ign  &o be f i r s t  a s  high as 4-0,S %y mh. , and then - 1 se te lex  to a value of about 90,2 By m i m  After  1400, a l l  va3.ues 

of A become more pos%tive,  but  the e f f e c t s  are &-,he sanfe, 
-1 

Windspeed w a s  low f o r  m 5 s T  of &h.e day, between P and 1,5 m sec . 
DISCUSSION : 

Zane daga c l e a ~ l y  Lndicate the  a u b o s d i ~ a t e  r o l e  of sens ib le  hea t  

exchange In the  evaporation process, AT. s p i t e  of the  f a c t  that t h e  
2 

area studied was oaly 3. m in a i z a ,  1M.s is fax ths r  evidenced from 
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0 0 th.e occurrence of a i r  temperaturea 4 t o  5 G lower over the  shaded 

l y s  ime t e r ,  as compared t o  ifs surround % q a ,  

n view of $he rapid respon.se of radBatYon, air  temperature, 

and s o i l  h e a t  f lux ,  the quest:ion sr8.sas why evaporation does n o t  

respond f a s t e r  a l s o ,  T!.L anomaly appear8 very e9,earhy when A is 

computed by 5 - m i ~ a t e  periods (see F3.guf~e I ) ,  The senafble 

(A) shows--at f erst--an ab~orma valse wb.Lsh $3 pot in, accord with 

the  air-temperature d i f f e r e n t i a l  bstwoen the shaded area  and i t s  

environment. 

One could suppose tha t  the  ar~.omzl.y i ~ n  beber\i;Lor of A i s  eke r e s u l t  

of nregleetbng a s to rage  factor fn the  energy bala.x.e, me weight of -- 2 
th.e crop is---very roughly-.-,eatimaged a t  B kg m and i t s  change i n  

0 
temperatuxgat  4 C, r e p r e a e n t i ~ g  an energy s torage  change of 0,4 eal - 2 
cm The devl.at3.m of A from a 7 P ~ ~ ~ r m a B B s  p ~ c B e r h ~ , ,  &ha& is  ext rapola t ion 

of the e q u i l i b r a t i o n  value t o  the & b e  of tting on o r  removing the  
-2 

shade, was estimated a t  around 3 t o  4 csl cm Thus, crop s torage  of 

heat  i a not a ~ u f  f f c ilmt explailiat i.on 

An addi t ional  and more adequate explanation 48 i n  the  f a c t  t h a t  

the  heat - f lux plates were at the surfaea,  and just a t  t h a t  locaT.ion 

no evaporation took place, result iwg i.n s.r! iwbtLa1 u%derest;imate of the 

s o i l  heat  flax whew shading, alrad an fa.itial owt-eatimate when ~mshadirag, 

The? nature of the s o f l  surface  IsemF~eratures supports t h i s  view by 

implying that r i g h t  a f t e r  shading, the <krue soi l  hea t  f lux becomes 

rapidly  pos i t ive  and decl ines  c lose  t o  zero af er l.5 t o  20 minutes, 

and s imi lar ly ,  r i g h t  a f t e r  unshadf~,g, becomes rapld1.y negative and 

them s e k t l e s  t o  a l a rge r  bent still. nsgat%ve vdue ,  

The na tu re  of the plan t  C O V ~ F  and the  s0$1 s u ~ f a c e  was such 

t h a t  as mch evaporaXHon could have oux 

UntHXormity of cover and pxoper exposure of fnstmments l e f t  

much t o  be desfred in t h i s  axper.iment, and a repck.itl.sn under more 

stringeah, eondf t ions i a  necessary, Neveurt?ae%ess, owe may draw two 

com.clezsfons:: f i r s t ,  chamges in net radda%lom a r s  r ap id ly  re f l ec ted ,  

with a lag of 5 t o  2.0 rxs$n.p~~:,es %nr. the avagorat~lon rate f r m  a vegetated 
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surf  ace; second, the  h,or izoaeaB advect8on of heat  f o r  evaporati.on 
-2 -1 

from an envfro at in,jeetimg around 0,2  e a l  e m  miw i n to  
-2 - 3  2 

a i r  averaged about 0,25 e a l  cm min over a shaded surface of 1 w . 
This i l l u s t r a t e s  the r e l a t i v e  ineffeet$.veneras a t  low wind speeds of 

advection in comparison t o  rad%a&i.ve txanaLero 

r e  p ic tu re  is elouded by ?he fac t  ehak the  evaporation, 

and thAe rad ia t ion  go sensible  heat t rans  er t.mk g1aee throughout a 

50-cm-deep layer of t ranspir ing leaves and a t  a moist surface,  A more 

conclusive study could be ca r r i ed  out  w i t h  a wee and bare  s o i l ,  

An experiment was eowdueted t o  study the e f f e c t  of a l t e rna t e ly  

excluding and adm.%ttlng d i r e c t  so l a r  rad ia t ion  around noontime t o  a 
2 

1 m area  of Sudangrass, eoinei.dfag with one of &he weighing lyslme&erso 

me e f f e c t  of shading on the energy balance a ~ . d  on s o t 1  and a i r  

temperaeure was measured, 

experiment was prelimPwary and inadequate i.sa severa l  regards, 

but  some important e f f ec t s  could be es tabl ished,  F i r s t ,  the response 

of evaporation t o  sudden changes i n  radJseLon was rather f a s t ,  taking 

aboat 15 t o  20 minutes, T1i.s lag  Bs thought t o  a r i s e  from heat  s torage 

e f f e c t s  i n  the  s o i l  and--to a l e s s e r  degree-in the  crop, Thfs con- 

c lus ion i s  no t  adequately supported by data ,  

Further, the small area  emtracted heat from i ts  surroundings a t  - 1 0 0 
a r a t e  of about 0,2 l y  min w.Eth surface  temparatures some 4 t o  5 C 

l e s s  than t ha t  of The e ~ v P r o m e n t .  

The experfxent demonstrated the f e a s i b i l i t y  of measuring 5-minute 

values of the ewa ora t ion  r a t e  and the informative value of a shading 

treatment. The exger~f,meat w i l l  be repeated under condit ioas &.at w i l l  

produce more def $.mite iwfo.smat$on, 

PERSQRNE'Ls C, H. M, van Bavel, L, 9, Eriischen,  W, Reeves, 
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Figure 1. Energy balance, sens ib le  hea t  flow, air temperature d i f f e r e n t i a l  and 
-.~,1! ,,,,,,,-+ ahad :nn fivnbr-lman+ A l l O 1 l ~ p  1962- 
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Figure 2, Sensible heat flow, a ir  temperahre differential and 
wind movement on shading experiment, 16 August 1962. 
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D 2 = d i f f u s i v l t y  of water vapor in a i r  [= 0.249 cm secal a t  25'~, 
1000 mb] 

E = evaporative f l ux  [ g  cmm2 m:?-' j 

52 
= eddy d i f fus iv iky  f o r  sensible  heat (m2 mil-'] 

K = eddy d i f fus iv ioy  fo r  horizontal  moman:~m ;em2 min-'1 m 
L ' 2  : = l a t e n t  Reaf of v a p o r f z a t l o ~  [ ca i  g 

P = a i r  pressure [mb] 

R - 2 
= ne t  rad ia t ion  [ c a l  em rnin'lj n 

S = s o i l  hea t  flow [ c a l  e m  -2 mfa -+ ., 
Sq o r  W - change in beat  storage of $he layer of s o i l  o r  water, - 2 

respectively,  above the h e a t 4  low transducer [ e a l  cm minml] 

T r O  
a gemperature E C ]  

U = wind speed [em see-'] 

% = f r i c r i o a  v&ioeiry [em see-'] 

Z := h d g h t  [em] 

zo = aerodyiiamie surf  ace roughness [ern] 
-1 0 -1 e = spec i f i c  heat a t  constant  pressure Leal g C ] 

P 
e = vapor pressure [mbJ 

k VOER Karmanu 8 eons tair~t 

@ = Bowen r a t i o  

6 = thickness of the layer  [en] 

K 2 -r  = molecra l a r  d i f  £us l,wf.ty f o r  heat  f 0,208 e m  see  a t  25O~, 
1000 mb] 

3 
P - densi ty  of a i r  [ g  em 1 

Subscripts. 

w = water 

a = a i r  
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Agricul tura l  use of water f a  a r t d  laEds is scrai.tP~.E.zed more 

c lose ly  because a I imtted supply of water mast be   ha red with a~ 

increaafng populatl on and indust r?, Short-period determinations 

of evaporation, t r ansp i ra t ion ,  and relat.ed atmospherEc processes 

a r e  required to  ob ta in  a ekLer underskax~d3,ng of complex soi l -p lant -  

atmospheric reIati.onship, and, u l k h a t e  ly, t o  make more ef f i c i e n t  

use of the  water t h a t  1,s ava i l ab le ,  

Lysimetric measurement of soil-moio&wre depketion by weighing 

is undoubtedly ohe besk method t o  r o u t i w l y  a2nd accuratrely de~ermine  

evapotransp9rat.I.on f o r  s h o r t  periods (35 miw.ite8 or Ponger), 

Lysfmeters, however, have lim%ted use due t o  f~~imob%Ii.cdy, time required 

f o r  establishment of an installation, and f&& s i z e  required f o r  

c e r t a i n  p lan t s ,  NicrometeorolsgieaB metbods such as t h e  energy 

balance o r  the  aerodpamfrs technique earn ba used t o  es t imate  evapo- 

tra;nspi,racdfow from periods of one hour o r  l e s s  (King, 1961). Mlcro- 

meteorological methods have several  d f s t i r c t  advantages: they do 

not r equ i re  a l t e r a t i o n  of the  surface,  are w o ~  Bimfted t o  a p a r t i c u l a r  

crop o r  surface,  cam be employed with a great dea l  of nnobilit.y, and 

can provEde informa~don on the  f luxes  of aens%ble heat and carbon 

dioxide. The mafn l%mftaFA.oas a r e  the i m & n m m t a t i o n  and the  bas ic  

assump&ions of the methods, wh:Lch may not be m e t  umder given 

condit ions,  

m e  most promi.si.ng research avenue appears t o  be the  v e r i f i c a t i o n  

of InstrumentaLion and b a s i c  asaumptfo~as of the mf.~rorne.seorologica1 

methods w4th a lysimeter  Sas ta l la t iow m d e r  condit loas tha t  exemplify 

agricultural use of water,  

EXPEKImTS AND lYl3WODS 

Research completed t o  dake combin Fng ys3.metric and mtero- 

meteorological d a t a  is l imi ted  t o  evaporation from bare-soi l  and 

free-wazer surfaces.  The condit ion of the f i e l d  a2d t h e  lysimeters 

during the  experiments is  shown i n  Table 1, 
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1961 
2% 

A p r i l  25-*26 Flooded, 2 r.o 10 cm Free water 
of water  

A p r i l  28-38 Wet ba re  soil %at bare mi1 

May 1-2 Drying b a r e  s o l 1  Dry%+ng $%re s o i l  

'Vh lysjmekers  were covered with two :ayera of 0.15-mm 
polye thylene  f.!$m and &oat  2 en1 of water impounded on top. 

During t h e  experiments kbe evapoxht%f r ;ux (LE) was determined 

by m l t i p l y i n g  tbe  ch8's.g~ f7ri wejght i n d  $car ed 'by each lys imeter  and the  

app ropr i a t e  hea t  of uaporfzar ion ,  

Net radLati.03 was measured wi th  a miniature n e t  radiometer  

l oca t ed  a t  8 c m  over t h e  c e n t e r  of each lys.Smater, A t  8-cm he igh t ,  

t h e  lys fmeter  s u r f a c e  w a s  96 percsat of t h e  battom-view f a c t o r  of 

t h e  ne t  radiometer ,  So la r  r a d i a r i o n  wae m e a s r e d  f o r  r e f e rence  wi th  

an  Eppley ~ y r h e l f o m e t e r ,  &ode1 50, 

S o i l  b e a t  flow was nieaau~ed i n  each l y s l v e c e r  wath a Beckman and 

Whitley heat-f low t ransducer ,  Model ST-20 I- I ,  T b  heat-f  low t r ans -  

ducers  were locared  immedfakly besaeaeh the p l a n t i c  f i l m  on 25 and 26 

Apr i l ,  and 2 cm below t h e  s o i l  s u r f a c e  from 28 A p r i l  t o  2 May. 

m e  change f n  h e a t  s t o r a g e  of the layer  s f  s o i l  o r  water  above 

t h e  heat-flow t ransducer  w & s  caP.eu4aked u s j t ~ g  the change i n  water and 

s o i l  temperatures.  The water  o r  '%urfaces' s o j l  temperatures were 

measured with t h r e e  p a r a l l e i  xhemocos~plen $IT. each Lysimeter, whi le  the 

temperature a t  the heat-.flow t r ansduce r s  was measured wi th  s i n g l e  

thermocouples. 

A i r  vapor p re s su re  was dekemined  at 155 e m  (1.50 cm on 25 and 26 

A p r i l )  from measu.cemeatr3 made wfth an bnahncs e lecsr$caP hygrometer, 

Model 15-2001, The vapor p re s su re  of: t h e  mzcr o r  s o i l  was determin.ed 

us ing  the wager o r  "surfacev '  s o l 1  tern 
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Errors of es t imate  of ehe mfcromef;eorolo$iic%l el.ements a r e  given 

i n  Table 2. 

TABLE 2. Errors  of Estimate of the  Fifcromakeorologfcal Elements - ------...- -- 
Element Error 

Net r a d i a t i o n  0.02 l y  mind' 

S o i l  heat  flow 0.02 l y  min-I 

Tempera9:ure 8 0 ~ 4 5 ~ ~  0,16OC - 1 
Wind speed 15 cng see 

Air vapor pressure 0,6 mb 
-- ------.-a- 

A i r  temperature and wind speed were meas~red  f a  The eenter  of the  

f i e l d  a t  35, 95 ,  155, 31.5, and 635 cm, QT~iie %eight8 were 30, 70, 150, 

310, and 630 sm on 25 and 26 Apr i l  due to the water l a y e r , )  A i r  

temperatures were measured with 24-gage tbermocsupies supported i n  

sensors having two r a d i a t i o n  shfe1.d~ on top  a)rAtd 'bot&om of the  thermo- 

couple, Wind speeds were measured wit% sans4,t.ise anemometers manu- 

fae tured by @ a s e l l a  & Company, 

PTETHODS OF DATA AHALYSXS : 

Calculat ions of the f luxes  of water vapor and sens ib le  heat  using 

micrometeorologieal models may be evaluated by comparlwg the r e s u l t s  with 

the  evaporative f l u x  obtained from the  Bysimeters axd the sens ib le  

heat  f l u x  obkEsed from solutiow s f  the energy baBaace equation, 

The energy balance equation a t  the  soi.2. o r  water surface  is 

glvea by (1): 

The a i r - s o i l  o r  a.fr=wa&er i n t e r f a c e  i s  consl.dered t o  be the 

reference plane of zero hea t  eapaei.ty, All hea t  flows t o  the  

reference p'lane a r e  posf t ive ,  and a l l  hea t  f kows away from t h e  

referenee plane a r e  negative,  B e  aubseript. S.ndi.cat.es t h a t  
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the  f l u x  i s  considered at. t h e  surface ,  Met radi.aicl.on was measured 

a t  8 cm, bat. t h i s  %a aot. eonsf,dered to be. appreciab by different .  from 

the  net r a d i a t i v e  f l u x  at the  surface ,  

Bowen (1926) comb%ned a r a t i o  of seas5bl.e and fa tea t  heat  with 

the energy balance equatfoa t o  o b t a h  ;ET? equatJ.ow t o  es t jmate  the evapo 

r a t f v e  f l u x  from a water surface ,  Bowea" sqqaab%sa i n  our nota t ion i s  

given by 

where 

Sensible hea t  f l u x  over a water su r face  m y  a l s o  be estimated by 

BowenBs method 

Since vapor pressure was measured a t  one level, only aero- 

dynamic models f o r  est imating the  evaporative f lux ,  requir ing 

one-level observatfoas, could be t s s t e d ,  Svmdaup (1937) developed 

such an equation, which he later mod%fl.ed i n  1946. However, 

Marciano and Harbeck (1954) obtained b a t t e r  r e s u l t s  with Sverdrupss 

1937 equation. Therefore, i t  was chosen t o  be t e s ted  and i a  our 

no ta t ion  Ls 
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Shegpard (1958) proposed an a l t e r n a t e  approach t o  Sverdrup's 

r 
(1946) development, (equatf.on 6) 

Suf f ic ien t .  a i r  t.emgerawre measurements were made t o  t e s t  

g r a d i e n t  and one-level models f o r  e s t ima t ing  s m s i b l e  h e a t  f l u x .  

Sheppard's (1958) one-level  equacioa f o r  sensible  h e a t  f l ux ,  

analogous t o  equat ion  6, i s  

Under adiabat.i.c cond t t  i o n s ,  equat ion  ($1, as formulated by 

Lettatl. (9957) among others, using grad%en?x of wind speed and a ir  

temperature may be  used to es t ima te  t he  f l u x  of s e n s i b l e  h e a t  

RESULTS AND DTSCUSSPOE: 

The energy ba lance  equat ion  (I) may be solved f o r  A 0 by 
in se re ing  measured va lues  of Rn, S ,  S9 o r  W, and LE. Examples 

of t he  d i u r n a l  variations of @be components of t h e  energy balance 

Annual Report of the U.S. Water Conservation Laboratory



equation averaged f o r  two liocatiowa over shallow fsee-water and wet 

bare-soi l  surfaces  a r e  shorn i n  Figures 1 and 2,  The dar ly  t o t a l s  

of the  sens ib le  hsay f2ux ind ica te  &a': energy was used t.o beat  the 

a i r  over the  water surf  ace on a 24-.$our bas lag  but not over the  wec 

s o i l  surface ,  The?- hourly values of A on 25 AprL;: a r e  a t  l e a s t  qualf-  8 
t a t i v e l y  v e r i f i e d  by t h e  air-water txmperetare d.ifferences, a s  shown 

i n  Figure 3, thus supparting the e a t i r e  mergy balance evaluation,  

According Lo t h e  cowest..iion used, t h e  sansfbil.e heat. fPux should be 

p o s i t i v e  when the air cemperaknre is  g r e a t e r  :>!an the  water temper- 

a ture ,  and v i ce  versa, 

Hourly values of the  evaporat ive £Lux over the  water surface 

ca lcula ted  by Sverdrup (51, Sheppard $69, and Bowen $2) equations a r e  

shown in Figure 4 along w l  th values d e ' k m h e d  us  ing the  lysimeters.  

The nighttime values of the  ~ a l c n i a t e d  f luxes  agree with the 

lys imetr ic  values withtn the  margin of e r r o r ,  which is re la tnvely  

large.  

During &be dayl ight  perrod, S\rerdmg% squaTLon se r ious ly  under- 

est imates the  f Lux. Tbz evaporative f Lux calcu k % e d  by Sheppardq s 

and   ow en' s equakiops zp ears  t o  be out  of phase w i t h  lys imetr ic  

values of the  f l ax ;  thar  fs, BowenDs equation precedes-and Sheppard's 
1B equatton lags  behiad--.the d i r e c t  measurement (8600 t o  1400- , 25 Apri l  

19613, Af t e r  MOO, the  phase r e  Lat iowshtps a r e  obscured due t o  an 

increase  i n  wind speed (Figure 1). The r e s u l t s  obtained from Bowen's 

equation appear t o  be ~n phase with ne t  radiation whkch is the 

p r inc ipa l  term i n  t h a t  equatjoon, and the  resnlrs from Sheppardv s 

equation appear t o  be in phase w%zh the vapor-pressure gradient ,  

Similar  r e s u l t s  were obtained ow 26 Apri l  196.l. 

Calculat ions of the  evaporative f l u x  were a l s o  made f o r  the w e t  

ba re - so i l  surface,  assumi-rkg t h a t  rhe vapor pressure a t  the  surface  

equaled the sa tu ra t  ion  vapor pressure a t  fhz sfscrsface" s o i  1 temperatures. 

The r e s u l t s  obtained f o r  29 Apri l  $961 a r e  shown i n  F.lgure 5 .  

r e s u l t s  a r e  s i m i l a r  t o  the  resui . ts  obtained over water 25 Apri l  1961, 

-- ---- 
I/ A l l  t i m e s  a r e  true s o l a r  t ime ,  - 
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i n  t h a t  Sverdrupe s equation tends eo umdsrcst "urnate the f lux ,  whl l e  

Sheppard's and   ow en" equua"kfsras gFve reasorrabho? estSmates but  with 

the  same, more pronounced, phase r eXat fsnshf ps , 

Daily t o t a l s  of ca lcula ted  and measured evaporative f luxes,  and 

deviat ions from lysimetric valaes f o r  2 5 ,  26, and 29 Apr F l  1961, a r e  

 show^ i n  Table 3.  

TABLE 3 ,  Daily Yota8s of t h w  Evape~rat l v e  Flux as 

Xeasured sad CaEcuEaked y Eqoaefoaa d2) ,  (59, and (6) - -- ---- 
A a r E P  9461 

25 --*-- 26 ----- 29 - 
-1 %D* -1 x D S i .  .sc 

I y  day .dy day l y  daya1 X D 

Lysimetars -35 1 =388 -413 

Sverdrup ((5) - 197 -44 -'!as -36 -262 -37 

Sheppard ( 6 )  -334 - 2 -305 - I -406 - 1 

Bowen (2) -33 9 '45 .-, 34% 4-T.0 -387 -6 

ye Percent devia t ion from the evaporative f lux  dekerdned  with the  
lys imeters , 

Sverdrup's equation underestimates :he cvsposat"l.ve f l u x  from 36 t o  44 

percent ,  Sheppard (1958) s t a t e d  tba 8vardrurp8 s (1946) equation may 

give vpaLues up t o  50 percent from those given by (6). Apparently, 

t h i s  is a l s o  t rue  f o r  h i s  1937 equation, Sheypardus equation estimated 

the  evaporative f l u x  b e t t e r  than BowenQs equakioa, when d a l l y  t o t a l s  

a r e  considered. Hourly v d u e e  obtained wLch both methods were in 

e r r o r  due t o  the phase df f feremt$al,  

Tke most: notable fact  evident from these  d a t a  3s tha t  w e t ,  bare  

s o i l  may be t r ea ted  with the same methods a s  a free-water  surface;  

t h a t  i s ,  the  models used est imated the evaporat.ive f l u x  from a bare-  

s o i l  surface  and a free*-water surface  wi$S the  same accuracy. A 

s i m i l a r  analys is  of the  dara obtained on P and 2 Nay showed t h a t  t h e  

merhods did not  apply, a s  would be exgee+ed  fro^ the  method of 

determining the  vapor pressure,  Rowe~er,  kkese same models could 

be used over a cropped surface  when so i l  warm i a  not Iimftfng. 
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Tamer (1960) 

equation over 

has suc.cessfanlly used a modlf i ca t ion  of the  Bowen 

The r e s u l t s  05 h ~ u r 1 y  ca%ealaefoas of the  sensible  heat  f l ux  

i n  a f r  by the energy alanee $11, SheppardDs (T), BowenD s (4), and 

the aerodynamic (8) equations over water and bare-soil  surfaces 

a re  shown i n  Figures 6 and 7,  r e s  e c t  ive:h.y', Over a f ree-water surf  ace 

SheppardDs and BowenDs equations gave a f a i r  estimate of sensible  - 1 
heat  f lux,  within 0 , 1  ly mfn Over a bare s o i l ,  ne i ther  model 

seems applicable,  For nei ther  ease did &he aerodynamic equation 

show any degree of agreemeat. 

Daily t o t a l s  of ca lcula ted hourly seneib3.e heat  f lux  i n  a i r  

over water and soi l  surfaces a r e  l i s t e d  In Table 4, which include 

the  r e su l t s  of 2 May fo r  a dry surface,  

TABLE 4. CalcuEatSon of the SenoibLe Heat Flux by 

Equations (11, (419 (719 and (8) 

April  1961 May 1961 
25 26 29 2 

Energy balance -73 -84 1 -69 

owen (4) -45 -37 2 2 - -. 
Shegpard (3) -34 - 27 -44 4 

Aerodynamic (81 1, 2 -3 - 2 7 1 - 25 

1, 3 -1 10 5 7 21 

2, 3 6 19 54 45 

1 30 cm, 2 - 70 em, 3 = 150 cm, 4 - 310 cm 

The r e s u l t s  from Bowed" and dhspgardqs equat.ibows over the water 

surface (25 and 26 April  1961) were of the same s ign as  the r e su l t s  

from the energy balance equation, ?%Pa s t a m  t cannot be made with 
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respect  t o  the  r e s u l t s  from the aerodynamic equa&$on, %!bey were 

of the  opposite  sign., and increased $a magnieude with height ,  Similar  

t o  the hourly val.ues, no model seemed t o  fit the s i t u a t i o n  over bare  

s o i l ,  It i s  i n t e r e s t i n g  thak a eombinatioa of Sbeppardas eseimate 

of the  evaporat ive flux and the  energy Bafama equation gives b e r t e r  

r e s u l t s  than Shegpardes d i r e c t  es t imate  of sens lb je  hea t  f lux ,  

Zlne da ta  and resul . ts  presented should be considered a s  ind ica to r s  

f o r  f u t u r e  research,  The accuracy of the  ca'e,c~..BaitS,o~~,s of the  f luxes  

of sens ib le  and l a  t bleat may have been impxoved i f  the  measurements 

were made a t  lower heights  and i f  the varj.ab8es had been sampled 

s p a t i a l l y .  Pasquill. (1949) s t a t e d  t h a t  wind valoc.ft,y and humidity 

gradient  d a t a  should be confined t o  % e first. 50 em a b w e  the surface.  

5) pointed ou t  the need f o r  s p a t i a l  sampling during 

periods of l i g h t  winds when v e r t i c a l  coli:~%7ectlon c e l l s  e x i s t ,  More 

frequent. sampling o r  complete i.nkegratfon of t h e  e ~ e m e n t s  would a l s o  

increase  the accuracy, However, a n y  increase in accuracy of measurement 

would be r e f l e c t e d  i n  a l l  of the  equations, consequently would not  

appreciab1.y change the  eoaclusion t h a t  'the Bowen and Sheppard equa- 

t ions  gave t h e  best e s t  imatms , 

The nonagrecement Between ehc; models and the 1.ysimetrl.c evaporative 

f l u x  o r  the energy balance sens ib le  heafc f l u x  may 'be due t o  the  bas ic  

assumptions used k n  the  models, o r  Bn the applbcabf l f ty  t o  the 

experimental si te,  Certaii.dy, the  fact ::that Sheppard's equations 

d id  not est imate t h e  f 1 . u ~  of water vapor arrid senm+ible heat  with the 

same accuracy ind ica tes  e r r p r s  in  the  models o r  divergence of the  

f luxes .  

S W R Y  AND CONCLUSXONS :: 

To make more e f f i c i e n t  use of the  water ava%l.ab%e t o  agriculture, 

knowledge of t h e  short-period evapotrmspirat j .on of various mops  under 

d i f f e r e n t  c u l t u r a l  and management p rac t i ces  f a  required,  Mierometeoro- 

$ogical  methods of est imation of evapotranspira&i.on appear t o  be the  

most promising, However, the  models and in.s~.rurneneation ~ B o u l d  be 

v e r i f i e d  by a Igsimetes fnstxiB.kation before they can. be s a f e l y  eased. 
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To aecompliah t h i s  end, three  automatic wefghLng-type 1yaimeLers 

( s e n s i t i v e  t o  8,02 m of water) were bnsta l led  at. the U. S ,  Water 

Gonservatlon Laboratory, A 40-c$anm.eB data-han.cl1in.g sysEena was a l s o  

i n s t a l l e d  t o  automatfcaPly record mfcrs~eteoro9ogicaX elements i n  

conjunction with t h e  Bysieae%exs, A second daea-.handling system was 

mounted i n  a se1.f-contained t,wifler %o r e c o ~ d  the ~~fcrometeorofog ica l  

elements f a  remote a reas ,  

b a e a r c h  completed t o  da te  eombh.PJag Iyahnetris: and s u f f i c i e n t  

micromet;eorologi~:al d a t a  has been ld.mited to evaporation from bare- 

s o i l  and f ree-water surf  aaes, Prom tM.s P ~ B B I ~ P " C ~  &be? f ollowtng 

t es  of $he fluxes of water vapor and 

sensib 1s heat  were obtained wLth owenu s and Shviqqard s equat i ons, 

2) EvaporatA.on from w e t  bare  soH.1 may e e a t  imaged with the  

same models and techniques a s  evaporation from a water surface ,  

(3) Calculat ions of the sensKble beat f l ux  with an aerodynamic 

equation ind ica te  t h a t  the  f l u x  is  not constant. with height .  Further- 

more, t:he r e s u l t s  do not  agree with ithe senai'ble heat f l u x  a t  the  

surface  detaml.med by the energy Zba1an.c:~ aquation. 

(4) Advee.tf,sn determined by ithe energy balance equation was 

usual ly  minor, i f  oceurrimg at 5511, even though rriaasarements were 

made En an a rea  heterogeneous wfth respect  t o  surface  wetness. 
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Figure 1. Solar radiation (RsU), net radiation (R,), evaporative 

flux (LE), sail'and water heat flux (S + W), sensible 

heat flux in air (A), wind speed ar150 cm, and direction, 

over a shallow free-water surface on 25 April 1961. 
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Figure 2. Solar radiation (R ), net radiation (R,), evaporaf ive 
su 

f lux (LE), s o i l  and water heat f lux (S + S t ) ,  sensible 

heat f lux  i n  a i r  (A), wind speed a t  155 cm, and direction, 

over a shallow free-water surface on 29 April 1961, 
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Figure 3.  Sensible heat  f l ux  i n  a i r  (A),  water temperature, and a i r  temperature a t  30 cmon 25 April  1961. 
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Figure 4. Evaporative flux over a shallow free-water surface as determined with lysimeters and 
calculated by the Sverdrup (5)) Sheppard ( 6 ) ,  and Bowen (2) equations, 25 
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t h e  Sverdrup (5), Sheppard (61, and Bowen (2) equations, 29 April 1961. Annual Report of the U.S. Water Conservation Laboratory



Figure 6.  Sensible heat  f l u x  i n  a i r  over a shallow free-water surface  ca l cu l a t  by the energy 
balance (I), Sheppard (7), Bowen (4 ) ,  and aerodynamic (S) equations, 25 Apri l  1961. 
Data col lec ted a t  30 and 150 cm were used i n  the  aerodynamic equat im.  
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.gure 7.  Sensible heat  f l u x  i n  a i r  over a wet bare-soi l  surface  calcula ted by the eaergy balance (1 
Sheppard ( 7 ) ,  Bowen ( 4 ) )  and aerodynamic (8) equations, 29 Apri l  1961. Data col lec ted a t  
35 and 155 c m  were used in  the  aerodynamic equation. 
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TXTLE: GOmOWENTS OF TEE WHATEO.rSi BAUYCE OF BIEW CROPS UNDER 

6ODE NO. : A r l  z. -WCL- 18 

Evaporatian and evagotra.wspira%ia~ Eran f i e 2 . d ~  a r e  more c l s s e l y  

approximaked by net  r a d i a t i o n  than any oeher s h g k e  pa rmete r .  Met 

r a d i a t i s n  under f f e l d  c o a d % t i u ~ s  i s  a measure of the energy t h a t  i s  

ava i l ab le  l o r  evaporation, heating the sobl, the six, and the  crop, 

and photochemical processes. A t  any g i v m  time Bhe v a r i a t i o n  of 

net  r ad ia t ion  Ssom f i e l d  t o  f i e l d  is  d l r e c k l g  relaced t o  the  d i f -  

f e r e n t  maaagerlal and cultural p r a c t i c e s  t o  which ehe f i e l d s  a r e  sub- 

jected,  The study of &he e fee& sB the 'apar.P.o~os maiw.gerAa1 and cu1- 

t u r a l  p rac t i ces  upaa net rad%atioa--paskhcu2a~ly, the  components of 

<- ne t  radia.tian, t e r r e a t r d a l  and reFkectad radiation--appears feas ib le .  

This repor t  eantaiaw a summary of the daca recorded in t h e  i a t e r im 

of construction bf the  mobile micrometeorological laboratory Qdes- 

s o i l *  

Resetl.t&, Lis ted  "t.n Table 1. are inc;oml.ahg and r e f l e c t e d  so la r  

r a d i a t  Eon mca@urements aver wet and dry ssij f o r  war ioxas times sf 

t h e  year, The percentage sf s o l a r  r ad ia t ion  r e f l e c t e d  i s  t h e  highest  

I i n  the  morning and even Lng hours and lowe8 t a t  s a l a r  noon, The per- 
t cent r e f l e c t e d  f o r  t h e  hour ending 1300 HST decreased from 28 per- 

cent on 19 November 1.961, to 13 percent an 1% February 1962, and then 

increased ta 23 percent. on L March 1962, A Iwmr r e f l e c t i o n  i s  

noted on 29 Hay k962, of 83 percent ,  This  liawer r e f l e c t i o n  i s  probably 

associa ted  with t h e  presence of merg ing  Sudaagrass, 

REFLECTED %oP U P I O N  HET UDl.AT;'IQM OVER 

STJDANC1:WS OF DIWEWNT mIGE2?%o 

Procedures, The effect  of crop height and a a t u r i k y  upon n e t  --- 
1 r a d i a t i o n  and refaected  sodar r a d i a t i a a  was studied for two periods 
I 
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i n  Ju ly  1362. Previous t o  the  f i r s t  perlad,  the  Sudangrass was 

mewed i a  sne locat ton and n a t  fn  the  okher, so t h a t  at the  recording 

time, t h e  Sudangrass was appraximLely 75-cm tal l  sa avc locat ian ,  

and 148-cm t a l l  and completely heeded out ORT the  second 7ocstio.n. 

After  two days of  rccltsrd were abtadnsd, thr S u d a ~ g r a s a  on. the  second 

locat ion was cue t d p  8 cm, whike t h e  Srzd~ngrase on the f trst locat ion 

was allowed t o  grow, By the &lane a l  cFke gecorred pertad of measure- 

ment, the Sfadangrass on the  f Pest 3 oca b i c i ?  was EOQ-cm t a 1 1 and j u s t  

s t a r t i n g  t o  head aut ,  whike t h e  Sudangraes sin the sersad tocat ton 

had n6t completely recavered Ercm the  m?wi:sg a q d  csn be considered 

a s  strabble approximately 8-cm high, 

Baring the  f i r s t  period 05 meaauremept, incoming aad r e f l e c t e d  

s o l a r  r ad ia t ion  was measured aver  he 140-cm crop, while net r ad ia t ion  

was measured 1 m above each S I B E ~ W C P ,  a t  ,s.irre-h~P.f the crop height  

within the  canopy, and 5 cm above the so l1  au;f t h i n  c.he campy. During 

t h e  second period, s a l a r  r ad ia t ion  a d .  ref lected s o l a r  r ad ia t ion  

were measured over each surface. Ret r ad ia t ion  was measured 1 m 

above each surface  and wi th f s  the  1 0-cm canopy at 5, 15, 45, and 

75 cm abave the  scll surface.  

The complete experiments?. f i e l d  was Irrlg,r;lLed .immediately p r i o r  

t o  each period of recording. Four mj2l..Iumeters s f  ra in fa l l .  occurred 

on 20 July;  therefore,  the data were collecked during a time of 

year when mxinium et.apa3traazsptratio~ eou1.d be expecr ed. 

w0 The d a i l y  t o t a t s  o f  the  parameter9 measured during 

t h e  two periods are l i s t e d  in Tables 2 and 3 .  The days af 12 and 

13 Ju ly  were q u i t e  cesmgarab4e with respect t o  s o l a r  r a d i a t i o n ;  

however, t h e  average wind speed was 109 cm seem' g rea te r  on 12 

Ju ly  thaa  cm 13 Jrrl.y, Reflected solar r a d i a t i o n  appeared t o  be 

slightly l e s s  on 12 Ju ly  thaa on 23 July,  but thas  is  i n  l i n e  with 

the  d i f ference  i n  incoming s o l a r  radlat im..  radiation measured 

over the  kwo d i f f e r e n t  crops on those days was comparable; there- 

fore ,  t h e r e  d id  not appear 6 0  be any effect LIE crop height  o r  

wind speed upsx t h e  measurement of a;.€? r a d i a t  ton over the crop 

surface.  The wind speed d id  sea.m Fa kawm an effec: oa t h e  ner 
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raditatr.ion measured within the  cans y, W~ivts~g af kFSe Ieavea appeared 

t o  cause more net r ad ia t ion  t o  be absorbed i i ~  t he  upper psrt.iaxa_ o f  

t he  canopy leaving less energy t o  be t ~ a w g f e r r s d  t o  lower port ion 

s f  t h e  canopy, This i s  evident fn both the 75- awl 140-em canopies 

on 12 and 13 July,  

The data  co l l ec ted  during t h e  weconk; period, 28 rhraugh 22 

July,  a r e  not d i r e c t l y  comparable Bn th~rwe col.lteeted. during the  

f i r s t  period s ince  solar-radl  at.. t an iat w e i  tg was ~ ~ m e w b a l  Lower 

However, i lt is i n t e r e s t i n g  t o  note t h a t  the  amc~un: oE net radfatievs 

measured over the I 0-cm crop i w  very a%mi l a r  t t q  t h t  measured over 

t h e  '75- and 140-cm crop, A grea te r  mount a$ r e f l e c t e d  s o l a r  

r a d i a t i o n  was measured aver the crop dmface  Ghar: w a r  the  s tubble  

surface,  whi l e  the opposi te  i s  t r u e  For nee r a 2 i s  k % m  (Table 2). 

These f a c t s  iadf c a t @  t h a t  the  propcrtf h j . 7  of lang-wave radf ation 

t o  short-wave r e f l e c t i o n  of the  o u t g s i ~ g  radlatloa is  m a l h r  f o r  

a crop su r face  than a bare so i l  surface. Again as wa noted during 

t h e  previous recording cycle, a l a rge r  portbos of the n e t  r a d i a t i o n  

was absorbed iui? the u. per  crop campy wben t h e  average wind speed 

was t h e  g r e a t e s t ,  

A 30-anin p l o t  of wt raddatian,  solar and r e f l e c t e d  s o l a r  

r ad ia t ion ,  measured aver  and within t h e  100-can c rop  canspy f o r  the  

dayl ight  hours I s  shawn i a  Figure I. The nlghttfme values a r e  n o t  

shown because &he measnremea&s a r e  a l l  s h l l a r ,  S i m e  ne t  radia-  

t i a n  a t  the 35-cm height  was s iml la r  ks t h a t  at the 5-cm height ,  i t  

i s  not shown. The graph i l l u s  r a t e s  that the major i ty  of net 

r ad ia t ion  was absorbed in ehe upper 25 cm af the  eaaopy. get 

r a d i a t i o n  a t  all l e v e l s  was diminished by kmporary sloudisese. 

Other irregu$arf$xks -5n Peek radiation measured i a  che crop car,apy a r e  

due to 10cakion varia&bo_.rs, This varleat.i:n., g k s  tho f a c t  f b a t  a e t  

radiakion a $  45 cm exceeded tha t  a t  7 5  cm, mpha8fws t h e  need f o r  

r e p l i c a t i o n  a h  i n s t r u m ~ n t s ,  eve2 wi th in  a c'F,~sed crog canopy such 

a s  Sudangrass, 
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Evapearakioa and evapotrenspCratic>~ f r9rn .f n cads a r e  nore closely 

r e l a t e d  t o  net r a d i a t i a a  than any other  c ? d o g l ~  psremckcr, At any 

given time, the  variation s f  wet raddae tn?  fr im i r d d  t o  f i e l d  i s  

d i r e c t  1.y relaked k o  the d i f f e r e n t  cul tuaa 1 prxe ': i r.e*,, Measmxments 

a r e  being made t o  deteranhe the  effect of d k f f e x ~ ~ t  czlt.~zl-al p rac t i ces  

upon net  radia t ion,  r e f l e c t e d  so3er and t5z-r~ st r f s %  radiation, The 

r e s u l t s  ind ica te  tha t  t h e  persevEage of ~ d p r  9 s  d i n t  ion which is 

r e f l e c t e d  Ca the greakest during the rnarzid~xg a . 4  c v e ~ i n g  hours; 

t h a t  t h e  percentage sf  so la r  radiatSon r e i l w s d  a: solar vosn i s  

t h e  l a r g e s t  when the  s o l a r  a l t i t u d e  is ?he sml les t ;  t h a t  of  t h e  

o u t g o h g  rad ia t i zn ,  the proporkton cF koqg-ws vk2 radbat loo. t o  shor t -  

wave rad ia t ion  was smaller for  a crop aurfaec t h m  f o r  the  s tubble  

surface;  t h a t  ne t  r ad ia t ion  measured aver Sadangrass of d i f f e r e n t  

heights  was essen t ia l ly  the  same, eve? though the hefghks were 75, 

100, and 140 cm, with the  140-m crop befvg cmqket.eli y headed out ;  

and t h a t  t h e  amount of r a d i a t i ~ s a  absorbed i n  zhe upper-half od t h e  

p lan t  canopy was propart tonal  to t he  average w H ~ d  speed, 

EL: Leo S, B r  ktschen 
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Table I. Hourly solar  and reflected solar radj.a.&iear 

:: Solar radiation, 

S Reflected solar radiation, 
8CI 

Annual Report of the U.S. Water Conservation Laboratory



Table 2. Incoming and re f l ec ted  s o l a r  radia t ion,  n e t  radia t ion,  

and wind speed, 

-- 

Date Lysimeter U 

J u l y  

12 

1/ measured 1 rn above the  crop canopy, - 
2/ measured within the canopy a t  one-half crop height .  - 
3/ measured within the  canopy 5 cm above t h e  s o i l .  - 
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Table $, Incoming and re f lec ted  so l a r  radia t ioz ,  ne t  radia t ion,  and wind speed. 

Date Lys ime t e r  

11 measured I m above the crop canopy, - 
2/ measured within the  canopy 75 cm above the s o i l ,  - 
3/ measured within the canopy 45 cm above the s o i l .  - 
4/ measured within the  canopy 15 cm above the s o i l .  - 

5/ measured within the canopy 5 cm above the s o i l .  - 

Annual Report of the U.S. Water Conservation Laboratory



Figure 1. Solar, reflected solar, and net radiation measured over Sudangrass, 
radiation measured at different levels within the Sudangrass canopy, Annual Report of the U.S. Water Conservation Laboratory



GI= RESEARCH, 

LIKE PROJECT: SW6: 4-8gG-2 CODE NO. :: None. 

I, MOBILE MXQRO~TEQR0LOGIW LABORATORP, 

3CEa~ODUCTIO:OR : 

Hicrometeorological research requires measurement of many dif ferent  

elements under f i e l d  conditicans, The precision required i s  such t h a t  

commercially available sensors and eqraipmeat cannot be readi ly  used 

without modification; i n  some eases, eommercial sensors are  not ava i l -  

able and must be designed, constructed, and tes ted to  meet the local  

conditions, A l l  sensors, whether of commercial or loca l  manufacture, 

must be tes ted t o  determine i f  the desired accuracy can be obtained 

under f i e l d  conditions. Therefore, t h i s  report  eontains materials  

re la t ing  t o  the  construction, cal ibrat ion and tes t ing  of sensors9 and 

to  recording of micrometeorol.ogica1 var3abl.e~ under f i e l d  conditions. 

PROCEDTKZES : 

I%, rapidly record many micrometeorologica3. elements over a period 

of time and over d i f fe ren t  surfaces, a recording system which is not 

dependent upon l ine-transmitted current is required. A data-handling 

system was purchased and mounted i n  a self-contained t r a i l e r ,  the whole 

assembly being cadled the  mabide micrometeorological Laboratory. 

The self-contained t r a i l e r ,  8 x 7 x 16 fee t ,  was b u i l t  t o  specif i -  

catFons supplied by the  U, S, Water Conservation Laboratory, and has 

ample room for  the data-handling system and sensors, It contains a 

marine t o i l e t ,  30-gal water supply, 2 cu f t  re f r igera tor ,  and a gas 

hotpla te ,  The t r a i l e r  i s  cooled and heated by a heat pump, 

The current required t o  operate the  data-handling system, heat pump, 

and other items is suppli.ed by a lai.8/220 VAC, 5 kw generator, which i s  

mounted on the h i t ch  of the t r a i l e r ,  The generator is s e l f - s t a r t i ng  

and operates from LP fue l  supplied through an automat9c crossover 

regulator by 100-lb bo t t l e s ,  The t r a i l e r  was b u i l t  to  t rave l  over 

rough t e r r a in  and t a  give the data-handling system a smooth r i de ,  

The frame is rugged, being constructed from 6-inch I-beam, Tandem 

axles, large wheels, and t i r e s  provide surface support and clearance, - 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



The outpat is recorded on an 8-channel puaeh tape or  

l i s t e d  by. an electric typewriter, 

The typewriter may be used t o  List a punch tape and to 

make dupbf cate tape, 

The tape code i s  such tha t  i t  can be rapidly converted 

in to  punch cards os magwtic tape fw mackine processing, 

The recg~rdiag cycle may be ~mrer~alfy or autamarically 

i n i t i a t ed  a t  selected f nker'va9 s o  

In manual mode, a s ingle  chameft. mas7 be automatically 

recorded a t  se3ected 3-?tarvaLs or  cont i~usus%y displayed 

i n  the Zilght bank, 

The system I s  very f3.exibl.e with regard to  the number and 

magnitude of inputs t o  be recorded, 

To f a c i l i t a t e  rapid install.1.atio.m of sa+wsrs and wiring a t  a 

par t icular  recording s i t e ,  standard cables were constructed, each 

being 200-ft long and having gold-plated taper pins on one end and 

standard connectors on the other end, These cables a re  stored on 

r ee l s  i n  two boxes munted under the t r a i l e r ,  A t o t a l  of 3000 f t  of 

2-conductor, shielded copper cables and 1000 f t  of stranded therao- 

couple cable i s  stored under the txall.ur, Roof antenna mounts were 

purchased t o  be used as collapsible tripods for  mounting sensors i n  

the f i e ld ,  These tripods, along with the necessary masts, a re  a lso 

stored and transported between the I-beams of the frame, 

S m Y :  

A mobile micrometeorol.ogicaL Laboratory was constructed and 

equipped to  enable rapid recording of microme~eorslogical elements, 

independent of line-transmitted current, a t  any location,  The 

laboratory contains a data-handling system that  can rapidly trans- 

form 40 channels o f  voltage input and 8 channels of e l e c t r i c a l  pulses 

in to  an output which 4s placed on an 8-cham.el punch paper tape or  

l i s t e d  by an el .ectric typewriter, The Laboratory i s  an 8 x 16 f t  

t r a i l e r  of rugged construction, having tardem axl,es, 30 gal water 

supply, marine t o i l e t ,  2 cu E t  refr igerator ,  gas plate, heat pump, 

and a 5 kw generator, The t r a i l e r  a lso eootalrss f a c i l i t i e s  for  
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storing micrometenrbL~gical sensors, conduct i~g cables, and the 

necessary mounting apparatus, 

PERSOMESF;G: Leo 6 .  Fritschen. 

IT., IMSmWmATXOM TmBaEm 'fWANSPER STUDIES. 

