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I'LTLE: PREDICTING HYDKAULIC CHARACTERIS'I'ICS OF CRITICAL-DEPTH FLUMES OF 
SLMPLE AND COMPLEX CROSS-SECTIONAL SHAPES 

INTRODUCTION: --------- 
The long-throated flumes, p a r t i c u l a r l y  t h e  broad-crested weirs, a r e  being 
w i d e l y  ac(:epted by the  i r r i g a t i o n  community worldwide a s  t he  p re fe r r ed  
device fo r  open-channel. flow measurernent. The i r  f l e x i b i l i t y  i n  s i z e ,  
L ihera l  cons t ruc t ion  to l e r ances ,  low head-loss requirements ,  and cross- 
s e c t i o n a l  shape permit them to  be r e t r o f i t t e d  t o  most cana ls .  Computer 
mode L ing techniques cont  tnue t o  be appl ied  t o  s p e c i a l  problem s i t e s .  

GEMERAI, ACTIVITIES : -------- 

A book chapter  t i t l e d  "Plow Measurement Plumeer Appl ica t ions  t o  I r r i g a t i o n  
Water Management" was compXeted f o r  inc lud ing  a Chapter 6 in t he  book 
Advances i n  I r r i g a t i o n ,  ed i t ed  by n a n i e l  I. M i  Llel, which should be -- 
dist r i .but t?d about June of 1982. I n  proof copy i t  c o n s i s t s  of 70 book 
pages of t e x t ,  t a b l e s  and figures. ,  The l e v e l  of t he  w r i t i n g  was aimed a t  
engineers  and s c i e n t i s t s  not  n e c e s s a r i l y  f a m i l i a r  wi th  flow meter ing.  

A more ex tens ive  t reatment  Eor audiences no t  n e c e s s a r i l y  engineers  and 
s c i e n t i s t s ,  i s  being completed i n  a second d r a f t ,  A rough d r a f t  has  been 
completed f o r  a l l  n ine chap te r s ,  wi th  second d r a f t s  f o r  many chap te r s  
under way. Only one v i s i t  from the cooperat ing s c i e n t i s t  was accomplished 
d u r i n g  thls year*  However, review coples  are a n t i c i p a t e d  by June 1982. 
Other pirhlicat ions dea l ing  with Flumes are: 

Replogle,  3. A. , and Clemmens, A. J. 1981. Measuring flumes of 
s imp l i f i ed  cons t ruc t ion .  Trans. Am. Soc. Agric.  Eng. 
24(2):362-366. 

Replogle,  J. A. 1981. Advances i n  i r r i g a t i o n  technology--On 
farm i r r i g a t i o n  p r a c t i c e s .  Proc. Agric. Sec tor  
Symposia--Promoting Increased Food Product ion i n  t h e  1980's. 
pp. 328-353 (sponsored by the  World Bank, Washington, D.C.) 
Jan.. 5-9. 

Publications that: were d i s t r i b u t e d  dur i n 8  1981 r e l a t e d  t o  i r r i g a t i o n  water 
management t ha t  included major emphasis on measurement O F  c ana l  flows 
inc lude  : 

Replogle,  J. A*, and Merrlam, J. L. 1981. Scheduling and mana- 
gement of i r r i g a t i o n  water d e l i v e r y  systems. I n  Proc. of 
the Am. Soc. Agric. Eng., 2nd N a t .  I r r i g a t i o n  Syrnp., 
" I r r i g a t i o n  Challenges of the 8 0 1 s ,  Lincoln,  NE, pp. 112-126. 
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Rep log le ,  J. A * ,  Yerriam, J. L. ,  Swarner, L. R . ,  Phetan,  J. T. 1980. 
Farm water  deli .very systems. Am. Soc. Agric .  Eng. Monograph 
" D c s i ~ n  and Operarinn o f  Farm T r r i g a t i o n  Systems," Chapter 9. pp,  
1 7 - 4 3  Ikcci11h.t' IQt! i , 

PARKER ARlZONA STUDY ---- I 

The c o o p e r a t i v e  s t u d y  wi th  t h e  T r i b a l  Counci l of t h e  Colorado River  ~ n d i a n i  
T r i b e s  (CKIT), t h e  Bureau of I n d i a n  A f f a t r s  (BIA) and t h e  S o i l  
Conservat ion S e r v i c e  (SCS) cont inued i n t o  t h e  d a t a  c o l l e c t i o n  phases .  The,  
flumes t h a t  had been i n s t a l l e d  under our  d e s i g n  guidance have been 1 
F l t t e d  wi th  record ing  d e v i c e s .  P rocess ing  of t h e s e  r e c o r d s  has  been 
delayed by c h a r t - r e a d e r  f a i l u r e .  Temporar i ly ,  f a c i l i t i e s  a t  t h e  U. S. 
Bureau of Reclamation a r e  being borrowed For t r a n s l a t i n g  t h e  r e c o r d s  t o  

I 
computer- readnhl P dn t a  , a l  tho~t!!li t h e  p r o c r l n ~  is  more time-consuming than  
t i r e  o r  igin;iP system. 

I 
A number of prublems have been encountered w i t h  t h i s  s tudy .  Many of t h e s e  1 
problems a r e  typical .  of f l  e t d  i n s t a l  Pat  tons ,  p a r t i c u l a r l y  due t o  the  wide 
v a r t e t y  of flume s i t e s .  Also,  many of t h e  r e c o r d e r s  were i n  bad r e p a i r .  
The f f e l d  pe rsonne l  were somewhat u n f a m i l i a r  w i t h  t h e  maintenance r e q u i r e -  
ments and problems r e l a t e d  t o  t h e  record ing  d e v i c e s *  The on-farm recor -  
d e r s  were i n s t a l l e d  i n  1980, and most were removed i n  December 1981. These 
r e c o r d e r s  were re-zeroed p e r i o d i c a l l y .  The changes i n  t h e  r e a d i n g  r e q u i r e (  
t o  re-zero t h e s e  r e c o r d e r s  over  approximately  a 7-month per iod  i s  g iven  I n  
Table 1. The s t a n d a r d  d e v i a t i o n ,  s ,  more a c c u r a t e l y  e f f e c t s  t h e  magnitude 
of the  e r r o r s  than the  avcrui:r?, Zi. Table  'I, shows s i m i l a r  r e s u l t s  f o r  t h e  1 
ofF-fiirln sf t e s .  1 

F'or the  on-farm s i t e s ,  some d a t a  were missed; however, t h e s e  can he supple-  
nented w i t h  d i s t r i c t  d e l i v e r y  r e c o r d s .  Two flumes were n o t  monitored 1 

s i n c e  the  i r r i g a t o r  d id  n o t  c o o p e r a t e  wt th  t h e  s t u d y  and flooded ou t  t h e  
flume. For t h e  off-farm s i t e s ,  no r e c o r d s  a r e  a v a i a b l e  t o  supplement l o s t  

I d a t a .  A summary of t h e  d a t a  c o l l e c t e d  is shown i n  Tab le  3.  For t h e  s i t e s 1  
wi th  problems a s  no ted ,  some of t h e  d a t a  can be i n t e r p o l a t e d  o r  extrapo-  
l a t e d  manually from fragmentary  in format ion .  U n f o r t u n a t e l y ,  i n  some 
c a s e s ,  t h e  l o s t  d a t a  r e p r e s e n t s  t i m e  p e r i o d s  o v e r  which wate r  a c t u a l l y  
flowed. F r e q u e n t l y ,  we cou1.d de te rmine  t h a t  no f low occur red  dur ing  a i 
non-recorded per iod and no rcv:t)rrl of consc?tpwnce was l o s t .  However, i n  
many c a s e s ,  t h e  a c t u a l  percent:t}?r, O F  d a t a  l o s t  may a c t u a l l y  he-more than 
ind i c a t e d  . 
O H I O  -- 
I n  March of 1981, we were con tac ted  by Richard J. Pat ronsky  from t h e  

J 

I 

Na t iona l  Technfcal  Cen te r ,  S o i l  Conservat ion S e r v i c e ,  L inco lp ,  Nebraska, 
concerning c o n s u l t i n g  a s s i s t a n c e  f o r  t h e  i n s t a l l a t i o n  of a l a r g e  flume for1 
a p i l o t  watershed stllrly on Lost  Creek n e a r  Def iance ,  Ohio. The purpose is1 
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t o  monitor wat n t i t y  during phased-in conser- 
va t ion  grac t LC and SCS were co e r a t i n g  with a 
l o c a l  Universi  on the p r o j e c t -  
funding was f r  

This i n i t i a l  contact  led  t o  follow-up d i scuss ions  with SCS Area Engineer, 
Arthur Bra te ,  a t  Defiance. We helped him s e l e c t  the  des ign  s i z e  and fur- 
nished the  r a t i n g  t a b l e s  f o r  a t r apezo ida l  flume f o r  a maximum flow of 800 
c f s .  Because of the wide requi red  f law range, t he  t h r o a t  was t r i a n g u l a r ,  
a l i m i t i n g  case f o r  trapezoidal flumes. Table 4 l i s t s  the  fmportant 
design dimensions and Table 5 conta ins  an abbreviated c a l i b r a t i o n *  

a s s i s t a n c e  i n  t he  construc- 
ency approvals  ed and a 4-day 

ear%y June 1981. s time the  s i t e  
was surveyed, prepar orms were s e t  f o r  concre te  cons 

damaged the  f o m s  before  t h e  co 
placed. Several  weeks l a t e r ,  The damaged forms were subsequent ly r epa i r ed  
and the cons t ruc t ion  completed with no a d d i t i o n a l  Agency a s s i s t a n c e .  

Photographs sen t  t o  da t e  i n d i c a t e  t h a t  channel r i p r a p  i s  needed on a chan- 
ne l  curve downstream, but  otherwise the  flume appears t o  be adequate both 
s t r u c t u r a l l y  and hydrau l i ca l ly .  Freeze-thaw response w i l l  need t o  be 

nee f e w  of the  

I n  August 1981, t he  S a l t  r o j e c t  requested a s s i s t a n c e  on design 
recommendations f o r  the  Arizona Canal. The peak summer flows a r e  about 
2200 c f s .  Winter flows a r e  about 200 c f s .  A broad-crested weir was chosen 
t h a t  was 4 f t  high from 'che channel bottom, 60-ft de a t  the  overflow 
c r e s t ,  and 12-ft long i n  the  flow d i r e c t i o n -  The f in i shed  newly-lined 
canal  was t o  be 50 f t  wide and have s ides lopes  of 1.25 ho r i zon ta l  : 1 
v e r t i c a l .  A 3 : l  ramp was t o  placed on the  upstream s i t e  and a 6:l  

optimum head losses .  These are ca l cu la t ed  
u r n a l  of I r r i g a t f o n  and Drainage, ASCE 

107(IR1):87-112), using our nputs  f o r  t he  c a l i b r a t i o n  f a c t o r s *  We 
have ye t  t o  personal ly  v e r i f y  t he  v a l i d i t y  of t h i s  computation f o r  requi red  
head l o s s ,  but e s t ima te  t h a t  t he  r e s u l t s  may be conserva t ive  ; in  t h a t  i t  -may 
e s t ima te  s l i g h t l y  more head l o s s  requi red  than is found i n  p r a c t i c e *  

Construct ion d i f f i c u l t i e s  due t o  hard rock wal l s  and a f i e l d  surveying 
adjustment by the  cons t ruc t ion  crew r e s u l t e d  i n  an a s -bu i l t  w e i r  t h a t  was 
54 f t  wide with 1.214:l s idewal l s ,  a s i l l  height  of 3.94 f t ,  and a cana l  
bottom of 44.8 f t .  Also, the  c r e s t  e l eva t ion ,  

e crest eleva- 
t i o n  had been chosen t o  about 0,6 f t .  
width r e s t o r e s  0.271 f t ,  i s  s t i l l  about 
cana l  bottom and s lope provides a f l a t t e r  water su r f ace  p r o f i l e  than 
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a n t i c i p a t e d ,  the flume can h e  rx1)ccted co exceed i ts  modular l i m i - t  at 
t l . 0 ~ 9  ahovc 1400 c f s -  I f  b e  does exceed i t 6  modular l i m i t ,  a c o r r e c t i o n  
procedure w i l l  involve adding a 6-inch l a y e r  of concre te  to  the present  
c r e s t *  The welr c r e s t  of 1 2  F t  can he shortened t o  about 10.5 f t  to  

I 

accommodate the 3 : 1  upstream ramp s lope*  I f  t h e  6 : l  downstream ramp i s  
l ikewise accommo t h e r  3 f t  of c r e s t  is l o s t .  It is  recommended 
t h a t  about 9 f t  e maintained and t h a t  the 1:l s lope  be p a r t l y  1 
maintained f o r  about 3 f c ,  then tapered i n t o  the  e x i s t i n g  ramp over 
another 3 f t .  

I 
A wal l  gauge is mounted on the  nor th  s i d e  of t he  cana l  approximately 1 f t  
from the pro cc ted  end of the petream ramp, o r  about 23 f t  from the 
heginning of the  t h roa t .  A sf: l l i n g  well  LR i n s t a l l e d  a t  the same loca- 1 
t i o n  but on the south sLde of the canal .  This w i l l  u l t ima te ly  be f i t t e d  
w i t h  automatic da t a  t ransmission equipment. 

IMPERIAL VALLEY 

During the e a r l y  summer of 1981, t he  Imperial  I r r i g a t i o n  D i s t r i c t  s o l i -  
c i t e d  advice on flow measurements i n  D i s t r i c t  l a t e r a l s .  Because these  
l a t e r a l s  a r e  on r e l a t i v e l y  s t e e p  s lopes  and sometimes c a r r y  d ischarges  up 1 

t o  90 c f s ,  a s p e c i a l  s i z e  was computed which might be designated FCO based 
on the numbering scheme adapted f o r  Bu l l e t i n  2268, The dimensions f o r  
these flumes a r e :  

ne = 2.00 f t  XI = I*OO f t  
Bg = 4.50 f t  TL = 3*00 f t  
Zy = 1.25 f t  CL = 4.00 f t  
23 = 1.25 f t  

I 
1 

i 
I 

Five were i n s t a l l e d  and f i t t e d  with s t i l l i n g  we l l s ,  r eco rde r s ,  and wall  1 
gauges. 

., i 
FURROW F E W S  I 

. [  

Dimensions f o r  f ow flumes were standard Lzed i n  me t r i c  dimensions, 
I 

These flumes a r e  according t o  the bot  d t h  of t h e i r  t h r o a t  1 
s ec t ion .  Four s een b u i l t  and used. h s i z e  has not  been 1 

constructed.  The flow measuring range of the flumes a r e  given i n  Table 6. 
s 

The 75-mm s i z e  flumes were used by the  SCS t o  eva lua t e  the  uniformity of 
flows i n  furrow i r r i g a t i o n .  They were e a s i l y  placed and moved. Some d i f -  
f i c u l t y  of reading was experienced because of the  small  po in t  gauges t h a t  
a r e  necessary,  Also, cons iderably  a g i l i t y  is  u s e f u l  i n  lean ing  down t o  1 

observe the  poin contac t  with the  water. Reading p r e c i s i o n  is l imi t ed  t o  i 
about 1 mm with 0.5 m poss ib le  with extreme ca re .  Thus, f i e l d  accuracy 
based on a mid-range reading of 50 m a  is  3% plus  t h e  c a l i b r a t i o n  e r r o r ,  u 
which combines t o  about f3%, ings  near the  l o  r range l i m i t  may I 

approach 3.0%. 
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Several research l o c a t i o n s  a r e  being suppl ied with s e t s  of these  flumes 
f o r  ev laua t ion  of f i e l d  use pr imar i ly  f o r  furrow-flow s t u d i e s .  Locations 
ming  them are :  

Utah S t a t e  Univers i ty  6 flumes, 75 m 
Washington S t a t e  Univers i ty  2 flumes, 75 m 
ARS, Presno, CA 12 flumes, 75 & 100 
ARS, Riverside,  CA 12 flumes, 250 m 
SCS, Grand Junct ion ,  CO 6 flumes, 75 mm 
SCS, Arizona 6 flumes, 75 

Pupae, plus ma 
o 3 t imes t h  t he  l a r g e r  s i z e s .  

Descr ip t ions ,  imensions and cons t ruc t ion  d e t a i l s  a r e  i n  manuscripts i n  
m e s s  (Advance a t i o n ,  f o r  June 1982). Their  major advantages 
lnclude ease of h accuracy and ease of cons t ruc t ion  ( see  Annual 
Xeports f o r  1979, l98O). 

CONCLUSIONS: 

Long-throated flumes, and the r e l a t e d  broad-crested weirs  which were deve- 
loped f o r  accurate  computer c a l  ze o r  shape, con- 
:inue t o  grow y the  i r r i g a t i  hey a r e  beeomin 
the prefer red  ause of t h e i r  ease of 
cons t ruc t ion ,  accuracy, and low head l o s s  which permlts  t h e i r  r e t r o f i t  t o  
lost  e x i s t i n g  canals  a s  wel l  a s  t o  new cons t ruc t ions .  

A f i r s t  d r a f t  of a book on measuring flows i n  i r r i g a t i o n  cana l s  is  near ly  
:omplete. Eight of the nZne chap te r s  a r e  ready f o r  f i r s t  e d i t i n g .  A 
;ornewhat condensed vers ion ,  more o r i en t ed  t o  engineering audiences,  i s  

being published a s  a Chapter i n  Advances I n  I r r i g a t i o n ,  e d i t e d  by D. I. 
Y i l l e l ,  Academic Press ;  expected pub l i ca t ion  d a t e ,  June 1982. 

Ihe i r r i g a t i o n  d i s t r i c t  fo the Colorado River Indian  Tr ibes ,  Parker ,  AZ, 
continues t o  i n s t a l l  the v ons from B u l l e t i n  2278 a s  t h e i r  s tandard 
leasuring device f o r  farm v e r i e s .  The S a l t  River Pro je 
tas i n s t a l l e d  seve ra l  s p e c i a l  s i z e s  on major l a t e r a l s  f o r  f 

150 c f s .  Their l a r g e s t  device,  put i n t o  s e r v i c e  i n  Decembe 
:apable of measuring 3000 c f s  through i t s  t r apezo ida l  t h roa  of 54-ft bot- 
:om width. The ca l cu la t ed  head l o s s  is 0.5 f t .  This  l a r g e  \ flume 
(broad-crested weir)  w i l l  be t he  sub jec t  of f i e l d  s t u d i e s  and observa t ions  
t o  v e r i f y  la rge-sca le  app l i ca t ions .  

2he ImperFal I r r i g a t i o n  D i s t r i c t ,  Imper ia l ,  CA, i n s t a l l e d  customized ver- 
s i o n s  of t he  broad-crested weir n s eve ra l  d e l i v e r y  l a t e r a l s  
/ i scharges  up a t i o n a l  and water management a spec t s  a r e  
teing eva lua te  armers in the  d i s t r t c t  a r e  a l s o  f n s t a l l i n g  

farm-canal s ized  vers ions .  One farm opera tor  us 
' n s t a l l s  temporari ly  before i n s t a l  
.nowledge of hydraul ics  i s  thus requi red  f o r  proper se lec tPons  
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A triangular-throate 00 cf s capacit s designed and the 
construction technically supervised for an Ohio rshed study as a result 
of a request through the SCS National Technical Center, Lincoln, EJE, i 

Standardized flume sizes have been developed for rectangular and circular 
canals over a wide rang of discharges. The rectangular flumes are being 
used in the Ebro River asin, Spain. The circular flumes are being used on' 

1 
the irrigation tail-water monitoring project study at Parker, AZ. 

The small furro 
are being field eva- 

rsltfes and several 
state SCS Irrigation 1 

Foreign inquiries and a plications continue to gro (New Zealand, India , 
Thailand, Sri Lanka, Egypt, Spain), r 

i 
These flumes and the various modifications to improve ease of construction," 
observation and fie1 use, are important to provide field-level management 
fnformation with an ease and accuracy not previously available. 

PERSONNEL: J. A. Replogle, J. Clemmens 
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T'rthll* 1 .  R r g i s f  r a t ion  errors ovcr  time f o r  on-far% r e c o r d e r s ,  Parker ,  
Ar izona .  Yay t o  Decemhri-, 1981. 

Rend ing E r r o r s  
Cahle jumpc?tl 'Zero-shi Fted 

::lumc !I ( f t  1 ( f t  > Remarks 

Not s t u d i e d  i n  1983 

Not s t u d  led i n  1981 

- 
.hverage zero s h i f t :  x = -0.039 f t ;  s = 0.055 f t .  
Averagc ze ro  s h i f t  f o r  v a l u e s  ( a b s o l u t e )  l e s s  than 0.1 Ft: Z = 0.024 f t ;  

s = 0.031 f t  
Cable jumped on 4 o i ~ t  of  18 r e c o r d e r s  o r  22 . ? X .  
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Table 2 .  R e g i s t r a t i o n  e r r o r s  over time f o r  off-farm recorders ,  Parker ,  
Arizona. May t o  December, 2981.  

Reading Er ro r s  
Cable jumped Zero-shi.fted 

Flume i'/ ( f t >  ( f t )  Remarks 

Vandalized. 

E r ro r  i n  or ig ina l .  
zero s e t t i n g .  

0.000 
0.000 
0.020 --- Not checked- 

looked c lo se .  --- Never re-zeroed 
0.000 

-0.010 --- Damaged 
0.33 

-0.125 
0.03 

-0.215 

Average zero s h i f t :  2 = -0.020 f t ;  s = 0.111 f t .  
Average zero s h i f t  f o r  va lues  ( abso lu t e )  l e s s  than 0.1 f t :  i = -0.004 f t ;  

s = 0.026 f t  
Cable jumped on 6 out of 27 recorders  o r  22.2%. 
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iable 3. Amount of data obtained for off-farm sites, Parker, Arizona. 1981 

------------ ....--- 
No. Days 

Start No. Days Good data 
Flume date run obtained - Remarks a / 

Clock initially had wrong 
gears. 
Vandalized. 

Clock not functioning. 

Wrong gears on clock. 
Clock Initially had wrong 
gears. 

Float hanging up--not sure 
of problem. 

Beavers constructed dam on 
flume. 

Damaged. 
Bad clock/wrong gears/ 
submerged. 

Water too turbulent. 

Additional data are retrtevable 2 = 187 n = 28 s = 112 
in some instances, but would - require selecttve judgments. x - =  

365 51% of year. 

- 
X - =  
324 58% of record period. 
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Table 4. Dimensions for Definance, Ohio pilot watershed flume. 

Approach channel bottom width, R1 = 4.0 ft 
Converging transition length, TL = 6.0 it. 
Throat bottom width, B3 = 0.0 ft. 
Throat length, CL = 5.0 ft, 
Sideslopes of approach channel, Z1 = 4.0 ft. 
Sideslopes of throat, Z3 = 4.0 ft. 
Exit transition length = 6.0 ft. 
Exit channel length = 6.0 ft 
Gauge location from converging transition, X1 = 2.0 ft. 

T a h t e  5 .  Abbreviated calibration table for Flume as dimensioned in 

-- Table 1. - - 
Y1 (7 
ft. - c E s 

3'1 Q 
ft. - cfs 

Table 6 .  Plow measuring ranges for furrow-type flumes. 

Plume Minimum flow --- Maximum flow -- 
designat ion R/s cfs GPM J+/ s cfs GPM 
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TITLE : tlATHEMATTCA1, MODELING OF BORDER IRRIGATION HYDRAULICS 

rNRP : 20740 CRIS WORK IMIT: 5510-20740-003 

INTRODUCTION: --- 
Curren t  work i n  i r r i g a t i o n  modeling u t i l i z e s  d imensional  a n a l y s i s  tech-  
n iques  t o  reduce t h e  number of v a r i a b l e s  involved i n  d i s p l a y i n g  and ana- 
l y z i n g  model r e s u l t s .  Katopodes and S t r e l k o f f  (1977) p r e s e n t e d  a  
d imensional  a n a l y s i s  of t h e  S a i n t  Venant e q u a t i o n s  which a r e  used i n  

e v e r a l  of t h e  c u r r e n t  i r r i g a t i o n  models. One of t h e  d imens ion less  para- 
e t e r s  i n  t h i s  a n a l y s i s  i n  t h e  Froude number, t h e  r a t i o  of i n e r t i a l  t o  

g r a v i t y  f o r c e s .  The terms c o n t a i n i n g  t h e  Froude number a r e  a l l  a c c e l e r a -  
t i o n  terms in t h e  momentum equa t ion .  Based on p h y s i c a l  o b s e r v a t i o n  i n  
t h e  f i e l d  and a n a l y s i s  wi th  t h e  v a r i o u s  models, i t  w a s  concluded t h a t  
t h e s e  a c c e l e r a t i o n  terms were n e g l i g i b l e  and could be e l i m i n a t e d  from 
c o n s i d e r a t i o n .  Th is  is  t h e  b a s i s  of t h e  z e r o - i n e r t i a  b o r d e r - i r r i g a t i o n  
model ( S t r e l k o f f  and Katopodes,  1977).  Clemmens (1978) showed t h a t  f o r  a  
#wide range of f i e l d  d a t a  t h a t  indeed t h e  Froude numbers were smal l  and 
t h e  above assumption r e a s o n a b l e .  

The purpose of t h i s  paper is t o  d i s c u s s  t h e  p o t e n t i a l  of i r r i g a t i o n  
modeling and the  a s s o c i a t e d  dimensional  a n a l y s i s  t o  s o l v e  problems i n  
border  i r r i g a t i o n .  I d i s c u s s  t h e  s o l u t i o n s  which have a l r e a d y  been 
p r e s e n t e d ,  t h e  p o s s i b l e  s o l u t i o n s  which u l t i m a t e l y  could  be developed,  
and methods f o r  developing t h e s e  s o l u t i o n s .  

The S a i n t  Venant Equa t ions  - 

The fo l lowing  a n a l y s i s  is based on t h e  S a i n t  Venant e q u a t i o n s  i n  d i f -  
f e r e n t f a l  form under t h e  assumption of z e r o - i n e r t i a .  These e q u a t i o n s  f o r  
c o n t i n u i t y  and momentum a r e  a s  f o l l o w s :  

where q  = f low r a t e  per  u n i t  width ,  y  = f low d e p t h ,  x = d i s t a n c e  a long  
border ,  t = t ime, T = i n f i l t r a t i o n  o p p o r t u n i t y  t ime,  z = i n f i l t r a t e d  
d e p t h ,  So is t h e  bottom s l o p e ,  and sf  i s  t h e  f r i c t i o n  s l o p e  d e f i n e d  as 
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which was d e r i v e d  from t h e  Manning e q u a t t o n  f o r  a u n i t  wid th  s t ream and 
where n  = Manning roughness c o e f f i c i e n t  and Cu i s  t h e  u n i t s  c o e f f i c i e n t .  

There a r e  s e v e r a l  methods f o r  performing a  dimensional  a n a l y s i s .  The 
Buckingharn P i  theorem could be used,  however, t h e  r e s u l t i n g  terms may o r  
may not  be s i g n i f i c a n t  t o  t h e  problem involved I n  t h i s  c a s e ,  i t  is  
s imple r  t o  develop t h e  dimensional  a n a l y s i s  through t h e  use  of r e f e r e n c e  
v a r i a b l e s .  Def ine;  X = r e f e r e n c e  d i s t a n c e  a long  b o r d e r ,  Y = r e f e r e n c e  
Flow dep th ,  Z = r e f e r e n c e  i n f i l t r a t e d  dep th ,  T = r e f e r e n c e  t ime,  Q = 
r d l c r e n c e  u n i t  f low r a t e ,  and S = r e f e r e n c e  E r i c t t o n  s l o p e *  The s t a r e d  
va lues  of each v a r i a b l e  r e p r e s e n t  t h e  a c t u a l  va lue  d i v i d e d  by t h e  
r e f e r e n c e  value  (e .g . ,  q* = q/Q, Z* = Z/Z, Sf* = SE/S) .  Div id ing  
e q t ~ n t i o n  (1) by Y/T r e s u l t s  i n  

where 

Dividing e q u a t i o n  ( 2 )  by Y/X y i e l d s  

ay* * 
- + P * ( S ~  - so*) = O 
ax* 

where 

The above e q u a t i o n s  r e q u i r e  t h a t  S = sf(Q,Y) and Z = z(T) .  Th i s  
r e s u l t s  In sf* = q*2/y* The s o l u t i o n  t o  t h e s e  e q u a t i o n s  i s  now 
dependent upon t h e  boundary and i n i t i a l  c o n d i t i o n s  and t h e  va lues  chosen 
f o r  V*, K*, So* and F*. 
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o r  the  advance of a  cont inuous  s t ream of water  on an i n f i n i t e l y  long 
i e l d ,  t h e  on ly  a d d i t i o n a l  boundary c o n d i t t o n  is t h e  in f low r a t e  q l n  o r  

qin** Terminat ion o r  c u t o f f  of t h e  i r r i g a t i o n  s t ream adds an a d d i t i o n a l  
. - a r i a b l e ,  t o  o r  tco*. The f i e l d  l e n g t h ,  L o r  L*, add s t i l l  one more. 
%he use of t h e  Manning e q u a t i o n  ( e q u a t i o n  3 )  adds no a d d i t i o n a l  non- 

~ { i m e n s i o n a l  parameters .  However, t h e  use  of a  power i n f  i l t r a t i o n  func- 
t i o n  ( z  = lc$) adds k and a  "c t h e  l i s t  of d imensional  pa ramete rs  and a  
.a the  l i s t  of non-dimensional pa ramete rs  ( S t r e l k o f f  and Clemmens, 1 9 8 i ) .  

St re l lcoff  and Clemmens (1981) have analyzed t h e  non-dimensional v a r i a b l e  
.nvolved i n  t h e  problem. T h i s  work i s  summar-lzed a s  fo l lows .  For 
~ d v a n c e ,  t h e  dimensional  parameters  a r e  qi,, n/Cu, So, k and a .  
Dimensional. a n a l y s i s  ( f o r  two b a s i c  u n i t s ,  l e n g t h  and t ime)  i a i c a t e s  
t h a t  t h e  s o l u t l o n  is  governed by t h r e e  parameters  out  of qi,*, V*, k*, 
io*, 2, P* and F*, where P" is t h e  Proude number. Our a n a l y s i s  assume F* 
2 O and a  is  determined by t h e  i n f i l t r a t i o n  f u n c t i o n  and cannot  be 
a r b i t r a r T l y  chosen. T h i s  l e a v e s  o n l y  one a d d 3 t i o n a l  governing s o l u t i o n  
r a r i a b l e .  Values ass igned  t o  t h e  o t h e r  v a r i a b l e s  on ly  r e q u i r e  t h a t  t h e  
. e l a t i o n s h i p s  between the  r e f e r e n c e  v a r i a b l e s  is  main ta ined .  The addi-  
t i o n  of tco and I, add two a d d i t i o n a l  v a r i a b l e ,  however, t h e s e  a r e  n o t  
w x e s s a r i l y  tc0* and L*. 

R e s u l t s  From D i r e c t  Computation - --- ---- - ------- 

'or d i s p l a y i n g  d imens ion less  advance on s l o p i n g  b o r d e r s  w i t h  L = a, tco* 
= w, Katopodes and S t r e l k o f f  (1977) chose qen* = 1, V* = 1, K* = 1, and 
So* = 1. The r e s u l t i n g  advance c u r v e s  were d i s p l a y e d  i n  terms of P* and 
r .  This  development of t h e  dimensional  a n a l y s i s  was based on normal 
jihpth r e l a t i o n s h i p s .  However, s e t t i n g  So* = 1 o r  S = So w i t h  Q = 
q i n  r e s u l t s  i n  Y = yn where yn Is t h e  so  c a l l e d  normal depth .  Clemmens 
(1978) showed t h a t  f o r  s l o p i n g  b o r d e r s ,  K* was more a p p r o p r i a t e  t h a n  P*. 
3ased on t h i s  work, S t r e l k o f f  and Clemmens (1981) d i s p l a y e d  d imens ion less  
advance c u r v e s  i n  terms of K* and a w i t h  qin* = l ,  V* = 1, P* = 1, So* = 1, - 
r h e i r  a n a l y s i s  was f o r  t h e  i n t e g r a l  form of t h e  S a i n t  Venant e q u a t i o n s .  
!in a d d i t i o n a l  v a r i a b l e  D* w a s  used t o  r e l a t e  t h e  d rag  t o  t h e  f r i c t i o n  
s l o p e  and 'I?* was def ined  as u n i t y .  Also inc luded  was an a d d i t i o n a l  term, 
:s, t o  account  f o r  nonuniform s l o p e s ,  where s is  t h e  r a t i o  of t h e  l o c a l  
bed s l o p e  t o  t h e  bed s l o p e  So. An a d d i t i o n a l  s e t  of c u r v e s  w a s  used t o  
d i s p l a y  t h e  maximum advance d i s t a n c e  and t ime r e l a t i v e  t o  advance 
d i s t a n c e  and t ime a t  c u t o f f .  Shatanawl (1980) extended t h i s  work t o  
i n c l u d e  t h e  f i n a l  d i s t r i b u t i o n  of i n f i l t r a t e d  wate r ,  from which d i f f e r e n t  
d i s t r i b u t i o n  and e f f i c i e n c y  paramete rs  could  be determined.  (He used 
s l i g h l y  d i f f e r e n t  terminology where he d e f i n e d  sf* a s  P* w i t h  r e f e r e n c e  
s l o p e  sf: r a t h e r  than S and h i s  So* = P*So* i n  t h i s  work* He a l s o  de f ined  

f a s  sf* used h e r e  and a s  s used by Stre l lcoff  and Clemmens.) Clemmens 
and Stre lkoEf  (1979) d i s p l a y e d  d imens ion less  advance and r e c e s s i o n  curves  
f o r  l e v e l  b a s i n s  wi th  So* = 0 and L = choosing qin* = 1, t,,* = 1, 
W* = 1, and P* = 1. The r e s u l t i n g  curves  were i n  t e r m s  of K* and a. The 
e l i m i n a t i o n  of So* a l lows  an a d d i t i o n a l  v a r i a b l e  t o  be f i x e d .  ~ e t F i n g  
tco* = 1, allowed advance a f t e r  c u t o f f  t o  be d i s p l a y e d  w i t h  no a d d i t i o n a l  
govern ing  parameters .  
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To t h i s  po in t  i n  t ime,  our a n a l y s i s  has  shown t h a t  f o r  computat ional  pur- 
poses  i t  i s  most convenient  t o  s e t  IrF* = l qin* = l ,  P* ( o r  D*) = 1, and 
F* = 0. The parameters  R*, a  and L* a r e  al lowed t o  v a r y ,  Th is  l e a v e s  
So* and tco*, one of which c;\n be f i x e d .  For  l e v e l  b a s i n s  So* = 0. 
F ix ing  So* = 1 f o r  s l o p i n g  b o r d e r s  r e s u l t s  Ln a  s o l u t i o n  based on normal 
dep th .  Thus, we have two d i s t i n c t  s o l u t i o n s ,  one f o r  ze ro  bed s l o p e  and 
one based on normal depth .  I n  r e a l i t y ,  a  l e v e l  border  is s imply one 
l i m i t  on the  s l o p e  of a  border .  Thus it would seem t o  make more s e n s e  t o  
F i x  rco* = 1 and l e t  So* vary  con t inuousfy  from zero  t o  some p r a c t t c a l  
extreme. Computat ional ly ,  t h e  d i f f e r e n c e  between t h e  two should on ly  be 
represen ted  by a  change i n  magnitude* However, t h i s  h a s  caused some 
problems i n  t h e  s t a b i l - i t y  of t h e  s o l u t i o n .  T h i s  problem s t i l l  needs t o  
be r e s o l v e .  

S o l u t i o n s  f o r  Design and Management 

D i r e c t  computat ions  w i t h  t h e  model r e q u i r e  t h a t  V*$ P*, W p  So** qin*$ 
r,,* and L* a l l  be f i x e d *  The r e s u l t s  of t h e  model a r e  t h e  s u b s u r f a c e  
prof i 1.e of i n f i l t r a t e d  w a t e r ,  t h e  runoff  hydrograph, and f low dep th  
hydrographs ( d e r i v e d  from water  s u r f a c e  p r o f i l e s ) .  From t h e s e  r e s u l t s ,  
d i F f e r e n t  measures of p e r f o m a n c e  can be determined.  The r e f e r e n c e  
v a l u e s  f o r  c o n v e r t i n g  t h e s e  d imens ion less  v a r i a b l e s  i n t o  dimensional  
v a r i a b l e s  must be i n  terms of So, q i n 2  tco, E, n/Cu, k, and a .  A s  an 
example c o n s i d e r  t h e  d imens ion less  system used by S t re lkoEf  xnd Clesnmens 
(1981) and Shatanawi (1980) f o r  s l o p i n g  borders .  They l e t  V* = 1, P* = 1, 
Q = q i , ,  and S = So w i t h  t h e  added r e s u l t  t h a t  P = yne Thus QT = XU and 
Y = SX which r e s u l t s  i n  X = yn/So, T = yn2/q in~o ,  where yn = 

The parameters  t h a t  govern t h e  s o l u t i o n  a r e  K*, t o * ,  L* and - a .  The 
v a r i a b l e s  used t o  c a l c u l a t e  t h e  r e f e r e n c e  v a r i a b l e s  a r e  n ,  So, and 
q i n  wi th  tCo, L, k  and - a used i n  c a l c u l a t i n g  t h e  governing parameters .  