TNmQBUGTZOM 8 

The fl.uxes of sensible and late.vt heat. may be estimated by 

segreral meteorobc~gical models, Some models requixe measurements 

that  are d i f f i c u l t  to obtain on an operationaj basis,  The aero- 

dynamic gradient modal and a model which comb1r\es the energy balance 

equation with the Eowen r a t i o  are  the mast widely used and require 

measurements which can be obtained ~e~v.t.",.a.t~ous 1y Previous t e s t s  

indicate that  the l a t t e r  model appears to  be t h e  most promisingo 

The Bowen eq~a t3 .m.~  in addftl.oo to  n.ek rad.katforx and soil. 

heat-f low measurements, requires preci.se measuremel?,t of a i r -  

temperature and vapor-pressure gradients, These gradients mt only 

must be sampled i n  time, but also must be sampled i n  space. To 

accomplish this ,  an air-sampling tower has been designed and is 

current1.y being constructed, 

PROCEDUECES : 

The sampaing tower contains f a c i l i t i e s  to  move the sensors in  

space and to  cancel out systematic sensor errors ,  To sample in  

space, the tower has a 10-ft horizontal arm, O3.e end mounts the 

sensors, and the other end i s  fastened by a gear t r a i n  and motor to  

a ve r t i ca l  support, The gearing and nmtor speed are such as to  cause 

the horizontal arm to sweep out a 1.80-degree arc in 3.0 minutes, The 

motor torque is then reversed and the arm moves i n  the opposite 

direction for 180 degrees, 

A sensor i s  mounted an each end of a GO-1.nc'h arm which i s  

attached a t  r igh t  angles to  the end of the Inasrl.zoata1 arm, The 

krorizontal arm ro ta tes  90 degrees OQ a command from the data hand- 

l ing system, The 90-degree rotat ion causes the upper and lower 

sensors to  change position--thus eancellfng out any systematic 

sensor errors.  
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The sensors, each coratai.nin.g dry- and wet-bulb thermocouples, are 

being constructed t o  bave 2-miaute time coastants,  If the data a re  

recorded a t  a 5-minute frequency and the sewor  posit ion changed immedf- 

a te ly  a f t e r  each r e ~ o r d l n g , ~  then the semors  w i l l  have suf f ic ien t  time 

t o  adjust  t o  f i e  new en.vl.roaunen& prior  t o  the next reeordi.ng , 

The a i r  sampling I s  designed so tha t  gradjerLt space may be varied 

from 0 t o  40 inches and the hef. .owest sensor above the sur-= 

face may be varied 8 t o  10 f e e t ,  

SUMMARY: 

The fluxes of  sensible and latent: h a k  nay be estimated with micro- 

meteorologicad models. The Bowen. equaLion, dpae of the most promising 

models not only requires measuremeats sf  mt r a d i a t i ~ n  and s o i l  heat 

flow, but a lso requires precise measuremeot. 0% air-temperature and . 

vapor-pressure gradients.  % o b t a l . ~  the required precision, the 

gradients must be sampled i n  time a ~ d  space, This requires an a i r -  

sampling tower which is capable of coatirp,uous.ly moving the sensors i n  

a horizontal plane, The precision sf measurement may also be increased 

by frequently switching the sensors, which caace3s out any instrument 

errors  0 

An air-.sampli.ng tower conttaining these features i s  being con- 

s t ructed,  Two sensors, each containing a wet- and dry-bulb thermo- 

couple having 2-minute time constants, w i . 11  be attached to  the a i r -  

sampling tower t o  obtain the required gradiects,  

PERSONNEL: Leo J. Frikschen. 

SIX, ME1TNOD TO GLIBRATE BEAT-FLOW lXANSD%TC",mS, 

IR'IflRODUmXON I 

Heat-fSsw transducers are  used i n  the energy balance equation to  

measure the heat-flow cornpove~t i n  the so4.1, Evan  though the s o i l  heat 

flow i s  usually a smaB.1 portion of the to ta l ,  i t  cannot be ignored, 

Usually heat-flow transducers are  purchased with cal.ibration 

factors.  These ca l ib ra t ion  factors  need t o  be cheeked periodically 

when the heat-flaw transducer i.s used i n  the soFS. A precise 

calorimeter i s  needed for  t h i s  purposeo 
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PROCEDmE 2 

The calorimeter was constructed s imilar  t o  the one described by W, 

Stanford Hatfield aa.d Po J, Wilkins i n  "A net heat-flow meter," Journal 

of Scientific Instrumeats 27:1-3, 3.958, The calt.orimeter consl.sts of 

three h a t i n g  elements fastened between copper sheets,  One of the heating 

elements ac t s  a s  a guard-rhg around t k  second, whdch i s  14 inches square, 

These two heating elements a re  located 1 inch above the  th i rd  element, 

18 inches square, 'fie l - inch space batweee the eBcments being f i l l e d  

with vermiculite, Four to  e ight  layers of f e l t  are  placed above the 

f i r s t  two elemm.ts, e eompl.ete assembly i s  placed in  an insulated 

wooden container, 

In operation, a heatc,flow t r a ~ s d u c e r  i s  placed between two of the 

layers of f e l t  above the center hearing element, A current applied t o  

a l l  of the h e a t l ~ g  elements i s  adjusted uq t f l  the  temperature of the  

elements i s  the same, The heat flow from the center element then flows 

ve r t i ca l l y  through the e l t ,  and i s  calculated r s m  the voltage and 

res is tance,  

RESmTS AND DISCUSS IONS : 

'Ihan. the calorimeter was ca?rnstrwted as  described, i t  had two 

serious l imitations::  ( la thie maximum output t ha t  could be obtained 

while maintainiag the p la te  temperature bekow 65C (the c r i t i c a l  tem- - l 
perature for  the insulat ion)  is &),I5 ly min (2) the heat-flow d isc  

could not be cali.bxated a t  a constant temperature or  a t  a desired 

ambient temperature. 'Eo overcome these limitati.ons, a heat-exchanger 

i s  being constructed which w i l l  be placed on: top of the layers of f e l t ,  

The exchanger w i L l .  be cooled with water that  i s  temperature controlled,  

With the exchanger a greater  output can be obtained from the ca lor i -  

meter, while maintaining a lower temperature; ~ h u s ,  i t  should be 

psss ibie  t o  not only ca l ib ra te  a heat-flow transducer, but a lso  t o  

determine i t s  temperature coef f ic ien t ,  

S m Y :  

A calorimeter was constructed to  ca l ib ra te  heat-f low transducexs 

which are  being used t o  measure the. s o i l  heat-flow component of the 

energy balance equation. The maximum output &a t  cou1.d be obtained 
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while maintaining the temperature below 65C was 0.15 ly  min-'. The 

calorimeter i s  now being modified t o  in.crease the output and to  con,trol 

the temperature so t ha t  heat-flow transducers may be cal ibrated over a 

greater  range and tha t  t he i r  temperature eoaf%iei.ents can be determined, 

PERSONNEL: Leo d o  Fritschew, 

mAJ6lcfXBG A GEmrefflLXZED L X K W  EQUATION, 

1RIZ"RBDUCnONa 

Micrometeorological research requires the rap-id recording of many 

var iables ;  thus In  a s h ~ r t  period of time, a large volume s f  data i s  

accumulated, Computers a re  required t o  e f f i c i en t ly  reduce t h i s  volume 

~f data so t ha t  it may be studied withfa a short  period of time a f t e r  

col lect ion,  

Micrometeord~~.sgical elements t o  be studied depend upon the pa r t i -  

cular  model used. GQnsequently, the e3.emen.t~ t o  be recorded are 

frequent$ changed. Each change requires a change i n  computer program 

which i s  not only cost1.y but requires  time, To eliminate the repro- 

gramming cost  and to  decrease the time required t o  process the data, 

a generalized I iaear  program was wri t ten,  

PIPO CEDURES e 
The generalized l inear  program enables the solut ion of the 

followin.g l inear  equation 8 

Equation I -.: [(channel A - channel B) x C -b Equation J 3. D] x F 

where Equation J represents the solution of any equation previous 

t o  Equation I; charnels A and B represent data recorded and may range 

from I to  49 channels; C, D, and F represent constants which may be 

d i f fe ren t  fo r  each equation, The values QB: C, D, and F may range 

from 0,0001 to  999,9999, 

A t o t a l  of 100 Equation I g s  may be solved during each recording 

cycle. The recording cycles may occur a t  a frequency of I-, 5-, 15-, 

30-, or 60-mi.n i . n t e r ~ a 1 . s ~  

With the generali.zed l inear  program, a l inear  output from any 

transducer may be rapi.d%y converted to the proper physical un i t s ,  
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The solutions of Equation. a re  then averaged for  each hour and Lotaled 

for  each day, 

S 

To e f f i c i en t ly  reduce the aaecessary volume of micrometeorological 

data to  a required form, to  eLiml~ate  reprogramming costs, and to  

decrease the time required t o  process the data, a gezeralized program 

was wri t ten for  the eomputer, The pro ram wi.1.l solve any l inear  equa- 

tion, and wi3 .1  combine two Qr mare solutisws , The solutions are then 

averaged for  each hour and totaled for  each day, 

With the general.ined Ifnear program, the micrometeorological data 

recorded can be rapi.dly cmverted to  the proper pbysical uni ts  and 

surnmari.zed i n  a su i tab le  form for future  eal.cul a t ioas  , 

V, LEaTEWTOR FOR VARSAl3LE DC SIGNALS 

INmODUCTXON : 

A t  times i t  i s  necessary, or a t  l eas t  desirable, t o  know the time- 

averaged value of cer ta in  variables tha t  charac te r i s t ica l ly  vary rapidly,  

For work re la ted  t o  energy balance studies such variables are, for 

example, wet and dry bulb temperature, temperature d i f f e r en t i a l  i n  the 

a i r ,  vapor pressure i n  a i r ,  or  cer ta in  radiat ion components, 

The time over which the average i s  sought i s  usually from 5 to  

60 minutes, too Long for  ordinary R@ averaging, In addition, a RC 

c i r c u i t  has a high output impedance, incompatfb3.e with high. speed 

recording, In principle,  t h i s  problem can be ss.l.ved with mechanical 

k n t e g r a t ~ r s ,  but these have a high cost  and also a re  not su i tab le  for  

d i r ec t  readout. Therefore, another approach is being investigated, i n  

which the average output i s  transferred t o  electromagnetic counters with 

e l e c t r i c  readout t ha t  a re  already avai3.able as part  of the micrometeoro- 

Logical data logging system, 

PROCEDURE :: 

The general approach consists i n  measuring the DC sigaal--usually 

of the order of a few mi.2livol.t~-=-with a sens i t ive  and f a s t  recording 

potentiometer and t o  t rans la te ,  the varying s ignal  in to  a varying 
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res is tance by means of a transmitting s l i d e  wire moun.ted on the  shaf t  of 

the balancing s l i d e  wire. Then, 'the transmitt ing s l i d e  wire i s  made par t  

of an o sc i l l a to r ,  each discharge of which i s  recorded as an individual 

count on the  avai lable  electromagnetic r eg i s t e r s .  The r eg i s t e r s  can be 

read out and r e s e t  a t  predetermined time in te rva l s  and the count thus 

recorded is  a measure of the average value of the var iable  studied.  

The objective is t o  obtain  a system tha t  has a precision of, say, 

2% and tha t  is cheap enough so tha t  i t s  use on several  channels would 

not be prohibit ive,  

For a recorder, we use a Speedomax H-AZAR on the s l i d e  wire shaf t  

of which a 0,25% l inear  s ingle  turn s l i d e  wire of 50 K t o t a l  res is tance 

i s  mounted. With su i tab le  capacitors, t h i s  var iable  res is tance forms a 

tank c i r cu i t ,  the discharge of which i s  controlled by a unijunction 

t rans i s to r .  The discharge pulse is  transferred by a s i l i c o n  controlled 

r e c t i f i e r  t o  an intermediate, low power relay,  which i n  turn operates 

the 6 V DC re lays  tha t  a re  part  of the windspeed recording r eg i s t e r s ,  

The oscil.1ator c i r c u i t  i s  powered by a constant voltage 24 V DC supply, 

A c i r c u i t  diagram is  not given since the design i s  s t i l l  being 

evaluated. 

The design is  cal ibrated by imparting known voltage s ignals  t o  the 

measuring recorder fo r  known periods of time and computing the r e l a t i on  

between counting r a t e  and reeordS.ng reading, Then, a voltage s ignal  of 

known var ia t ion is  applied, and calculated and known average voltage 

a re  compared, 

RESULTS ANI, DISCUSSXON : 

During the summer and f a l l  of 1962 a number of successive design 

changes were evaluated, X t  was found tha t  the capacitor i n  the  tank 

c i r c u i t  of the o s c i l l a t o r  had t o  be qu i te  large (20 microfarad) and of 

the dekanol type to  give s t a b i l i t y ,  

A f i n a l  r e s u l t  of ca l ib ra t ion  was the following equationg 

i n  which 

r = averaged recorder indication,  i f  recorder range i s  
from 0.00 to  10,OO uni t s ,  
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cpm - counts per minute, 

I n  t h i s  case, zero and f u l l  s c a l e  correspond t o  270 and 613 cpm, 

re spec t ive ly ,  The folLowing in tegra t ions  were then c a r r i e d  out ,  the  

va r i ab le  indica ted  i n  u n i t s  from 0 t o  10 

Gompu t e d Measured Deviation i n  Deviation i n  

Range Average Aver age % of Computed % of Fu l l  Scale 

0 - 2  I , O O  a m .  n , o  1.1 

2 - 4  3,OO 3,lO 3.3 l o o  
4 - 6  5,OO 5,O6 1 0 2  .6 

6 - 8  7,00 7.04 0e6  04 

8 - 10 9,OO 8,96 Q 0 4  04 

This r e s u l t  ind ica tes  t h a t  the  accuracy may be acceptable, s ince  

many sensors a r e  a s  more accurate than 2% f u l l  s c a l e .  

The long-range s t a b i l i t y  of the  c i r c u i t  i s  s t i l l  under inves t iga t ion  

and r e s u l t s  t o  da te  a r e  prel iminary,  

SUMMARY AHD COMGLUSHONS:: 

An in tegra t ing  device Ear small DC s i g n a l s  has been designed and 

p a r t i a l l y  t e s t e d ,  J t  opera tes  from a t ransmit t ing  s l i d e  wire on a 

s e n s i t i v e  recorder- and produces a count r a t e ,  r e l a t e d  t o  the  input 

s i g n a l  by a simple formula, The count over a  known period of  time can 

be r e g i s t e r e d  automatical ly,  along with o the r  da ta  and is  a measure f o r  

the  average value of the  va r i ab le  measured, 

Preliminary da ta  i n d i c a t e  s a t i s f a c t o r y  accuracy and s t a b i l i t y ,  

Further work i s  necessary,  

PERSONNEL: 6, H, 61, van Bavel, W. Reeves, 

Annual Report of the U.S. Water Conservation Laboratory



evaporat  ion rake  f rm bare mi '3. shows a d $ u  tnai  f kucr,~a.?.tion under a l l  

cirewmstances, Inc lndiag  ve ry  d r y  surface s?,sd.I., B ders  iiled skudy of 

kaoulriy changes ?"n soti %tempera&aa ates snd soi.1 ~ o i s t u r e  ~ a e t e n t s  a t  , 

shal low depths may show how tpawsport phenomeaa i a , t h e  s a i l  a r e  z i ed  
# 

t o  t he  dizrraal energy input flnctuatron a t  hhe sdk.$aea, A pre i iminary  

s e t  o f  observations was obta ined  &us fng ehe per ,st3 February 27 through 
1 

March 7, 1962 co se t  t h e  s r age  f a r  Later,  more de&ini$i$e s tudzes ,  

PROCEDURES: 

The ly s ime te r s  and f i e l d  were ha re  and ware i r r i g a t e d  on ~ e b r u a r y  
' 

16. FolEowfng a  r a i n y  period,  a  dry ing  p e r i o d  ensued wi th  most ly sunny 

weather s t a r t i n g  on February 2%. Hour ly  measurements were made of 

evaporat ion,  half-hourly;  ones of s0i" lemperature a t  1/2, l ,  2, 4, 8, 

16, and 32 cm, us ing  thermocouples, and of Get r a d i a t i o n  and s o i l  h e a t  

f  Lux, Daf l y o r  t w i  ce-dal ly.  measurements were made of s o l 1  mois ture  con- 

tent by d i r e c t  samplmg i n  4-can increments from 0- t o  18-cm depths .  

The most complete s e t  o f  d a t a  was obtazned on March 1 and March 2 and 

t h e s e  w i l l  be  d iscussed  a s  i l . l u s t r a t i v e .  

RESULTS AND DISCUSS I OM: 

1. jQi1 Tempe~atures  . The da i  Ay course  of s o i l  temperatures on 

March 1 and 2 is i nd i ca t ed  by Figure  1. showing t h e  temperature profiLe 

a t  the  time t h a t  t h e  d a i l y  maxl.mum and minimum ocezrrr&d on each.$ay a t  

. 5  cm depth.  A!so shown i s  t h e  a i r  temperature a t  3d em. The two days 

a r e  nea r ly  i d e n t i c a l  w i th  r ega id  t o  s o i l  and' a i r  t e m p e r a h r e  and show 
0 

an amplitude l e s s  than 1 C a t  30 em depth, a s  compared t o  a  s u r f a c e  
o 

amplitude of 30 C. - Assuming a  homogeneous s s i  L, thf s  i n d i c a t e s  a  thermal 
-3 -1 ' 

d i f f u s i v i t y  of 2,8 x 18 em s e c  Xn t h e s l a y e r  from 112 t o  8 em t h e  

temperature g rad fen t s  a r e  t he  l a r g e s t  and a r e  reasonably uniform, In 

Table 1 t h e  average g rad ien t  and t e e  evaporat ion r a t e  a r e  show* f o r  each 

hour of March 2 ,  
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0 A t  a depth of 5 em, the  temperature v a r i e s  by about 20 C during 

the  course of a day. This I s  i n s u f f i c i e n t  t o  material1.y change the  s o i l  

water pressure  p o t e n t i a l  gradient .  However, s o j l  water d i f f u s i v i t y  may 

be 1 , 3  times g rea te r  a t  the  maximum than a t  the  minimum temperature. 

The vapor pressure  gradient  i n  the  so tk  i s  Large because of the  l a rge  

temperature gradient  and i s  d i rec ted  downward during the  day and upward 

during the  n i g h t .  'Xhus, the  upward l i q u i d  faow of water i s  i n t e n s i f i e d  

during the  day but  opposed by vapor movement. A t  the  same time (see 

Table 1) t h e  evapoyation is  in tense  during Eke day. A t  n ight  l i q u i d  

flow continues, now aided by vapor flow, while evaporation i s  s l i g h t ,  

2, S o i l  Moisture Content, Figure 2 gfves the  moisture p r o f i l e  

a t  1530, avlarch 1 and 0900 and 1530 on March 2, According t o  da ta  ob- 

ta ined by Jackson, l i q u i d  d i f f u s ~ v i t y  below 3 cm would be  about 0 ,8  cm 
2 

minml0  Above 3 cm the  d i f f u s i v i t y  i s  an order  of magnitude, less .  

Figure 2 shows t h a t  the  sum t o t a l  of l iqu id  and vapor movement of 

water does no t  match evaporation during the  day and the  top layer  loses  

water ,  These losses  a r e  regained during the n ight ,  a s  a l s o  seen i n  

Figure 2 ,  The da ta  a r e  a l s o  i n d i c a t i v e  of the  f a c t  t h a t  below 2 cm, 

moisture movement a t  l e a s t  equals evaporation during any time of the  

day. The quest ion then is:;r(Rhy evaporation i s  no t  g rea te r  during most 

of the  day. 

It i s  suggested t h a t  the  evaporation cannot be g rea te r  than the  

'hmlnimum" i n  isothermal d i f f u s i v i t y  proposed by P h i l i p  and De Vries,  

For Yolo l i g h t  c l a y  t h i s  was given a s  about 5 x l om5 cm2 sec- la  With 
-I 

a moisture gradient  of 0,IO cm a s  found i n  the  upper 2 em i n  
- l 

Figure 2, a moisture movement of 0,~$3?mm h r  r e s u l t s ,  reasonably 

c lose  t o  the  maximum of Table 1. 

Obviously, much more d e t a i l e d  s tud ies  of s o i l  moisture content ,  

d i s t r i b u t i o n  of the  s o f l  cons tants  and of the  concepts used m s t  take 

place before the  moisture losses  from bare  s o i l  a r e  b e t t e r  understood. 

Such experiments a r e  planned En the  near  f u t u r e  with the  a i d  of gamma 

transmission f o r  the  d e t a i l e d  desc r ip t ion  s f  moisture d i s t r i b u t i o n ,  
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S-RY AND CONCLUSIONS : 

Following experiments carried out in 1.961 0x4 the detailed nature 

of evaporation from bare soil. at different times of the year, a first 
I 

attempt was made in early 1962 to tie in the course of evaporation 

with the thermal and hydraulic processes in the soil. Detailed and 

adequately precise measurement of the temperature of the field could 

be made, but the description of moisture content and status in the 

surface layer was inadequater Future work wi.11 require gamma densi- 

tometry, now under developmefit, and, also, careful measurements of 

the moisture characteristic and vapor absorption Isotherms, to per- 

mit estimates of the moisture transfer coeffleients i,n vapor and liquid 

form. This work is now in progress. 

PERSONNEL: 6, H, No van BaveE, R. D. Jackson, R,  J. Reginato. 
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i - 1 
T B L E  +. Hourly evaporation rates in mm hr and soil temperature 

-1 
gradients in C em in the .5- to 8-em layer. 

HOUR E AT HOUR E AT 
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Figure 1, . S o i l  temperature profile at  0700 and 1400 MST under a 
bare, dry surface on 1 and 2 March 1962. 

159 
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Figuse 2. Soilmaisture profile under a bare dry surface on 1 and 
2 March 1962, 
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TITLE: EVALUATION OF PLASTIC MULCHES FOR GROWING COTTON, 

LINE PROJECT: SWC 4-gG2 CODE NO,: Ariz,-WCL-27 

INTRODUCTION: 

During 1962 large-sca le  t e s t s  were i n t i t i a t e d  by severa l  farmers i n  

the  Chandler a rea  t o  evaluate  the  e f fec t iveness  of black polyethylene 

mulch on cot ton  production, The mulching p r a c t i c e  cons i s t s  of laying 

down a 20-inch wide s t r i p  of 1 - m i l  polyethylene aver a r idge  i n  which, 

i n  the  same operat ion,  cot ton  i s  p lanted ,  The cot ton  seed emerges 

through crosscut  openings i n  the  p l a s t i c  made by a s p e c i a l  attachment 

t o  the  seeding and p las t i c - l ay ing  machine, The edges of the  p l a s t i c  

a r e  covered up wxth s o i l  t o  prevent blowing o f f ,  This p rac t i ce  i s  

being c a r r i e d  out  on standard 40-inch rows, Approximately 1/3 of the  

su r face  a c t u a l l y  c o n s i s t s  of p l a s t i c  and i s  effective1.y sea led  aga ins t  

evaporation. 

Any e f f e c t s  of the  p r a c t i c e  on the  growth sf  co t ton  may, i n  p a r t ,  

be explained through the  changes t h a t  t h i s  mulching p r a c t i c e  has on 

the  physfcal  environment. Since these  t e s t s  were c a r r i e d  out  on 

l a rge  areas  i t  was decided t o  make some measurements ko f ind  out 

whether pLast ic  mulehing a s  described would a f f e c t  such environmental 

f a c t o r s  a s  n e t  r ad ia t ion ,  s o i l  and a i r  temperature, and soi l-moisture 

content ,  

PROCEDURE : 

The measurements were c a r r i e d  out on a f i e l d  which i s  p a r t  of the  

Tschudy Ranches west of Chandler, Arizona, Gooperation was furnished 

by M r .  Tschudy and h i s  s t a f f .  Two 6 l /4-acre  f i e l d s ,  226 f e e t  wide and 

1200 f e e t  long with rows running from e a s t  t o  west were s i t u a t e d  s i d e  

* b y  s ide ,  one being t r e a t e d  with p l a s t i c  mulch and the  o ther  unt rea ted .  

Two t e s t  a reas  i.n each f i e l d  approximately 40 f e e t  on each s i d e  of the  

,dividing l i n e  and 200 f e e t  frpm the  edge of the  f i e l d s  were se lec ted  

and a Leeds and Northrup Speedomax H AZAR recorder was mounted on the  

dinriding l i n e  between the  trm f i e l d s ,  The f oiPowfazg v a r i a b l e s  were 

measured :: 

1. S o i l  Noisture Content. Neutron access tubes were i n s t a l l e d ,  5 

i n  each test area,  and s o i l  moisture content  was determined a t  
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6-inch i n t e s v a l s  t o  a t o t a l  depth of 63 i n c k s  once a week, s t a r t -  

ing  %6 Apri l  through 23 July,  using the  neutron method with a 

". - Troxler probe and a Tempe r a t e  meter. 

e ra tu re .  SoBl temperaEuses were measured by means of 

Pa h e r  maximum-min d i a l  t h e m m e t e r s ,  the sensipg-elements 

of which were locazed a t  5 c&~$ep&h, 'T??ree themometers were 
is* r "  

mounted i n  each t e s t  p l o t  wlth the  sensing element running En the  

d i r e c t i o n  of the  row and on the  c r e s t  o f  tbe r idge ,  The maximum- 

minimum s o i l  temperature was recorded f o r  every day srrarting with 

16 April. through 19 Augwst. 

A i r  temperature, A i r  temperature was measured w i t h  Weston 

maxhum-minimum d i a l  themameters that were mounted i n  aluainum 

sbl.eEds at. LO cm above the  ground. This measurement Was a l s o  

made i n  t r i p l i c a t e ,  

Net Radiation, N e t  r a d i a t  ion was measaerksd with miniature ne t  

radiometers a s  designed by Fr i t sehen (low output rype), Three 

ne t  radiometers were Located i n  each p l o t  s o  a s  t o  be always 

over t h e  crop and 80 a s  t o  represear pcssiirie~ns uver the  ridge, 

i n  between the r idge,  and ha fway between t h e  furrow and r idge 

3.n an e f f o r t  t o  average t h e  exposure condit ions.  Another 5 n e t  

radiometers were exposed i n  each p l a t  located a t  20-em height  so  

a s  t o  eventually be covered by the  developing crop. Radiation 

was recorded every half-hour f o r  each of t h e  four  exposures, the  

radiometers of l i k e  exposure being connected i n  s e r i e s .  Total- 

i z ing  t h e  haLf-hourly mea,surements r esu l t ed  i n  da ta  t o t a l s ,  

Water Measurements. An e f f o r t  was made t o  ascertain how much 

waker was applied t o  t h e  s o i l  i n  each p lo t  wlth she customary 

i r r i g a t i o n  p rac t i ces .  To t h i s  end the  supply d i t c h  was provided 

with th ree  srandzrd cross-sect ions made out  of pl-ywood t o  accommo- 

da te  a Pendvane flow meter, The standard cross-secti.ons were 

located ups&rearn and downstream of each p lo t ,  one of these  being 

i n  common t o  both. Sl.nce t h e  land was not dead SweL but l a i d  

out  so  t h a t  constderabPe runoff could occur, arrangements were 

made f;o measure t h e  ta91waa;e.r by means o f  a txa ezoidal  flume and 

water s t age  recorder,  
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RESULTS AND DISCUSS ION: 

1, S o i l  Moisture Content. Ykre max%mm moisture conten-t of the  p r o f i l e  

i n  the  f i e l d  was out  438 m (17 inches) and the  amount of t o t a l  

a v a i l a b l e  moisture f o r  p lan t  e x t r a c t i o n  was about 250 mm QBQ inches) .  

The frequency of i r r i g a t i o n  was such t h a t  the  moisture content of 

the  s o i l  w a s  never reduced t o  a f i g u r e  even approximating the  lowest 

poss ib le  moisture content ,  Both f i e l d s  were genera l ly  i r r i g a t e d  a t  

the  same time, the  need . % o ~ i i ~ r l g a t f o w  b e h g  determined from obser- 

va t ions  on the  race  of elongation of se lec ted  nodes of the  cot ton  

p lan t  

I r r iga t i .ons  took place on 23 Apri l ,  3 May, 25 June, 9 Jul.y, 

18 July ,  27 Ju ly ,  7 August, 16 August, and 25 August, A s  could be 

expected from such a frequent  i r r i g a t i o n  scheduPe, and a minimum, 

p r a c t i c a l  app l i ca t ion  of some chree o r  four inches, ~t o f t e n  

exceeded the  d e f i c i t  and the  p r o f i l e  was always high in  moisture 

content ,  Also, no d i f fe rence  between the  treatments could be 

detec ted  i n  moisture content  o r  i n  moisture deple t ion ,  Only during 

May was the re  some i.ndfcation t h a t  moisture ex t rac t ion  took place  t o  

a somewhat g rea te r  depth on the  mulched p lo t s .  Also, the  moisture 

deple t ion  from the  l aye r  between 9 and 21 Encbes seemed t o  be some- 

what l a r g e r  on the  mkched versus the  umulched p l o t  ind ica t ing  a 

higher r a t e  of ev~potran.spf.ratisn. on the  mulched p l o t ,  Immediately 

under the  mulch, the  s o i l  was always more moist than on the  unt rea ted  

surf  ace. 

In view of the  l a rge  amount of i .rr$.gatfon water so f requent ly  

applied and the  continued high moisture content  of the  p r o f i l e  and 

the  seepage r e s u l t i n g  therefrom, no conelusf.ons whatsoever cotnl.d 

be drawn from the  da ta  a s  t o  the  consumpti.ve use by the  crop, l e t  

alone t o  conclude any d i f fe rence  between the  two treatments,  

2,  S o i l  Temperature a t  the  5-a3m Depth, So$I temperatures were s i g n i -  

f i c a n t l y  higher during the  month of May by 2 t o  3 P under the  mulch 

as  compared t o  the  a r e  p l o t ,  By t e end of May t h i s  d i f f e rence  

increased t o  about 6 F following i r r i g a t i o n  and decreased 

again t o  2 t o  3 E f o r  the  remainder of June, During J u l y  the  
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mulched p l o t  was about 4 t o  5 P warmer but by t e beginnzng of 

August the dxfferenee had became q u i t e  small and seemed no Longer 

s i g n i f i c a n t ,  This f inding f s  in general accord with tha t  of 

o thers  showing t h a t  black plascfe  f i lms w t L E  r e s u l t  in  an increased 

temperarure of t h e  soSd, zishough not aw h ~ g h  a s  w i l l  be obtained 

when using c l e a r  p l a s t i c ,  

3 ,  A i r  Temperature a t  the  1 w ~ m E e i g h t o  b r i ' n g A p r f i a n d M a y t h e a f r  

temperatures tended t o  be lower ~n ntu2ched o t s  cmpared t o  the  

unmulckred ones by about 1, IF", k r  i n g  June and JuLy t h i s  d i f ference  

pers is ted ,  though i t  was no t~ce&l ,y  Earger fmedi.ately a f t e r  irri- 

gation up t o  3 F, h ~ f n g  August t h e  d i f fe rence  d~sappeared ,  

These f indings,  though only a small d i f fe rence  on the  margin 

of s igni f icance ,  fndxeate t h a t  evapstuansp9rarfon on the  mulched 

p l o t s  may have been s l i g h s l y  g rea te r  daring June and J u l y  than on 

the  renmPched p lo t s .  This eonc3~usiulan is corroborated by the  f a c t  

t h a t  %be p lan t s  on the  mu9ched pkors were genereilly somewhat higher, 

bush ie r ,  and had more leaves,  

4, Net. r a d h t  ion, There was ao  di f ference  sn rRe ner r a d i a t  Lon be- 

tween t-reatmewts e i rhe r  a t  t h e  top or sr~om Level, through the  

f i r s t  week i n  June, After  10 June the  crop began t o  shade the  

net  radiometers Loca~,ed a r  a height  of 20 cm and t h e  rad ia t ion  a t  

t h a t  level  m a  reduced t o  e f f e c t i v e l y  zero by EO Ju3.y0 Tn t h i s  

respect  no d i f fe rence  could be demoastraced between the  t w o  t r e a t -  

ments. A malfuncti.on w a s  dfseovered I n  one sf the  ne t  radiometers 

located over the  mulched cot ton,  S f m e  it was impsssfbEe t o  

determine when t h i s  malfunction occurred, no comparisons s f  t h e  

ne t  r ad ia t ion  measured over the treatments can be made, 

5, Water Measurements, Trying t o  obta in  accurase data on t h e  amount 

of water applied t o  each p l o t  proved ro  be d r f f i cu l . t ,  i f  not 

f r u s t r a t i n g .  On 6he f i rsr  i r r i g a t i o n   he siphons were s e t  f o r  

about 1% hours and a very l a rge  neE appliea.rfon resul ted  of aboat 

160 m (6,5  inches) ,  This being c lea r1  9 o u t  of kine with the  

moisture defi.eiency of t h e  profile, reeomendations were made t o  

reduce the  t h e  of s e r  and i n  succeedlag i r r i g a t i o n s  cbe amount of 
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water applied was general ly less and was estimated from the  

deficiency of s o i l  moisture of the  p~ofl .3 .e~ The amount of water 

applied var ied  between 75 and 125 nm (3-5 i.nches), 

Moweyer, these  a r e  mere eseimates of the  amount of water tha t  

a c t u a l l y  was app led  t o  the test s i re  or co any p a r t i c u l a r  spot  i n  

t h e  f i e l d  s ince  t h e  f i e l d  was la id  o u r  very unevenly and i n s u f f i c i e n t  

con t ro l  ex i s t ed  over t e head %a rhe supply df.te%. a s  wel l  a s  over 

s e t t i n g  the  siphons f.n indivtdaua2 s o w ,  An estimated t o t a l  mount 

of water appl.i,ed t o  the  f i e l d  during the  growing period i s  900 m 

(35 inches) whichg combined wfth l n i t k a l  ava5.lsbl.e mount of some 

250 m (10 inches) 9s we1.1 i n  excess of. zhe mawi.mum possiblle con- 

sumptive use and r e s u l t s  i n  a ems idesab le  amount of continuous 

downward seepage, Under such condEtf.ows i t  i s  not possible,  as 

pointed out before, t o  a r r i v e  at any w&arthwhi%.e conclusions with 

regard t o  water use,  It should be s t a t e d  t h a t  the  layout of t h e  

fie1.d and the  nature  of t e i r r i g a t i o n  system was not conducive 

t o  t h e  accura te  eonerol  sf water applied, nor t o  uniform and e f f i -  

c i e n t  water application. 

6 ,  Cotton Yields. XIe l i a r  cot ton harvested from the untreated p l o t  

was 677% pounds or  1080 Lbslacre, whereas the  mLehed p l o t  yielded 

8372 pounds or I348 lbs /acre ,  an increase of 2,4% over the  control., 

These da ta  a r e  i n  line with the  observations made on the  fie1.d during 

t h e  growing season, 

On the  same farm other  comparisons were made, some of which 

were more faworabfe, o thers  l e s s  favorable. The ImpressLon is t h a t  

the  increases due t o  nrcalching a r e  g rea te r  a s  the  ~'ii/er-aLl y i e l d s  

a r e  higher.  Actual,ly, on the  test p l o t s  reported the  yi.eLd l e v e l  

was j u s t  f a i r .  A. grea t  dea.1 of addisional  agronomic fBeld work must 

f u r t h e r  e luc ida te  the  p i c t u r e ,  

SUMMARY AM) CONCLUSIONS :: 

'Ifhe p rac t i ce  of "half-mu%ching" cot ton wrth black, t h i n  polyethylene 

f i l m  covering the  r idges and a l  owing seed t o  germinate through i t  was 

examined, Most of the  expected b e n e f i t s  were agronomic but e f f e c t s  

specif  ical1.y r e l a t e d  LO msi s tupe  eonser"var,i.on could a l s o  occur. 
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Therefore, t h e  e f f e c t s  of muleking on soi l .  and a i r  temperature, on ne t  

r ad ia t ion  and on s o i l  moisture ut iP. izat ion were measured, Before a 

closed s tand was produced, soil .  temperature under the  mwlch was a few 

degrees F higher and a i r  temperature over the  mulch s l i g h t l y  lower. 

The Lat ter  e f f e c t  i.s a t t r i b u t e d  t o  b e t t e r  growth and g rea te r  tra.nspi- 

r a t i o n  with the  mulch, Net r a d i a t i o n  and moisture u t i l i z a t i o n  were not  

a f fec ted  by mulching bu t  the  da ta  were not very accura te  and conclusime, 

Yields were 24% higher on t h e  mulched p l o t  (2,7 versus 2 , 2  b a l e s /  

acre) ,  i nd ica t ing  a s i g n i f i c a n t  increase  i n  water  use e f f i c i ency ,  

However, the  type of d a t a  obtained so  f a r  do not give an explanation 

of the  y i e l d  increase  and a d i f f e r e n t  approach i s  required.  

PERSONNEL: C, H, f i le  van Bavel, L. J. F r i  tsehen, K. J. Brust , 
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TITLE: EVAPOTRANSPIUTION PROM CROPS AS RELATED TO MNBGEMENT, 

LINE PROJECT: SWC &gG2 CODE NO . : None 

INTRODUCTION: 

This experimental o u t l i n e  concerns the  measurement of euapotrans- 

p i r a t i o n  from var ious  crops as  measured with the  weighing lysimeters  

on the  observation f i e l d  south of the  Laboratory bu i ld ings ,  These 

measurements serve  many purposes a s  they a r e  an i n t e g r a l  pare of 

energy balance s tud ies ,  v e r i f i c a t i o n  of aerodynamic t ranspor t  models 

and of c e r t a i n  s t u d i e s  of the  e f f e c t  of s o i l  moisture content  and 

p lan t  physiology on the  losses  of water t o  the  atmosphere. However, 

the  da ta ,  a s  such, have considerable i n t e r e s t  i n  themselves s ince  

d e t a i l e d  da ta  on d a i l y  and weekly evapotranspi ra t ion  losses  of f i e l d  

crops under a r i d  condit ions a r e  not  a v a i l a b l e ,  The reason- f o r  t h i s  

f a c t  i s  t h a t  only by means of weighing lysimetry can such measurements 

be made and s u i t a b l e  i n s t a l l a t i o n s  have here tofore  not  e x i s t e d ,  

Obviously, the  evapotranspi ra t ion  of a crop on a d a i l y  o r  weekly b a s i s  

i s  not  only dependent on the  crop i t s e l f  and i t s  environment, but  a l s o  

the  manner i n  which i t  i s  managed. The purpose of t h i s  work i s  t o  

r epor t  on the  condi t ions  under which measurements were made, and t o  

attempt t o  r e l a t e  t h e  d a t a  obtained t o  pe r t inen t  aspects  of t h e  crop 

and i t s  management, 

MANAGEMENT AND PROCEDURES: 

The f i e l d  was prepared f o r  seeding during t h e  f i r s t  week of May 

and planted t o  sudangrass on 10 May, During the  f i r s t  few weeks the  

f i e l d  and lysimeters  were i r r i g a t e d  on 3.1, 1.5, and 28 May, The lysim- 

e t e r s  were i r r i g a t e d  wi th  small amounts in-between times t o  insure  a 

good stand of sudangrass, S o i l  c r u s t i n g  crea ted  a s tand problem, By 

28 June a f a i r l y  complete and mature s tand of sudangrass was obtained 

over the  e n t i r e  f i e l d ,  On lysimeter  No. 1 and t h e  associa ted  checks 

Nos, 5, 6, and 7,  the  crop was held a t  a height  between 20 and 40 cm 

a t  a l l  times by per iodic  mowing, I r r i g a t ~ o n  took pQce on the  e n t i r e  

f i e l d  f requent ly  enough s o  a s  t o  keep the  s o i l  a t  a high moisture 

content  a% a l l  times u n t i l  15 August, Af ter  t h a t ,  no irrigation was 

given u n t i l  14 September. The da tes  of i r r i g a t i o n  and mowing f o r  the  

e n t i r e  f i e l d  a r e  indica ted  i n  Table I ,  
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Lysimeter No. 2 

time on 26 June 

and the associa ted  cheek No, 4, was mowed f o r  the  

a f t e r  which the  grass  was a1.lowed t o  grow t o  a 

height  of approximately 150 em and t h e  development of some seed heads 
' 

between 15 and 19 July .  On 24 JuLg the  surroundings of lysimeter  

No, 2 were mowed but  not  the  lysimeter  i t s e l f  which remained i s o l a t e d  

u n t i l  27 Ju ly .  After  t h i s ,  N o .  2 was t r ea ted  a s  was Mo, l ,  

Simflar treatment was given t o  Lysimeter No. 3 and the  checks Nos. 

1, 2, and 3. These were mowed f o r  the  Bast rime on 12 June and allowed 

to,grow u n t i l  16 J u l y ,  By t h a t  time t h e  height  of the  crop was approxi- 

mately 2 m and a heavy devel.opment of seed heads had taken place,  

Af ter  16 Ju ly  t h e  erop was allowed t o  re-develop and was treaT& i 

s imi la r ly  t o  lysimecer Nb, e., 
The e n t i r e  f i e l d  was plowed on 1 October, No da ta  were obtained 

f o r  the  period 99 September through 30 September, owing to  frequent  

small r a i n s .  Dur&ng t h e  period up u n t i l  18 September no r a i n f a l l  of 

consequence f e l l .  

The uniformity of the  stand i n  the  f i e l d  Left much t o  be des i red  

a t  times. The stand i n  and, pa r t i cu la r fy ,  around lysimeter No, 1 was 

always sparse  and spo t ty  and da ta  from t h i s  lysimeter  probably cannot 

be considered a s  typ ica l .  The stand and envl.roment of lysimeter 

No. 2 was r e l a t i v e l y  good throughout the  season. Tkle $ 

Lysimeter No. 3 was always good but  the  erop ins ide  the  Bysimeter 

a t  f i r s t  grew slowly and tended t o  l ag  behind i t s  environment, Af ter  

the  f i r s t  week i n  Ju ly  t h e  data  from lysimeter  N o .  3 a r e  considered 

r e l i a b l e  and a t  the  end of the  season the  stand and environment of 

" t h i s  p a r t i c u l a r  lysirneter were the  b e s t  of a l l ,  The mowing of the  

sudangrass genera l ly  was more o r  l e s s  a t r i m  whi.ch l e f t  a green ixans- 

p i r i n g  crop behind. Hswever, when the  crop was allowed t o  a t t a i n  a 

consi.derab1.e height  as  indica ted  above on lysimeters No, 2 and 3, the  

subsequent mowing l e f t  a s tubble  without any green leaves and i t  

required some 1.0 t o  14 days before a green cover was re-established 

on rhe p l o t .  

I r rFgat ion bas supplfed somewhat i n  x c e e s  'of t h e  measured evapo- 

t r ansp i ra t ion  and twice &ring the  season t h e  excess moisture 
Jd 'I---- 
-0- ..- 

_.t. 
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accumu1ati.ng i n  the  bottom of the  lysimeter  was drained so  a s  t o  main- 

t a i n  moisture content  and- tension approximately equal t o  t h a t  i n  the  

qurrounding f i e l d .  This was ver.ffi.ed by weekly tensiometer and neutron 

moisture measurements, 

Hourly measurements of evapotransp$ration. were made throughout 

the  e n t i r e  season wi th  the  exceptdon of two days i n  June when equip- 

ment f a i l u r e  fouled up the  d a t a ,  On severa l  days more in tens ive  

measurements were made, usual l y  i n  conneeti on w i t &  d e t a i  led s t u d i  e s  

of the  energy balance o r  f o r  the  purpose of measuri,ng the  evaporat ive 

and sens ib le  hea t  f l u x  over the  f i e l d ,  Hourly measurements were 

worked out  and tabula ted  by hand; intens5vl.e measurements, usual ly  i n  

t r i p l i c a t e  on a 15-minute schedule, were handled by the  e l ec t ron ic  

computer, 

RESULTS Am DXSCUSSTON: 

In  Table l the  evapotranspi ra t ion  from the  sudangrass a s  measured 

on the  th ree  lysimecers i s  summarized by decades from May through 

September. Also, some of the  most pe r t inen t  management f ea tu res  a r e  

given i n  t h i s  t a b l e .  A d i r e c t  comparison of the  th ree  lysimeters  i s  

not  poss ib le  s ince  they were no t  identica1.l.y t r ea ted ,  a s  pointed out  

i n  the  previous sec t ion .  

However, through the  second decade of June t h e  treatment was 

q u i t e  eomparab1.e and the t a b l e  shows t h a t  the  amounts of evapotrans- 

p i r a t i o n  were not  material1.y d i f f e r e n t  between d i f f e r e n t  lys imeters ,  

Much of the  water l o s t  during t h i s  period must have been d i r e c t  sur-  

f ace  evaporation since,  p a r t i c u l a r l y  during May, the  Lysimeters were 

i r r i g a t e d  q u i t e  f requent ly  with small amounts of water,  A tendency 

can be noted of lysimeter  No, 1 t o  lose  more water than the  others ,  

a f e a t u r e  which p e r s i s t e d  throughout the  season, This is  a t t r i b u t e d  

t o  the  f a c t  t h a t  the  s tand i n  lysimeter  Ma, l was notably b e t t e r  than 

t h a t  of the  immediate surroundings of the  lyslmeter  which a c t u a l l y  

had some ba re  a reas ,  Thus, sens fb le  hea t  could e a s i l y  be t r ans fe r red  

from the  environment onto the  Zysimeter and thereby increase  the  

evaporation i.n comparison w i t l a  t he  o the r  two lysimerers  which had 

a more normal environment. 
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During the  t h i r d  decade of June and a l s o  the  f i r s t  two decades of 

JuLy, i t  can be seen t h a t  lysimeter  No, 3, which now had the  t a l l  crop 

with developed flowers and seed heads i n  i t ,  was appreciably l e s s  than 

t h a t  of Pysimeter No, 2 which had a vege ta t ive  normal cover, The 

mowing of lysimeter  No. 3 during the  second decade of J u l y  r e su l t ed  i n  

a low evaporation r a t e  f o r  two o r  th ree  days a f t e r  which rapid  regrowth 

resu l t ed  i n  a r a t e  of l o s s  which was actucalLg eons;fderabl.y g rea te r  than 

t h a t  taking p lace  when t h e  grass  was very t a l l ,  Compare, f o r  example, 
_ >  X 

t he  second and t h i r d  d e c d e  of August with the  third decade of June 

and the  f i r s t  decade of Ju ly ,  

Lysimeter No, 2 was mowed during the  t h i r d  decade of J u l y  from 

a t a l l  crop and was much slower i n  recovering as  evidenced by the  da ta  

f o r  the  f i r s t ,  second, and t h i r d  decade of August, Beginning with the  

t h i r d  decade of August a l l  t h ree  1ysianeters were again i.n a comparable 

condit ion and comparable amounts of water were l o s t  from a l l  t h r e e ,  

Taking the  season a s  a whole, t h e  condi t ions  on lysimeter  No. 2 

were considered t o  be t h e  most r ep resen ta t ive ,  A more d e t a i l e d  p ic-  

t u r e  i s  given i n  Figure l of managegent operat ions and the  d a i l y  loss  

of water from lyshe te r  NO. 2. In t h i s  f igure ,  ;i.ndividual i r r i g a t i o n s  

a r e  shown together  with the  time of day on which the  water was applied 

(hatched c i rc l . e s ) ,  Also shown a r e  the  da tes  of mowing of the  g rass ,  

The mowing t h a t  took p lace  on 26 Scaly only appl.ied t o  t h e  surroundings 

and not  t o  the  lysfmeter proper. On the  19th t h e  lysimeter  i t s e l f  

was mow;id, 

It may be seen from Figure 1 t h a t  during rhe i n i t i a l ,  s tages  of 

development, including the  f i r s t  two decades of June, i r r i g a t i o n  during 

the  morning hours genera l ly  r e su l t ed  i n  an increase  of the  d a i l y  evapo- 

r a t i o n  r a t e  on the  same day t h a t  i r r i g a t i o n  took pkaee a s  wel l  a s  on 

the  following day, This is understandable s inee  much of the  water 

losses  took p lace  as  evaporation from t h e  surface  which had become 

dry i m e d i a t e l y  p r i o r  t o  irri g e r % i k ,  ,, The i r r i g a t i o n  cyc le  s t a r t i n g  

wi th  the  applicat i .on of water on 29 June shows a% i n t e r e s t i n g  reversal.  

i n  t rend,  3.nme.diatel.y fol lowing i ru iga t ion ,  the  d a i l y  s a t e  of loss  

f.ncreases and then shows a tendency t o  decsease again,  However, t h i s  
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t rend does no t  p e r s i s t  but  reverses  i t s e l f ,  i nd ica t ing  t h a t  now a 

predominant p a r t  of the  water loss  took p lace  I n  the  form of t r ans -  

p i r a t i o n ,  The d%g I n  the  evaporation r a t e  i s  in p a r t  caused by a 

day on which so la r  r ad ia t ion  was l e s s  than normal a s  shown i n  the  

s o l a r  r a d i a t i o n  graph in Figure 1, 

The fol lowing two flerigation eyeles  show very c l e a r l y  t h a t  on 

the  day of i r r i g a t i o n  t h e  loss  o f  waeer i s  apprecjahfy l e s s  than one 

would normally expect and a l s o  t h a t  t h e  evapotranspi ra t ion  is not  

notably increased on the  days following i r r i g a t f o n ,  To a l e s s e r  

extent ,  t h i s  can a l s o  be noted fmm t he  i r r i g a t i o n s  t h a t  took place 

on 8 August and 16 August, 

The mowing of the  surroundings of  lysimeter  No, 2 on 25 July 

re su l t ed  i n  a very  l a rge  increase  i n  evapotranspi ra t ion  from the  

l y s h e t e r  a s  a r e s u l t  of i ts  being exposed t o  an a rea  evaporating 

a t  a low r a t e  and a l s o  t o  radf.ation and wind movement $n a manner 

entire1.y opposed t o  t h a t  of a cl.osed s tand,  Evaporation rose  t o  

16 and 15 rmn per  day on the  25th and 26th, A d e t a i l e d  study of the  

hourly evaporatl.on r a t e s  on those days showed t h a t  the  evaporation 

from t h e  crop followed exact ly  the  energy input  curve and demonstrates 

t h a t  the  uptake of water by the  root  s,ystem of the  crop, i t s  eonduc- 

t i o n  through the  stem, and the  t r a n s f e r  of water vapor from the  

i n t e r i o r  of the  leaves t o  the  atmosphere are ,  i n  t h i s  p a r t i c u l a r  case, 

not  controLling t h e  r a t e  of evaporation, There is, f o r  example, 

no indica t ion  of any f l a t t e n i n g  our of t h e  ration curve during 

the  day nor the  exis tence  of what i s  sometimes r e f e r r e d  t o  a s  a mid- 

day depression i n  t r a n s p i r a t i o n ,  Poll.owir~g the  c u t t i n g  off  of the  

t a l l .  crop on 28 J u l y  evaporation r a t e s  dropped t o  2 mm per day and 

exhibi ted  a slow recovery which took about 30 days u n t i l ,  t he  end of 

August, 

No i r r i g a t i o n  was applfed a f t e r  8 Augurst unt i l .  14 September, A t  

the  end of t h i s  period, some 200 nm of water had been depleted from 

the  s o i l  profi . le ,  bu t  moisture content  was s z i l l  re1.ari.vel.y high, 

p a r t i c u l a r l y  a t  depkhs below 2 f e e t ,  The evaporation r a t e  from the  

crop shows l i t t l e  i f  any e f f e c t  of the  decl ine  of soiY moisture content  
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even though inmediately a f t e r  the  i r r i g a t i o n  of 14 September the  evapo- 

r a t i o n  r a t e  seemed t o  increase  sl . i ,&tly.  It was not  poss ib ie  t o  

p r o t r a c t  the  drying period any more to study the  e f f e c t  of a continued 

deple t ion  of s o i l  moisture,  

Detai4,ed aspects  of the  evapo t ransp%.ra t i~ r '~  from sudangrass such 

a s  the  energy balance a t  d i f f e r e n t  s tages  o f  development and at tempts 

t o  measure the  evaporat ive f l u x  aerodgmam'i.cal"s.y w i l l .  be  reported e l s e -  

where, 

SUMMARY ANI) C";oNems ICONS : 

Sudangrass was grown on t h e  Iyaimeter f i e l d  from 40 May 1.962 u n t i l  

1 7  September 1962, The crop was f requent ly  i r r i g a t e d  and mowed t o  

maintain a he ight  of 40 t o  50 em, In  two ins tances  the  crdp was a1 lowed 

t o  a t t a i n  f u l l  he ight  (950-200 em) and achfeve maturi ty,  a f t e r  which it 

was mowed Pow again ,  

Daily and hourly mounts  of evapotranspfsat ion were rou t ine ly  

obtained, g rea te r  d e t a i l  being s tudied  f o r  se lec ted  s i t u a t i o n s .  

When the  soi'P, su r face  was signifLeanC3.y exposed and, presumably, 

evaporation from the  surf  ace was i .mpor&~at dux ing  e a r l y  development of 

t h e  crop, j r r i g a t i o n  resu l t ed  i n  a subsequent increase  i n  water l o s s ,  

However, on a f u l l y  developed s tand the  opposi te  took p lace  on the  day 

of i r r i g a t i o n  and the  following days showed no increase  i n  evapo- 

t r ansp i ra t ion  r a t e ,  

Four weeks without i r r i g a t i o n  during August had no measurable 

e f f e c t  on evaprs t ranspiara t i~n~ however, t h e  period was not  long enough 

t o  exhaust more than one-half of the  m a i l a b l e  s o i l  moisture supply, 

Special  t e s t s  showed t h a t  the  a b i l i t y  of t h e  crop t o  e x t r a c t ,  

t r anspor t  and t r ansp ize  water never l imi ted  the  water loss .  The 

determining f a c t o r  was the  a b i l i t y  o f  t h e  evaporaefng surfaces  t o  

e x t r a c t  the  required energy from rad ian t  and sens ib le  hea t  sources,  

PERSONMEL: 6, H. M, van Bavef, L, J. Fxitsehen, W, E e  Reeves, 
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TABLE 1. Evapo t ra r r s~ i ra t ion  i n  m from sudangrars i n  196'2. 

Management 

Crrigated f requent ly  . 

i.nl.gated. 

Moved 1 and 2, i r r i g a t e d  twiceo 

Mowed 1 and 2 ,  

Mowed i r r i g a t e d .  

Mowed 3? i r r i g a t e d *  

Mowed 2'kg i r r i g a t e d .  

Xrrf gated. 

Mowed, I r r i g a t e d .  

* #2 was i s o l a t e d  f o r  3 days giving abnormally high values .  

rr*Data p a r t i a l l y  est imated due t o  equipment f a i l u r e .  
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Figure 1. Daily rate of evapotranspiration from sudangrass as measured on lysimeter No. 2 and solar 
radiation as measured at Sky Harbor Airport (Phoenix Weather Bureau data). Annual Report of the U.S. Water Conservation Laboratory



LINE PROJECT: SWC 4 - g ~ 2  CODE NO, : None 

ImRODUCTIOM :: 

For many prac%i.cal  applicati0n.s i t  i s  su f f i , c i en t  t o  measure 

evapotranspirat ion over- periods of one t o  s e v e r a l  days, Methods 

sometimes used t o  t h i s  end a r e  soi l .  moisture measurement o r  a 

percola t ion  type lysimeter .  Neither method has ,  however, the  required 

p rec i s ion ,  Also, the  da ta  can be se r ious ly  b iased ,  A weighing lysim- 

e t e r ,  properly exposed and operated, i s  the  only r e l i a b l e  method 

whereby evapotranspi ra t lon  (or  consumptive use) can be found over 

s h o r t  periods of time, 

Based on experience gained with-the p rec i s ion  lysimeters  a t  the  

Laboratory, a design was sought t h a t  wou1.d meet the  requirements 

s t a t e d ,  t h a t  would, mechanically, be a s  simple a s  poss ib le ,  and t h a t  

would, i n  i n s t a l l a t i o n  and operat ion,  c o s t  no more than o ther  methods 

that can give comparab le  r e s u l t s ,  

As  an acceptable design c r i t e r i o n  i t  was required t h a t  the  

instrument should have a p rec i s ion  of 2% i n  determining weekly amounts 

of evapotranspi ra t ion .  It w i l l  be s h o w  t h a t ,  even during periods of 

low evapotranspirat ion,  t h i s  c r i t e r i o n  can be met by the  proposed 

design . 
Construction d e t a i l s ,  The lysimeter  cons i s t s  of 2  square conta iners  

t h a t  f i t  i n t o  one another ,  The inner  bin i s  100 X 100 X 100 cm i n s i d e  

dimensions and the  ou te r  b in  has 1 em clearance  around and 25 em c l e a r -  

ance underneath (Figure 1) .  Both b ins  a r e  made from 2,7 mm ( I 2  gauge) 

ga2vani.zed sheet  metal.  The ou te r  i n  i s  re inforced by four  horizoneaP 

angle  i.?un. r i b s  I 1 / 2  inches X 1/8 inch) placed approximately 25 em 

apar t ;  and the  inner  b i n  i s  re inforced by two s i m i l a r  angle i ron  r i b s ,  

one 1.8 ern from the  top and the  o the r  a t  58 e m .  The bottom of the  

inner b i n  is  re inforced by two s i m i l a r  angle i r o n  r i b s ,  one 18 cm 

from the  top and the  o the r  a t  58 em, The bottom of t h e  inner b i n  

i s  reinforced by 8,O m channel i ron (2' inches >< 6 inches) i n  order  

t o  give the  required r i g i d i t y  when f i l l e d  with s o i l .  The t o t a l  weight 

of the  empty b in  i s  162 kg. F i l l e d  with a i r - d r y  s o i l ,  i t  weighs 

about 1400 kg, 
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A l i f t i n g  device cons i s t s  of two s t e e l  rods (518 i.neht) i n  a 

eenter  pos i t ion  on two spposl.te s ides  of the  b i n ,  These rods a r e  

threaded on both ends and pass through t h e  center  of the  angle i ron  

reinforcements and bottom of t h e  b in .  They a r e  fastened t o  the  

channel i ron  with lock washers and two nuts ,  one on each s i d e  of 

the  channel i r o n ,  Removable s leeve  c o n n e e ~ o n s  and eyebolts  a re  

at tached t o  the  tops of the  rods when t h e  bin is  t o  be l i f t e d ,  

The tops of the  rods a r e  about 10 em deep t o  al low f a r  cmlt fvat io  

By passing t h e  rods throulyb the  angle Iron, the  bm is  prevente 

from t ipping sideways when being 1,owered i n t o  pos i t ion ,  The l i f t i n g  

was accomplished by passing a s t e e l  rod (I, inch] through the  eye- 

b o l t s  and u t i . l i z i n g  a fork  l i f t  trtze.k, 

!l%e load c e l l  (see !%eiihfng Procedure") is  mounted on a 
_ / _ "  

20- x 20- x 2-em s t e e l  base p l a t e  using f o m  b o l t s  $1 X I./& inch) 

tapped i n t o  the base of the  load c e l l ,  Tie oEts a r e  counter-sunk 

so  t h a t  the  heads of t h e  b o l t s  a r e  f l u s h  with t h e  bottom of the  base 

p l a t e .  This assures a uniform d i s t r i b u t i o n  of the  l.oad, The base 

p l a t e  rests i n  the cen te r  of the bottom s f  the outer  bin,  and the  

oaster b in  r e s t s  on a foot ing.  The l a t t e r  cons i s t s  of about 310 cm 

of gravel  and a 130- X I.30- X IS-em cement s l ab .  

The inner b in  i s  prevented from t ipping to the  sCdes by placing 

7.5- x 2.5-em f i b e r  g lass  tape s t r a p s  (Scotch brand) from the  ins ide  

of the  inner bin t o  the  outs ide  of the outer  b i n ,  Three s t r a p s  i n  

th ree  locat ions  on each of the  four  s i d e s  was s u f f i c i e n t  t o  maintain 

the  bin i n  a s t a b l e  pos i t ion ,  These f iber  g lass  tapes have no  

e f f e c t  on the  v e r t i c a l  movement of t h e  inner bin but  a r e  successful  

i n  preventing s i d e  movements. They function e f f e c t i v e l y  a s  

s t a b i l i z i n g  f l e m r e s .  

Both b ins ,  ins ide  and outside,  were painted with two eoats  of 

asphal t  pa in t  and then sun-dried t o  prevent r u s t .  The paint  remained 

somewhat s t i c k y  but  t h i s  d id  not  a f f e c t  t h e  operat ion of the  lysimeter 

i n  any way. A catalyzed coal. t a r  epoxy (#a8 Axsereoat Gorp,) may be 

b e t t e r  and w i l l  be used i n  the f u t u r e ,  
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A permanent bu ty l  gasket 9 cm wide and 1 mm th ick  was i n s t a l l e d ,  

%is gasket i s  sea led  a i r  t i g h t  with bu ty l  cement and the  lysimeter  

can be flooded over during i r r i g a t i o n ,  A copper tube (1/4 inch) a i r  

brea ther  about 17 cm high was a t tached t o  the  ou te r  b i n  t o  prevent 

the  build-up of pressure  between the  b i n s ,  Th.i.s a l s o  serves a s  a means 

f o r  de tec t ing  leaks i n  the  gasket by  applying with a mouth tube a 

vacuum o r  pressure  and not ing  i f  t h e r e  i s  any change on the  s t r a i n  

ind ica to r  d i a l  when the  t e i s  closed (see "Weighing Procedure"). 

If a leak i s  present ,  t he  d i a l  w i l %  r e t u r n  rapidly t o  the  o r i g i n a l  

balance pos i t ion .  

Drainage System and FiTI. The drainage system cons i s t s  of two 

f i l t e r  candles (SeLas), each 5 cm i n  diameter and 25 cm long. They 

a r e  placed about 48 cm apar t  and 25 cm from the  s ides  of t h e  b i n ,  

On the  bottom the re  i s  145 kg of f i n e  sand and a I.-cm laye r  of 2 8 ~  

g lass  beads. The g lass  beads a l s o  surround the  f i l t e r  candles,  The 

f i l t e r  candles a r e  connected t o  polyethylene tubing ( l /2- inch ID) 

which runs hor izon ta l ly  t o  the  s i d e  of t h e  b i n  where i t  i s  joined 

t o  a female reducer elbow (Swagelok). Prom the re  polyethylene tubing 

(1,/2-inch ID) runs v e r t i c a l l y  t o  about Z cm above the  ground su r face ,  

The bubbling pressure  of the  f i l t e r  candle i s  240 mb. Water i s  

ext rac ted  by employing a vacuum pump s e t ,  The water from each f i l t e r  

candle i s  co l l ec ted  i n  a s u i t a b l e  conta iner  and can be  measured by 

p lac ing the  conta iners  on the  Lysimeter and not ing  the  d i f fe rence  i n  

readings,  The t o t a l  drainage system i s  11 cm deep and the  ma te r i a l s  

(candles, sand, and g lass  beads) weigh 17'2 kg. The dens i ty  i s  
-3 

1,56 gm cm , 

The s o i l  was removed from the  p i t  i n  30-cm layers ,  a i r  dr ied ,  

and then s i f t e d  with a 1.3-cm s ieve .  The remaining 85 cm of the  inner  
-3 

b i n  was packed i n  5-cm laye r s  t o  a dens i ty  of 1,42 gm cm The 

t o t a l  depth of the  so.i.1 column and drainage system i s  96 cm, with 

4 em l e f t  on the  top for f r x i g a t l o n  water ,  The oven dry weight of' 

the  s o i l  column p lus  the  drainage system i s  1361 kg and the  t o t a l  
3 volume occupied i s  0.958 rn , not  counting the  angle i ron  and $*ds, 

3 
The a i r  space I n  t h i s  column i s  0,444 m . Thus the  maximum (sa tu ra ted)  
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weight should be  162 +- 1.363 + &4$ E 69 k g ,  well under load e e l 1  

eap@@ty, The weight a f t e r  w e t t s n g  sad drafnage I s  about 1818 kg, 
*" 

i nd ica t ing  a moisture conkerrt of ahous: 287 / .  58 = -30 volume f eaction.  

For the weight measuring device, a  

Baldwin 58-4 type CbXX load c s i l  wa& G.. 5,O 2,250 kg) capacity 

was used. Tkre t o t a l  weight ok t h e  i n n ~ r  bin  can thus be measured 

d i r e c t l y ,  e l iminat ing  the  u s e  of a  b a l a n e ~  and counterweights,  The 

inner  b i n  r e s t s  an one pivot  p o h t ,   he load c e l l  but ton ,  This r e -  

quired a hardened s t e e l  p l a t e  sf RockwekL 6.-.JJ. hardness and RMS-63 

f i n i s h  mounted i n  the  cen te r  posj.kiran aS the re inforc ing channel 

i r o n  using four  b o l t s  ( 3 .  x 3 / 8  inch apped i n t o  the  channel i ron .  

The p l a t e  i s  LO X LO X 1,3 ern s u f f f e i e n t l y  dimensioned t h a t  i t  w i l l  

not  crack under the  concentrated load,  

The cab le  from the  load c e l l  runs underground and the  end i s  

Located a t  ground 1.evel about I. m from the 3.ysheter .  A t  predeter-  

mined time i n t e r v a l s ,  a  portab1e s t r a i n  ind ica to r  (Baldwin SR-4 

Type "N") i s  a t tached and the  reading i s  a t t a i n e d  i n  mi.croinches per  

inch with a sens i t iv i . ty  of .I microinch per ir~cta, By s e t t i n g  the  

gauge f a c t o r  a t  1 . 7 7 ,  t h e  d i f fe rence  beeween readings, when mlti- 

p l i e d  by 5, gives the  weight change i r ~  kg o r  m, 

I n s t a l l a t i o n  and Resut1.t~. The i m e c  bin was f i l l e d  with s o i l  

during the  period from 24 September 1962 t o  5 October 1962. After  

f i a a l  prepara t ion  of the  p i t  and se tnf  oceing of the  ou te r  bin, the  

lysimeter  was i n s t a l l e d  on 24 October 1962, A c a l i b r a t i o n  check w a s  
,' 

made by adding 25 kg increments up t o  75 kg. The readings showed . 

an increase  of 74.5 kg when the  t o t a l  amount was added and a decrease 

of 75.0 kg when taken o f f .  %'his i s  wi th in  the  s e n s i t i v i t y  of 0.5 kg. 

Rye grass  was pEan.ted on 21 Wovesnber 1962 and rhexr the  Lawn and 

lysimeter  was flooded aver .  The i n s t a l l a t i o n  Eunctioned proper1.y. 

Daily r e a d h g s  were s t a r t e d  on I November 1962 and were taken 

Monday and Friday a t  0800. The da ta  over t h e  weekend were averaged 

from 0800 Friday t o  0800 Monday o r  f o r  mree days. The d a i l y  

evaporation r a t e s  are  f o r  a  24-hour period extending from 0800 t o  

- *, 0800. Table 1. gives t h e  d a i l y  evaporation r a t e  f o r  weekly periods 

during December. 
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The r a i n f a l l  da ta  i s  taken from the  da ta  supplied by th ree  Bytrex 

lysimeters ,  bu t  a recording raingauge cou1.d a l s o  be used, On 26-30 

November 1962 the  lyslmeter  was drained,  About 122 m of water was 

ext rac ted ,  br inging the  lysimeter  t o  fle1.d condir ions,  a moisture 

content of about 25,7 percent  by volume, 

S-RY AHD CQNCLUS IONS 1: 

A simple and eeonomieal weighing Spsime~er  has been designed, 

based on the  use  of a s ing le ,  p rec i s ion  Boad eel1 and a por table  

s t r a i n  ind ica tu r .  The t o t a l  weight is read d s r e c t l y  without the  

use of a balance and counterwef ghts  , Evapotransp%rat ion over a 

period from one t o  severa l  days %s found by  periodic weighings. 

The t o t a l  weight of the  1 m3 lysimeter  is  about 1800 kg a t  

f i e l d  eapaci ty  and i s  found with a preci.sion of . 5  kg, equivalent  

t o  0.5 mm of water.  To insure  n o ~ m a l  drainage, t h e  lysim.eter i s  

provided with two f i l t e r  candles on t h e  bottom f o r  water ex t rac t ion .  

Stabi.Ll,zation of the  inner  b i n  is aecmpl.ished with f i b e r  g lass  xape 

f l exures .  The 1:ysimeter i s  sea led  with a butyl. gasket which enables 

i t  t o  be fLooded over during an i r r i g a t i o n .  

The lysimeter  was i n s t a l l e d  in  a rye grass  3.am i n  October '6.962. 
* 

After  prelimfnary adjusements, reLiable  da i ly  d a t a  a r e  being r o u t m e I y  

obtained without d i . f f i eu l ty .  

PERSONNEL: 6. He M. van Bavek. 
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TABU 1. Daily Evaporatl.on R a t e  f o r  Weekly Periods from Ryegrass as 

Pound wi th  Tempe F i e l d  Lysimeter. 

-- 
Change of 

Date Readola t YI"QIBm Rain Tota l  mdday Previous 
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Ground leve 1, 10. 
Outer bin.  3.1, 
Inner b in ,  12. 
Angle i ron.  13 
Channel i ron.  14. 
Load p l a t e ,  15. 
Load c e l l .  16. 
Base p l a t e ,  17 
Butyl gasket s e a l  
between b ins ,  

L i f t ing  rod. . 
Sleeve connection 
Eyebof t , 
Footing, 
Cable t o  indicato  
28p glass  beads, 
F i l t e r  candle. 
Fine sand. 

Figure 1, Lyshe t e r  assembly. 
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TITLE: APPLICATIOH OF MEUDECANQL - OCTADECAHOL MONOFXLMS TO 

SMALL POMDS 

LINE PROJECT: SVG k-gG2 CODE MO: A r % z ,  -WCL-9 

IMTRODUCTIOM : 

See Annual Report - 1960. 

The work conducted i n  t h e  l a s t  Lwo yea r s  has  shown t h e r e  a r e  

many problems encoamtered whF3.e applying t h e  t a l l ow alcohol  i n  

f l o a t i n g ,  wire-mesh r a f t s ,  BaetaaeaB a c t i o n  sometimes damaged 

t h e  alcohol,and s t r and ing  of t h e  r a f t s  a s  t h e  water  l e v e l  dec l ined  was 

a  problem on some ponds. An a l t . e rna t e  nethod of applying the  ta l low 

a l coho l  i n  a l i q u i d  form w a s  investigated. 

Other r e sea rch  workers have succeeded in emulsifying the  a lcohol  

b u t  have encountered problems in obta in ing  a  s t a b l e  emulsion whi le  

s t i l l  r e t a i n i n g  the  a b f l e t y  of t h e  moaolayers t o  form. W%th l imi t ed  
1 
I l abo ra to ry  s t u d i e s ,  we were a b l e  t o  develop an extremely s t a b l e  

emulsion of t a l l ow a l coho l  w i t h  a commercially a v a i l a b l e  e m u l s i f i e r  

which was des igna ted  E-1, 

PROCEDURE : 

The emul.sifl.ed t a l l ow alcohol  was evaluat.ed by anensuring 

evaporat ion of d i s t i l  l ed  water  from 600 m l  beakers w i th  a  water  
2 

s u r f a c e  a rea  of 62.05 cm . The emulsion was appl ied  t o  t he  water  

s u r f a c e  wi th  a  p i p e t t e  o r  dropper ,  $be p i p e t t e  discharged 30 drops 

of d i l u t e d  emulsion per  gram; the re fo re ,  a  r a t e  of one drop of 

emulsion per  beaker per  day of 0 , l  per  c e n t  t a l l ow a l coho l  i s  t he  

equiva len t  t o  1.45 pounds of t a l l ow alcohol  per  a c r e  per  month. 

The dropper discharged 20 drops per  $ran and owe drop of emulsion per  

beaker per  day i s  equ iva l en t  t o  2,B5 p o u ~ d s  of t a l l ow a l coho l  per  

a c r e  per  month. The t rea tments  were run. 1-1 t r ~ p l l c a t e ,  and the  

amount oE water  l o s t  was determd.ned by weigh.ing the  beakers  d a i l y .  

Location e f f e c t s  w e r e  minimized by d a i l y  r o t a t i o n  ~f beaker p o s i t i o n s .  

Treatment e f f e c t i v e n e s s  was eva lua ted  by comparing evapora t ion  from 

t r e a t e d  and un t r ea t ed  beakers .  

RESULTS AND DISGUSSXON: 

The beakers were f i r s t  l oca t ed  indoors where the  a i r  temperature 

and vapor p re s su re  d e f i c i t  were e s s e n t i a l  l y  coqs t an t  a t  24' C and 
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20.29 m i l l i b a r s  r e s p e c t i v e l y  during the  22 day Eest per iod ,  Emulsion 

was appl ied  t o  owe s e t  of beakers  a t  an e q i ~ f v a l e n t  r a t e  of 1.45 pounds 

of t a l l ow a l coho l  pe r  ac re  per  month, F lakes  of a lcohol  were cont inuously 

f l o a t e d  on t h e  waeer s u r f a c e  i n  another  s e t  of beakers ,  For t he  t e s t  

per iod t h e  l o s s  was: un t r ea t ed  - 232.19 g r a m ,  f l a k e s  - 174.08 grams, 

and emulsion - 164,58 grams. Persentage reduct ions  is evaporat ion 

were: f l a k e s  - 39.5 pe r  cent ,  emulsion - 36.0 per  c e n t ,  

The beakers were next  placed on t h e  roof of t h e  main l abo ra to ry  

bu i ld ing  wi th  emulsion app l i ed  a t  t h e  foblowing s a t e s  t o  fou r  s e t s  

of beakers:  21.5, 10,75, 6.45, and 2.15 pounds pe r  a c r e  per  month. 

A f i f t h  s e t  of beakers was cont%nanously treat-,ed wfth f l a k e s  and a 

s i x t h  s e t  w a s  used a s  an amtreated c o n t r o l .  The a i r  temperature and 

vapor p re s su re  d e f i c i t  ranged from 15 - 50' 6 and 6.$2 - 111.0 

m i l l i b a r s  r e spec t ive ly .  Evaporatiaw l o s s  f o r  t h e  1% day t e s t  per iod 

was determined by weighing t h e  beakers  dagly,  Evaporation l o s s e s  

and evapora t ion  reduct ion  d a t a  were a s  fol lows f o r  t h e  12 day measure- 

ment per iod from 5-25-62 t o  6-6-62. 

Treatmen6 Ess s .*- 
(grams) 

Untreated 2237,50 

Flakes  781.76 

Emuhsion - 21, pounds/mre/mowth 599.77 

Emulsion - 10.75 paunds/acre/mowth 691.55 

Emulsion - 6,45 pounds/acre/month 876,71 

Emulsiora - 2.15 pou~dslacre/monkh 1131.05 

Reduction 
(pe r  cent$ 

", - 
t s 

36.8 

54,O 

44.1 

29,2 

5,5 

The h ighe r  r a t k s  of emulsion were more e f f e c t i v e  than  t h e  f l a k e s  

~n reducing evaporat ion.  Although evapora t ion  from beakers  cannot be 

compared d i r e c t l y  t o  evapora t ion  from l a r g e r  bodies  of water ,  t he  

measurements show t h a t  it is p o s s i b l e  f o r  t a l l ow a l coho l  emulsions t o  

e f f e c t i v e l y  reduce evaporat ion.  

Storage and temperature fLuctua t ion  t e s t s  showed t h e  emulsion t o  

be very  s t a b l e .  No s e p a r a t i o n  occurred i n  samples which had been 
0 

s t o r e d  f o r  11 moatbs, heated Do 68 6, and f rozen  s o l i d .  
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These pre l iminary  t e s t s  i n d i c a t e  thaO t he  emulsion w i l l  reduce 

evapora t ion  a s  w e l l  o r  b e t t e r  than f l a k e s  and is ve ry  s t a b l e .  The 

l i q u i d  mater5ab will be e a s i e r  t o  apply  than f l a k e s  o r  powders, 

Addi t iona l  t e s t i n g  i n  l a r g e r  tanks  and i n  t h e  f i e l d  seems j u s t i f i e d ,  

and t h e  necessary  procedures and f a c i l i t i e s  a r e  being developed. 

S-RY AMD CONCLUSIONS: 

A s t a b l e  emulsion of tal a leobo  l has  been developed which 

may be more e f f e c t i v e  t han  f l a k e s  o r  powders f o r  reducing evapora t ion  

from water  su r f aces .  This  ind ica t io r t  was ob ta ined  w i t h  t e s t s  u t i l i z i n g  

smal l  g l a s s  con ta ine r s  of water  exposed ow a b u i l d i n g  roof .  The 

continuous presence of f l a k e s  seduced evapora t ion  by 37 per  cen t  over 

a 10 day per iod  whi le  emulsion, app l i ed  a t  a r a t e  of 11 pounds per  

a c r e  per  month, reduced evapora t ion  by 44 pe r  c e n t .  S t a b i l i t y  of 

t he  emulsion i s  e x c e l l e n t  and i t  has  n o t  broken down dur ing  hea t ing  
0 

t o  60 C, f r eez ing ,  o r  s t o r a g e  f o r  11 months. These t e s t  r e s u l t s  

appear q u i t e  promising, p a r t i c u l a r l y  when t h e  o p p o r t u n i t i e s  f o r  

s imple a p p l i c a t i o n  devices  a r e  considered.  

PERSONNEL: 

Lloyd E. Myers, Gary W. FrasEer .  
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TITLE: SOIL m W M T  15'0 REDUCE XWFLLTMTZON AMD INCREASE PRECIPITATZOM 

R Ii%OFF 

LIME PROJECT: SWC 4,-gG3 CODE NO: Arlz,-WCL-7 

XMTRQDUCTIQM : 

See Annual Report f o r  1960. 

Controlled penet ra t ion  of a spha l t i c  ma te r i a l s  sprayed on the  s o i l  

sur face  i s  des i rab le  f o r  two reasons, F i r s t ,  t he  asphal t  would be 

protected by Lhe s o i l  aga ins t  d e t e r i o r a t i o n  caused by the  combined 

e f f e c t s  of radi.atfoza, oxyge.;, and hea t ,  Second, c rea t ion  of a 

s t rong pavement would reduce requLrenaenks f o r  fencing and o ther  

p ro tec t ive  measures agaias mechanical damage. k des i rab le  treatment 

would r e s u l t  i n  a miform penet ra t ion  of 5 to kdB per cent  asphal t ,  

by weight of s o j l ,  t o  a depth of from one-half t o  one inch, Previous 

Fonstruction methods have produced such a pavement by mechanical 

mixing, We have i n i t i a t e d  work aimed a t  producing a s trong but  

inexpensive pavemeat wfth surface  spray app l i ca t ions ,  

The Granite  Reef Test S i t e  is  now compieted and provides f i f t e e n  

100 square foo t  p lo t s ,  seven 2,508 square foo t  p lo t s ,  and three  small 

n a t u r a l  watersh ds of 5,000 square f e e t .  Figure 1 shows the  general  

layout  , 

We have been fo r tuna te  i n  i n i t i a t i n g  a cooperat ive f i e l d  program 

wi th  the  Bureau of Indian Af fa i r s .  Experimental. treatments a r e  being 

i n s t a l l e d  on opera t ional  water harves t ing  s t r u c t u r e s  used t o  obtain 

water f o r  k%ves$ock+ These opera t ional  t r i a l s  have already provided 

invaluable information. 

PROCEDURE : 

Bxocedures were the  same as out l ined in t he  1960 and 1961 

Annual Reports wi th  the  foBlowing addi.t%ons, 

The penet ra t ion  of s o i l  s t a b i l i z i n g  coaapoumis was evaluated 

i n  shallow 10 x 10 x 1.5-inch cake t h s .  The s o i l  was a i r  dr ied  and 

mixed f o r  10 minutes i n  a blender wi th  s u f f i c i e n t  quan t i ty  of water 

t o  br ing  the  moisture content  t o  k0 per  cent  by weight. The wetted 

s o i l  was compacted i n t o  the  cake t i n s  by dropping 

a d is tance  of 25 inches, 6 times on the cen te r  of 

a 2,-pound weight 

a T025 x 7,25-inch, 
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0.75-inch t h i c k  p$ywood board which was placed 03: the smoothed 

s o i l  s u r f a c e ,  Treatments were sprayed on the  s o i l  s u r f a c e  and 

t h e  a c t u a l  r a t e  of a p p l i c a t i o n  was determined by weighing the  pans 

be fo re  a.ed a f t e r  spraying .  The depth of peneeratdon was determined 

24 hours l a t e r  by removing s l i c e s  o f  s o i l  from 3 l o c a t i o n s  i n  each 

pan, ~neaslzring t h e  depth  of pene t r a t ion  t o  the n e a r e s t  0.125 inch, 

and averaging t h e  3 measurements, 

Ranoff from t h e  2,500 square  f o o t  p l o t s  and t h e  smal l  watersheds 

i s  measured w i t h  household-type waDer meters.  Laboratory t e s t s  

showed t h a t  water  will flow through these  mEws without  recording 

un le s s  t h e  meters  a r e  s t a r t e d  by a s l t g b t  p re s su re  su rge ,  Once 

t h e  meters a r e  ska r t ed ,  they w i l l  record s flow a s  smal l  a s  0,5 

g a l l o n s  per  minute w i t h  an e r r o r  l e e s  thaa  2 pe r  cent;, Two-stage 

f l o a t  va lves  were designed and cons t ruc ted  which do no t  open u n t i l  

4 inches s f  head have b u i l t  up i n  t h e  r e s e r v o i r s ,  remain open u n t i l  

t he  r e s e r v o i r s  d ra in ,  and then r e s e t  f o r  t h e  next  rain, These va lves  

have been i n s t a l l e d  on. a l l  water  meters a t  t h e  Gran i t e  Reef S i t e .  The 

meters s t i l l  s t o p  on occasion because of s i l t ,  A new measuring syst.em 

i s  being d e s i g ~ e d .  RunoEf measured t.0 dake r ep re sen t s  a minimum value, 

RESULTS AND DFSGUSSION: 

The work i n  1962 has r e l a t e d  p r imar i ly  t o  f i e l d  t e s t i n g  a£ 

m a t e r i a l s  which seemed promising i n  l abo ra to ry  tests. Considerable 

e f f o r t  was devoted t o  t h e  deve3opinent of f i e l d  %estE,ng s i t e s ,  app l i ca -  

t i o n  procedures and equipment, and systems f o r  measuring r a i n f a l l  

runoff .  

: A l l  water  r e p e l l e n t s  t e s t e d  t o  da t e  have 

d e t e r i o r a t e d  under h igh  s o i l  temperature condi t ions .  A new r e p e l l e n t  

des igna ted  R-8 w a s  found t o  waterproof s o i l s  &o a depth of one inch  

where o t h e r  r e p e l l e n t s  were s u r f a c e  treatmeats only. Temperatures 
0 

exceeding 60 6 w i l l  catuse R-8 60 break down, however, i t  has no t  

been completely destroyed on a 100 square f o o t  p l o t  a t  Granite Reef. 

This  p l o t ,  number 6 ow Table 2 ,  was t r e a t e d  on December 22, 1.961, 

a t  a r a t e  of 258 pounds per  acra awd has cons%stewtly produced h igher  

runoff than t h e  uatreaked coatrol  p l o t s .  During the period January 13, 1962 
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t o  December 24, E962, precipitation t s k a l l e d  5.35 inches,  Runoff 

from t h e  R-8 t r e a t e d  p l a t  was 50.6 per  c e n t  of t h e  t o t a l  a s  compared 

t o  9.9 per  c e n t  r u m f f  from tbe  un t r ea t ed  p l o t ,  

Addi t iona l  work with W-8 is planned $w addPtion t o  work on a 

new r e p e l l e n t  R-9 which should be mare beat res9st.an.t. 

S o i l  Stabilia,a&.io;re:: Pene t r a t ion  aE so fd  by c a t i o n i c  a s p h a l t  
--p--m-,mAa 

emulsion, des igna ted  S-1, was obta ined  by modlFying i t  w i t h  a d d i t i o n a l  

so lven t ,  waker, and s u r f a c e  a c t  fve agents ,  The unmodlf i ed  c a t i o n i  c 

emulsion w i l l  no t  pene t r a t e  most s o d s  because of r ap id  bonding t o  

t h e  s u r f a c e  s o i l  p a r t i c l e s .  We be l i eve  tha t  the modJfieat ion permits  

p e n e t r a t i  ow by temporasZly n e u t r a l  lziwg the  posdElve charge on the  

a s p h a l t  p a r t i c l e s ,  Typi,cal penetration da ta  &re presevted i n  Figure  2. 

Pene t r a t ion  increased  w i t h  inc reas ing  a p p l i c a t i o n  r a t e s  f o r  a l l  

modi f ica t ions  s u i t a b l e  f o r  f i e l d  use  and was ~ o t  apprec iab ly  d i f f e r e n t  

f o r  t h e  two t e s t  soAls,  Addi t iona l  t e s t i n g  is i n  progress  t o  measare 

t he  mechanical s t r e n g t h  of t he  t r e a t e d  s o d l  layer.  

a l t  - Alumd.w.m F o i l :  A new t rea tmeat  'sa2.a~ been developed 

which c o n s i s t s  of 1-mLD aluminium f o i l  bonded t o  t he  s o i l  s u r f a c e  

w i t h  cat.lonSc asphi t l t  emaalsfon. The foi i l  1s unro l l ed  from a s p i n d l e  

mounted J u s t  ahead of a foam rubber r o l l e r  whlch g re s ses  t he  metal 

s h e e t  a g a i n s t  the s o i l ,  Asphal t  emulsion 3s sprayed on the  s o i l  

s u r f a c e  immediately ahead of t h e  u n r o l l b ~ g  f o i l  wb.ich i s  l a i d  down 

i n  overlapping &-foot  wide s t r i p s .  The t rea tment  has been i n s t a l l e d  

on a 2,580 square  f o o t  p l o t  a t  GranfGe Reef f o r  over one year  wi th  

no s i g n  of d e t e r i o r a t i o n ,  a l though some o f  the  l a p  joints have 

requi red  r e sea l ing .  This  problem has n o t  been ssertous and can be 

so lved  by usi.wg a modified a s p h a l t  ma te r f a l  to s e a l  t h e  laps .  Coat 

of m a t e r i a l s  is  about  18 c e n t s  per  square yard. The alumlntm f o i l  

i s  surprisingly s t r o n g  when bonded t o  t he  so$L and the lif e of the  

t reatment  w i l l  depend p r i a a r i l y  upon the  d u x a b i l l t y  of t h e  f o i l -  

asphakt -so i l  bond, 

Gran9tee&gf F i e l d  Plots: The BOQ square f o o t  p l o t s  covered 

w i t h  butgl  and pslyetbylewc shee t ing  have eons%st ,ent ly caught more 

r a i n f a l l  than a close-by, c a l i b r a t e d ,  recording mingagc ,  These 
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data ,  shown i n  Table 2, r a i s e  some i n t e r e s t i n g  ques t ions  concerning 

raingage measurements, Aw add i t i ona l  raingage %a being i n s t a l l e d  

t o  v e r i f y  t hese  r e s u l t s .  

Treatments agp l l ed  t o  t he  188 square  f o o t  p l o t s  a r e  l i s t e d  i n  

Table 1 and the  runoff d a t a  a r c  g iven  fw TabSe 2, The b u t y l  rubber 

shows no s i g n  of d e t e r i o r a t i o n .  A13 p1ots t r e a t e d  with a spha l t  

emulsion S-1 a r e  d e t e r i o r a t t n g  with surtoff decreas ing  w i t h  increas ing  

exposure time. P l o t  6, t r e a t e d  wi th  water  r e p e l l e n t  R-8, has been 

previous ly  d iscussed ,  Pkot 5 was covered wi th  2 , s - m i l  b lack polyethylene 

on J u l y  26, 1962,, and the m a t e r i a l  showed s i g n s  of d e t e r i o r a t i o n  wi th in  

s i x  months, Mo r e p a i r s  w i l l  be made, 

Treatments app l i ed  t o  t h e  2,500 square  foo t  p l o t s  a r e  l i s t e d  i n  

Table 3 and runoff dat,.a a r e  presented i n  Table 4 .  The baatyl rubber 

on P l o t  4 shows no s i g n  of d e t e r l o r a t i w ,  Observations of t h e  a s p h a l t  

alhlanfnum f o i l  on P l o t  3 were given p r e v % s w $ y .  Observations of 

o t h e r  p l o t s  a r e  a s  fo l lows ,  

P l o t  I, t r e a t e d  January l a ,  3962, wi th  a I t g h t  su r f ace  coa t  of 

a s p h a l t  emula on S-1 and water  r e p e l l e n t  R-8, bad d e t e r i o r a t e d  

n o ~ i c e a b l y  by Ju ly ,  A network of f i n e  surface cracks  developed w i t h  

s l i g h t  cu r l  fng, on t h e  edges of the cracks .  TLis problem was the  

r e s u l t  of almost ze ro  pene t r a t ion ,  Observation o f  t he  d e t e r i o r a t i o n  

was cont inued during 196%. The p l o t  w i l l  be r ec rea t ed  wi th  a l i g h t  

sp ray  of S-l and w i l l  be  maint.afaed wi th  a d d i t i o n a l  a p p l i c a t i o n s  a s  

needed. These a p p l i c a t i o n s  a r e  inexpensive, about 4 c e n t s  per  square 

yard, and t h e  I n t e r n a l  between maintenance t rea tments  may inc rease  

a s  continued app l f ca t%ons  a r e  made. 

Blot 2, rough shaped wi$h a road p a t r o l  and hand smoothed t o  a 

5 per  cen t  s l o p e  a t  a c o s t  of about. 4 c e n t s  per  square  yard, has 

shown no s i g n  sf  e ros ion  and produced 16.0 per  cen t  runoff from the  

t o t a l  of 4.99 inches r a i n f a l l  dur ing  3962, Runoff from a small  

un t r ea t ed  watershed, w i t h  an average s lope  of about 10 per  c e n t  and 

covered wi th  d e s e r t  pavement, has  averaged about 6 per  cent .  Under 

favorable  s i t e  cond i t i ons  t h e  smoothed s o i l  t rea tment  may deserve  

cowsiderat  io2. 
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P l o t  5 wzs cleaned and r e t r e a t e d  on September 18, 1962, a f t e r  

t h e  f a t l u r e  of t h e  S- l  and R-8 t rea tment ,  The new t rea tment  was S - l  

modified t o  penetrate I n t o  the so59. A sLrozug, tough pavement about 

one-half inch  t h i c k  wax produced which was skiglittly porous a s  expected 

from l abora to ry  t e s t i n g .  Although a seal coat  w i l l  be appl ied ,  we 

allowed the  base c o a t  t o  remain exposed throughout t h e  remainder of 

1962. A f t e r  f o u r  months exposure, only s l i g h t  weathering could be 

v i s u a l l y  observed. 

HuaIapai I n d i a n :  Two f i e l d  s i z e  ope ra t iona l  catchment - 
a reas  were i n s e a l l e d  in cooperat ion w i t h  t h e  8 1 ~ e a u  of ndian Af f a i r s  

on the  Hualapai  Ind ian  Reservat ion nea r  Peach prlrags, Arizona, These 

i n s t a l l a t $ o n s  gave us  an  opporS',aan2ty t o  observe problems encountered 

under a c t u a l  f i e l d  condi t ions  and provide w e ~ t h e r i n g  information 

f o r  a c l ima te  inc luding  seve re  wind a d  fxeeniag condi t ions .  

The Blue MounLafw Catchment Ares is 108 x 108 feet., cons t ruc ted  

i n  s diamond shape, and arranged on a 5 t o  6 per cent  s lope ,  It is  

d iv ided  i n t o  two t rea tments  on i t s  downslope d iagonal ,  Qne t rea tment  

c o n s i s t s  of aluminum f o i l  and f i b e r g l a s s  mat t ing  bonded toge the r  and 

t o  the s o i l  w i t h  $-lo The o t h e r  half of t he  p l o t  was covered wi th  

1.5-mil b lack  polyekhylene glued t o  the sojR w i t h  a s p h a l t ,  The s o i l  i n  

t h i s  a r e a  was ve ry  rocky and, t o  prepare a smooth p l o t ,  t h e  e n t i r e  

a r e a  had been covered w i t h  one-half inch of sand. The sand covering 

was loose  and %E was d f f f % c u & t  t o  obtatw good bonding between t h e  

s o i l  and t h e  sheetimgs, The polyethylene was destroyed by wind wi th in  

a month, A new covering of polyethylene w % s  i n s t a l l e d  w i t h  edges 

bur ied  every 12  t o  16 f e e t ,  Again the wind destroyed t h e  covering,  

During the  nex t  year ,  & h i s  a r e a  w i l l  be t r e a t e d  wi th  a new treatment  

s e l e c t e d  from k a b ~ r a t o r y  s t u d l e s ,  We found that  even a s l i g h t  wind 

can h inder  t h e  l ay iqg  of the  aluminum o r  p l a s t i c  shee t lngs .  It was 

necessary  t o  r e p a i r  a smal l  s e c t i m  of the aliaminum f o i l - f i b e r g l a s s  

two weeks a f t e r  i a s t x l l a t i o t e ,  A BFd~s~-devB:S '  o r  whkrlwind apparent ly  

loosened the l a p  j o i n t s  be fo re  the S-i had tiene t o  set properly.  

The second s i t e  i n s t a l l e d  on t h e  BualapaH Reservat ion is 

des igna ted  the  Nelson Road Catchment. Ares. This catchment w a s  

cons t ruc ted  a s  a square, 100 x BOO feet,, o n a 6 t o  7 per  c e n t  s lope  
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with  a s torage  p i t  across  khe lower s i d e ,  The s torage  p i t  i s  50 x 

108 f e e t  by 8 f e e t  deep, excavated wi th  a bulldozer.  A pipe leads 

from the  Baottsa o f  the p i t  Lo a watering tank wlch a f l o a t  valve t o  

con t ro l  outflow F P O ~  illthe p i t .  The p i t  was l ined  wLth f i b e r g l a s s  

matting and %-I wh. ch Jabora&org a t t ~ d l e s  h8d "indicated were capable 

of holdEng a 13 foo t  head o f  water, She p i &  provides s torage  f o r  

125,00Q ga11ons of water a t  a totdl cieost s f  $600,80. This catchment 

area  i s  a l s o  divided i n t o  two B r e s l ~ e 9 t s  each wi th  an a rea  of 

50 x 180 f e e t .  b e - % a l f  of thc p lo t  1s covered w i t h  S-l and the  

o the r  ha l f  3.s a l m i w m  f o i l  with 5-1 as a b lade r ,  Several  weeks 

a f t e r  i n s t a l l a t i o n ,  a s e c t i o n  20 x 20 f e e t  of the  akmfnum f o i l  was 

damaged by wind. This a r e a  was reps i red  and appears t o  be withstanding 

f u r r h e r  damage by wind, The aspha l t  $2-1 Olreatment area  de te r io ra ted  

q u i t e  rapid ly  aad was resprayed 3 months after the  ori .ginal  t reatment,  

: The 25-foot spray boom bas performed b e a u t i f u l l y  

and w i l l  t r e a t  1,250 square f e e t  per  minu te  wi th  exce l l en t  uniformity. 