The drawback t o  d i s p l a y i n g  t h e  d i r e c t  r e s u l t s  of t h e  computat ions  i s  t h a t  
tco* and thus  tco a r e  s o l u t i o n  variables, o r  independent  v a r i a b l e s  and 
m u s t  be known t o  o b t a i n  a  s o l u t i o n .  For d e s i g n  and management, it would 
be b e t t e r  i f  they  were dependent v a r i a b l e s  and n o t  show up d i r e c t l y *  
Once t h e  model has  been run and a  number oE r e s u l t s  o b t a i n e d ,  they  can be 
d i s p l a y e d  i n  any form a s  long  a s  t h e  r e l a t i o n s h i p s  between t h e  r e f e r e n c e ,  
the  d imens ion less  and t h e  dimensional  v a r i a b l e s  a r e  main ta ined .  Th is  
w i l l  a s s u r e  t h a t  f o r  a  g iven  s e t  of a c t u a l  c o n d i t i o n s  (d imens iona l  
v a r i a b l e s )  al.1 s o l u t i o n s  d i s p l a y e d  w i l l  y i e l d  t h e  same r e s u l t s .  

The cho ices  oE d imens ion less  v a r i a b l e s  have,  i n  a  s e n s e ,  been d i c t a t e d  by 
computat ional  requirements .  Consider  some a d d i t i o n a l  v a r i a b l e  which may 
be of i n t e r e s t  f o r  ana lyz ing  t h e  r e s u l t s  of an i r r i g a t i o n .  The f i r s t  i s  
t h e  d e s i r e d  dep th  of a p p l i c a t i o n ,  zd. Th is  i s  t h e  d e p t h  of water needed 
t o  f i l l  t h e  a v a i l a b l e  r o o t  zone s t o r a g e ,  I f  t h e  e n t i r e  r o o t  zone is  ade- 
q u ~ t e l j r  i r r i g a t e d ,  then  t h e  a p p l i c a t i o n  e f f i c i e n c y  (volume o r  average 
dep th  r e q u i r e d  t o  F i l l  t h e  r o o t  zone s torage/vofume o r  average dep th  
a p p l i e d )  is  
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I f  the  des i r ed  r e s u l t  i s  Ea, then za* would be added t o  the  l i s t  of 
governing parameters.  For any given computational run, t h e r e  a r e  an 
i n f i n i t e  number of pos s ib l e  va lues  f o r  zd and Ea. 

Another v a r i a b l e  of i n t e r e s t  i s  t h e  minimum o r  ne t  depth of a p p l i c a t i o n ,  

zn. The performance of the  i r r i g a t i o n  can then be def ined i n  t e r n s  of 
the  d i s t r i b u t i o n  uniformity (minimum depth i n f i l t r a t e d  divided by the  
average depth i n f i l t r a t e d )  

where RO = runoff f r a c t i o n .  Another measure of performance is  t h e  low 
q u a r t e r  d i s t r i b u t i o n  uni formi ty  

where zg = average depth i n f i l t r a t e d  i n  t he  q u a r t e r  of the  f i e l d  q 
r ece iv ing  the  l e a s t  amount of water*  For any given computational run,  
t h e r e  is  one and only one value f o r  each of DU and D U R q  ThusI t he se  a r e  
p re fe r r ed  t o  Ea f o r  de sc r ib ing  the  r e s u l t s  of an i r r i g a t i o n .  

The next parameter t o  be added t o  t he  l i s t  is  t h e  time requi red  t o  
i n f i l t r a t e  the  n e t  depth ( o r  t h e  des i r ed  o r  low quar ted  depth depending 
on which is  being evaluated)  of a p p l i c a t i o n ,  T ~ .  This  can be an impor- 
t a n t  parameter f o r  t he  des ign  and management of s u r f a c e  systems. The 
dimensionless  parameter T ~ *  can be used t o  r ep l ace  K* as fol lows:  zn* = 
(T ,* )~ ,  zn* = zn/Z = z,Y/zY, zn* = zn4/K* = ( T ~ * ) ~ ,  where zn' = zn/Y. 
Thus, h* = ( z , ' / ~ * ) l / ~ *  (Note, s i n c e  zn-  = zn*K*, Z can be ignored from 
t h i s  a n a l y s i s  and zn re fe renced  t o  Y r a t h e r  than Z. This  does not  e l i m i -  
n a t e  K* (o r  Tn*) a s  a governing parameter.) 

Analysis  of Dimensionless Schemes 

Tables 1 and 2 show the  d i f f e r e n t  dimensionless  schemes t h a t  have been 
used o r  could be used. Table 1 shows t h e  l e v e l  bas in  systems used by 
Clemmens and S t r e lko f f  (1979) and l a t e r  by Clemmens, S t r e l k o f f  and 
Dedrick (1981). The f i r s t  system, A, was used f o r  d i r e c t  computations. 
The next s i x  systems r e s u l t  from the  d i f f e r e n t  pos s ib l e  combinations of 
v a r i a b l e s  f o r  X,  Y,  Q, and T. Since t he  s lope  is f ixed  a t  ze ro ,  normal 

Annual Report of the U.S. Water Conservation Laboratory



dep th  has no re levance  and cannot  be used a s  a  r e f e r e n c e  v a r i a b l e .  (An 
i n t e r e s t i n g  and u s e f u l  r e s u l t  of r e p l a c i n g  K* w i t h  tn* is  t h a t  a  is e l i -  
minated from the  c a l c u l a t i o n s  of r e f e r e n c e  and s o l u t i o n  v a r i a b l y s . )  The 
R and C systems were used f o r  developing d e s i g n  l i m i t s  and management 
a i d s .  The last four systems were deemed n o t  u s e f u l  f o r  level .  b a s i n s .  
The r e s u l t i n g  s o l u t i o n s  have t h r e e  independent v a r i a b l e s  and one ( o r  
snore) dependent v a r i a b l e s  such as DU. These can be d i s p l a y e d  by a  s e t  of 
g raphs  ( i . e . ,  f o r  d i f f e r e n t  v a l u e s  of a ) .  - 
Table  2 shows t h e  p o s s i b l e  combinat ions  of r e f e r e n c e  and s o l u t i o n  
v a r i a b l e s  f o r  s l o p i n g  borders .  System T I  is used f o r  d i r e c t  computat ions  
and was d i s c u s s e d  e a r l i e r .  System 0 is  an a l t e r n a t e  method f o r  d i r e c t  
computat ions .  The remaining systems, E t o  N, r e s u l t  from the  p o s s i b l e  
combinat ions  of r e f e r e n c e  v a r i a b l e s .  These r e s u l t s ,  i n s t e a d  O F  a s i n g l e  
s e t  of g raphs  w i t h  each graph r e p r e s e n t i n g  one v a r i a b l e ,  must be 
d i s p l a y e d  by a s e t  of s e t s  of g raphs  ( o r  a  hook of c h a p t e r s  of g r a p h s ) ,  
s i n c e  t h e r e  is now an a d d i t i o n a l  v a r i a b l e ,  Determining which combinat ion 
of independent s o l u t i o n  v a r i a b l e s  w l l l  g i v e  t h e  most u s e f u l  s o l u t i o n  
r e q u j r e s  a  c o n s i d e r a b l e  amount of judgement. T h i s  judgement is based 
upon t h e  a p p l i c a t i o n  of t h e s e  s o l u t i o n s  t o  a c t u a l  f i e l d  c o n d i t i o n s .  It 
may he u s e f u l  t o  t h i n k  of t h e  s o l u t i o n  v a r i a b l e s  a s  i f  t h e y  were 
dimensional .  Then t h e  c h a r t  would r e p r e s e n t  t h e  s o l u t i o n  f o r  f i x e d  
v a l u e s  of t h e  pa ramete rs  used a s  r e f e r e n c e  v a r i a b l e s .  

For l e v e l  b a s i n s ,  t h i s  a n a l y s i s  was r a t h e r  s t r a i g h t f o r w a r d .  The R system 
r e p r e s e n t s  a  s e n s i t i v i t y  a n a l y s i s  on i n f i l t r a t i o n .  The C system was 
s i m i l a r  i n  form t o  the  S o i l  Conservat ion S e r v i c e  (SCS) l e v e l - b a s i n  d e s i g n  
c h a r t s  (1974).  The remaining f o u r  systems were mixes of t h e s e  two and 
not  considered very  u s e f u l  f o r  l e v e l  b a s i n s .  For  s l o p i n g  borders ,  t h e  
a n a l y s i s  is n o t  a s  s t ra igh tEorward .  I n  f a c t ,  i t  r e q u i r e s  some examina- 
t i o n  i n t o  t h e  e q u a t i o n s  f o r  t h e  remaining r e f e r e n c e  v a r i a b l e s .  The two 
systems analogous,  t o  t h e  B and C systems a r e  t h e  I and L systems,  where 
t h e  l eve l -bas in  s o l u t i o n s  a r e  an extreme wi th  So* = 0. 

For s l o p i n g  b o r d e r s  t h e r e  a r e  s e v e r a l  concep t s  o r  r e l a t i o n s h i p s  which may 
be u s e f u l .  The SCS des ign  of s l o p i n g  borders  is  based on having wate r  a t  
t h e  upstream end of t h e  f i e l d  f o r  a  t ime long enough t o  i n f i l t r a t e  t h e  
d e s i r e d  amount which is  assumed t o  be t h e  n e t  amount of wa te r ,  k. Thus 
i f  we l e t  tco = T,, - F l a g '  where tlag = time between c u t o f f  and t h e  s t a r t  
of  r e c e s s i o n ,  t h e n  t h ~ s  c r i t e r i a  i s  s a t i s f i e d .  S ince  d i s t r i b u t i o n  uni-  
fo rmi ty  is  r e l a t e d  t o  t h e  product  t o  q i n ,  i t  may be i n t e r e s t i n g  t o  p l o t  
I-,* versus  qin* t o  s t u d y  t h e  u s e f u l n e s s  of t h i s  c r i t e r i a  and t h e  e f f e c t s  
of l a g  t i m e .  There  a r e  t h r e e  d imens ion less  sys tems i n  Table  2 which have 
t h e s e  a s  two of t h e  f o u r  pa ramete rs .  The o t h e r  parameter  i n  a d d i t i o n  t o  
a ,  is one of zn", L* o r  So* f o r  the  E,  F and K sys tems r e s p e c t i v e l y .  - 
However, s i n c e  DU i s  a  f u n c t i o n  of T,, z n ,  tco, and q i n ,  it i s  more u s e f u l  
i f  t h e s e  v a r i a b l e s  a r e  e i t h e r  f i x e d  (used i n  c a l c u l a t i n g  r e f e r e n c e  
va lues )  o r  d i s p l a y e d  a l o n g ,  t h e  axes  of t h e  graph and n o t  v a r i e d  from 
graph t o  graph.  Thus, t h e  K sys tem with  T, and z ,  f i x e d  is  p r e f e r r e d .  
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Then o n l y  t h e  r e l a t i v e  s l o p e  v a r i e s  from graph t o  graph.  Also,  So* = 
SoT,/zn, which may be of i n t e r e s t  on m i l d l y  s l o p i n g  ponded b o r d e r s  when 
t r y i n g  t o  determine how much s l o p e  should be put  on t h e  f i e l d .  For  t h e  F 
system,  L* = SoL/zn, however, L v a r i e s  from graph t o  g raph ,  Other  
sys tems a r e  more conven ien t  f o r  o  s e r v i n g  t r e n d s  wi th  L. For t h e  E 
sys tem,  zn' = zn/SOL. Again f o r  t h e  r e l a t i o n s h i p  qi, v e r s u s  T ~ ,  t h i s  
d imens ion less  system i s  no t  as u s e f u l .  

Another r e l a t i o n s h i p ,  which is used by the SCS, i s  qi, v e r s u s  La T h i s  i s  
found i n  t h e  F, 14, and T, systems w i t h  one of T ~ * ,  z n C s  and So* a s  t h e  
o t h e r  v a r i a b l e .  For looking a t  t h i s  r e l a t i o n s h i p ,  i t  might n o t  be par- 
t i c u l a r l y  useful. t o  l e t  zn o r  % c h  i t h o u t  t h e  o t h e r .  Th i s  l e a v e s  
o n l y  t h e  L system. S i m i l a r  d i s c u s s  ons  e l i m i n a t e  t h e  J, M, and N sys tems 
from a n a l y s i s .  However, f o r  a  p a r t i c u l a r  s e t  of c i rcumstances  any one of 
t h e s e  might be a p p r o p r i a t e .  

The l a s t  r e l a t i o n s h i p  which may be u s e f u l  i s  t h e  p l o t  of 'in v e r s u s  zn. 
Th is  was extremely u s e f u l  i n  t h e  a n a l y s t s  of l e v e l  b a s i n s ,  and was used 
t o  de te rmine  p r a c t i c a l  l i m i t s  on f i e l d  l e n g t h  (Clemmens and Dedrick 
1981)*  T h i s  r e l a t i o n s h i p  can r e s u l t  from the E, 6 ,  and I systems,  w i t h  
qin*> L*$ and So* a s  t h e  t h i r d  parameter .  The T system w i l l  probably  be 
useEul  s i n c e  i t  is  an e x t e n s i o n  of t h e  l e v e l  b a s i n  s o l u t i o n  where So* = 
0. The F: system may be u s e f u l  For de te rmin ing  t h e  optlmum f low r a t e  and 
c u t o f f  t ime f o r  a  f i x e d  s l o p e ,  roughness ,  and tfePd l eng th ,  and v a r i a b l e  
i n f i l t r a t i o n .  The G system does n o t  appear  t o  be u s e f u l ,  however, t h i s  
r e s u l t s  i n  L* = SoL/yn which looks  l i k e  i t  may be u s e f u l  f o r  some type  of 
a n a l y s i s  ( i - e . ,  s u r g e  f low a n a l y s i s ) .  

The systems wi th  t h e  most promise a r e  t h e  I, K, and T, sys tems followed by 
t h e  E, F, G systems. The former a l l  having So* as parameter  and t h e  
l a t t e r ,  'in*+ The E, F, G, I, and K sys tems have one p o s i t i v e  f e a t u r e  i n  
t h a t  t h e  t h i r d  v a r i a b l e  is a  very s imple  f u n c t i o n  of s l o p e .  The system 
chosen f o r  a n a l y s i s  depends upon t h e  p a r t i c u l a r  use  t h a t  t h e  u s e r  has  i n  
mind. The r e s u l t s  o b t a i n e d  s t r o n g l y  depend upon t h e  i n g e n u i t y  of t h e  
i n v e s t i g a t o r .  

Dimensionless  Trans format ions  

A s  mentioned p r e v i o u s l y ,  once t h e  model has  been run f o r  t h e  f u l l  range 
of c o n d i t i o n s  t h a t  a r e  l i k e l y  t o  e x i s t ,  t h e  r e s u l t s  can be d i s p l a y e d  i n  
any form. However, t h i s  would r e q u i r e  a t r a n s f o r m a t i o n  of t h e  o r i g i n a l  
r e s u l t s  i n  terms of parameters  used i n  t h e  computat ions  t o  t h e  new form 
in terms of a  new s e t  of parameters .  The t r a n s f o r m a t i o n  must be made 
such t h a t  t h e  r e l a t i o n s h i p s  between the  d imens ion less  v a r i a b l e s ,  t h e  
r e f e r e n c e  v a r i a b l e s ,  and t h e  dimensional  v a r i a b l e s  a r e  mainta ined f o r  
both  sys tems.  Th is  i n s u r e s  t h a t  f o r  a  g iven s e t  of d imensional  i n p u t  
c o n d i t i o n s ,  t h e  r e s u l t s  w i l l  be i d e n t i c a l  For any of t h e  d imens ion less  
r e p r e s e n t a t i o n s .  

For l e v e l  b a s i n s ,  t h e r e  a r e  f o u r  parameters  t o  be d i s p l a y e d ;  t h e  t h r e e  
s o l u t i o n  v a r i a b l e s  i n  Table  1 and t h e  measure of performance ( e , g , ,  
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a p p l i c a t i o n  e f f i c i e n c y ) ,  Th i s  can he d i sp layed  by a s i n g l e  s e t  of 
g raphs .  The axes  of t h e  graph a r e  used a s  two paramete rs ,  t h e  c u r v e s  on 
each graph r e p r e s e n t  Fixed va lues  of the  t h i r d  parameter  and each graph 
r e p r e s e n t s  a f i x e d  vall t!  of t h e  f o u r t h  parameter .  The i n f i l t r a t i o n  expo- 
nent  and the  measure of performance must remain f i x e d  from one dimen- 
s i o n l e s s  system t o  a n o t h e r ,  and thus  a r e  a p p r o p r i a t e  f o r  d e s c r i b i n g  t h e  
c u r v e s  oE each graph and t h e  g raphs .  The remaining two parameters  become 
the  axes  of t h e  graph.  

Yowever, d i r e c t  computat ion of the  model does not  r e s u l t  i n  even ( f i x e d )  
v a l u e s  of DU. Thus, t h e s e  must be ob ta ined  through i n t e r p o l a t i o n .  The 
c r r o r  of i n t e r p o l a t i o n  involved should be r e l a t i v e l y  minor s l n c e  t h e  
~cmpi i t a  t  i o n s  tend t o  resuf t i n  f e l a t  ivePy smooth c u r v e s  o r  r e l a t i o n s h i p s ,  
provided t h a t  major changes i n  t h e  t ime s t e p  and o t h e r  s t r i c t l y  com- 
p u t 3 t i o n a 1  v a r i a b l e s  do n o t  e x i s t .  T h i s  method was used by Clemmens, 
S t c e l k o f f  and Dedrick (1981). Once t h e  t ransformed r e l a t i o n s h i p s  have 
been developed,  a d d i t i o n a l  i n t e r p o l a t i o n s  could  be made t o  d i s p l a y  e i t h e r  
of  t h e  o t h e r  s o l u t i o n  v a r i a b l e s  i n  terms of f i x e d  v a l u e s  i f  d e s i r e d .  

For s l o p i n g  b o r d e r s ,  t h e r e  a r e  f i v e  parameters  t o  be d i s p l a y e d ;  t h e  four  
s o l u t f o n  v a r i a b l e s  and t h e  measure of performance. (For  borders  wi th  
r u m  E f  , more than  one measure of performance may be r e q u i r e d ,  However, 
it could  be handled by two s e t s  of curves  per  graph.)  These r e s u l t s  can  
he d t s p l a y e d  by a set of s e t s  of graphs .  ( T h i s  could  be thought  of as a 
book of c h a p t e r s  of pages.)  I n  t h i s  c a s e  t h e r e  must be t h r e e  pa ramete rs  
with f i x e d  va lues  i n  o r d e r  t o  produce meaningful  r e s u l t s .  The t h i r d  w l l l  
r e q u i r e  an i n t e r p o l a t  ion,  i n  a d d i t i o n  t o  t h a t  f o r  DU, such t h a t  a  
c o n s t a n t  va lue  of t h i s  parameter  w i l l  r e s u l t .  Th i s  second i n t e r p o l a t i o n  
depcnds upon t h e  r e l a t i o n s h i p s  between t h e  two sets of d imens ion less  
parameters .  These r e l a t i o n s h i p s  f o r  t h e  I, K and L  systems a r e  p r e s e n t e d  
i n  Table  3 based on computat ion w i t h  t h e  D system. The i n t e r p o l a t i o n  is  
r e l a t i v e l y  s t r a i g h t f o r w a r d .  To develop r e s u l t s  f o r  t h e  K sys tems w i t h  
c o n s t a n t  v a l u e s  of SohK (and t h e  axes  r e p r e s e n t i n g  qinhK and rnK*). s tar t  
wi th  a  s o l u t i o n  f o r  L*D v e r s u s  DU f o r  f i x e d  v a l u e s  of a ,  K* and tco*. 
I n t e r p o l a t e  f o r  even va lues  of DU, Then p l o t  T,*D v e r s u s  zn"D wi th  a  and 
DU f i x e d  fo r  each c h a r t  and e i t h e r  R* o r  tcOk as f i x e d  v a l u e s  on t h z  
curves .  Li.nes drawn from t h e  o r i g i n  r e p r e s e n t  c o n s t a n t  v a l u e s  of 
So*K s i n c e  SohK = Thus t h e  i n t e r s e c t i o n  of t h e s e  r a d i a l  l i n e s  
wi th  t h e  c u r v e s  from t h e  a n a l y s i s  r e p r e s e n t  the  p o i n t s  a t  which t h e  
t r a n s f o r m a t i o n  i.s made. For t h e  1 system, h o r i z o n a l  l i n e s  would repre -  
s e n t  c o n s t a n t  va lues  of SohI = ~ * 2 ~ / ~ ~  (Table  3 ) .  

Once t h e s e  t ransformed graphs  a r e  produced, t h e  r e a l  a n a l y s i s  beg ins  and 
many c u r r e n t l y  unknown r e l a t i o n s h i p s  can be d i scovered  o r  e x i s t i n g  
1:heories q u a n t i f i e d .  

SUMMARY AND CONCLUSIONS: 

A diincnsional a n a l y s i s  t echn ique  has  been developed t h a t  can be a  power- 
f u l  tool. f o r  d i s p l a y i n g  t h e  r e s u l t s  of i r r i g a t i o n  models. The t echn iques  
developed a l l o w  f o r  c o n s i d e r a b l e  f l e x i b i l i t y  i n  t h e  c h o i c e s  f o r  t h e  
p o s s i b l e  combinat ions  of v a r i a b l e s  f o r  ana lyz ing  s l o p i n g  borders*  Thus, 
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i t  is possLble t o  develop a number oE d i f f e r e n t  s o l u t t o n s  which could be 
usc?rl to analyze diFEerent types oE problems. Thus, t he  p o t e n t i a l  Eor 
applying these  r e s u l t s  t o  p r a c t i c a l  s i t u a t i o n s  is l i m i t e d  only by t h e  
ingenui ty  of the i n v e s t i g a t o r  . Three p a r t  Lcular comb i n a t i o n s  of 
v a r i a b l e s  were chosen has having the most potenl:ial, however, o t h e r s  may 
be equa l ly  a s  u se fu l .  

A new ve r s ion  of t he  border i r r i g a t i o n  model has been developed through 
coa t  r ac  t work. This  ve r s ion  w i l l  po ten t  l a l l y  e l imina t e  the  problems 
encountered i n  previous ve r s ions .  This  model w i l l  go through r igorous  
t e s t i n g  over the nexl: year .  It w i l l  he used i n  t he  a n a l y s i s  of s lop ing  
bocJer i r r i g a t i o n  systems. Some work has  completed on the  a n a l y s i s  of 
rimof E-recovery systems through coopera t ive  work with t he  Univers Lty of 
Arizoila.  
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Table 1: Dimensionless Systems f o r  Level Basins 

Dimensionless Dependent Parameters 
System X Y Q T S v a r i a b l e s  i n  r e s u l t s  f o r  reference Comments 

s o l u t i o n  variable 
c a l c u l a t i o n s  

A - - qin t c o  
- a ,  K*, L* - Zn9 ykrnax- I' qinr  t c o ,  n Used for  l e v e l  bas in  

computations 

B L - qin  - - (&/B z ~ * ~  tco  - t Y max ¶ i n *  L= n Used for analyzing *2/ J: 

l e v e l  basin design 

s loping so lu t ion)  

L! y*mh?a7i is the maximum flow (sur face  water) depth 

tco* is replaced with DU from Eq. 10 f o r  displaying r e s u l t s  ( n o t  RO = 0 ) .  

2/ ( > i n d i c a t e s  t h a t  the parameter 5 is  not required f o r  the cafculcition of the  reference v,?riablr~s+ 
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Table 2: Dimensionless Systems f o r  Sloping Borders 

Reference Var iab les  Dimensionless Dependent Parameters  
System X Y Q T S v a r i a b l e  i n  r e s u l t s  f o r  r e f e r e n c e  

s o l u t i o n  v a r i a b l e  Comments 
c a l c u l a t i o n s  

N - - ¶ i n  - ( ~ ) , S O n , L * , z n *  t c o * ~ R O , ~ * m a ,  n , q i n .  % Not u s e f u l  ....................................................................................................................... 

1/ Since  by d e f i n i t i o n  S = sf(Q, Y) f i x i n g  Q = q i n ,  S = So, r e s u l t s  i n  Y = y,, s i n c e  So = s f ( q i n ,  yn). - 
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3: Transformation relationships for displaying model results based on computation with the D system. 
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TI'I'LE : LKRIGATION WATER MANAGEMENT FOR R I C E  PRODUCTION I N  THE 
SOUTHWESTEKN UNITED STATES 

NRP : 20740 CUIS WORK UNIT: 5510-20740-003 

INTRODUCTION: --- 
Rice r e s e a r c h  began i n  1.979 a t  E l  Cen t ro ,  C a l i f o r n i a ,  and Yuma, Arizona. 
The o b j e c t i v e s  of t h e s e  exper iments  have been: ( 1 )  t o  de te rmine  r i c e  c u l t i -  
v a r s  s u i t a b l e  f o r  an a r i d  environment;  ( 2 )  t o  e v a l u a t e  t h e  e f f e c t s  of irri- 
g a t i o n  regime and p l a n t i n g  d a t e  on non-paddy r i c e  p roduc t ion ;  and ( 3 )  t o  
de te rmine  water  requirements  and e s t i m a t e  consumptive use  f o r  t h e  south- 
w e s t e r n  United S t a t e s ,  u t i l i z i n g  l e v e l - b a s i n  i r r i g a t i o n  systems.  Th is  
a n n u a l  r e p o r t  i n c l u d e s  in format ton  ob ta ined  from El Centro  for 1980 and Ywna 
f o r  1981. 

E l  Cen t ro ,  C a l i f o r n i a  -- 
F i e l d  Procedures :  --- 
Three i n v e s t i g a t i o n  were conducted a t  t h e  I m p e r i a l  V a l l e y  F i e l d  S t a t i o n ,  E l  
Cen t ro ,  C a l i f o r n i a ,  w i t h  t h e  pr imary purpose being t o  i d e n t i f y  r i c e  c u l t i -  
v a r s  t h a t  would be s u i t a b l e  f o r  d e s e r t  i r r i g a t i o n  p r a c t i c e s .  The f i r s t  
exper iment  was c a l l e d  1980 i n t e r m i t t e n t  i r r i g a t i o n  experiment-advanced 
c u l t i v a r s .  F i f t y  e n t r i e s  were p l a n t e d  on A p r i l  19 and May 16 and 25 e n t r i e s  
on June 19,  u s i n g  t h r e e  i r r i g a t i o n  schedu les  of paddy, 3-, and 6-days be t -  
ween wate r  a p p l i c a t i o n s .  Each e n t r y  was p l a n t e d  i n  rows 2.4 m (8 f e e t )  
long on 30 cm (12 inch)  c e n t e r s  and r e p l i c a t e d  f o u r  t imes .  A seed ing  r a t e  
o f  8 grams per  row was used,  and Ordram ( m o l i n a t e ,  S-Ethyl hexahydro-1, 
H-azepine-1-carbothioate) was a p p l i e d  a t  about  34 k g / h e c t a r e  (30 pounds/acre)  
a s  a  p r e p l a n t  h e r b i c i d e .  Ni t rogen  E e r t i l i z e r  w a s  a p p l i e d  at 68 k g l h e c t a r e  

I ( 60  pounds/acre)  p r e p l a n t ,  68 k g l h e c t a r e  (60 pounds/acre)  dur ing  t i l l e r i n g ,  
and 1 k g / h e c t a r e  (90 pounds/acre)  a t  boot ( o r  p a n i c l e  i n i t i a t i o n ) .  

Of t h e  50 e n t r i e s  t h a t  were used i n  t h i s  f i r s t  exper iment ,  t h e r e  were 
a c t u a l l y  36 d i f f e r e n t  c u l t i v a r s .  For some of t h e  more advanced l i n e s ,  s e e d s  
o r i g i n a t i n g  from t h e  1979 paddy, 3-, 6-, and 9-day i r r i g a t i o n  t r e a t m e n t s  
were p l a n t e d  under t h e  t h r e e  i r r i g a t i o n  schedu les  t o  s e e  i f  they  could  be 
improved o r  may have changed through n a t u r a l  s e l e c t i o n .  The c u l t i v a r s  
handled i n  t h i s  manner were IIZ. 22, I V  213, I V  330-1, I V  404, TI ,  I R  
1108-3-5-3-2. Data t aken  inc luded  g e n e r a l  appearance,  s a v e  and d i s c a r d ,  
heading d a t e ,  p l a n t  h e i g h t ,  p a n i c l e  e x s e r t i o n ,  g r a i n  t y p e ,  p e r c e n t  
lodg ing ,  pe rcen t  s t e r i l e  p a n i c l e s ,  p e r c e n t  b lank ing ,  weight  pe r  200 s e e d s ,  
stem a n g l e ,  and y i e l d ,  

The second experiment was named 1980 i n t e r m i t t e n t  i r r i g a t i o n  experiment-  
c u l t i v a r  s e l e c t i o n s ,  Here,  50 promising s e l e c t i o n s  t aken  from prev ious  
exper iments  and n u r s e r i e s  were p l a n t e d  on A p r i l  19,  May 16 ,  and June 13 and 
i r r i g a t i o n  under paddy, 3-, and 6-day t r e a t m e n t s .  P l o t  s i z e ,  r e p l i c a t i o n  
number, seed ing  r a t e ,  and h e r b i c i d e  and f e r t i l i z e r  procedures  were t h e  same 
as t h e  f i r s t  experiment.  Abbrevia ted d a t a  o b t a i n e d  from t h i s  second exper i -  
ment were g e n e r a l  appearance,  save  and d i s c a r d ,  heading d a t e ,  p l a n t  h e i g h t ,  
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and percen t  s t e r i l e  p a n i c l e s  s i n c e  t h e  main n b j e c t i v c  was t o  i d e n t t f y  and 
inc rease  t h e  seed supp ly  of t h e  promising se l . ec t ions .  

i 
Seventy new Lines  and c 
named 1980 i n t e r n l i t t e n t  
Pines  were s e l e c t e  
a v a i l a b i l i t y  of seed wa 
Flay 15,  wi th  one r e p l i c  
paddy, 3-, 6-day i n t e r v  
p r a c t i c e s  were t h e  s a m  
Limited n o t e s  i n e l u d i n  
d n t e ,  and p l a n t  h e i g h t  
.jnd save-discard  n o t e s  
ted and grown i n  1981.- 
d u c t i o n  n u r s e r y  of 2.17 
appear ing  Tines  

P ines ,  (43 see 
exper iments  co 
ga ted  a t  t h e  s 

i 
I 

R e s u l t s  and Discuss ion :  

The a n a l y s i s  of t h e  advanced c u t t i v a r s  e x p e r i n e a t s  I 
1980 showed t h a t  t h e  g e n e r a l  appearance a l  assessment  
of an e n t r y ,  and t h e  save- a l l  evaluat ion.  
o f  a p a r t i c u l a r  e n t r y .  I n  g e n e r a l ,  e n t  e a r a n c e  v a l u e  
i n  t h e  &day t r e a t m e n t  above 5.5 and a h e  same treaq 
ment above 1 .5  would 
c u l t i v a r s .  P e r c e n t  b 
appearance and save-di  
between seasons  s i n c e  
d u r i n g  t h e  growing s e a  
needed t o  s e p a r a t e  t h e  average  from t h  
p a n i c l e s  ( w h i t e )  g i v e  a quick, easy  n o t e  on t h e  p o o r e s t  cu l " rvars .  I 

Tables  1-3 p r e s e n t s  t 
periment-advance 
p l a n t i n g  d a t e s .  

e t t e c  i n  t h e  seco  
p l a n t i n g  d a t e s  ( A p r i l  
t o  be a d v e r s e l y  a f f e e  
193, which caused som 
T R  22 from L;E 6 ,  I V  3 
poorer s t a n d s  and se 
reason  why l i n e s  l i k  
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h i g h e r  y i e l d s  wi th  l e s s  f requenr  i r r i g a t i o n s  compared wi th  t h e  Elood 
t r e a t m e n t .  

S o i l  s a l i n i t y  samples were t a k e n  b e f o r e  and a f t e r  t h e  i r r i g a t i o n  exper i -  
ments,  and t h e  r e s u l t s  a r e  g i v e n  j.n Table  4* Leaching of sal ts  was 
g e n e r a l l y  improved wi th  t h e  i n t e r m i t t e n t  i r r i g a t i o n  t r e a t m e n t s  (3-and 
&day i n t e r v a l s  between i r r i g a t i o n s )  over  t h e  paddy t r e a t m e n t .  More 
l e a c h i n g  occurred a t  t h e  30-cm (1 f o o t )  s o i l  depth  t h a n  a t  60-cm (2 f o o t )  
d e p t h .  L i t t l e  d i f f e r e n c e  i n  t h e  l e a c h i n g  of s a l t s  was observed f o r  t h e  
t h r e e  d i f f e r e n t  p l a n t i n g  d a t e s  

For t h e  c d t i v a r s  I R  22,  LV 213, fV 404, T1, and IR 1108-3-5-3-2 t h a t  were 
planked from d i f f e r e n t  seed s o u r c e s  i n  t h e  advanced c u l t i v a r  exper iment ,  
weaker p l a n t s  and lower y i e l d s  seemed t o  r e s u l t  from t h e  weaker, s m a l l e r  
s e e d s  produced under the 3-and 6-day i r r i g a t i o n s  compared w l t h  t h e  con- 
t i n u o u s  f lood .  No o t h e r  r e a l  d i F f e r e n c e s  were noted a t  t h i s  t ime ,  and addi-  
t i o n a l  g e n e r a t i o n s  w i l l  need t o  be c a r r i e d  o u t  t o  s e e  i f  any long-term 
e f f e c t s  can be exhibited, 

O v e r a l l ,  some of t h e  more promising l i n e s  i n  t h e  advanced c u l t i v a r  exper i -  
ment were ZV 404, I V  213, I R  22, I R  1108-3-5-3-2, P I  324 426, PI  433 220, 
and P I  432 560. They had siotiliar y i e l d s  and o t h e r  c h a r a c t e r i s t i c s  f o r  
t h e  f l o o d ,  3-, and some 6-day i r r i g a t i o n  schedu les .  On t h e  o t h e r  hand, 
y i e l d s  decreased  s h a r p l y  wi th  t h e  drjeer i r r i g a t i o  t r e a t m e n t s  compared 
wi th  t h e  continuous f l o o d  f o r  c u l t i v a r s  such a s  M 101, Hato, P I  391 232, 
and o t h e r s .  P l a n t  growth c h a r a c t e r i s t i c s  changed i n  t h e  fo l lowing  manner 
as  t h e  number of i r r i g a t i o n s  were reduced excep t  on a few of t h e  more pro- 
mising v a r i e t i e s :  heading d a t e s  l eng thened ,  h e i g h t  s h o r t e n e d ,  b lank ing  
i n c r e a s e d ,  p e r c e n t  s t e r i l e  p a n i c l e s  i n c r e a s e d ,  and y i e l d  decreased .  
Changes i n  t h e  o t h e r  growth c h a r a c t e r i s t i c s  were smaller, b u t  they  seemed 
t o  r e a c t  a s  fo l lows :  p a n i c l e  e x s e r t i o n  was reduced,  g r a i n  t y p e  was 
s h o r t e r ,  lodging was l e s s ,  and weight pe r  200 s e e d s  was reduced. T h i r t y -  
one e n t r i e s  were saved from t h e  1980 advanced c u l t i v a r  experiment f o r  
p l a n t i n g  i n  1981. Rep lan t ing  and r e t e s t i n g  a r e  r e q u i r e d  because some 
c u l t i v a r s  appear  t o  escape  t h e  f u l l  e f f e c t s  of h igh  t empera tu res  by 
pass ing  through c r i t i c a l  growth s t a g e s  when t h e  c l i m a t e  h a s  moderated f o r  
a few days.  

p l a n t e d  i n  t h e  1981 i n t e r m i t t e n t  i r r i g a t i o n  experiment-advanced c u l t i v a r s .  

On t h e  second exper iment -cu l t iva r  s e l e c t i o n s ,  a l l  l i n e s  excep t  t h o s e  t h a t  
were high-producing i n  o t h e r  exper iments  (IR 22, ER 442-2-5-8, T1, I V  213, 
I V  404, e t c . )  had a poor performance when judged on a row b a s i s  ( d a t a  no t  
shown). Work conducted i n  1979 suggested t h a t  some p l a n t s  i n  t h e  3- and 
6-day i r r i g a t i o n  t r e a t m e n t s  might be b e t t e r  than  t h e i r  p a r e n t s .  When c r i -  
t i c a l l y  observed i n  1980, s e l e c t i o n s  of i n d i v i d u a l  p l a n t s  made from pre- 
v ious  y e a r s  (IV 62-1-0, IV 62-2-0, I V  213-6, TV 213-7, I V  404-5, I V  404-7, 
e t c . )  responded s i m i l a r l y  o r  wi th  l i t t l e  change from p r i o r  y e a r s .  The 
second p l a n t i n g  d a t e  (May 16)  was t h e  b e s t ,  but  t h e  d a t e  of p l a n t i n g  d i d  
n o t  appear  t o  i n c r e a s e  t h e  a b i l i t y  t o  s e l e c t  improved p l a n t s  w i t h i n  a row. 

For t h e  t h i r d  experiment-new c u l t i v a r s ,  seed was h a r v e s t e d  from 1 8  o u t  of 
70 new l i n e s  and s e l e c t i o n s  ( d a t a  n o t  shown). Four teen  of t h e s e  were t h e n  
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Yuma, Arizona 

F i e l d  Procedures: 1 

Six r i c e  c u l t i v a r s  (IV 404, I V  213, 3-2, Taichung 181, 
and I V  330-1) were p lan ted  on four  d 1 1, Apr i l  29, and , 
May 27) i n  the  1981 i n t e r m i t t e n t  For each planting1 
d a t e ,  t he  th ree  i r r i g a t i o n  t reatme i r r i g a t i o n  water 
e i t h e r  twice a week, once a week, 
ca ted  four times wi th in  each i r r i g a t i o n  t reatment .  The d r i l l  
kg lhec t a r e  (100 l b s / a c r e )  , and the  rows e r e  spaced 18 cm (7 inches)  a p a r t .  
In  add i t i on ,  an obse rva t iona l  nursery  of 32 c u l t i v a r s  was l an t ed  on a l l  
four  p lan t  ing da t e s .  