Nozzles with s w i r l  p l a t e s  were o r i g i n a l l y  used t o  spray water and 

unmodified ea teonic  emulsion, These nozzles would not  handle 

mater ia ls  of higher vfscos%ty,  such as rnodif5e.d e m l s i o n s ,  and were 

replaced with deE4eetor-type nozzles which provide an adequate 

spray pat tern ,  operate a t  Lower discharge pressures,  and a r e  

r e l a t i v e l y  troubde-free. 

We have had t o  make a n1mbe.r of modificat ions %n app l i ca t ion  

equipment s ince  our operat ions a r e  somewhat laon-standard. For examgl.e, 

considerable d i f f i c u l t y  was encountered In  spraying so ld  asphal t  

emulsion a t  high a I t j  cudes wi th  a s m a l l  gasol ine  powered gear  pump. 

This problem was solved by ins tafding a smalb scooter  t ransmission 

between the  engine a ~ d  t h e  pump. We beBieve t.'nst most of the  f i e l d  

equipment problems have now been solved. 

SUNMAW AND GOHGLUSXONS 4 

Recent work has shorn t h a t  a s trong,  i.n.experi\sive, and p o t e n t i a l l y  

durable pavement f o r  water EzarvestAng caw be crea ted  by spraylng 

mod,ified a s p h a l t i c  compounds on. the so i J  s ~ r f a e e .  Laboratory f indings  

were confirmed by f i e l d  t e s t f n g  when a 2,s 0 sqnare f o o t  p l o t  was 
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sprayed wi th  modified c a t i o n i c  a s p h a l t  emulsion t o  produce a  tough, 

314-inch t h i c k  pavement. The a p p l i c a t i o n  w a s  made Sn two minutes 

spraying  &$me. Previous merhods have r e l i e d  on mechanical mixing 

t o  produce such a pavement, Our work is aimed a t  modifyi.ng a spha l t  

compounds t o  improve dura  il:Lty and t o  provide cont.rolked d i s t r i b u -  

t i o n  of t h e  a s p h a l t  w i t h i n  t h e  depth  oE s o i l  pene t ra ted  by t h e  a s p h a l t .  

Resu l t s  t o  d a t e  a r e  promising. 

A new ground cover  has been developed which c o n s i s t s  of 

aluminum f o i l  bonded t o  t h e  s o i l  w i t h  e a t i o n i c  a s p h a l t  emulsion, 

The f o i l  is un ro l l ed  from a s p i n d l e  mounted in f r o n t  of a foam rubber 

r o l l e r  which p re s ses  i t  a g a i n s t  t h e  s o i l  which is sprayed w i t h  

emulsion immediately ahead of t he  sp ing le .  o d e t e r i o r a t i o n  has 

been de t ec t ed  in a 2,588 square f o o t  p l o t  exposed a t  Grani te  Reef 

f o r  one year .  Addi t iona l  p l o t s  a r e  under t e s t  i n  no r the rn  Arizona 

under cond i t i ons  of Freezing and h igh  wi,nds, The foiZ is  s u r p r i s i n g l y  

s t r o n g  when bonded t o  t he  s o i l ,  Should tkb.e. fo i l - a spha l  t - s o i l  bond 

prove s u f f i c i e n t l y  durable ,  t h i s  w i l l  be an e x c e l l e n t  t reatment  

f o r  water  ha rves t  img . 
Runoff from b r e  s o i l  p l o t s ,  w i t h  and wi thout  a  water  r e p e l l e n t ,  

have produced more runoff a t  Gran i t e  Reef tban was expected. A 

2,5QO square f o o t  p l o t  smoothed t o  a 5 per  cent  s lope  w i t h  a road 

g rade r  and hand l abo r  has produced 16 per  cen t  runoff from an annual 

t o t a l  of 5,99 inches dur ing  1962. No e ros ion  has been observed. 

Runoff from a 188 square  f o o t  p lo t ,  w i th  3 per  c e n t  s lope ,  no s u r f a c e  

prepara t ion ,  and sprayed w i t h  a  water  r e p e l l e n t  i n  December 1961, was 

51  per  c e n t ,  Runoff from a 5,080 square f o o t  un t r ea t ed  a rea  was 

about 6 per  cent .  The c o s t  of t he  smoothed s o i l  and water  r e p e l l e n t  

t rea tments  is  low, from 2 t o  4 c e n t s  per  square yard, and both 

t rea tments  deserve a d d i t i o n a l  a t t e n t i o n .  

P l o t s  t r e a t e d  w i t h  s u r f a c e  sprays  of c a t i o n i c  a s p h a l t  emulsion 

began t o  d e t e r i o r a t e  w i th in  s i x  months of almost z e r p  s o i l  pene t r a t ion .  

One p l o t  w i l l  be maintained by a d d i t i o n a l  top  sprays  a s  requi red ,  The 

a p p l i c a t i o n s  a r e  inexpensive, about 4 cen t s  per  square yard, a n d  t h e  

i n t e r v a l  between maintenance t rea tments  may inc rease  a s  t he  s u r f a c e  
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i s  b u i l t  up by cont inued maintenance, 

Two experimewcal water  ha rves t ing  s t r u c t u r e s  have been i n s t a l l e d  

on t h e  Hualapai Indian  Resexvation. in coopera t ion  w i t h  t h e  Bureau of 

Indian  A f f a i r s .  Valuable experience has been obtained i n  cons t ruc t ion  

m.ethods requi red  under condi t ions  of h igh  wind. The wind r a p i d l y  

destroyed a polyethylene ground cover  and caused problems i n  applying 

a s p h a l t  and aluminum f o i l  t rea tments ,  A s  a d i r e c t  r e s u l t  of t h i s  

experience,  we have i n i t i a t e d  work t o  develop t rea tments  which w i l l  

no t  be damaged by wind, 

PERSOEMEL: 

2. E. Myers, G o  W. F r a s i e r .  
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Table 1, Treatmemts of 100 square foo t  t e s t  p l o t s  a t  Granite  Reef, 

P lo t  - 
1 

2B 

3B 

4 

5A 

6 

5 B 

-- 
Treatment Date Treatment - 

Retreated wi th  R-1  a t  0.021 1b/ydz 

30-mil bu ty l  rubber sheet  
2 

S-1 a t  0,90 lb/yd upper ha l f  
2 

S-1 a t  1..80 lb/yd lower ha l f  

Untreated 
2 

S-l a t  0,90 lb/yd upper ha l f  
2 

S-L a t  0.4.5 lb/yd lower ha l f  
2 

R - 1  a t  0.021 lb/yd r i g h t  h a l f .  
2 

R-8 a t  0.031 lb/yd l e f t  ha l f  

R-8 a t  0,052 lb/yd 
2 

1.5-mi1 black polyethylene 
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Table 2. 

Date 

TOTAL 

Ruxkoff data from 100 square foot  p lots  a t  Granite Reef. 

Rainfal l  
Total 
( in.)  

.92 

.I4 

.06 

.18 

.15 

.06 

.24 

.38 

.I5 

.I2 

.61 

.06 

.I4 

.a4 

.3l 

.40 

.33 

.If. 

0 23. 

.08 
0 1 2  
.33 
-07 
.I4 

5.35 

* Leak a t  bottom of plot ,  

Plot  2B 
Runoff 

Plot  3 B  / Plot 4 
Run 1 -- 

( in .  
3 6 4  

,089 
.ole 
-129 
.I29 
-048 
-177 

.337 

.096 

.087 

.433 
,056 
e 864. 

,154 
.257 
. I61  
.a8 

. I37 

.016 

.O4Q 

.17J 

.016 

.056 

3.289 

Plot  SA P l o  
Run - 

( i n .  

.353 

.53C 

.38f 
0 12s 

.242 

.081 . k2S 
&. 201 

.048 

.I12 

2.21C 

Plot  6 
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Treatment 

2 
R-8 a t  0,052 Ib/yd mixed w i t %  

8-1 a t  0,90 lb/yd 
2 

Untreated 

1 - m i l  aluminum f o i l  

38-mi4 b u t y l  rubber sheeting 

S-I a t  0,90 lb/yd 
2 

2 
8-8 at 0.052 jb/yd a p p l i e d  as 

t op  spray  

Modified S - l  a t  2,70 lb /yd  
2 
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Table 4. Runoff da t a  from 2,500 square f o o t  p l o t s  a t  Grani te  Reef. 

P l o t  1 
Runoff 

Date 

1-21-62 
1-23-62 
1-24-62 
1-26-62 
2-87-52 
2-11-62 
2-21-62 
2-25-62 
3-09-62 
3-19-62 
3-21-62 
6-28-62 

p 7-21-62 
'8-28-62 
8-,22-62 
9-28-62 
9-23-62 
9-25-62 

10-17-62 
b0-=18-62 
11-15-62 
12-83-62 
12-18-62 
12-19-62 
12-24 -62 

TOTAS, 

R a i n f a l l  
- --- 

P l o t  2 P l o t  3  P l o t  5x3 
Runoff 

Plot: Li. P l o t  5A 
Runoff Total 

P 

(in. 
.87 
.14 
.06 
. I8  
.15 
.06 
.08 
.30 
-12 
,61 
,06 
.14 

i .04 
* .31 

.08 
,40 
.33 
,I1 

0 21 

.08 

. I2 
033 
.01 
.14 

4.99 

L/  Meter no t  working properly p r i o r  t o  2-20-62 - 
2/ Crack a t  lower edge ,of  a s p h a l t  p l o t s  - 

3 /  P l o t  3 and 5 e a t c h e n t  l eak  - 
4 /  Meter no t  working properly - 
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, Figure 1. 6ranite Reef' testing site. 
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Figure  2. Pene t r a t i on  of modified S-1 i n t o  soil. 
Annual Report of the U.S. Water Conservation Laboratory



TZTLE : AHALYZLNG GROUND WATER F8RM.ATxON BY RESISTANCE NETWORK 

W O G S  

LINE PROJECT: SWC 4-gG3 DE NO,: Ark.-WCL-15 

IPJ~ODUrCTEON :: 

The s tud ies  on. ground-,water mound analys is  by res i s t ance  network 

analogs were completed and published (see Annual Report 1961 and ( 4 2 ) ) ,  

A fu r the r  i n t e rp r e t a t i on  of the r e s u l t s  was made, however, pa r t i cu la r ly  

on the e f f e c t  on mound Eormatfsn s f  the moisture content i n  the  percola- 

t ion  zone below the  rechar e system belng higber than t ha t  i n  the r e s t  

of the s o i l  above the water cable, Also, tbe e f f e c t  t ha t  a r i s i n g  

mound i t s e l f  may have ow the recharge r a t e  was s tudied,  This e f f ec t  

was anaSyzed i n  conjunction wirh the e f f e c t  on recharge of water depth 

i n  the recharge system and t ha t  0% chggfag of bottom mater ia l ,  The 

resu l t ing  equations and conclusions were ve r i f i ed  with a laboratory 

study on s o i l  columsas, A paper has been prepared in which the s tud ies  

a r e  described i n  d e t a i l  ( a s ) ,  

PROCEDURE : 

Semi-equilibrium mound 

Since the moisture content La the zone of percolat ion below the 

recharge basin tends ts be higher than the o r i g ina l  moisture content 

of the soi1, the f i l l abke  pore space above the ground-water mound can 

be expected t o  be lower than above the  water t ab le  adjacent t o  the 

mound, This would cause the center  region of the mund t o  r i s e  more 

rapidly  than would be predicted by considering the f i l l a b l e  porosity 

as  uniform, Since under sustained reeharge i n  uniform s o i l  the mofs- 

tu re  content in the  percolat ion zone may be c lose  t o  sa tura t ion,  the 

dffference between the f i l k a b l e  porosity f i n  the zone above the 
P 

mound and the  f f l l a b l e  porosity f adjacent t o  the mound, can be qu i te  

large ,  Thus, the  center  region of the mound can be expected t o  exh ib i t  

a r e l a t i ve ly  high i n i t i a l  r a t e  of r i s e  t o  a semi-equilibrium posit ion,  

a f t e r  which subsequent r a t e s  of r i s e  a r e  r e l a t i ve ly  slow and more 

caused by a general  buildup of the  water t ab le  adjacent t o  the perco- 

l a t i o n  area ,  The semi-equilibrium height s f  the mound can be expected 
r* 

t o  be approximately the same as  the equiLibrium height  Emof the 
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mound i f  the water table  a t  some distance from the mound were kept 

a t  i t s  o r ig ina l  el.evation., h equation i s  presented i n  (42) which 

permits calculatEon of the equilibrium height M,oB the mound center,  

'Phus, t h i s  equation can be used to  predict  the height t o  which the  

ground water mund w i l l  r i s e  ra ther  rapidly a f t e r  the wetting f ron t  

reaches the water table ,  

The e f f ec t  of water depth i n  the recharge basin, of clogging of 

the bottom marerial,  and of a r i s i ng  mound on recharge was analyzed 

by considering a one-~dime;rasionab sgst,em of verticaL flow with a water 

depth h, a clogged bottom layer with canduc t iv~ty  K and thickness L 
S s 9  

a water table  a t  distance L below the clogged layer, and a conduc- 

t i v i t y  K of the s o i l  between the clogged layer and the water t ab le ,  

Assuming caantinuous flow, the Darcy equatjoe was then applied to 

express the v e r t i c a l  faow r a t e  V i n  terms o f  the factors  j u s t  men- 

tioned, The condition of ve r t i ca l l y  downward flow assumed i n  t h i s  

analysis may be approached by the flow under the center portion of 

the recharge facf lb ty ,  

s tudf es  
-v 

The laboratory s tudies  were carr ied au t  f n  a 5-inch diameter 

v e r t i c a l  column usfag g lass  beads as porous medium, F i r s t ,  55 cm 

of 201 micron beads were packed i n  the columra, Next, the r e s t r i c t i n g  

layer was placed which consisted o h  7'6 micron beads, This layer was 

i n i t i a l l y  7,6 cm thick t o  permit study of the saturated case (see 

equation (1) under RESULTS AND DISCUSSION), The r e s t r i c t i n g  Layer 

was then increased to  20,6 cm thickness t o  permit study of the 

unsaturated case described by equation (2)  under RESaTS AND DISCUS- 

SION, The column was equipped with piemmeters, tensiometers and 

a i r  i n l e t s  to  measure pressures, tensions and to  permit drainage of 

pore space belaw the r e s  trieti.mg top Layer, De-aired d i s t i l l e d  

water with O,L% phenol was used, Constant-level devices were used 

to  maintain constantphead and t a i l  water Levels i n  the recirculat ing 
r" 

system, The outflow from the column was measured for  a range of 
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water depths. Pressures and tensions were measured t o  calcul.ate 

hydraulic conductivity of the two materials  and Po measure the tension 

below the r e s t r i c t i n g  I.ayer, 

RESULTS AND DISCUSSION: 

Semi-equilibrium mound 

On the basis of equation (5) i n  ( 4 2 ) >  a graph was constructed 

(Figure I )  which shows L ~ W  as a function of W,/D for  d i f fe ren t  values 

of v,/K,, where W is  the width of the recharge s t r i p  fo r  percolation 

zone, D i s  the or ig ina l  height of the saturated material  above the 

impermeable Layer, V is the recharge ra te ,  and K i s  the hydraulic a 
conductivity of the s o i l .  This graph i s  only va l id  i f  < 4. For 

example, i f  D i s  50 f t ,  W i s  4 0  f t ,  Va i s  5 f t lday,  and K is  10 ft/day, 

Figure 1 shows tba t  H /W i s  0,8 or  H i s  32 f t ,  Thus, a f t e r  the 
00 W 

wetting f ron t  reaches the o r ig ina l  water table  below the recharge 

basin, the mound can be expected t o  r i s e  ra ther  rapidly for  a distanxe 

. of 32 f t ,  a f t e r  which much slower r a t e s  of r i s e  o f  the mound can be 

expected, 

Re- 

The one-dimensional vert ical .  flow between the recharge basin and 

the ground-water t ab le  i n  the presence of a clogged bottom can be 

described by 

% invest igate  the e f f ec t  sE k on V, a1.B other terms considered 

constant, equation (1) i s  d i f fe ren t ia ted  with respect  t o  L, or 

The following re la t ionships  cam now be writ ten:  
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Thus, the manner in which 'V i s  affected by L depends on the 

r e l a t i v e  magnitude o f  Lsl KG, h, and KO Xn case of uzriform s o i l  

L 
ionditions, Ks - K, and since yS"z-  < 1, condition (3) w i l l  e x i s t  n 4- Ls 

and V Increases with a r i s ing  water tabla ,  Since the percolation zone 

i s  essen t ia l ly  saturated, the water table  can be expected to  r i s e  qu i te  

a s t  and i t s  ejEfect OD I! may not be f;p.oticed u n t i l  the water table  

extends above the bottom and decreases, XE, however, a i r  space 

occurs i n  the percolation zone, a r i s ing  water table may increase V 

because of the increased gradients and pcc~ssibly al.so because of an 

increase i n  K due to  a i r  space being reduced by the increased s o i l -  

water pressures caused by the r i s ing  water table ,  

I f  Ks i s  considered to vary from K t o  0, condition (3)  w i l l  be 

maintained u n t i l  K 
Lf * 

S = ~ + ~ S  wherebyfll i s  unaffected by the posi- 

Ls 
t ion  of the water table.  If K becomes Less than condition 

S 

(1.) i s  reached and V decreases with a r i s ing  water table ,  Ef the 

=s -. , i s  substi tuted expression for  condition (21, i. e ., Ks :& r+ Ls 

i n  equation (I), the r e s u l t  is  V -. K Q  Thus, a t  condition (2), the 

flow below the r e s t r i c t i ng  Layer occurs under un i t  hydraulic gfadient 

and the pressure below the r e s t r i c t i n g  layer is atmospheric (the 

e n t i r e  water depth i n  the basin i s  dissipated though  the r e s t r i c t i ng  

layer),  

I £  condition ($1 exis ts ,  the e f f ec t  of L on V i s  complicated by 

the unsaturated hydraulic-conductivity charac te r i s t ics  of the s o i l  

material  below the. r e s t r i c t i n g  bottom s o i l .  Since K > KS, the s o i  l 
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pores i n  the s o i l  below the bottom Layer a re  of larger  s i ze  than the 

pores i n  the bottom layer ,  Thus, the s o i l  beaow the bottom layer w i l l  

be the f i r s t  to  become unsaturated i n  case negative pressures develop 

between the recharge basin and the water table  i n  the s o i l ,  The pres- 

sure head of which the pores sf the lower s o i l  drain i s  called p . 
c 

When t h i s  pressure head, which has been cal led the displacement pres- 

sure or  c r i t i c a l  pressure, I s  reached, t h e  hydraulic conductivity 

undergoes a d r a s t i c  reductioa, paarticuharly %.% the s o i l  i s  of uniform 

pore s i ze ,  ;6t wil 1 be assumed here tha t  I< s f  the s o i  l below the 

r e s t r i c t i n g  layer i s  instantaneously reduced to  an ins ignif icant ly  

small value as  soon as  t h e  pressure in  the s o i l  water has dropped to  

Numerical values of p may be of the order s f  -1 f t  of water, 
c 

ranging from approximately -0,5 f t  fo r  sands t o  -1,5 f t  or  l ess  fo r  

f ine-textured s o i l s .  m e  ro l e  of pc i n  the eEjffee of L on V for 

condition (19 can best  be explained by considering the e f f ec t  on 

recharge of lowering the water t ab le ,  According to condition (I), 

V increases w i t h .  increasing L, However, V cannot increase indef ini te ly  

because the pressure head i n  the s o i l  below the bottom layer can not be 

less  than p a t  pressure heads Less than p the underlying s o i l  i s  
C", c3 

considered t o  be a t  essen t ia l ly  zero hydraulic conductivity), Thus, 

the flow r a t e  through the r e s t r i c t i n g  layer can never exceed a flow 

V whereby the t o t a l  head diss ipated through the r e s t r i c t i n g  layer 
c 

equals h + Ls - pc According to  Darcy9s equation, t h i s  flow can 

be wri t ten as  

The L-value whereby B reaches Vc, symbol LC, can be ca1cul.ate.d 

by subst i tu t ing V and LC for  V and Z i s  equation (1) and equating the 
c 

resu l t ing  expression t o  equation (21, This yie lds  the following 

expression for  Lc 

-- 
l/ Since pc i s  negative, t h i s  maximum head i s  actual ly  the sum of ,- 

the numerical values of b, .L and p . 
s c 
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Thus, i f  the  r e s t r i c t i n g  layer i s  of s u f f i c i e n t l y  low hydraulic  

conductivi ty f a r  condition (I), the  pressure below the r e s t r i c t i n g  layer  

w i l l  be p a s  long as  L exceeds L and 'Br w i l l  be V . I f  the  water t a b l e  
C C C 

r i s e s  above L the  pressure i n  the  s o i l  b e k ~ w  the r e s t r i c t i n g  layer  c 
w i l l  now become g r e a t e r  than p and the  recharge r a t e  w i l l  undergo a c 
reduct ion ,  

Laboratory s tudies- 

The r e s u l t s  of the  t e s t s  a r e  shown i n  Table 1 and i n  Figure 2 ,  

Equation ( I )  shows t h a t ,  f o r  the sa tu ra ted  ease, a p l o t  of V agains t  

s L h should y i e l d  a s t r a i g h t  l i n e  wi th  a s lope  o f  I/(- + 2. The i n t e r -  
=<s 

Ls L cepe of t h e  l i n e  i s  (L + L)/(- + .). From the  slope and i n t e r c e p t  
S 

Ks 

values of Figure 2, t he  equation V - 0,0154h 3- 0,94 i s  derived,  Calcu- 

l a t i n g  the  s lope  and in te rcep t  values f o r  the measured values of  K and 
s 

K (from flow r a t e  and piezometer measuremems) and L and L fo r  the  
S 

c o l u m  gives  V .: 0,0156h + 0,98, which is  a good agreement a s  could be 

expected, 

The equation f o r  the  unsaturated condit ion f o r  the  ma te r i a l  below 

the  r e s t r i c t i n g  l aye r  (Equation (2)) shows t h a t  a s t r a i g h t  l i n e  i n  a 

p l o t  of Vc aga ins t  h can only y i e l d  a s t r a i g h t  l i n e  i f  p i s  cons tant ,  
C 

A s  has been argued previously, a r e l a t i v e l y  constant  value of  the  

pressure below the  r e s t r i c t i n g  layer  can be expected f o r  a range of  

h-values i f  the underlying s o i l  i s  r e l a t i v e l y  uniform, For such s o i l s  

the  conductivi ty reduct ion  wi th  drainage of pore space is  r a t h e r  d r a s t i c  

and q u i t e  a range of  K-values occurs wi th in  a r e l a t i v e l y  small  range o f  

pressure ,  Therefore, there  can. be q u i t e  a range i n  V within  a small  

range of pressure ,  The graph i n  Figure 2 shows t h a t  the  points  f a l l  

indeed on a s t r a i g h t  l i n e ,  Equation (2) shows t h a t  the  impedance of  

the  r e s t r i c t i n g  layer  i s  equal t o  the  rec iprocal  of  the  s lope  of the  

l i n e ,  whereas p can be ca lcu la ted  a s  Z minus the  in teacept  times 
C s 
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the impedance, The values thus obtained are  shown i.n the fourth column 

of Table I ,  Good agreement between these values and the impedance cal-  

culated from iradividually measured L and K appears t o  ex i s t ,  The s S 

same i s  t rue  for  the p -value calculated from the intercept  and that  c 
measured with a tensiometer below the r e s t r i c t i n g  layer,  

Thus, i f  thin,  slswIy permeable layers i a  canals or ponds or  

recharge p i t s  a re  underlain by relatfveay uniform s o i l  and i f  the 

impedance of the slowly permeable Layer is high enough to  yie ld  unsatu- 

ra ted conditions i n  the undexlyisng material ,  the pressure below the 

r e s t r i c t i n g  layer can be considered t o  be eonstant and equal t o  the 

negative pressure where the conduetivf t y  undergoes a ra ther  d ras t ic  

reduction, As a matter of i n t e r e s t ,  the a i r  entry value of the coarse 

glass  beads was measured as 33 cm of water, 

SUMMARY AND CXlMCLUS11: 

The flow system between a reeha-rge basin and the lower mound may 

csns i s t  s f  a number of perched mounds and percolation zones, The flow 

conditions governing formation and recession of individual mounds can 

be of considerable complexity , With a res is tance network analog, 

mn=~u..iformLties and complexities in. s o i l  and boundary conditions can 

be taken in to  account, Solutions may be obtained regarding r i s e ,  f a l l ,  

o r  equilibrium s t a t e  of mounds above original. water tables  and perching 

layers for  two-dimeasiona3. o r  ax ia l ly  symmetrical fdow systems, 

Of the various mounds t ha t  may be formed below a recharge system, 

the upper and lower mounds are  the most importan.t, The upper mound can 

a f fec t  the recharge r a t e  from the basfn, whereas the lower mound deter-  

mines the storage and recovery of the recharge water, Due t o  the high 

moisture content i n  the zone of percolatiov below the recharge basin, 

munds can. be expected t o  r i s e  rapidly t o  a semi-equilibrium condi . t io~  

when the wetting f ront  reaches the water tabla  o r  perching layer, a f t e r  

which lower r a t e s  of r i s e  tend to  occur, A graph i s  presented t o  

estimate the height of t h i s  semi-equilibrium posit ion for  mounds above 

o r ig ina l  water tables  and two-dimensiunal systems, 

The e f f ec t  of the upper mound on the recharge r a t e  from the basin 

i s  considered i n  r e l a t i on  t o  the hydraulic conductivfty of the bottom 
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of the basin, which has a tendency to  decLine with prolonged recharge, 

It i s  shown tha t  a r i s i ng  mound can increase, decrease, o r  not a f f ec t  

a t  a l l ,  the recharge r a t e  from the basin, depending on the hydraulic 

conductivity of the bottom material  compared to  tha t  of the r e s t  sf: 

the s o i l ,  Xf the  battom material. i s  suffi.e4.ent%y clogged f a r  the 

underlying s o i l  t o  become unsaturated, the pressure below the slowly 

permeable bottom material  i s  negative and, fo r  so91 with r e l a t i ve ly  

uniform pore s ize ,  approximately equal t o  the  negative pressure whereby 

pore space is being drained and the conductivity undergoes a ra ther  

d r a s t i c  reduction, This was ver i f ied with a laboratory study where an 

observed pressure of -30 em water below the r e s t r i c t i n g  layer i n  a 

v e r t i c a l  column compared favorably with a c r i t f c a l  pressure of -33 cm 

water, and a pressure s f  -32,7 em waeer calculated from a plot  of 

recharge r a t e  versus water depth i n  the basin, 

PERSBIWEZ: Herman Bower, R ,  C, Rice, 
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Table 1, Resul ts  of  s tud ies  of  flow through r e s t r i c t i n g  su r face  l aye r  

( a l l  lengths in cm and K i n  em/mia) , 

Under Lying mater i a 1  Under ly in~  mater ia l  
sa tu ra ted  unsaturated 

Measured C a l c d a t e d  Measured Calculated 
&om V-=h grape  - ,.- - - .  
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Figure 1. Graph showing H-/W as a function of 'W/D for . . 
d i f  ferene values 6f V,/K (on the curves) . 
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46.  kl/aPer ConservaP/bn hobo 

Figure 2. Flow ra te  as a function of water depth i n  glass-bead column with 
slowly permeable t o p  l ayer ,  Annual Report of the U.S. Water Conservation Laboratory



SILTY CLAY SOILS 

LINE PRO~ECS": SW6 4-gG3 

I ~ O D U C ; ? P I O M  : 

For need of study see AxarauaL Report 

experiment is t o  determine the amunt of 

planting i r r i g a t i o n  t o  maintain economic 

was i n i t i a t e d  April 1, 3958, 

PROCEDURE :: 

1958, g%aecsbjectlw ol * * .  

water t o  apply a t  the 

production, The E X  

The experiment i s  Located a t  the Uaiversity o f  A r i z o ~ a  E x p t r i m n  

Farm, Safford Branch, Saf ford, Arizona, The experiment was condars,t eel 

on Field "I" borders 1-18, 

Plots were plowed i n  J'anuary 1962, and aLLowed to  dry out, 0. 

March 12, 1962 the fol.lowing amounts of pre-planting and Zeac 

water (2496 ppm) were applied, 

1, 8 inches of well water - plo ts  4, 6, 12 ,  17, 

2, 12 inches of well water .- plots  3, 8, 10, 16, 

3 ,  16 inches of well water - plots  2, 7, 11, 14, 

4 ,  17 inches of well water - plots  5, 9, 13, 15. 

On April 12, 1962, a91 plots  were furrowed ~ u t  and planted to t?ew 

Mexico 15-17D (short s t ap l e )  and Pima 5-2 ( h n g  s t ap l e )  va r i e t i e s ,  D i f -  

f i cu l t y  i n  placement of the seed i n  moikture was noted a t  t h i s  t i m ~ ,  

On April 23, 1962, p lo t s  were replanted and a l i g h t  i r r i ga t i on  g l g e n  

t o  germinate the seed, On May 9, 1962, another l i g h t  i r r i ga t i on  was 

given t o  enhance seedling breakthrough, 

So i l  s a l t  measurements were made on a l l  p lots  previous to  awl 

a f t e r  the leaching i r r i ga t i on ,  A f i n a l  measurement was made at t k w  

harvest date,  

A l l  water applied i n  regular i r r i ga t i ons  was measured, Only t 

amount necessary for  consumptive use was given. Areas for  y i e l d  mas-  

urements were marked off  pr ior  t o  harvest ,  I r r i ga t i on  dates,  

i r r i ga t i on  3/12, lCrrigatfons for  consumptive use purposes, 5/25, 

6/22, 7/13, 8/13 and 918, 
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RESULTS AMD DISCUSSIONS: 

A good stand s f  cotton was obtained a f t e r  the second planting, 

Early season growth was slow because of cold weather and rhizotonia,  

j*n Po~mds Per P l o t  

Reps 0 

Reps, 

Tr ts  , 
P 

1 
M 

2 - 3 - 4 ge an 

8 " l7,O 18.0 15 , O  1.8 ,O S J , O  

12" 18,O l9,O 22,O 19,O 19,5 

16" 21,O l8,O 14 , O  17 , O  17.5 

1711 l7 ,Q 17,O l7,O 21,O L8,O 

Mca s i g o  

Numerous f a l l  and winter ra ins  apparently pa r t i a l l y  took care 

of our leaching i n  the top foot and ca2 be noted from the leaching 

data,  A t  the time of the leaching i r r i ga t ion  March 12, the subsoil 

was s t i l l  qui te  wet, Gonsiderable d i f f i c u l t i e s  were encountered 

when trying to  force water through the s o i l ,  

So i l - sa l t  conditions a t  leaching time between treatments were 

very simil.ar, The addit ion of leaching water did not s ignif icant ly  

a f fec t  the s a l t s  in the top foot but did s ignif icant ly  reduce s a l t s  

i n  the second and th i rd  foot ,  Yields were always lowest i n  the 8" 

leaching treatment but not si .gnificaatly so,  

SUP([MARY AND CDWC%US$.OMS : 

There were 

8-inch leaching 

no s ignif icant  differences i n  y ie ld ;  however, the 

treatment was lower than the others on both va r i e t i e s ,  
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There was l e s s  Ehan a 10% reduction in. y i e l d  by the  8-inch leaching 

treatment, which i s  l e s s  than i n  previous years ,  Considerable r a i n  

f e l l  from October 19, 1961 u n t i l  March 12, 1962 (5,65 inches) aceom- 

pl ishing l e a c h h g  i n  the  top foot ,  thus bringing the  s a l t  content dawn 

by pre-planting time. 

After leaching, very BEttke d i f ference  i n  s a l t  content ex i s t ed  

between treatments in the  top foot ,  with a s l i g h t l y  g rea te r  d i f ference  

in. the second and t h i r d  foo t ,  The 8-fvch leaching treatment was higher 

a t  the  second and t h i r d  foot  depths, The l e a e h ~ n g  data  shows a tremen- 

dous buildup of s a l t s  during the  growing season a t  a l l  depths, 

PERSONNEL: Leonard J, Erie. 

Annual Report of the U.S. Water Conservation Laboratory



COP/JPf LED LEACHlNG D A T A  - 1962 
SAFFORD EXPERIMENT FARM 
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SOIL-WATER DLPPtJSIOIm 

LIME PROJECT: SWC 4-gG4 CODE: Ariz.-WCL-13 

The objectives and need for study for this project were reported 

in the 1961 Annual, Report of the U .  S. Water Goaeervation Laboratory. 

In that report the initial work concerning the measurement of soil- 

water diffusivity at several bulk densities for several soils was 

reported, This work, and a study eoncerming temperature and soil- 

water diffusivity relations, was completed during 1962. Additional 

work involved a theoretical and expertmental examination of the 

pressure plate outflow met.hcad .Eor measuring capijlary conductivity 

and a discussion o f  Fickes laws for diffusion applied to porous 

media. 

PART I. SOIL-WATER DHFF mMUmmRT8. 

The experimental technique o f  measuring soil-water diffusivity 

was given in the 1961 Annual Report. A brlef introduction and the 

results and discussion of the measurement of soil-water diffusivity 

at several porosities and several temperatures are reported here 

under separate headings, Literature cit.ations are appended at the 

end of this section, 

Concentration-dependent diffusion analysis has been used to 

describe unsaturated water flow in soils (1, 4, 7, 109, The appli- 

cability of diffusion anal,ysis, however, has been shown, by the 

experiments of Mielsen g&. (71, to be limited to the case of water 

entering the soil at very nearly atmospheric pressure. In this case, 

three quantities are sf interest: the soil-water diffusivity, the 

cunzulative infiltration, and the distance that water penetrates 

into the soil. 

Diffusion theory predicts that, for sorption of water by a 

horizontal column, the cumulative infiltration is proportional to 

the square root of time. The propsrtisnality constant has been 

termed "sorptivitg," denoted by the spbsl S, by Philip (10). For 

sorption by an initially air-dry soil, the wetting front is sharp 
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and can usually be visually observed, Assuming thaB this visible 

wetting frwt is a plane of eonstant water content, &he advance of 

this plane should also be a linear funckion of the square root sf 

time, The proportfonalfty eonsta t that relates the advance of this 

front to the square root of time is a cumente~t parameter t~ use 

in describing the horizontal distance of p~wtrarisn of water into 

soil, For lack of existing eemiwoiagy ithis parameter will be 

cal fed 3'p;eaekrabil%ty,8' The utility of th s aonewclaPare is re- 

sgrieted since a sharp visible wetti9g front cannot always be sb- 

served due [among other ~hiwgs) to solhcoEur or to high initial 

water contents, It is used here for  eonve~dewe, 

The extreme eomplex.ity of pore c~nffgur~tians in soil precludes 

a quantitative theoretical approach to the description of porosity 

and water flow relations, Qualitative aspecrs of these relations 

are well known, but it remains for experiment to describe them 

quamitat ively. 

Measurements of soil-water diffusivity, sorptivity, and 

penetrability were made on Adelanto loam, Bachappa loam, and Pine 

silty clay, each at three porosities, each porosity in duplicate. 

RESULTS DXSCQSS: 

Some physical properties of the soil materials used in this 

study are given in Table I. Density, porw%ty, and other pertinent 

data are given in Xab1.e 2, For the three soil materials the range 

of bulk densities is about 0.13 g and the range of porosities 

is about 8,05. 

For sorption sf  water by air-dry sails, the water-content 

distribution curves are sf such a shape that accurate measurements 

o f  dfffusivities cannot be made at the lower water contents nor at 

water contents near 9 . T h i s  is becaame the slopes approach zero 
6 

at the lower water contents and become very large near 8 . Although 
s 

precise measurements sf diffusivities can be made at intermediate 

water contents, the diffusivity-water content relationship must 
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be known, o r  a t  l e a s t  reasonably estimated, over the  e n t i r e  water 

content range, and p a r t i c u l a r l y  near  8 i f  t hese  da ta  a r e  to be 
s 

u s e f u l  i n  p red ic t ing  water-content d i s t r i b u t i w s .  

Soil-water d i f f u s i v i t i e s  measured f o r  t h e  th ree  s o i l  ma te r i a l s  

a r e  shorn i n  Figures 1, 2 ,  and 3 ,  as a f m c t i o a  of r e l a t i v e  water 

content.  B i f f u s i v i t i e s  were measured f o r  khe two lengLhs of water- 

content  d i s t r i b u t i o n s  f o r  each ps r s s% t y a t  t h e  same vs lumet r i .~  

water conten The r e s u l t i n g  d i f f u a t v i t y  values f o r  each water 

content were averaged and pl.otted as a funct ion  of r e l a t i v e  water 

content ,  

Since values s f  water coneeac e x i s r  a t  higher p o r o s i t i e s  t h a t  

do not e x i s t  a t  lower poros i t i e s ,  the  rd . ak ive  water content para- 

meter al lows b e t t e r  csmparissns of difFasivi t .y a t  diEferent  por- 

o s i t i e s  than the  volumetric water content ,  For example, in  Pine 

s i l t y  clay,  d i f f u s i v i t y  da ta  were obtaiwcd aO 8,47 and 0.48 

volumetric water content  Eor 0,556 poros i ty ,  buc 0.463 was t h e  

h ighes t  water content a t t a i n e d  f o r  8.589 poros i ty ,  S u f f i c i e n t  data 

a r e  given i n  Table 2 t o  convert the  d i f f u s i v i t i e s  i n  Figures 1, 2,  
and 3 t o  a  volumetric water content b a s i s ,  

Data f o r  Adelawto loam, given i n  Figure 1 ,  show t h a t  d i f -  

f u s i v i t i e s  decrease with decreasing poros i ty ,  A t  a  given water 

content  d i f f u s i v t t y  values changed from twofold t o  threefs1.d when 

t h e  poros i ty  was changed 0,049. Psr  Paebappa laam (Figure 2) the  

d lEEusivi t ies  a r e  about the  same f o r  t h e  t h r e e  p o r o s i t i e s .  Only 

a t  lower water content's can a  d i f f e rence  be observed. A t  0.55 

r e l a t i v e  water conteat ,  t h e  d i f f u s f v i t y  is lower a t  t h e  Lower por- 

o s i t y  but t h e  d i f fe rence  i s  not  a s  g rea t  a s  tha t  shown. by Adelanto. 

Ps r  Pine s i l t y  clay,  poros i ty  and soi l-water  d i f f u s i v i t y  r e l a t i o n s  

a r e  shorn i n  Figure 3, A s  wich Adelants loam, d i f f u s i v i t i e s  de- 

c rease  with decreasing poros i ty ,  the  change being s l . ight ly  more 

than twofold throughout the  range s f  water contents  f o r  which measure- 

ment s were made, 

The two s o i l  ma te r i a l s  t h a t  show marked d i f fe rences  i n  d i f -  

f u s i v i t y  due t o  poros i ty  d i f fe rences  (Ade1ant.o and Pine) both have 
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considerably higher c l ay  contents  (Table 29 than does Pachappa. 

Although Pine has almost twice a s  much c l a y  a s  does Adelanto, the  

r e l a t i v e  d i f fe rences  i o  d i f f u s i v i t y  due t o  poros i ty  a r e  about the  

same, Table 2 shows t h a t  the  water content a t  t he  source Bs f o r  

Pachappa changed only 0.006 f o r  a poros i ty  change of 0.85, whereas 

Q f o r  Adelanto and Pine changed 0,826 aad  0,037 respect ive ly .  
s 

%me inferences  concerning the  h f l v e n c e  af' tpxenre on s o i l -  

water d i f f u s i v i t y  can be deduced by cumpari-g the  t ex tu re  da ta  i n  

Table 1 with the  d i f f u s i v i t y  da ta  s f  Figures I ,  2, and 3, The s i l t  

f r a c t i o n s  of the  th ree  s o i l  m a t e r i a l s  a r e  s imi la r  whereas t h e  c l ay  

f r a c t i o n s  a r e  i n  t h e  order  Pine >AdelaaF-u > Pachappa, For the  sand 

f r a c t i o n  the  order  i s ,  of course, r e v e r s ~ d ,  The slopes of t h e  In 

D versus Q' p l o t s  a r e  i n d i c a t i v e  of the rape a t  which the  d i f fus iv -  
Q 

i t y  changes with water cmntent, ID gevsra l  the slopes a r e  i n  the  

order  Pine > Adelanto > Pachappa. ThJ a; i r d i c a t p s  t h a t  the  d i f -  

f u s i v i t y  changes more rap id ly  with water conteait, i a  f i n e  textured 

s o i l s  than i n  coarse textured s a i l s ,  Gardner aad Hykfyhughus ( 4 )  

data  show the  opposi te  order .  Slopes of the  Bhes d r a m  through 

t h e i r  da ta  po in t s  would i n d i c a t e  t h a t  coarse textured s o i l s  exh ib i t  

a g rea te r  r a t e  of change of d i f f u s i v i t y  with water content than 

does f i n e  textured  s o i l s ,  Bowever, t h e i r  da ta  were obtained i n  a 

somewhat d i f f e r e n t  manner than those reported here ,  Furthermore, 

igures  1, 2, and 3 a r e  f o r  a l imited water content 

region,  Therefore, the  statements in fe r red  Erom t h i s  da ta  may not 

apply t o  o ther  water contents .  

An exponential function of the type D -- D exp BB has been 
o 

proposed t o  descr ibe  d i f fus iv i ty-water  csnkent r e l a t ionsh ips  (51, 

l a spec t ion  s f  Figures 1, 2, and 3 wowEd suggest t h a t  d i f f u s i v i t i e s  

f o r  t h e  th ree  s o i l  m a t e r i a l s  could be represented by an exponential 

function.  Indeed, wi th in  the  water eontent region where accura te  

measurements can be made, t h i s  type of functioa adequately rep- 

r e sen t s  t h e  da ta ,  Data f o r  t h e  lowest poros i ty  of the  th ree  s o i l  

ma te r i a l s  were used t o  obtain the  eomtanks @ and D i n  the  expression 
0 

D =. Do exp p B ' b y  t h e  method of l e a s t  squares. The broken l i n e s  i n  

Figures 1, 2, and 3 a r e  p l o t s  of these fuact ioos ,  
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f the  exponential function obtained from the  measured data  

w i l l  descr ibe  the  diffusiviky-water  content r e l a t i o n s h i p  aver the  

e n t i r e  range o f  water contents ,  then water content d i s t r i b u t i o n s  

ca lcula ted  using Lhis function should coincide with t h e  experi-  

mentally determined dis t r ibukion.  Using t h e  determined exponential 

d i f f u s i v i t y  functions,  the  broken Pines in Figures 4, 5, and 6 were 

computed by the  numerical method of P h i l i p  (83, The symbols a r e  

experimental da ta ,  It i s  apparens t h a t  khe water cawtent d i s t r i -  

butions were not  successfulLy pre$$ered by us ing  t h e  exponential 

function obtained from d i d f u s i v i t g  data measured Enr a l imi ted  

water content region. A s  an example, f o r  Ad~,.,la r3q4> poros i ty  0,438, 

water can pene t ra te  30.3 cm i~ 900 miantas wb-ereas easing t h e  deter -  

mined exponential  d i f f u s i v i t y  furaction, 21.4 cm would be predicted.  

A s  a t e s t  o f  t he  a p p l i c a b i l i t y  at di EEaston theory t o  the  

desc r ip t ion  oh water flow i n t o  these s n t l  ~ ~ e e r i a l s  avd under these  

experimental condit ians,  t h e  r e l a t i v e  water c o ~ t e n t s  were p l o t t e d  

versus x t  -'li2 i n  Figures 4, 5, a.nd 6. I f  d i  fws im theory i s  
o 

appl icable ,  then water content data obtained on dup l i ca te  columns 

of the  same poros i ty ,  but with t h e  wader allowed t o  pene t ra te  d i f -  
-1/2 

f e r e n t  d is tances ,  w i l l  coincide when p l o t t e d  versus x t  I n  
0 

Figures4, 5, and 6 the  open symbols a r e  data Esr columns of one 

length  and the  s o i l d  symbols a r e  f o r  eolumas of a d i f f e r e n t  length. 

I n  a l l  cases the  agreement i s  goad, 

Par Pachappa (Figure 5) the  values on t h e  absc i s sa  a r e  twice 

those of Pine and Adelanco. This makes the small d i f f e rence  t h a t  

e x i s t s  between the two columns of Pachappa l e s s  ne t i ceab le ,  The 

use of the  Boltmann transformation t o  obta in  t h e  des i red  farm o f  

t he  d i f fus ion  equation r e c p i r e s  t h a t  a plane of coqstant  water 

content advance p ropar t i ana l  t o  the  square root  of time. Thus, i f  

i t  i s  assumed t h a t  the  v i s i b l e  wett ing f r s a t  i s  a plane o f  constant 

water contenk, then a p lest of the  di  s tance  of t h i s  Eront from the  

source versus tL" should y ie ld  a s t r a i g h t  l i n e  tha t  p ie rces  the  

o r i g i n ,  For Pachappa, such p l o t s  yielded s t r a i g h t  l i n e s  a f t e r  the  

f i r s t  few centimeters ,  but each exhibi ted  a small p o s i t i v e  in te r -  
-162 in cept  on the  order  sf 0,5 t o  0,8 can. When the values s f  x t o  
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Figure 5 a r e  correc ted  f o r  t h i s  small in t e rcep t ,  t he  da ta  points  

f o r  t h e  t.ws columns f a l l  p e r f e c t l y  on one kine. Since a am-zero  

i n t e r c e p t  i s  not  accounted f a r  by the  mathematical model, s o i l -  

water d i f f u s i v i t y  ana lys i s  w i l l  not  descrLbe water move- 

ment through t h i s  soil. ma te r i a l  under these experimental condi t i sns .  

Figure 7 shows advance of t h e  wetking f ron t  versus the  square 

root  of time p l o t s  f o r  one poros i ry  o f  each s o i l  makerial ,  The open 

and s o l i d  symbols represene data, from duplicaee columns. The small 

p o s i t i v e  in te rcep t  f o r  Pachagpa a s  shown by the f i g u r e  has been 

~ b s e r v e d  on a l l  columns of Rachappa rsporked here and in. subsequent 

experiments. The cause of t h i s  i s  obscure hur i r  i s  doubtful  t h a t  

i t  i s  due t o  experimental technique, 

The slopes s f  the  l i n e s  shown i n  Figure 7 a r e  the  r a t i o s  x t  
-1/2 

(neglect ing t h e  in te rcep t  f o r  Pachappaj, These r a t i o s  and t h ~ s e  

f o r  the  o the r  p o r o s i t i e s  a r e  given i n  Table 2, Also s h a m  i n  Table 
-1 J2 

2 a r e  values of q t  :, xghere q i s  t h e  quan t i ty  of  water imbibed 

per  u n i t  a r e a ,  The r a t i o s  x t  -'I2 a d  qt a r e  the  pene t rab i l i f  y 

amd s o r p t i v i t y  respect ive ly .  

Inferences concerning d i s t ance  sf p e a e t x a t f m  and cumulative 

i n f i l t r a t j o s r  i n  h o r i a s n t a l  col.umns as  inf'8.1reneed by poros i ty  d i f -  

ferences can be drawn from t h e  values of sor tAvity and penetra- 

b i l i t y  given i n  Table 2. For Adelanto an i nc rease  i n  poros i ty  of 

Q.049 will cause water t o  penetrate. 39% f a r t h e r  and 49% more water 

t o  be imbibed than would occur a t  the  lower poros i ty  during the  

same time period,  POP Pachappa a poros i ry  inc rease  of 0,853. w i l l  

cause water t t r  pene t ra te  12% f a r t h e r  and 15% more water t o  be i m -  

bibed than would occur a t  the  1.ower poros i ty  duxing the  same time 

period. For Pine, the  magnitudes a r e  about the  same a s  f o r  Adelanto, 

A poros i ty  increase  of 0,047 w i l l  cause 40% f a r t h e r  pene t ra t ion  and 

50% more imbibi t ion  than what would occur a t  the  lower poros i ty  

during tge  same period.  A s  an example, f o r  Pine, i n  900 minutes 

water w i l l  pene t ra te  31,5 cm f o r  porss f ty  0,556 and 22,5 cm f o r  

poros i ty  0.509. 
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If the time necessary for water to penetrate a given distance 

and the time required for a given amaunt of water to be imbibed is 

considered, 922 more time would be required for water to penetrate 

Adelanto to a given distance and 122% more time for the same quantity 

of water to be imbibed when porosity is decreased by 0,049, For 

Pachappa the percenta.ges are 24 and 33 for distance and quantity, 

respectively, for a porosity decrease of 0,051, For Pine, these 

values are 96% and 125%, respectively, for a porosity decrease of 

0,047. As an example, for Adelanto, 981 minutes are required for 

10 cm of water t.o be imbibed for porosity 8,438 while 406 minutes 

are required for the same quantity to enter when the porosity is 

0.487, 

SUNiURY AND CONCLUSIONS:: 

Water at -2mb pressure was absorbed by horizontal columns 

of three soil materials of differing texkure each at three por- 

osities, each porosity in duplicate. The soil materials were 

Adelanto loam, Pachappa loam, and Pine silty clay, From the 

water content distributions, soil-water diffusivities were cal- 

culated, assuming applicability of diffusion theory. For a total 

porosity change sf about 0.05, Pachappa loam exhibited little 

change in soil-water diffusivity but Adelanto loam and Pine silty 

clay exhibit.ed twofold to threefold changes in diXfusivity at the 

same relative water content, Cumulative infiltration and distance 

of penetration of water into horizontal soil columns decreased 

50% and 40%, : respectively, for Adelanto and Pine, and 15% and 12%, 

respectively; for Pachappa. when the total porosity was decreased 

0,05. 

Water content distributions were calculated using exponential 

diffusivity-water content Eunctisns obtained by a least squares fit 

to the diffusivity data measured over a limited water content region, 

Predictions of water contents based on these functions were can- 

siderably in error. 
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Table 1. Physical propertFes of soil materials used. 

P 

P a r t i c l e  s i z e  

Soil > Sop 2 - SOW < 21s 15-bar retentivity --- 
% % "J, % by weight 

Adelanto 31.,6 46.1 22.3 10.4 

Pachappa 41.,6 49,9 8 , 5  4.7 

Pine 2 -6  54 @ 9 42,s 14.7 

Annual Report of the U.S. Water Conservation Laboratory



Table 2, Density, parosity, and other pertinent data, Values sham are averages of duplicate columns, 

Bulk Particle 

Water Initial 

content at water Penetrability Sorptivity 

Soil density density Porosity source 0 content 0 xt 
- 1/2 &1/2 

S i 

cm min 
-1/2 

Ade lant o 1,375 2,68 .487 .413 .034 1,40 

N 
1U 
h, 

Paehappa 1.25'6 2,T.l. .536 .426 .014 2.03 

cm min -1/2 

Pine 1.195 2,69 .556 .500 .045 1.05 .441 
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U.S. Water Conserrv~tion Laboratory, 
Temps, Arizona 

Pigure 1, Soil-water diffusivity versus relative water content 

for Adelanto a t  three porosities. The broken 

l ine is  the least squares f i t  to the data a t  the 

lowest porosity. 
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Figure 2 ,  Sobl-water diffusivity versus relat ive water content 

for Pachappa loam at three porosities. The broken 

l ine i s  the least squares f i t  to the data a t  the 

lowest porosity. 
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US, Water Consar va//on 6 abo~atory, 
Tem~e.  Ar/ 'ona 

Figure 3. Soil-water diffusivity versus relative water content 

for Pine silty clay at three porosities. The broken 

line is the least squares fit to the data at the 

lowest porosity, 
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&S. Wafer Conservufion Luborotory, 
fernoe. Arizond . . 

Rehfive Wafer Con fenf, 
(6 - 6iP/fe, - @ / 

Figure 4. water-content distribution curves for Adelanto loam, porosit 

0.438. The broken line was calculated using an exponential 

function obtained from the measured dlffusivity data. 
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Re/ufive Wof fer Con fenf , 

Figure 5 ,  Water-content d i s t r i b u t i o n  curves f o r  Pachappa loam, poros i ty  

0.485. The broken l i n e  was ca lcu la ted  us ing a n  exponential 

funct ion dbtained from t h e  measured d i f f u s i v i t y  data.  Annual Report of the U.S. Water Conservation Laboratory



Figure 6 .  Water-content d i s t r i b u t i o n  curves f o r  Pine s i l t y  clay, poros2 

0,509, The broken l i n e  was ca lcu la ted  us ing a n  exponential 

funct ion obtained from t h e  measured d i f f u s i v i t y  data.  Annual Report of the U.S. Water Conservation Laboratory



US. Water ConservoP/on ~oborotory, 

Figure 7 ,  Distance to the wetting front versus the square 

root of time for Pachappa *ldam, porosity 0.506, 

Adelanto loam, porosity 0.487, and Pine s i l t y  

clay, porosity 0,54Q, The different symbols on 

each l ine are data for duplicate columns. 
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PART X b, TEWEUTiBE AND S Q I L - W A T E & Z m m T  RELATXON;S_, 

INTRODUCTXOM: 

One can infer Erom capillary theory that the temperature de- 

pendence of soil-water diffusivity is a result of the temperature 

dependence of viscosity and surface tensinn. By analogy to water 

flow in a capillary tube an inverse rekakion between soil hydraulic 

conductivity and viscosity caw be derived, Capillary theory states 

that the pressure potential of soil water is directly proportional 

to the surface tension. Thus, since the diffusivity (D ) can be 
9 

written D = kg(d$/d8) where kg is the unsatvreted hydraulic con- 
9 

ductivity, 9 the pressure potential, and 8 the vo1,umetric water 
content, the diffusivity should be directly proportional to the 

surface tension and inversely proportional to the viscosity of 

water. This relationship was proposed during the early stages of 

the development of soil-water diffusion theory, 

Experimental verification of the inverse relationship between 

unsaturated hydraulic conductivity and viscosity is limited. The 

temperature dependence of pressure potential cannot be entirely 

explained by the temperature dependence of surface tension, Gardner 

(5) measured soil-water diffusivities at several temperatures and 

concluded that the temperature effect was not large, His data in- 

dicated that, at air-dry water contents, the temperature coefficient 

of diffusivity may be positive or negative, depending upon the soil 

texture. 

Soil-water diffusivity and penetrability data were obtained 

for duplicate samples of Pachappa loam, Adelanto loam, and Pine 

silty clay at temperatures of 5.0, 13.5, 24.0, 33.0, and 42.5' C. 

The data are interpreted on the basis o f  the temperature dependence 

of the ratio of surface te~sion to viscosity. 

TWORETTCAL FOWLA: 

Philip (10) was apparently the first to explicitly state the 

relation between soil-water diffusivity, surface tension, and 

viscosity. He proposed the term intrinsic _&iffusfvity to denote 

a diffusivity which is a function o f  the medium geometry but 
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independent of the properties of: the liquid. The relationship be- 

tween the Lntrinsg diffusivicp QIB ') and the soil-water dif fusivi ty 
8 

is 

D, - [(a/?) cos X] Di C 11 

where cr is the surface tension, q As the wisc.osity, and H is the 

angle of contact between the fluid and the so l . id ,  The units of 
2 -1 

intrinsic diffusivity are length, in contras t  to leagth time far 

classical diffusivity, 

Philip (10) also proposed the term i.nLtrias-k~ sorptivi tx ( S  ') 

whose relationship to sorgtivity (S) is 

s [go$$ css a3 1./2 ' 

The sorptivity is the coefficient o f  the r I i 2  term in Philip's 

vertical infiltration equation (91, ilafil.tration inko horizontal 

c~lumns can be described by the relation 

where q is the quantity of water imbibed per unit area, os is the 
water content at the source,@ the initial water content, t the 

i 
time, f i  = 3,14 . . ., and 6 is a weighted-mean diffusivity as used by 
Gardner (5). Equation 131 is a sol.artion of the parabolic, second 

order, diffusion equation with constant diffusivity. A derivation 

is given by Kirkham and Feng (61, and is discussed in standard 

texts on diffusion such as Crank &2), Rirkhm m d  Peng consol.idated 
1.42 the constants in their equation and wroee q ,=  A t  , hence, A = S = 

Swartzendruber ,c& &. $11) preceded PhFlfg (10) in analysing- 
the effect of surface tension and viscasity on Jnfbltration. They 

developed a capillary tube model from which the same result as 

equation C2l was obtained. They also found that the penetrability 

would be affected by surface tens%oa and viscosity in the same manner 

as infiltration, Thus 

I J Z  182 
x - P" (a/$ coa 8.1 t 9 

Annual Report of the U.S. Water Conservation Laboratory



where x i s  the  dis tance  t o  the wett ing f ron t  from the  source and P' 

i s  the  &t r ins ic .  pen-., 

Assuming t h a t  the  contact angle, whatever i t s  value, remains 

constant i r respec t ive  of temperature changes, then the  term cos H 

can be included i n  the  i n t r i n s i c  fac to rs .  Thus, equations [ l ] ,  

[ 2 ] ,  an.d [43 become: 

o 
where DO So, and P a r e  m0difie.d & w q  ~.&c.6,ors0 e3 

Some physical. proper t ies  o f  the  so41 mater ia ls  used i n  t h i s  

study a r e  given in Table 1, Par t  E a, and Table 1 i n  t h i s  sect ion,  

I n  Table 1, the  water content a t  the  source 8 was obtained by ex- 
s 

t rapo la t ing  the  water content d i s t r i bu t i on  curves of Figure 1. t o  

X = O o  

The water content d i s t r i bu t i on  curves a r e  shown i n  Figure 1 

f o r  the  three  s o i l  mater ia ls .  The l ines  were drawn through the  

mean water content of ten  samples a t  each x. The water content ranges 

of the  ten  samples a t  each x a r e  shown by the v e r t i c a l  l ines .  A l l  

f i v e  temperatures yielded essene ia l ly  the  same water content d i s t r i -  

bution curve, No trend whatsoever was observed between water con- 

t e n t s  f o r  any pa r t i cu l a r  x and temperature. The di f ference bet.ween 
0 

the average water content of dupl ica te  samples a t  any x a t  5 C and 
o 

the  average of dupl ica tes  a t  the  same x ak 42,5 6 was no greater  

than the  di f ference between dupl ica tes  a t  the  same temperature, 

Therefore, under these experimental conditions, t he  e f f ec t  of tem- 

pera ture  on water re ten t ion  could not be measured, However, the  

times necessary f o r  water to penetra te  the  speci f ied  distances were 

considerably d i f f e r en t  f o r  the  di f fere?& te.mpera,tures, 

Since tempera.ture e f f ec t s  sn  P,he waeer content d i s t r ibu t ion  

curve could not be measured, the  l i n e  drawn through the  mean water 
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content a t  each x was used t o  evaluate dx/d8 and $xd$ i n  equation [8], 

which i s  used t.o cal.culate the  d i f fu s lv i t y .  A s  noted previously, 

accurate measurements of dx$d$ cannot be made a t  water contents near 

8 nor a t  the  lower water contents. Within the  region of measure- 
s 

meat the only term in equation l8.1 t h a t  var ied  with temperature was 

the  time required f o r  water to advance a givea dis tance  i n  the  s o i l  

columns. These times a r e  given i n  Table 2 f o r  t he  t.hree s o i l  materials ,  

and per ta in  t o  x = 20,3 cm Esr Pachappa and Adelanto and t o  x = 15.3 

f o r  Pine, 

Soil-water d i f f u s i v i t i e s  for  the  th ree  soil mater ia ls  a t  three  

temperatures a r e  shorn in .Pigures  2, 3, and 4. For Pachappa and 
0 0 

Adelanto, d i f f u s i v i t i e s  were twofold hagher a t  42,.5 C than a t  5 C. 

D i f fu s iv i t i e s  f a r  Pine changed about threefold  over the same tempera- 
s 

t u r e  in te rva l .  D i f fu s iv i t l e s  a t  13,5 and 33,O 6 a r e  not shown, but 

can be calcula ted us iag d i f f u s i v i t i e s  a t  one of the  temperatures 

shown in  Figures 2, 3, and 4 and Crm the times i n  Table 2. 

Figure 5 shows weighted-mean d i f fus iv ik ies ,  calculated using 

a rearrangement of equation [3] ,  versus temperature, Since q 

(measured volumetrical ly and by numerfca1I.y evaluating Jxdeand 

(Bs - 8 . )  were not measn~rably influenced by temperature, time was 
I 

again the only term tha t  changed with temperature. 

The weighted-mean d i f f u s i v i t y  is a weighted average of the  

e n t i r e  d i f  fusivf ty-water coateat  funet isa  see  Crank (2) p. 2561. 

Since t h i s  d f f fu s iv i t y  and the measured d i f f u s f v i t t e s  shown i n  

Figures 2, 3, and 4 varied with tcaperature  i n  i d e ~ t i c a l l y  the  same 

manner, it appears t h a t  the  same may be t r u e  f o r  d i f f u s i v i t i e s  

a t  the  water contents near 8 and the  lower water contents where s 
measurements of X3 are uncertain,  X f  this i s  so, then we can con- 

clude t ha t  tfie d i f f u s i v i t y  a t  any water content i s  a f fec ted  by 

temperature i n  the  same mac.ner a s  the diffusfvhey a t  any other water 

content, We can, therefore,  examine the d1;ffusfvI.ty-temperature 
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r e l a t i o n s  f o r  one d i f f u s i v i t y ,  say 6, and app ly  the  cenclusioa t o  

the  o ther  d f f f u s i v i t i e s .  
-0 

Using 5 f a r  i n  equation [s:, the r a t i o  E l [ c ~ / q )  = D was 
8 

ca lcu la ted  f o r  each temperature. Values of G a d  q f o r  five-degree 
0 

i n t e r v a l s  i n  t h e  range O t o  45 G a r e  given by Dorsey ( 3 ) .  Values 

f o r  temperatures not s p e c i f i c a l l y  gLven in t h e  t a b l e s  were obtained - 0 
by l i n e a r  in te rpo la t ion ,  The f i v e  va,%uea of D t h u s  obtained f o r  

each s o i l  ma te r i a l  were averaged and the  r e s u l e  was mul t ip l i ed  by 

(cr/q) a t  severa l  temperatures ta obta in  bhe t h r e e  I f m s  shown. i n  

Figure 3, The symbols represent  experfmentab da ta ,  Comparison of 

the  da,ta po in t s  and the  l i n e s  show how w e l l  t h e  temperature de- 

pendence of soi l-water  d i f f u s i v i t y  caw be explained on t h e  bas i s  of 

the  temperature dependence of the  surface  r e ~ s i o n - v i s c o s i t y  r a t i o ,  

I n  the  derivacton of equation 81 Lt was assumed t h a t  a  plane 

of constant  water content  advances propor t ional  t o  t1j2 * Assuming 

t h a t  t h e  v i s i b l e  wet t ing  f r o n t  is a plane o f  constant water content,  

p l o t s  of d i s t ance  of khfs wet t ing  frnnk from the  source versus t 1 /2 

should be l i n e a r .  Figure 6 shows t h e  d i s t ance  t o  the  v i s i b l e  wet- 

t i n g  f r o n t  versus a f o r  the  th ree  s n i l  ma te r i a l s  at the  highest  

and the lowest temperatures, Data fo r  t h e  rematsing t h r e e  tem- 

pera tures  a r e  s imi la r ,  Duplicatiow was e x e e l l e ~ a ,  a s  indica ted  by 

the  d i f f e r e n t  symbols f o r  dup l i ca te  samples, aad s t r a i g h t  l i n e s  

obtained. The s lopes  of  these  l i n e s  are the p e n e t r a b i l i t j e s .  

Note t h a t  f a r  Adslanto and Pine t h e  l i n e s  p ie rce  t h e  o r ig in ,  but 

f o r  Pachappa a small p0sdki.ve i n t e r c e p t  (abouz 8,T cm) obtains.  

This was observed and discussed i n  Part  I a ,  

F igure  7 shows the  pewet rab i l%t ies  fo r  the  th ree  s o i l  m a t e r i a l s  

a s  a  funct ion  of temperature. The po in t s  a r e  experimental data.  

The l i n e s  were obtaLned by eaIcula,ting P(QJ$ 
-k/2 := PO, aga in  assuming 

the  contact  angle. t o  be independent of tempcsaBurn. Values of Po 

were ca lcula ted  f o r  each teapera ture ,  averaged, and the resu1.t mul- 

t i p l i e d  by ( G / ) ~  a t  several  temperatures to obCain t h e  l i n e s .  

A s  discussed e a r l i e r ,  rhe s o r p t i v i t y  S is  dSrect ly  propor t ional  

t o  (6)li2, hence values of S a r e  preporhianal  t o  the  square root  of 
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t he  values i n  Pigure 3 ,  The temperature dependence of s o r p t i v i t y  i s  

the  same a s  t h a t  f o r  pene&rab i l i ty  and could be 5l . lustrated by 

Figure 7 i f  t he  o rd ina te  were s u i t a b l y  Labeled, Comparing data  po in t s  

with the  t h e a r e t i c a l  l i n e s  in Figures 5 and 7 i n d i c a t e  t h a t ,  a t  l e a s t  

i n  the  f i r s t  approximation, t h e  e f f e c t  of temperature on soi l-water  

d i f f u s i v i t y ,  s s rp tPv i ty ,  a ~ d  p e n e t r a b i i j t y  can be explained on the  

b a s i s  of t h e  temperature depesdenee o f  su r face  i,ezrsIsn and v i s -  

cos i ty .  The data a r e  s u f E i c 3 e ~ t l y  gsod k o  s u b s t a n t i a t e  the  assumption 

t h a t  t h e  contac t  angle does not varyappreciably with temperature with- 

i n  t h i s  temperature range. 

Xn equations [5] , [6] ,  and 1% 3 ~ h e  g~v$1i 6 f . d  $n t r ins ic ,  f a c t o r s  
4 

can be evaluated by measuring D, S, and P a t  one temperature, knowing 

a/q a t  t h a t  temperature, Estkmates o f  D, S, and P can then be ob- 

ta ined f o r  o the r  temperatures by mul t ip ly ing by o/q o r  ( ~ / q ) ~ / ~  f o r  

t h a t  tempersture. These c.ontlusiows a r e  based an  data  obtained i n  
o 

t h e  region 5 t o  42,s C and may not  be v a l i d  ou t s ide  of t h i s  tempera- 

t u r e  i n t e r v a l .  

Prom the  p raes ica l  point  o f  view, i t  i s  of i n t e r e s t  t o  i n f e r  

from t h e  above dtscussfon t he  e f f e c t  of temperature on. the  v e r t i c a l  

i n f i l t r a t i o n  of water t n t o  s o i l ,  PhJ i ip  (10) has shorn t h a t  the  

equation 

descr ibes  v e r t i c a l  i n f i l t r a t i o n ,  fa.PrPy wel l  f o r  a l l  except very 

l a rge  t i m e s .  I n  equation f 91, A is  apgroximakely propor t ional  t o  

the  sa tu ra ted  hydraulic  conductivi ty aod should fhexefore be pro- 

por t iona l  t o  the  inverse  of viseosa"ty, Since % > . A  f o r  small times, 

the  s o r p t i v i t y  term is  dominant and i n f i l t r a t i o n  should vary w i t s  

temperature a s  ( L T / ~ ) " ~  v a r i e s  with temperature during the  e a r l y  

s tages ,  A s  time progresses t o  t h e  point  where the  A term becomes 

dominant, t h e  inf  i l t r a t i o n  should vary wish temperature. a s  (1.1~) 

v a r i e s  with temperature, 

S m Y  AND GBNVICLUSIBNS: 

Water a t  -2mb pressure  was absorbed by hor izonta l  columns of 

th ree  s o i l  mat erf aBs o f  difder ing  t e x t u r e  a t  temperatures S,O, 13.5, 
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24.0, 33.0, and 42.5' 6 .  From t h e  water content d i s t r i b u t i o n s ,  s o i l -  

water d i f f u s i v i t i e s  were ca lcula ted ,  assuming app lScab i l i ty  of 

d i f f u s i o n  theory, Twofold to t h ree fo ld  d i f fe rences  were observed 
0 0 

between d i f f u s i v i t i e s  a t  5.8 and 42.5 C ,  The water content 

d i s t r i b u t i o n  curves were pot measurably infJuenced by temperature, 

thus, i n  t h e  equation used t o  c a l c u l a t e  d i f f u s i v i t y ,  t h e  time 

required f o r  water t o  pene t ra te  t h e  given d i s t ance  was t h e  only term 

d i f f e r i n g  with temperature, 

Thetemgerature dependence of t h e  r a t i o  of surface  tens ion t o  

v i s c o s i t y  appears t o  be t h e  dominant f a c t o r  i n  descr ib ing the  

temperature dependence of soi l-water  d i f f u s i v t c y ,  The square root  

of t h e  su r face  t ens ion  v i s c o s i t y  r a t i o  adequately accounts f o r  the  

temperature dependence o f  p e n e t r a b i l i t y  and s o r p t i v i t y e  
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'Table I ,  Density,  p o r o s i t y  and volumetr ic  water  conteak da t a  f o r  

s o i l  m a t e r i a l s  used. 

S a i l  Bulk P o r o s i t y  Water con tea t  I n i t i a l  water  

densiky a t  source  e content  0 
s i 

Pachappa 1.. 377 3 .009 .492 .420 

Pine  1,257 2 .007 .533 .476 .035 
rn ,- 

Table 2. Times r equ i r ed  f o r  water t o  advance 20.3 cm i n  Pachappa 

Loam and Adelanto loam, and 15.3 em i a  Pine  s i l t y  c lay .  

Values a r e  averages of d u p l i c a t e  columas. 

Temperature 
Adelants  Pine 

min min 
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Distance From Source (cml 

Figure 1, tdater content distribution curves for duplicate 

samples of three soil materials at five temperatures, 

The length of the vertical lines indicates the 

range of water contents for the ten samples. The 

line was d r a m  through the means. 
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Figure 2 .  Soil-water diffusivity versus volumetric water 

content for Pschappa loam at three temperatures. 
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Figure 3. Soil-water diffusivity versus volumetric water 

content for Adelanto loam at three temperatures. 
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Figure 4. Soil-water diffusivity versus volumetric water 

content for Pine silty clay at three temperatures. 
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Figure 5, Weighted-mean diffusivity versus temperature. The 

symbols are experimental whereas the lines were 

obtained from considerations of the temperature 

dependence of surface tension and viscosity. 
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US. Wafer Conservation L 
Tempe, lr ironu 

Figure 6 .  Distance t o  the  wetting f ron t  versus the  square roo t  of time f o r  t 

s o i l m a t e r i a l s ,  each i n  dupl ica te  a t  t he  highest  and lowest tempe Annual Report of the U.S. Water Conservation Laboratory



Temperature (Ocl 

Figure 7. Advance of wetting front versus temperature. The 

symbols are experimental whereas the solid line 

was obtained from consideratians of the temperature 

dependence of surface tension and viscosity. 
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This invest  iga t i m  was undertaken t o  a s c e r t a i n  t h e  r e l i a b i l i t y  

of the  pressure  p l a t e  o ~ l t f l a w  method f o r  measlsr-ing soi l-water  

d i f f u s i v i t y ,  The method, a s  proposed by Gardner (39 ,  assumed constant  

d i f f u s i v i t y  and n e g l i g i b l e  p l a t e  o r  membrane impedance, The d i f -  

Eusivi ty was obtained by plot  t i o g  f ract  ional  Fatrtflow y e t  t D come 

(1  - Q /Q 1 versus time on semi-log gaper and ca lcu la t ing  
t 0 

the  slope of t h e  Line, Methods proposed to accmmt F s r  membrane 

impedance were reported by Mil ler  and Elr ick (53, Rijtema ( a ) ,  
and Kunze and Kirkham (41,  OF t h c  th ree ,  K u ~ a e  and irkham's method 

appears the  most use fu l ,  

Experimental r e s u l t s  obtained usi-g t h i s  method were d i s -  

appointing, Reproducible r e s u l t s  were not obt-aiaed and d i f f i c u l t i e s  

a rose  i n  t h e  i n t e r p r e t a t i o n  95 data ,  This  led  t o  a  t h e ~ r e t i c a l  

and experimental examinatior o-% t h e  method, B"he r e s u l t s  oh which 

c o n s t i t u t e  t h i s  r e p o r t ,  

he assumption oaf constan#- d f f f u s i v i t y  appears t o  be the weak 

point: i n  the  outflow method, Authors o f  previous L i t e r a t m e  on 

t h i s  method have c a r e f u l l y  o in ted  o u t  t h a t  t h i s  asseunptixm. i s  

e s s e n t i a l  t o  mathematics l  development o f  t,he method, but none have 

shown tha t  i t  i s  experimentally a t t a i n a b l e ,  nor t o  what degree 

i t  must be a t t a i n e d  t o  permit agreemeat between experimeat and 

theory, Experimentally, outtlow increments of s w f f i c i e ~ t l y  small 

s i z e  t o  v a l i d a t e  the  assumption o f  constank 

because small increments r equ i re  high measurement prec is ion  and 

n e c e s s i t a t e  a l a rge  number of increments to  cover a g ives  range 

of water contents ,  

I An i nd ica t ion  of the  e f f e c t  s f  the  nsncsnstant d i f fus iv iky  

on outflow curves was obtained by assuming a  pa re icu la r  d i f fus iv i ty - -  

water content  rel .at ionship and c a l c u l a t i n g  outf3sv curves, assuming 

no membrane impedance if& O$, the  syXbol 2 r e f e r s  h n  t he  r a t i o  of 

membrane impedance co the  s o i l  impedanc~], Theore t ica l  oukflow 
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curves f o r  an exponential d i f f u s i s n  coe f f i c i en t  D = D exp p8 a r e  
0 

given by Crank (2) .  The curves a r e  f o r  D ~ / D ~  " l o  and D ~ / D ~  = 25, 

where D i s  t h e  d i f f u s i v i t y  a t  the  i n i t t a l  (highest)  water content,  
i 

and Do i s  the  d i f i u s i v i t y  a t  the  f i n a l  (lowest) water content ,  and 

8 i s  the  vol.umetric water contenc, The ses2ution for  the  r a t i o  

D ~ / D ~  
2 was obtaiaed by in te rpo la t ion .  

Figure 1 shows ou"Z1w curves $07- D /Dos5;  2 9  l o 9  25;, assuming 
2 i 

D = Do exp p8 and a 0. For D t / L  > 0.2 the  lar ter  graph i s  
0 

l i n e a r  and the  s lope  can be e a s i l y  det.ermi.ned, Also shom a r e  two 

l i n e s  i l l u s t r a t l  ng the  e f f e c t  of membrane impedance an ou t£  law 
2 

curves with constant  d i t f u s i v i f y .  Mote tha t  For D Q t / l  9 0.2 

t h e  graphs a r e  l i n e a r  and the  ext rapola ted  l i n e a r  port ion has an 
2 

i n t e rcep t  g rea te r  than 84% . 
For Di/Do = 2, 10, and 25, t h e r e  i s  oo l i n e a r  por t ion  from 

which "the" s lope  can be ca lcula ted ,  Bear a l s o  i r ~  mind thae the  
2 

i n t e r c e p t  cannot be l e s s  than 8 / x  . Thus the  method of Gardner 

(3)  and of Kijtema (7) a r e  not  appl.kab3.e i f  Di/Do $ 1" The 

same app l i e s  t o  t h e  method of Mi l l e r  and E l r i c k  (5) even i f  2 = 0, 

because the  exponential  t a i l s  n experiment and theory capnot be 

maLched, Kunze and Kirkham $4) s t a t e d  t h a t  they f requent ly  

observed twofold t o  f i v e f o l d  changes i n  conduct iv i ty  (and hence 

d i f f u s i v i t y )  with water content changes of o n l y  1 ro 2 percent ,  

Kunae artd Rirkham (4) t a k i l  f ze the ini"a1 por t ion  of the  

outflow curves and assume D constant  wi th in  t h i s  region of water 

contents ,  I n  Figure 2 ,  the  e f f e c t  sf  nsncsnstant  D on i n i t i a l  

outflow without membrane impedance i s  s h o m  when p l o t t e d  according 

t o  Kunze and Kirkham, Also sn t h e  p l o t  a r e  t h r e e  l i n e s  Eor 

D ~ / D ~  .= 1 but f o r  th ree  d i f f e r e n t  values of membrane impedance. 

This  shows t h a t  with e i t h e r  noncolastant d i f f u s i v i t y  o r  with ap- 

p rec iab le  membrane impedance the  r e l a t i o n  between out.f3-ow and time 

i s  i n i t i a l l y  l i n e a r  on a log-log p l o t .  However, i f  bath e f f e c t s  

a r e  present  s imul taneou l~y ,  the re  is, for lack o f  an appropr ia te  

mathematical s s l u t i o n ,  no assurance thac a t h e o r e t i c a l  model w i l l  

exh ib i t  a  l i n e a r  por t ion  and a f f o r d  a method oE data  analys is .  
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P l o t s  of qt/Q0 versus  ( D ~ ~ / L ~ ] " ~ ,  {according t o  t h e  t 112 

method) a s  d iscussed  by Crank (2) a r e  shorn in  P igu re  3 f o r  

D ~ / D ~  = 2 , 1-0, and 25, wi th  2 0. The i n i t i a l  l i n e a r  po r t ions  a r e  

ev ident ,  Hembraae impedance m k e s  t h e  i n i t i a l  p o r t i o n  of t he  

curves nonl inear  and s h i f t s  them t o  hhe r i g h t  a s  shown i n  t h e  

curves f o r  5 0.0667 and 0.2, ni /DQ = 1. Werefo re ,  t h e  t 1 /2  

method i s  no t  a p p l i c a b l e  when membrane impedaxe  i s  n o t  n e g l i g i b l e ,  

EXPERXW,NT& :: 

To perform c a r e f u l  t e s t s  of p re sen t  theor ies ,  nonhomogeneous 

packing and poor coatace between t h e  porous ma te r i a l  and t h e  p l a t e  

had t o  be minimized, This  cons ide ra t i sn  r e q i ~ i r e d  a graded, U 

f srmly packed, porous mater ia  1, 

The porous platers used were t m ~ 7 0  mawel p l a t e s  8,255 cm t h i c k  

and one s t a i n l e s s  s t e e l  p l a t e  0,196 csm t h i ck .  The p l a t e s  were 

s e l e c t e d  because of t h e i r  low impedance, r e l a t i v e l y  h igh  bubbling 

pressure ,  and r i g i d i t y ,  

The p re s su re  cal.1 developed by Reginalo and Van Bavel ( 6 )  

was used f o r  t h i s  measurement, The c e l l  i s  s u f f i c i e n t l y  smal l  

t h a t  i t  can be weighed a t  t h e  beginning and t h e  end of a measure- 

ment t o  o b t a i n  t h e  t o t a l  sutfJow. A s topcock arrangement was 

added t o  t h e  outflow tube  t o  prevent  water from r e e n t e r i n g  t h e  

porous m a t e r i a l  whi le  t h e  a i r  p re s su re  was disconnected dur ing  

weighing. 

The porous p l a t e s  were s a t u r a t e d  wi th  water i n  a vacuum 

des i cca to r ,  then  placed i n  ithe p re s su re  c e l l ,  The ee1l.s were 

assembled and t h e  impedance s f  each p l a t e  was measured wi th  t h e  

c e l l  complete except f o r  t h e  porous m a t e r i a l .  The measured 

impedances Qz ) were: Call. 1, monel $Jape,  n; .= 12,8 miaa; 
P P 

C e l l  2, monel p l a t e ,  a: = 10,8 min; Ce l l  3 ,  s t a i n l e s s  s t e e l  plaJte, 
P 

z -. 4,5  min. 
P 

Af t e r  measuring t h e  impedances, t h e  c e l l s  were taken a p a r t  

and t h e  50-50Qp sand w a s  packed, under water ,  i n t o  each c e l l .  The 

c e l l s  were assembled and 60 mb of a i r  p re s su re  was app l i ed  f o r  a n  

overnight  pe r iod ,  A p re s su re  of 60 mb was s u f f i c i e n t  t o  b r ing  
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a i r  i n t o  con tac t  wi th  t h e  p l a t e  but  on ly  a small amount of outflow 

r e s u l t e d ,  

The bulk d e n s i t i e s ,  measured a t  t h e  end a£ t h e  experiment, 

were l ,57 g cc  f o r  each sample, This  agreement i n  bulk d e n s i t i e s  

i s  an  i n d i c a t i o n  t h a t  t h e  samples were packed s u f f i c i e n t l y  uni-  

formly, 

Qutflow measurements were made by p l ac ing  t h e  c e l l  near  a  

d i r e c t - r e a d i n g  balance ( readable  ta 0 , 0 l  g) and c o l l e c t i n g  t h e  

out f low d i r e c t l y  on t h e  bal.ance, The time a s s o c i a t e d  wi th  out- 

flow increments w a s  observed on a  t imer a c c u r a t e  t o  0,Ol minute. 

During t h e  i n i t i a l  ~ u t f l o w  per iod  two  people were r equ i r ed  t o  

o b t a i n  t h e  measurements, one noced the  outklow, t h e  o t h e r  t h e  time, 

The c e l l  was weighed immediately p r i o r  t o  each measurement, 

allowed t o  e q u i l i b r a t e  f o r  24 hours a f t e r  completion of t h e  measure- 

ment and reweighed t o  o b t a i n  t h e  t o t a l  outflow, Af te r  e q u i l i b r a -  

t i o n  a t  t h e  f i n a l  pressure ,  t h e  c e l l  weight was taken and the  

sample removed and d r i e d  t o  o b t a i n  t h e  Final water conten t  and 

bulk dens i ty .  he  a i r  p re s su re  t o  t he  c e l l  was c o n t r o l l e d  by a  

r e g u l a t o r  accu ra t e  t o  0,3  mb, Measureme~ts  were made dur ing  

t h r e e  p re s su re  increme.ip.ts o f  10 mb from 60 t o  90 mb and one 20- 

mb increment from 90-'II(B. Samples then  were r e s a t u r a t e d ,  e q u i l i -  

b ra ted  a t  60 mb, and ano the r  i d e n t i c a l  s e r i e s  sf measurements 

were made, 

A t  t he  completion of t h e  experiment, t h e  impedances of t h e  

monel p l a t e s  were so h igh  t h a t  a c c u r a t e  measurements of t h e  

impedances were n o t  attempted. The s t a i n l e s s  s t e e l  p l a t e  had a  

z = 6.85, about  58  percent  h igher  than a k  t h e  beginning of t h e  
P 

experiment,  The inc reases  i n  impedance were poss ib ly  due t o  

b a c t e r i a l  a c t i v i t y  and cor ros ion  i n  t h e  p l a t e s ,  Lf t h e  theory  

adequately accounts  For membrane impedance, t h e  i n c r e a s e  i n  i m -  

pedance should no t  a f f e c t  t h e  c a l c u l a t i o n  of d i f f u s i v i t y .  

RESULTS AND DISCUSSI 

Resu l t s  of t h e  t o t a l  ou t f l sw  and volumetr ic  water content  

measurements a r e  presented  i n  Table  I. I f  a l l  experimental  and 
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theore t i ca l  conditions were per fec t ly  met, the  values f o r  Q and Oi 
0 

fo r  the th ree  c e l l s  would be i den t i c a l  a t  each pressure increment. 

However, these quan t i t i e s  vary considerably betweea c e l l s  and with 

reruns of the same c e l l ,  Regardless of the  reason fo r  the  d i f -  

ferences, consistent  resulbs  were aat obtained from samples intended 

t o  be r ep l i c a t e s ,  

Of primary i n t e r e s t  a r e  the dfffuam'viitry data presented 

in  Table 2, D i f fu s iv i t i e s  ca lcula ted from Q /Q versus t 1 /a 
% 0 

p lo t s  shew considerable va r ia t ion  between r ep l i c a t e s  and between 

reruns of the  same sample. The l a rge  di f ferences  between reruns 

with the c e l l s  containing m~nek p l a t e s  can be explained p a r t i a l l y  

on the  bas i s  sf  increased p l a t e  impedance fo r  which the  t 1/2 

method does not account, However, with the  cell.  containing the  

s t a i n l e s s  s t e e l  p l a t e  an increased p l a t e  impedance would not 

account fo r  the higher D obtained during the second s e r i e s  of 

runs 

When. the  data were p lo t t ed  om log-3.og paper according t o  

Kunze and Kirkham ( 4 )  not a l l  data could be matched s a t i s f a c t o r i l y  

with a theore t i ca l  curve and hence, account f o r  membrane impedance. 

Considerable difficulty was encountered i n  Zi tLing some curves 

a s  evidenced by the  f a c t  tha t ,  i n  some instances,  ranges instead 

of s ing le  values a r e  given i n  Table 2. More v a r i a b i l i t y  oe- 

curredwhen data were in terpre ted i n  t h i s  wanner than by using the 

t1l2 method. 

The d i f f i c u l t y  i n  m t c h i n g  experimental points  to theore t i ca l  

curves t o  account f o r  p l a t e  impedance is  depicted in Figure 4, 

where data f o r  c e l l  2 (moanel p la te ) ,  88 ts 90 mb pressure in- 

crement, a r e  presented. There a r e  s i x  data poiqts  within the  f i r s t  

15 percent of the total  outflow--the region Kunze and Rirkham 

suggest using, The s a l i d  c i r c l e s  show the  match oE theory and 

experiment i f  the  f i r s t  two points  a r e  considered i n  e r ro r ,  hence 

neglected, The open c i r c l e s  show the f i t  i f  the  f i r s t  f i ve  points  

a r e  used and the remainder neglected. It is  di  Ff icul t  t o  decide 

which thearekical  curve thEe  points  best Sit. J S  the  curve fo r  
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a = 0.5 i s  chosen, them. D = 0.27. Addit ional  uncer ta in ty  a r i s e s  - 
i f  t he  curve f o r  2- - 1000 i s  chosen. The family ~f curves f o r  

a 1.: 10 t o  2 = 1000 a r e  near ly  coincid,ent [ s e e  (4) Table 11, making - 
0 
L 

t he  s e l e c t i o n  o f  t h e  proper curve d i f f i c u l t .  For 2 = 1.0, al = 0.097, 
2 

and f o r  2 =: 1008, ax .: .Qhal, rhtts for these  data,  D would be some- 

where between 4 and 40, conskderably higher than i f  the  curve f o r  

a = 0,5 i s  used, This  shows some o f  the dd;fficu!ties one may - 
encouptar when membrane impedance is l a rge ,  

I n  contrast., Figure 5 shows date  obtained when membrane 

impedance was negl.igible. These data a r e  for  ee l1  3 ( s t a i n l e s s  

s t e e l  p l a t e ) .  The data  match the  t h e o r e t i c a l  curve and the  ca l -  

cula ted  D i s  the  same as t h a t  calcula?ed from Q $Q versus t 1/2 
t o  

p l o t s .  Pigure 6 shaws Q ~ / Q ~  versus t.142 p l o t s  f o r  the  same data  

shown in. F igures  4 and 5, The open c i r c l e s  a r e  f o r  c e l l  3 

( s t a i n l e s s  s t e e l  p l a t e ) ,  o t e  t h a t  the  i n i t i a l  po r t ion  is  l i n e a r  

and p ie rces  t h e  o r i g i n ,  The Ilr cal.culated from t h e  s lope  s f  t h e  

l i n e  i s  the  same a s  the  D obtained i n  Pigure 5. The s o l i d  c i r c l e s  

a r e  the  same data a s  s h o w  i n  Pigure 4. Note t h e  sigmoid-shaped 

curve, Only a poreion near t h e  cen te r  approaches l i n e a r i t y .  The 

D calcula ted  from the  slope s f  t h i s  port ion i s  0,119, one-half 

of the  Iswest vahue obtained from the  pLat.s of Pigure  4,  This 

shows t h e  d i f  I i c u l t y  i n  us ing  t h e  t method when p l a t e  impedance 

i s  present .  

Figure 7 shows the  same data  ('neg$igible membrane impedance) 

a s  axe i n  Figure 5 aad the  open c i r c l e s  sf Pigure 6 p l o t t e d  semi- 

I.ogarithmically according t o  Gardaer's method. Comparing the  

curve with Pigure 1 suggests t h a t  D was not c.onstant wi th in  t h i s  

pressure increment. The s t r a i g h t  l i n e  was ca lcu la ted  assuming D 

constant  (Ilr aw 0,069 a s  obtained from Figure 5 o r  6 )  using equation 

[3 ] ,  neglec t ing  a l l .  terms i n  the  s e r i e s  but  the  f i r s t ,  J t  i s  

obvious t h a t  D caaztaot be ea'leulated from p l o t s  of t h i s  type using 

methods of Gardaer, Rijtema, o r  K i l l e r  and E l r i ck ,  En &he l a t t e r  

case a matching t h e o r e t i c a l  curve cannot be obtained. 
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S ~ R Y  mr, co.gcLnsxoHs: 
1, The assu.mpti.on of cowstank. d.iffaxsi.vity puts  a severe 

l imi ta t ion .  0x1 t he  pressure-p4.ate sutfl.ow method, It does not  

appear practi.ca.1 from an experd.mentcal. poin t  of view t o  take  

increments .suf f i c i e n t  1.y small. to make t h i s  a ~ ~ ~ r n p t i o n  va l id .  

2, When d i f f u s k v i t y  i s  not cowstant a d  membrane impedance 

not negl ig ib le ,  methods acccsuntiag for  membrane i.mgedan,ce.may 

be inappl icable  because theorekrica.1 agd exx.perd.menrr:al curves may 

not match, 

3, When. di.f f u s i v i t y  i s  not  conslant  and membrane impedance 

i s  negligible.,  p l o t s  sf Q , / Q  vers  s t y i e l d  i n i t i a l l y  l i n e a r  
t o  

por t ions  from which a weighted-mean diffuskarity can be calculated.  

The method of Kuaze and Kirkham i a  a l s o  app:8,i,eable i n  t h i s  case. 

4, It i s  exlremely d i f f i cu l t :  experimentak1.y t o  ob ta in  

r e p l i c a t e d  resu2.tr;s o f  di.f f u s i v i t y  measurements. 

5, (I;snsi.de?si.ng t h e  various the .ore t ica l  and experimental 

aspects ,  we conclude t h a t  da ta  obtai.ned from the  out£ low method, 

i n  i t s  present  state o f  development, may be uncer ta in  by an 

order  of magnitude., 
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Table 1, Outflow and water content data fo r  58-500p sand, bulk - 3 density 1.57 g em The a and b col.umns a r e  reruns of 

the  same sample. 

otal outflow (Q i n  grams). 
o 

- - 
Pressure Cdel.1. 1 C e l l  2 Cel l  3 

incr  ernent (msnel p la te)  (monel pla te )  ( s t a in l e s s  s t e e l  

b b $  p la te )  

a b a b a b -- 
60-7 0 2.57 3,08 l.58 2,47 3.97 4.04 

70-80 5017 3,49 4.39 4,28 5.98 4.5 1 

80-90 Caw 3*64 -.m 3,99 - - 3,OO 

90-110 4.87 4,20 4-87 4,14 2.91 2.86 - -- 

B. I n i t i a l  volumetric water content (0 cm3 a n ~ ~ ) ~  
i 
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Table 2. Reproducibility of diffusivity data for 50-500~ sand, bulk - 3 2 -1 
density 1,57 g cm Units of  diffusivity are cm min 

The a and b columns are reruns of the same sample. 

A, Using square root of time method. 

Pressure Cell 1 eel1 2 Cell 3 

increment (monel plate) (monel plate) (stainless steel 

bb) plate) 

a b a b a b 

B. Using Kunae and Kixkhm's ( 4 )  method, 
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Figure l. Theoretical outflow curves plotted according to 

Gardner" method. 
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US. Wafer &nservotion Laborafory, 

Figure 2, The~retfcal outflow curves plotted according 

to  Kunze and Kirkham ' 6  method. 
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US. Water Conservof/on Lobwafoc 
Tempe, Arko 

02 

0. l 

0 

Figure 3. Theoretical outflow curves plotted according 

to the square root of time method. 
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Figure 4 .  Comparison of experimental data from Samples 

having membrane impedance with theoretical 

outflow curves of Kunze and Kirkham. 
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Figure 5, Comparison of experimental data from sample 

without membrane impedance with theoretical 

outflow curve of Kunze and Kirkham. 
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US. Water Conservolion Laboratory, 
Tempe, A r k  

Figure 6 .  Data from samples without (open circles) 

and with (solid circles)  membrane impedance 

plotted according to square root of time 

method; 
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Figure 7. Experimental data without membrane impedance but 

with non-constant diffusivity plotted according 

to Gardner 's method, 
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F i c k s s  laws - o r i g i n a l l y  s t a t e d  f o r  one-phase media - 
apply a l s o  t o  d i f f u s i v e  t ranspor t  through f l u i d s  (gases and/or 

l iqu ids )  contained i n  porous media, The s o l i d  matr ix  complicates 

mat ters  by a l t e r i n g  the  df.ffanaion path 1.eagth and the cross- 

sec t ional  a rea  a v a i l a b l e  f o r  d i f fus ion.  Ln such app l i ca t ions  both 

the  d i f fus ion  c o e f f i c i e n t  and the  cooceatrat ion of the  d i f fus ing  

substance can be expressed e i t h e r  on t h e  b a s i s  s f  t he  bulk volume 

of t h e  medium or of i t s  f l u i d  phase. There e x i s t s  no un ive r sa l ly  

adopted usage in, t h i s  regard, Also, both modes s f  expression are ,  

a t  times, used i n  t h e  same treatment and, indeed, i n  the  same 

equation, a l l  t h i s  being conducive t o  e r r o r s  and confusion. 

This di.sc.ussisn compares and r e l a t e s  both modes of expression 

a s  regards t o  t h e i r  usage. 