A p rep lan t  ap l i c a t i o n  of Qrdram he rb i c  o l l n a t e ,  S-Ethyl hexahydro-1 
H-azepine-carbothioate) a t  t a r e  (20 t o  30 l b s / a c r f )  
was appl ied  f o r  gene ra l  wee nce a p p l i c a t i o n  of 1 

Stam M 4  (p ropan i l ,  3' ,4'-Di e )  a t  a r a t e  of 7 I 

l i t e r s / h e c - t a r e  ( 3  q t s / a c r e  f o r  c o n t r o l  of g r a s se s ,  a t  the 
2-3-leaf s t a g e  on Apr i l  20, d June 18 f o r  
p l an t ing  d a t e s ,  r e s p e c t i v e l y ,  Nitrogen f e r t i l i z e r  i n  t he  form of urea  was1 
broadcast  and incorpora ted  before  p l a n t i n  &/hec t a r e  (50 l b s / a c r e )  
of N, followed by another  56 kg/hec ta re  a l l e r i n g  and before  i n i t l a l  
heading on June 25, June 25, t enbe r  4 f o r  the fou r  
p l an t ing  d a t e s ,  r e s p e c t i v e l y ,  

1 

I r r i g a t i o n  water a p p l i c a t i o n s  were measure a 10-cm (4  inch)  p rope l ld  - 
type water meter ,  and d e t a i l e d  r i c e  phenol s recorded on a l l  p l o t s .  
Chemical l e a f  ana lyses  f o r  n i t rogen ,  phosphorous, potassium, and minor e le -  
ments were made on the  r i c e  l eaves  a t  t h r ee  t i m e  during t h e  growing season 
The r i c e  was harves ted  when an e n t i r e  p l an t ing  da t e  reached matur i ty ,  and 
y i e l d s  were based on a 2-7 m2 (29.2 sq ,  f e e t  sampPPng a r e a  f o r  t h e  i n t e r -  1 mi t t en t  i r r i g a t i o n  experiment and on a 1.3 m (14.0 sq ,  f e e t )  a r e a  f o r  t h e  
obse rva t iona l  nursery .  Seed wefght and n u t r i e n t  ana lyses  were de t e rmined ,  
from the  harves ted  g r a i n  p lus  m i l l i n g  and cooking q u a l i t y  t e s t s  w i l l  be 
conducted by Be D, Webb, USDA-ARS Rice Research, Beaumont, Texas. 

i 

Resu l t s  and Discussion:  - 
Because oE cool  n i g h t  temperatures ,  t he  number of days from p l an t ing  t o  
emergence was 26, 19, 14, and 6 days f o r  the four  p lan t fng  d a t e s  on the  19 L 
i n t e r m i t t e n t  i r r i g a t i o n  experiment.  The time per iod from p l an t ing  t o  head- 
ing  (50% pan ic l e s )  averaged 172, 147, 133, 99 days f o r  t h e  same four  plant  
ing da t e s  (March 4,  Apr i l  1, Apri l  29, and May 2 7 ) .  It was shown t h a t  nud! 
ber of days t o  heading decreased with t he  l a t e r  p l an t ing  da tes .  Also, head- 
ing is delayed a s  the  i n t e r v a l  between i n t e r m i t t e n t  i r r i g a t i o n  increased  from 
twice a week t o  every 10 days (Tables 6-9). Table 5 summarizes t he  w a t e r ,  pp 
c a t i o n s  (irrigation water p lus  p r e c i p i t a t i o  averaged 363, 229, and 
195 cm fo r  the t h r e e  i r r i g a t i o n  t rea tments  
days) .  Considerably more i r r i g a t i o n  water was app ed on the  twice a week 

Annual Report of the U.S. Water Conservation Laboratory



i r r i g a t i o n  schedu le  f o r  t h e  e a r l i e s t  p l a n t i n g  d a t e .  The r a t i o  of the  seaso- 
n a l  water  a p p l i e d  t o  Class  A pan evaporae ion  was o u t  1.50,  1 .25,  and 1.00 
f o r  t h e  t h r e e  i r r i g a t i o n  l e v e l s ,  r e s p e c t f v e l y .  m t h e  s t a n d p o i n t  of ger-  
m i  n a t i o n  t ime, heading d a t e s ,  and water  application amounts, p l a n t i n g  d a t e s  
of e a r l y  A p r i l  through e a r l y  r i l  1 and A p r i l  29) appeared t o  be b e s t  
under t h e  cond t t i o n s  of t h i s  experiment . 
F i g u r e s  I t o  4 show t h e  changes i n  l a n t  h e i g h t  v e r s u s  t lme f o r  t h e  v a r i o u s  
c u l t  i v a r  i r r i g a t i o n  t r e a t m e n t s ,  and p l a n t i n g  d a t e s .  Genera l ly ,  p l a n t  
h e i g h t s  were not  d i f f e r e n t  f o r  t h e  t h r e e  i r r i g a t i o n  l e v e l s  u n t i l  l a t e  June ,  
e a r l y  J u l y ,  l a t e  .July, o r  e a r l y  August f o r  t h e  f o u r  i f f e r e n t  p l a n t i n g  
d a t e s ,  r e s p e c t i v e l y a  However, a f t e r  maximum t i l l e r i n g ,  t h e  p l o t s  t h a t  were 
i r r i g a t e d  twice  weekly grew c o n s i d e r a b l y  t a l l e r  than t h e  d r i e r  i r r i g a t i o n  
t r e a t m e n t s .  Average heading p l a n t  h e i g h t s ,  p a n i c l e  e x s e r t i o n ,  
p e r c e n t  lodg lng , stem a n g l e ,  rhe  s i x  cul t i v a r s  and t h r e e  irri-  
g a t i o n  t r e a t m e n t s  a r e  p resen  t o  9 for  t h e  f o u r  p l a n t i n g  d a t e s ,  
r e s p e c t i v e l y .  For t h e  Four ng c u l f i v a r s  ( I V  404, I V  213, 
I R  22,  TX Ll08-3-5-3-2), t h e  heading Rates  a r e  n e a r l y  t h e  same; p a n i c l e s  
tend t o  be moderate ly  w e l l  e x s e r t e d ,  and stem a n g l e s  a r e  b e t  
degrees  from p e r p e n d i c u l a r ,  which a r e  t h e  c h a r a c t e r i s t i c s  of a  r i c e  c u l t i v a r  
wi th  f a v o r a b l e  drought  r e s i s t a n c e *  With t h e s e  c u l t i v a r s ,  y i e l d s  d e c l i n e d  
s h a r p l y  when i r r i g a t i o n s  decreased  from twice  t o  once weekly. Al.though t h e  
h i g h e s t  y i e l d s  were ob ta lned  from t h e  March 4 Pan t lng  d a t e ,  t h e  l a t e r  
p l a n t i n g  d a t e s  of A p r i l  I and A p r i l  29 resulte i n  o n l y  s l i g h t  y fe id  redue- 
t i o n s  wi th  a  s i g n i f i c a n t l y  s h o r t e  g season and quant  t y  of i r r i g a t i o n  
water  a p p l i e d .  The lower y i e l d s  f o r  t h e  A p r i l  l p a n t i n g  compared wi th  
A p r i l  29 was a r e s u l t  of poorer  s t a n d s .  O v e r a l l ,  V 404, I V  213, I R  22,  and 
7K 1108-3-5-3-2 were t h e  f o u r  most promising e u t l i v a r s  having a p o t e n t i a l  
y i e l d  of about 5000 k g / h e c t a r e  (4500 l b s / a c r e )  when p l a n t e d  n e a r  May 1. 
The JV 404, IR 22, and I R  l1OR-3-5-3-2 approaches  a long g r a i n  t y p e ,  
whereas I V  213 i s  a  medium g r a i n  r i c e .  

P l a n t  a n a l y s i s  of mature l e a v e s  f o r  al l .  s i x  c u l t i v a r s  a t  t h r e e  growth s t a g e s  
Eor t h e  four  p l a n t i n g  d a t e s  is shown I n  Table 10,  Based on p l a n t  t i s s u e  
l e v e l s  suggested for  C a l i f o r n i a  r i c e  p roduc t ion  ( M i l l e r  e t  a l e  1973) no 
d i s t i n c t  d i f f e r e n c e s  i n  n f t r o g e n ,  phosphate-phosphorous, potass ium,  o r  z i n c  
were observed i n  1981. T y p i c a l l y ,  t h e  n i t r o g e n ,  phosphorous,  and potass ium 
v a l u e s  decreased wi th  sampling d a t e s ,  and t h e  n i t r o g e n  percen tages  i n  t h e  
l e a v e s  were s l i g h t l y  lower f o r  t h e  l a t e r  p l a n t i n g  d a t e  compared w i t h  t h e  
t h r e e  e a r l i e s t  d a t e s *  L i t t l e  d i f f e r e n c e s  i n  t h e  n u t r i e n t  l e v e l s  of t h e  har-  
ves ted  g r a i n  (Table  10)  i n  terms of n i t r o g e n ,  potass ium,  phosphorous,  i r o n ,  
manganese, z i n c , o r  copper was observed between c u l t i v a r s ,  irrigation 
s c h e d u l e s ,  o r  p l a n t i n g  d a t e s .  However, t h e  n i r r o g e n  l e v e l  i n  t h e  g r a i n  is  
much lower i n  1981 than  p r e v i o u s  y e a r ,  whlch t r a n s l a c e s  i n t o  lower p r o t e i n  
c o n t e n t s  and could i n d i c a t e  an improvement i n  r i c e  q~aa l - l ty  . 
M i l l i n g  and cooking q u a l i t y  t e s t s  were conducted on t h e  1980 harves ted  r i c e ,  
but  t h e  r e s u l t s  have no t  been complete i n .  L a s t  y e a r ' s  
samples ( d a t a  no t  p r e s e n t e d )  showed t h a t  nd p e r c e n t  whole ker- 
n e l  r i c e  were l e s s  than  normal (h igh  qua ced under n o n s t r e s s e d  
c o n d i t i o n s ) .  Pe rcen t  p r o t e i n  c h a l k i n e s s  r e a d i n g  v a l u e s  (one 
measure of cooking) were g r e a t e r  than  t h e  a c c e p t a b l e  range  of h igh q u a l i t y  
ri.ce . 
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Yields from the observational nursery plan e same four dates are 
found in Table 11. Most cultivars ha yields for the April 29 
planting date, and productton sery than the main irci; 
gation plots. Some of the more prornf 
PI 432 560, TI, PI 403 RP 7923, and I 
IV 404, I V  213, I R  22, and 1 K  l l O R - 3 -  
nursery were selected for planting in the rvational nursery* I 

The 1982 intermittent irrigation exper will consist of six cultivars, 
two planting dates, six irrigation tre 
water qualities are Colorado River wat 
solids used in previous years and groundwate 
depth of about 1.5 m below the plots with ab of dissolved 
solids. Irrigation includes water qualities quent applications 
during specific stages of growth, FIybri rfce cultivars have also been 
added at both the Puma and El Centro locations* i 

SUMMARY AND CONCLUSIONS: 
+ 

Three intermittent rice irrigation experiments 
Imperial Valley Experiment Stati 
rice irrigation studies were 
Station, Uuma, Arizona, in 1 
water applications typically res 
dates, smaller grain size, less ever, some 
of the more promising cultivars 
PI 324 426, PI 433 220, an ields were not significantly 1 

different For the paddy, 3 intervals between irriga- 
- tions. Cultivar performance was y 1 6  than the April 19 

and June 19 planting dates. In ction will be based on 
varying irrigation in respect to wth to determine if 
yields can be further improved ter conserved, 

At Yuma, 1981 results indicated IR 22 and IR 1108-3-5d -2 
had a potential to produce around 5000 kg of grainlhectare when planted from 
April to early May and irrigated at least biweekl 
IR 1108-3-5-3-2 are mostly of a long grain type, 213 is a mediud 
grain rice, Nutrient levels in mature plant leaves and unpolished grain 
suggested that two nitrogen applications totalling 112 kg/hectare (100 
ibs/acre) supplied adequate nutrients under intermittent irrigations. Futu 3 

studies will concentrate on using irrigation water of marginal quality and .I 

increasing the number of irrigations during critical plant growth stages along 
with decreasing irrigations d ing other growth periods* The most 
application of these results uld be to demonstrate to countries 
shortages, problem soils in d of reclamation, limited water sup 
marginal climatic conditions, that resear 
and more careful water management should 
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Table I. Intermittent rice irrigation experiment-advanced cultivars, planted on April 18, 1980 (Julian Date 108) at El Centro, California. 

Save Percent Wt. 
Cultivar General h Julian Sterile per Percent 
6 Entry Irrigation Appear- dis- Heading Ht. Panicle Grain Percent Panicles Percent 200 Stem Yield 
No. ~ourcd! ~reatmengl anc&/ car&/ Date in cm. ~xsertion?! T~~&/ Lodging (white) Blanking Seeds hgl&/ in grn.81 

LE 6 

LE?? 

LE3 

iE6 

LE3 

LEP 

LE3 

LE6 
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- - - - 
Save Percent W t .  

Cul t i v a  r General & J u l i a n  S t e r i l e  per Percent 

& Entry I r r i g a t i o n  Appear- dis-  Heading H t .  Panicle  Grain Percent Panicles  Percent 200 Stem Yield 

No. ~ o u r c & /  ~ r e a t m e n s l  a n d /  car&/ Date i n  cm. ~ x s e r t i o d l  T ~ ~ & /  Lodging (white) Blanking Seeds ~ n g l d - 1  i n  gm.81 

Annual Report of the U.S. Water Conservation Laboratory



Table 1. (Cont inued) .  

--  - - -  
Save Percent  W t .  

C u l t i v a r  General & J u l i a n  S t e r i l e  pe r  Pe rcen t  
& Entry  I r r i g a t i o n  Appear- d i s -  Heading Ht. P a n i c l e  Grain  Pe rcen t  P a n i c l e s  Percent  200 Stem Yield  

No. Sourc&/   re at men&/ an&/ car&/ Date  i n  cm. ~ x s e r t i o d i  TYP&/ Lodging (wh i t e )  ~ l a n k i n g  Seeds h g l ~ 7 /  i n  gm+g/ 

Calrose  76 PR F 4.8 1 .8  224 72 2.0 1.0 0 43 3.0 83 206 
(17 3 4.8 1 .3  219 74 2.3 2.0 3.0 0 48 4.7 8 1  14 5 

6 7.0 2.0 218 58 1 .3  2.0 1.0 0 76 3.3 8 3  5 1 

Chen Chunya LE6 F 4.5 1.0 230 60 2.0 .8 0 1 5  4.2 68 26 2 
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2 1. - n t i n  , 

Save Pe rcen t  W t  . 
C u l t i v a r  Genera l  & J u l i a n  S t e r i l e  p e r  P e r c e n t  
& Ent ry  I r r i g a t i o n  Appear- d i s -  Heading Ht. P a n i c l e  Gra in  P e r c e n t  P a n i c l e s  P e r c e n t  200 Stem Yie ld  

No. ~ o u r c & /  ~ r e a t r n e n t l l  anc&/ car&/ Da te  i n  an. ~ x s e r t i o d l  Lodging (wh i t e )  Blanking Seeds  hgle.?./ i n  gm.81 

TI  LEF 
(25 )  

I R  1108-3-5-3-2 
(32 )  LEF 

Annual Report of the U.S. Water Conservation Laboratory



Table  1. (Continued).  

Save Pe rcen t  Wt . 
C u l r i v a r  General & J u l i a n  S t e r i l e  p e r  Pe rcen t  
& Entry  I r r i g a t i o n  Appear- d i s -  Heading H t .  P a n i c l e  Grain  Pe rcen t  P a n i c l e s  Pe rcen t  200 Scem Yield  

No. ~ o u r c d l    re at men&/ an&/ car&./ Date  i n  cm. ~ x s e r t i o & /  ~ y ~ & /  Lodging (whi te)  Blanking Seeds  ~ n ~ l z l  i n  grn-81 

Annual Report of the U.S. Water Conservation Laboratory



Table 1. (Continued). 

Save Percent Wt. 
Cult ivar General & Julian Sterile per Percent 
& Entry Irrigation Appear- dis- Heading Ht. Panicle Grain percent Panicles Percent 200 Stem Yield 

No. Sourc&/ TreatmenGI ant&/ car&/ Date in cm. ~xsertio&/ ~ ~ ~ & f  Lodging (white) ~lanking Seeds Angldl in 
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Table 1. (Continued). 

Save Percent W t .  
Cul t ivar  General & J u l i a n  S t e r i l e  per  Percent  
& Cntry I r r i g a t i o n  Appear- d i s -  Heading H t .  Panicle  Grain Percent  Panicles  Percent  200 Stem Yield 

No. Sourc&/ TreatmenGI car&/ Date i n  cm. Exsertio&/ ~ y ~ & /  Lodging (white) Blanking seeds  Angl&/ i n  gm.z/ 

PI 432 572 F 5.3 1.3 240 66 3.3 2.0 .3 0  23 3.8 68 -- 
Pusa, 2-21 3 5.8 1.5 24 1 69 3.5 1.5 7.8 0 35 3.3 69 183 
(49) 6  4.8 1 .5  254 60 3.0 2.0 1.0 0 18 3.4 70 16 1 

PI 432 555 HT F 5.5 1.5 272 91 3.5 3.0 .5 5.0 52 4.0 7 8 208 
0. glaber i rna  - 3 5.5 1.8 271 76 3.8 2.8 1 * 5  0 60 4.1 79 98 
(50) 6  7.3 2.0 284 68 3.8 3.0 .3 18.8 7 1 3.0 76 7 

11 PR = 1979 blanking study; HT = 1979 heat  to le rance  s tudy;  LE = 1979 i n t e r m i t t e n t  i r r i g a t i o n  s tudy with P = f looh and 3, 4 ,  and 9 = days between 
i r r i g a t i o n s ,  r espec t ive ly .  

21 F = continuous f lood;  3  and 6 = days between i r r i g a t i o n s ,  r espec t ive ly .  
- 31 1 = good; 5  = average; 9  = poor. 
41 1 save; 2  = discard  

1 = we11 exser ted ;  2  3- moderately wel l  exse r ted ;  3  = j u s t  exser ted;  4 = p a r t i a l l y  exser ted .  
51 1 = s h o r t ;  2  = medium; 3 = long; 4 = e x t r a  long. 

Degrees from hor izon ta l ,  o  = hor izon ta l ,  90 = v e r t i c a l .  
21 To convert y i e l d  t o  lcg/hectare ( l b s / a c r e ) ,  mul t ip ly  by a  f a c t o r  of 13.4 (12). 
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Save Pe- . "- 

^ " t i v a -  Ger 6 J S t e r ~ ~ e  p e r  Percent  
u n n t r y  I r r i g a t i o n  Appear- d i s -  Heading Ht. P a n i c l e  Grain  Pe rcen t  Pan ic l e s  Percent  200 Stem Yield  

No. ~ o u r c & /  Trea tmenGI  an&/ ear&/  Date  i n  cm. E x s e r t i o d l  Typ&/ Lodging (wh i t e )  Blanking Seeds  ~ n g l d . 1  i n  gm.81 

Al Nam- 
Tsar  
(1)  

IR 22 
(2)  

IR 22 
(3) 

I R  22 
(4 )  

IR 26 
(5) 

I V  213 
(6)  

I V  213 
(7 )  

I V  213 
(8 )  

LEF F 
3 
6 

LEF F 
3 
6 
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Table 2. (Continued). 

Save Percent Wt. 
Cul tivar General & Julian Sterile per Percent 
& Entry Irrigation Appear- dis- Heading Ht. Panicle Grain Percent Panicles Percent 200 Stem Yield 
No. Sourc&/ Treatme&/ an&/ car&/ Date in an. ~xsertiodl Typ&/ Lodging (white) ~lanking Seeds h g l L /  in gm.8' 
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- - - - - - - - - --&- - 
Save Percent  W t  . 

Cult  i v a r  General & J u l i a n  S t e r i l e  p e r  Pe rcen t  
& % t r y  I r r i g a t i o n  Appear- d i s -  Heading Ht- Pan ic l e  Grain  Pe rcen t  Pan ic l e s  Percent  200 Stem Yield  

No. SOUKC&/ ~ r e a t r n e n G 1  anc&/ car&/ Date  i n  cm. ~ x s e r t i o & /  T ~ ~ & /  Lodging (wh i t e )  Blanking Seeds  hgld/ i n  gm.8/ 

Calrose  76 PR 
(17) 

Chen Chun Y9 
(18) LE6 

Nato LEF 
(22  

Pokkel i  LE3 
( 2 3 )  

S h i o j i  74 PR 
( 2 4 )  
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Table 2. (Continued). 

Save Percent W t  . 
Cult ivar  General & J u l i a n  S t e r i l e  per Percent 
& Entry I r r i g a t i o n  Appear- dis-  Heading H t .  Panicle Grain Percent Panicles  Percent 200 Stem Yield 

No. ~ o u r c & /  ~reatmen$l  an&/ car&/ Date i n  cm. ~ x s e r t i o d l  T ~ ~ & /  Lodging (white) Blanking Seeds ~ n g l d l  i n  gm.81 

T1 LEF 
(25) 

I R  1108-3-5-3-2 
(32) LEF 
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l a o l e  L. (Continued). - 
- - - - 

Save Percent W t .  
Cult i v a r  General & J u l i a n  S t e r i l e  per  Percent  

& Entry I r r i g a t i o n  Appear- d i s -  Heading H t -  Panicle  Grain Percent Panicles  Percent 200 Stem Yield 
No . Soarc&/ ~ r e ~ ~ m ~ ~ g /  anc&/ car&/ Date i n  cm. ~ x s e r t i o d l  wp&/ Lodging (white) Blanking Seeds -%d/ i n  gm-2' 
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Table 2. (Continued). 

Save Percent Wt . 
Cult ivar General & Julian Sterile per Percent 
& Entry Irrigation Appear- dis- Heading Ht. Panicle Grain Percent Panicles Percent 200 Stem Yield 

No. *reatmen&/ anc&/ car&/ Date in cm. ~xsertio&/ ~ ~ p & l  Lodging (white) Blanking Seeds ~nglz' in gm.5' 

Annual Report of the U.S. Water Conservation Laboratory



-- - r - -- - 
Save - Perf 

-.*, , .var Sene & J u l  .. S t e r i l e  per Percent  
oncry I r r i g a t i o n  Appear- dis-  Heading H t .  Pan ic le  Grain Percent  Panicles  Percent 200 Stem Yield 
No. ~ o u r c & /  ~ r e a t m e n G /  ant&/ car&/ Date i n  c m .  ~ x s e r t i 0 d . l  T ~ ~ & /  Lodging (white) ~ l a n k i n g  Seeds hgl&/ i n  ~ . 8 /  

PI  432 572 F 4.5 1.0 250 6 1 3.3 1.8 .5 0 
Pusa, 2-21 3 3.8 1.0 256 6 3 3.0 2.0 .8 0 
(49) 6 5.5 1.5 270 50 3.5 1.5 0 7.5 

0. l a b e r i r n a  
~ 5 0 :  

I/ PR = 1979 blanking s tudy;  HT = 1979 heat  to le rance  s tudy;  LE = 1979 i n t e r m i t t e n t  i r r i g a t i o n  s tudy with F = f lood and 3,  6, and 9 = days between 
i r r i g a t i o n s ,  r espec t ive ly .  

21 F = continuous f lood;  3 and 6 = days between i r r i g a t i o n s ,  r espec t ive ly .  
31 1 = good; 5 = average; 9 = poor. 

1 = save; 2 = discard .  
31 1 = wel l  exse r ted ;  2 = moderately wel l  exse r ted ;  3 = j u s t  exse r ted ;  4 = p a r t i a l l y  exser ted .  
6 /  1 = s h o r t ;  2 = medium; 3 = long; 4 = e x t r a  long. 
';jl Degrees from h o r i z o n t a l ,  o = hor izon ta l ,  90 = v e r t i c a l .  

To convert  y i e l d  t o  kg/hectare  ( l b s l a c r e ) ,  mult iply by a f a c t o r  of 13.4 (12). 
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Table 3. Intermittent rice irrigation experiment-advanced cultivars, planted on June 19, 1981 (Julian Date 170) at El Centro, California. 

Save Percent Wt. 
Cultivar General & Julian Sterile per Percent 
h Entry Irrigation Appear- dis- Heading Ht- Panicle Grain Percent Panicles Percent 200 Stem Yield 
No. Sourcel/ Treatmen&/ car&/ Date in cm. ~xsertior&/ ~ ~ ~ & l  Lodging (white) Blanking Seeds in W-S 

A1 Earn- PR 
Tsar 
(1) 

IR 22 LE6 
(2) 

Calrose 76 PR 
(7) 
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-----. - -  \--..--..---,- -- - - - -- - -- - - - -.. - -- - - -- -- 
Save enc  W t  . 

C u l t  i v a r  Gene ra l  & J u l i a n  S t e r i l e  p e r  P e r c e n t  

& Ent ry  I r r i g a t i o n  Appear- d i s -  Heading Ht.  P a n i c l e  G r a i n  P e r c e n t  P a n i c l e s  P e r c e n t  200 Stem Y i e l d  
No. Sourc&/ ~ r e a t m e n G 1  car&/  D a t e  i n  cm. ~ x s e r t i o d l  T ~ ~ & /  Lodging ( w h i t e )  Blanking  Seeds  ~ n g l d /  i n  gm.81 

Nato LEE' F 
(10) 3 

6 
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Table 3. (Continued). 

Save Percent W t  . 
Cult i v a r  General & J u l i a n  S t e r i l e  per Percent 
& Entry I r r i g a t i o n  Appear- dis-  Heading H t .  Panicle  Grain Percent Panicles  Percent 200 Stem Yield 

No. Sourc&l Treatmen& an&/ car&/ Date i n  cm. Exsertio&/ Typ&/ Lodging (white) Blanking Seeds ~ n ~ d . 1  i n  gm.8~ '  
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C u l t i v a r  General & J u l i a n  S t e r i l e  pe r  Pe rcen t  
& Ent ry  I r r i g a t i o n  Appear- d i s -  Heading H t .  P a n i c l e  Grain  Pe rcen t  Pan ic l e s  Pe rczn t  200 Stem Yield  

No. ~ o u r c & /  ~ r e a t m e n z  a n c d l  c a r d l  Date i n  cm. ~ x s e r t i o n ? l  ~ y p & l  Lodging (whi te)  ~ l a n k i n g  Seeds ~ n g l d - I  i n  gm.81 

P I  432 555 HT F 6.3 2.0 278 86 3.8 3.0 0  2.5 66 
0. g l a b e r i r n a  3  7.0 2.0 287 6 3  4.0 3,O 0  0  8 1  - 
(25) 6  8.3 2.0 297 5 1 4.0 2  . 8  0  5.0 

PR = 1979 blanking s tudy ;  HT = 1979 h e a t  t o l e r a n c e  s tudy ;  LE = 1979 i n t e r m i t t e n t  i r r i g a t i o n  s tudy  with F = f lood  and 3, 6 ,  and 9  = days between 
i r r i g a t i o n s ,  r e s p e c t i v e l y .  
F = cont inuous  f lood ;  3  and 6  = days between i r r i g a t i o n s ,  r e s p e c t i v e l y .  
1 = good; 5 = average;  9  = poor. 
1 = save;  2  = d i s c a r d .  
1 = w e l l  e x s e r t e d ;  2  = moderate ly  w e l l  e x s e r t e d ;  3  = j u s t  e x s e r t e d ;  4 = p a r t i a l l y  e x s e r t e d .  
1 = s h o r t ;  2 = medium; 3 = long; 4  = e x t r a  long.  
Degrees from h o r i z o n t a l ,  o  = h o r i z o n t a l ,  90 = v e r t i c a l .  
To conver t  y i e l d  t o  k g l h e c t a r e  ( l b s / a c r e ) ,  m u l t i p l y  by a  f a c t o r  of 13.4 (12) .  
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Table 4 -  Average s o i l  s a l i n i t y  measurements i n  EC of mmho/cm before and a f t e r  the i r r i g a t i o n  
experiments f o r  t h ree  i r r i g a t i o n  and th ree  p l an t ing  d a t e  t r e a t a e n t s  a t  E l  Centro, 
Ca l i fo rn i a ,  i n  1980. 

Lr r ig .  Plant-  0 t o  30-cm S o i l  Depth Difference 30 t o  60-cm S o i l  Depth Dif fe rence  
Treat- ing  Before Af te r  mmho/cm Before Af te r  nmho / cm 
ment. Date I r r i g a t i o n  I r r i g a t i o n  and % I r r i g a t i o n  I r r i g a t i o n  and % 

Flood 

3 day 

6 day 

Flood 

3 day 

6 day 

Flood 

3 day 

6 day 
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Table 5. Summary of seasonal  water app l i ed ,  p r e c i p i t a t i o n ,  and pan evaporat ion f o r  t h r e e  
i r r i g a t i o n  t r e a t a e n t s  and fou r  p lan t ing  da t e s  a t  Yuma, Arizona, 1981. 

Fac tor  
I r r i g a t i o n  ---- P l a n t i n g  Dates 

1 / ---------- 
Treatment-  March 4 Apr i l  1 Apr i l  29 May 27 

Number of 
I r r i g a t i o n s  

21wk 
l! wk 
10 days 

Seasonal  2/wk 
I r r i g a t i o n  l/wk 
Water Applied 10  days 

(em) 

Average 
I r r i g a t i o n  
S i ze  (em) 

2/wk 
l/wk 
10 days 

Seasonal  A 1 1  
P r e c i p i t a t i o n  I r r i g  ., 

( c d  T r t s .  

Seasonal  To ta l  2  /wk 424 328 344 356 
Water Applied l/wk 23 1 217 221 247 

(em) 10 days 223 172 185 200 

Seasonal  A l l  
Pan I r r i g  . 230 212 172 171  
Evaporat ion T r t s .  

(em) - - 
_1! I r r i g a t i o n  water was appl ied  e i t h e r  twice a  week, once a  week, o r  every 10 days. 
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Table 6. I n t e r m i t t e n t  r i c e  i r r i g a t i o n  experiment planted on March 4 ,  1981 ( J u l i a n  Date 63) a t  Yuma, Arizona. 

Cul t iva r  J u l i a n  P lan t  
and I r r i g a t i o n  Heading Height Grain Pan ic le  Percent  W t .  Per Stem Yield 

E n t r y N o . .  T r e a t m e n t 1 1  Date i n  cm. Type 21 Exsert ion 21 Lodging 500 seeds Angle 61 i n  kg/ha 

Taichung 2/wk 251 89 3.0 4.5 0 11.4 1.0 931 
181 l/wk 251 6 9 -- - 0 -- -- -- 
(5)  10 257 64 -- -- -- -- -- 0 

IV 330-1 2/wk 211 64 4.0 5.0 0 10.9 3.8 4661 
(6)  l/wk 237 43 -- -- -- -- -- 0 

10  216 4 1 -- -- -- -- -- 0 

?.I 2/uk = twice weekly i r r i g a t i o n s ;  l/wk = weekly i r r i g a t i o n s ;  10 = days between i r r i g a t i o n s ,  r espec t ive ly .  
2/ 1 = pear l ;  2 ;. shor t  (5.5 mm o r  l e s s ) ;  3 = medium (5.51-6.6 mm); 4 = long (6.61-7.5 mm); 5 = e x t r a  long 

(> 7.51 mm). 
21 1 = wel l  exse r ted ;  3 = moderately wel l  exse r ted ;  5 = jus t  exser ted;  7 = p a r t l y  exser ted ;  9 = enclosed. 
61 1 5 e r e c t ;  2 = angle  is about 30" from the  perpendicular ;  3 = angle  is about 45' from the perpendicular .  * No harves t  because of cons iderab le  v a r i a b i l i t y  o r  n e g l i g i b l e  y i e l d .  
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 lo^^^ I .  L C S L ~ L L L I A L L ~ I I L  rlce I r r lga r r lon  e x p e r m e n t  p l an ted  on A p r i l  1, 1 Y 8 1  ( J u l i a n  Date 91) a t  Yuma, Arizona. 
- - - - - .,. - - - - -. - - --- 
C u l t  i v a r  j u l i a r  P l a n t  

and I r r i g a t i o n  Heading Height  Grain P a n i c l e  Pe rcen t  W t .  per  Stem Yie ld  
En t ry  No. Treatment L/ Date i n  em. 5 p e  21 Exse r t ion  .?/ Lodging 500 Seeds Angle A/ i n  kg/ha 

I V  404 
(1)  

I V  213 
(2)  

I R  22 
(3)  

IR 1108-3-5- 
3-2 
(4)  

Taichung 
181  
(5) 

I V  330-1 
( 6 )  

I/ 2/wk = twice  weekly i r r i g a t i o n s ;  l/wk = weekly i r r i g a t i o n s ;  10 = days  between i r r i g a t i o n s ,  r e s p e c t i v e l y .  
?/ 1 = p e a r l ;  2 = s h o r t  (5 .5  mm o r  l e s s ) ;  3 = medium (5.51-6.6 mm); 4 = long (6,61-7.5 mm); 5 = e x t r a  long 

(> 7.51 mm). 
3 1 = w e l l  e x s e r t e d ;  3 = moderate ly  w e l l  e x s e r t e d ;  5 = j u s t  e x s e r t e d ;  7 = p a r t l y  e x s e r t e d ;  9 = enclosed.  
k/  1 e r e c t ;  2 = ang le  is  about  30" from t h e  pe rpend icu la r ;  3 = ang le  is about  45' from the  pe rpend icu la r .  * No h a r v e s t  because of c o n s i d e r a b l e  v a r i a b i l i t y  o r  n e g l i g i b l e  y i e l d .  
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Table 8. Intermittent rice irrigation experiment planted on April 29, 1981 (Juiian Date 119) at Yuma, Arizona. 

Culcivar Julian Plant 
and Irrigation Heading Height Grain Panicle Percent Wt. Per Stem Yield 

Entry No. Treatment L/ Date in cm. Type 21 Exsertion 31 Lodging 500 Seeds Angle 4/ in kg/ha 

Taichung 
181 
(5) 

I f  2/wk = twice weekly irrigations; f/wk = weekly irrigations; 10 = days between irrigations, respectively. z/ 1 pearl; 2 = short (5.5 mm or less); 3 = medium (5.51-6.6 m); 4 = long (6.61-7,s mm); 5 = extra long 07.51 mm). 
3/ 1 = well exserted; 3 = moderately well exserted; 5 = just exserted; 7 = partly exserted; 9 = enclosed. 
4/ 1 =-erect; 2 = angle is about 30" from the perpendicular; 3 = angle is about 45" from the perpendicular. - 
* No harvest because of considerable variability or negligible yield. 
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Table 9. In te rmi t tenr  r i r e  i r c i p n t i o n  ~ x n ~ r i m e n t  nlanted nn May 77 1981 (Titlian D=+a 747) Vlzma, 4r17ona. 

Cult i v a r  J u l i a n  P lan t  
and I r r i g a t i o n  Heading Height Grain Panicle Percent W t .  Per Stem Yield 

Entry No. Treatment 11 Date i n  cm. Type 21 E x e r t i o n  21 Lodging 500 Seeds Angle 41 i n  kg/ha 

Taichung 
181 
(5) 

I /  2/wk = twfce weekly i r r i g a t i o n s ;  l/wk = weekly i r r i g a t i o n s ;  10 = days between i r r i g a t i o n s ,  respec t ive ly .  - 
2/ 1 = pear l ;  2 = shor t  (5.5 IDIU or l e s s ) ;  3 = medium (5.51-6.6 m); 4 = long (6,61-7.5 m); 5 = e x t r a  long 0 7 . 5 1  mm). 
3/ 1 = well  exserted;  3 = moderately well  exser ted ;  5 = j u s t  exserted;  7 = p a r t l y  exser ted ;  9 = enclosed. 
51 1 = e r e c t ;  2 = angle i s  about 30' from the  perpendicular ;  3 - angle is about 45O from the perpendicular.  * No harvest  because of considerable  v a r i a b i l i t y  o r  n e g l i g i b l e  y ie ld .  
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Table  10,  Average and r snge  of l e a f  a n a l y s i s  on r i c e  f o r  t h r e e  grow";? s t a g e s  and g r a i n  n u r r i e n t  
a n a l y s i s  a t  h a r v e s t  f o r  f o u r  p l a n t i n g  d a t e s  a t  Yuma, Arizona,  1981. 

Leaf A n a l y s i s  - Days S i n c e  P l a n t i n g  N u t r i e n t  Ana lys i s  f o r  
Conposi te  of Barvested Rice  

5 0 ---- 6 5 80 ------ 50, 65, & 80 ------- ------- 
P l a n t  i n ~  - 

Date N P 0 4 - P K  NP04-PK N P 0 4 - P K  Fe Zn En Cu N* K P Fe Mn Zn Cu 

Mar 4 
avg . 

Xange- 
low 
high 

Apr 1 
avg 

Range- 
low 

h i g h  

Apr 29 
avg . 

Range- 
low 

h igh  

May 27 
avg . 

Range- 
low 

h i g h  
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Tab 1.r 1.1.. Summary o f  r i c e  y i e l d s  from trike o b s e c v a t t o n a l  nurSjet-y planrral  or1 four  
d a t e s  nl- Yurna, Arizona.  11 

____I__I - _.- - l- _ -- -I -A- .- ..I_̂  --- - - - _---. I - I ___--I_ _....___ "I-Y__ I&Y_- _-I--..- --I 

Grams/plat - 21 
Ent ry  -----4 - ..----- --- --.-----.-. ---.....---- - 

Cul  t iva t -  No. Yar 4 Apr I Apr 29 May 27 

bl 101 
CaZrosc 76 
ZR 28 
CV 404--6 
I V  56 

74 7 
PR 442-2-55 
P I  362 ST: 364 
'CK 528 PX 1.3 EL 
LX 2268-24-2-3-2 
S h i o j i  74 
Z V  404-5 
Kar 27 
PT: 432 566 
Chu Chfnisao,  China 
P I  433 220 
P I  432 560 
Rar 30 
T I 
PL 402 RP 414 
?I% ROS 637 
I K  2253-26-3-5 
^IR 2004-P7-1-1 
I R  1.857-103-2-2 
PK 403 RP 7923 
IK 944-93-2-1-2-2 
I? 404 
IV  213 
I K  22 
LR 1108-3-5-3-2 
IV 330-1 
Taichung 182 

-------- - - - --- 
12.5 

3 - 8  
Not p lan ted  
Not p lan ted  
Nor p lan ted  

29.8 
706 .1  

73.4 
863.1 
875.1 
725.2 
865.2 
6 2 5 - 6  
481 + 3 
337. ' 
427.9 

1051  .I 
850.0 
942 ,2  
975.4 
664 * 1 
412.1 
482.3 
208.1 
802.2 
817.3 
949 ,8  
946.  1 
864.2 
799.9 
244.2 
172.7 

L/ I r r i g a t i o n  water  was appli-ed twice  a week on a11 n u r s e r y  p l o t s .  
M u l t i p l y  by 7.7 ( 6 * 9 )  t o  o b t a i n  k g / h e c t a r e  ( I b s l a c r e )  
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F i g u r e  1. E f f e c t s  of  t h r e e  i r r i g a t i o n  t r e a t m e n t s  on p l a n t  growth f o r  s i x  r i c e  cultivars p l a n t e d  
a t  Yuma, Arizona,  on March 4,  1981. 
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Figure 2 .  E f fec t s  of t h ree  i r r i g a t i o n  t reatments  on p l a n t  growth f o r  s i x  r i c e  c u l t i v a r s  
planted a t  Yuma, Arizona, on Apr i l  1, 1981. 
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Figure 3 .  Effects of three irrigation treatments on plant growth for six rice cultivars 
planted at Yuma, Arizona, on April 29, 1981. 
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Figure 4. Effects of three irrigation treatments on  plan^ growth for six rice cultivars 
planted at Yuma, Arizona, on May 27, 1981. 
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T L I'M: I R R T G h ' P I O N  IJATElI, CITLTURAI, PliACT T.CE!i, AND ENERGY A S P E C T S  OF 
CANTAi,OUPl? PRODUCT LON I N  RR T 1, Rl?(;'Tr)NS 

N K ? :  20740 ( X I S  WORK ITWIT: 5510-20740-003 

F I E L D  PROCED'IJRES : --- --a- 

'rhe 1981 cropping season c o n s i s t e d  of f o u r  p l a n t i n  / p l a n t  p o p u l a t i o n  
Lreatments t ( 1 )  c o n v e n t i o n a l  bed a t  t h e  s t a n d a r d  p o p u l a t i o n ,  25 cm (10 
i , ~ c h c ~ s )  w i  ilkin row and 150 cm (ti0 i n c h e s )  between rows; ( 2 )  c o r r u g a t e d  
p l  :?nt ing  .?L- the  s t a n d a r d  popula t  i on ,  same p l a n t  d imensions;  (3) c o r r u g a t e d  
p l a n t i n g  a t  a medium populat:ion, 425 cm w i t h i n  row and 75 cm (30 i n c h e s )  
b ~ t w e e n  rows; ( 4 )  co r ruga ted  p l a n t i n g  a t  a  h igh p o p u l a t i o n ,  25 cm w i t h i n  
r o w  and 50 ~ 1 1 1  (20 i n c h e s )  between rows. I r r i g a t i o n  t r e a t m e n t s  were based 
on s o i l - w a t e r  d e p l e t i o n  i n  t h e  top 60 cm of s o i l ;  ( 1 )  i r r i g a t e d  when 65% 
oS the  s o i l  m o i s t u r e  was used,  and ( 2 )  i r r i g a t e d  when 75% of t h e  m o i s t u r e  
was nsed. The e i e h t  t r e a t m e n t  combinat ions  were r e p l i c a t e d  f i v e  t imes  i n  
;I randomized-block d e s i g n  f o r  a  t o t a l  of 40 p l o t s .  Each I"ndividua1 p l o t  
was 10 m wide x 18.3 m long ( 3 3  x 6 0 - f t ) .  The s i z e  of c o r r u g a t i o n s  were 
approximate ly  6  cm (2.4 i n c h e s )  h?gh and 20 cm ( 7 , 9  t n c h e s )  wide.  

Top Mark can ta loupe  seed was p lan ted  on A p r i l  1 and a l l  p l o t s  were i r r i -  
ga ted  on A p r i l  2 w i t h  each p l o t  r e c e i v i n g  7 ,4  cm ( 2 , 9  i n c h e s )  of wa te r .  
T l ~ c  p l o t s  were i r r i g a t e d  twice  more t o  F a c i l i t a t e  ge rmina t ion  and s t and  
e s t a h l i s h m c n t ,  Each p l o t  r ece ived  4 .9  cm (1.9 i n c h e s )  on A p r i l  7  and 4 .6  
cin (1.8 i n c h e s )  on April  1.3. P l o t s  were th inned on May 6 and 9.3 cm (3.7 
i n c h e s )  of water  was a p p l i e d  t o  a l l  p l o t s  on May 8. The medium t rea tment  
then rece ived  f o r  t h e  remainder of t h e  growing season  1 1 . 1  cm (4.4 i n c h e s )  
on Play 22, 8.6 a n  ( 3 - 4  i n c h e s )  on Jtine 9 and 25,  and 11.1 cm on J u l y  1. 
The d r y  t r ea tment  w a s  g iven  10 .7  cm (4.2 i n c h e s )  on May 28, 8.6 cm (3.4 
i n c h e s )  on June 17,  and 11 -1 cm (4 .4  i n c h e s )  on J u l y  2 .  A t o t a l  of 58 cm 
( 2 2 . 9  i n c h e s )  of i r r i g a t i o n  wa te r  was a p p l i e d  t o  t h e  medium t r e a t m e n t  and 
5.t cm (22.3 i n c h e s )  t o  t h e  d r y  t r e a t m e n t .  A l l  p l o t s  r e c e i v e d  1.2 cm (0 .5  
-inclxes) of p r e c i p i t a t i o n  dur ing  t h e  growing season.  I r r i g a t i o n  water  was 
measured through a  10-cm (4- in . )  p rope l lo r - type  wa te r  meter .  

F e r t i l i z e r  a p p l i c a t i o n s  c o n s i s t e d  O F  168 kg/ha (150 l b l a c r e )  of ammonium 
phosphate (16-20-0) b roadcas t  over  t h e  f i e l d  b e f o r e  p l a n t i n g ,  122 kg/ha 
(109 l h l a c r e )  of  u r e a  (46-0-0) a f t e r  t h i n n i n g ,  and 122 kg/ha of u r e a  a f t e r  
e a r l y  runners .  The l a s t  two F e r t i l i z e r  app1ica"cons f o r  a l l  p l o t s  were 
( ~ p p l i e d  i a  t h e  i r r i g a t i o n  wa te r  through an i n j e c t o r  pump. T o t a l  Fer- 
t i l i z e r  a p p l i e d  was 139 kg/hn (124 I b . / a c r e )  of N and 34 kg lha  (30 
1 h1acre)oF P,  

Consumptive use  was e s t i m a t e d  from changes i n  s o l 1  wa te r  c o n t e n t  a t  two 
s i t r s  wi th  two loca t i -ons  pe r  s i t e  f o r  che meclLum and d r y  i r r i g a t i o n  t r e a t -  
ments wi th  t h e  s t a n d a r d  p l a n t  p o p u l a t i o n  on t h e  c o r r u g a t e d  p l a n t i n g s .  
So! l m o i s t u r e  samples were tnlcen t o  a  depth  of 120 em ( 4  f t ) .  
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Cantaloupe h a r v e s t  began on J u l y  6 and con t inued  u n t i l  J u l y  20. Melons 
were s i z e d ,  counted,  and gradetl t h r e e  t imes  a week. Four s i z e s  were 
determined a s  23, 27, 3 6 ,  o r  45, by use  of a r e s c r i b e d  s i z i n g  temp1 a t e .  1 
These s i z i n g  numbers a r e  t h e  number of me1 ons t h a t  can he packed i n  a  com- 1 

m e r a i a l  sh ipp ing  c r a t e  (56  x 33 x 33 cm), 43 1 melons s m a l l e r  t h a n  45, 
r o t t e n ,  s o f t ,  ground s p o t t e d ,  s l i c k ,  o r  s p l i t ,  were cons ide red  c u l l s .  i 

1 
Z 

RESULTS AND DISCUSSION:: -- 
The 1981 measured s e a s o n a l  consumptive use was s i m i l a r  f o r  both  t h e  medium 1 
and dry  i r r i g a t i o n  t r e a t m e n t s ,  36-8  cm ( 1 4 , s  i n c h e s  on t h e  medium, and 
35.5  cm (14.0  i n c h e s )  on t h e  d r y ,  a s  shown i n  F i g u r e s  4  and 2. The s i m l -  
l a r i  t y  i n  amounts used by t h e  two t r e a t m e n t s  .is no t  unreasonab le  s i n c e  t h e ,  
medium t r e a t m e n t  r e c e i v e d  on ly  one cm more of  i r r i g a t i o n  wa te r .  The t o t a l  ' 
rise was cons i r i e rab ly  lower than i n  p a s t  y e a r s .  Temperatures  were s i m i l a r  
as i n  p a s t  y e a r s  i n  t h e  e a r l y  p a r t  of t h e  growing season .  However, tem- 
p e r a r u r e s  became sosewbat c o o l e r  about t h e  t ime of peak u s e  and remained / 
c o o l e r  throughout  tlhe h a r v e s t i n g  phase.  Da i ly  consumptive use  was ra ther :  1 

Low dur ing  t h i s  pe r iod  when normally i t  is  still. q u i t e  h igh .  

Y i e l d s  f o r  c a n t a l o u p e s  a r e  summarized i n  Table  1. The e f f e c t  of s c h e d u l t n g  
of i r r i g a t i o n s  is shown by a  322 i .ncrease i n  marke tab le  c r a t e s  p e r  h e c t a r e  
For t h e  medium over  t h e  d r y  t r e a t m e n t .  T h i s  i n c r e a s e  is a l s o  h i g h l y  
s i g n i f i c a n t  i n  terms o f  t o t a l  f r u i t  and numbers s f  l a r g e r  f r u i t  h a r v e s t & . ,  
The lower p roduc t ion  on t h e  d r y  t r e a t m e n t  a s  compared t o  t h e  medium t r e a t -  
ment can he a t t r i b u t e d  p r i m a r i l y  t o  s t r e s s i n g  t h e  p l a n t s  d u r i n g  t h e  peak 
blossoming pe r iod  and when f r u i t  was matur ing t h e  f a s t e s t .  / 

I 

Corrugated p l a n t i n g s  produced about  25% more marke tab le  f r u i t  than  s t an -  
dard  beds on t h e  medium t r e a t m e n t  bu t  doub l ing  t h e  p l a n t  p o p u l a t i o n  
inc reased  y i e l d  by o n l y  IS%, There were e s s e n t i a l l y  no d i f f e r e n c e s  on t h e  
d r y  t r e a t m e n t  e i t h e r  by p l a n t i n g  method o r  by doub l ing  t h e  popu la t ion .  
T r i p l i n g  t h e  p o p u l a t i o n  a c t u a l l y  reduced y i e l d s  on b o t h  t r e a t m e n t s .  T o t a l  
ha rves ted  f r u i t  was about  t h e  same bu t  a  h igh p e r c e n t a g e  of t h e  melons 1 
were t o o  small. t o  be marke tab le .  The medium t r e a t m e n t  wad 23% more f r u i t  
of  s i z e  36 and l a r g e r ,  and 33% less c u l l s .  Total. F r u i t  h a r v e s t e d  was 
n e a r l y  t h e  same f o r  both  t r e a t m e n t s .  1 

I 

SUMMARY AND CONCLUSIONS: 

Over the  pas t  t h r e e  growing s e a s o n s ,  s p r i n g  c a n t a l o u p e s  were produced I 

under medium and d r y  i r r i g a t i o n  t r e a t m e n t s  u s i n g  c o n v e n t t o n a l  beds w i t h  
s t a n d a r d  p l a n t  p o p u l a t i o n s  and a  n e a r l y  F l a t  c o r r u g a t i o n  t r e a t m e n t  w i t h  
s t a n d a r d ,  doub le ,  and t r i p l e  p o p u l a t i o n s .  Doubling t h e  p l a n t  p o p u l a t i o n  1 
i n c r e a s e d  y i e l d s  from 10 t o  I%, whi le  p l a n t i n g  on c o r r u g a t i o n s  improved 
y i e l d s  by an average  of 9%. The h i g h e s t  p l a n t  p o p u l a t i o n s  tended t o  
d e c r e a s e  y i e l d s  p r i m a r i l y  because  f r u i t  d i d  no t  a t t a i n  marke tab le  s i z e .  
Timing of i r r i g a t i o n s  is a  d e f i n i t e  f a c t o r  i n  maximum y i e l d s  a s  noted by 
t h e  average 25% h i g h e r  p roduc t ion  i n  t h e  medium t r e a t m e n t  a s  compared t o  
t h e  dry  t r e a t m e n t .  The development of dead- level  c o r r u g a t e d  p f a n t i n g s  
w i t h  h igh  p o p u l a t i o n s  h a s  t h e  p o t e n t i a l  f o r  improving i r r i g a t i o n  e f f i c i e n -  
c i e s  and e , lergy requ i rements .  
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Table 1. Summary of spr ing  cantalou2e y i e l d s  (mean of 5 r e p l i c a t i o n s ) ,  1981, 

Marketable Eh . f r u i c  To ta l  Xo. f r u i t  
I r r i g a t i o n  P lan t ing  -Plant c r a t e s  per per p l o t  per p lo t  Percent  
Treatment method populat ion hec t a r e  36 & larger harvested c u l l s  

Medium 

Medium 

?led ium 

?fed ium 

Dry 

Dry 

Dry 

Dry 

Bed 

Corrugation 

Corrugation 

?orrugat ion 

Bed 

Corrugation 

Corrugation 

Corrugation 

* 
S i g n i f i c a n t  d i f f e r ence  at 5% l e v e l  

** 
S i g n i f i c a n t  d i f f e r ence  a t  1% l e v e l .  
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SEASONAL SOIL 
MOISTURE DEPLETIO 

Figure 1. Mean consumptive use curve f o r  a medium i r r i g a t i o n  t rea tment  on sp r ing  can ta loupes  
a t  Mesa, Arizona, 1981. 
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TITLE: SURFACE IKRIGATXON AUTOMATION 

NRP : 20740 CRIS WORK UNIT: 5510-20740-004 

INTRODUCTION : 

Six automated level basin irrigation systems have been installed in the 
Wellton-Mohawk Irrigation and Drainage District (WMZDD) since 1975, Table 1. 
All automated sites, although operational by the cooperating farmers, have 
been used for further research, development, and evaluation purposes. Seven 
additional automated systems have been designed through 1981, but no specific 
plans have been made for completion of these systems.. All but one of the six 
automated sys tems (McElhaney-McDonnell 82) uses time to effect the switching 
from basin to basin. Early in our work we considered flow fluctuation of 
water deliveries within an irrigation district to be insignificant. We have 
found, however, that the fluctuation problem is more widespread than origi- 
nally thought and in some instances farmers considered time-based control to 
be unsatisfactory -- Joe Hoffman #1 and Woodhouse. Hence, an expanded 
research and development program was started in 1980 to get equipment into the 
field that could be used to adjust the water delivery by automatically compen- 
sating for flow flucr -1ations. 

Research and development during 1981 centered around interfacing normally 
time-based control centers to open channel flow measuring devices to provide 
volumetric control, with the main emphasis on using pressure transducers and 
bubblers to detect water depth upstream from a flume. New control centers 
were designed and constructed for four of the five time-based automated 
systems (all but McElhaney-llcDonnel1 #I) featuring volumetric control. 
Gophers destroyed some polyethylene tubing (not originally encased) on the 
Naquin automated port system during 1980, The system was replumbed and 
revised during 1981. Both Hoffman automated systems were originally indepen- 
dent of 110 VAC power, but AC power was supplied to the sites during 1981. 
Control centers were constructed to utilize the new power supply and to 
accommodate the volumetric control feature once ready for field installation. 
Specific changes made at the various automated sites will be outlined. 

VOLUMETRIC CONTROL: 

The basic components required for interfacing with an open channel flow 
metering device, ::here flow rate is predictable from a water depth 
measurement, include a water flow depth detecting technique with output pro- 
portional to depth and generally a voltage controlled oscillator (VCO). h 
power function amplifier (discharge related to flow depth by power function) 
may be required depending on the capability of the controller used. Volume 
delivered may be represented by accumulating the flow (integrate) with time or 
by adjusting the controller delivery time based on flow rate changes from a 
pre-selected nominal flow. In our work the latter procedure has been deve- 
loped and features a power function ampl.if-Les output being converted to a 
pulsed output from the VCO. The VCO output (proportional to flow rate) was 
interfaced with a time based controller, manufactured by RainBird Sprinkler 
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MEg* corp.Ll More detail of these components were included in the 1980 Annual 
Research Report and in a paper entitled "Open channel flow sensing for automa- 
tic control," presented at the 1981 Winter meeting of the American Society, f 
Agricultural Engineers. 

The calibration accuracy for broad-crested weirs and critical flow flumes 
which the volumetric controls are being interfaced is about 22 to 23%. Thc 
discharge (q) can be predicted froin upstream water depths (h) to within about 
10.5% of actual when a power function (q = ahb) is fitted to the flume r 
calibration data for flow ranges of 300 to 900 L/s* Two percent accuracy 
translates into a vertical detection requirement of about .k3 mrn for the broad- 
crested-weirs and nearly double that for the critical-flow flumes for flow 
rates above 300 L/s, Table 2. 

We have tried two depth measurement methods -- capacitance and 
bubbler/pressure transducer. In the capacitance unit, a variable capacitor, is 
formed by a probe and metallic walls of a container or a special ground gl! e~ 
The probe is one plate of the capacitor, and the walls or ground plate being 
the other. The material between the two (water) is the dielectric. 
Capacitance is measured by a bridge circuit excited by a high frequency 1 

oscillator. As the water level changes the dielectric constant changes* kne 
capacitance varies linearly with water level* Limitations of the capacitance 
system are: probe is in contact with the fluid which may eventually resul i~ 
reduced measurement accuracy -- coating buildup from water, especially ->?ha. 
fertilizers are injected during the irrigation; the high frequency osci 
must be located at the capacitor -- many times remote from the control ce* !r 
and the analog output from the probe is subject to losses associated with , 
distance. 

The bubbler unit is one of the oldest and simplest level measuring devices 
wherein a tube or pipe is placed at the bottom of the water column to be 
measured (zero of a flume in our case)* Air flowing through the tubing causef 
bubbles to escape through the water. The air pressure at the end of the t, )e 
where the air escapes corresponds to the hydraulic head of the water, and 1 tn 
be sensed with a pressure transducer, The pressure transducer can be located 
remotely from the flow metering device and bubbler (i.e., at the controllet il 
desired). This has the advantage of centrally locating all electronic equ/ b- 
ment with only the bubbler contacting the water* The distance between the 
bubbler and transducer is essentially unlimited if dual tubes are used; one 
for supplying the bubbler and the other, teed to the first near the bubble , 
for sensing the pressure. For short distances, single tubes from the tran,. 
ducer to bubbler can be used since pressure losses will be small- The 
distance between the transducer and bubbler for the single tube can be 
increased by increaotng the tubing size. Tubes can be very small (2 or 3 a 
ID) when dual tubes are used since pressure losses are not a concern. A flow 
control valve is required to provide about 5-10 bubbles per second at the, 
bubbler. 

11 Trade names and company names are included for the benefit of the reade- 
and imply no indorsement or preferential treatment of the product listed 
by USDA* I 

1 

Annual Report of the U.S. Water Conservation Laboratory



Electronic equipment used to provide a digital signal was commerically 
available, an important aspect in assembling an automation package in the 
future. The capacitor system in addition to the probe included: power supply 
for the high frequency oscillator and output display, high frequency 
oscillator, exponent converter, and voltage controlled oscillator, The 
equipment, including the probe, was manufactured by Endress-Hauser, Inc. of 
Greenwood, IN. 

For the bubbler/pressure transducer scheme, the various electronic components 
included in modular form: pressure transducer bridge excitation and amplifier, 
exponent module which provides an output proportional to the input raised to a 
power (exponent b of q = ahb), and a voltage controlled oscillator 
put is proportional to the analog input signal* This equipment was supplied 
by Action Instrummts Co., of San Diego, CAO T e pressure transducers were 
supplied by Foxbore/I.C.T., Inc. of San Jose, CA. The particular transducers 

I selected are intended for a maximum pressvre of 635 mm (25-in) of water with a 
nominal output of 25 mv. 

Temperature Sensitivity 

Most of the equipment described has a long history of use. The accuracy wlth 
which water depth must be detected is treater for our application than for 
many others. Bubbler's for example, have been used for years to measure the 
depth to water in wells, but a high degree of accuracy 9s not 
Furthermore, near constant temperatures can be maintained in many industrial 
applications. Considering the extreme environmental conditions under which we 
will use the equipment and the accuracy requirements, a rather extensive 
testing program was undertaken to evaluate the temperature stability of the 
equipment. In most cases, some temperature compensation was part of the 
purchased equipment. 

Capacitance System 

I 
The capacitance system that was eventually installed on the 
McElhaney-McDonnel1 #2 farm, was tested in the laboratory by inserting the 
probe-stilling well system into a variable head tanko The procedure involved 
setting the temperature in the control room and once stabilized, a calibration 
test was conducted. Calibration involved adjusting the depth (head) incremen- 
tally and recording the voltage output from the capacitor, the voltage from 
the exponent convertor, and frequency from the voltage controlled oscillator. 
The head-discharge re1ationshi.p was then developed using a power function 
curve-fit procedure k7here discharge q, was represented by either voltage or 
frequency. The repeatability of calibration runs at a fixed temperature was 
excellent. However, the capacitor systea underestimated flow rate as air 
temperature increased. Flow rate error decreased linearly over the tem- 
perature ranges tested, Fig, 1- The curves shown were for h=6l0 mm. As h 
decreased, the error also decreased. When the power supply for the high fre- 
quency oscillator, exponent convertor, and voltage controlled osci 
isolated from the probe and high frequency oscillator assembly, an 
at a constant temperature, the error was reduced by about half (slope of curve 
= -.12%f°C vs -0,23%/OC), Fig. 1. If the temperature of the equipment 
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separa ted  from the  probe assembly could be c o n t r o l l e d  a t  some cons t an t  value 
t h i s  reduced e r r o r  would r e s u l t .  In t he  f i e l d  where we ha e been using e" 3 

I equipment, temperature  is not con t ro l l ed ,  hence t h e  e r r o r  we m4ght exp&; na 
be  est tmated from the  s t eepe r  l i n e  of Piga lo, 

During the  per iod when most oE the  i r r i g a t i n g  i s  one i n  southwestern Ar; 3n 
(May through October) t he  average temperature is bout 30°C- Adjust ing f,,e 
e l e c t r o n i c  equipment €or  zero e r r o r  a t  no i n a l  flow when the  temperature  i s  
about 30°c w i l l  minimize t he  e r r o r  i n  210 r a t e  d e t e c t i o n  f o r  t h e  ma jo r i t  o 
i r r i g a t i o n s .  I f  such adjustments  were made, a 2% e r r o r  i n  flow r a t e  due 3 

temperature would be maintained over a temperature range of about 21. t o  39'C 
while  t h e  temperature  range would be abou, 17 t o  43°C f o r  a 3% e r r o r ,  Fig l 
I f  the temperqture were con t ro l l ed ,  f o r  a l l  equ pment separa ted  from the  
probe, 2% e r r o r  would be maintained over a probe temperature range of about 
1 3  t o  47°C. 

I 

Bubbler /Pressure Transducer System 

The bubbler /pressure  t ransducer  system was ex t ens ive ly  t e s t e d  i n  t h e  
l abo ra to ry*  The temperature of the  room i n  which t h e  t e s t s  were conducte 
could be c o n t r o l l e d  f o r  temperatures  r a rg ing  between 5 t o  55"CI S t a  
t h e  pressure  t r ansduce r s ,  b r idge  excitation and amplifier module, and e x y n e  
module were a l l  eva lua ted  with r e spec t  t o  a i r  temperature  changes. Stabf J t  
of both modules was e x c e l l e n t ,  being about 8,615% oE span pee *C Fear the 
br idge  output  and about 0,0065% f o r  the  exponent module, Both were w e l l  
w i th in  t h e  manufacturersP s p e c i f i c a t t o n .  i 

$ 
I 
I 1 

For t e s t  purposes,  a cons tan t  head (p re s su re )  was app l i ed  t o  the  t ransducers  
A bubbler system was used t o  provide the  cons t an t  head, The a i r  temperat r e  
i n  t he  c o n t r o l  room was then cycled and the  output  from t h e  t r ansduce r s  y s 
monitored a s  t h e  temperature  changed, 

The t ransducers  ware uns tab le  wi th  temperature change, Table 3, and t h e  d g r  
of  i n s t a b i l i t y  ( temperature  c o e f f i c i e n t )  was d i f f e r e n t  f o r  each. Transdd,er 
output  var ied  by e, much a s  3.10 mv t o  a s  l i t t l e  as 0170 mv, wi th  a tem- 
pe ra tu re  change of 5 t o  55OC, I n  t h r ee  of t h e  four  ca se s  t he  output  dec4 a s  
a s  temperature i nc reased*  The millivo3.t ou tput  can be converted t o  an ed Iv 
l e n t  water depth (h,mm) by mul t ip ly ing  by 32,9. Upon examining these  va lues  
Table 3, t he  e r r o r  In measuring h var ied  from '11.5 t o  t 51  mm, which t r a n - l a  
tes t o  flow r a t e  e r r o r s  of '7 t o  "0% a t  a flow depth  of 300 mm. A s  note  
e a r l i e r ,  the  head d e t e c t i o n  accuracy should approach 3 mm f o r  the  b-c-w t o  
maintain 22% e r r o r  i n  measuring flow r a t e .  

Accuracy requirements  can be m e t  with t he  p re s su re  t r a n s  uce r s  by m a i n t a h n  
a near cons t an t  t ransducer  temperature.  We decided t o  eva lua t e  the  t ransduc  
s t a b i l i t y  when the  temperature was he ld  cons tan t  above t h e  maximum ambiec 
expected. Ovens a r e  commercially a v a i l a b l e  o r  t h i s  a p p l l c a t i o a  and were 
suppl ied by Ovenaire,  Inc., of C h a r l o t t e s v i l  Temperature c o n t r o l  i s  
wi th in  f2"C from t h e  customer s p e c i f i e d  temp e~ The s p e c i f i c  oven wm 
used was r a t ed  aL 79°C and operated on 24 vdc (o the r  vo ges  a v a i l a b l e )  
The t ransducer  t h a t  was most s e n s i t i v e  t o  temperature ( n Table 3) was 
t e s t e d  wi th  t he  oven, t h e  r e s u l t s  of which a r e  shown i n  Table 3,  The 
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transducer output varied by 0.20 mv over the 50°C temperature range, which 
translates to an apparent head detection accuracy of 13.3 mm or tl.9% flow 
rate error. All other transducers would be more accurate. To achieve this 
control the oven and transducer assembly was insulated from the surrounding 
air by using 6-mm-thick, closed-cell foam rubber sheeting. We plan to use the 
pressure transducer systems equipped with ovens to implement volumetric 
control on four of the time based automated systems in the Wellton-Mohawk 
Irrigation and Drainage District during 1982. 

Field Use-Capacitance System 

The capacitance system has been used on the McElaney-McDonnelk i!2 automated 
system since October 1980. The system has been monitored several times since 
installation to evaluate how accurately the required volume o f  water is being 
applied. The system calibration has not been changed since installed. On 
9 September 1981, the calibration of the system was checked and volume of 
water applied during an irrigation was measured on six basins. 

The exponent for the power function relating head (h) to voltage from the 
exponent convertor (discharge) was 2.146, compared to 2,148 when installed in 
1980. Total hours set on the controller for the six basins was 7.7, which 
represents an application depth of 10.2 cm (net) with a nomLnal flow of 690 
L/s. The flow rate averaged about 610 L / S ~  The time adjustment to represent 
the correct volume of water would be 690/610 x 7.7 or 
applied for 527 minutes of 8.78 h. 

AUTOMATED SYSTEM CHANGES: - 
Preparation was made during 1981 to convert four of the time-based automated 
systems to volumetric control. In some instances this involved additional 
electrical wire and air supply tubing installation while in others only 
control center changes were required. Control centers were designed and 
constructed for the additional four sets patterned after the control center 
used on the first volumetric system at McElhaney-McDonnell H2. These control 
centers feature: 

1. 12-station microprocessor based controller/timers manufactured by 
RainBird Sprinkler Mfg. Corp., and previously described water depth 
sensor and interface equipment. 

2. Functional requirements of checkgate signaling, water rundown, and 
in some instances safety overflow were developed and described for 
the McElhaney-McDonnell #2 in the 2980 Annual Research Report. The 
logic was then designed and built to provide the necessary functions 
using electro-mechanical relays. Random sequencing was provided by 
matrix boards. 

Originally plans had been made to install the volumetric equipment during 1981 
but unforeseen problercs with the pressure transducer bridge excitation and 
amplifier module and excessive temperat-re sensitivity of the transducers 
themselves (described earlier) prevented field installation during 1981. 
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Module r e p a i r  and t ransducer  t e s t i n g  has been completed. The c o n t r o l l e r  
i n t e r f a c e  used t o  a d j u s t  t h e  t i m e  base of the c o n t r o l l e r  p ropor t i ona l  t o  fJow 
r a t e  changes was o r i g i n a l l y  designed and b u i l t  u s in  i r e  c i r c u i t  - b .rc E 
and convent ional  c o n t r o l  l og i c .  We redesigned t h e  ystem during 1981 t o  use ; 
microprocessor based c o n t r o l  system i n  conjunct ion wi th  a p r in t ed  c i r c u i t  
board. The p r in t ed  c i r c u i t  boards must ye be cons t r u e  te t o  complete t he '  
e n t i r e  system. 

Woodhouse System -. 
The o r i g i n a l ,  pneumatic opera ted ,  c o n t r o l  cen t e r  was remove and replaced w i t 1  
a  new c o n t r o l  cen t e r .  Gate s igna l ing  i s  s t i l l  done pneumatically by con- 
v e r t l n g  the  26.5 vac c o n t r o l l e r  output  s i g n a l  to a  pneumatic s i g n a l  by a  rt a j  
and so lenoid  operated three-way valve scheme. No changes were made i n  t he '  
i n s t a l l a t i o n  ou t s ide  t he  c o n t r o l  cen te r .  Che gna l ing ,  rundown, and 
s a f e t y  overflow were p a r t  of the  c o n t r o l  cen t  u r e  of the p re s su re  : 
t ransducer  br idge  e x c i t a t i o n  and ampl i f i e r  mo les was f i r s t  d i scovere  
i n s t a l l i n g  t he  qu ipmen t  on the  Woodhouse system* The am i f i e r  f a i l e d  durini  
i n s t a l l a t i o n  on 119 August 1981, when a i r  temperatures  i n  e  c o n t r o l  shed 
reached 53'C, The c o n t r o l  system was used on a t i m e  a s i s  only during the ,  
f a l l  of 1981. 

Naquin System 

The automated system was replumbed and rewire  and a new c o n t r o l  c e n t e r  was 
i n s t a l l e d  during 1981. Replumbing and rewir ing  w pat te rned  a f t e r  t h e  j 
McElhaney-ElcDonnell #2 system i n  which a  p a i r  of ga* wires  were daisy- ' 
chained t o  a l l  24 vdc so lenoid  operated va lves  us t o  c o n t r o l  t h e  l i f t - g a t e s  
o r  por t s .  Switchtng t h e  24 vdc power t o  s p e c i f i  a t e s  o r  p o r t s  was 
accomplished by using a  24 vac r e l a y ,  s igna led  ov i r e .  The dc PI re] 
supply output  is  a d j u s t a b l e  and au tomat ica l ly  a d j u s t s  vo l tage  output  v i a  
remote sensing f e a t u r e s .  Po r t  and checkgate c o n t r o l s  were housed i n  i n s t r u -  
ment cab ine ts  ( subcenters )  a t tached  t o  t he  checkgates.  A l l  e l e c t r i c a l  w i r c  

I and a i r  tubing was brought t o  t he se  l o c a t i o n s ,  encased i n  11/2 i n .  PVC pipe, ioi 
rodent p ro t ec t i ono  A i r  from the  subcenters  t o  p o r t s  a long any bas in  was 
c a r r i e d  i n  1/2 i n ,  unprotected PVC pipe. i 

The f e a t u r e s  of overflow s e l e c t i o n ,  manual ove r r ide ,  and s i g n a l  i n t e r r u p t  were 
included at t h e  subcenters .  A subcenter  i n  which two bas ins  would be a f f ec t ec  
by a  s i n g l e  checkgate is  shown a s  F ig ,  2. This  con f igu ra t i on  provides  nor 
mally c losed bas in  p o r t s  and a  normally open checkgate* Overflow s i g n a l s  - on 
f l o a t  con t ro l l ed  microswitches were 24 vdc. A s i n g l e  a i r  tube (3/8- in-  d i a )  
was i n s t a l l e d  f o r  t he  bubbler system, and was encased along with the  o t h e r  
tubing and wire.  I 
I n s t a l l a t i o n  t i m e  f o r  t h e  new system was 165 man-hourss Crew s i z e  ranged Fron 
2  t o  5, depending on the  requirements.  I tems 
f t  of 1-f t  deep t rench  -- cons t ruc ted  with a 
encasing cons t ruc ted  a t  a  r a t e  of 240 ft/man- 
g lu ing  20 f t  l engths  of 1/2 i n w  PVC; a i r  conn e a t  r a t e  Z 
minutes/port ;  c o n t r o l  c e n t e r  i n s t a l l a t ~ o n ,  inc lud ing  a l l  a i r  and e l e c t r i c a  
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connections at the control center and subcenters; and system testing for air 
leaks and electrical integrity. 

Several irrigations were completed during the fall of 1981 using the time 
based controller. In the original design o f  the Naquin system in 1976, port 
closure was quicker than port opening which resulted in water buildup in the 
canal and overflow operation during standard switching from basin to basin. 
In the present design, in which relatively large ported valves were used at 
the subcenters, depressurization (venting) of the air bellows is rapid enough 
to allow switching from basin to basin without water level buildup (no delay 
in opening vs* closing), Fig. 3 *  

McElhaney-McDonnell #1 

Minor maintenance of this 1977 installed system included replacing a few 
exposed polyethylene tubes that either broke due to UV egradation or in a Sew 
cases were chewed (coyote suspected), lubrication of cy inder sods, and 
adjustment of one overflow. A plastic tube was in lled from the control 
center to the flume -- about 650 ft, to provide a bler for future conver- 
sion of the time-based system to volumetric control. 

Hoffman Automated Systems 

Maintenance of batteries (rechargeable) and a i r  bottles (replaecraent) and 
excessive flow fluctuation of the Joe Hoffman #l system proved to be serious 
limitations in proper usage of the Hoffman systems. AC po 
supplied to the systems, some replumbing and rewiring was completed to accom- 
modate the relocation of two gate turnouts, control centers were designed and 
built to incorporate volumetric control using bubblers, a new broad-ctested- 
weir was installed on the Joe Hoffman #1 system, and air tubes to the bubblers 
at the flumes were installed. Control centers will be installed and available 
for use in 1982. Neither system was used during 1981. 

McElhaney-McDonnell #2 

The automated system, installed in 1980, was used throughout 1981- The func- 
tional requirements of safety overflow, checkgate signaling, and rundown were 
originally built using a microprocessor based system, This system was 
replaced with electro-mechanical relay logic to facilitate maintenance. 
Details of this system were included in the 1980 Annual Research Report. This 
automated system was featured at a level-basin irrigation and automation field 
day and tour held on 26 February 1981, sponsored by the University of Arizona* 
Two popular articles resulted: "Surface irrigation goes automatic," 1981. 
Western Hay and Grain Growers. 10(4):4-5; and "Automatic flood gates ready for 
commercial effort." 1951, Irrigation Age 15(9):18-19. 

Three transformers providing the statioil output signals from the commercial 
controller failed during 1981. Failure apparently is caused y an undeter- 
mined overload (excess of 2 amps) -- normal output requirements are about 
50-100 ma. A transformer with a higher current rating has been installed, and 
no failures have occurred since, The cause of the problem will hopefully be 
found during 1982, 
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Rodents destroyed the insulation of one of the buried electrical wires used to 
power the control center, which lead to failure 
electrical power supply will be replaced 

The commercially purchased float-microswitch sys 
water depth in the canals (overflow) was modifie 
action of the microswitch. This involved a Parg 
float, and adjusting the holding bracket to acco 
were modified on the BicElhaney-McDonnelI C2 syst The modified v-r- 
sions will be added to the Naquin and Hoffman systems I. 

SUMMARY AND CONCLUSIONS:: 

Six automated level basin irrigation systems have been installed in the 
Wellton-Mohawk Irrigation and Drainage 
was designed during 1981. Six others ha 
specific plans have been made for comple 

Flow rate fluctuation during an irrigation can cause appreciable error in 
volume of water applied if time based deliveries hese fluctuat: ns 
appear to be a more serious problem than original To compound h e  
problem the flow rate received may vary appreciab expected, hence 
predetermined time settings may not be accurate a ate one of thc 
important advantages of automation -- conve 
research and development program 
field to provide volumetric deliv 
changes either during an irrigation or from irrigation to irrigation* , 

Research and development during 1981 centere around interfacing normally 
time-based controllers to open channel flow sensors to prov de time ad just. 
ments to compensate for flow changes from some predetermine 

Bubbler/pressure transducers and capacitance methods of water depth detect m 
have been evaluated. One capacitance system has been successfully used o n  
farm since October l980* The system calibration has not changed appreciably 
since installed, and operation and function of the equipment appears to be* 
satisfactory. , 

The bubbler/pressure transducer system was extensively tested in the labora- 
tory especially for temperature stability, The transducers studied were t I- 

perature sensitive but iE the temperature of the transducers were elevated1 
above ambient and held near constant the accuracy was near 12% (flow rate) 
over a 50°C temperature range. We plan to use the ressure transducer sys .-mi 
equipped with ovens to implement volumetric control on four of the time ba' ?d 
automated systems. 