When expressed oat t he  bas i s  of the  bulk medium, the  f i r s t ,  

o r  steady-atate, 1.aw f o r  t h e  one-dimensional case reads:  

where i s  t h e  mass f lux, I) che d i f fus ion  coe f f i c i en t ,  A t h e  cross-  
d t  

s e c t i s n a l  area,  c the  concentrat ion of the  d i f f u s i n g  substance, and 

x t h e  d is tance ,  The subsc r ip t  m r e f e r s  t o  t h e  bulk medium, the  

subscr ip t  f t o  the  f l u i d .  

Xf 6 i s  t h e  r e l a t i v e  volume occupied by the  p a r t i c u l a r  f l u i d  

I n  the  case s f  a s i n g l e  f l u i d  completely occupying the  pores of 

the  medium, E i s  t h e  poros i ty  of the  medi.um, If @ i s  defined a s  

a t s r t u s s i t y ,  we may w r i t e  
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In some cases the area applicable to the fluid (A ) has been 
f 

taken to be E Am, but this is true only for diffusion paths of 

constant cross-section passing straight through the medium, From 

A = V/x and equation [ 3 ]  it follows that 

Substituting [2], E33> and [ 4 ]  i n t ~  [I], WE obtain Fiek % first 
V 

law expressed on the basis of the fhid phase: 

where 

a relation that does not contain E, the relative volume of the 

f kid, 

Often it is convenient to use [I] but to measure and express 

the concentration as c Using [ 2 ]  in [ 1 j 3  &he first law becomes: 
f' 

where D is still. another diffusion coefficient, Lt follows that 
P 

2 
Id a D f  E P 3  
P 

E 81 

where, in contrast to C61, E is explicit, 

FICKS 'S SECOPJD LAW: 

In applying Pick ' s  second law to a porous medium, and using 

quantities ref erri:n.g to the bulk medium, 
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describes the transport i n  one dimension. When, for convenience, 

fluid-based concentrations are used, we find the same form: 

Prom [ 6 ]  and f81, we see that 

a form often found in the literature. 

Upon integrating equations [ 9 ] ,  [ 103, or [I k ]  for a particular 

solution, c should be in both integral and boundary values 

on the same, consistent basis. 

CQNCLUSXBWS: 

As to preference, equations containing x and A are impractical f f 
because neither can be directly measured. This leaves equations 

[I] and [ 9 ]  as the most consistent and erhaps most rigorous and 

equations [ a ]  and [ll] as the most practical in some situations. 
Whatever choice is made, the terms use,d in diffusion equations and 

their measurement should be unambiguousl.y described. 

PERSONNEL PART IHI: R. D. Jackson, 6, H, H. van . . 

F, 8, N'akayma, - a -4 a 
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TITLE,: DEVELOPMENT AND USE OF G A M  TRChRSMISSlON EQU'LPMENT FOR THE 

MEASUREMENT OF SOIL DENSITY Am MOISTURE CONTENT, 

LINE PROJECT: SWC 4-gZ& GOBE MO.: Ariz,-WCL-20 

INTROIIUCTIOM: 

Evaporation from the soil surface $6, in part, determined by the 

distribution and content of moisture ia superficial Layers, Within these, 

extreme gradients of moisture content secus changing rapidly with time, 

A. srudy of these conditions requires a type of measurement that can be 

made repeatedly, without disturbing the site, and in thin layers of 

soil. It has been demonstrated that the gamaa traasenissioa method is 

suited for such a purpose to the exclusion of a41 other methods, 

There are no commercial. sources of suitable equipment nor are 

adapted designs readily available. POP developing a better under- 

standing of evaporation, detailed stendies of surface moisture condi- 

tions are necessary and this project proposes to supply equipment to 

such ends. 

fie specific objectives involved are the design and testing of 

equipment for non-destructive measurement of soil density and moisture 

content using gamma radiation transmitted by thin soil layers and to 

use this method for the detailed study of moisture content of surface 

layers. 

When investigating Xhe transmission method the assumption is 

usually made that when a gamma point source is placed in a body of 

material, the radfat~on intensity is subject to the following law: 

Where I is the radiation intensity at a disrant x from the source, 
\ I0 

is the radiation intensity at the point source, x is the distance from 
2 -1 

the source em), &..to is the mass attenuation coefficient (cm g ), and 
3 

p is the total or wet density (g cm 1. 
It must be remembered however, that this equation applies only to 

monochromatic, primary radiation, that IS, radiation of one wave length 

emitted by a source and transmitted to the detector without alteration. 

Annual Report of the U.S. Water Conservation Laboratory



Equation [I1 w i l l  be used fn t h i s  work by empfrica1.l.y e v d u a t i n g  

the  mass a t tenuat ion coef f i e fen t  f o r  var ious  s o i l s ,  Then, by naaintaia- 

ing  a f ixed d%stanee barween the  source and detec tor ,  the  densi ty  can 

be cal.culated by meaaur Lng the  r a d f a t i m  i n t e n s i t i e s ,  I and lo. This 
X' 

calcu l a t ion  can then be  omp pared t o  the  grauvf metr Leal Py measured 

densi ty .  

I - zfpmenc.  The source and de tec to r  probes and access tubes a r e  

a l l  constructed from brass ,  as  t h i s  tubing 4s h e l d  t o  very c lose  
1 
! to lerances  and rke probes f i t  ant9.gY;f xsn t'k ear.cess tubes,  

The source tube was designed and b u i l t  t o  acconunodate a 5 me @s 136 

source capsule, 1,,270 em i n  diameter and 1,905 em long, In  order t o  
/- ;nc=r 

pos i t ion  the source In  t,he access tube w i t b . f n ~ O u %  cnlp a pos i t ioning 

tube was b u i l t  and at tached t o  t h e  souree probe. Holes with a diameter 

of 0,326 em were d r i l l e d  1.0 -+ rn @d,l cm apar t  v e r t i c a l l y .  

The de tec to r  probe was designed to'hsuse the  Nal(Th1 s c i n t i l l a t i o n  

crystal. ,  the  m u l t i p l i e r  phototube, RuMont Itl.788, the  preamplif ier  and 

r e l a t e d  connectors, A, posi t ioning tube f o r  the  de tec to r  was b u i l t  t o  

match the  one f o r  t h e  source probe. 

The source and detec tor  probe layout ared the  dimensions of the  

two probes a r e  shown i n  Figure 1. 

The e lec t ron ic  system used t o  count, the  numbe~ of pulses t rans-  

mi t ted  from the  source, t o  the  de tec to r  e o a s j s t s  sf  a non-overloading 

l i n e a r  ampl i f ier  which ils connected i n t o  a pulse height  analyzer and 

from the re  i n t o  a timer, sca le r ,  and r a t e  meter. A. separa te  high 

. vol tage  supply is used t o  fu rn i sh  the  necessary voleage required by 
I t he  multiplier phototube. A pulse  he.j,$at anal.yzer i s  ad.justed t c  

d iscr iminate  agains t  a l l  secondary o r  sca"kered r a d i a t i o n  and there-  

f o r e  the  scaler.  counts only the  primary rad ia t  ion, Equation [I] then 

l gives the  mass a t t enua t ion  c o e f f i c i e n t s  of s o i l  and water. 

Cal ibra t ion.  In order t o  apply equatssn [I] t o  t h i s  experiment 

i t  i s  necessary t h a t  t h e  exact d is tance  between the  point  source and 

the  de tec to r  probe 'be known. However, i f  t h i s  d i s t ance  3s once known 

and remains constant ,  the caP.cuLations a r e  maeh e a s i e r .  Therefore, 
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an alignment j i g  has been constructed so t h a t  where plzcfng access tubes 

i n  the  s o i l  the  j f g  w i l l  insure  &hat  t h e  tubes a r e  always a t  a f ixed  

d is tance  a p a r t ,  The construet ion layout f o r  the  alignment j i g  i s  shown 

i n  Figure 2. 

In  order  t o  assure  tEat  the e%ectronfe  p a r t  sf t he  system i s  

functioning properly a t  a l , l  times a cousnr: r a t e  through a n-iagnesium 

rod was taken and the  e l e c t r o n i c  equipmeat was adjus ted  so t h a t  the  

count r a t e  i n  the  magneshm would be of a cons tant  va lue  a t  a l l  t imes, 

Figure 3 shows the  source and deteckor probes, t h e  access tubes, the  

alignment j i g ,  a Puc5te standard, a magnes rum standard and a s o i l  

column., I n i t i a l l , y ,  the  two probes a r e  Lowered s o  t h a t  the  point  source 

and de tec to r  a r e  a t  the  mid pofnt O F  t h e  magnealum sod. The count r a t e  

i n  magnesium was adjusted el.ectroni.ealig t o  a s e t  value. This could 

a l s o  be done f o r  the  l , ~ c l t e  rod. 

The probes were then mved up t o  obta in  a, count r a t e  i n  the  s o i l  

column and a t o t a l  of f i v e  separa te  cswnt rates were made on each 

column. This was done by o b t a h i n g  a couns r a t e  i n  the  center  of the  

s o i l  column, P cm above and 1 e=m below the cen te r  and then r o t a t i n g  the  
0 

column 90 agafa counting 1 cm above and L cm below the  cen te r  of the  

column. Thus, the  f i v e  eount r a t e s  la the  s o i l  e o l u m  were averaged 

t o  obtain a s i n g l e  va lue  eount r a t e  t o  correspond with the  average 

bulk dens i ty  of the  column. 

C01umn.s were paeked wi th  f i v e  separa te  s s i k s  t o  d i f f e r e n t  d e n s i t i e s  

and with varying moisture contents .  An ernptrieal r e l a t ionsh ip  i s  thus 

obtained between Ebe count r a  tg, and moisture content  and 

compared with the  r e s u l t s  pre on /I ?-Ycb- 

D DXSCUSSIOR: 

A t  t h i s  t h e  the  eLectronie equipment 1s s t i b l  being perfected t o  

make the  de tec to r  probe wark  s a t i s f a c t o r i l y ,  t h a t  is, a preamplif ier  

i s  being designed t o  make the  system do the  job f o r  which i t  was 

intended. When t h i s  i s  completed, a eomp2.e~e eal."rration w i l l  be run 

f o r  the  f i v e  d i f f e r e n t  ss%Es and the empirical  r e l a t ionsh ips  mentioned 

above can be  obtained,  As ason a s  the  e l ~ c t ~ a - n i c  equipment is  Eurrcti.on- 

ing  properly, the  de taf  led ca3l1bratS.m a s  deserihed above w i l l  be 

c a r r i e d  o u t ,  
268 
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SUMMRW AraD CORCLJJS IONS : 

Equipment was designred for  the  nsn-destructive measurement of s o i l  

dens i ty  and moisture content using gamma r a d i a t ~ o n  transmitted by t h i n  

s o i l  layers .  This equipment i s  t o  be used i n  the  f i e l d  t o  determine 

the  moisture content  d i s t r i b u t i o n  i n  the  super f i c ia l  soil.  layers and 

t o  determine what e f f e c t  t h i s  d i s t r i b u t i o n  has an evaporation. 

The equipment cons i s t s  of a 5 me source i n  the  source probe 

and a s c i n t i l l a t i o n  detec t ion u n i t  f n  t h e  de tec to r  probe, The two 

access tubes which hold the  probes a r e  set 30 c m  apar t  i n  the  s o i l  with 

the  a i d  o f  an alignment j i g ,  The electronic equSpment in  the  detec tor  

probe has not  had the  s t a b i l i t y  necessary for accura te  and precise  

measurements and t is problem i s  current ly  being remedied. 

P E R S O W L :  R. 9 o Regfnato, C, H. van Bawl . 
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Figure 2, Alignment jig and access tube layoue: for gamma transmission apparatus, 
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Figure 3. Laboratory setup for calibration of gamma transmission apparatus. 

27 2 
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CODE NO, : A r i . 2 .  -WCL-2 

The discharge equation f o r  an elbow metxir can be wr i t t en  a s  

where A is  the  c ross  s e c t i o n a l  a rea  o$ t h e  elbow, h 4s the  d i f fe rence  

For dynamic s i m i l a r i t y ,  the  discharge coeff4.efen.t. C v a r i e s  with the  

Reynolds number and geometry s f  the elbow. Cal ibra t ion  of the  commerciah, 

3-inch diameter, flanged, cast  $xon elbows during 1961 showed C is 

r e l a t i v e l y  cons tant  above a mindmum v e l o c i t y  of approximately 3 f e e t  

per  second. Then f o r  v e l o c i t i e s  above t h i s  minimm, the  discharge 

equation can be w r i t t e n  as  

where the  discharge c o e f f i c i e n t  C v a r i e s  onBg wi th  the  geometry of 

the  elbow. 

Using Lansford8s ana lys i s ,  assuming uniform v e l o c i t y  and. con- 

c e n t r i c  flow dhrouph the  bend, the h e o r e t i c a l  discharge c o e f f i c i e n t  

where X is  the  radius of curvature and D khe diameter of the  elbow. 
C 

The v a l u e  of C was c;al.culated u s h g  dimensions obtained i n  th ree  

d i f f e r e n t  ways f o r  each of the  commerc%al,short radius  elbows and 

compared wi th  the  measured ca l ibra$ion discharge c o e f f i c i e n t s ,  

(Also see  Annual Report f o r  '4.968 and 3.961). 

PROCEDURE : 

Dimensions f o r  c a l c u l a t i n g  the  t h e o r e t % c a l  discharge c o e f f i c i e n t s  

were obtained in t h ree  ways. 

I .  Standard dimensions indica ted  by mawnfaeturlng speci f ic .a t ioas  

were used t o  ohkadn diameter and radius  of curvature.  

2. Diameters were determined from an average of s ix teen  face  

diameter measurements made wi th  an Ensfde micrometer, Radii  of 

curvature were de&em%ned from gragh%c p lo t s ,  a s  indica ted  i n  Figure 1, 
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made from measurements of a c t u a l  elbow p r o f i l e s  w i th  a d i a l  

i n d i c a t o r .  A l l  masurements  were accu ra t e  t o  0,001-%nch. 

3. Diameters were determined a s  i n  method 2, Volumes of 

t he  elbows were determined by using s u i e a b l e  end p l a t e s  and f i l l i n g  
0 

t h e  elbows w i t h  30 6 water  measured wi th  e l a s s  A volumetr ic  f l a s k s  

and p ipe t s .  Rad i i  of cu rva tu re  were then computed by assuming the  - 
ow t o  be a t r u e  q u a r t e r  t o r u s  

where AV is t h e  measured volume less t h e  volume of t h e  measured 

tangent  Le%gLhs, 

Theore t i ca l  d i scharge  c o e f f i c i e n t s  were computed wi th  

equat ion  2 and were compared t o  the c o e f f i c i e n t s  obtained from a c t u a l  

c a l i b r a t i o n  data ,  

RESULTS : 

Measurements showed t h a t  t he  e1bows are ~ o t  vnbform., This 

should be expected f o r  xanmachined, sand-mold c a s t i n g s ,  Diameters 

were n o t  cons t an t  f o r  a given elbow, c ross -sec t fons  were no t  

c i r c u l a r ,  i nne r  and o u t e r  r a d i i  were no t  concentrfx o r  of c o n s i s t e n t  

length,  and r a d i i  were n o t  t r u l y  tangential t o  t h e  s t r a i g h t  s e c t i o n s  

of the  elbows. Measurements used f o r  computations a r e  presented 

i n  Table I. Average diameters  d i d  xuot vary  g r e a t l y  bu t  tangent  

lengths  v a r i e d  from 0.80 t o  2.00 inches,  volumes va r i ed  from '61.0 

t o  67.5 cubic  inches,  and g r a p h i c a l l y  measured r a d i i  of curva ture  

v a r i e d  from 3.67 t o  4,55  inches.  

Discharge c o e f f i c i e n t s  c a l c u l a t e d  frun nanufac tu re r s  dimensions 

(American Standard f o r  Cast  I ron  Flanged FLtblngs, Class  125) va r i ed  

from a c t u a l  d i scharge  coef f%cfewts  by 2.5 t o  90,3 per  cen t  us ing  t h e  

dimensions B = 3.00 inches,  R = 4,75 inches ,  The 10 pe r  c e n t  e r r o r  
C 

agrees  w i t h  Lans fo rdos  e s t ima te  f o r  e r r o r s  i n  computed c o e f f i c i e n t s .  

Coe f f i c i en t s  of d i scharge  computed from measured D and 

g r a p h i c a l l y  determined R v a r i e d  from actual d ischarge  c o e f f i c i e n t s  
6 

by 0 , 3  t o  4 , 3  per  c e n t ,  The maximum e r r o r  w a s  t h e r e f o r e  only s l i g h t l y  

more than 4 per  c e n t ,  
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Coef f i c i en t s  of d i scharge  computed from measured D and R 
C 

c a l c u l a t e d  from volume measurements v a r i e d  from a c t u a l  d i scharge  

c o e f f i c i e n t s  by 0.8 t o  4 , 3  per  c e n t  a s  given i n  Table 2.  

The accuracy of methods 2 and 3 f o r  computing t h e  d ischarge  

c o e f f i c i e n t  a r e  comparable. Measurements used i ~ .  nethad 2 a r e  

d i f f i c u l t  and reqrllre s p e c i a l  equipnent ,  Measuxementss used i n  

method 3 a r e  n o t  d i f f i c u l t  and can be made wi th  r e l a t i v e l y  simple 

equipment, Our work i n d i c a t e s  t h a t  method 3 o f f e r s  a r e l a t i v e l y  

simple means of c a l c u l a t i n g  d ischarge  c o e f f i c i e n t s  f o r  3-inch 

I diameter,  s h o r t  r ad ius ,  f langed,  e a s t  i r o n  elbow flow meters 

w i t h  a maximum e r r o r  of l e s s  than 5 p e r  c e n t ,  

Method 3 w i l l  be t e s t e d  on elbow flow meters  w i th  d i f f e r e n t  

dimens ions ,  

S W R Y  AND CONCLUSIONS: 

Methods were developed Tor computing d ischarge  c o e f f i c i e n t s  

f o r  commercial, 3-inch diameter ,  f langed,  cast;-*iron elbow flow 

meters  wi th  a maximum e r r o r  of l e s s  than 5 p e r  c e n t ,  Theore t i ca l  

d i scharge  c o e f f i c i e n t s  were c a l c u l a t e d  wi th  t h e  equat ion  proposed by 

Lansford: 

where R is  t h e  r ad ius  of curva ture ,  D J.s t h e  elbow diameter,  and 
6: i 

A i s  t he  c ros s - sec t iona l  a r e a ,  Dimensions were obtained i n  t h r e e  

ways. 

1, R and D were determined from s tandard  manufacturing 
e 

s p e c i f i c a t f o n s .  

2. D was measured and R was determined &rom accu ra t e  i n t e r i o r  e 
p r o f i l e  measurements, 

3 .  D was measured and R was computed from measured elbow 
6: 

volumes by assuming the  elbow t o  be a q u a r t e r  t o rus ,  

Gomputed c o e f f i c i e n t s  were compared t o  coaff9.eients  determined by 

a c t u a l  c a l i b r a t i o n  of t h e  elbows, Deviat ions were: method 1 - 
2.5 t o  10.3 per  cent ,  method 2 - 8.3 t o  4 , 3  per  cent ,  method 3 - 0.0 

t o  4.3 per  cen t .  Methods 2 and 3 grov$de comparable accuracy w i t h  
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maximum e r r o r s  lass than 5 per  cent. Nethod 3 can be u t i l i z e d  w i t h  

r e l a t i v e l y  s imple measuring equipment and i s  recommended on t h a t  

b a s f a ,  

PERSONNEL: L. E ,  Nyers, KO J. BrusD. 
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Table 1, Measured and c a l c u l a t e d  dimensions of c o m e r c i a l ,  3-inch, c a s t  iron., f langed, s h o r t  

rad ius ,  90' elbows. 

Elbow No, - 

Reversed 

2 

Reversed 

3 

Reversed 

4 

N Reversed 

5 

Reversed 

6 

Reversed 
I 

7 

Reversed 

8 

Reversed 

9 

Reversed 

10 

Reversed 

Face Diameter 

( i n . 7  

2,909 

2.893 

2.905 

2,905 

2,997 

3.002 

3.017 

3.016 

2,979 

2.988 

2,967 

2,975 

3,014 

2,996 

3,001 

2,997 

2.983 

2.979 

2.989 ' 

2.993 

0.80 

8.818 

Not 

1.80 

1.60 

1.60 

1,6O 

0.80 

1,00 

1.00 

0,80 

0,80 

1,40 

1.20 

1.30 

1,20 

1.80 

1.60 

1,60 

Outer Bend ---- 
(in. ) 

1,20 

1.20 

x i  l a b l e  

2,20 

1.80 

2.00 

2.00 

1.20 

1.00 

1.20 

1.00 

1.40 

1.20 

1.10 

1, 50 

1.40 

1.60 

1,60 

1.60 

~ v e r a ~ e  
Diameter ------- 

&in. > 
2,901 

2.905 

2.999 

3,017 

2.983 

2.971 

3 ,  QO5 

2,999 

2,981 

2,981 

uatvature 
Gra- 
(in.) 
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Table 2 ,  Discharge c o e f f i c i e n t s ,  and per  cen t  dev ia t ion  i n  d ischarge  

c o e f f i c i e n t s  of 3-inch9 c a s t  i ron ,  fbwged:, s h o r t  rad ius ,  

90' elbows. 

Elbow Moo 
-- 

I 

Revers ed 

2 

Reversed 

3 

Reversed 

4 

Reversed 

5 

Reversed 

6 

Reversed 

a 
Reversed 

8 

Reversed 

9 

Reversed 

10 

Reversed 

Theore t i ca l  
Deviation i n  

Discharge Goeff ic ien ts  

Per cent  

90 ,9  

4-0.9 
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LEGEND 

Figure 1. Radial-section typical of the commercial, 3-inch diameter, 

flanged, cast iron elbows, 
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TITLE: QITANT1;leBTLVE mA%UWmMT OF WATER PLOW W I T H  CHEMICAL TRACERS 

LINE PROJECT: SWC 4-gG5 CODE NO: Ariz,-WCL-30 

INTRODUCTION: 

E f f i c i e n t  use of irrigat2orn water requi res  accura te  flow 

measurement. Many i r r i g a t i o n  sysBerns have no Flow measuring devices 

a s  such but have e x t s t  ng s t r u c t u r e s  satisfactory f o r  flow measure- 

ment i f  accura te ly  f i e l d  c a l i b r a t e d ,  Nany s t r u c t u r e s  designed f o r  

flow measurement bave never been accura te ly  ca l fb ra ted .  Present 

f i e l d  c a l i b r a t i n g  methods have shortcomiags which have retarded 

t h e i r  use, Simpler and more accurate f i e l d  c a l i b r a t i n g  methods 

would permit the use of e x i s t i n g  sLructures i n  i r r i g a t i o n  systems 

f o r  reasonably accura te  flow measuring devices,  

Tracer flow measurement has severa l  importxmt advantages over 

commonly used open channel flow measuring methods such as:  requi r ing  

no flow r e s t r i c t i n g  devjce, no measurement of channel dimensions, 

and l a rge  flow measuring range, Recent developments In  f luorescence 

assay bave made poss ib le  q u a n t i t a t i v e  t r a c e r  measurements i n  the  

0.1 ppb range. Experiments using a co~rmercial organic pigment, 

Rhodamine 8, have shown i t  can be used as a water t r a c e r  i n  very 

low concentra t ionso On the. 5as4s of these  developments, a p ro jec t  

was i n i t i a t e d  t o  develop a t r a c e r  flow measuring technique f o r  f i e l d  

use. 

PROCEDURE: 

Rhodamine % was evaluated as  a water t r a c e r  using a Turner 

Model 1x1 fluorometer.  The s e n s i t i v i t y  of de tec t ion  of Rhodamine B 

wi th  t h i s  instrument is  spec i f i ed  as  about 0.05 ppb and the  instrument 

is readable t o  Q 0 5  per  cen t ,  Evaluation included accuracy of 

q u a n t i t a t i v e  de tec t ion ,  adsorption on n a t u r a l l y  occurring substances, 

and e f f e c t  of temperature. 

Accuracy of q u a n t i t a t i v e  de tec t ion  was checked wi th  20, 10, and 

5 ppb concentraCions of Rhodam%ne E in deionized water. Concentrations 

were prepared from a p rec i se ly  prepared 18 ppm concentrat ion of 

Rhodamine B i n  deionized wa er using a f a1 T.D. micro t r a n s f e r  p i p e t t e  

with c l a s s  A TOG, v o l m e t r i c  f l a s k s ,  The concentrat ions of 20, lo ,  
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and 5 ppb were each prepared t h r e e  Vimes and f l u o r e s c e n t  readings 

were obtained in a cons tan t  temperature room, 

Adsorption sf  Rhodamine B on s o i l  was determined by al lowing 

a 50 ppb com.enfra t ion  t o  d r a i n  through a 2-inch t h i c k  l a y e r  of s o i l  

and measuring the  cnncent ra t lon  of the c f f l u P n t .  

Adsorption i n  a sofB suspensio? was i nves t iga t ed  by comparing 

f l u o r e s c e n t  readings of a s tandard  concent ra t ion  of Rhodamine B 

i n  deionized water  w3th f l u o r e s c e a t  readjngs of s o i l  suspensions 

wi th  and without  Rhodamine 8, 

The e f f e c t  of temperature OF., f~uores r ; ence  of Wbodamine B was 

determined over a temperatare  range froin 30 t o  30' C us ing  100, 50, 

25, 5, 1, and 8.5 ppb concen t r a t ions  of Bhodamfne B in deionized 

water ,  F luorescent  readings were s b t a % x x l  f o r  each concent ra t ion  

a t  5 degree temperature f n t e r s a l s ,  

The equipment f o r  f i e l d  t e s t i n g  t h e  Rhodamkne B t r a c e r  included 

t h e  Turner Model EBH f l u o r o m t e r ,  a po r t ab l e  genera tor ,  sampling 

pumps and tubing,  sample c o n t a h e r s ,  aad a stopwatch, 

The i n t e g r a t e d  sample flow m e a s u r i ~ g  technique a s  suggested by 

A, Barbagela t s  was used, Ha t h l s  LechnBquc, a known amount of 

t r a c e r ,  5 ,  .is added t o  &.he s t ream being measured, Ac a downstream 

poin t ,  loca ted  s u f f i c i e n t l y  d i s t a n t  from t h e  po in t  of a d d i t i o n  t o  

i n su re  complete mixing, a sample of t h e  e n e i r e  t r a c e s  wave is  

c o l l e c t e d  a t  a s t eady  sampling rate, The c o m e a t r a t i o n  of t h i s  

sample, C, t imes the  sampling i n t e r v a l ,  At, is t h e  i n t e g r a l  of t he  

t r a c e r  wave 

where C i s  t he  concen t r a t ion  of the bracer  wave a t  any time, The 

amount of t r a c e r ,  S, added a t  t h e  upstream point should equal  the  

amount passing t h e  sampling po in t  

s :z Q C @ t )  
s o  the  discharge,  Q, %a eguad t o  t h e  amount of t r a c e r  added d iv ided  

by t h e  Lntegral of the t r a c e r  wave, In the f i e l d  t e s t s ,  t he  t r a c e r  

was added abouk 3 f e e t  upstream from a C i p s l l e t t l  weir .  The t r a c e r  
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and s t ream flowed over the  wei r  and through an 80 f o o t  concre te  

channel of vary ing  c r o s s  s e c t i o n ,  Two sampling pumps j u s t  upstream 

from the  d ischarge  end s f  t he  eons re l e  channel were used t o  c o l l e c t  

a sample of the t r a c e r  wave a t  a s t eady  r a t e  and the  sa.np1h.g 

I n t e r v a l  was recorded. I n  the fLeld tests ,  t k  concea t ra t ion  of 

t he  sampled t r a c e r  waves was d e t e m i n e d  by comparing f l u o r e s c e n t  

readings wf tb  s tandards  prepared by dQ%.tlng t."oe Rnodamine W i n  

62.5 l i t e r s  of water  taken fsorrt the chame1, The flow r a t e  was then 

c a l c u l a t e d  by using equatjow 2 and cawpared w l t b  t he  flow r a t e  

measured w i t h  the  C l p o l l e t t k  w e l r ,  

RESULTS AND DISCUSSION: 

Accurate q u a n t i t a t i v e  detecLlon nust be r e a l r z e d  before  r e l i a b l e  

t r a c e r  flow measurements can be achieved. The f i r s t  a t tempts  t o  

achieve accu ra t e  q u a n t i t a t i v e  d e l e e t i o n  proved t h a t  extreme c a r e  must 

be obseaved in prepar ing  and h a n d l h g  s t a ~ d a r d s .  Volumetric prepara-  

t i o n  of s tandards  using a 1 rml T.D, n f c r o  t r a n s f e r  p i p e t t e  w i t h  c l a s s  A 

T.C. volumetr ic  f l a s k s  enabled concent ra t ions  of 5, 18, and 20 ppb t o  

be prepared gu%te accu ra t e ly ,  The fZeld s t anda rds  prepara t ion  technique 

us ing  62,5 l:t.ers of ws te r  enabled s tacdarda  t o  be dup l i ca t ed  wi th in  

f 1 per  cen t .  

AdsorptLon af Bhodambne IS whe7- f i l t e r e d  lhrougb s o i l  reduced 

the  58 pph cowentratEow of Rhodamin@ B Ln d e i s m z e d  water  t o  an 

e f f l u e n t  coneentrakion s f  about  1 ppb, This is sf  s u f f i c i e n t  magnitude 

t o  e l imina te  Rhodami~e B a s  a groundwater t.racer, Flow measurements 

i n  a s o i l - l i n e d  channel may be Inf luenced by adsorp t ion  of Rhodamine B 

on the  wetted ger iveker .  This shouQd n o t  be a problem unless  t h e  

measurement reach is Long, but  t he  phenomena wL3l be i n v e s t i g a t e d  i n  

a l abo ra to ry  f l u m e ,  Other t r a c e r s  w i t h  kesc a f f i n i t y  f o r  s o i l  w i l l  

a l s o  be bnvesZigaked, 

Adsorptfsn of Rhodamine B i n  a s o i l s u s p e n s i o n  could be de t ec t ed  

but was relat i .ve?y small ,and $C 4 s  be l ieved  the adsorp t ion  e f f e c t  i s  

compensated by prepar ing  skandards w i t h  the  background water  being 

measured. The sLan(dard8 a r e  prepared at &oncea t ra t ions  which a r e  

both  h3gher and lower than the cowentrat-Lo2 being measured. The e f f e c t  
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of sdsorpt% on i n  a s o i  l suspeas$on 3 s receiving f u r t h e r  

study * 

The e f f e c t  of teapera ture  on the  f luoreseenee of a 100 ppb 

concentrat ion oE Rhodamine B In deior~.",zed water is showq i n  Figure 1, 
0 

The increase  i n  tempem.kasre Frsv 88,5 to 30 7J caused a l i n e a r  

decrease i n  f luorescent  readings Erom 66 80 4 5 .  Similar r e s u l t s  

were found f o r  a l l  o the r  ~ o n c e n t r a t B m s  a~i'd w Lemperature correc t ion  

f a c t o r  was developed which is indepezdeaL of concentrat ion,  The 

probhm can be d f m i n a t e d  by making readlngs mc t he  sample and the 

standards a t  the same temperature. 

The first f i e l d  tests showed several prsbleas Hw instrument 

operat  ion, s tandsrds preparat ion,  and aaxp l  Lag technique, The 

fluorometer was found t o  be s e n s i t i v e  t o  kntense outdoor l i g h t  and 

temperature v a r i a t i o n s ,  This problem ws solved by enclosing the  

fluorometer,  except f o r  the  con t ro l  f ac r ,  in a l i g h t - t i g h t  case 

which incorporates a suppleme?tal v e n t i l s t i z g  blower. The low 

concentrat ions of the  in teg ra ted  samples required preparing prec ise  

s tandards wi th  a i a r  e volume of water. Weighing the  water with a 

200 pound scale readable Co 1 ounce enabled field skaadards a s  low 

as 16 ppb t o  h e  drsp?beated weLhjn % 1 p a r  cent. Saaplirag the  t r a c e r  

wave a t  a s teady r a t e  was exceedingly d d f f i c u l t ,  Foreign matter  

in the  l r r i g a t i o n  water lodged a t  r e s t r i c t i o n s  in the  con t ro l  valves 

and var ied  the s a w l i n g  r a t e .  This problem was solved by designing 

a new sampling system which does not  include any kocal.ized flow 

res  k r i c t ions .  

C~mphrison of flow r a t e s  measured wit& che weir  and with the  

i?t,egrated sample method resu l t ed  i n  d i s c r e p a ~ w i e s  which were too 

large  t o  a t t r i b u t e  t o  e r r o r  i w  the  weis measurement, Visual 

observation b ~ d i c a t e d  tha t  complete mixing of the  t r a c e r  was not  

occurskng i n  the 88 fook long csncreLe chaqsel under condit ions 

of shallow, high veloclt.37 flow, FuLure tests wwi13 .include measures 

t o  obta in  adequate mixing, however, the  tes  t e  iadica tad  t h a t  nixing 

w i l l  be the  major problem encountered 5n t h e  use of the  t r a c e r  

f low. measaareo~ew k method. 
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SW;MMBRY AND 60HCL'kJS54-)NS : 

F i e l d  equipment and techniques have been developed f o r  t he  p r e c j s e  

q u a n t i t a t i v e  measurement of f l u o r e s e e v ~ t  t r a c e r s  used i a  i n t e g r a t e d  

sample o r  d i l u t i o n  methods sf measuring the flow of water  in pipes 

and channels .  Quant%tsti .ve m a w u r e ~ e n t s  La the 26 p a r t s  per  b i l l i o n  

range can be made w i t h  l e a s  than '% 1 per cent  e r r o r  by comparing 

f luorescence  of  the sample xi.$$ t h e  f.FLwms~oese of  known s tandards .  

Readings a r e  a f f e c t e d  by temperature flnctwitians and suspended 

sediment f n  t h e  water  beio.8 meaauxed b u t  ze thods  have been developed 

t o  c o r r e c t  o r  e l imina te  t hese  e f f e c t s .  Adsor~tlen of t r a c e r  on 

the  channel per imeter  may be a problem with sons t r a c e r s ,  bu t  f l uo rescen t  

m a t e r i a l s  a r e  a v a i l a b l e  which are n o t  readj2y adsorbed on s o i l .  Instrumen- 

t a t i o n  and procedures have been developed ts p e r m i t  f luorescence  t o  be 

measured i n  t h e  f i e l d  w i t h  accuracy equ iva l en t  t o  t h a t  obtained i n  the  

l abo ra to ry ,  L i m i t e d  f i e l d  t e s t s  have Lwdacated t h a t  uniform mixing 

of t r a c e r s  i n  t he  water  being measured w l l k  not  occur wa?.er c e r t a i n  

flow condf t ioas .  Future  work w i l l  be psk!mr l ly  concerned w i t h  t h e  

s tudy  arnd definEk3.on af mixing problems %r? t he  f i e l d ,  

PERSOENEL: L o  E o  Myers, K, J, Brusl ,  F. S o  Makayama, 
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Figure 1. Fluorescence of 100 ppb Rhodamine B i n  deionized water over 
0 

a 10 t o  30 C temperature range. Annual Report of the U.S. Water Conservation Laboratory



T1,TLE:: UTnIZATZOM OF LIMlTED WATER SUPPLIES F49R THE GREATEST ECONOMIC 

RETURN IN THE: XIQIPECATI.0N OF COTTON 

LIME PROJECT: SWC 4-gG5 CODE NO.: Ariz.-WGL-21 

IM~ODUCTION :: See previous Annual Report s o  

OBJECTIVES:: 

1, To s tudy t h e  in f luence  o f  var ious  so i l -mo i s tu re  t rea tments  on 

c e r t a i n  v i s i b l e  p l a n t  symptoms f o r  poss ib l e  use i n  i n d i c a t i n g  need f o r  

i r r i g a t i o n s  on Deltapine Smooth Leaf and Pima S-2 co t ton ,  

2,  To c o r r e l a t e  t he  mean s o i l  moisture i n  t h e  r o o t  zone wi th  

d e s i r a b l e  i r r i g a t i o n  schedules ,  

3 ,  To s tudy t h e  blossom and b a l l  c h a r a c t e r i s t i c s  under va r ious  

i r r i g a t i o n  schedules ,  

PROCEDURE :: 

The experiment was loca t ed  a t  t h e  Univers i ty  o f  Arizona Cotton 

Research Center, Tempe, Arizona, Del tapine Smooth Leaf and Pima S-2 

c o t t o n  were p lan ted  i n  &-row p l o t s  w i t h  7 d i f f e r e n t  i r r i g a t i o n  t r e a t -  

ments r e p l i c a t e d  5 t imes,  F i f t y  pounds o f  n i t r o g e n  were appl ied  

uniformly a t  t h e  f i r s t  i r r i g a t i o n ,  

Z r r  i g a t  ion treatme&?, - 
1, I r r i g a t e  when 50% of  t h e  a v a i l a b l e  water  has been used from t h e  top  

t h r e e  f e e t  o f  r o o t  zone u n t i l  approximately duly 2, then  a t  65% 

t h e r e a f t e r ,  5/17, 6/12, 6/26, 7/l1,  882, 8/24, 9/13, 

2 ,  I r r i g a t e  when 75% used, 5/17, 6/26, 7/25, 8/24, 

3 ,  I r r i g a t e  when 65% used, 5/17, 6/21, 7/11, 842, 8/24, 9/23, 

4 ,  I r r i g a t e  when 58% o r  l e s s  is  used, 5/17, 6/12., 6/26, 7/11> 7/25, 

8/9, 8/28, 9/13, 

5. I r r i g a t e  a t  65% used bu t  do mt  fully r e p l e n i s h  r o o t  zone 

w i t h  8/2 i r r i g a t i o n ,  5i1.7, 6/21, %/1.1, 8/2, 8/24, 9/13, 

6 ,  I r r i g a t e  when 65% used wi th  f i n a l  i r r i g a t i o n  i n  August, 5/17, 

6/21, 7/11, 8/2, 8/24, 

7, I r r i g a t e  when 50% o r  l e s s  used wi th  f i n a l  i r r i g a t i o n  i n  August, 

5/17, 6/12> 6/26> 7/11, 7/25> 8/9* 
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,sssoms were tagged every day during the f r u i t i ~ g  season on 

treatments 1, 3 and 4 an  both va r i e t i e s ,  Each mature boll  was 

harvested separately for  processing to  determine blossom and bo l l  

ef ffciency,  

2 ,  B e  blossoms aa a 1 other treatrnnnrs except 6 and 7 i n  Pima S-2 

were counted every day un~fd mid-August, A t  t h i s  time treatments 

5, 6 and 7 on Deltapine Smctb Leaf and treakment 5 on Pima S-2 

were tagged for  the remainder of the f r u l t f r g  season, A l l  bol ls  

on a l l  treatmevts were haraested, comted and weighed, 

So i l  moisture measurements were made fn a l l  treatments on Delta- 

pine Smooth Leaf and treatments 3 and 4 olr, Pima S-2, 

Prior t o  the planting of the cotton the f i e l d  had been i n  a l f a l f a ,  

It was plowed twice, the second time t o  eliminate volunteer a l f a l f a  

plants tha t  had come up a f t e r  the f i r s t  plowing, Previous to fur -  

r o w i q  out, the land was disked to  get  r i d  of weeds, The dotton 

was planted on April 8 and an excel ent stand was obtained, Cotton 

was thinned by hand chopping, 

Cultural practices included 8 aerraL and 2 ground r i g  applications 

for  insect  control ,  One ground r i g  application of herbicide was 

applied, Tn add? t ion,  the f i e l d  was cul t ivated 5 times, 

Yield measurements were made on 2 rows, 250 f ee t  long within a l l  

i r r i ga t i on  treatments on Deltapine Smooth Leaf, Two rows, 200 

f ee t  long were picked i n  a l l  Pima 5-2 p lo t s ,  Yield plots  were 

hand picked twice, 

DISCUSSION: 

The cotton got off  to a normal s t a r t  t h i s  year but due to  rhizo- 

tonia i n  the ear ly  season and c ~ o Z  weather i n  the l a t e r  par t  of May 

and ear ly  June, the f i r s t  bhsslc~ms were delayed 7 to 10 days. The 

e3fect  of delayed blsssomfag continued throughout the f ru i t i ng  season 

as the September blossoming period was a l so  s e t  back 7 t o  10 days, 

However, no r e a l  kilbing f r o s t  occurred u n t i l  ear ly  January which 

permitted harvesting sf many l a t e  s e t  bo l l s ,  Considerable va r i ab i l i t y  

existed between rep l ica t ions ,  Evea though about 40 rows on the north 
-- - - 
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s ide  were considered as buffers, ehe s o i l  under replfcat ions  4 and 5 

was underlain with large rocks within 4 f ee t  of the surface, This cut 

down the water-biding capacity and thus overalh average moisture con- 

di t ions  were dryer than pkan~ed, Replication 1 and the upper l /4  of 

, the f i e l d  were a l so  i n  t h i s  category because the tap s o i l  had been cut 

o f f  i n  the 1evel.ing operation,  

S-P AHD WRm83SXONS : 

lPnalysis of variance showed M.gh s.ignlficance between i r r i g a t i o n  

treatments, a l so  between repl icat ions ,  The significance between r ep l i -  

cations was thought to  be due t o  the previously merttioaed s o i l  

v a r i a b i l i t i e s  , 

Again t h i s  year treatment 5 was ar'rigatcd s n  the same dates as 

treatment 3 ,  Qn one i r r iga t ion ,  August 2nd,  treatment 5 received water 

only half  as long as treatment 3 ,  Yields were s ign i f ican t ly  reduced on 

treatment 5 because o f  t h i s  shortened i r r i ga t i on  rime (Table I ) ,  

13,7% reduction. i n  main pl.ot y ie lds  Deltapine 
13,7% reduction i n  tagged areas 

26,3% reduction i n  main past  y ie lds .  1 Pima 5-2 
29,QX reduction i r a  tagged areas 3 

There was no difference i n  yie lds  between treatments 3 and 6 on 

e i t he r  var ie ty  (Table 11, The l a s t  i r r i ga t i on  on treatment 6 was given 

l a t e  enough i a  August tba t  apparently an addi t ional  i r r i ga t i on  i n  Sep- 

tember on treatment 3 had n ~ o  e f f ec t  u p o ~  the y ie ld  of treatment 3 ,  

Yields on treatment 7 were reduced from treatment 4 i n  both vari-  

e t i e s  (Table 11, Treatment 7 received i ts  Last i r r i ga t i on  on August 9, 

but treatment 4 received two more i r r i ga t i ons ,  Reduction i n  y ie lds  on 

Deltapine Smooth Leaf was due t o  Less bdossoms and bo l l s  on treatment 7, 

Yield reduction i n  Pima was due t o  reduced bo l l  s i ze ,  Percent bo l l  s e t  

on a l l  treatments ~ s a .  the short  s tap le  was qu i te  s imilar  (average 48%), 

From previous years data, extrem4.y dry treatments produced l e s s  

t o t a l  blsssoms and usually had a higher percent s e t .  This would parcs 

t i a l l y  explain why treatment 2 was somewhat higher i n  bo l l  s e t ,  Pima 

s e t  averaged 7'2% 
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Treatments 4 and 7 i n  both v a r i e t i e s  were kept  wet during the  

main p a r t  of the  blossoming season, Table 2 shows these  treatments 

produced heavier boLBs, Treatment 3 (shor t  s t a p l e )  s e t  on a g r e a t e r  

number of blosssms than wet ter  t reatments,  These blossoms a r e  Late 

and b o l l s  a r e  small, thus  the weight per  bob4 is reduced, Figure 1 

shows the  efEae.t of water 02 bblossom as  rebated to growing season, 

Table 3 shows the  consumptive use measurements made i n  1962, 

Deltapine Smooth Leaf used approximately the s ~ m e  amount of  water a s  

Pima S-2 on t reatments compared, For maximum production e i t h e r  

v a r i e t y  used about 40 inches of water,  Treatmecxt 6 used about 4 

inches l e s s  water than treatment 3 ,  It. was not  given a September 

i r r i g a t i o n ,  From a y i e l d  standpoiat ,  the September i r r i g a t i o n  was 

not necessary i n  1.962, 

Figures 2, 3, 4 and 5 show ar? avwage of 40, 20, 18, 11, 5 and 

6 percent water usedg respectiveby, i n  the  f i r s t  through s i x t h  foot  

s o i l  p r o f i l e ,  Tyeatment 4 was given 2 l r r l g a t i s n s  more than 3 and 

used only 1 Fnch more of cmxmmptive use water and y ie lded about . I  

o f  a baae more, Nearly l j 2  bale d f f fe reace  occurred on the  Pima 

S-2 on these  i r r i g a t i o n  treatments,  

PERSONMEL: t, J, Erie .  
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T a b l e  1, P l o t  Y i e l d s  in Pourkds of L i n t  Cottan 

Reps,  

T r t s ,  
P. 

1 

2 

3 

4 

5 

6 

7 

Reps ,  
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Table  2, Blossom and Bo ll Data 

T r t ,  -. 
1 

2 

3 

4 

5 

6 

7 

T r t ,  - 
1 

2 

3 

4 

5 

6 

7 

T o t a l  
B1os s s m s  

3940 

3 140 

4052 

3 733 

3649 

3864 

3450 

T o t a l  
Blos s s m s  -- 

2536 

2755 

2893 

3 184 

2488 

- 
es - 

T o t a l  Bulk W t  . 
B c s j . 1 ~  .-xs 

1792 72.!9,,% 

1691 6394 ,6 

1926 7790,8 

1786 8085 "4 

1713 67'26,3 

3.875 7'525.2 

1611 714L,7 

T o t a l  
B o l l s  
P 

1898 

1954 

2179 

2274 

17'27 

2159 

2283 

B o l l  W t .  

3 ,77 

3074 

3.79 

4 ,18 

3.87 

3 ,88 

4,26 

B o l l  W t *  

2,40 

2,24 

2,49 

2,60 

2,28 

2,35 

2.35 

% . S e t  
P 

45 05 

5359 

4705 

47,8  

46-9  

48 ,5  

46,7  

% S e t  - 
74.8 

70.8 

75,3 

7 l , 4  

69,4 

me&. 

- - 
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Table 3 ,  Consumptive use by cotton 4962, 

Treatments 

I 

Del.tap4.m Smooth Leaf 

39,40 

29,48 

48,83 

41,73 

37,76 

36,14 

31,42 
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TITLE: SIMPLIFIED PREDICTION METHOD FOR THE PALL OF THE WATER TABLE 

I N  DRAINED LAND. 