During 1980, gophers damaged the polyethylene tubes on the original Naquin 
automated system. The system was replumbed and 
features electrical signaling and volumetric con 
Woodhouse automated field were operations 
fall of 1981, using new control centers patterne 
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control center. They will operate volumetrically when all interface equipment 
is available . 
Maintenance of batteries and air bottles, to provide independence from 110 vac 
power, proved to be serious limitations in groper usage of the Hoffman 
systems. AC power was supplied to the fields and some additional electrical 
rewiring and tubing replumbing was necessary to accommodate the change. Mew 
control centers, with volumetric control, will be installed during 1982. The 
wire and tubing on the Hoffman Enterprises #1 system, embedded Ln the concrete 
at the time the ditch was lined, was still functional during 19 

PERSONNEL : 

Allen R. Dedrick 
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Table 1. Automated irrigation systems in Wellton-Mohawk Irrigation and 
Dralnage District* 

I 

Number Number Number 
Year of o E 

Installed Ocmer/Opera tor Acres Basins Chec gates  overflow^ 
of I 

1975&/ Woodhouse 65 E 2 
iTaqui& 70 8 3 3 

197721 McElhaney &McDonnell. #I. 64 2 3 2 4 

1979.?/ JoeHoffman ??I l l o  2 3 
Hoffman Enterprises #I 80 12 1 2 I 

I/ Research/Dernonstratton at USDA-AR .-- 

21 Automated ports -- all others were lift-gates. 
3/ Operational systems, cost shared by SCS. 

Table 2. iiead detection accuracy required wEth broad-cresed weirs and 
critical-flow flumes to maintain 2% accuracy at various flow 
rates. 

1 

Plow rate, L/s 

Plume Type 

Critical-flow flume ?3,8 26.4 
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Table 3. Temperature sensitivity evaluation of four pressure transducers 
(same model)* Transducer output for constant pressure from a 
bubbler sys tern. 

Average 
Transducer Transducer Output AMV Apparent Apparent Plow Rate 

Number 5OC 55°C AkL/ ~ariatiod.1 

2/ Variation calcul-ited from nominal flow when h = 300 mm. 
q = 0,021 h1e75 where h is mm and q is L/sO 
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7 HEAT CYCLING, ALL EQUIPMENT (8)  \ 

F i g .  1. I n f l u e n c e  of tempera4ure  on f l o w  r a t e  measured w i t h  1 
c a p a c i t a n c e  system. The e f f e c t  of t empera tu re  c y c l i n g  
on a l l  equipment compared t o  t h e  c a p a c i t a n c e  probe 
assembly o n l y  i s  i l l u s t r a t e d  by t h e  d i f f e r e n c e  i n  sld 2 

of (A) and ( B )  . The b r a c k e t s  r e p r e s e n t  t h e  e r r o r  i f  ' 
t h e  equipment were a d j u s t e d  t o  ze ro  e r r o r  a t  30°C ,  
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OPENING (DEPRESSURIZE) 

PORT 

Fig .  3 .  Bellows ( p o r t )  p r e s s u r e  on t h e  Naquin automated system r e l a t e d  
t o  t ime  a f t e r  4-way s o l e n o i d  o p e r a t e d  a i r  v a l v e  swi tched .  
Me-surements were t aken  on Basin  3 ,  P o r t  6 ( n e a r e s t  Checkgate 21 
Shaded zone i n d i c a t e s  when a s u b s t a n t i a l  amount of u a t e r  i s  flow- 
i n g  from t h e  p o r t .  

1 
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TITLE: .A COMPUTER MODEL OF GUAYULE 

NRP : 20740 CRIS WORK UNIT: 5510-20740-012 

INTRODUCTION 

The need t o  secure  a  domestic source of n a t u r a l  rubber has l e d  t o  a  
renewed i n t e r e s t  i n  developing guayule i n t o  a  commercial c ropo  The 
o b s t a c l e s  i n  the  path of domest icat ing a  wild p l an t  a r e  many, but  t he  
o p p o r t u n i t i e s  f o r  making dramatic  improvements i n  p roduc t iv i t y  and water  
use efficiency make the  e f f o r t  e x c i t i n g ,  

During the  Emergency Rubber P ro j ec t  of World War 11, a s t a r t  was made i n  
s e l e c t i o n  and development of improved v a r i e t i e s ,  and i n  development of 
app rop r i a t e  c u l t u r a l  p r a c t i c e s *  Re la t i ve ly  l i t t l e  was done t o  s tudy t h e  
b a s i c  physiology of the  guayule p l an t .  Growing a  crop of guayule involves  
many phys io logica l  processes  inc lud ing  photosynthesis ,  r e s p i r a t i o n ,  
growth, t r a n s p i r a t i o n ,  and rubber syn thes i s .  The i n t e g r a l  of t he se  and 
o t h e r  processes  over a season r e s u l t s  i n  t he  f i n a l  y i e l d ,  Both p o s i t i v e  
and nega t ive  responses t o  weather and c l imate  changes occur,  and the  
interdependence and feedback wi th in  thcb t o t a l  phys io logica l  system a r e  
very complex. Therefore ,  i t  i s  not  s u r p r i s i n g  t h a t  f i e l d  experiments con- 
ducted i n  d i f f e r e n t  l o c a t i o n s  o r  i n  d i f f e r e n t  years  i n  t he  same l o c a t i o n  
o f t e n  g ive  very d i f f e r e n t  r e s u l t s .  A t  t h e  presen t  time i t  i s  impossible  
t o  p r e d i c t  the y i e l d  o r  water use of guayule wi th  any c e r t a i n t y .  

Numerous new experiments have been i n i t i a t e d  a t  s e v e r a l  l o c a t i o n s  t h a t  can 
be expected t o  l a s t  s e v e r a l  years .  Each l o c a t i o n  and crop l i f e  cyc l e  
w i l L  be conducted under i t s  own set of c l i m a t i c  condi t ions ,  One way t h a t  
t he  r e s u l t s  of t he se  va r ious  experiments can be ex t r apo la t ed  t o  new con- 
d i t i o n s  i s  t o  use t h e i r  r e s u l t s  t o  synthes ize  a  computer model which simu- 
l a t e s  t he  var ious  phys io logica l  processes .  Such a  model is  based on 
mathematical r e l a t i o n s h i p s  t h a t  descr ibe  t he  e f f e c t s  of weather and s o i l  
v a r i a b l e s  on the var ious processes ,  Once the  r e l a t i o n s h i p s  a r e  known, t h e  
weather can be var ied  from run t o  run, and the  s u i t a b i l i t y  of d i f f e r e n t  
l o c a t i o n s  f o r  guayule product ion can be pred ic ted .  The e f f e c t s  of var ious  
management p r a c t i c e s  such i r r i g a t i o n  schedules  can a l s o  be t e s t ed .  The 
r e l a t i v e  importance of the  var ious  f a c t o r s  a f f e c t i n g  product ion and water 
use can be s tud ied .  Equal ly  important ,  The process  of form11l.ating the  
model a l s o  r evea l s  where important gaps e x i s t  i n  our knowledge about 
guayule and se rves  a s  guide f o r  planning new f i e l d  o r  l abo ra to ry  
experiments.  

Some of the  mathematical r e l a t i o n s h i p s  can be obtained from e x i s t i n g  
theory and from da t a  a l r eady  e x i s t i r z  from pas t  guayule experiments* Some 
a r e  not ye t  a v a i l a b l e ,  and need t o  be obtained from c u r r e n t  and f u t u r e  
work. Indeed t h e  model provides  a  framework from combining the  r e s u l t s  of 
many pas t  and f u t u r e  f i e l d  and l abo ra to ry  experiments.  I n  t h i s  paper I 
s h a l l  p resen t  t he  i n i t i a l  phys ica l  framework f o r  such a phys io logica l  
model. 
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NOTATION 

1 

B Soil conduction transfer f unction (w/m2 " c or dimensionless) I 
C Volumetric heat capacity of air (1210 J / ~ ~ " c )  
E Evaporation rate (kg/m2*s) 
F Angle factor for thermal radiation exchange 
G Soil heat Elux (w/m2) 1 
H Sensible heat rate (w/m2) 
I Total number of soil layers 
J Total number of soil columns 
K Hydraulic conductivbty (m/s) 
L Leaf area index 
M Molecular weight (kg/mole) 
P Barometric pressure (kPa) or photosynthesis (kg/m2*s) 
R Thermal radiation (w/m2) 
S Solar radiation (w/m2) 
T Temperature (C) I 

1 

V Shortening variables defined by Equations 57-58 
Y Shortening variables defined by Equations 31-34 
a Elements of matrix 
b Coefficients for stomata1 resistance or soil moisture characteristi~d 
c Elements of column matrix 
e Vapor pressure (kPa) 
g Acceleration of gravity (9.80 m/s2) 
h Transfer coefficient (m/s) 
k von Karmann constant i 

P Perimeter of vegetation row = 2(w9y) (m) 
r 

I 
Resistance (s/m) 

s Row spacing (m) 
t Time (seconds) 
u Wind speed (m/s) 
w Row width (m) 
x Horizontal distance from center of origin row (positive to right) 
Y Row height (m) 
z Soil depth (positive downward) (m) or cloud altitude or height of 

windspeed measurement (positive upward) i 
ci Albedo (or reflectance for solar radiation) 
a Angles in Fig. 4 (radians) 
6 Slope with respect to temperature 
C Emit tance 
0 Volumetric soil moisture content (m3/m3) 
X Latent heat oE evaporation (2.45 x lo6 J/kg) 
1-I Vapor pressure to humidity conversion factor = 7.39 x 

kg/kPaem3 
TI 3,1416 
P Density 
a Stephen-Boltzmann constant (5.67 x lom8 wmw2 K4) 
T Transmittance 
@ Plant stomat-!l response function for water stress 
9 Soil moisture potential (J/kg) 
A ( ) Increment of ( ) 1 I 
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Subsc r ip t s  

Largest  i 
Largest  j 
A i r  
Constant r a t i o  
S o i l  
Index f o r  depth o r  c louds 
Index f o r  ho r i zon ta l  spacing 
Index f o r  f i r s t  exposed s o i l  segment 
Index f o r  last exposed s o i l  segment before  shade of next  row 
Matr ic  , index f o r  thermal response f a c t o r s  
Net 
Roughness 
Sa tura ted  
Vegetation 
Water 
V e r t i c a l  o r  g r a v i t a t i o n a l  
8-14 um band 

SUPERSCRIPTS 

* A i r  s a t u r a t i o n  
o "old" from previous i t e r a t i o n  

OVERALL MODEL DESCRIPTION 

Severa l  s imula t ion  models have prev ious ly  been developed f o r  var ious  crops 
inc luding  wheat, soybeans, a l f a l f a ,  corn, sorghum, co t ton ,  and o the r s .  
The au thors  have had a v a r i e t y  of ob j ec t ives ,  and the  models vary con- 
s i d e r a b l y  i n  complexity* Various concents of some of t he se  models have 
been adapted f o r  t h i s  guayule model. 

A conceptual  view of a  guayule crop i s  i l l u s t r a t e d  i n  Figure 1, The crop 
i s  imagined t o  be p lan ted  i n  rows, and Figure 1 shows a  c ross -sec t ion  
through two of them. The arrows represen t  f l uxes  of energy wi th  t h e  
d i r e c t i o n  of the  arrows taken a s  pos i t i ve .  The c l ima te  v a r i a b l e s  inc lude  
t h e  f l uxes  of s o l a r  and thermal r a d i a t i o n ,  Sa and Ra; a i r  temperature ,  Ta; 
a i r  vapor pressure ,  e ; windspeed, u ' and r a i n f a l l .  The upward arrows a  ' 
represen t  f luxes  of tgermal r a d i a t i o n ,  R, s e n s i b l e  h e a t ,  H, and l a t e n t  
h e a t ,  XE, from t h e  vege t a t i on  and s o i l .  The g r i d  i n  the  s o i l  i s  used f o r  
numerically s t o r i n g  var ing amounts of s o i l  moisture  which i n  t u r n  a f f e c t s  
the  water s t r e s s  experienced by t h e  guayule p l a n t s  and a l t e r s  the 
t r a n s p i r a t i o n  r a t e ,  By balancing a11 of the  energy f l u x e s ,  equa t ions  w i l l  
be der ived and solved for  t h e  vege t a t i on  temperature,  Tv. Once Tv has  
been obtained the  r a d i a n t ,  s e n s i b l e ,  and l a t e n t  hea t  f l u x e s  can be 
ca l cu ld t ed ,  and of equa l  importance, t h i s  temperature can then be used i n  
o t h e r  equat ions which s lmula te  the temperature r e g u l a t i o n  of var ious phy- 
s i o l o g i c a l  processes .  Knowing t h e  r a t e s  of Pa ten t  hea t  t r a n s f e r  means 
t h a t  the  r a t e s  a t  which evapora t ion  and t r a n s p i r a t i o n  a r e  dep le t i ng  s o i l  
moisture  a r e  a l s o  known. Then i n  t u rn ,  a  s o i l  moisture  balance can be 
used t o  r egu la t e  these  water l o s s  r a t e s .  
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Figure 2 shows the initial overall flow diagram for organizing the guayuie 
model. As is standard, the program will begin by initializing those para- 
meters which characterize the soil and plants and which will remaln . 
constant for the particular simulation run. The moisture content in eac 
individual soil segment 1s also initialized. Then note that there is an 
hourly and a daily loop. Within the hourly loop, t e program reads hou 
weather data, and then solar and other non-iterative variables are 
computed* Next, within an inner iteration loop the vegetation, Tv, and 
soil surface, Tgjp temperatures are computed from the solution to the 
energy balance equations- 

After the plant and soil temperatures are known, the fluxes of energy and 
water are computed. Then the photosynthet c rate can be computed from t ? 

transpiration rate or alternatively from t e solar radlation and plant 
water potential. Data ob he future will have to be used to 
determine the appropriate hod. As the hours pass, the rates of 
photosynthesis, transpirat and evaporation are int 
through the day, so th t dally total photosynth 
loss are known. Then igure 2 indicates that d bber, biomass, and, 
resin production and g owth are computed. As y needed mathematic L 
expressions to descrlbe these all-important cal processes are ' 
unknown, but it is anticipated that future 
equations* For now, Figure 2 shows where t 

Next Figure 2 shows the redistributioo of so moisture* New soil 
moisture contents can be computed using mois re flow equations to accoqmt 
for movement from one finite element to another (Lambert et alms l 
Transpired water that has been extracted by roots will be subtrate 
the appropriate elements. Similarly, rainfall or irrigation water will be 
applied to the surface and allowed to fill each layer to field capacity 
before spilling down to the next lower layer, 

The outer loop shown in Figure 2 is labeled hourly, but if future data 
shows that the "growth" or moisture redistribution needs to occur at 
another rate than daily, the cycling pattern can be changed* 

Finally, at the end of each of the daily loops shown in Figure 2, a test( 
is made as to whether to end the program and "harvest" the guayule, Tot~i 
crop yields, water consumption, and water use efficiency can then be sum- 
marized and printed (or plotted), to complete a simulation runp 

SOLVING FOR VEGETATION AND SOIL SURFACE TEMPEUTURES 

Enerm Balance Eauations 

Referring to Figure 1, a balance of energy fluxes can be written on the 
vegetation (guayule). 

Sv + q, - IIv - XEv = 0 (1) 
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S i m i l a r l y ,  an  energy ba lance  can be w r i t t e n  on each j t h  segment of t h e  
s o i l  s u r f a c e ,  

The i n d i v i d u a l  f l u x e s  i n  Equat ions  1 and 2 can a l l  be w r i t t e n  o u t  i n  more 
d e t a i l  r e l a t i n g  them t o  known weather ,  s o i l ,  and p l a n t  parameters  and t o  
unknown v e g e t a t i o n  and s o i l  s u r f a c e  t empera tu res*  L a t e r ,  t h e  energy  
ba lance  e q u a t i o n s  w i l l  be so lved  t o  o b t a i n  t h e s e  t empera tu res*  

S o l a r  R a d i a t i o n  

A s  a Eirst approximat ion,  t h e  s o l a r  r a d i z t t o n  absorbed by t h e  v e g e t a t i o n ,  
S,, can be computed from 

where Sa i s  t h e  f l u x  of downcoming s o l a r  r a d i a t i o n  and % i s  t h e  a lbedo  
of t h e  v e g e t a t i o n ,  The w and y a r e  t h e  width and h e i g h t  of t h e  rows and s 
i s  t h e  row spac ing ,  a s  i l l u s t r a t e d  i n  F igure  3. Equat ion 3 c o n t a i n s  t h e  
assumption the  r a d i a t i o n  is  absorbed by t h e  t o p  of t h e  row p l u s  t h e  upper 
h a l f  of one of t h e  s i d e s  of t h e  row. 

The a b s o r p t i o n  of s o l a r  r a d i a t i o n  on the  j t h  s o i l  s u r f a c e  segment can be 
computed from 

Sg j  = 0 a l l  j i E  [w + ( y / 2 ) ]  2 s (4a)  

where xk i s  t h e  segment w i t h  t h e  s m a l l e s t  s u b s c r i p t  t h a t  i s  g r e a t e r  than  
s - w/2 and xx i s  t h e  segment wi th  t h e  l a r g e s t  s u b s c r i p t  t h a t  Is l e s s  than 
w/2. ?qua t ion  4a is t h e  c o n d i t i o n  of a  comolete c l o s e d  canopy and a l l  of  
t h e  s o l a r  r a d i a t i o n  i s  absorbed by t h e  v e g e t a t i o n .  Equat ion 4b i s  f o r  
t h o s e  segments which a r e  shaded under t h e  r i g h t  s i d e  o f  t h e  l e f t  row i n  
F i g u r e  3 o r  by t h e  l e f t  s i d e  of t h e  r i g h t  row, Equa t ion  4c p r o p o r t i o n s  
a l l  r a d i a t i o n  n o t  absorbed by t h e  v e g e t a t i o n  e q u a l l y  among t h e  s o i l  
segments t h a t  a r e  unshaded and between t h e  rows. 
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The albedo,  olgj, v a r i e s  with t he  water conten t ,  a s  found by Idso e t  a l e  
(1975). This  v a r i a t i o n  can be simulated by 

- 
agj  - "gMax if O l j  ' Odry ( 5a 

where % M ~ ~  i s  the  maximum albedo which i s  c h a r a c t e r i s t i c  of mois ture  con- 
t e n t s  less than O d r y e  S imi l a r ly ,  agblin i s  t h e  minimum albedo eharac- J 
t e r i s t i c  of mois ture  con ten t s  g r e a t e r  than Equation 5c provides  a, 
l i n e a r  t r a n s i t i o n  between edry and Oweto The p a r t i c u l a r  va lues  used for '  
Odry and Qet depend somewhat on the  th ickness  of t h e  upper segments ( Idso  
e t  a l . ,  1975),  and a  more e l abo ra t e  equa t ion  can be w r i t t e n  (Eshel and 
Curry, 1980). However, as long a s  the  Bdry and OWet a r e  app rop r i a t e  f o r  
t h e  segment t h i cknes s ,  Equation 5 should provide a  simple,  a ccu ra t e  
s imulat ion.  

Angle Fac to r s  f o r  ihermal  Radiat ion Exchange 

The angle  f a c t o r ,  F12$ i s  def ined a s  the  f r a c t i o n  of t h e  thermal r a d i a t d  Q 

emit ted by a  f i r s t  su r f ace  t h a t  i s  i n t e r c e p t e d  by a  second (Gebhart, 1 
1961)- Refer r ing  t o  Figure 4, simple approximations f o r  t he  var ious  angle  
f a c t o r s  Eor r a d i a t i o n  exchange between t h e  vege t a t i on ,  s o i l  segments, an 
sky can be der ived*  

From s o i l  t o  vege ta t ion ,  Refer r ing  t o  F igure  4 ,  i f  t h e  p l a n t s  a r e  l a r g e  
I 

enough t o  for r ,  a  c losed canopy (s-w <= 0) ,  then a l l  r a d i a t i o n  emi t ted  b~ 
t h e  s o i l  mus: be absorbed by the  vegetat ion.  Even when the  p l a n t s  a r e  
small ,  however, w e  s h a l l  assume t h a t  t he  r a d i a t i o n  emit ted from s o i l  
segments beneath the  vege t a t i on  rows impinges on t h e  vege ta t ion .  For sd l 
segments between the  rows, no t e  t h a t  the angle  131 would be almost t h e  s$ e 
f o r  any po in t  on t he  s o i l  su r f ace  between t h e  rows. Therefore: 

Fgvj = 1.0 i f  s - w G 0 f o r  a l l  j 

Fgvj = 1.0 i f  x j  G w/2 o r  i f  x j  s - w/2 

where: 
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61 = 2 Arctan [ ( s  - w)/(2y)]  ( 7  

From vege ta t ion  t o  vegetat ion.  Refer r ing  again t o  Figure 4, no t e  t h a t  t o  
a f i r s t  approximation, 82 does no t  change very much f o r  any po in t  on the  
s i d e  of a row* Therefore  the  angle  f a c t o r  f o r  one row of vege t a t i on  
viewing another  row is: 

where: 

$2 = 2 Arctan [ y / ( 2 ( s  - w))] i f  s - w > 0 

$2 = rr i f  s - w G 0  

From vege ta t ion  t o  s o i l .  For a c losed canopy (s-w 6 = O), t h e  f r a c t i o n  
of the  r a d i a t i o n  emit ted by a vege t a t t on  row t h a t  impinges on t h e  j t h  s o i l  
segment must be the  r a t i o  between the a r e a  of t he  s o i l  segment t o  t h a t  of 
the  vege ta t ion  row. This a l s o  con ta in s  t he  assumption t h a t  the  lower 
shaded leaves  a r e  a t  the  same temperature,  Tv, a s  t h e  upper s u n l i t  l e aves  
and the re fo re  a r e  emi t t i ng  thermal r a d i a t i o n  a t  the  same r a t e .  
when the  canopy i s  not c losed ,  those  s o i l  segments beneath t h e  rows must 
s t i l l  r ece ive  r ad i a ion  from t h e  vege t a t i on  row i n  propor t ion  t o  t h e i r  
r e spec t ive  a r ea s .  For those s o i l  segments loca ted  between the rows, t h e  
average angle  f a c t o r  from t h e  s i d e  of a row t o  t he  s o i l  between the  rows 
is  fi3/n. S o i l  segments ad j acen t  t o  a row must r ece ive  more thermal 
r a d i a t i o n  than segments midway between the  rows. However, a s  a f i r s t  
approximation, i t  is  assumed t h a t  83 i s  app rop r i a t e  f o r  a l l  segments, and 
t h a t  the angle  f a c t o r  f o r  t h e  between-row segments i s  B3/n weighted f o r  
t h e  f r a c t i o n  of t h e  l e a f  a r e a  t h a t  i s  s i d e  row and f o r  t h e  f r a c t i o n  of the  
between row a r e a  occupied by one segment. Therefore:  

Fvgj  
= Ax/[2 (y + w ) ]  f o r  a l l  j i f  s - w < 0 (10a) 

where: 
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Prom a i r  (sky)  t o  vege ta t ion .  Over the  row a l l  sky r a d i a t i o n  impinges-04 
the  vege ta t ion .  Again r e f e r r i n g  t o  Figure 4 ,  no te  t h a t  ecause the  sky 
and s o i l  a r e  para l le l .  p lanes ,  t h a t  t he  f r a c t i o n  ( n  - Rl)/n reaches t h e  
s i d e s  of the row. Therefore ,  weighting f o r  the  r e spec t ive  a r e a s  of row 1 
t op  and s i d e s  y i e ld s :  

Prom a i r  (sky) t o  s o i l .  Because the s o i f  and sky a r e  i n f i n i t e  para l le l .  
p lanes ,  any thermal r a d i a t i o n  emit ted by t h e  sk  h a t  does not  impinge oq 
t h e  vege ta t ion  must impinge on the  s o i l .  T aning  f o r  t h  

I 
a r e a  of an i n d i v i d u a l  segment t o  t he  whole 

From s o i l  t o  a i r .  S imi l a r ly ,  any r a d i a t i o n  emit ted by t h e  SOIL t h a t  doe/ 
not  impinge on the vege t a t i on  must reach t h e  sky- Therefore: I 

From vegetaion to  a i r  (sky) .  S imi la r ly ,  any r a  rnftted by a  row L; 
vegeta t ion  t h a t  does not  impinge on another  row e sof f  must reach 
t h e  sky, Therefore: 1 

Thermal Radia t ion  I 

I 

The thermal r a d i a t i o n  coming down from the  sky i s  occasional%y measured, 
and can be used a s  an input  i f  a v a i l a b l e ,  Usual ly ,  however, it must be 
pred ic ted  from o the r  weather parameters. I f  a  
p ressure  a r e  a v a i l a b l e ,  t h e  c l e a r  s 
p red i c to r ,  The equa t ion  f o r  eomput 
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a, = 0.70 + 5.95 x ea exp [1500/(Ta -4- 273.16)] (16) 

If additional data about cloud amount and type are available (such as 
regularly recorded by National Weather Service Observers) then the method 
of Kimball et al. (1982) provides additional accuracy. Their equation for 
predicting sky radiation is: 

where u is the Stefan-Boltzmann constant (5.6697 x 10-8 w / ~ ~ " K ~ ) ,  N is the 
number of cloud layers, Ai is the fraction of sky covered by the ith cloud 
layer, and ci is tile emittance of the ith cloud layer (1.0 unless have 
cirrus or cirrostratus; then 0.5). The temperature of the ith cloud 
layer, Ti, is computed from: 

where zi is the cloud layer altitude. The cloud radiation is assumed to 
be transmitted to the earth's surface in the 8-14 pm atmospheric window. 
The window emittance in the zenith direction, sg,, can be predicted from 
(Idso, 1981b): 

The zenith emittance can be adjusted to hemispherical using (Idso, 1981a): 

and then the window transmittance, T8, is obtained from 

The fraction of the black body radiation emitted by a cloud that is within 
the 8-14um band, f81, is computed from: 

The thermal radiation emitted by the vegetation can be computed from: 

where the p/s factor scales the area of the vegetation row to unit land 
area. It is rplated to the leaf area idex. Similarly, the thermal 
radiation emitted by. the jth soil segment is: 
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I 

where the  &XIS f a c t o r  s c a l e s  the  segment a r ea  t o  u n i t  land area.. The 
emit tance of the vegeta t ion ,  zv, is a  constant  p l an t  parameter. The emit- 
tance of a  s o i l  segment, on the  o ther  hand, can vary wi th  the moisture 
content  of t h a t  segment using the  empir ica l  equat ion:  1 

Ignoring r e f l e c t i o n s ,  t he  ne t  thermal r a d i a t i o n  absorbed by the  vegetatiLlt  
can be wr i t t en :  

f 

where the f i r s t  term is the  r a d i a t i o n  irom the  sky, the  second term i s  the 
sum of the r a d i a t i o n  from al l .  t he  s o i l  su r f ace  segments, and the  t h i r d  i s  
t h e  r a d i a t i o n  emit ted by the  vegeta t ion  thafi i s  not absorbed by o the r  
rows. I 
The net r ad i a t ion  absorbed by the  j t h  s o i l  su r f ace  segment can be comput I 
f  rom: 1 

where the  f i r s t  term i s  the  absorbed sky r a d i a t i o n ,  the  second is the  
r a d i a t i o n  emit ted by t h e  s o i l  segment, and t h e  t h i r d  is t h e  r a d i a t i o n  from 
the  vegetat ion.  I 

1 

Simi lar ly ,  t he  net  r a d i a t i o n  absorbed by the  a i r  above the  crop can be 
computed from: 

where the  f i r s t  term is  the  downward sky r a d i a t i o n ,  t he  second i s  the  sum 
of the  r a d i a t i o n  from a l l  t he  s o i l  segments, and the  t h i r d  is the  
r a d i a t i o n  from the  vegeta t ion .  1 
I n  a n t i c i p a t i o n  of so lv ing  Equations 1 and 2, equat ions 21 and 22 need t r  
be l i nea r i zed .  This  can be accomplished fol lowing the  method of Kimball 
(1981). Br i e f ly ,  Equations 21 and 22 can be expressed: 

0 0 where Tv and Tgj a r e  "old" temperatures from a previous i t e r a t i o n .  The 
0 0 0 0 

Rv and R . a r e  "old" f l uxes  computed using a;J and Tgj i n  Equations 21 
and 22. k i e  o, and o ~ ~ j  a r e  t h e  d e r i v a t i v e s  with r e spec t  t o  temperaturt 
a s  given by: 
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- - - -  dRgj - 4cgj (Axis) o ( T ~ ~ O  + 273-1613 
%j  dT 

Co s i ~ n p l i f y  l a t e r  no t a t i on ,  i t  Is convenient t o  d e f i n e  t h e  fol lowlng shor- 
t en ing  va r i ab l e s .  

S o i l  Heat Flux 

The f l u x  oE hea t  conducted down from the  su r f ace  of each of t h e  s o i l  sur- 
f ace  segments is  computed using the  conduction t r a n s f e r  func t ion  approach 
(Kusuda, 1969; Peavy, 1978; Kimball, 1982). With t h i s  method a set of 
c o e f f i c i e n t s  a r e  used to  compute the  s o i l  su r f ace  hea t  f l u x  a t  a given 
t i m e  from the  f l u x  f o r  the  previous t i m e  and the  s u r f a c e  temperatures f o r  
s e v e r a l  previous times. The method has t he  advantage over the more com- 
monly used f i n i t e  d i f f e r e n c e  approach i n  t h a t  time s t e p s  of about an hour 
c a r  be used, r a t h e r  than j u s t  a few minutes,  which r e s u l t s  i n  l a r g e  
sav ings  i n  computer t i m e .  A disadvantage i s  t h a t  t h e  thermal conduc t iv i t y  
must be cons tan t  with t i m e  (but  not  wi th  depth) ,  which means t h a t  a d l f -  
f e r e n t  set of c o e f f i c i e n t s  must be used f o r  every d i f f e r e n t  s o i l  moisture  
p r o f i l e .  However, by computing s e v e r a l  s e t s  of c o e f f i c i e n t s  f o r  a repre-  
s e n t a t i v e  range of s o i l  moisture  p r o f i l e s  beforehand and s t o r i n g  them f o r  
l a t e r  use,  i t  probably w i l l  be pos s ib l e  t o  p r e d i c t  s o i l  hea t  f l u x  wi th  
s u f f i c i e n t  accuracy us lng  the  s e t  t h a t  corresponds t o  the most s i m i l a r  
s o i l  p r o f i l e -  Then t h a t  set w i l l  be used f o r  t he  next s e v e r a l  hours u n t i l  
another  s e t  whose p r o f i l e  Is more s i m i l a r  w i l l  be used. 

Following Peavy (1978) and Kimball (1982), t h e  s o i l  hea t  f l u x  f o r  t h e  j t h  
segment can be w r i t t e n :  
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where the B's are the conduction transfer functions, Gjpt-l is the soil 
heat flux for the previous time, t-1, Tgj,t-m4-1 is the temperature of the 
jth soil surface segment at time t+l, and Tgr is the soil temperature I 
the bottom of the profile, For most work T I can be regarded as a I 

constant soil parameter, but for other work ?t may be more appropriate to 
represent TgI by an annual sinusoidal wavea 

! 
I 

Note in Figure 1 that it 1s assumed that no horizontal flow of heat 
occurs. For adjacent segments with large temperature differences, such as 
a shaded next to a sunlit segment, some horizonta flow must occur. 
However, if the surface segments are made relativ Ly thin, vertical flow 

1 
must predominate, and thIs must be a saEe assumpt 

I 

If Cjl and Cj2 are defined as I 

then the term containing the current temperature can be itten by itself 
as followso I 

Convection 

Convection of sensible and latent energy away from the vegetatlon an 
soil surface segments can be written: 

I 

Bv = Ch, (Tv - T,) (p/s) (39  

where C is the voluaetric heat capacity 02 the air which is nearly 
constant (1210 ~/m3-C> and M = (paMw)/(Ppfa) = /(RT+273), which evalual: 
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to 7.39 x kg/kPa*m3 at 20 C e  The ha is a turbulent transfer coef- 
ficient for air which can be computed from the wind speed using (Sellers, 
1965, pe 151): 

where ua is the wind speed (m/s), k is the von Karman constant (0*42), z 
is the height of the wind speed observation (of ten 2 m), and zo is the 
roughness length of the vegetation* Lacking data for a guayule crop, 
zo (m) initially can be computed from an empirical equation relating 
roughness length to crop height, y (m) (from Sellers, 1965), 

l?hen a crop is first planted and y=O, a reasonable minimum value for zo 
would be about 0*03, 

The Ri in Equation (43) is the Richardson number which provides an 
atmospheric stabilxty correction to the log wind proffle ap 
neutral conditionso The coefficients, 50 and 1/4, are from Lemon (1978), 
and they provide curves very close to those of Pruitt et al. (1973). The 
+1/4 is for positive Ri and vice versa. The Richardson number is computed 
from: 

where 'T is the "surface" temperature, For the guayule crop a reasonable 
estimate of ?! is a weighted average of the temperatures of the vegetation 
and exposed soil segments. 

The hv in Equation 41 is the transfer coefficient between the air and the 
bottom of the stomata1 cavities in the leaves. Therefore, it is 
influenced by the resistance of the stomates to vapor transfer, Defining 
resistances, 
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where ra = l /ha  and rs i s  t h e  stomata1 r e s i s t a n c e  (slm). Judging by 
observa t ions  wi th  o t h e r  crops,  t h e  rs f o r  guayule is a func t ion  of t h e  
I n t e n s i t y  of s o l a r  r a d i a t i o n  and of t he  l e a f  water p o t e n t i a l ,  a s  i 

i l l u s t r a t e d  i n  F igure  5.  Following Kimball (1973) t h e  r e l a t i o n s h i p  can i  
be wr i t t en :  

I 

where t h e  b l ,  b2, and b3 a r e  empir ica l  c o e f f i c f e n t s  determined from 
measurements of l e a f  r e s i s t a n c e  over a range of s o l a r  i n t e n s i t y  and s o i l  
water  p o t e n t i a l ,  These c o e f f i c i e n t s  may o r  may n o t  be t h e  same f o r  d i f -  
f e r e n t  v a r i e t i e s  of guayu1ee 

The 4 i n  Equation 48 i s  a stornatal  response func t ion  t h a t  c l o s e s  the  s t 0 7  
mates and i n c r e a s e s  rs I n  response t o  dec ea s ing  ( n e g a t i  e) leaf water 
p o t e n t i a l s o  A s  a f i r s t  approximation, t h  response can ns tead  be r e l a t e u  
t o  t he  s o i l  water  p o t e n t i a l  o r  water con ten t ,  A t e n t  t i v e  r e l a t i o n s h i p  
f o r  Q, is  i l l u s t r a t e d  i n  Figure 6 and def ined a s  f o l l o  

- 
0 = (0, - O)/(Os 

Q, = 1.0 

Q, = (-5 - 
$ = 0,o 

where i s  t h e  w i l t i n g  po in t  and Of i s  the  f i e l d  capac i ty  of t h e  s o i l .  
Because t he  who12 s o i l  p r o f i l e  f s  not  a t  t he  same water potentJaP,  t h e  
va lue  of 3 t o  be used i n  Equation 49 r e q u i r e s  some s p e c i a l  consideration4 
A s  a t e n t a t i v e  d e f i n i t i o n ,  % 3  is  taken a s  t he  average water conten t  of 
those segments t h a t  conta in  roo t s .  

I 
I 

- Ci C j  Oi j  Azi Ax 
0 = - (50) 

Ax C Azi. 
i 

The ev and egj  i n  Equations 41 and 42 a r e  r e l a t e d  t o  t he  temperature and 
t h e  water p o t e n t i a l  of t h e  l eaves  and s o i l  s u r f a c e  segment, r e s p e c t i v e l y ,  
Following Campbell (1977, p.28), they can be computed from: I 

t 

e = e* exp [(2,16 x low3 $)/(T + 273.16)] (51  

where the  s a t u r a t i o n  vapor pressure ,  e* ,  is  w e l l  descr ibed  by the  Tetens 
equa t ton  (Hurray, 1967; Kimball, 1981) 
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e* = 0,61078 exp L(17.2694 T) / (T  4- 237,30)] (52)  

The s o i l  water p o t e n t i a l  of the  j t h  segment, $ j ,  can be ca l cu l a t ed  from 
t h e  water conten t  of t h a t  segment, a s  w i l l  be descr ibed  i n  a l a t e r  
s ec t i on .  The l e a f  water p o t e n t t a l  depends on the  s o i l  water p o t e n t i a l  and 
the  conductance of roo t  membranes and xylem tubes f n  t h e  r o o t s  and stem. 
The d i f f e r e n c e  i n  p o t e n t l a l  i s  usua l ly  much g r e a t e r  between the  i n s i d e  of 
t he  l e a f  and the  a i r  ou t s fde  than between the  s o i l  and t h e  l e a f ,  so  only a 
smal l  e r r o r  should be incur red  i f  It i s  assumed t h a t  t he  l e a f  water poten- 
t i a l  ts a cons tan t  300 J/kg l e s s  than the  s o i l  water po ten t2a l .  
Therefore: 

where 3 is  the  s o i l  water p o t e n t i a l  corresponding t o  the  average so91 
water conten t  d e f i - ~ e d  by Equation 50, 

I f  the  vapor pressure  of t he  a i r  exceeds the  vapor pressure  of t h e  s o i l  
su r f ace ,  condensation r a t h e r  than evapora t ion  occurs  a t  t h e  s o l e  sur face .  
S imi l a r ly ,  i f  t h e  vapor pressure  of t he  a i r  exceeds the  s a t u r a t i o n  vapor 
pressure  of the l eaves  (computed using Tv i n  Equation 523, then conden- 
s a t i o n  o r  dew is  forming on the  l e a f  su r f aces ,  and f o r  t h i s  case  ehe 
hv=ha because t he  stomata1 r e s i s t a n c e  does no t  i n t e r f e r e ,  It i s  vaBikeLy 
t h a t  t he re  w i l l  be much dew formation i n  t he  a r  13 reg ions  t h a t  w i l l  pro- 
bably be used f o r  guayule production. However, i n  order  no t  t o  leave  a 
gap i n  t he  account ing,  i t  i s  assumed t h a t  t he  dew runs down t o  t h e  s o i l  
c l o s e s t  t o  the stem and is s to red  there .  

In a n t  t c i p a t i o n  of so lv ing  Equations 1 and 2, Equations 41 and 42 need t o  
l i n e a r i z e d .  Like the thermal r a d i a t i o n  terms d iscussed  prev ious ly ,  t h i s  
can be accomplished fol lowing the  method of Kimball (1981). B r i e f l y ,  
ev and e g j  can be expressed: 

0 0 where ev an\egj  a r e  "old" vapor pressures  computed using the  "old" tem- 
0 pe ra tu re s ,  Tv and Tgj , i n  E q u a t i ~ t ~ s  51 and 52* The Cjev and 6eg a r e  

d e r i v a t i v e s  with r e spec t  t o  temperature,  According t o  P h i l i p  and de Vr ies  
( l 957 ) ,  the  change of the  r e l a t i v e  humidity with r e spec t  t o  temperature i n  
a s o i l  i s  c l o s e  t o  zero. The righthand expoent ia l  t e r m  conta in ing  I) i n  
Equation 51 is  t h e  r e l a t i v e  humidity, so  heref fore, t h e  d e r i v a t i v e  of 
Equation 51 wi th  r e spec t  t o  temperature is the  same a s  t h e  d e r i v a t i v e  of 
Equatton 52, t h e  s a t u r a t i o n  vapor pressure ,  wi th  r e s p e c t  t o  temperature.  
From Kimball (1981) 
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In  order  t o  sho r t en  l a t e r  no ta t ion ,  i t  i s  a l s o  convenient t o  d e f i n e  t he  
fol lowing two shor ten ing  v a r i a b l e s :  

Equations 41 and 42 a r e  mul t ip l ied  by the  l a t e n t  hea t  of vapo r i za t i on ,  A ,  
t o  convert  from water t o  energy f l uxes  i n  Equations 1 and 2. Prom KrLmbaJ 
(198L), h can be computed from: i 

where t he  T t h a t  i s  used is an "old" one from a previous i t e r a t i o n *  
1 

Solving t h e  Energy Balance Equations 

U t i l i z i n g  Equations 3 through 59,  t h e  terms i n  Equations 1 and 2 can b e ,  
w r i t t e n  out  i n  more d e t a i l .  Then they can he rearranged so t h a t  t h e  
unknowu vege t a t i on  temperature,  Tv, and t h e  unknown s o i l  su r f ace  
temperatures ,  Tgj,  a r e  f ac to red  out  individually, Then f o r  t h e  
vege ta t ion :  
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And for the jth soil surface segment: 

When the equations for all of the soil segments are written, an interest- 
ing linear system of equations i s  created. The system can be written in 
matrix form as: 
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where the a i j  ma t r ix  has Its f i r s t  row, f i r s t  column, and diagonal  f i l l e d ,  
but a l l  o t h e r  elements a r e  zero* The s p e c i f i c  elements a r e  
follows : 

"lv = Eir Pglv 6ng1 

Becaase t h e r e  a r e  s o  many zero elements,  Equation 62 can be solved withorat 
r e s o r t i n g  t o  mat r ix  invers ion .  Using elementary row and column I 

opera t ions ,  t he  fol lowing s o l u t i o n  can be der ived:  1 
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Inspecting Equation 64 ,  the solution is seen to be a set of recursion 
equations with the temperature of each sail surface segment being computed 
from the temperature of the segment with the next smaller index* 
Equations 64 are not automatically the final solution, however. The 
matrix elements are based on initial guesses or prior estimates of Tv and 
the Tgja As illustrated in Figure 2, after new values Tv and T are 
obtained, a converprnce test is made. If Tv and T are not suf$iciently 

O o gj o close to the "old" values, Tv and Tg. , then Tv and Tgj are set equal 
to Tv and Tgj and Equations 62 are sojved again. The process is repeated 
until convergence is attained. Because anlytical equations are used for 
the slopes (Equations 29, 30, and 56), convergence is generally rapid 
(Kimball, 19Plj. 

Once Tv and T are known, then they are substituted into the equations 
for the therm%j radiation, sensible, latent, and soil heat fluxes. This 
yields the transpiration rate of the vegetation and the evaporation of 
each soil surface segment. 

PHOTOSYNTHESIS 

Previous workers have used various functions to relate photosynthesis to 
solar radiation intensity and soil water potential. Recently, Tanner and 
Sinclair (1982) have postulated that because wacer vapor and C(P2 f o l l ow  
essentially the same pathway into or out of the leaves, and ecause within 
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a class oE plants (C3 or C4) the C02 gradient is essentially constant, the 
photosynthetic rate is directly coupled to the transpiration rate adjusteA 
for the vapor pressure deficit of the air, Their equation is: I 

where k = .05 for C3 plants. Using their equation 
compute photosynthesis from this model since the tr 
already known. However, experimental data are need 
type of equation appropriate for predicting photosynthesis in guayule, 

D BIOMASS AMI) KIJBBEK PRODUCTION 

Once the photosynthetic rate can be predicted, the photosynthate must be 
partitioned among the various competing processes in the guayule plant. 
It can be anticipated that respiration will consume much ile maintaining 
the plant. The races of all. the processes pend on temperatures, 
water potentials, and other variables, and ditional laboratory and 
field data must be obtained in order to obtain relaticnships which can 
predict these processes in the guayule plant. In the meantime, Figure 2 
illustrates how these functions can fit into this model of a guayule 
plant. I 
SUMMARY AND CONCLUSIONS 

The mathematical Eramework for a computer nodel of guayule has been 
developed. Energy balance equations were written for the guayule vegeta- 
tion and the soil surface which enable the prediction of plant tempesa- I tures, evaporation and transpiration. Soik moisture content and potentia- 
are accounted, and used to regulate rates of transpiration and 
evaporation. Photosynthesis is coupled to transpiration or to solar i 
intensity. The model is organized so that plant temperatures and water 
loss are computed hourly, whereas plant growth and soil moisture redistri- 
bution occur at less frequent or daily intervals* The next development 
step is incorporation of daily rates of biomass and rubber production. 
Eventually it will be possible to predict guayule yields of biomass and 
rubber, as well as water use. 
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F i g u r e  1. Schematic i l l u s t r a t i o n  of a  guayule  c rop  showin2 a  c ross -  .< 
s e c t i o n  through two rows, Also shown i s  t h e  g r i d  i n  t h e  
s o i l  Eor computing s o i l  m o i s t u r e  s t o r a g e  and f low u s i n g  
f i n i t e  e lements .  The arrows r e p r e s e n t  f lows of energy ,  
w i t h  t h e  c l j r e c t i o n  o f  t h e  arrows i n d i c a t i n g  t h e  d i r e c t i o n  - 
of pos - i t ive  F l o w .  
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Figure 2, Dvera3. I 
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Figure 3.  I l l u s t r a t i o n  of t he  geonietry and the  n o t a t i o n  used f o r  
the  guayule vege t a t i on  row and f o r  t h e  s o i l  g r i d  between 
the  rows, 
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Figure 4 .  Definition 
of thermal 

of the B angles for deriving the angle factors , 
r a d i a t i o n ,  1 
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Figure  5. Stomata1 r e s i s t a n c e  as a func t ion  of s o l a r  r a d i a t i o n  and 
of a s tomata1 response func t ion ,  4, 
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Figure 6 ,  Stornatal response function 
of the soil segments conta 
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I :  DEVELOPING A CROP WATER STRESS INDEX FOR GUAYULE 

NBP: 20740 CRIS WORK UNIT: 5510-20740-012 

INTRODUCTION: 

Very little information is available on the proper water management of guayule 
(Parthenium argentatum, Gray) to obtain maximum rubberiyield per unit of water -- 
applied. The literature review by Hammond and Polhamus (1965) of some earlier 
investigations indicates that plant stress caused by soil water deficit can 
hccease rubber production. Several approaches for controlling stress have 
been used, One is to grow the plant under a well-watered state for the first 
two years and then starve the plant of water the following two years to force 
rubber accumulation (Smith, 1942). Another is to impose alternate low and 
high moisture stresses, again based on the observation that production of 
rubber synthesizing tissues is be promoted during the non-stressed periods and 
rubber synthesis and storage during the stressed periods (Benedict et alas 
1947). Highest rubber percentages were obtained with frequent and moderate 
periods of stress in the growth cycle (Retzger and 'Mogen, 1947). 

Inconsistencies regarding soil moisture contents have been observed in that 
yields of shrub and rubber were high in a sandy loam soil at the higher 
moisture levels, whereas the highest rubber yields were obtained in a silty 
clay loam with the lower moisture levels (Hunter and Kelly, 1946)- An expls- 
nation for this difference is based on the amount of available water and the 
rate at which stress was developed in the two types of soils. Retzer and 
??ogen (1947), also found that soil differences primarily associated with 
variations In soil moisture stress were the dominant factors influencing 
rubber production, and also important was the frequency and quantity of 
irrigation. Other factors directly or indirectly related to stress are 
temperature, nutrient availability, light Intensity and season (Benedict, 
1950) * 

At this point, we are interested in developing a simple and reliable means of 
following stress so that the stress-rubber production interrelation can be 
better defined. In the early work on guayule, soil water content determined 
either with gravimetric sampling or resistance blocks has been used as a basis 
of designating water stress. More recently, tensiometer and neutron moisture 
probes are being used to obtain the same type of relationship. 

The approach at present with guayule is to use the plant itself as the indica- 
tor of stress. This has been accomplished mainly through stomata1 
conductance, and pressure and CO2 chamber techniques. In many instances, 
existing tnstruments developed have been difficult to use on guayule because 
of its leaf morphology. Our measurements using the pressure chamber technique 
have shown that only small differences in potential could be observed between 
the well-watered and drought-induced plants. 

Another method for estimating stress is through leaf temperature measurement. 
Remote sensing, infrared thermometric techniques have been applied to various 
economic crops to determine water stress (Idso et al., 1981, Jackson et ale, 
1981)* For the crops studied the indexing procedure has been well correlated 
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with  y i e ld .  Since drought to le rance  and poss ib ly  t h e  water r e l a t i o n  of 
guayule is unl ike  any of the  crops used prev ious ly ,  t he  f i r s t  ques t ion  thi 
needed to  be answered was whether the  method of water stress indexing devs 
loped fo r  o the r  crops would he app l i cab l e  t o  guayule under supplemental irri- 
ga t i on  i n  an a r i d  environment. l 

I 
I 

PROCEDURE : 

Three-month-old guayule s eed l ings  ( f o r  v a r i e t i e s ,  593 and 11591) were 
t ransp lan ted  i n  Apr i l  1981, on 1.8 x 3 m, (6  x  10  f t . )  p lo t s .  Row spacinb 
uas 46 cm (18 in . )  and p l a n t  spacing was 36 cm (14 in . ) ,  equ iva l en t  t o  62,OOt 
p l a n t s l h e c t a r e  (25,000 p l an t s / ac re ) .  There were four  rows per p l o t  wi th  e  
two inner  rows s e l e c t e d  f o r  temperature measurements. The two v a r i e t i e s  I rc 
completely randomized wi th in  an i r r i g a t i o n  u n i t  which cons i s t ed  of fou r  r e p l -  
ca ted  p l o t s  for  each va r i e ty .  Four aluminum acces s  tubes were i n s t a l l e d  t?  2 

dep th  of 180 c m  (6  f t . )  per u n i t ,  two f o r  each p l an t  v a r i e t y .  I 

1 

Three l e v e l s  of water a p p l i c a t i o n  were used: 

( a )  " w e t "  i r r i g a t i o n  when 80% of the a v a i l a b l e  water between t h e  
10- t o  170-cm s o i l  p r o f i l e  was deple ted ;  

( b )  "nedium" wi th  90% dep le t i on  and, 

( c )  "dry" wi th  95% deple t ion .  

'4vai lable  water is def ined  a s  t he  water between w i l t i n g  po in t  (=11%) and J - L ~ '  

c apac i ty  (=28%) f o r  t he  Avoadale c l a y  loam. Water was appl ied  wi th  double- 
walled t r i c k l e  i r r i g a t i o n  tubing. I r r i g a t i o n  was s t a r t e d  i n i t i a l l y  wi th  
buried l i n e s ,  but  gopher damage neces s i t a t ed  conversion t o  a  su r f ace  s y s t  1. 

D i f f e r e n t t a l  i r r i g a t i o n  t rea tments  began the  l a s t  week i n  J u l y  when t h e  
t r aa sp l an t s  appeared t o  be wel l  e s t ab l i shed .  

1 

S o i l  water con ten t s  were determined from 20- t o  160 cm depth a t  20-cm i n t e r -  
v a l s  with the  Troxler  E l ec t ron i c  Labora tor ies ,  Inc., and Campbell P a c i f i c  
Nuclear Corp. neu t ron  moisture  probes. The equipment was c a l i b r a t e d  i n  ti : 
same s o i l  a s  t he  experimental  p lo t s .  Eloisture read ings  were taken two t o  
t h r ee  times per week i n  t h e  sp r ing  through f a l l  per iod ,  and once dur ing  t h e  
win te r  months. 

P lan t  temperatures  were taken with po r t ab l e  Telatemp and Everes t  Intersciencc 
i n f r a r ed  thermometers. Both instruments  had a  3' f i e l d  of view and spec t - ? l  
bandpass of 8- t o  14  u. The equipment readout  was compared wi th  a  black+ )dl 
r e f e r ence  absorber  t h a t  was equipped wi th  i t s  own temperature readout  and an: 
temperature d i f f e r e n c e  between the  i n f r a r e d  thermometer and absorber  readout  
was used t o  a d j u s t  the  p l a n t  temperature measurement. 

I n i t a l l y ,  temperature  averages of t he  west- and east o r i en t ed  read ings  taken 
on the  north-south o r i e n t e d  p l an t  rows were used. Fu r the r  i n v e s t i g a t i o n  
showed t h a t  similar r e s u l t s  could be obtained wi th  t h e  sensor  pointed ves  
t i c a l l y  i n t o  t he  p l a n t ,  s o  t h i s  method was s e l e c t e d  i n  t h e  l a t e r  work. S ix  
p l a n t s  per p l o t  were measured f o r  temperatures  on a  r egu la r  b a s i s  betwee? 12  

Annual Report of the U.S. Water Conservation Laboratory



and 1330 hours Mountain Standard Time. Zn some instances, hourly runs were 
made starting at near sunrise and continuing to sunset. 

Vapor pressure deficit was determined 1 m above the crop with a battery- 
operated psychrometer, 

Plant-air temp&rature differences versus vapor pressure deficits in well- 
watered conditions were used to develop the crop stress baseline following the 
method of Idso et al. (1981) for other types of crops. Crop stress indices 
for guayule of other soil moisture conditions were computed from the plant, 
air temperature's, and vapor pressure deficits. 

WSULTS AND DISCUSSION: 

The guayule plant temperatures responded to the moisture status and changes in 
soil. Plant minus air temperature values Eor the three irrigation treatments 
and two varieties as a function of time are presented in Figure 1. The 593 
variety consistently showed a 0.5 to 1°C higher leaf temperature than the 
21591 variety in all irrigation treatments. This behavior is not unique to 
gauyule as Mtui et ale (1981) noted different canopy temperatures for two 
hybrid lines of corn grown under the same conditionso 

Plant temperature dropped rapidly following an irrigation, reached minimum 
values a few days after, and then increased almost linear 
Temperature difference of 14'C was observed between the well-watered and 
water-stressed plants. On a seasonal basis, plant temperature remained con- 
sistently above air temperature during the mid-December to March period even 
though adequate soil water was available, Further elaboration of such rela- 
tion will he made in the discussion of stress index. 

Other investigators (Idso et al. 1977) have applied the standard stress- 
degree-day (SDD) concept, where (SDD),td = (Tplant - Tair)pm and normalazed 
SDD, where (SDD),,, = (Tplant - Tair)pm - constant, as basis for predicting 
crop yield. Data presented here could be used in a similar manner once the 
rubber yields yields have been established for the various irrigation 
treatments. The developers of the stress-degree-day have made further impro- 
vements and now have taken into account other meteorological parameters, par- 
ticularSy the vapor pressure deficit, to make the measurement universally 
applicable to the different climate zones. 

Plant temperature variability was smaller in the well-watered and recently 
irrigated plots than in those plots undergoing long drying cycles; the coef- 
ficient of variation was less than 2% compared to greater than 3% as the soil 
water deficit increased* Aston and Van Ravel (1972) suggested that large tem- 
perature variability within a field signaled the onset of wz.ter def kcit. 
Plant-air temperature differentials as a function of vapor pressure deficit 
for the varieti-es 593 and 11591 under well-watered conditions are presented in 
Figures 2 and 3, respectively* The slopes of 1.61 and 1.58 were similar for 

1 the two varieties, but the intercept for the 593 was approximately 0,7*C 
higher than the 11591. This goes along with the previously-cited observations 
in Figure 1, where the temperature-time data for the two varieties were given. 
The relations AT = 0.51 - le92 VPD (alfalfa) and AT = 1.48 - 1.34 VPD 
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(soybeans) were obtained by Idso et al. (1981). The significance for thqdi 
ference between the slopes and intercepts for the various crops is not - 

1 apparent at present. Idso has been determining baseline curves for vario-3 
plants (personal communication) and his results may give clues as to the 
reasons for the differences* 

Under the arid environment, our measurements lacked points below vapor 
pressure deficits of 2.5 kPa, the high humidity range, so that the curve J-c~u 
not be completely defined. However, since values Power than 2 kPa are sq 30 
encountered in the low humidity Phoenix area (except possibly in the earey 
mornings or rainy conditions), the experimental curves should adequately ser 
our needs* I 

I 

Computed stress indices of the 593 variety for the "wet" and "dry" treatment 
based on adjusted upper temperature limit are shown in Figures 4 and 5, . 
respectively, together with the fraction available water in the soils l?d t 
January to December period, the wet plots received 11 irrigations (165.2 cm) 
and the dry plots only six (100,O cm). Rainfall during this period was 17,3 
cm. In both instances the stress indices rapidly decreased following 
irrigation, but an index of 0 was seldom reached in the dry treatment. L e  
CWSI values increased linearly and very rapidly after the minimum region was 
reached . 
The remaining available water was depleted almost at a constant ea te  after 
irrigation until approximately 0.15 was used, at which point the rate of, 
change became curvilinear, and below 0,05 the rate of change abruptly I 
decreased, 

Crop water stress indices of greater than 1 were obtained particularly ir tt 
dry treatment. This variation could be caused by interference of the so:. 
surface or other plant parts on the plant foliage temperature reading, an ir 
dequate baseline, or the inability to determine a suitable upper temperar ?re 

limit. Additional work is needed to resolve this behavior, such as the ) 
approach of Jackson et a1 (1981), which includes additional meteorological 
parameters. 

i 
A linear relation was obtained when the crop water stress index and fracL~or 
available water were compared (Figure 6). Such relatiship, when developed 1 
a crop, should be useful in estimating the moisture status of the soil o* tt 
stress status of the plant when either of the two factors is known, Soi: 
moisture records from past experiments could be used to assess the stress st 
tus of plants occurring at the time. 

1 
Besides the temperature readings taken between 1230 and 1330, measuremeits 
were occasionally made continuously on an hourly basis from near sunrise to 
sunset to follow stress patterns of plants through the day. Results are 
illustrated in Figure 7 covering the 0700 to 1900 hours for the two guay-~e 
varieties in the wet (=A) and dry (=a) treatments. The diagonally drawn ba! 
line can be used as a guide in delineating the stress and unetressed sbt 161' 

for some of the data points. The temperature differences between the fo tai 
and air of the well-watered and moisture-depleted soil are dramatically 
different. Except for the early morning and late evening hours, the pla-t 
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temperatures of the dry treatment were significantly above air temperature, 
whereas those for the well-watered plants were consistently below air 
temperature. 

The plants during the hours between 7 to 9 (A to C) and 1500 to 1900 (I to M) 
were not fully exposed to sunlight and the plant temperatures were controlled 
primarily by environmental convective and radiative conditions and not 
necessarily by plant responses* Plant temperatures in the dry treatment went 
below air because of this and not necesasrily because of transpirational 
cooling, 

Plant temperature difference peaked out at the 1200 and 1400 hours for both 
treatments* The hours between these two periods were normally used in making 
individual stress index computations. It appears that the 1000 to 1400 period 
could be used to establish the baseline since a range of vapor pressure defi- 
cits can be encountered over this time period. Water use behavlor of the 
young guayule was determined for the two varieties from the frequently 
measured soil water contents. The water-use values based on soil water deple- 
tion are given in Figure 8e The evapotranspiration of Variety 593 was Less 
than 11591 (127,l cm vs 162.7 cm), and this difference was more discernable 
during the high water-use summer periods than other times. The 593 plants 
were smaller than the 3.1591 and as noted earlier, the temperature of the 593 
was consistently less than the 11591, indicating less transpirational loss for 
the 593 than 11591 variety. Ehrler and Bucks (1 81) found that water use of 
other varieties also differed one from another, 

One must be careful in using and projecting water requirements of guayule from 
the data presented here. Of prime Zmportance is that rubber yield has not 
been finalized; and possibly just as important is the fact that the relations 
were based on well-watered plants, which were needed to establish the baseline 
used for developing the stress index. In addition, summer temperatures were 
the highest recorded for this area- Water-use values for the "dry" treatment 
with six irrigatlons were 91.4 and 103.7 cm for Varieties 593 and 11591, 
respectively, and Eor the "medium" with seven irrigations w s e  112,7 and 
118.9 cm. In terms of water application alone, Retzer and Elogen (1947) give 
water additions of from 76 cm to 127 cm for rubber production, a compromise 
between rubber percentage and shrub yield. 

SUMMARY AND CONCLUSIONS: 

The drought-tolerant guayule plant was found to behave in a manner simllar to 
the other types of crops in regard to water stress and foliage temperature, so 
that concepts on yield and stress already developed for these crops could be 
adapted to guayule culture. Because rubber production appears to be one of 
stress (water) management, the remote sensing infrared thermometric technique 
seems ideally suited for determining the onset, duration and relief of stress; 
and by using the stress index approach similar to the stress-degree-day 
concept, rubber and other material production could be related to the timing 
and duration of stress. Undoubtedly, experiments are now underway or being 
contemplated by other organizations to relate yield to the amount and fre- 
quency of water applications. These investigations could profit greatly by 
using techniques described here for evaluating stress. 
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Figure I,  Plant-air temperature differences versus time f i r  two guayule varieties, 
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Figu re  2. P l a n t  minus a i r  temperature  d i f f e r e n t i a l  ve r sus  vapor 
p r e s s u r e  d e f i c i t  i n  well-watered p l o t s  for v a r i e t y  593, 
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it591 . - 3 .  

AT = 1.52 - 1.58 VPD , r2= 0.86 

Figure 3. Plant minus air tenperature differential versus vapor 
pressure deficit in well-watered plots for variety 11591 
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Figure 4. Relation between crop water s t r e s s  index and fract ion water available for  var ie ty  593 under 
wet treatment. 
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1.6 DRY: 593 

Figure 5, Rela t ion  between ,crop water  s t r e s s  index and f r a c t i o n  water  a v a i l a b l e  f o r  v a r i e t y  593 under 
dry t reatment .  

Annual Report of the U.S. Water Conservation Laboratory



Figure 6 .  Re la t ion  between crop water  s t r e s s  
index and f r a c t i o n  a v a i l a b l e  wa te r .  Annual Report of the U.S. Water Conservation Laboratory



Figure 7. ~empeka tu re  behavior p a t t e r n s  on a d i u r n a l  b a s i s  f o r  two 
guayule v a r i e t i e s  under two s o i l  mois ture  regimes.  (Open 
c i r c i e  = 593 and s o l i d  c i r - S e s  = 11591 v a r i e t i e s ) ,  A=a=0700, 
B=b=O8OO. . . . , H=m=i900, 
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TITLE: WATER AND AGRONOMIC MANAGEMENT FOR ECONOMICAL GUAYULE RUBBER 
PRODUCTION UNDER DIFFERENT CLIMATIC AND SOIL CONDITIONS 

NRP : 20740 CRIS WORK UNIT: 5510-20740-012 

INTRODUCTION: 

Natural rubber is  a commodity of s t r a t e g i c  importance f o r  a l l  i n d u s t r i a l  
coun t r i e s .  Curren t ly ,  t he  United S t a t e s  imports a l l  of t h i s  m a t e r i a l  from 
fo re ign  sources,  where supp l i e s  a r e  obtained from the  rubber t r e e  (Hevea 
b r a s i l i e n s i s ) .  Hevea grows only i n  t r o p i c a l ,  lowland r a i n  f o r e s t s .  Guayule 
(Parthenium argentatum) is t h e  most promising p l an t  a v a i l a b l e  f o r  n a t u r a l  
rubber production wi th in  the  con t inen ta l  United S ta t e s .  Demand f o r  n a t u r a l  
rubber is  s t rong  because of i t s  e l a s t i c ,  r e s i l i e n t ,  tacky,  and low hea t  
buildup p rope r t i e s  under s t r e s s .  Most s y n t h e t i c  rubbers  do not have these  
c h a r a c t e r i s t i c s  which a r e  so important f o r  automobile, heavy equipment, and 
a i r p l a n e  t i r e s .  Furthermore, world demand may exceed supply by the  year 
2000 or  sooner. 

Water requirement of t he  guayule p lan t  is considered t o  be low. Native 
p l a n t s  can surv ive  and grow where r a i n f a l l  i s  l imi t ed  i n  t h e  order  of 380 
mm. However, f o r  commercial production, supplemental water app l i ca t ion  and 
o the r  improved c u l t u r a l  p r a c t i c e s  would be needed t o  i nc rease  the  ne t  rubber 
per u n i t  a rea .  The e f f e c t  of i r r i g a t i o n  is very marked an pl-ant struct~rrc. .  
(Lloyd, 1911). Rubber product ion i s  bel ieved t o  occur during periods of 
l imi t ed  growth caused by s t r e s s  condi t ions  such a s  drought ,  low temperature,  
and n u t r i e n t  d e f i c i e n c i e s  (Benedict et a l . ,  1947). 

, Kelley e t  a l .  (1945) i n  nursery  c u l t i v a t e d  p l an t s  found t h a t  well-watered 
p l a n t s  had more growth, but  l e s s  rubber content  than those under water 
s t r e s s  condi t ions .  For t r a n s p l a n t  su rv iva l ,  however, mois tures t ressed  
p l a n t s  had b e t t e r  su rv iva l  r a t e s  than the  l e s s  s t r e s s e d  p l an t s .  I n  f i e l d  
t r i a l s  of 2-year old p l a n t s ,  Hunter and Kelley (1946) observed an inverse  
r e l a t i o n  between rubber percentage and the  dry weight of t h e  shrub. Higher 
y i e l d s  of rubber and shrub were obtained from p l o t s  maintained a t  high 
moisture l e v e l s  i n  a sandy loam s o i l ,  whereas t he  oppos i te  behavior occurred 
i n  a s i l t y  c l ay  loam. Tingey (1952) reported s i m i l a r  t r ends  i n  t he  e f f e c t  
of water l e v e l s ,  but  h i s  in te rmedia te  l e v e l  of i r r i g a t i o n  gave the  h ighes t  
rubber y i e l d  per u n i t  a rea .  

Renedict e t  a1. (1947) noted t h a t  when guayule was grown under a l t e r n a t e  low 
and high moisture s t r e s s e s  of 2- and 4-month dura t ions  each, t he  absolu te  
rubber content  i nc rease  w a s  g r e a t e r  during periods of high than low moisture 
s t r e s s e s .  High s t r e s s  per iods  should be long enough t o  maximize rubber 
production, but not so long t h a t  growth is  e n t i r e l y  i n h i b i t e d .  
Unfortunately,  t h i s  experiment l a s t e d  only 14 months and the  p l an t s  were not 
a t  an age when harves t ing  would normally occur. Retzer  and Mogen (1947) 
repor ted  t h a t  the  h ighes t  rubber percentages were obtained from p lan t s  under 
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frequent to moderate periods of stress, but higher rubber yields were pre- 
sent with the larger sized plants of lower rubber concentrations. For 2-year 
old shrubs, the best compromise appeared to be that of about 7 to 9% rubbe4 
with 4,500 to 7,800 kg of shrub/ha after applying 750 to 1,300 rmn of water4 
Tingey and Clifford (1946) got higher rubber yields in the 12- to 14-month 
old plants with the heavier than moderately irrigated plants. 

The Emergency Rubber Project (ERP) initially estimated water requirements 
for guayule based on the needs of other crops (McGinnies and Mills, 1980), 
Later experience showed that these estimates were too large after the stan , 
were established. Rubber production was the highest when the plants were I 
subjected to alternate periods of low and high water stress. The duration 
of these periods under climatic regimes and the optimum amount of water foq 
different soils was not investigated. At present, there is little quan- 1 
titative information on the effects of varying moisture stresses over long 
time periods on the rates of guayule growth and rubber production, The ERP 
research programs did not last long enough to obtain such information 
(Kelley, 1975). 

i 
i 

A31 the preceding studies indicate that rubber production can be controlled 
either totally or partially by the moisture status in the guayule plant* 
Therefore, information on water requirements and rubber yield per unit 
volume of water are needed to optimize the scheduling of irrigations. The 
economics of rubber production could readily be developed from these data.! 

The following objectives have been established for this comprehensive irr3.y 
gation water and agronomic management project: i 

(1) Determine water requirements, evapotranspiration estimates, and 
irrigation scheduling techniques for maximizing guayule rubber an- 
resin production on a unit water and economic basis. I 

I 

(2) Develop improved techniques for transplant establishment under 
various field conditions. 1 

I 

(3) Determine guayule irrigation and minimum and maximum fertility 
requirements on marglnal agricultural land with limited surface 
and groundwater supplies. 1 

Guayule plants have or will be planted at three locations in replicated, 
large field plots to see how climatic and soil variabilities affect yield 
and irrigation water management. Soil variables include a medium-textured, 
medium water holding capacity (Mesa); a heavy-textured, high water holding 
capacity (Brawley); and a coarse-textured, low water holding capacity I I 

(Yuma). Mesa and Brawley locations were planted in the spring of 1981, and 
Yuma experiment will be planted in early 1982. The Yuma location is well 
suited for conducting a combination water-fertility study to simulate marg3 
nal land with limited water supply and to evaluate the effects of nitrogen I 

under different irrigation regimes* At two locations (Mesa and Yuma) biore- 
gulators are also being evaluated in respect to improved rubber yields and, 
tolerance to drought. I 
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MESA, ARIZONA - 

GREENHOUSE PROCEDURES: 

Twenty thousand guayule seedlings of three cultivars (593, N565-11, and 
11591) were produced in the U, S. Water Conservation Laboratory greenhouse. 
Clean seeds were washed arid aerated for at least six hours, followed by two 
hours of a 0.25% sodium hypochlorite treatment. After the seeds had dried, 
the treated seeds were planted into growing flats using a potting mix of two 
parts sphagmum peat moss and one part by volume of vermiculite and covered 
with a thin layer of vermiculite* Once the seedlings were 10-12 days old, 
they were transferred into individual plastic net pots with a volume of 70 
cm3 using the same potting mix. The transplants were fertilized three times 
a week with a double Boaglandqs solutCon and mist irrigated for two to three 
minutes daily. The greenhouse temperature was controlled at a minimum of 
25°C and a maximum of 35OC- Plants were clipped to 6 cm hei ht before field 
transplanting. 

FIELD PROCEDURES: 

On April 7-9, the three guayule cultivars were hand transplanted at the Mesa 
Experiment Farm, University of Arizona, in a randomfze block design* The 
age of cv. 593, N565-11, and 11591 transplants averaged 95, 85, and 75 days, 
respectively. Figure 1 shows the field layout along with isrigatfoa, 
cultivar, and bioregulator treatments. Two rows were planted csn raised beos 
(approximately 1 m on center) with a 36 cm spacing between plants along the 
row for a population of 54,000 plants/hectare. About one-sixth of each plot 
included transplants that were treated twice in the greenhouse with two 
types of bioregulators followed by field sprayings at two month intervals 
after transplanting. The bioregulator compounds were 2-diethylaminoethyl 
1-3, 4-dichlorophenylether and 2-diethylaminoethyl 1-2, 4-dichlorophenyl- 
ether. 

The transplants were immediately furrow irrigated, and then sprinkler Irri- 
gated twice-a-week for two weeks followed by once-a-week treatment for a 
five-week period for plant establishment. During this sprinkler irrigation 
period, gravimetric water contents of the potting media and soil were deter- 
mined near the roots of the small transplants on additional plantings in 
special areas where plot border dikes were to be later constructed. Plant 
water potential measurements were also determined by the pressure bomb on 
whole plants that were cut-off at the soil surface, On a second portion of 
this additional area sprinkler irrigations on April 17, 21, and 24 were 
omitted after two sprinkler irrigations on April 10 and 1 4 ,  Furrow irriga- 
ti.ons were given on all plots on Nay 21 and June 18 to establish a soil 
moisture storage and complete this establishment period. Stand counts were 
made periodically and replacements were made to obtain a nearly perfect 
plant population. Rooting patterns were also observed on June 26. 

Starting on July 1 after plant establishment, the following irrigation 
treatments commenced for 1981: (1) irrigate when 60% of the available sox1 
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water has been deple ted ;  ( I 2 )  i r r i g a t e  when 80% of t he  a v a i l a b l e  s o i l  water 
has  been deple ted ;  ( I3)  i r r i g a t e  when 100% of the  a v a i l a b l e  s o i l  water  has i  
been deple ted ;  (14) i r r i g a t e  when 100% of t h e  a v a i l a b l e  s o i l  water has beei 
dep le ted  p lus  a two weeks delay;  ( I 5 )  i r r i g a t e  when 3.00% of the  a v a i l a  I 

s o i l  water has been deple ted  p lus  a four  weeks de lay ;  and (IQ) i r r i g a t e  
t h r e e  times per year .  The 0-120 cm s o i l  depth was used t o  schedule i r r i g a -  
t i o n s  and c a l c u l a t e  s o i l  water dep le t ions .  Volumetric water con ten t s  were1 
determined by neut ron  moisture  meters with 36 neutron access  tubes  l oca t ed  
i n  r e p l i c a t e s  2 and 3 on a l l  t h r e e  c u l t i v a r s ,  and s i x  i r r i g a t i o n  treatment! 
t o  a 3 m s o i l  depth.  On the  medium water holding capac i  Laveen loam so i !  
f i e l d  capac i ty  has  c o n s i s t e n t l y  been est imated a t  25.7% volume, whereas a 
w i l t i ng  po in t  of 8,6% was est imated from reoccur r ing  lower l i m i t s  of water 
uptake on o lde r  guayule p l an t s .  