LINE PROJECT: SWC 6-gl CODE NO.: None, 

The s teady-s ta te  condition i n  tiLe- o r  ditch-drained land i s  

adequately described i n  the l i t e r a t u r e  and s a t i s f ac to ry  solut ion 

methods a re  ava i l ab le  f o r  de t e rm i~ ing  depth and spacing of dra ins  t o  

meet a speci f ied  drainage requirement, This has not been t rue  fo r  the 

t r ans ien t  case, however, which may be the condition t ha t  is  more o f ten  

encountered i n  p rac t i ce ,  The d i f f i c u l t y  i n  applying s teady-s ta te  

drainage solut ions  t o  the  t rans ien t  case i s  t h a t  the  f lux  per un i t  area  

of water table,  which i s  uniform fo r  the s teady-s ta te  case, va r ies  with 

dis tance  from the d ra in  fo r  the t r ans ien t  case, The non-uniformity of 

the  f lux  for  the t r ans ien t  case i s  here in  accounted fo r  by the in t ro -  

duction of a correct ion coef f i c ien t ,  Using t h i s  correct ion coef f i c ien t ,  

s teady-s ta te  drainage solut ions  a r e  in tegrated ana ly t i ca l ly  o r  numeri- 

c a l l y  t o  predic t  the r a t e  of f a l l  of the  water t ab le  midway between the 

dra ins ,  The procedure i s  based on abrupt drainage of pore space. A 

de ta i l ed  descr ip t ion of the  development, including examples and com- 

parisons with other  t r ans ien t  drainage solut ions ,  is  presented i n  (87), 

PROCEDURE : 

The bas ic  equation i s  

where P - 
f .- 

c :-. 

m := 

t = 

instantaneous drainage r a t e  o r  coef f i c ien t  f o r  the steady- 

s t a t e  

drainable poros i t y  

a correct ion coef f i c ien t  t o  account fo r  the non-uniformity of 

f lux  f o r  the f a l l i n g  water t ab le  

height of water t ab le  midway between dra ins  above t i l e  center ;  

and 

time. 

Assuming t ha t  the average of a non-uniform f lux  a t  the water t ab le  

gives the same drainage flow as when t h a t  average were uniformly 
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dis t r ibu ted  across the water table, C eaa be determined as the r a t i o  of 

the average drop o f  the e n t i r e  water t ab le  betweea drains to  the drop 

midway between drafns,  %us, C w i l l  be i n  excess of l for  the f a l l i n g  

water t ab le  immediately foLlowiag ponded conditions, where the water 

table  f a l l s  f a s t e r  near the drains than midway between the drains ,  

After having receded f a s t e r  near the drains for  some time, the water 

table  can be expected t o  f a l l  fo r  some time without appreciable change 

in.  shape, in which case C :% ?i., During the final. s tages of water t ab le  

recession, the water table  f a l l s  f a s t e r  midway between the drains than 

near the drains, so t h a t  near C-values of less khan one can be expected, 

From the l i t e r a t u r e  i t  appears t h a t  C-values between 0,8 and 1 , O  can be 

used, except fo r  the f i r s t  stages of  water table  recession afte,r the  

ponded case, 

From steady-state drainage solut%sas,  re la t ionships  between P and 

m may be available i n  terms of an equation o r  in  tabular or graphical  

form, I f  P versus m i s  available as an equation, t h i s  equation can be 

subst i tu ted i n t o  equation (1) for  ana ly t ica l  in tegrat ion,  I f  the r e l a -  

t ion  between P and m i s  i n  tabular o r  graphical form, for  instance, 

from numerical, model., analog, o r  f i e l d  studf es, equation (1) can be 

integrated numer4caE.ly, 

RESULTS AMD DPSGUSSIBM: 

To exemplify the ara1ytica:k i n t e g r a t i o ~  oaf equation ( I ) ,  Hoog- 

houdt's equation i s  selected for  the steady-state r e l a t i on  between P 

and m, This gives, a f t e r  in tegrat ion and rearrangement 

K t  2,3 es2 mo (mt 4- 2de) 
L-9"'  "' -w---.m log -- -- 
f de m t b o  + 2de) j 

of terms, 

(2) 

where K -. the hydraulic conductivity, 

S = the spacing between drains, and 

d =: ~;~poghoudt's equivalent depth t o  the impermeable material  e 
t o  be evaluated from tables  o r  a graph (871, 

For p rac t ica l  purposes, a C-value of 0,9 w i l l  be va l id  for  most cases,  

Equation (2) can be used to  calcuLate the time required for  the  water 

table  to  drop from m t o  m fo r  a  give,^ spacing So This process i s  
Q t 
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repeated for various spacrngs ~19ti.I the S-vabue giving the specified 

r a t e  of faL1 s f  ehe water tabde I s  Bound, 

A more general approach that  does not depend on equations des- 

cribing the relatiow between P and m and which a l so  eliminates the 

t r  ial-and-error procedure or fi~hd$ng &%e desired spacing, u t i l i z e s  

P versus m curves f a  a number of draiz~ ss$aefxags, An example of such 

a family of curves i s  s %D Flgure k ,  wherg P%K i s  plotted against 

m/d  for  d i f fe ren t  values of s /do  $jhi.s graph was obtained from nomo- 

graphs by Ernst and Boumans, In using plots  as Pfgure I, the t i l e  

depth must be selected ESrst so t ha t  d can be evaluated, A ce r ta in  

distance o f  f a l l  of the water table  from m t o  m i s  then selected and 
69 t 

the corresponding m /d a ~ d  m %d are  marked o n  t%e graph, From the 
8 t - 

specified time At for  the water t ab le  to f a l l  from m t o  m P i s  
0 tL ,,, calculated with equation (.A] in f ini te-dif ference form, or  P = 

At " 
I(nowFng the hydraulic eonduceivlty of ebe s o i l ,  P/K i s  computed and 

the S/d-.curve for  which the average P/K between mold and mt/d i s  equal 

t o  the computed value of F/K i s  determined from Figure 1, Since d i s  

known, the spacing S can then be computed, 

The integrated Eosghoudt equation was compared with another 

integrated s teady-s t a t e  equatio by ToksC5z and Kirkham) and with an 

equation developed by van Schil arde for the t rans ien t  case. The 

r e su l t s  show e x c d l e n t  agreement between a l l  three equations, 

i S W Y  m 
I 

Steady-state drainage solutions r e l a t i ng  drainage r a t e  t o  water 

i table  height a r e  analyt ical ly  or 8raphicaXly integrated t o  predict 

the r a t e  a.Z . fa l l  (car r i s e )  of the water table  midway between t i l e -  

l ines  o r  di tches ,  The procedure assumes abrupt drainage of pore 

space, A factor  C is introduced t o  account fo r  the n,on-uniformity 

s f  f lux per uni t  area of water t ab le  i f  the water table  changes i n  

shape during recession,  Except. far a falling<-water t ab le  immediately 

following a ponded condition, a C-value of 0,9 w i l l  be sa t i s fac tory  

for  mst cases, The procedure i s  amenable t o  steady-state formulas 

o r  to graphical o r  tabular solutions obtained by analogs, models, 

numerical p r~cedures ,  Fie .d experiments, o r  others ,  
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Gsmparfson of two integrated steady-state draiwge equations with 

an equation developed speclf%call.$a for the t raas iea t  case shows good 

agreement, The simplicity, gemxal apgSicabiilty a ~ d  apparent accuracy 

sf the procedure Eavsr i t s  adoption 1x8 rout%%? drainage design. 

PERSgdlW3L : Herman baxwez: . 
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. 
Figure 1. Family of 'curves of PIK versus m/d for differbnt ~ [ d -  

values for  direct  evaluation of desfred drain spacing 

(curves obtained from nornographs by Ernst a d  Bumans 
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TITLE: SOIL 

LINE PROJECT: SWC kl-gG1 COW NO,: Ariz,-WCL-3 
3 1 16 W STODXES KIT.%. mLT'IT,ATED WATER (THO OR H H 0 1 

The objextives,  theory and techwjq,ues, and methods sf  analys is  

used i n  t h i s  phase of the  study have beep pointed out in  the Annual 

Reports of. 1960 and l 9 6 l ,  

RESULTS AND 

Diffusion coef f i c ien t s  of THO $-n differex& concentrations of 

d i l u t e  agar gel were debermiasd t o  obtszi? the  d4EEusienn coef f i c ien t  

of the  t r a ce r  in l iqu id  water, Thewe r e s ~ 3 t 9  a r e  shorn i n  Figure 

1, Between 0 , 3  t o  I% agar concentsatlon, the  D, shows an 
&XO 

inverse l i nea r  r e l a t i o n  t o  the  gel coaceaatxatinn. The Dmo i n  

pure water, extrapolated t o  i n f i n i t e  dilation of gel ,  i s  
2 -a  

2 . 4 1 2  0.055 X lom5 an sec  and compares wiCh t ha t  of 2,44 2 
2 - 1 

0.057 x lom5 cm sec  , the  widely accepted value o f  D TBO .9 
which 

has been determined by a d i f f e r en t  method (39, Our value, a s  f a r  

a s  i t  can be determined by l i t e r a t u r e  searches, w41l be the  ~ n l y  

other one presenting the  di f fus ion e s e f f i c l e a t  of t r i t i a t e d  water 

i n  l iqu id  water t o  be reported in the l.iteratenre. 

The nature  of the  apparent dLffusioa coedf ic ieqt  s f  t r i t i a t e d  

water i n  a Pachappa loam a s  a function of the  water content of 

the  s o i l  material  was f irmly es tabl ished (Preliminary r e s u l t s  

were presented i n  the  1961 Annual. Report), A s  can he seen i n  
- 

Figure 29 the  TbTfio shows a eomplexed r e l a t i on  t o  the water content. 

The DTH0 i s  aea r l y  constant f o r  volumetric water contents of 10 

t o  40%. As  the  water content decreased below BO%, the  D rapidly  mo 
increased t o  a maximum a t  about  4% water ccmtenic, then rapidly  

decreased a s  t he  water content was fur ther  reduced, The maximum 

v a l u e o f  D i s  3,5 t i m e s g r e a t e r  than ithell a t 4 0 x w a t e r  
THQ YHO 

content. The sharp r i s e  i n  s t a r t i n g  a t  10% and continuing 

t o  4% water con&ent was probably the  resule  oS an  increase i n  the  

number o f  continuous pores avaklable fo r  vapor d i f fus ion;  the  

sharp decrease i n  D below 4 W i  probably ?he r e s u l t  of the  
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adsorptive force  f i e l d  of t h e  p a r t i c l e s  ac t ing  upon the  di f fus ing 

t r a ce r  molecules, These forces  a r e  present throughout the  e n t i r e  

moisture range, bask m ~ i f e ~ t  themse1ves 60 a grea te r  degree a t  

the  low water mniiitentsg 'idhere the  t r a w r  ~ Q L ~ c u ~ B , ~  d i f fus ing -in 

the  vapor phase have a greater  prababil-iPg nf collddlng and exchanging 

with the  adsorbed maleculea, Surfsee a r ea  cs lcu la t ioa  indicates  

t ha t  f o r  t h i s  s o i l ,  t w o  malecaalar l ay - r s  o f  wa2er a r e  present on 

the  p a r t i c l e  surface  when the  water cankcat fs abour 4X, 

If d i f fus ion  were senle'lgr i n  the l iquid  phase, one might 

expect D t o  decrease wirh a decrease water conteat, This would mo 
be because the path lm.gth chrough the  1iqai.d would increase a s  

water content decreased, Hmwves, a a  the  water content decreases, 

a i r  ensers the  larger  pores. The m s u i n g  vapor phase provides an 

additfona1 pathway f o r  the  di f fus ion s f  D",tusisn can proceed 

i n  s e r i e s  and in para l j eb  w l ~ h i a  the  ~ W Q  phases. Since the  d i f -  
4 

fus ion e se f f i e i en t  of water vapor in afr is  10 greater  than in 

l iqu id  water, one might expect a rapid increase i n  d i f fus ion a s  the  

pores become air-fil2ed0 As s t a t ed  e a r l i e r ,  w i t h e r  s s tua t ion  was 

the  case fo r  Pachappa io8.m between 1.0 to 40%, wa,iLer content. 

Apparegtly, within t h i s  water coatene range, vapor d i f fus ion in- 

creased with deesea~%wg water content i n  ,the same proportion a s  

l iquid  d i f fus ion  decreased, A t  t h i s  time, we can only speculate on 

the  mechanism i~.~vesnI.ved. 

Note a3.m the  need f o r  de ta i l ed  measurements In t h i s  type. of 

study, For example, i f  the  d i f fus ion coef f i c ien t  f o r  THO had been 

measured only a t  1,5, 10, 20, 3Q, and 40% water contents, the  

Rrio peak would have bean missed and one might. have errolne~ktslg 

csncluded t ha t  the was essent ia lky constant over the  e n t i r e  

water content range, 

The occurcs,ircenf the type o f  q H O - w a t ~ r  con ten t  re la t ionship  . . -- 
f o r  Pachappa lorn shorn Car. Figure 2 does not necessar i ly  mean t.hat 

the  same condit ion w i l l  e x i s t  f o r  o ther  s o i l  mtexi.aLs. This means 

tha t ,  i f  Tta.8 is  t o  be used 8,s a t r s ce s  f o r  water i n  a pa r t i cu l a r  

soil-water system, the  d i f fus ive  behavior 0% TflO must be determined 

in, t h a t  systen t o  evaluate properly che resulks,  

3 04 
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TNTRBDUGTXOH: 

A method was inyes t igated  i n  whi.e,h k r i t i a t e d  wa.ter w a s  used 

f o r  t r ac ing  and measuring the  amna~mk: of water absorbed by roo t s  

daring s h o r t  t h e  i~terw.das, t.he main a b j c c t i v e  being t h e  de- 

t e rn ina t ion  of t h e  I.irr.stan.tanem~ water uptake by soata without a 

change i n  t h e  water peteaa&ial. of the saS.1 @ee Annual. Report f o r  

1960), 

Sorghum (RS-610) and m r n  @JD 456 x 3973 were grown i n  

3-ounce, wax-lined paper cups, Each s e t  containers was  made of 

two par t s ,  a n  inner  cup with i t s  botttm xem@~ed,  held wi th in  an 

outer  cup with ~ n e - h a l f  i t s  top rmiaved, A siwg1.e sheet  of Saran 

f i lm was placed bekween t h e  imner and aater cups t o  prevent s t i c k i n g  

o f  t h e  roo t s  t o  t h e  tauter cup, P lan t s  were grown i n  t h e  inner cup, 

and, when t h e  ralaats farmed a m p l . e t e  mat at t h e  "'false battom" 

between. t h e  two c ~ q ~ s ,  t h e  eater eanta iner  wag removed and t h e  

expased root-mat placed d i r e c t l y  fn csmtact with a tl'bbeer-treated 

s o i l  material.  (1, 2). %'he grawlrh medium r;oneisted of  180 g of 211 

sand to Adelantas sdk mixth~.le, This mixture was  found to be the  

bes t  medi.um f a r  p1.a.n.t growh under s u r  anv i r  enta  1. condi t i o n s  . 
Plan t s  were i r r i g a t e d  w i t h .  1.82-strenth Hoag1.an.d n.utrient solut ion.  

The weight s f  the  cmwhiners with $;he s a i l  and gla.anas was checked 

m t h a t  t h e  aggroxlsL8late water p o t e n t i a l  of t h e  s o i l  a t  any time 

could be known from a previou~dly determined moisture character-  

i s t i c  curare of t h e  soil-sand mixture, The p l a n t s  were grown i n  

the  greenhouse f o r  approxbate$y 6 weeks, a t  which time a th ick  

root  mass was formed a t  t h e  bottom of t h e  inner  cup. A second cup 

a f  the  same capaci ty  containing 65 g , o f  sand-mil.  mixture was 

brought t o  a predetemined moisture. paten&iaB. an the  pressure  cooker 

apparatus. This poteaetial. was similar 4-33 that of t h e  medium i n  

which t h e  p l a n t s  were g r s m ,  The s o i l  m t e r i a l  was t r e a t e d  with 

0,25 ml ,  of 100 yclml t r i t i a t e d  water aa.d allawed to e q u i l i b r a t e  u n t i l  

was d i s t r i b u t e d  evenly throughou& t h e  s o i l  mater ia l .  
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The cup containing the p l a n t s  a a d  ruok maR was pressed f i rmly  

i n  contact  with the TTiO-created s o i l  a d  allowed co s t a d  Ear pre- 

determined contac5, periods of 15  minutes t o  6 hours (see Figure 3 

f o r  diagrammatic sketch). Blasrk ruas  were made s i m u l t a n e ~ ~ u s l y  

consisking o f  t h e  moist sail-wairod mixture only witbout the  root  

mats, Af ter  the  p r e d e t e n n - i . ~ ~  e07tact- ~ c ~ f  ?Ga, t h e  cup with the  

soot  mat was separated from khe lVMi snaaPca m d  rhe  gla.nk cut  a t  

t h e  base o f  t h e  stem, The p lant ,  t he  soi l -wad mix t i~ re  containing 

the  roots ,  the  b lank ,  and the  YlQ breated w 0 f 7 s  were analyzed f o r  

THO by Lhe method deueIoped a n d  describe6 i.1 :he 9960 Annual 

Report , 

RESUzgG AND D8 

Figure 3 show8 the  t o t a l  ack%v?ky in  the ~ o p s  of sorghum 

p lan t s ,  where the p '2mt roofs  weare ir! C I V I ~ B C $  ~ 4 t h  the THO- 

t r e a t e d  s o i l  a t  the rimes aatsd, ".Two to six r e p l i c a t e s  were run 

per  eantae t  per icd  f a  chis s ~ r E e s ,  A g ldght ly  higher amount of 

THO i n  the  p l a n t  i s  wated a t  the  4-hour cont.act period and a  

i ~ e r e e s e  f w  ?z\w%eured cwly a& &he 6-howr perfad,  For 

contact  periods a f  less thav 4 knsura, the  TfU.0 a c t % v i t % e s  i n  the  

p lan t  t aps  were e s ~ e n t i a H I y  t h e  same, 

The bata l  ae&fvig,y of t r a c e r  THO chac moved i n t o  the  sec t ions  

which had t he  p l an t  m o t 8  and s o i l ,  aad also chat moved into the. 

aectioalis wi th ,  ~ n l y  t h e  sof 1, is presented aa a limccisn of time i n  

Figure 4 ,  The p l a ~ t  and s o i l  ma te r i a l s  eorreqmad t o  khose 05 

t he  preceding f igure ,  The a c t i v i t y  P r c ~ e a s e d  almos~ l i n e a r l y  

with time and did nag have the sharp increaqe noted i n  the  p lan t  

Lops, Wote also t h a t  i n  several ease8 the THQ a c t i v i t y  i n  the  

s o i l  without planes had agpraximacelg the  same, and sometimes 

higher, act%vL&y thaw t h a &  in which t h e  mats were present ,  The 

gain i n  TRb i n  the  p l a n t  top  r e s u l t i n g  i n  a scm~equewt l o s s  o f  THO 

i n  the  80i1 sectiiam liam.ok a ~ e 3 4 7 n t  6194" a31 t,he d"iflerexees between 

the  " s o i l  aad p lan t "  aaad t h e  "SOPI. oalyJ1 c o ~ t a i a e r s ,  

The presence of a s c m t u a i ~ d  upward t raasp?rk  c f  TW.0 in t h e  

s o i l  sec t ion  % s  which socaw a r e  gcesen"9s shmm dn Table 3 ,  I n  
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t h i s  case, the ss%L contajaer was cut  Bw t w o  eqoaI!y th ick hor izonta l  

layers and aaal.yzed f o r  TBQ, 

Lw every treatment except the 2- and 6-bsur periods, the  upper 

sect ions  i n  which roots were prefienf; h a d  a higher THO a c t i v i t y  than 

the  comparable s e e t i m n ~  wdzri&hou$ the rmct s o  Xtl: t h f : ~ ~  araalyses the  

THO concentrat ions in the  root and ao%l mms were determined tQ- 

gether,  Separmtton osif %he root. a d  ~isc3.E'~ nwteria?~ was mot possible  

because o f  the ineimate asamciatian of the t ~ ~ ~ .  For the  6-hour 

periods, the  I.ower value gs@ss%Frly m a y  be cmssed by t he  absorption 

and consequent ou? od the  rrpgor ha l f  i n to  t.he 

p lant  t.ops, The t r an s l s ca t l sn  o f  &he tracer v4a t h e  root  from the  

contact points  a t  the lover baHf to, a g d  r h ~ o ~ g h ,  the upper half  

i s  apparently the  cause of the higher aznounr of i n  the upper 

sect ion,  

An, explaratory experimex-t,t asivg ecora pBant,.; was conducted i n  

which one of the treatments eonsbsEed of p j ~ a e i ~ g  a 2 nun a i r  gap 

between the  rose mat an.d t h e  THO t rea ted %I,! L Th% s was run t o  

asce r ta in  the  csntribukkmm a f  t r a ce r  vapor m@vement t o  the  TMO 

treatment periods. 

The r eau3 . t~  show tha t ,  even with the  a i r  gap which prevents 

l iqu id  phase THO movement be .ween the  '.THO ~~..wurce a d  the  root  mass, 

a consfderable amount of THO has moved to she upper sections.  Thus, 

the  t o t a l  a c t i v i t y  measured must be earrected for the e f f ec t  of 

THO v a p s  movement, and s ince  % t d s of sigwif i ca9 t  magnitude, 

accurate e v a h a t i a n  sf  t r a ce r  waker absorpb-,isirs. by soots is dl.f£icult  

t o  make. 

Further investiga&isaaa t o  aecezta in  the  source of the  water 

being absorbed under the  previous1.y described experimental condi.tions 

were conducted, The g;x.per%menfal procedure was s imilar ,  except t ha t  

i n  t h i s  case the  weight changes were Ba:iowed i n  the  various sec- 

t ions ,  ins tead of khe TXO a c t i v i t y ,  These r e s u l t s  a r e  shown in 

Figure 5 i a  which the wetght losses a r e  c(cr2pared for the  treatments 

where the root  mat was $ 2  d i r ec t  c ~ n 6 3 c t  wIzh the th in  soil-sand 
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mixture and where an a i r  gap was in%ergoaed between the two mater ia ls* 

I n  both cases the  plant and soil seet ion and a l s o  the bottom section 

. l o s t  weight i n  a s%mi%,ar manner, It f.s evideat tha t  the  roots present 

above the  root mat were absorbing the  bulk of the  water, and tha t  

very l i t t l e  water was b e h g  absorbed by the  root mat in. contact with 

the  addit ional source of wa,ter, T$ As also apparent t ha t  the sec- 

t i on  ordinar i ly  t reated with El0 f s  ksaiag watex prtmarily by vapor 

t rans fe r  t o  the  atmosphere and not by m k e r  absorp&ion by the roots. 

S W Y  
3 1 16 

The dif fusion coefffcienk of t r i t i a r e d  water (W.0 or  B H 8 

i n  l iquid water was determfned by the gel, technique and found to  be 
2 - 1 

2.41 x cm spc This value km.firmr, the only other data 

reparted i n  the  l i  era ture  and which was obtaiaed by another type 

of experimental technique, 

Detailed meaenremen:.ts of the apparent dfffusian coeff ic ient  

s f  TEI.0 i n  Bachappa loam m i l  showed a complex r e l a t i on  between 

the dif fusion eoeffi.cient and the water content o f  the s o i l  material .  
-5 2 -1 

A maximum diffusion coeff i c i m t  af &,I6 x 10 crn sec was 

obtained a t  4% water content by volume en abcmt two m ~ l e e u l a r  

layers o f  water were present on t he  so i l  p a r t i c l e  surface,  A t  

water cantents between 40 and 1.0%, the was nearly constant, -. -* -5 2 - 1 
r i s i n g  gradual.l.y from 1.10 x 10.' t a  1.37 x 1.0 cm sec A t  

water contents below 4% the Dm8 va:l.ues decreased sharply from 

the maximum. 

The root-mat technilqua i n  the  fsm used t.o study mineral up- 

take by roots f s  not applicable fo r  investtgat.iwg water absorption 

by roots, where t r i t i a t e d  water is  u t t l f zed  as a t racer  fo r  s o i l  

water, The quanti ty and r a t e  of t racer  water absorbed d i r ec t l y  

from the so i l - t racer  water sys'tem cnnaat be accurately separated 

from that: moving t o  and into 2he p h a t  by d i f fus ive  processes. 
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Table 1, THO a c t i v i t y  i n  hor%zontal, layers  of s o i l  and s o i l  and 

plant  sect ions .  

baatact 
period 

5  mi^, plant & soil 

s o i l  m l y  

plant  h s o i l  

soil, only 

plant  & s o i l  

soil. only 

plant  & s o i l  

s o i l  only 

plant & s o i l  

soil only 

plant & s o d l  

soiil only 

plant  & s o i l  

s o i l  only 

. c t i v i t y ,  pc 

Upper 
sect ion 

.OZ7 

,005 

.OZ-/ 

.006 

-178 

.013 

,072 

.O82 

.353 

,125 

.350 

.I54 

.516 

.627 
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Table 2, The e f f ec t  of d i r ec t  contact and a i r  gap between root  mass 

and THO source i n  the  'THO a c t i v i t y  In  the  hor izonta l  

layers of s o i l  and plant and s o i l  sections. 

Material 

p lant  & soil. 

s o i l  only 

plant  d s o i l  

1. C 

Plant  
top 
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US, Water Conservation Loborator y, 
Tempe, Arizona 

AGAR 

Figure 1. Diffusion coefficient of 
tritiated water in agar gel 
at different agar concentrations. 

Figure 2, Apparent diffusion coefficient 
of tritiated water in Pachappa 
loam at different water contents. 
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Figure 3. THO act ivity in sorghum plant tops, 

Figure 4, THO act iv i ty  in s o i l  and s o i l  f plant sections. Annual Report of the U.S. Water Conservation Laboratory



Figure 5 ,  Weight loss of soil and soil 4- plant sections with air gap and direct eantaCt, Annual Report of the U.S. Water Conservation Laboratory



XN'J1RODUC"B'IOB : 

There is  r e l i a b l e  quanticaPi~e mech~~ad fo r  measuring the  water 

I content and s t r e s se s  of  in tac t  p1a~~t . s  dfrectfy ,  Host methods require 
I 

sacr i f ic ing  a ps r t ion  s f  the  plant. d, thus, resu l t ing  i n  a probably 

adverse e f f ec t  upon the  moisture s t a tu s  of the  res$* of the pleat .  

In other eases the  techniques a r e  wnprkable on ly  i n  the  laboratory 

under stringkmt environmental coatsol and t h e i r  application fo r  Zield 

use is  extremely remote a t  presenk. 

Lt is, *- therefore, the objective a5 p h i %  study t o  invest igate  

the  applicabi3.ity of the nondea~ruc&%ve beta rag ging technique 

for determining the water content a w l  mo%sture s s of plant leaves 

and the  changes they undergo under variolus envirsmental  conditisras. 

By such s tud ies  i S  may be posshb$e t o  evaluate meare adecpately 

the  water ecsnemy of plants ,  l a z  addYtian, the  devel.spment of equip- 

ment and meghods i s  cointemplatad wkrPeh a r e  su i tab le  fo r  f i e l d  use 

with d i f fe ren t  types  nf i r r iga ted  c r o p ,  

B e  basic princi  1, of khe beta ray gauging L 

technique involves the measurem&at sf the a t t e m a t i o n  of the beta 

ray radiat ion by mat&er. It is know tha t  the  greater  the  amount 

af mteria3.  present in. the  beta ray p ~ t h : ,  the greater  i s  the  
@ 

resu l t ing  atten.uatiow, The Lransmlssiow behavior is  characterized 

by the following exponential r e l a t i o l :  

where 

1 =J in.tewoi.ty ~5f ehe kransmi t r e d  rad9etio.n 

Ia in tens i ty  o f  the  i.recldent radlatixm 
a: -1 

p = mass absorption coeff ic ient ,  em g 
-2 

d = absorber thickness, g cm 

"1: and 'b" can. be kept a s  consgants by using a s ingle  beta ray .. 
source, and by maintaining the  same counting geometry. Thus, 
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"XP '  would be a faanc i ~ a  only of g'ddl .the q,ua.ntit.y sf material 

interposed between rhe source and the detector, 

n the saae o f  the plamt Leaves, t he  absorber material w i l l  

be primarily water, s ince a large %rae&im as" the leaf i s  water, 

Any changes in  the water content aC  ha leaf, when it is used 

as the beta ray absescrbihng mediumj F3"0411 af f e c k  the %neO.ensity of the 

transmitted radf.;ztion, 

Several f-ackara were eonsidered i n  

making the chokes of the isotope, aamely that  of the beta ray 

energy, ha l f - l i fe ,  av&%Iab$lity, and thiebnesa u-E leaf material 

t o  be eacoun&ered. The v a r f o u s  pro erk k s  O F  several isstapes 

which were i.rv@sk i. ated as possible chaicee a r e  l is ted i a  Table 2 ,  

X t  was expected In general to eneoanLer, with plant samples, - 2 
absorber th<cknesses ranging f r m  18 so 40 m g / m  , with the 

majority i n  the Icwer ranges, and chauges in thicknesses of l t o  - 2 4 mgjcm "B"u.9, pr imaxi  ly on the b m l s  sf t h i s ,  promethium- 

147, w i ~ h  Its apparent greater flexfb4llt-y in regard t o  range 

and t o  sens i t i v i ty  thaw the other ~adlo iso~opew,  was selected 

for  our use, Lk was alwo r e a d t l y  avallab2e and i t s  cost was 

reasonabae, 

Carbon-14, which has been used previoasly (11, can a lso  be 

used, Sulfur-35 and c a l c i u m 4 5  have beta rag energies which are  

a.Aso applicable, but, because of t h e ~ r  short hs4E-lives, a re  not 

particularby useful,  %echnetf:c~m-99 la  a l so  saltab3a, but the 

isotope i s  not readily available etmercdally,  Krypton-85 and 

thallium-204 bs&h have mare eaergeeLc beta m i a s i ~ n a  and they 

@ill be useful h r  the &hEcker leaves, but they d I . 1  nat ref1.ec.t: 

s m a l l  chawges %n leaf water contenk a s  well as the fsot.opes with 

the lower beka ray energy for &he t h fmer  I.eavas, 

1, Csnstraet3an m d  tasting a f  beta ray gauge, 

The construckio~1 detaiLs af t h e  beta rag gauge are  presented 

in. Figure l, A phst ogrbaph (Figure 2) ohows e he complete model, 

Section A Pa used t o  hold the 2" diaaeter x 368" thick disc with 

a 2pc prersaeth%t~m-147 beta. ray source whfch was a gained from the 

3 I6 
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uelear  @srporacaon. Seetiow B i s  used t o  hold the  end- 

window G o  E, counter rube, PSgure 2 sbaws the  Hodel 10107 th in-  

w h d w  detector  tube (~adiatfsan Chanter b b o r a t s r i e a ,  B;nc.). The 

s t a i n l e s s  s t e e l  ba ied Mi~del 18108 was l a t e r  Esund t o  be more 

appl icable  than t h e  k 7' Hodel f o r  our work and rhe reswl.ts a r e  

based on t h j s  de tec to r  tube, The de&eersr-beta ray  source d i s t ance  

was s e t  cia-. 3 / 3 2  inch, 

The equipmen used f o r  the study Hnclw&ed the  Baird-Atomic 

Corporatisn Model 930 Timer, Node 3% Scaler ,  Nodel 212 Amplifier, 

and a modifie Modck 319 High Voltage Supply, 79 addi t ion ,  the  

Nuclear-Chicago Corpsras%on Model 2800 ortable Scaler  was u t i l i z e d ,  

The de tec t ion  systsrns were operated followi~g che prescribed 

procedures ou t l ined  by the mlzixfaccurers, 

Bar t h e  measurement of absorber thickness, t h e  sample was 

placed between the  beta  ray  source and the de tec to r  and t h e  a t tenuated 

rad ia t ion  measured b r  one minute, A t eat af khe equ%pmewt was made 

using d i f f e r e n t  th ickaesses  o f  alminum f o i l  absorber a s  the  a t t en -  

uator .  These r e s a l & s  a r e  l o t t e d  in Figure 3, The count rates; a r e  

p lo t t ed  on semi-8t~gar%thmic paper a6 a f u ~ c ~ l i o o  of  the  aluminum 

absorber thickness,  The data  s h ~ w  thaE the  beta rays of Pm-147 

a r e  a t tenuated following the  exponentEa1 equation of equation 1. 

The csunting rates of 500 t o  5 ,800 cotmts per minute, covering 
2 

t h e  range i n  absorber thickness of  40 to 2 mg/cm a r e  of suf-  

f i c i e n t  magnit-ude t o  give re3iabl.e couat%;lig s t a t i s t t c s ,  The low 

count r a t e s  can be increased, &S necessary, by gl.aciag t h e  detec tor  

c lose r  ta t h e  beta ray  source and also by us ing  a detec tor  with a 

thinner enad window. 

2 ,  U s e  oh  beta ray  gauge with p1a~lt.s. 

A ca l ibrakton curve was nude with 1-8 mate r i a l  where t h e  

detec tor  count r a t e s  were r e l a t e d  to the a amber  thickness and a l s o  

t h e  rel.atLve t u r g i d i t y ,  Leaf mater ia l s  were brought to 100 per cent 

r e l a t i v e  t u r g i d i t y  by S loa t l  g them in dBsti71ed water i n  a p e t r i  

d i sh  a t  25Q C a d  f lx~oreseen 1 1 1um L m a h  Yon (38 f t -candles) f o r  
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approximately 15 hours, Bxeess w&er  a7 t h e  l ea f  was removed with 

absorbent paper and the  leaf  weighed, placed 3a  the beta  r ay  gauge, 

and the  transmfssfoa recorded, She leaf was f u r t h e r  dried,  welghed, 

and counted ; t.he p ro~edure  w a ~  :repeaked u m L i  1 a moisture level  i n  

the  l ea f  beyo 

the  csuntfwg process to replace t h e  leaf' in the mwme p m i t i o a  on t h e  

holder ,  The absorber kh$ ckzssa was t-%ktr:nd For I ~ a f  d i .8~8  f r ~ m  

a pl.animetsr, 

Examples of t h e  calibration a c v m  rslatfag &s t h e  absorber 

Wste tha t  f o r  a gLven absorber thkeikr?'ess ox rslatlvc t u r g i d i t y  

t h e  count rate i s  noc. t h e  same, T%s f~ the resu 1 t o f  dY f ferences  

i n  t h e  s k r U e t a t r a  of 5,he Leaf, causing d%%ferewes %D the geometry 

a f  the  absorber. Lt, was also found 6bs.t a s8.kght s h i f t  in p o s i t i a n  

r of t h e  leaf a f fec ted  ehe e n m t  xate, aqd the v a r t a t l m s  noted a r e  

p a r t l y  the  sesu3t of faila.8re P s  repoadl-brn the lieaf a %  the  same 

place IR kbe gauge, Therefore, for  precise ~ tc rk  a cs lLbra t ion  

curve shsakd be ru3 for  the i ~ d i v i d u d  lea$* 

Both curves show Idwearity can the sem93ogasithic p lo t  

foll,owlsg the emp%r%ca$ expoirr,ent$al rela;:cm OX egua&ion I. 

Although t h e  linear psr t ioas  of $he three curves a r e  displaced, 

c.aIcuaations using t h e  d a t a  f o r  &he absorber thickness-count 

r a t e  relations give s l o p s  o r  val.a;ies ok O,Ll2, O,kll;B, and 0,110 
2 

mg/cm for a, b, and e, r e spec t ive ly ,  

The s lmkla r i ty  of slopes f o r  che l eaves  at s imi la r  s tages  

of p lant  develapment can be used t f o  adv,ra~m%g,ge, p a r t  Leularly i n  t h e  

f i e l d ,  For example, by e;eti.tF%.g t h e  c,r,anrt rate w i t h  t h e  beta ray  

gauge on a test l e a f ,  and o b t a f ~ ~ i n g  the relagive turg1dit.y by the  
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other count rakes C m  the  test. lead can be immediately converted 

hako re la%fve  turgidity values Lo the f b s l d .  Simflar procedures 

can be used t o  o&t&n c h a ~ g e s  i n  sbaarber thickness or leaf water 

eomtens, 

The eua&pme~L waa f ,ur~bes:  checked arndgr 1r;dborertory eawdftions, 

&ants to de t em%ae  i t s  re8 mwes to changes in the  

water seatus,  Fifteen-week ald c s ~ t c * )  p Eants (Pima 3-2.) grown i n  

the  greenhouse $q, I /  -s&remg-s;h Hoagla~d nunx tea& solution were used. 

The experiment t o  be keported was eonducde in the envirsmeat  a l l y  
(4. 

control  led growth chamb:ear at 30 C and a w8.t ax d e f i c i t  of the  

a tm~aghere  of 29 mba h e  p lant  was pr~cs-rd.k!.i 7 oversight in 

the  growth chamber before use, 

The first fuLly famed kwf Barn the top (leaf mmber 19 

from the  catyledova?=y aouda o u t o f !  a taa l of' 24 leaves i n  t h i s  

expe rhea t )  w a s  selected four the beta ray gauge measurements, The 

leaf w a s  sllippad between the source a~cnd the  detector,  and then 

posi t i saed seeasrely with tape s a  that DO msarment of t h e  leaf 

oceus r ed re~a t i ve  ta the g a u g ~  halder duriag chs experiments. The 

gauge was also l a c a ~ e d  so tha t  the  3arger w i n s  were not  placed 

within the eoumt lng ge 

The r e su l f s  shmlng  plant  resoowe $3 a l t e r n a t e  dark and 

light: periods a s  mea~urad by the beta ray gauge a r e  ikhust ra ted i n  

igure  6 .  Llght ihakeneiky at the  tcijpr LA she plant: was 3500 foot-  

candles and decreased progressively 8 0  a value of 22 

eandles near the lowest l e a f ,  The da$a a r e  presented i n  terms of 

count: r a t e s  to give the magnitude of the  reage encauntared for the  

experimm&al conditions present ,  The cam& rates ranged from 

24,080 cpm k:xxr che 3hasm1" 'leaf $a 27,9 cpm for the "wdlced" 

leaf, Standard de %eEion of the  c ~ u n e  r a t e s  at these  l eve l s  was 

4- 180 c p  as measured aeparate1.y asfng aBw.niaum absorbers. Resu1.t~ - 
a r e  a l s o  p lo t t ed  i n e  terns of re lak ive  turgddlky and absorber thick- 

ness, both of whfch were obkained Erim calSbraFiom curves s f  the 

t e s t  leaf s h i 3 a r  t o  those showm. i~ ?Figures 4 and 5. 
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E see3 in Bigure 6, the  cat ton p2arrk respon.&d rap id ly  

o al teraa ts  d a  periods, a ~ d  the beta ray  gauge was ab le  

hat esxlruraed durf,ng these periods, The re9- 

ta respome t o  l i g h t  and ranged from a high 

nt. w i t h f n  (me-half hour, Plant-  

f irs leat30n oE vi  l t  was a served bg &a. Raerease i n  count r a t e  

c ,  $ha plant was a'RB1.a ta rag&in it.& turgor even in the 

a r t  of t h e  reasan .lor the reet.vsry i n  t h i s  Enstance is  t h e  

the moisture dsf fc i t -  0Qh.e ahoaphslre  chahnged from 29 

t o  26 mb during eke e a r l y  part$cm of t h e  l l g h t  period, The re-  

covery behavior was accentuated whew khe l i g h t s  were turned o f f ,  

4nd t he  pr;ri,ad d,nvokved for f u l l  recrwery warn approximately one- 

hal f  hour, 
a 

Water loss a f  1 mg/c.m of leaf stusface oce;.,urred during t h e  

one-habf haur i n t e r v a l  a f t e r  he l i g h t  was turned on, This 

ind ica tes  rapid response o f  the s t tmata l  o p e ~ h g  Lo l i g h t ,  As- 

suming tha t  t he  r e s t  of t he  p l a n t  leaves behaved i n  a s imi lar  

f a sh i~sn  a s  the t e s t  l e a f ,  and by using Lhe. measured t o t a l  leaf  
2 

area  s f  3480 an , an est imate of 3, g w a ~ e r  Jsss f o r  t h e  e n t i r e  

p lan t  i s  obtained, Rake t h a t  t h i s  value Hs t h e  loss  from t h e  

p lant  which resu 1% s when t s a m p i r a t j o n  exceeds absarpkion, and i s  

not  the  tmtal transpirational l o s s  for vh$eh i t  might be e a s i l y  

mistaken, 

During t h e  lasb  l i g h t  period and a*, Lhe mirtimum leaf  wat.er 

content,  all. leaves except the test l ea f  with the  beta ray  gauge 

were removed sisnetltanersuslg frcm t-he plank, The s i n g l e  leaf  was 

rn t o  i $ n  orf g lnal  water cantent. wichin 8 minutes, 

Agaia., by assuming the equal r e d f s t r i b u t i a a  of w%er i n  t h e  l ea f ,  

we f ind  thac apprroximat.ely 0,2 g of water was t rans located  in to  

h i s  infomadfsa  gives us  s m e  fded regarding t h e  water 

conductive capacity o f  the pe t i s le  and associated leaf p a r t s ,  
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s P AHD es~cr~usxs~:  
The beta  r ay  gauging technique for determining leaf  water 

content  and t h e  i n t e r n a l  water s t a tus  of  plants was inves t iga ted .  

The promethi.um-14% radf.o%.sotope was found. t o  provi.de t h e  r i g h t  

Bqtlipment wa8 C Q L P B ~ F U C ~ . ~ ~  and khe gauge perfermaace checked 

with planks under cantrolled e n v i r o m e a k a l  candftfans. The 

instrument showed r e l i a b l e  and good r e s  cmse 8 0  rapid  changes i n  

water condi t ions  which can occur %a p l a r t s ,  F~rDhemore ,  with 

light-wefght porkable equipment, 2hc me$hod shculd be r e a d i l y  

appl icable  f o r  X n v e s t i g a t f ~ g  i n t e r n a l  water %tz,tus and the  amount 

of des iccat ion  and rehydraticm i n  t h ~  leaves of f i e l d  crops, 

REFERENCE:: 

1. Mederski, Be J, Detem3nation af iakernal water s t a t u s  of 

p l a n t s  by beta r ay  g a u g h g o  So4 1 ScY , 92: k&3-?46, 1961, 

IEbERS0WL: 4;", S o  Hakayama, Fa, 8. Ehrler, @1, BJ, Pi, van B a w l  
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Table 1, Properties of several beta emittisg radi.oisotopes considered 

for beta ray gauging, 

Radioisotope M*zlB- &ximum Range, 
l f f e  energy, blev mg / cm2 - 

Hydrogen-3 12.3 y .018 .6 

Nickel-63 85 Y .067 7.0 

Carbon- 14 5570 y .I55 2 8 

Sulfur-35 87.1 d .I67 32 

Promethium-3.47 2,6 y \ .223 5 0 

Calcium-45 163 (4. .252 6 0 

Technet ium-99 
5 2 x 1.0 y .29 7 4 

Krypton-85 10 Y .695 250 

Thallium-204 400 y .7 65 280 
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.gure 1. Construction deta i l s  
of beta ray gauge. ERIAL ; BRASS LUMl MU 
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igure 2, Photograph o f  beta ray gauge. 
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or pa=oma&hium-147 beta ray in aluminum, 
3 25 
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Figure 40 Absorption curve for promethium-147 beta ray in moicarz Leaf 

rebated to relative turgidity. 
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Figure 5 .  Absorption cu e for promelhim-147 beta ray in moiak leaf 

related lo absorber thichess. 
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Figure 6.  Response of cotton leaf t o  var iab le  l i gh t  conditions a s  

measured with  the beta ray  gauge, 
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TITLE: WATER LOSS PROM P PS AS RELATED TO ST 

RESI STAHCE 

LINE PROJECT: SMC 11-gGl CODE NO,:  None 

INTRODUCTIOH: 

PraRion, a f f e c t s  the water economy of plants.  To under- 

stand t h i s  process, sane of the  things we must ik~vest igate  i s  t he  

escape path of the  water vapor, Pxevfoas s tud ies  on stomatal 

behavior i n  r e l a t i on  t o  water =par loss  have one serious short-  

coming, namely, tha t  of the disturbance of t h e  stomate and i t s  

environment, For example, t o  measure the stomagal aperture,  the  

leaf must be observed under the  misrowc~pe, Thts involves the  use 

of high l fgh t  in tens i ty  and other d%sturb%ng a r t i f i c i a l  conditions 

i n  the  process o f  preparing the mater ia ls ,  

It i s  qu i te  obvious t ha t  an accurate method, which has 

minimum e f f ec t  on the  leaf envfromeat , for  following vapor loss  

i n  leaves aad concomitant water loss  t o  the  atmosphere must be 

develaped, An isotopic  t racer  techaique, using a water t racer ,  

should lend i t s e l f  t o  the solution of some of the problems. I n  

t h i s  ease, we ropsse t o  follow ordinary water vapor movement 
3 1 16 

through stomates with t r i t i a t e d  waeer QT o r M B 8  In- 

ves t igators  have attempted t o  give hysieal  in te rpre ta t ion  of 

d i f fus ive  processes t o  $he stomate 99, 24, 1& would be of i n t e r e s t ,  

then,to apply some of the  data obtained from the  t racer  technique 

t o  some of the  theor ies  deve2ogedd 

The objectives s f  the  study then a r e  (a) t o  develop a method 

fo r  the d i rec t  and absolute measurement s f  the  d i f fus ive  res i s tance  

of s t m a t e s  t o  water vapor, (b) t o  r e l a t e  the  stomatal d i f fus ive  

impedance of plant  leaves t o  various env j r smenta l  conditions, and 

(c) t o  ca l i b r a t e  empirical. methods fo r  characterizing stomatal 

e r t u r e  by means of the  method devel~ped under (a) ,  

The f i r s t  phase of the  study was s t r i c t l y  of an exploratory 

nature t o  develop equipment, methods, and techniques, This con- 

s i s t e d  of exposure of leaves and mater ia ls  simulating plant  

leaves t o  t r i t % a t e d  water vapor, aw,l,ysis s f  k r i t i a t e d  water 
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concentrat ion i n  the exposed mater ia l ,  and d e t e r m i ~ a t i o n  of 

optimum t r ace r  eoaceatrat ion and exposure p e r j n d s .  

PRQCE",DL%E : 

Moist b lo t t e r  paper, 6 x 8 cm, cut  Prom green. desk b lo tce rs  

was used to simulate leave8,, 

Corn p lan t s  (WD 456 x 39%) were growv f o r  3 t o  4 weeks i n  

3-ox wax-Lined aper cuaps containing 180g of 2 ~ 1 .  sand-soil mixture, 

Plants  were i r r i g a t e d  with 1/2-%trength Hoaglaad nu t r i en t  solut ion,  

On the day p r i o r  to THO vapor treatment, normal i r r i g a t i o n  was 

terminated and prsps r t ioua te ly  d i f f e r en t  amsu.nt.s of nu t r i en t  

solution wers added t o  the  cups t o  obta in  d2fferent  water contents 

i n  the s o i l  mater ia l ,  

The plant  mater ia ls  were placed %a a chamber f o r  exposure t o  

t r i t i a t e d  vapor, This treatment chamber wa% made from 1/40 - 
inch l u c i t e  and was  28 inches wide, 32 inches deep, and 18 inches 

t a l l ,  The ~ z w s  LO" x 18" f ront  pa~llels were latched t o  the  r e s t  of 

the  box f o r  f a s t  demounting, Rubber gasket s ea l s  were used t o  

make the  box a s  leak-free a s  possible,  The chamber was equipped 

interstaflg with a 50 CFW squ i r re l  cage blower, The blower dr ive  

was mounted on &he outs ide  of the  box to prevent heating s f  the  

in te rna l  chamber, The treatment chamber was placed i n  a laboratory 

gloved box s a d  manual operations were carr fed out with t h i s  pro- 

t e c t i v e  device. 