I 

Water a p p l i c a t i o n s  a t  each i r r i g a t i o n  were measur a prope l le r - type  
water meter ,  and aluminum gated-pipe was used i n  
i nd iv idua l  p l o t s  surrounded by e a r t h  border d ikes  co 
f i lm.  Meteorological  f a c t o r s  a f f e c t i n g  ET were monitored 
August 17 by p o r t a b l e  s ta t - fons equipped with CR29 micro l s  
da t a  were determined on the  I 2  i r r i g a t i o n  t reatme t f o r  guayule and on an 
ad jacent  a l f a l f a  f t e l d  f o r  a re fe rence  crop. On t h e  guayule,  wind speed 
determined a t  t h e  2 m he ight ;  n e t  r a d i a t i o n ,  a i r  temperature ,  and r e l a t i v e  
humidity a t  t he  1.5 m he ight ;  n e t  r a d i a t i o n  a t  112 t h e  p l an t  he igh t ;  and , 
s o i l  temperature  a t  1 cm depth below t h e  s o i l  
s o l a r  r a d i a t i o n  and wind speed were determine 
r a d i a t i o n ,  a i r  temperature ,  and r e l a t i v e  humidity a t  t h e  1.5 m he igh t ;  and, 
s o i l  temperature a t  1 cm below t h e  s o i l  sur face .  S t a r t i n g  i n  October, I 
remotely-sensed i n f r a r e d  radiometer measurements were made t o  monitor 
f o l i a g e  temperature  and e s t ima te  stress i n  guayule. Leaf a r e a ,  p l an t  
weights,  and rubber percentages were a l s o  being sampled a t  l e a s t  f i v e   time^ 
per year beginning i n  August 1981. Two p l a n t s  per were a r e  s e l ec t ed  f o r  
each harves t  d a t e ,  a s  descr ibed i n  Figure 2, f o r  a t o t a l  of 144 whole p l a n t s  
with roo ts .  The f i n a l  harves t  d a t e  w i l l  be i n  l a t e  1989 wi th  at l e a s t  36 , 
p l a n t s  t o  be harves ted  per c u l t i v a r  and i r r i g a t i o n  p l o t .  1 

Rl3SULTS AND DISCUSSION: 

Table 1 shows t h a t  467 mm (18.4 inches)  of water was appl ied  durfng the  I 

f i r s t  t h r ee  months of t r a n s p l a n t  es tabl ishment .  Maximum and minimum a i r  
temperatures i n  t he  f i r s t  two weeks averaged 30 and 12OC9 r e s p i x t i v e l y ,  B 
mid-June, p l a n t  l o s s e s  were less than 5% f o r  t h e  t h r e e  c u l t i v a r s  (Table 2)' 
Figures  3 and 4 i n d i c a t e  t h a t  water con ten t s  i n  t h e  p o t t i n g  mix were lower 
than the  surrdunding s o i l  and t h a t  the  po t t i ng  mix became d r i e r  sooner t h a  
t he  s o i l  without  t he  f requent - l igh t  s p r i n k l e r  i r r i g a t i o n s .  Carefu l  water I 
management and p l a n t  observa t ions  were requi red  t o  maximize p l a n t  s u r v i v a i  
s i nce  p l an t  r o o t s  took a t  l e a s t  t h r e e  weeks t o  extend o u t s i d e  of t he  po t t i ng  
mix and develop i n  t he  s o i l .  Well-watered guayule p l a n t s  had water p o d  
t i a l s  below a -10 bars  (F igure  5) and p l a n t s  began t o  w i l t  a t  
whereas t he  non i r r i ga t ed  p l a n t s  had e i t h e r  died o r  were s eve re ly  stressed a t  
-18 bars  under t he se  f i e l d  condi t ions .  1 

I 
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The amounts of water appl ied  on the s i x  d i f f e r e n t  i r r i g a t i o n  t rea tments  
a f t e r  the  establ ishment  per iod (be fo re  J u l y  1 )  a r e  l i s t e d  i n  Table 3 ,  Water 
a p p l i c a t i o n s  ranged from 931 mm (36.7 inches)  with seven i r r i g a t i o n s  on the  
I1 t rea tment  t o  458 nun (18,O inches)  with t h r e e  i r r i g a t i o n s  on the  
I6 treatment .  The number and amount of i r r i g a t i o n s  on the  L4 and 
X5 t rea tments  were the  same, a l though the timing of i r r i g a t i o n  was 
d i f f e r e n t .  Mean p l an t  h e i g h t s  from t r ansp l an t ing  t o  t he  end of 1981 f o r  t h e  
t h r e e  c u l t i v a r s  produced under the  s i x  i r r i g a t i o n  t rea tments  a r e  shown i n  
Figures  6-11. P l an t  he igh t s  decreased c o n s i s t e n t l y  wi th  reduced i r r i g a t i o n  
amounts f o r  t h e  Il through 13  t rea tments ;  on t h e  o the r  hand, h e i g h t s  va r i ed  
order  of p l an t  he igh t s  between c u l t i v a r s  is 11591 t a l l e r  than N565-If 
followed by 593. By December 31, t h e  maximum p l a n t  he igh t  was over 4 ern (16 
inches)  and the crop canopy covered the  e n t i r e  s o i l  su r f ace  on the  11 and 
12 i r r i g a t i o n  t rea tments .  

Changes i n  the  s o i l  water conten t  averaged f o r  t he  t h r e e  c u l t i v a r s  versus  
t i m e  showed t h a t  i r r i g a t i o n s  a f t e r  Ju ly  1 were a c t u a l l y  given 
82%, 89%, 80%, and 80% of the  a v a i l a b l e  s o i l  water was deple ted  i n  t he  0-120 
cm s o i l  depth f o r  t he  s i x  i r r i g a t i o n  t rea tments ,  r e s p e c t i v e l y  (F igures  
12-17). The reduced growth and shedding of p l a n t  l e aves  on the  15 and 
I 6  t rea tments  poss ib ly  l i m i t e d  t he  a b i l i t y  of t h e  guayule p l a n t s  t o  e x t r a c t  
water below the  80% l e v e l .  F igures  18-23 presen t  s o i l  water conten t  p rof i -  
l e s  through a  3  m s o i l  depth and est imated p l a n t  roo t ing  depths  f o r  s e l e c t e d  
d a t e s  on the s i x  i r r i g a t i o n  t reatments .  By the  end of p l an t  e s t a b l f  
( J u l y  l ) ,  p l an t  r o o t s  had pene t ra ted  t o  a  depth of more than 60 cm ( 
which was v e r i f i e d  by t h e  presence of r o o t s  i n  t h e  s o i l  p r o f i l e  from excava- 
t i o n s  made on June 26. Water conten t  p r o f i l e s  t h e r e a f t e r  suggest thae  p l a n t  
roo t ing  reached depths of 140 cm (4.6 f e e t )  by t h e  end of t h e  f i r s t  year 
r ega rd l e s s  of the  amount of water appl ied o r  i r r i g a t i o n  schedule .  

Average s o i l  water dep l e t i on  r a t e s  f o r  t he  t h r ee  c u l t i v a r s  and s i x  i r r i g a -  
t i o n s  a r e  shown i n  F igures  24-29. The est imated seasona l  water used fo r  t h e  
i n i t i a l  growth from May through December f o r  each i r r i g a t i o n  t rea tment  i n  
o rde r  of decreas ing  water a p p l i c a t i o n s  was 955, 780, 705, 600, 605, 605 mm, 
r e spec t ive ly .  These dep le t i on  r a t e s  were c o n s i s t e n t  with p l a n t  he ight  
measurements which showed major d i f f e r e n c e s  i n  growth on t h e  t h r e e  wet 
t rea tments  and l i t t l e  d i f f e r e n c e  i n  growth on the  t h r e e  day t rea tments .  lk 
comparing the  seasona l  s o i l  water dep l e t f  on with the  t o t a l  water appl ied  
dur ing  t h i s  same per iod of time (May-December), water a p p l i c a t i o n  e f f i c i e n -  
c i e s  ranged from 80%, 74%, 76%, 73%, 73%, 83% f o r  t he  s i x  t rea tments ,  
r e spec t ive ly .  Higher a p p l i c a t i o n  e f f i c i e n c e s  can be expected i n  the  f u t u r e  
s i n c e  adequately s to red  moisture  was s t i l l  p resen t  i n  t h e  s o i l  p r o f i l e  f o r  
i n i t l a l  p lan t  water use i n  1982. A t rend  of increased  s o i l  water d e p l e t i o n  
f o r  the  cv. 11591 over N565-I1 over 593 was demonstrated but a  d i f f e r e n c e  i n  
water use between c u l t i v a r s  was not s i g n i f i c a n t .  Also, s o i l  water dep l e t i on  
r a t e s  tended t o  decrease i n  l a t e  J u l y  and e a r l y  August f o r  a11 t rea tments .  
Poss ib le  explan t ions  f o r  t h i s  d i p  i n  the s o i l  water d e p l e t i o n  curve a r e  
decreased f lowering or  seed product ion and/or reduced l e a f  a r e a  (dropping of 
p l an t  l e aves )  during high temperature per iods ,  
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Plant temperatures as measured by the infrared radiometer late in 1981 
showed that relief from water stress followed from the onset and duration pf 
an irrigation or rainfall event (Figures 30 and 31). Since all treatments, 
were irrigated on November 10 to insure an adequate supply of stored I 

moisture for the dormancy period during the first year, plant-air tem- 
perature differences were not drastically altered by the Ir i treatments. However, the cv. 593 tended to have higher plant temperatures, 
than the other two cultivars. Also, the cv. 593 treated with bioregulator B 
(2diethylammnoethyl 1-2, 4-dichlorophenylether) exhibited an even hotter 
plant temperature than the bioregulator A (2-diethylaminoethyl 1-3, 
4-dichlorophenylether) or untreated plants on the drier 1 4 ,  15, and i 
16 irrigation treatments (data not shown). 

l 

Meteorological measurements and the development of crop coefficients for \ 
several ET prediction equations are st111 to be analyzed. 
from all three cultivars and six irrigations were collected in late August 
and November for leaf area and rubber yields* These have been processed, 
but the rubber concentrations have yet to be 

BRAWLEU, CALIFORNIA 

GREENHOUSE PROCEDURES: 

Six thousand seedlings of cv. 11591 and 500 of cv, 593 were produced in a I 
similar manner at the U. S. Water Conservation Laboratory 
described for the Mesa, Arizona experiment. However, when the plants werei 
about four weeks old, they were transferred to the Brawley greenhouse for 1 
the last two months of seedling growth. Again, the transplants were clipped 
one week before transplanting to a height of 6 cm. 

FIELD PROCEDURES: I 

On March 24, seedlings of cv. 11591 were transplanted on 19 r 
in Figure 32, Planting was on 2-row raised beds (approximately 1 m on 1 
center) with a 36 cm spacing between plants along the row for a population 
of 54,000 plants/hectare+ About one week later, 2 rows of cvl 593 were 
planted on the east side of the original transplants. The furrow irrigati/ 1 

method was utilized for plant establishment* i 

A large lysimeter 3 m x 3 m and 1*5 m deep located in the center of the 
field plot was used to determine daily evapotranspiration (ET) rates durid- 
the development of the guayule plant. One neutron access tube was placed in 
the lysimeter, and two tubes per irrigation treatment were placed in the 
adjacent plots* The planne eatments consiste of a medium i 
irrigation treatment in and imeter, while wet 
treatments were to be maintained away from the simeter. Plant height 
measurements were made monthly, and irrigation 
measured onto the lysimeter and adjacent plots. 
included daily maximum and minimum air tern 
humidity, total wind movement, Class A pan 
solar radiation, and net radiation. These measur 
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0900 PST a t  a  Weather Bureau s t a t i o n  with Bermuda g r a s s  cover loca ted  a t  the 
Imper ia l  Valley Experiment S t a t i o n  and about 400 yards  from the  guayule 
lys imeter  p l o t s .  

RESULTS AND DISCUSSION: -- -- 

Bet t e r  than 98% surv iva l  o f  guayule t r a n s p l a n t s  was achieved a t  Brawley, 
C a l i f o r n i a ,  using furrow i r r i g a t i o n .  On the  heavy-textured s o i l ,  p l a n t  
growth was b e t t e r  i n  the  lys imeter  than i n  t he  ad jacent  i r r i g a t i o n  p l o t s .  
On June 12, the  l a s t  uniform i r r i g a t i o n  was appl ied  on the lysirneter  and 
buf fe r ing  p l o t s  based on plans t o  begin d i f  f e r e n t i a l  irrigations thereaf  t e s .  
However, i r r e v e r s i b l e  damage occurred on the  p l a n t s  surrounding the  l y s i -  
meter on June 12-13 because t he  i r r i g a t i o n  water was alZowed t o  s tand  f o r  
over 12 hours. Hlgh aLr temperatures  of 42' and 43OC f o r  t h e  2 days a l s o  
could have cont r ibu ted  t o  the  problem. P l an t  l o s s e s  were t h e  g r e a t e s t  i n  
the  low-lying a r ea s  o f  t he  f i e l d  where over 75% of t he  p l a n t s  i e d  i n  a very 
s h o r t  period of time. Waterlogging or  oxygen de f i c i ency  based on v i s u a l  
observa t ions  and t h e  e l imina t ion  of o the r  causes  remains t h e  most probable 
reason f o r  t he  ca t a s t rophe*  Due to  t he  b e t t e r  d ra inage  c h a r a c t e r i s t i c s  I n  
t h e  l y s ime te r ,  none of the p l a n t s  showed damage i n  t h e  l y s i m e t e r *  

Operation of t he  l y s ime te r  continued u n t i l  t he  e n t i r e  p l o t  p lus  t he  l y s i -  
meter could be r ep l an t ed  i n  t he  f a l l .  Table 4  shows t h a t  12 i r r 2 g a t i s n s  
t o t a l i n g  1514 mm of water was appl ied  on the  lys imeter  f 
October 22. During the  same per iod of t i m e ,  t h e  seasona l  ET was measured a t  
1490 mm (58 * ?  in . )  a s  shown i n  Figure 33. The high ET r a  
above 12 mm/day i n  J u l y  were the  r e s u l t  i n  p a r t  of schedul ing P r r i g a t i o n s  
with minimal p l an t  water s t r e s s  and the  lysfmeter  not  being environmentally 
buffered f o r  the  l a s t  4  months of t he  7 month per iod.  Crop c o e f f i c i e n t s  
comparing the  measured ET t o  t h e  p o t e n t i a l  ET f o r  t h e  r e f e r ence  Bermuda crop 
a s  ca l cu l a t ed  from va r ious  meteoro logica l  equat ions have not  been f u l l y  
determined; however, t h e  seasona l  pan c o e f f i c i e n t  was 0.64. Also, whole 
p l an t  samples were obtained before  r ep l an t ing  of t he  Pysimeter on October 
22, but rubber and r e s i n  ana lyses  have not  been completed at t h i s  time. 

SUMMARY AND CONCLUSIONS: 

Better than 95% t r a n s p l a n t  s u r v i v a l  was obtained at two l o c a t i o n s  with 
medium-textured (Mesa, Arizona) and heavy-textured (Brawley, Ca l i fo rn i a )  
s o i l s .  The key t o  succes s fu l  p l an t  es tabl ishment  was t he  c a r e f u l  con t ro l  of 
water app l i ca t i ons  e i t h e r  through s p r i n k l e r  o r  furrow i r r i g a t i o n  with some 
o r  a l l  of t he  t h r ee  c u l t i v a r s  (11591, 593, N 565-11)- 

Drought-tolerant guayule p l a n t s  dep le ted  water i n  t he  f i r s t  season of growth 
i n  r e l a t i o n s h i p  t o  the  a v a i l a b i l i t y  of s o i l  water and environmental demands. 
Where water a p p l i c a t i o n s  were high,  water use was high; whereas with low 
water a p p l i c a t i o n  r a t e s ,  s o i l  water dep l e t i on  was low. A t  Mesa, t he  seaso- 
na l  water dep l e t i ons  f o r  s i x  i r r i g a t i o n  t rea tments  i n  decreas ing  order  of 
water app l i ca t i ons  was 955, 780, 700, 600, 600, and 600 m from May through 
December. P l an t  growth decreased s i g n i f i c a n t l y  among the  t h r e e  we t t e r  
t rea tments ,  while  l i t t l e  diEference was noted on the  t h r e e  d r i e r  t rea tments .  
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Table 1. Water application amounts applied during the establishment 
of guayule at Mesa, Arizona, 1981. 

Irr-lgation Irrigation Water 
Date Method ApplLed 

Apr 7-9 
Apr 10 
Apr 14 
Apr 17 
Apr 21 
Apr 24 
May 04 
May 12 
May 15 
May 21 
Jun 18 

Furrow 
Sprinkler 
Sprinkler 
Sprinkler 
Sprinkler 
Sprinkler 
Sprinkler 
Sprinkler 
Sprinkler 
Furrow 
Furrow 

Total water applied for plant establishment 467 rnm (1 
- - -- 

Table 2. Plants replaced by mid-June after initial transplanting on 
April 7-9, 1981. 

Cult ivar 
Average Plant Age Plants Percent 
at Transplanting Replanted* Replanted 

5 93 
N 565-11 
11591 
All Three 

Days - Number % - 

* Seedlings had either died or were physically damaged during 
transplanting, cultivation, etc., from the period of April 7 
to June 4. 
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Table 3. Water app l i ca t ion  moun t s  applied using the  f u r r o  
on the  s i x  d i f f e r e n t  i r r i g a t i o n  t rea tments  a f t e r  
a t  Mesa, Arizona, 

I r r i g  . Trr ig  . I r r i g .  E r r ig*  I r r i g ,  I r r l g .  
Date t. Date t e  a t e  

J u l  10 13 7  1. 14 
J u l  07 12 6  g  04 
Aug 15 3-36 Aug 3  13 2 
Aug31 132 Sep 2  121 
Sep 16 131 Oct 16 13 1 Nov 10 
Oct 08 134 Nov 10 135 
Nov 10 135 - - 
Tota l  931 m 

(36.7 i n )  

J u l  27 126 Aug 04 135 Aug15 161 
Aug 27 138 Bug 31 154 Sep 23 162 
Sep 23 161 Oct 08 134 Nov 10 135 
Nov 10 135 - Nov 10 135 - - 
Tota l  560 m 558 mm 

(22.0 in . )  (22.0 i n . )  
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Table 4 .  Water application amounts applied using the furrow method 
on the lysimeter . 

Irrigation 
Date 

Irrigation 
Amount 

Mar 24 
Apr 01 
Apr 09 
Apr 29 
May 20 
Jun 12 
Jul 08 
Jul 30 
Aug 19 
Sep 02 
Sep 17 
Sep 23 

Total Water Applied 
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BORDER DIKES 

5 ROW 5 R O W  6 R O W  

I, ~ 6 0 %  SMD - B L A C K  VI = 5 9 3  
12 ~ 8 0 %  SMD-BLUE V2=N565-21 
l3 = I  0 0 %  SMD-GREEN ,V3 =I 1 5 9 1  
14 = I  0 0 %  SMD P L U S  2 WEEKS-RED I 

1,=IOO% SMD P L U S  4 WEEKS-WHITE 
I 

J 

I,=THREE IRRIG. PER YEAR-YELLOW 

I 
? 

HYL I -3,4-DICHLOBOPHENYLETHER 

B=2-DIETHYLAMINOETHYL I-2.4-DICHLOROPHENYLETHER 

is, LOCATION OF 3 6  NEUTRON ACCESS TUBES TO A 300 cm SOIL DEPTH 

I 
F i g u r e  1. P l o t  diagram, i r r i g a t i o n  t r e a t m e n t s ,  c u l t i v a r s ,  and b i o r e g u l a t o r s  

used a t  Mesa, Arizona,  1981. 
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AUG 1981 

NOV I 9 8  1 

M4lN PLOTS 
27 PLANTS 
PER ROW 

BIOREGULATORS 
5 PLANTS PER 

ROW 

8 BEDS- I6 PLANTS ROWS 

FEB 1982 

JUN 1982 

AUG 1982  

NOV 1 9 8 2  

FEB 1 9 8 3  

APR 1983  

JUN I983 

AUG 1 9 8 3  

NOV 1 9 8 3  

FEB 1984  

APR 1 9 8 4  

JUN 1984  

AUG 1 9 8 4  

P--- FINAL HARVEST 
t--: OCT/NOV/DEC 1 9 8 1  

X, O,O, and etc. PLANTS - - -  IRRIGATION FURROWS 

Figure  2.  D e t a i l s  of p l a n t i n g  and p e r i o d i c  h a r v e s t s  a t  Mesa, Ar izona ,  1981. 
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IRRIGATED PLOTS 

- -- - IRRIGATIONS OMITTED 
17,2 I ,  AND 24 A P R k  

0-BEFORE IRRIGATION 

A-AFTER IRRIGATION 

I_l_- n i g ~ - - - ? .  r 7 - l * ~ m e ~ r ' p  wa i -~ r  c o n t e n t s  of t h e  p o t t i n g  media Tear t o t s  of smal l  t r a n s p l a n t s  
-L - 

zon 98 --- --"- - 1 ..-- - i- 
dur ing  cne e ~ ~ ~ U ~ i ~ h ~ ~ ~ ~ ~  peLAv;t a t  .-- s a ,  --- -by 

i 
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8 
Lh 

Figure 4 ,  

IRRIGATED PLOTS 

_---- IRRIGATIONS OMITTED 
1 7.2 I ,  AND 24 APRIL 

B-BEFORE IRRIGATION 

A-AFTER IRRIGATION 

B 

---- --------____ 

Volumetric water content of the soil near the roots of samll transplants during the 
establishment period at Mesa, Arizona, 1981. 
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Figure 

- - -  

IRRIGATED P L O T S  

---- IRRIGATIONS OMITTED 
17.2 1 ,  AND 24 APRIL 

B-BEFORE IRRIGATION 

A-AFTER IRRIGATION 

5 ,  Plant water potential measurements for small transplants during the establishment 
period at Mesa, Arizona, 1981. 
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F i g u r e  6. Average p l a n t  h e i g h t s  f o r  t h r e e  c u l t i v a r s  produced under t h e  11 i r r i g a t i o n  
t rea tment  a t  Mesa, Arizona,  1981. 
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Figu re  8, Average p l a n t  h e i g h t s  f o r  t h e  t h r e e  c u l t i v a r s  produced under t h e  I i r r i g a t i o n  
t rea tment  a t  Mesa, Arizona, 1981. 

3 
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F i g u r e  1 0 .  Average p l a n t  h e i g h t s  f o r  t h e  t h r e e  c u l t i v a r s  produced under  t h e  I5 i r r i g a t i o n  
t r e a t m e n t  a t  Mesa, Ar izona ,  1981. 
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EIGHTS - '1 981 

-. -- -- i-' 
i g u ~  1- -rag>nt - Zghf r I thr ul 16 ' iga  - '1 - -  - 

- 
treatment at Mesa, Arizona, 1981. 
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F i g u r e  1 2 ,  

ATER CONTENTS IN 0-12 

I 
(308 mm) I 

I r r i g a t i o n  w a t e r  a p p l i e d  and average  s o i l  wafe r  c o n t e n t s  f o r  t h e  11 i r r i g a t i o n  t r e a t m e n t  
a t  Mesa, Arizona,  1981. (Seven i r r i g a t i o n s  were a p p l i e d  a f t e r  Jul>7 1 when 74% of  t h e  
a v a i l a b l e  s o i l  w a t e r  was d e p l e t e d  i n  t h e  0-120 cm d e p t h ) .  
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I WATER CONTE I% IN o-$Pf3~rtp 
1 

(dO3mm) 0 - - -.- -.-. - ------- ~ ~ . - - - ~ ~ ~ s a n i s - ~ v a r P ~ ~ t s r p m P F n a r ~ - - r r r a e P = r r - -  --- 
ILTIMG POINT , 

Eigure 13, I r r i g a t i o n  water appl ied  - and average soi,?, ~ t a t e -  con ten t s  f o r  t h e  I:, i r r i g a t i o n  t reh tment___ -- P !LA- 
-- , r , 1 - ( i r o  . r e  l i e  - - t e r  ..y : 2n : - 3f ---- ava - ~ l e  - L., 
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WATER CO I 
I! 

Figure  14.  I r r i g a t i o n  water  app l i ed  and average s o i l  water  con ten t s  f o r  t h e  T i r r i g a t i o n  t rea tment  3 
a t  Mesa, Arizona, 1981. (F ive  i r r i g a t i o n s  were app l i ed  a f t e r  J u l y  1 when 82% of t h e  

- a v a i l a b l e  s o i l  water  was deple ted  i n  t h e  0-120 cm dep th ) .  
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I r r i g a t i o n  water  app l i ed  and average wat f o r  t h e  I4 i r r i g a t i o n  t rea tment  
- - - - r 

" Yes,-- - ' r iz t  12  ( r t i o  &- 

en of . 
a v a i l a b l e  s o i l  water  was dep le t ed  i n  t h e  

Annual Report of the U.S. Water Conservation Laboratory



@FLOOD IRRIGATIOI 

SPRINKLER 200 

I 

WATER CONTENTS IN 9-1 2 

F i g u r e  1 6 .  I r r i g a t i o n  w a t e r  a p p l i e d  and a v e r a g e  w a t e r  c o n t e n t s  f o r  t h e  I i r r i g a t i o a  t r e a t m e n t  5 
a t  Mesa, Arizona,  1981. (Four i r r i g a t i o n s  were a p p l i e d  a f t e r  J u l y  1 when 80% of t h e  
a v a i l a b l e  s o i l  w a t e r  d e p l e t e d  i n  t h e  0-120 cm d e p t h ) ,  
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-X-------"I--- 

0 
\ 

AVG ACTUAL lRRfGAYiO -- - 

Figure  1 7 .  I r r i g a t i o n  water  app l i ed  and average s o i l  water  con ten t s  f o r  t h e  16 i r r i g a t i o n  t r ea tmen t ,  

- & --- - Mesa, Arizona, 1981, (_Three I r r i g a t i o m  WETP a p p l i 4  a f t e r - J u l v - 1  when -29% &-*-he -. k~.- 

il.---- SO-- .$at&, ..as ~ ~ ~ ~ e t e c t  L L ~  t h e  u-12L crll depcn).  - 3 
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% 5  

t t I 1 
10 3 5 20 

VOLUMETRIC WATER 60 

Figure  18 .  S o i l  water  conten t  p r o f i l e s  and est imated p l a n t  r o o t i n g  dkpths  f o r  
s e l e c t e d  d a t e s  wi th  t h e  11 i r r i g a t i o n  t rea tment  a t  Mesa, Arizona, 1981. Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  1 9 ,  S o i l  w a t e r  c o n t e n t  p r o f i l e s  and' e s t i m a t e d  p l a n t  r o o t i n g  d e p t h s  EoT se 
i d a t e s  w i t h  t h e  I2 i r r i g a t i o n  t r e a t m e n t  a t  Mesa, A r i z o n a ,  1981: Annual Report of the U.S. Water Conservation Laboratory



-60 ' BEFORE 
SRRIGATiQ 

I -100 

Figure 20. Soil water content profiles and estimated plant rooting depths for 
selected dates with the I irrigation treatment at Mesa, Arizona, 3.981. 3 Annual Report of the U.S. Water Conservation Laboratory



Figure  21 .  S o i l  water  conten t  p r o f i l e s  a n d  es t imated  p l a n t  r o o t i n g  dep ths  f 
d a t e s  w i t h  t h e  I i r r i g a t i o n  t rea tment  at Mesa,,Arizona, 1981. 4 
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;u-2 22. S o i l  water  conten t  p r o f i l e s  and es t imated  p l a n t  r o o t i n g  depths  f o r  s e l e c t e d  
d a t e s  on the  I i r r i g a t i o n  t rea tment  a t  Mesa, Arizona, 1981. 
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Figure 23. Soil water content profiles and estimated plant rooting depth 
selected dates with the T irrigation treatment at Mesa, Ariz 
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F i g u r e  2 4 ,  Measured s o i l  w a t e r  d e p l e t i o n  f o r  t h e  I i r r i g a t i o n  t r e a t m e n t  a t  Mesa, Arizona,  1981. (Seven P 
Ln i r r i g a t i o n s  were a p p l i e d  a f t e r  J u l y  1 wBen 74. of t h e  a v a i l a b l e  s o i l  w a t e r  was d e p l e t e d  i n  t h e  ..I 

0-120 cm d e p t h ) .  
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F i g u r e  26,  Measured s o i l  w a t e r  d e p l e t i o n  f o r  t h e  I3 i r r i g a t i o n  t r e a t m e n t s  a t  Mesa, Ar izona ,  1981. 
( F i v e  i r r i g a t i o n s  were a p p l i e d  a f t e r  J u l y  1 when 82% o f  t h e  a v a i l a b l e  s o i l  w a t e r  was 
d e p l e t e d  i n  t h e  0-120 cm d e p t h ) .  

#la 
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F i g u r e  27 .  Measured s o i l  w a t e r  d e p l e t i o n  f o r  t h e  I i r r i g a t i o n  t r e a t m e n t  a t  Mesa, Ar izona ,  1981.  
(Four i r r i g a t i o n s  were  a p p l i e d  a f t e r  . J d y  1 when 89% of  t h e  a v a i l a b l e  s o i l  w a t e r  was 
d e p l e t e d  i n  0-120 cm d e p t h ) ,  
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F i g u r e  28. Measured s o i l  w a t e r  d e p l e t i o n  f o r  t h e  I5 i r r i g a t i o n  t r e a t m e n t  a t  Mesa, Ar izona ,  1981. 
(Four i r r i g a t i o n s  were a p p l i e d  a f t e r  J u l y  1 when 80% of t h e  a v a i l a b l e  s o i l  w a t e r  
d e p l e t e d  i n  h  t e  0-120 c m  d e p t h ) .  
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F i g u r e  29. Measured s o i l  wa te r  d e p l e t i o n  f o r  t h e  I i r r i g a e i o n  t r e a t m e n t  a t  Mesa, Arizona,  1981. 
- - 6 

mJ'hrf-----rri - A "ens- ----e ,-' i e d  --'"ex = s - l -  l 807- of the.-apaikdble S ~ i l - w a t g X J J a S  _- P --- -- 
d e ~ l e t e d  i n  t h e  0-120 cm d e p t h ) .  2 . - 
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3 lRRlGATfON TREATMENT 

@ FLOOD IRRIGATION 
@ PRECIPITATIO 

OCT NOV DEC F i g u r e  30. P l a n t - a i r  t empera tu re  d i f f e r e n c e s  v e r s u s  t ime  f o r  t h r e e  c u l t i v a r s  under  t h e  11, X2, 
I3 i r r i g a t i o n  t r e a t m e n t s  a t  Mesa, Ar izona,  1981. 
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Ub t DE Figure 31. Plant-air temperature differences us time for three cul t ivar  13nder t h e  14,  1, 
and 16 irrigation treatments at Mesa, Arizona, 1981. 
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O c r n  S81E D E P T H  

Figure  32. P l o t  diagram, i r r i g a t i o n  t rea tments ,  and cu l t i -va r s  used a t  
Brawley, C a l i f o r n i a ,  1981. 
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7 ' r r g u r e  33, Measured d a i l y  l y s ime te r  E -- - - -- --- - es --- and average - --- weekly - - -  class A pan -- evaporator  --- r a t e s & ~ r a ~ l ~ ~ ,  CA, 1981 7 -- 
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TITLE: THE EVAPOTRANSPIRATION, YIELD, AN1) SOIL-PLAeJT-WATER RELATIONS OF 
GUAYULE 

NRP : 20740 

INTRODUCTION: 

CRXS WORM WIT: 5510-20740-012 

The research  i n  Mesa, AZ, was a cont inua t ion  of t he  i r r i g a t i o n  study 
reported on l a s t  year ,  l e e . ,  four  l e v e l s  of I r r i g a t i o n  wo c u l t  i v a r  s , 
593 and N565-II. The p l a n t s  11 be t h r e e  years  o ld  on 
Plans a r e  t o  harvest  two times f o r  rubber analyses  and 
( c u t  back) the  p l an t s  i n  l a t e  spr ing  t o  permit regrowth. 

PROCEDURE: - 
(1)  A t  Mesa, AZ. During the  year ,  neutron meter measurements 
56 times a t  24 s i t e s ,  a t  8 depths per  s i t e .  I r r i g a t i o n  was s t a r t e d  i n  
l a t e  March f o r  the  we t t e s t  t reatment  and i n  Apr i l  f o r  the  o the r s ,  and 
extended t o  October 

( 2 )  A t  Phoenix, AZ. I n t e n s i v e  measurements of t he  r e l a t i v e  l e a f  water 
content  (RLWC) were made on cvs. 593 and 11591 under i r r i g a t i o n  t rea tments  - 
designated a s  "wet", "medium" and "dry", accompanied by f requent  measure- 
aents  of s o i l  moisture-  These da t a  were taken in conjunct ion  
ments of the  d i f f e r ence  between canopy and a i r  temperature (descr ibed 
elsewhere) made with an i n f r a r e d  thermometer. 

RESULTS : 

(1)  A t  Mesa, AZ. Table 1 and Fig. 1 summarize the da t a .  I n  view of 
guayule 's  a b i l i t y  t o  e x t r a c t  s o i l  water t o  i nc reas ing ly  lower va lues ,  a l l  
four  i r r i g a t i o n  t reatments  were made more s t r e s s f u l ,  r e s u l t i n g  i n  a reduc- 
t i on  i n  t o t a l  number of i r r i g a t i o n s  i n  t he  we t t e s t  t reatment  from 25 t o  
16, f o r  example, corresponding t o  a decrease i n  t o t a l  i r r i g a t i o n  water 
appl ied  from 2289 t o  2119 mm. The o ther  t rea tments  were reduced even 
Inore: No. 4, the d r i e s t  t reatment ,  going from 9 i r r i g a t i o n s  ( a  t o t a l  
ga te r  app l i ca t ion  of 1110 mm) t o  4 i r r i g a t i o n s  t o t a l i n g  only 332 mm. 
Zuayule i n  treatment No. 4 lowered the  s o i l  water content  t o  the extremely 
low va lue  of 01045 by weight. This was considered the newly est imated 
s i l t i n g  point .  

( 2 )  A t  Phoenix, AZ. Data on RLWC of guayule were presented i n  a paper 
3fven a t  the annual meeting of the Guayule Rubber Society,  a t  the  Caravan 
Cnn, Phoenix, AZ., 13-15 October 1981. The a b s t r a c t  from t h a t  paper 
fol lows : 

JATER STRESS I N  GUAYULE AS FEASURED BY RELATIVE LEAF WATER CO 

The r e l a t i v e  leaf  water conten t  (RLWC), def ined a s  the  r a t i o  of the leaf 
ra te r  content  j u s t  a f t e r  c o l l e c t i o n  t o  t h a t  a t  f u l l  tu rgor ,  was a sen- 
: i t i v e  i nd ica to r  of s o i l  water d e f t c i t  i n  experiments a t  Phoenix, 
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RLWC ranged from near 100% in wet soil to ne 
available water in the upper 170 cm of soil 
593 consistently was lowe an that of 11591. 
overnight to an irrigatio 
for several diurnal tests 
hours MST. The measurements 
is accumulated. 

SUMMARY AND CONCLUSIONS: - .- -------- 

The remarkable ability of guayule to extr 
water contents undoubtedly helps it to su 
example, considering the 17 -em soil prof 
site, lowering the estimate wflting poin 
by weight (valld for numerous corn 
of 0,045, increases the a 
weight as the field capac 

BERSONNEL: W. E. Ehrler, D. A. eks , and F. S. Nakayama ! 
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Table 1. Treatment number, percentage of available soil water depletion in 
170 cm of soil before irrigation, number of irrigations, and the 
total amount of water applied [in addition to 146 mm (5 -8  inches) 
of rain] to guayule cultivars 593 and N565-11. 

T r t  . No. X Depletion No. of Irrigations Total Water Applied 

mm Inches 

- ------ --- - 
1 8 0 16 2119 8 3 , 4  

2 8  4 9 957 3 ? , 7  

3 09 6 491 19 * 3 

4 9 2 4  332 13 * 0 
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Figure I. Changes i n  wa te r  con ten t  of t h e  s o i l  p r o f i l e  (0 t o  170 cm) and t h e  
corresponding dec reases  i n  water  a v a i l a b i l i t y  i n  t h e  wettest and 
d r i e s t  of f o u r  i r r i g a t i o n  t rea tments  of guayule (cve*3?565-II) a t  
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TITLE : VOLATT LE COMPONENTS OF THE GUAYIJLE PLANT 

NRP : 20740 CRIS WORK UNIT: 5510-20740-012 

INTRODUCTION: 

World-wide predicted shortfall and economic uncertainties of rubber availabi- 
lity from the hevea plant (Bevea brasiliensis) have renewed interest in using 
alternative natural sources such as the guayule (Parthenium argentaturn), a 
native of arid Northern Mexico and the Southwestern United States. Extensive 
research has begun recently on the agricultural production and industrial pro- 
cessing of guayule rubber and resin by-products- Estimates indicate that 
several million hectares are needed to make the guayule rubber industry a 
viable entity. 

The guayule plant is able to synthesize cis-1,4-polyis~prene~ which has simi- 
lar properties as the hevea rubber polymer (NAS, 1977). Other isoprene- 
related polymers, including a contact allergenic sesquiterpene, have been 
identiFied in the plant parts. (Bonner, et ale 1950; Rodriquez, et al. 1981)- 
The reason for the plant to make isoprene and its polymers is not well 
understood, although theories have been proposed on the mechanfsm of isoprene 
synthesis, probably as a result of photorespiration. 

Studies have shown that isoprene and other hydrocarbons are emitted from a 
variety of plants (Rasmussen, 1970; Zimmerman, 1979), but that air quality 
doesn't seem to be significantly affected by such vegetative emissions 
(Bufalini, 1980). Furthermore, a possible anticarcinogenic role has been 
attributed to isoprene (Blondell, 1981)* Since isoprene products are synthe- 
sized by guayule, similar types of hydrocarbon emissions could occur with this 
plant. Investigations were started to identify the volatile compounds emitted 
by guayule. 

PROCEDURE: 

The atmosphere immediately surrounding the 18month old guayule plant, Variety 
11591, was sampled in the morning of 24 July 1981 using a portable sampling 
device (Zimmerman, 1979b), supplied by Dr. Zimmerman of the National Center 
for Atmospheric Research, Boulder, Colorado- A transparent plastic bag was 
spread over the individual plant approximately 60 cm high and 50 cm in 
diameter and the air circulated within the enclosure for 10 minutes, after 
which gas samples were collected in 2-liter stainless steel evacuated 
containers. Temperatures of the plant, the inner and ambient air, and 
radiation were monitored during the sampling period. Infrared plant tempera- 
ture measurement of adjacent plants showed leaf temperature below the ambient 
air and indicating that the stomates were open and the plants were not under a 
moisture stress. The set of plants used was from a well-watered plot which 
was part of an irrigation experiment at Phoenix, Arizona. 

Background and plant emitted gases were analyzed for the various constituents 
with the gas chromatography/mass spectrometer technique (Zimmerman 1979b), in 
cooperation with Dr. Zimmerman. 
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RESULTS AND DISCUSSIONS: 
! 

Hydrocarbon analyses of the gases collected from two guayule plants are p 2-  

sented in Table I. Isoprene and ten othe isoprene-relate 
identified in the volatile sample. From ata available on 
analysis, the isoprene to a-pinene and 6-pinene relations a 
ween the guayule and other plants* For Turkey oak (Quercus 
23.43, a-pinene = 0,37, and $-pinene = 0,lS mg/g/hr; and E I  
virginiana) isoprene = 9.08, a-pinene = 0,05, and 6-pinene 
(Zimmerman, 1979a). Other data available, where isoprene h 
indicate that isoprene emission is as high if not higher than the other Gydr 
carbon components emitted, so guayule behavior in this reg 
from these other species. Nine of the hydrocarbon compoun 

2 

isoprene and wthycene were identified recently in redwoo I 

semperuivens) by Okamoto et al, 1981. 
r 

Based on historical yiel s of 500 to 800 kg ubber per hecta e ,  the emis4 on 
loss of isoprene-hydrocarbons could play a s gnificant role n total of the 
hydrocarbon synthesis and balance of the gua ule plant- Fur her investif-- 
tions are being conducted to relate hydrocar n emissions for the 
plant in respect to plant age and variety, sture stress, fertil 
time of day, climatic conditions, and resin and rubber production. 