For t r e a b e n t  sf the planr with THO vapor, vrhe mater ia l  was 

placed i n  the  chamber with a g lass  f l a s k  covtaining 100 m l  o f  2 

o r  10 pc/ml t r l k i a t e d  water, The a i r  stream from the  rec i rcu la t ing  

blower was di rected over t he  surface  of the t r i t i a t e d  water, 

During the  treatment periods, the  p lan t s  were illuminated with 

f luorescent  lamps a t  208 faot-candkes, Chamber and water tempera- 

tu res  were malnkaiaed a t  26 t o  29O C e  

After the  prescribed exposdre times, the  plant leaves were 

analyzed fo r  a c t i v i t y  by the method developed and described i n  

the  1960 Annual Repsrt,  P lants  from the  same set: oaf p lan t s  a s  
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the treated one, but unexposed t o  TBO, were photocopied on the 

Xersx copier amd the lea area measured and related to  the leaf 

weight, 

RESU'LTS 

Pigaare 1 shows khe TBO a&lv%ty  af mofsk b lo t te r  papers 

exposed t o  t r l t i a t e d  w&er, he resul.ts lbedfeate a l inear re la t ion  

(r2 = e98) between the activity in the b lo t te rs  and the ex- 

posure periods of  15 sn9nutes t o  2 hours, Ecpilibratisn of THO 

ac t iv i ty  on the b l o ~ t e r  and the & s f t i a t  d wa&r source did not 

occur within the 2-ham exposure period, Thc 15 minutes exposure 

a c t i v i t i e s  that  can be aaeaavxed eecurate3y with our 

existing anaIytHca1 equipmen&. 

Blotters were used t o  check t h k l  exposure techniques and a lso  

to  be a standard for  noma8lz%,rag;: rcswT&s of experiments conducted 

a t  different  times, Expkora org study i n  th&s regard showed that 

a i r  leakage and poor raeireubat.iion v i th ln  the Creatment chamber 

may cause inconsistent replleakions, 

The r e su l t s  for  three rep%ieatea of corn plants a t  different  

soPl water coateats expo f o  $O+cJml ~ r i t i a k e d  water a r e  shown 

i n  Figure 2, An exposure %%me of 15 mPnuVes m a  wed  fn. these 

studies,  Bf;laeters were a l so  exgcnsed a&, the same time as the plants 

and the mean ae t fv i t fea  nf 7 b lo t te rs  per repl icate  in  A, B, and 

C! were 8,66, 0,72, and 0,69 pc/ml. This indicates that the 'CXO 

exposure eonditi0-a i n  the  t ree repl icates  were quite similar, but 

the resu l t s  with the  plants, however, show some variation. The 

data show a decrease i n  T exchange between the atmosphere and 

the internal leaf water as the so i l  water cantent decreases, and 

the l inear  re la t ion  does not dndies.a$e an abrup& cIo8ure of the 

stomatea a t  any part icular  so i l  moista~re content, The leaves a t  

the 5% water conteaat tearel, and lower were badly wil&ed (permanent 

wilt ing a t  3,6% water eo-mtent], and  yet  ewZde.nce of exchange of 

t racer  vapor Ea presen t .  This waa~ld %adlaate e i ther  incsmp1,ete 

stsmakaa closare even a t  wilep or &dm& L ~ F B U ~ ~ .  of cuticular diffusion 

of THO and coasequwz~t exchange wfth the leaf water. The magnitude 
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st t h e  a c t i v i t y  of the leaf water suggests the srmer mare strongly, 

There was about 70% deerease III'TWI&~ ac t iv i ty  whew the water conte.nt 

was decreased from 25 t o  3,5%, 

Preliminary 8tud.i.e t o  t r i t i a t e d  

water ( H ~ H ~ ~ ~ ~  or T itha& the  met,hod nay be used to 

evaluate the s kom ta 1 plaatsr The leaves of corn plants, 

when grown under ifferenk anoiahure regimes aad exposed to  t racer  

vapor:, show proportiamateiIgr high ae%Pvi&y a t  the  high than a t  

the low soil water Bevels, Alsa, the da&a Indicate differences i n  

stomatal resistance from one soil motsture h v e l  to  another and 

a lso  an inemplete  closure o f  &he stornates evez11 a t  the permanent 

wilting pereenkage. 

REPEmNCES: 

be quantitative explaaat8on of  stomatal 

transp l r a t  ion, Aeta Bse, ee r l ,  2~25.5-297.  1953, 

2. P e m n ,  H, Lo and Schafi.eBd, R. L, $ m e  physical aspects of 

assimilation and transpiration, S p p ,  80e. Exp, Biol, 5:115- 

1.29. 9.951, 

EL: F, S, Nakayama, C,  B, H. van 
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, Wafer Conservation Laboratory, 
Temaae. Arizona 

Figure 1, 3330 activity in  moist blotter paper exposed to 

2 g c / d  trit iated water. 
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. Water Conservation Laboratory, 
Tempe, Arizona 

WATER CONTE 

Figure 2, 'I730 act iv i ty  in  corn plants exposed to 10 pc/ml 

tr i t iated water, 
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DEMANDS 

LFNE PROJECT: SWG 11-$61 

INTRODUCTION: 

Wise u s e  of i r r i g a t i o n  water  demadds qp u ~ d e r s t a n d i n g  of p l a n t  

wa te r - r e l a t i ons ,  The l a r g e  quanl$,$l&s of waBeralost from t ~ a h s p i r i n g  

p l a n t s  must be balanced by water  absorbed from khe s u b s t r a t e  i n  o rde r  
&* t o  avoid w i l t i n g  a  d  consequent growtjt impairmefig d r  death of p l a n t s ,  

Few a t tempts  have been made r o  measure aecukat.e)iy bgth t r a n s p i r a t i o n  
0 qr 

and water  absorp t ion  over  s h o r t  pe r iods  uader  d i f f e r e n t  e n v i r o ~ m e n t a l  
Y r 

'3 XI ' 

condi t ions .  

P r e c i s e  informat ion  i s  needed about t k e  e f f e c t s  of d i f f e r e n t  

magnitudes of water d e f i c i t  on p l an t  grow?% and t r a n s p i r a t i o n ,  To 

o b t a i n  the necessary  c o n t r o i  of the v a r i a b l e s  cooceraed i n  c r a m p i -  

r a t i o? ,  a  con t ro l l ed -env i romeo t  f a c i l i t y  14 needed, The o b j e c t i v e  

i s  t o  understand p l a n t  w a t e r - r e l a t i o n s  beta2r over  s h o r t  per iods ,  and, 

u l t fma te ly ,  r o  be a b l e  t o  c o r r e l a t e  p i a n t  response un$er c o n t r o l l e d  

co rd l t%ons  with f i e l d  behavior  of c rops ,  R e  r e sea rch  t o  achieve 

such an objectgve was i n i t i a t e d  i n  A p r i l  1962, and i s  expected t o  

cont inue  u n t i l  1967, s u b j e c t  t o  axmual n v a h a t i o n .  

PRQCEDURE : 

r e l a t i v e  r a t e s  of water  absorp t ion  and t r s w p l r a ~ ~ o n ,  c e l l  t u r g i d i t y  

can be  a f f e c t e d  by a l t e r i n g  e i t h e r  process ,  T3e primary purpose of 

t h i s  i n v e s t i g a t i o n  i w  Lo s tudy  the e f f e c t s  o~  p l a n t s  of changes in 

t h e  t r ansp i r a tgon  r a t e  induced by maaFpkazi2g evapora t ive  demand, 

However, f i r s t  an experiment was performed t o  determine the e f f e c t  of 

r o o t  temperature o~  water absorpkioa a s  a  low r r a ~ s p f r a t % o a  r a t e .  

This  fnformakAos p e r d t t e d  a l l  folEowing exgec9rnents $0 be c a r r i e d  

ou t  a t  roo t  temperatures  f avo rab le  t o  wa:erbabsorgtion, Therefore,  

any decrease  f a  plant  turg idLty  fn response t o  a  b igber  evapora t ive  

demand could be a sc r ibed  t o  a t r a & p i r a t i o n  reee higher than before ,  

r a t h e r  than t o  a pos~iTsPe s imzrl~aaeous decreaae %n t h e  r a t e  of water  

absorptiloa, 

335 
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temperatures.  Tke 3ext  m o r ~ ~ i a g  eacF plant was sea l ed  i a  a 2 - l i t e r ,  

r i g i d ,  pkas r i c  p sz ,  After t -~ IQ soots were i w s a t e d ,  rbe  scem was f i t t e d  

wfrh a rubber s toppe r  be ow the cotyledonary node, and a w a t e r t i g h t  

s e a l  was made by means of C O ~ L O S '  ba4:~ng 2nd wax, A seandpipe r l s f n g  

from the por l5d bad a r e fe rence  l ine  2 ea zbasr t5s s o l u t i o n  l e v e i  

f o r  water a'b~oaerp~+~o;12 measurement 4 2 5 ~ ~  w k o i e  apparatus ,  f.wIudfng 

pot  and p lant ,  was> weighed a t  in"erva't3 f o r  r r a r~sp i r ackon  deeerminatfons,  

Usual ly cwo p lanes  were placed on a bend? en tbe middle of the 

Cont ro l led  - E m f  rcsamenr Eoom 'SO i"h2t cjlrei~ $ a t  ing a i r  moved the  leaves  

only  s l$ghk ly ,  212 several experfrneirr2s a rk i r d  p l a n t ,  sfmilhar t o  t h e  

o the r s ,  w a s  reserved  for  beta r a y  gauge maasuremeF,ts of a represen-  

tatdvie l e a f ,  T % E s  plan:, placed at  %be nor th  end sf the bench, was 

n o t  weigbed, since p r e c i s e  %eta ray gauge monitorf~-tg depends on main- 

i s  eoi--mfdered a logzcal  2relLwbnary so  cbangi~g evapora t rve  demand by 

vary ing  :he wet-bulb tenpera Lure; moreover , a change can be e f f e c t e d  

more quickly  and w i th  lem kemperature  reacf fsa of t b a  con t ro l s  than 
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'Ibe d a t a  eoJ l.ceeted and coasiidered per.i~Inant ", t h i s  type of 

exper%naaennt deaC with l \gh'ir l~lr ernbity (Westsn 1 %&8: meter),  i n t e g r a t e d  

saturat.4ow defi-:jt (Leeds s o d  Nosttthrqv recorder, wl.2h dry- and wet-bulb 

probes loca ted  i n  t h e  rekurn-&ir  duct of ehe Controlled-Environment 

Room), evapora t ion  rake  { b l a ~ k  Bellanh p la t e : ,  l e a f  a rea ,  p l a n t  t i s s u e  

water  con ten t  (Ere& and oven-dry wsighss), and t h e  r e l a t i v e  
- 1 t u r g i d i t y  ( b e t s  r ay  gauge l ea f  n$aasrirements, counts  min See 

WCL-26 f o r  a detafled account of t h e  b e t a  r ay  gauge d a t a ,  

RESULTS AND D:LSCDSSIBM :: 

t ire e x ~ e r j m e n t  
P - - m L - d  

Before t h e  standpipe-pos, wad ddeaiehoped, t b r e  weight method was 

used f o r  measuring both t r a n s p i r a t  f on alnd water &sorpt ion .  The 

de termina t ion  of t r a a s p i r a t i o a  c o a s t s t s d  of two success ive  weighings 

of t he  p l a n t  and a l l  appur teaarees  (such aw pot and s o l u t i o n ;  e t c , ) ,  

whereas t he  a s o r p t i o n  measuremalrzt was obzailaed from two weighings of 

t h e  go t  wltb i ts  n u r r l e n t  so lukioa ,  witbout  t%e plasnt, Complications 

involved i n  b l o t t i n g  the r o o t s  d ry  be fo re  ~eigg.1~1-g and the  consequent 

c o r r e c t i o n  of t he  water absorpefoa va lue  made an a l t e r n a t e  method 

d e s i r a b l e ,  However, the  r o o t  temperacure rcssu lts, which were the  on ly  

d a t a  der ived  from t h i s  method of measurement, po in ted  t o  t he  d e s i r a b i l i t y  
0 

of maintaining t h e  r o o t  temperature above 20 C. 

Under cond i t i ons  conducive t o  a r a t h e r  low t r a n s p i r a t i o n  r a t e -  

DB 28,2, WB 24,02 SD ( ~ a t w r a t i o n  def hcLk)  E l  mb-a r o o t  temperature of 

2 0 ' ~  compared t o  3 0 ' ~  depressed water  absorp t ion  56 percent  over a 

one-hour per iod,  enough t o  cause wilting of the kbree youngest leaves  
0 0 

i n  20 minutes.  When 30 C a,ad 10 C r o o t  temperarures were compared f o r  

one hour, water  abso rp t ion  was depressed 83 percent, the w i l t i n g  of t h e  

upper leaves  appearing in 10 miiwutes. '&we va lues  a r e  mean d a t a  f o r  

t h r e e  pees, %en the p l a n t s  from both low-temperature t rea tments  aga in  
0 

were put  %n nut r4ent  s o l u t i o n  a t  30 C, water absorp t ion  much exceeded 

transpiration, and recovery from vYsSble drooplwg waa complete i n  

12 t o  20 m i ~ u ~ e s ,  

Development of the  s tandpipe-pot  desc r ibed  e a r l i e r  enabled more 

p r e c i s e  water  abso rp t ion  measuremeam t o  be made; t he re fo re ,  t h i s  method 
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supplanted t h e  weight method used f o r  the r o o t  temperature s tudy.  

Prel iminary t e s t s  showed an appareot  s s i m l a t o r y  e f f e c t  of hydro- 

s t a t i c  p re s su re  on water  absorpt ion wher $be wa&er Level i n  t he  s tand-  

p ipe  was maintained at 40 err a h v e  the pof l i d ,  To avoid a p o s s i b l e  

a d d i t i o n a l  var%abEe, the seaadpfpe r e fe rence  level was changed t o  

2 cm above t h e  l i d  f o r  a19 subsmp,.tent eqoerimeats, 

T"went2-four hour -- 
A ,  Cont Hmoua d a r k ~ e @ s ,  X U ~  hour experiments were undertaken ------* 

a s  a pre l iminary  t o  the shorz-term e r i ~ e a t s  ito f i n d  out  i f  t r a n s -  

p i r a t i o n  and water  a b ~ o r p t  ion showed BTIIY pek %od f c - l  ty, 'ha t h e  f i r s t  

experiment, c a r r i e d  o a t  w Eat% 18-week-old plza t s ,  :~ra;laspiration and 

water  absorp t ion  were measured fe f% e Co~wLroJ led -eSi.laf c o m e n t  Room 

f o r  12 eoasecut ive  -boaer per iods  PQ 9 e  dark-~ieqs at  a mean a i r  

temperature of 34.2 G and a SD raeg$.iiag from 16 ,0  to 17.2 mb. The 

evapora t ion  rate from a BelLaai plate,  plkced I n e t e r  from t h e  p l an t s ,  
.a 1 - a  was 0,60 t o  8.63 in1 hr  P l a n t  $ :rzm~p$red from 4.2 t o  4,8 g h r  

-2 
f o r  t h e  f lrst eigl-t  h o a s  (25,O t o  B O O  g m kr 1, and absorbed 

s l i g h t l y  more water than i f  l o s t ,  P l m t  LI t r a n s p i r e d  from 5,2 t o  

6 . 1  g hr'l dur ing  tbs f i r s t  e i g h t  hours  (24.8 t o  27.0 g m-2 h r - I ) ,  

t he  measurerrents e g i ~ ~ n i n g  a t  0900, Maser: absorpr%on was e s s e n t i a l l y  

equal  t o  t r a n s p i r a t i o n a l  l o s s e s ,  A f t e r  eig t hours,  bo th  t r a n s p i r a t i o n  

and absorpkiow decl4,m.d s t e a d i l y  %in .$he kwo p1anz.s t o  a r a t e  about 

one-half ghat of tbe  f a i t e a l  value. The r o t a 1  abso rp t ion  f o r  t he  

24 hours was 15 percent  lower than  trampCratAon f o r  p i a n t  I, and 

10 percent  lower f o r  p l a n t  XI. 

Genera&%on of large.amounts of bubbles in t he  mass of r o o t s  

near  t he  bottom of t h e  po t  i n t e r f e r e d  with the  waeer abso rp t ion  

measurement whenever xhe bubbles  co~3.d not be dLslodged and rep laced  

with nutrHeat  solueEon up t o  cbe wacer &bsorpr ion r e fe rence  l i n e .  

'&is problem oecurred wt th  both p l a n t s  afrer about e i g h t  hours,  and a t  

times made an abaorptfoJv measurefimt unra l iab1e;  eberefore ,  t h e  d a t a  

a r e  presented only  f o r  t h e  f i r s t  e i g h t  hours ,  
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B ,  Cant IE the  second 24.-hour experiment, two 

p l a n t s  were kept fn t h e  light ( ja teas f ty  rangi~g from 2200 f t - c  a t  

bench heighk t o  3500 f t - c  a t  t h e  top  of t h e  plant, 120 cm), while  

measurements of bods &ransp i r a t%on  and water absorp t ion  were made f o r  

12 two-hour perdods LTP hhe ~oxr:xo$ Bed-$~vfr05m",nt Room, The mean a i r  
0 

temperature was 3 3 , 4  C, with a SD rarugiag from %,7  t o  11.4 mb, The 

p l a n t s  were 9.6 weeks o ld .  Evzporat P,ov from t h e  b'iiack Bel lan$  p l a t e  

ranged from 1.02 t o  1.18 m l  hr'>'. T L  sbould be noted t h a t  this evapo- 

r imeter  responds t o  both SD and radlakxw. ?%e mewurements began a t  

1100, and showed a shmfl'ar & a m ~ p i r r ? ? a l  for Q W C ; ~  of t h r e e  2-hour 
'm "j - 2 

periods:  plar8r :, about 22 g F r  (125 g m ;r-'), with an equal  
<., 1 -2 -1 

r a t e  of water  a b s o r p r i o ~ q  pLam I?, a b b e  2'1 g kr  (113 g m h r  ), 

again  wi th  absor  t8ow equal ing  transpirzz'r&orr, During t h e  remainder 

of t h e  24 hours,  however, 0 t h  plz~r:f.,9 showed a sceady d e c l i n e  In both 

t r a n s p i r a t i o n  a7d water  absorp t ion ,  fB~m1By reacniag  va lues  only  about 

one-fourth t h e  o r l g  l%al r a t e ,  Mevertk~efess,  the t o t a l  abeorpkion 

equaled the total  Sranspi ra t$on ,  Acewmlation s f  bubbles was a problem 

a f t e r  t he  f i r s t  s l x  hours ,  

Ln both of itke 24-hlour ex,perimer:-s, c o v f i ~ ~ i n g  the  p l a n t  r o o t s  

f o r  t h a t  dur%t ion  without forced aeration may & a w e  caused abnormal 

r o o t  r e s p i r a t i o n ,  althot& t h e r e  were no a par e ~ i t  parb$c symptoms, The 

t r a n s p i r e d  water  was replenhahed w$t? i  weT?i-aerated n u t r i e n t  s o l u t i o n  

i n  an  attempt 60 a l l e v i a t e  aay o s s j b l e  lark of adequate oxygen i n  

t h e  r o o t  zone. In each exgesiment a thErd piant wap exposed t o  t h e  

same cond i t i ons  a s  the two plaatts awed f o r  Lraasgl ra t iow and abso rp t ion  

measurements, excepr lihar i t  remained immobiie, Th i s  permi t ted  b e t a  

r ay  gauge monitori.ng f o r  t h e  t h i c k a ~ s s  of a r.epms"entati.ve, f u l l y  

expanded l ea f  nea r  t h e  t i p  of the pla2j.t, I n  genera l ,  che b e t 3  r ay  

gauge readings  confi.mo?d t h ~ e  wager f l u x  msasurements, In  t h a t  t he  

moraf.kored leaf showed a % L i g h t  but. s teady lose o f  th ickness  QhndAcating 

a net  removal of w a t e ~ )  i t ?  the contim:aou~-,dark..nass experiment, b u t  no 

n e t  change i n  thi.ckwess in t,he cov :~ i~~~us -~ i l . : i gh t  experiment $gee WCL-26 

f o r  more d e t a % I s ) ,  
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Short-term experimeng 

A ,  kt a SD of 6 mb. - Three cotton plants,  14 weeks old, were 

brought from the greenhouse in to  th.e Controlled-Environment Room a t  

1600 the day previ.oua to th.e experiment, They were put i n  aerated 
0' 

0 nu t r ien t  solut ion and kept i n  darkness a t  an a i r  temperature of 30 C 

and a SD of 6 mb u n t i l  @he next morning, Table 1 gives d e t a i l s  of the  

subsequent treatment and r e s u l t s  of the  experiment, The t ranspira t ion-  

absorption data  f o r  the 30-minute period jus t  preceding the  f i r s t  period 

of l i g h t  can be &?sidered more typ ica l  of th.e steady-state dark 
a 

c ~ n d i t i o n s ~ t h a n  the  f i r s t  period, i n  3hich evaporation of dew from the  . ~ 

leaves probably gave abnormally higfi t ~ a n s p i r a t  iop values. Allowing 
- w  

f o r  the experimental e r r o r  i n  absorption measurements i n  the dark 

under very low evaporative deman8; the  data  f o r  the. dark period ind ica te  

a balance betG&en gain and loss  of" katei- by the  plants.  A sudden large 
"3 

increase i n  stomata1 aperture induced by l i g h t  brought about a moderate 

d e f i c i t  i n  t i s sue  water content of both plants .  During three more 

30-minute'periods i n  the l igh t ,  a b ~ ~ r p t i o n ~ c o e t i n u e d  t o  lag s l i g h t l y  

behind t ranspira t ion,  The upper leaves of both plants  wilted s l i g h t l y  
:: 

i n  the  second period of l i gh t ,  ' ~ o t  u n t i l  the  l a s t  of f i v e  consecutive 

30-minute periods of l i g h t  did absorption exceed t ransp i ra t ion  s l i gh t l y .  

!krning off  the l i g h t s  g r ea t l y  depressed t ranspira t ion,  but i n  s t a  

i t  sank to  one-half the  steady-state i n  l i g h t  during the f i r s t  period, 

and to  even lower r a t e s  i n  l a t e r  dark periods, Absorption exceeded 

t ransp i ra t ion  when the l i gh t s  were o f f ,  but not to  an extent su f f i c i en t  

t o  cancel completely the  d e f i c i t  b u i l t  dp e a r l i e r ,  Neverthelc%s, the  

imbalance was decreased su f f i c i en t l y  t o  overcome the wi l t ing,  

A s  pointed out before, no water balance measurements were made 

on the plant  having the  attached beta  ray gauge. Moving the  plant  f o r  

periodic weighing might i n t e r f e r e  with counter geometry and thus lead 

t o  an incorrect  count r a t e ,  L t  was assumed tha t  the i n t e rna l  water 

balance of a l l  three  plants  was affected equally by the experimental 

variables.  The count r a t e  from a young, f u l l y  expanded leaf on the 

th i rd  plant  increased when t ransp i ra t ion  exceeded absorption i n  the  

two plants  measured fo r  water balance, Therefore, indications a r e  
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t h a t  the  water content. of ehe s i n g l e  leaf  is a ref leckion of t h a t  of 

the whole p l a n t n  

At a SD of 15 mb, After  a  previ.ous wfgbkgs equ i l ib ra t ion  i n  -------- 
0 

the  Controlled- fronmenh Room a t  a3  air temperature of 30 @ and a 

SD of 15 mb, th ree  14-week-old cot ton p l a n t s  were exposed t o  the  

following sequence of 38-minute expar%mental periods: four dark, 

s i x  l i g h t ,  and th ree  dark, Pertknent da ta  a r e  foumd in Table 2, 

A s  in the previous experiment, %B darkness warer absorption. was essen- 

t i a l l y  equal t o  transpLratSon, but. Lagged bebiod when the l i g h t s  were 

turned on suddealg, Moreover, the d j f fe rence  was more pronouaeed ehan 

before,  Absorpt9on semalned behiad g r a m p i r a t i o n  f o r  three  more 

periods i a  place I, but  fn p3hrat XI absorpdion egan ro equal t rans-  

y the t h i r d  period of l i g h t ,  

In three  periods of darkmess a f t e r  the I$@&s were turned o f f ,  

absorption f a r  exceeded t r anspf ra t ion ,  However, t h i s  excess was enough 

to  cancel t h e  previous d e f i c i t  only f o r  p2an.t iT, %e w i l t ,  produced 

by excess t r a n s p i r a t i o n  over absorption was evident fa both p lants  

i n  the  second period of L%ght. I t  was more pronouaced ASan thar  

occurri3g a t  6 mb, but again was reversed by darknuss, The beta ray 

a u g e ~ o n  the  t h i r d  p lan t  confirmed the measurements made on the  f i r s t  

two p lan t s ,  

A t  a SD of 29 mb, Plants  15 weeks o ld  were s t a b i l i z e d  over- @, ----- 
0 

night  fn the Controlled-Envfronmemc Room in darkness a t  30 C and a t  

a SD of 29 mb, The aext morning trsnspbratfcm. aad absorption were 

determined f o r  two plants ,  while the tberd was monitored by a be ta  

ray gauge, The r e s u l t s  (Table 3 )  show, as before ,  absorption essen- 

t i a l l y  equal t o  t r a n s p i r a t i o n  i n  the  e a r l y  dark periods, but reveal  

a g r e a t  d i spa r r ry  i n  &he two processes in the l i g h t ,  T%xe react ion 

speed of these  p l a n t s  was q u i t e  d i f f e r e n t  from t h a t  ED t he  previous 

experiments, Af ter  a  large  d e f i c f t  Ln ner- water content  induced a 

w i l t  during the f i r s t  period of light, absorption increased so  m c h  

i n  the  next period a s  t o  exceed t r a n s p P r a t l o ~ ,  ~ k u s  curing the w i l t  

i n  both plawks, Ha t h e  following three  periods of l i g h t ,  absorption 

continued t o  exceed traansgbraciion, so  t b a t  the  dief icf2  ei~ggewdered when 
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the l i g h t s  f i r s t  came on was canceled even before t3e l i g h t s  were turned 

o f f ,  However, during these  uccaedhg periods of JTght, the  p lan t s  

again wFkted very sJEghtFy a3d recovered, wit% a s  obvious c o r r e l a t i o n  

wfth the  transpirarion-absorption measurements;, 

The excess water absorptLon a f t e r  the  l i g h t s  went off  eon- 

t r ibu ted  t o  a t o t a l  absorptfom &!&kt exceeded transpir#snoa considerably, 

implying tha t  the p lan t s  were betkea" h draked 8% t%e end of the  experiment 

than rhe start., The beta ray gauge on the t h i r d  plant did a o t  confirm 

t h i s  f a c t ,  but  bo%h InsLm.ees of e a r l i e r  wilting were corroborated 

n ice ly  by the  b e t a  ray gauge re.edilngs of a yovng, f u l % y  expanded l e a f ,  

S-RY AND COPifGLB8XBMS: 

Plant  growth and water use a r e  c lose ly  associated with the  

i n t e r n a l  wager balance, which depends on the r e l a t i v e  r a t e s  of t rans-  

pera t ion and w a b r  absorption,  Experimental induction of aa unfavorable 

in te rna l  water balaace by an Lnereaxed e x q o u a t i v e  demand may lead t o  

a be tee r  wderstdndEng of plaae water-relatSoas, e spec ia l ly  when done 
/ 

over shor t  time incremen%s, 

Experiments were performed with lorqpstaple  cot ton (Pima S-2') 

-Sn n u t r i e n t  soluk Loa $7 &he Contxolled-En-cri ronsmaat Room, Both 

t r ansp i ra t ion  and water &sorption were measured p rec i se ly  f o r  

severa l  eor~seeu%ive 30-mdd~~ute periods t o  d e t e r  qne the e f f e c t  on 

the interna9 water dance  of ekangee from l i g h t  t o  darkness, The 

t r ansp i ra  t ionr~db8o S;tolce measurcemewts were made on two pb8xtc&s9 while 

a t h i r d  served f o r  be ta  ray  gauge thickness measurements of a f u l l y  

expanded leaf  (see FdCL-261, An iwtegra;ed value fo r  the  SD, as  wel l  

as  the  evaporation rate from a black Be l l an i  P l a t e g  characterized the  

evaporative demand of the  a e r i a l  envi~oi~rnesiit~ t i g h r  i n t e n s i t y  aB: 

three  elevarPons w a s  also determined, 

Prelhi,nary axperimerots showed that water absorpta,on was not 

inhibi ted  a t  a root  temperature of 3CI0c, and tha t  the re  was no apparent 

pe r iod ie i  try of e Fcher water absorptiors o r  cra..xspiraa f on in a 24.-hour 

period of darkness o r  l i g h t ,  

Z'Erree short-term experimeints i wwo Lved mcasur emant of t r a n s p i r a t  ion 

and water absorption during sudden changes from darknees t o  Sight, 

ca r r i ed  out under d i f f e r e n t  degrees of evapsraeive demand (SD of 6, 
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15, and 29 mb), Turn3n.g on the 1Hght.s s a d d e ~ l y  caused t r ansp i ra t ion  

$0 exceed water absorptioq, a f t e r  h a v f ~ g  beev equal t o  i t  ucder 

s teady-seate  dark c o n d f ~ l o n s ,  The g r e a t e r  the evaporative demand, 

e grea te r  the djspar iey  between t r m s p % r a t i o n  find warm absorption, 

However, drtrxwg succeeding periods 02 Ilght, a progressively higher 

rare of absorptfoa compared to t r ansp i ra t ion  teoded &o cancel the 

d e f i c i t  caused by $he f f r s c  period of LlghT, A t  29 mb, f o r  example, 

sorpt ion was much l e s s  than t r a m p i r a t  ion I n  the f f m t  

30-minute period a f t e r  the l i g h t s  came OF, but exceeded t r ansp i ra t ion  

in the  ysxt  period, Umder a Lower evapora? Sue d e ~ z a d  the d i f  fereace  

bekweeir water gain  and l o s s  was not  so  pronouniced % m e d i a t e l y  a f t e r  

the  l i g h t s  came on, aa.d &%ere was a corresgsadingly longer recovery 

time, A t  t h e  lower vaLues of evapora t iw~ demand E6 was necessary 

f o r  t h e  1Sghts t o  be  bff f o r  severa l  half-hour periods in order f o r  

the  de f icS t  t o  be overcome completely, 

This di f fe rence  in tbe r a t e  of increase Fn water a b s o r p t d o ~  

during successive periods of l i g h t  is  cor re la ted  w i t h  the SD, The 

higher  the  SD, ehe f a s t e r  Che pEaa8s increased their r a t e  of water 

absorption a f m r  I t s  Sa$t4aP d e c l k e  in rhe  firs^ period of i l lumi- 

nat ion,  A possfble  explaaafLon is the deve~+opment of a higher DPD i n  

the leaves of plan88 that  wi l ted  more severe ly  &a% 29 mb) than fa 

those with a milder wi l t  ( a t  15 and 6 mb], Tbte b ~ g h e r  DPD would 

enhance che gradfent. f o r  watex absorpc ion, 7% is hygokhesis can be 

t e s ted  by deteml.nbng t5e DPD of leaf tfsmxe before and a f t e r  wi l t ing  

under q u i t e  d i f f e r e n r  eowdikfoms of evaporariue demand, 

X? i s  eoneluded thar precise  meaeure~ent  of both t r a n s p i r a t i o 3  

and water absorptAon over shor t  periods i n  a eontxolled environment 

can contr ibute  t o  an understanding of the  i n t e r n a l  wgter balance of 

cot ton p l a n t s ,  

PERSOHEEX: W, Ehrler ,  6, M, PT, van BaveP, F, S o  Nakayma 
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Table 3, Cotson ~ranspSratfoa and water absorption in 1Lght m d  darkness ar a satura~ion deficit of 
6 mb, 28 December 1962, 

Sat,  Bellani 
Time Condition Deficf t Evap. 

Darkness 

Darkv.ess 

Light- 

L ~ g h  r 

Lf ght 

L%gPlt 

L i g h t  

Darkness 

Darkness 

Darkness 

Darkness 

%iquid water on plate surface b Includes evaporation of extraneous water 
C 
Absorption minus transpiration 
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Table 2, Cotton transpiration and water absorption in l i g h t  and darkness at a saeuration deficit of 
15 mb, 1.9 December 1962 

Sat, B e l l a n i  
Time Gondftion Deficit Evap 

08" Darkness 
0900 

0900 Darkness 
0930 
0930 
SO00 

Darkness 

B 000 
103 0 8 ~ ~ k . c e  s - 

w 1030 - 
G i r o o  LQght 

1300 
3.130 Lfghsl 

1200 iigh; 1230 
1230 
"100 Light  

1300 
1330 Light  

330 Darkness 
1400 

1400 Darkmss 
1430 

1430 Darkness 
1.5 08 

F- 

a~bsorption minus transpiration 
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Table 3 ,  Cotton t.ransplratl,on and water absorption in l i g h t  and darkness at a saturation daffcft of 
29 mb, 3 January 1963, 

S a t ,  Bellanf 
L 

Time CondFtim Deficit Evap . Transp, Absorp, (A - 'X) 

OgoO Darkness 
0930 28.8 1 ,91  3,O 5,O +2,0 4 - 4  - 4 ,6  +O, 2 

Darkness 
2000 2g0Q 2,OO 8,O .4  -.Po 6 8,O 6 - 0  -2,O 

llOo Light  EL30 26,8 2'23 28-0  30,O 4 2 - 0  35.0 34.4 - 0 0 5  

2130 
1200 %&ghr. 27.6 2,30 29.0 3 5 - 2  66.2  33,O 36,O 4-3.0 

1200 Ligh t  1230 

1230 Darkness 
1300 26,8 

I3O0 Darkness 
1330 26-5 2,08 5,O 4.0 -1.0 1 - 0  3 . 4  +2,4 

1330 Darkness 
1400 28.6 2,Ol 6,O 5.6 -0 ,4  6.0 6,O - +0, 0 

a 
Absorption minus transpirafioa 
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TITLE : CONSWPTIVE USE F WATER BY' CROPS lM AlilS.ZOMA, 

LIME PROJECT: SWC 11-gGl CODE BOO : Ariz,  -WCL-23 

XNmODWCTXON : 

See previous Annual Repar t o  

PRO CEDrnE : 

C10nsumptPve-.lase measurements; were made a t  the  following locat ions  

i n  1961-1962, 

I ,  Cotton - Cotton Research Center,  

2 ,  A l f a l f a  - Mesa Experiment Farm, 

3 ,  Sorghum - (Grain and Forage) Double Cropped '- Mesa Experiment 

Farm, 

4 ,  Bermuda lawn - U, So  Water Conservation Laboratory, 

5, Cole Crops QGabba e, Br0ccoI.2, Caulif lower) - Mesa Experiment 

Farm, 

6 ,  Potatoes - Mesa Experiment Farm, 

7 ,  Sweet Corn - Hesa Experiment Farm, 

8, Cantaloupes - Mesa Experiment Farm, 

9 ,  Grapes - Robert e y e  Ranch, L i t c h f i e l d  Park, Arizona, 

L O ,  Other vegetables - (Onions, Garrots,  Lettuce)  - Mesa Experiment 

Farm, 

RESULTS &ID DISCUSS 10% : 

Cattan graphs and da ta  w i l l  be found under WCL-21, Vegetable 

crops r equ i re  frequent  e a r l y  i r r i g a t i o n s  t o  germinate seed, maintain 

s tands  and a i d  i n  placement of tensfometers,  S o i l  moisture sampling 

was delayed u n t i l  a d e f i n i t e  i r r i g a t i o n  schedule was adhered by o r  

u n t i l  a f t e r  tensiometers had been placed, Data was then projected 

back t o  the  p lant ing  da te ,  Consumptive and p r o f i l e  use f igured  i n  t h i s  

manner were thought t o  be c lose r  t o  t e a c t u a l  use, thus e l iminat ing  

deep per@ol.ation f r o m  e a r l y  f r r i g a t % s ~ ~ . s  r e f  e r red  t o  previously , 

I r r i g a t i o n  of  grapes was handled under much c lose r  management 

than i n  previous yea r s ,  A more normal pa t t e rn  o f  water use was found 

from da ta  co l l ec ted  under these  condi t ions ,  

k-equent i r r i g a t i o n s  on cantaloupes and sweet. corn during the  

high production period may have brou h t  about unavoidable deep 
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percslaticm, thereby increasing the t o t a l  consumptive use, 

A large amount of stored water and frequent ear ly  i r r iga t ions  may 

also have caused considerable deep percolation i n  the a l f a l f a ,  This 

was the f i r s t  yeas f a r  esasumptive use i n  a l f a l f a ,  and because of the 

high consumptive use, addit ional information w i l l  be collected a t  

several. locations t h i s  comi.ng year,  

Tables l through 5 represent semi -mowth3p esnsumpt ive use and 

Blaney -Griddle "K" factors Hn addition, seasonal "F" and "K" factors  

are  included Esr each crop, 

Figures I through 16 show the consumptive use curves for  various 

crops during the growing season, In addikiow, the percent water use 

by s o i l  depth i s  included, 

PERSOIQJEL : Leonard J , Erie. 
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Jan 1-15 

I6 -3 1 

Peb 31-14 

15-28 

Mar 31-15 

16-31 

Apr 1-15 

36-30 

a 1-15 

16-31 

Jun 1.-15 

16-38 

J u l  1-15 

16-31. 

Aug 1-15 

16-31 

Sep 1.-15 

16-30 

Oet 1-15 

1.6-31. 

Nav 1-15 

16-30 

Dec 1-15 

16-3 1 

Seasonal "F" 

Seasonal "Kt' 

Sqj&GHUM 
(Grain) 

Considerable deep percolation up u n t i l  August 15, 

SORGHUM 
(Forage) 
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TABLE 2 

25 DAY 1MI"ERVA.L USE AMJD "K" VALUES FOR VARIOUS CROPS I# ARIZONA 1962 

gE3U3 --- CmTBLOUPES -- SWEET -OR&! -- GRAPES 
CU K eU K @U K 6^U K 

Jan 1-15 

16-31 

Feb 1.-14 

15-28 

Mar 2-15 

16-31 

Apr 1-15 

16-30 

May 1.- 15 

16-31 

Jun 1-15 

16-30 

$US 1-15 

16-3 1 

Aug 1-15 

16-31 

Sep 1-15 

16-30 

Oet 3.-15 

16-31 

Nov 1-15 

16-30 

Dec 1-15 

16 -3 1. 

Total  

Seasonal "F" 40,33 

Seasonal "K" 1,84 

Wet treatment - deep percolation involved, 
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TABLE 3 

15 DAY INTERVAL ,USE AND "Kt' 'VALUES FOR VARIOUS CROPS I N  ARIZONA 1962 

Jan 1-15 

16-31 

Feb 1-14 

15-28 

Mar 1-15 

16-31 

A p r  1-1.5 

16-30 

May 1-15 

16-31 

dun I-L5 

16-30 

J u l  1-15 

16-31 

A u g  1-15 

16-31 

Sep 1-15 

16-30 

O c t  1-15 

16-3 1. 

Nov 1- 3.5 

16-30 

D e e  1-15 

16-31. 

Total  

Seasonal. "P" 

Seasonalc "K" 

U T E  WBBAGE ,BRQ CCOL CAUL IFLOWER EARLTI CABBAGE 
K CU K CU K 
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TABLE 4 

15 DAY INTERVAL USE AND "K" VALUES FOR VARIOUS CROPS I N  ARIZONA 1962 

3an 1-15 

16-31 

Feb 1 - 14 
15-28 

M a r  1-15 

16-31 

A p r  1-15 

3-6-30 

May 1.-15 

16-31 

dun 1-15 

16-30 

Jul 1-15 

16-31 

Aug 1-15 

16-e33. 

Sep 1-15 

16-30 

Oct 1-15 

16-31 

N o v  1-15 

16-30 

D e c  1-1.5 

16-31 

Total 29,63 

GREEN ONIONS 
GU - K - 

2,lO 1.25 

.48 1,45 

.84 .02 

.30 ,09 

.go ,32 

3,04 1,12 

2,85 1,41 

2,40 3-28 

1,80 1,02 

1.. 76 .96 

15,67 

20,34 

.77 

CARROTS 
GU - K - 
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TABLE 5 

15 DAY INTERVAL USE AND "K" VALUES FOR VARXOUS CROPS IN ARIZONA 1962 

Jan  1-15 

1.6-31 

Feb 1-14 

15-28 

Mar 1-15 

16-31 

Apr 1-15 

16-30 

May 1-15 

16-31 

Jun  1-15 

16-30 

J u l  1-15 

16-31 

Aug 1-15 

16 -3 1. 

Seg 1-15 

16-30 

Oct 1-15 

16-31 

Nov 1-15 

1.6-30 

Dec 1-15 

16-31 

Seasonal "F" 

Seasonal "K" 
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Figure 16 ,  
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TITLE : 

PROGRESS : 

m e  work performed by the Aaaakytfcal. hborakory during 1962 

inebuded 598 ehemtcal and. physical analyses of 243 soil samples and 

355 water smples. A breakdo~i~. of &he ana1.yses is given in Table 1, 

1 

Ana l.gs es 
Humber of 
determinations 

Particle s ize  . . . . . . . . . . . . .  a. Hydrometer 142 

Moisture characteristics 
a, Pressure cooker . . . . . . . . . .  5 5 
b, Pressure me~brane . . . . . . . . .  2 2 

. . . . . . . .  pE and satura,k.ed eonductivi$y 132 

Carbonate and Bicarbonate . . . . . . . . . .  8 

Chloride and Sulfate . . . . . . . . . . . .  73 

Surface area . . . . . . . . . . . . . . . .  15 

Techniques for determimtions of Lithium in water, and two dyes, 

Peasttzcyl Pink and Rhodmine B were investigatled using the Beckmaw. 

Spectrophctmetsr. Satisfactory reaul.%s were obtained and measure- 

menrs of these tracers are now standard laboratory procedures. 

PERSOmL:: J,  Bennett MYBfll.er, Po S, Nakayama, Rag D, Jackson 
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TITLE: MDXOISOTOFYE STOUGE PACXLXTY, 

In  J u l y  1962 a radioisotope s torage  fac i l i - ty  was designed and 

b u i l t  t h a t  would be used t o  s t o r e  our sea led  radioact ive  mater ia ls ,  

namely, the  radium beryk1,i.eam sources f o r  t h e  neutron probe and the  

~s~~~ source f o r  the  ganooa d e n s i t o m t e r  probe. This f a c i l i t y  i s  

located i n  Building 2 and is now designated a s  Boom. 206, 

A 4- X 10- X 2-foot deep %ro%.ume was excasraee i n  the  southeast  

corner of Room 206, Eleven stosage veL%s were placed i n  t h i s  area  and 

the  remaining space was f i l l e d  with a high densley concrete (see 

Figure 11, 
The s torage  w e l l s  @dgare 2) were eonstm?;cted from 114-inch th iak  

c a s t  i ron  pipe.  A l l  welded ' jo in ts  were made moisture-proof, The upper 

o r  expanded p a r t s  of the we1,Es were a l s o  made from 1.14-inch c a s t  i r o n  

pipe with moisture-proof welded j o i n t s .  Lids f o r  the  wel ls  were formed 

from lead t o  f i t  snugly f n  t h i s  upper, enlarged por t ion of the  welEs, 

The concrete used t o  f i l l  in between the we1l.s bas a densi ty  of 2,5 

grams per cubic centimeter ,  A c e 9 . l h g  t o  f l o o r  p a r t i t i o n  was i n s t a l l e d  

around the  s torage  area  using 2'- X &-inch s tuds  on 16-inch centers  with 

sheet  rock on e i t h e r  side, The fin9,shed cement f l o o r  was coated with 

1 a concrete s e a l e r ,  The door t o  rhe s torage  f a e i l f t y  i s  kept locked a t  

a l l  t imes,  
1 

An exhaust fan  with a eagaeitg o f  approximate1.y 100 cfm was 

i n s t a l l e d  i n  the  cei,l.tseg, This exhausts the  a i r  i n  the  room t o  the  

outs ide  of the  building,  An i n l e t  g r i l l ,  with a f i b e r g l a s s  f i l t e r  i s  

located i n  fhe  door; the  fan  i s  kept running continuously. 

Tkie storage area  was xmon.'i.tored w i t h r a  survey meter when the re  was 

m i  1 l i .cur ies  o f  radium-bety1.l ium sealed sources and 5 

m i l l i c u r i e s  of a source i n  four  of the  s torage  w e l l s .  The highes t  

r ad ia t ion  value obtained was 0,5 mil l l roentgen per hour when the  

de tec to r  was placed d i r e c t l y  on the  concrete and on the  lead l i d s ,  A t  

a d is tance  of l foo t  from the  lids, o r  where the  p a r t i t i o n  i s  located, 

the  radia t ion l.evel 2s l e s s  than O,Y. mfll.3roentgen per hour, This 

value is  well. b e l m  the  maximum rad ia t ion  l e v e l  permitted i n  unre 

s t r i e t e d  areas  as  s t a t e d  i n  the  US'DA. RadioEogical Safety Handbook of 
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J u l y  3.9610 Ofie we19 i s  our max9mu~ s torage  unit and our cal .culat ions 

show t h a t  i t  ean s t o r e  approxf,mtately. 1.013 mc without any rad ia t ion  

hazard t o  people working in the a rea ,  

PERSONNEL: R. J. R@g%suteto, Po S o  Makayama, (2, B. M,  van Bavel, 
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Figure 1. Placement of isotope storage wells in excavated area. 
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Figure 2. Cross sections of isotope storsge wells. 
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Eaouwer, Herman. The F10w system belob a water s;?reading 
bas in,  Proc, 5 th  Gong, of InLernat.  Co~m, sf Irrkg , 
and Drain*,  Tokyo, Japan, (Sub, f o r  Pub,), 7 3 

Bowerg Herman. Hn-place measure~raent of sai3 kydrau l l c  
conduct iv i ty  in the  absence of a water table, 20 be 
published i n  $roc. EatemaL. So@, Soilk Mechs, and Found, 
Engin., 2nd Asian Region, Csnf,, Tokyo, Japaa, 8 5 

Bouwer, Herman, Keasurfwg s a i l  g e m e a b  f l  ity above a water  
t a b l e  and analyzing groundwater mound I~ehavisr  w i t h  a 
resisLance nekwork analog, Proc. 1961 BiexdaZ Conf, 
on Groundwater Recharge, Berkele Calf BomLa. 

Bower, Herma%, aad Rice, R, @, Gere $a seepage 
and recharge studies. Jour.  sf  d Drain. D ~ P , ,  
Proc. Amer. SQC. Giv, Engizm. (1x1 p r e s s ) ,  

Bouwer, Heraare, and van SchSBfgaaxde, J. Sknpl i f ied  
predict3 .m method fo r  the fall of the  ster t a b l e  i n  
drained land, Agr, Engin. (Be ib*  f o r  

ouwer, Heman, A v a r i a b l e  head technique f o r  seepage 
meters, w i t h  discussion and closure. Trans, A.~ykek~ Soc, 
Civ- Engins, 127QPa-r~ Il%) :6.34.-451. 
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Denmead, 0. T., Pri tschen,  L, J., and Shaw, B. M e  
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