SUMMARY : 

Eleven hydrocarbon compounds including isoprene, the basic rubber unit, d 
isoprene-related hydrocarbons were identified in "ce volatile fraction 01 th 
guayule plant. The isoprene fraction is lower relative to the other hydroca 
bons unlike other plant species. Preliminary measurements and emission r-te 
from guayule indicate that the volat le hydrocarbons could be a signiflcz t 
part of the total hydrocarbon synthesis and balance of the plant. 
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Table 1. Components and emisslon r a t e s  of guayule v o l a t t l e s  

Compound 

Isoprene 

Unident i f ied  

a-thycene 

a-pinene 

Camphene 

B-pineue 

Myrcene 

a-phelladrene 

B-phelladrene 

Sabinene 

Limonene 

Ocimene 

To ta l  Emission Rate of 
Major Components 

To ta l  Emission Rate* 

*This emission r a t e  i s  s l i g h t l y  sma 
major components a lone.  This  i s  due t o  
oxygenated compounds and absorp t ion  o f  some co 
water and/or  on l e a f  su r f aces  during the enc lo  
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TITLE: RUNOFF-FARMING FOR DROUGHT-TOLERANT CROPS I N  ARID ENVIROmENTS 

NRI?: 20760 CRIS Work Unit: 55lO-20760-002 

INTRODUCTION: 
.e -. 

de have seve ra l  runoff farming s t u d i e s  In progress ,  The fol lowing lists 
them chronologica l ly  by year of i n s t a l l a t i o n  and by crop,  an b r i e f l y  sum- 
marizes the  experimental ob j ec t i ves ,  approaches,  and major f i nd ings  t o  
3are.  

JOJOBA: --- - - ( I n i t i a t e d  i n  1973). The primary o b j e c t i v e  was t o  
;he seed y i e l d  of n a t i v e  jojoba p l a n t s  could be increased s 
3upplementing the  l im i t ed  p r e c i p i t a t i o n  with runoff water from small  adja- 
cen t  catchments. A secondary o b j e c t i v e  was t o  t r y  t o  quan t i fy  the  p l a n t v s  
-qacer requirement when grown using runoff farming. 

We se l ec t ed  30 marginal bushes from near t he  dry  l i m i t  of a n a t i v e  s tand .  
There were t h r ee  water l e v e l s  of 10 bushes each: c o n t r o l  bushes which 
*eceived only p r e c i p i t a t i o n ,  and two higher  water l e v e l s  i n  which t h e  pre- 

A p t t a t i o n  was supplemented with runoff from two types of t r e a t e d  catch- 
ments (Ehr l e r  and Fink, 1978). 

'he major f ind ing  of: the  s tudy was t h a t  jojoba needs consBderably more 
water t o  produce a s u b s t a n t i a l  crop then prev ious ly  supposed. The average 
-mount of water suppl ied t o  the  p l a n t s  i n  our s tudy  during the  seven year 
e r i o d  from October 1973 through September 1980 was 1.0, 3,3,  and 5,7 f e e t  

r e spec t tve ly  f o r  the  t h r ee  t rea tments .  The e x t r a  water suppl ied by t h e  
h ighes t  l e v e l  runoff t reatment  spurred both p l an t  growth and seed y i e ld :  

50 and 350 percent  i nc reases  r e s p e c t i v e l y  over c o n t r o l s  by t h e  f i f t h  
* e a r .  

- i t t l e  o r  no increase  i n  growth over c o n t r o l s  occurred f o r  p l a n t s  
ece iv ing  the  in te rmedia te  water l e v e l ;  t h i s  suggests  t h a t  a threshold 

water requirement e x i s t s  s epa ra t i ng  mere su rv iva l  from s i g n i f i c a n t  growth 
a ncl y i e l d .  

d e a r l y ,  the  o f t  touted f ive- inch water requirement f o r  jojoba probably i s  
i n s u f f i c i e n t  even f o r  p lan t  s u r v i v a l .  Under such a r i d  cond i t i ons  the  - 

Lant can only surv ive  i n  washes which occas iona l ly  r ece ive  n a t u r a l  runoff 
3 t e r .  

"\is discovery t h a t  jojoba, l i k e  common mesophytes, r e q u i r e s  ample quan- 
i t i e s  of water t o  produce an ample crop,  may extend t o  o t h e r  d e s e r t  

p l a n t s  c u r r e n t l y  being considered f o r  cropping i n  a r i d  and semiar id  clima- 
t i c  regions.  

-:her f i nd ings  from our jojoba s tudy were l e s s  encouraging f o r  the  use of 
runoff farming f o r  t h i s  crop. The e x t r a  water harvested from the  

tmmer/fafl r a i n s  would u s u a l l y  t r i g g e r  a l a t e  season v e g e t a t i v e  f l u s h ,  
t td seemed t o  has ten  onse t  of sp r ing  f lowering.  Both phys io logica l  
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responses increased the  p l a n t f s  v u l n e r a b i l i t y  t o  f r o s t  damage. Spring 
f r o s t s  destroyed the  flowers and developi  f r u i t s  of t he  runoff-farmed 
p l an t s  t h ree  years  out o f  t he  f i r s t  s i x *  e s p e c i a l l y  sharp  f r eeze  i n  - 
1979 destroyed most of the unhar e previous f a l l ' s  
f l u sh .  Several  of the  runoff-fa 
t he  crown. Contrarywise, cont ro  i 

There a r e  claims t h a t  the  a n t  has no s e r  Our r e s u l t s  
i 

r e f u t e  t h i s  claim. Grass pers  severe ly  i- 

e r ,  has  been j 
feeds on, burrows i n t o ,  and des t roys  the  newly de 
experienced s i g n i f i c a n t  l o s s e s  s eve ra l  years .  Th 
the  vigorous f r u i t i n g  bo i e s  of t he  runoff-farme 
these ,  some bushes a r e  m r e  vu lnerable  t o  a t t a c k  
t h e r e  was e s s e n t i a l l y  no flowering nor f r u i t  s e t  on the  bushes throughout 

I 
the  Usery Pass a r e a  because of ous year*  The f e  i 

runoff-farmed p l a n t s ,  however, ! 
a d u l t s  of the  boring la rvae  des 
p l a n t s  t o  l a y  t h e i r  eggs. The crop was decimated. Several  entomologists 
a r e  at tempting t o  i d e n t i f y  t he  ensect .  I 

I n  s p i t e  of these  se tbacks ,  runoff farming f o r  jojoba s t i l l  has much 
p o t e n t i a l ,  It should work i n  klediterranean c l imates ,  a s  In  southern 
Ca l i fo rn i a  and northwestern Mexico, where mos 
i n  win ter ,  and the  summer/fall season is extrem 
p a t t e r n  should prevent Pate season second f lu shes  of growth, should al low i' 
the  p l an t s  t o  harden aga ins t  both drought and f r o s t ,  and should he lp  delay! 
flowering beyond most spr ing  f reezes .  

Runoff farming should s t i l l  be p r a c t i c a l  f o r  jojoba fn  Arizona and o the r  
s fmi l a r  l oca t ions  which recefve both winter  and summer p r e c i p i t a t i o n ,  pro- 
vided e i t h e r  t h a t  t he  summer runoff i s  d iver ted  away from the p l a n t s  o r  is  
quickly exhausted from s o i l  s torage  by in te rcropping  the  jojoba with a 
short-season f a l l  annual.  1 

The f igu res  l t s t e d  e a r l i e r  regarding the  amount of water suppl ied t o  the  i 
runoff-farmed jojoba bushes i n  t h i s  s tudy cannot be ex t r apo la t e  
t o  convent ional ly i r r i g a t e d  p l an ta t ions .  One reason i s  t h a t  the  runoff 
water from the catchments was concentrated wi th in  a small  4m2 growing 
a r e a ,  not over an a rea  comparable t o  r e g u l a r l y  spaced p l an ta t ion  p l an t s .  A! 
second reason is t h a t  convent ional  i r r i g a t i o n s  probably would be con- 1 

cen t ra ted  during l a t e  win ter / spr ing  t o  co inc lde  wi th  f 1 
development, then d r a s t i c a l l y  reduced during the  summer 
the con t r ibu t ion  from the  summer/fall r a i n s  i n  our s tud  
be subt rac ted  from the  a c t u a l  water needs of t he  
t h a t  many of the small  r a i n s  probably do not bene 
water is  l a r g e  y l o s t  by d i r e c t  sur face  evaporat ion.  S 
c o n s t i t u t e  a s g n l f l c a n t  por t ion  of a yea 
four th  reason s t h a t  excessive amoun 
seep beyond the p l a n t P s  roo t  zone and be l o s t .  

I 
I 
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Clea r ly ,  more research  is needed on the use of runoff farming f o r  growing 
jojoba. This  drought t o l e r a n t  d e s e r t  p l an t  s t i l l  ho lds  much promise f o r  
cropping new and abandoned Farm land where i r  i g a t i o n  water is  unavail-  
ab l e ,  too expensive, o r  of i n f e r i o r  q a a l i t y ;  where the  only o r  primary 
source  of water is t h a t  supp l i ab l e  by runoff farming. 

Christmas -. Trees a t  Gran i t e  --- Reef: ( I n i t i a t e d  

The ob jec t ive  was t o  determine i f  a high value c rop ,  Christmas t r e e s ,  
=auld be grown successFul ly  i n  an a r i d  c l imate  using only  runoff Earnling 
t o  supply t h e  needed supplemental water .  

Ind iv idua l  20m2 water-harvestEng catchments Eor su 
ga te r  t o  ind iv idua l  4m2 growing a r ea s  were buZPt, 
a r e a s  were planted with Quetta pine seed l fngs .  This  t r e e  is acclaimed to  
3e drought t o l e r a n t  and f a s t  growing, and t o  make b e a u t i f u l  Christmas 
t r e e s .  

Resu l t s  from t h l s  s tudy have been discouragLngo Af te r  almost four  years  
,nly 11 l i v e  t r e e s  of the o r i g i n a l  25 remain; and those which remafn a r e  
dare ly  surviving, The t a l l e s t  t r e e s  a r e  stElli l e s s  than t h r e e  f e e t  t a l l  
which i s  f a r  s h o r t  of t he  th ree- fee t  o r  more of a n t i c i p a t e  
rear.  We can only specu la t e  on reasons.  There should hav 
r a t e r ,  e s p e c i a l l y  f o r  those t ees r ece iv ing  the  i ghes t  water l e v e l  
(es t imated  to  average 5.5 ft/yr, but ranged from 9 , l  to 3.0 f t / y r  during 
?he four  yea r s ) .  

the s o i l ,  however, has  a low water holding capac i ty .  Undoubtedly, much of 
t h e  runoff water ( e s p e c i a l l y  from l a r g e r  storms) was l o s t  below the  t r e e ' s  
mot zone. Root development has  been slow, pos s tb ly  because of a l ack  of 
i microbia l  populat ion on t h i s  r e c e n t l y  introduced e x o t i c ,  o r  poss ib ly  
because of high s o i l  temperatures-  

Lulching o r  i nocu la t i on  with mycorrhizae may be b e n e f i c i a l .  Ce r t a in ly ,  
b e t t e r  adapted spec ies  e x i s t  which would grow and prosper  a t  t h i s  harsh 

, q i t e  using the  water suppl ied by runoff farming. 

~ i o r t i c u l t u r a l  Crops a t  Usery Pass:  ( I n i t i a t e d  i n  1978).  

he o b j e c t i v e  of the  s tudy was t o  sc reen  a number of h o r t i c u l t u r a l  crops 
o r  runoEf farming f o r  f u t u r e  in-depth s t u d i e s .  I nd iv idua l  20m2 catch- 

ments were b u i l t  t o  supply water t o  4m2 growing a r e a s  f o r  each p l an t .  The 
o l l  a t  TJsery Pass is even drought ie r  than t h a t  a t  Grani te  Reef,  ye t  a 
umber of p l a n t s  were e s t a b l i s h e d  and have managed t o  su rv ive  and grow: 

almonds, grapes,  a pomegranate, a jujube,  a f i g  and a p i s t a c h i o .  Those 
which d5d not surv ive  were an a p r i c o t ,  a peach, an o l i v e ,  one spec i e s  of 

r ape ,  and one of the two p i s t ach ios .  A f i g  apparen t ly  was k%Pled by f r o s t  
,he f i r s t  winter .  The grapes have yielded two small  crops and seve ra l  of 
t he  o the r  spec i e s  should be y i e ld ing  soon. 
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Christmas Trees  a t  Camp Verde: ( I n i t i a t e d  1979). ------ 

A s  a t  Grani te  Reef,  t h e  o b j e c t i v e  was t o  use runoff  farmin to  produce a 
va luable  crop - Chr i s t  s t r e e s .  We an 
Verde than a t  Grani te  e f  because the 
annual ly ,  r e s p e c t  

We e s t ab l i shed  two runoff t reatment  (one each on two s i t e  
l e v e l s  a t  each s i t e ,  an 
combination. The runof 
on sand; the  pro jec ted  t imes the  12-inch 
average p r e c i p i t a t i o n ;  t he  izona cypress  and Quetta p ine ,  

W e  harvested 120 of t he  o r i g i n a l  300 
a t t a i n e d  market 
cypress  on the  
were of marketa 
l o c a t i o n s  wi th in  t he  r 
l i s t s  the  number of ma 
spec ies .  

I f  the  remaining t r e e s  cont inue t h e i r  rap% 
ves t ab l e  i n  1982- However, much research  f 
t rea tments  must be improved. T I 

enough t o  l a s t  t e n  r a t h e r  than 
years .  Otherwise t he  harvested water w i l l  expensive. Clay which i washes o f f  t he  s a l t  t reatment  s e a l s  the  su r f ace  of t h e  runon cropped a r e a , ,  
Water i n f i l t r a t l o n  on the  cropped a r ea  must be increased  and c l ay  
t r a n s p o r t  o f f  t h e  catchment a r e a  must be decrea  e t t a  p ines  have 
done poorly on the  sand s i t e  (high m o r t a l i t y  an r a t e ) ,  j u s t  a s  
a t  Grani te  Reef, Reasons and s o l u t i o n s  a r e  nee 
t h i s  pine has ready consumer accep ance a s  a Christmas t r e e .  Information 
a l s o  is needed on o t h e r  s tandard c u l t u r a l  p r a c t i c e s  when the  t r e e s  a r e  
grown using runoff farming: pes t  c o n t r o l ,  f e r t i l i z a t i o n ,  shear ing  and 1 
stump c u l t u r i n g .  

Conifers  a t  3-Bar: ( I n i t i a t e  

The ob jec t ive  of t h i s  runoff-farming s tudy was t o  e s t a b l i s h  c o n i f e r s  on a 
s i t e  t h a t  had prev ious ly  been converted from chapa r r a l  o g ra s s .  Con i f e r s '  
should have g r e a t e r  economic p o t e n t i a l  than chapa r r a l ,  and uld provide 
an e s t h e t i c a l l y  p leas ing  mosaic. Such s c a t t e r e d  growth of t r e e s  would 
a l s o  be of b e n e f i t  t o  w i l d l i f e *  

I 

I 

The r e p l i c a t e d  experiment had two water l e v e l s :  c o n t r o l s  
p r e c i p i t a t i o n  (es t imated  e 20 inches pe 
runoff from a r e p e l l e n t -  
Arizona cypress  and Quet 
inconclusive.  
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Christmas T r e e s , a t  Camp Verde: ( T n l t i a t e d  i n  1981).  
ee+-.--- 

The o b j e c t i v e  of t h i s  runoff-farming s tudy was t o  eva lua t e  a d r i p  i r r i g a -  
t i o n  system f o r  e s t a b l i s h i n g  the  t r e e s *  A s  with t he  o the r  experiment a t  
Camp Verde, t he re  a r e  two t r e e  spec i e s  (Quetta pine and Arizona cypress )  
and th ree  water l e v e l s  ( 2 ,  3 ,  and 4 t imes t he  normal 12 inches  of 
p r e c i p i t a t i o n ) .  There w i l l  be only one runoff t reatment  (wax) which w i l l  
be appl ied  i n  1982. 

The s tudy w i l l  be extended i n  1982 t o  use the  d r i p  system t o  supplement 
t he  runoff water during the  sprlng/summer r a i n l e s s  per iod which usua l ly  
extends from March t o  Ju ly .  Tree growth parameters w i l l  be compared t o  
those obtafned i n  t he  e a r l i e r  s t u  y i n  which the  t r e e s  received only 
runoff water plus  t h e  p r e c t p i t a t i o n .  

We have s i x  runoff farming experiments i n  var ious  s t a g e s  of progress:  one 
with jojoba,  one with h o r t i c u l t u r a l  crops,  and four  wi th  c o n i f e r s  ( t h r e e  
f o r  production of Christmas t r e e s  and one f o r  upgrading chapa r r a l ) .  I n  
f i v e  of these ,  the  supplemental water is  suppl led  only by concent ra t ing  
and d i r e c t i n g  the  l o c a l  p r e c i p i t a t i o n  from adjacent  runoff catchment a r e a s  
t o  the growing a rea .  I n  one experiment,  a d r i p  i r r i g a t i o n  system was 
i n s t a l l e d  t o  a i d  i n  the  es tab l i shment  of t he  Christmas t r e e s ,  and t o  pro- 
v ide  a small  amount of i r r i g a t i o n  water during the  c r i t i c a l  spring/summer 
per iod when r a i n f a l l  is minimal and growth condi t ions  a r e  opt imal* 

The major f ind ing  to-date have been: (1)  jojoba r e q u i r e s  cons iderab ly  more 
water t o  grow and produce than published e s t ima te s  have claimed. Probably 
nost xerophyt ic  d e s e r t  p l a n t s  c u r r e n t l y  being considered f o r  cropping 
r equ i r e  cons iderab le  amounts of water t o  produce a s u b s t a n t i a l  crop. I f  
t h i s  i s  so ,  they w i l l  be poor candida tes  f o r  convent ional  i r r i g a t e d  
i g r i c u l t u r e ;  i f  they don ' t  save water  these  p l a n t s  w i l l  have no advantage 
w e r  proven, high-producing, convent ia l  mesophytic p l an t s .  However, t he  

a b i l i t y  of d e s e r t  p l a n t s  t o  withstand severe  and prolonged drought does 
l a k e  them prime candida tes  f o r  runoff farming. Furthermore, information 
rn t he  water needs of t he se  new crops obtained us ing  conventkonal Prriga- 
c ion probably w i l l  not  apply t o  runoff farming s i t u a t i o n s ,  and v i c e  versa .  

le harvested more than one-third of t he  runoff-farmed Christmas t r e e s  a t  
:amp Verde a f t e r  only t h r e e  growing seasons.  A 1 1  of t h e  7 5  Arizona 

cypress  on the  wax-treated sand s i t e  were c u t  s i n c e  a l l  but a few c u l l s  
{ere  of marketable s i z e .  Most of t he  remaining 45 marketable  cypress  and 
u e t t a  pine came from the  s a l t - t r e a t e d  c l ay  s i t e *  For some unknown 

reasons the  Que t t a  pines  on the sand s i t e  have done poorly* Most of t he  
remaining t r e e s  on the c l a y  s i t e  and some of t he  Que t t a  p ines  on the  sand 

i t e  should be harves tab le  i n  1982, a f t e r  four  growing seasons.  By 
h om par is on, nor thern  grown Christmas t r e e s  commonly r e q u i r e  seven t o  t en  
yea r s  o r  more t o  a t t a i n  marketable s i z e .  Mopefully, by corn 

arming with stump c u l t u r i n g  ( leav ing  a Power branch when the  t r e e  is  har- 
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vested to produce another and subsequent trees) we can produce three or 
four marketable trees in that tLme. 

REFERENCE: 

Ehrler, W. L, and D. H. Pink. 3.978. Yield improvement O F  jojoba by 
runoff farming, Proc. 3rd Intern* Conf. on Jojoba, Univs Calif., 
Riverside, Calif* D. M. Permanos, ed. p361-373. 

ayne H. Fink and Wflliam E. Ehrler  
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Table  l* P l a n t  c o n d i t i o n  r a t i n g s  f o r  Que t ta ,  c l a y  and sandy s i t e s ,  Camp 
Verde, Arizona,  1979, 

Q u e t t a ,  sandy s i t e :  March 1979 p l a n t i n g  

P l a n t  Number 

Q u e t t a ,  c l a y  site: Marc 

ge:  0 t o  5; 0 = dead; 5 = goo y replacement ;  
c = cut-off 
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TITLE: DEVELOPMENT OF REMOTE SENSING TECHNIQUES PO 
MANAGEMENT AND CROP YIELD PREDICTION 

NRP : IT :  5510-20960-003 

INTRODUCTION: 

Five papers were e c rop  water stress 
index (CWSL), Th s t r e s s  can be quan- 
t iE i ed  on a v a r i e  how s o i l  moisture  can be 
i n f e r r e d  from a m r a t u r e  and the  l a s t  
t h e  r e l a t i o n s h i p  and p l an t  water p o t e n t i a  

I canopy a r c h i t e c t u r  r a d i a t i o n  a r e  c r ibed  i n  two 
manuscripts* Anot d e t a i l s  t he  problems of i p r e t i n g  r e f l e c -  
t ance  measurements from space sensors  through cPea atmospheres. 
Also, dew and atmospheric vap i n  a manuscript a s  
complicat ing f a c t o r s  i n  I n t e r  m crops.  The use of 
thermal and r e f l e c t e d  r a d i a t i  r ibe p l a n t  growth and stress 
i s  the  sub jec t  of another  manuscript,  A c r i p t i o n  on the  use of por- 
t a b l e  c a l i b r a t i o n  sources  f o r  i n f r a r e d  t h  

CROP WATER STRESS INDEX: -- 
1. Jackson, R. D. Canopy temperature an ter s t r e s s .  Advances I n  

I r r i g a t i o n ,  Academic P re s s  ( ed i t ed  by B, 1, H i l l e l ) ,  I n  p re s s .  

The use of p lan t  temperature t o  i n f e r  water s t r e s s  f s  reviewed. Ea r ly  
research  ind ica ted  t h a t  l e a f  temperatures  were gene ra l l y  warmer than the  a i r  
and were not r e l a t e d  t o  t r a n s p i r a t i o n .  La t e r  research  showed t h a t  p lan t  t e m -  
pe ra tu re s  could be a s  much a s  12°C below a i r  temperature ,  depending upon the  
vapor p re s su re  and temperature of t he  a i r  and water a v a i l a b i l i t y .  A t h e o r e t i -  

I c a l  d e r i v a t i o n  of a crop water s t r e s s  index from energy balance cons ide ra t t ons  
i s  given. The t h e o r e t i c a l  development resolved the  apparent  c o n f l i c t  between 
t h e  e a r l y  and more r ecen t  work, Theory and experiment have shown t h a t  crop 
canopy temperatures ,  a s  measured with i n f r a r e d  thermometers, can be used t o  
quan t i fy  crop water s t r e s s ,  and t h e r e f o r e  a r e  a u se fu l  t o o l  f o r  the  t iming of 
i r r i g a t i o n s .  

2 .  Idso ,  S. B- Fo l iage-a i r  temperature d i f f e r e n t i a l :  A key t o  measuri6g 
and i n t e r p r e t i n g  plane water s t r e s s *  (To be submit ted) .  

A p lan t  water s t r e s s  index has r e c e n t l y  been developed which employs a 
rad iomet r ic  measurement of f o l i a g e  temperature and a psychometric measurement 
of  the  vapor pressure  d e f i c i t  of t he  a i r .  To u t i l i z e  t he  index,  i t  is  
necessary  t o  know the  r e l a t i o n s h i p  t h a t  e x i s t s  between fo l i age -a f r  temperature  
l i f f e r e n t i a l  and a i r  vapor pressure  d e f i c i t  f o r  the  p l a n t  i n  ques t ion  
is w e l l  watered and t r a n s p i  ing  a t  ehe p o t e n t i a l  r a t e ,  This  information is 
provided f o r  26 d i f f e r e n t  s e c i e s  f o r  clear sky For six of  these 
d a n t s  , including an aqua t i  spec i e s ,  such in fo  s o  included f o r  
zloudy o r  shaded cond i t i ons ;  and two g r a i n  crop e r e s u l t s  f o r  both pre- 
heading and post-heading growth s t ages .  
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i 
3 .  P i n t e r ,  P. J.,  Jr. Remote sensing of mic roc l ima t i .~  s t r e s s .  Book 

Pes t  Management, Academi c  
Press .  l 7 K m  S rofogy i n  In t eg ra t ed  Pest  - I 

Management, '' 
Thompson (eds 

The r o l e  of remote sensing i n  t he  t imely d e t e c t i o n  of b i o l o g i c a l  and physic/ 1 
p lan t  s t r e s s e s  is  d iscussed .  Prima sis i s  placed on the  r e f l e c t e d  
s o l a r  and emit ted thermal re rum where c e r t a i n  me teo ro l0g2~a l  
events  such a s  r a i n f a l l ,  t p a t t e r n s  can be 
with remote sens ing  t e c h  a t i o n  can be use 
p l an t ing  opera t ions  and avoid f r e e z  t o  c rops .  Along these  l i n e s ,  da ta  
a r e  presented which show t h a t  t he  dens i ty  of dew on a  wheat anopy i s  l i n e 4  ly 
c o r r e l a t e d  with a  r edue t io  e c t r a l  vege t a t i on  i n  ex commonly us d 
t o  monitor green p 

i 

Other p l an t  s t r e s s e s ,  such as w i n t e r k i l l ,  d i s e a s e  and drought ,  can be infed nd 
from ind i r ece  remote sens in  approaches WIIE 
p lan t  v igor .  For example, b se rva t ions  of 
a l f a l f a  crops show t h a t  multPs e c t r a l  r e f l e c t e d  s a t a  a r e  c o r r e l a t e d  t k  
r a t e s  of canopy development an 
water s t a t u s .  The thermal in f  
t he  r a t e s  of evapo t r ansp i r a t i on  and a s  such provides  an 
impending water s t r e s s  and c e r t a i n  sof 
i n s t ances ,  an i n t e g r a t e d  remote s ens in  
f e r e n t  reg ions  of t h e  spectrum f o r  s p e c i f i c  purposes may be requi red  t o  idy--- 
t i f y  a  t a r g e t  o r  s epa ra t e  an agronomic parameter from a p a r t i c u l a r  p l an t  1 
s t r e s s .  

4 .  Jackson, R. D. S o i l  moisture  in fe rences  from thermal i n f r a r e d  measure" 
merits of vege t a t i on  temperatures* Digest of t h e  1981 I n t e r n a t i o n a l  
Geoscience and Remote Sensing Symposium. (In pres s ) .  

Remote sensing methods f o r  t he  es t imat fon  of s o i l  mois ture  y i e ld  d i r e c t  i n /  r- 
mation only f o r  t he  topmost l a y e r s  of s o i l .  Ref lec ted  s o l a r ,  thermal 
i n f r a r e d ,  and microwave techniques a r e  s e n s i t i v e  t o  t he  su r f ace  sk in ,  
su r f ace  t o  about 5 cm, and from t h e  su r f ace  t o  about 10 em, r e  
When the  growth of vege t a t i on  is of major i n t e r e s t ,  s o i l  moist  
i n f e r r ed  a t  l e a s t  t o  t h e  depth of roo t ing  of t h e  p l a n t s .  Since remot 
measurement of s o i l  mois ture  is depth l i m i t e d ,  it has  been suggested t h a t  
p lan t  measurements, s p e c i f i c a l l y  p l an t  temperatures ,  may y i e l d  i n f o m a t l o n  
about s o i l  moisture  wi th in  the  roo t  zone, To examine t h i s  p o s s i b i l i t y ,  t h r e e  
p l o t s  of wheat, i n i t i a l l y  t r e a  ed s imi- lar ly ,  and l a t e r  i r r i  
were monitored f o r  vege t a t i on  emperature (by i n f r a r e d  t h e r  
s o i l  water conten t  ( t h r i c e  wee ly neutron moisture  meter measurements). 
Vegetat ion temperatures  were conv ted  t o  a crop water st 
The CWSI was found t o  be a  non-un ue fune t fon  of e x t r a c t  e water .  The , m- 
uniqueness was probably caused by n a b i l l t y  t o  adequately ecefy  t he  r o o t  
zone and by t h e  f a c t  t h a t  plan 
t h i s  experiment) a f t e r  being s 
t r a n s p i r a t i o n  proceeds. 
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5. Reg ina to ,  R. J. 1 e sens ing  t echn ique  f o r  a  
Proc.  40th  Annual C onal  Peach Co n c i l ,  p. 1.29-138. 

P l a n t  s t r e s s  can be 
parameter .  Recent r 
which must be accoun 
a i r  t empera tu re  and 
d e f i c i t ) .  With 
loped t h a t  quan 
a t  maximum stress. 
t a b l e  s o d l  wa te r*  D ween t h e  CNSI and 
t h e  amount of e x t r a c  
t h i s  n a t u r e  can be used t o  a i d  
f o r  an I r r i g a t i o n .  

6 .  P i n c e r ,  P. J,, J r .  
water s t r e s s *  I n :  
eonserva t  i o n  ~l<L'he 
1981. 

Stepwise ,  m u l t i p l e  lLnea r e s s i o n  a n a l y s i s  e s  
s t r e s s  index (CWSI) 
t empera tu res ,  and va 
v a r i a b l e  i n  p r e d i c t i n g  t h e  xylem p r e s s u r e  po ten t  f c o t t o n  l e a v e s .  
t h e  CMSI was combined w i t h  t h e  age of elre c r o p  a e e v a p o r a t i v e  demand of 
t h e  atmosphere,  i t  was used t o  p r e d i c t  t h e  water  n t i a l  of c o t t o n  on a  
r e g u l a r  b a s i s  throughout t h e  e n t i  e growing season.  T h i s  pe rmi t t ed  day by day 
moni tor ing of c o t t o n  p l a n t  water  s t a t u s  which could  f a c i l i t a t e  t h e  i r r i g a t i o n  
d e c i s i o n  making p r o g r e s s  wi thout  r e s o r t i n g  t o  t e d i o u s  p h y s i o l o g i c a l  p l a n t  
measurements. 

CANOPY GEOMETRY: 

7. Jackson,  Re De I n t e r a c t l o a s  between canopy geometry and thermal  
i n f r a r e d  measurements- Proc.  of t h e  I n t e r n *  Colloqu$um on S p e c t r a l  
S i g n a t u r e s  of Objec t s  i n  Remote Sensing,  Avignon, Prance,  Sept . , P%P, 
( I n  p r e s s ) .  

Remotely sensed t empera tu res  of vege ta ted  s u r f a c e s  a r e  n o t  o n l y  i n f l u e n c e d  by 
t h e  a e r i a l  and s o i l  environment of t h e  p l a n t s ,  bu t  a l s o  by t h e  geometry o f  t h e  
canopy. For canopies  wi th  incomplete  ground coverage,  s u n l i t  s o i l  w i l l  a f f e c t  
t h e  measured composite t empera tu re  d l r e c t l y  by being much warmer than p l a n t s ,  
and i n d i r e c t l y  by warming t h e  lower l a y e r s  of p l a n t s .  A s e r i o u s  problem i s  
t h a t  oE e x t r a c t i n g  p l a n t  t empera tu res  from t h e  composjlte t empera tu res .  A f t e r  
p l a n t s  reach a  c e r t a i n  h e i g h t  canopy tempera tu res  can u s u a l l y  be measured i f  a  
radiometer  i s  he ld  a t  an  ang e  of about 30 degrees  f z o n t a l .  A f a r  
more complicated measurement is  t h a t  from an a i r c r a f  t h e  amount of 
v e g e t a t i o n  seen by a scanning r a  
i n c r e a s e s  a s  t h e  view a n g l e  ine r  
azimuth a n g l e s ,  s o i l  and p l a n t  e m % s s i v l t i e s ,  an  
must be accounted f o r *  T h i s  review covers  some of t 
r a d i o m e t r i c  measurement of canopy tempera tu res .  
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We e v a l u a t e d  t h e  e f f e c t  r e  on s p e c t r a l  r e f l e c t a n c e  
_ by comparing s o i l  and a1 s w i t h  r e f l e c t a n c e s .  

I Although the  hemispher ic  s n o t  measurably  a f f e c t e d  by 
t h e  a tmospher ic  m o i s t a r e  c o n t e n t  y s c r e e n  l e v e l  psychrometr ic  
measurements) ,  t h e  i r r a d l a n c e  i n  c e n t  wi th  a 1.5 kPa 
i n c r e a s e  i n  vapor p e s s u r e .  Such important  i m p l i c a t i o n s  f o r  
hand-held radiometr  where t h e  r a  as opposed t o  r e f l e c t a n c e ,  
i n  t h e  near-ZR t o  v i s i b l e  1s c u t  t o  normal iz ing  t h e  day-to- 
day variability caused u n t s ,  They z l s o  have 
a b e a r i n g  on t h e  i n t e r p  t d a t a  2mmediately 
fo l lowing  a r a i n s t o r m w  

CROP REFLECTANCE -- 
I 

11. Jackson ,  Re D. 
wheat by measu 
r a d i a t i o n .  $roc.  of the I n t e r n a t i o n a l  C oquiurn on S p e c t r a  
S i g n a t u r e s  of Objec t s  i n  emote Sens ing ,  ignon, F rance ,  Sep t .  
1981, ( I n  p r e s s ) .  

' h e  t i m e l y  d e t e c t i o n  of t h e  o n s e t  a g r e e  of water  s t r e s s  i n  c r o p s  i s  
e s s e n t i a l  f o r  proper  l r r i g a t t o n  man n t .  A r e c e n t l y  proposed c rop  wate r  
; t r e s s  index (QJSZ) based on canopy f o r  a s s e s s i n g  
ra te r  s t r e s s .  To d a t e ,  however, a een  the  CWSI and 

s t r e s s  h a s  no t  been ach ieved ,  Me u e rad iomete r  t o  
~ o n i t o r  g reen  biomass i n  four  wheat p l o t s  and thus  determined,  by i n f e r e n c e ,  

he  h i s t o r y  of water  s t r e s s  i n  wheat p l o t s .  We noted t h e  v a l u e s  of t h e  CWSI 
a t  t imes  when the  r e f l e c t a n c e  measurements d i c a t e d  a slowdown i n  growth r a t e  
o f  wheat. Thus " c a l i b r a t e d , "  t h e  used t o  p r e d i c t  when t o  i r r i g a t e  

nd how much s t r e s s  t h e  c r o p  had exper ienced b e f o r e  L r r i g a t t o n .  

12. Temperature S t a b i l i z a t T o n  of I n f r a r e  Thermometer Ca i b r a t i o n  Sources .  

5 t h  i n c r e a s e d  use  of hand-held i n f r a r e d  thermometers (IRT) t h e  q u e s t i o n  a r i -  
s e s  a t  what r a t e  p o r t a b l e  f i e l d  c a P i  r a t i o n  s o u r c e s  become s t a b i l i z e d  w i t h  
ambient temperature .  Th i s  experiment d u p l i c a t e s  t h e  t r a n s f e r  of a c a l i b r a t i o n  

m r c e  from an i n t e r i o r  working area (26-28°C) t o  a t y p i c a l  summer f i e l d  
i n  SW United S t a t e s  (38-40°C). I n  p r a c t i c e  i t  h a s  been found t h a t  

t h e  IRT should be acc l imated  about one-half hour p r i o r  t o  use .  

?e IRT, an Everes t  Model. 110 SIN 10114 was placed i n  a c o n s t a n t  t empera tu re  
room i n  excess  of 24 hours  a t  an average t empera tu re  of 39.5'6. Ze had been 

~ e v i o u s l y  c a l i b r a t e d  a t  ambient t empera tu res  of 2.S°C, 2 8 O C ,  and 40'6 w i t h  an 
d e p e n d e n t  source  t empera tu re  range of -23.S°C t o  70.0°G w i t h  an accuracy  of 

%l.l°C+ Two p o r t a b l e  c a l i b r a t i o n  s o u r c e s  had been s t a b i l i z e d  I n  a room a t  
26.2'C. The sources  were E v e r e s t  Model IOOO/C w i t h  S/N LOO having a t a r g e t  6 

1 t h i c k  and S/N 101, 15,5  mnr t h i c k ,  bo th  87 mm i n  d iamete r  wi th  c o n c e n t r i c  
,.:oove dep ths  ex tend ing  a lmost  the  thickness of t h e  t a r g e t ,  Targe t  tem- 
p e r a t u r e s  were sensed a t  t e c e n t e r  of  t h e  t a r g e t  w i t h  a p r  

td were d i sp layed  w i t h  an  LCD,  
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for most purposes. 

SUMMARY : -- 
I 

A crop water stres 
tions in the Unlte 
water stress e 
demonstrates t 
variety of env 
quantifying cr 
predicting cro 

A turbid atmosp 
ween stressed a 
derived spectral 
loping relat ionsh 
parameters- The 
sensor on a sate1 
results show that 
tation of satellite parameters, 

The applicability of port sources for field use WE 

demonstrated. It was sho lable unit was entfrely 
satisfactory for routine use ev 
taneous temperature change of 14 C, 

R e  J. Reginato, R. D. Jackson, S. 
M. Ma Pahska, R. S .  Seay, J, 
L. Moore. 
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Figure 7 ,  Response of.portable infrared calibration source an 
ambint temperature change. Annual Report of the U.S. Water Conservation Laboratory



TITLE: CALLRRATZON OF SOIL S  CE N'EUTRON MOIST 

INTRODUCTION: -- 
Accura te  in format ion  on the  s o i l  water  c o n t e n t  of bo th  t h e  s u r f a c e  and 
deeper  l a y e r s  is tnd i spensab  e  water  management i n  c r o p  
p roduc t ion .  The up cm s o i l  Layer i s  
and semiar id  reg ion  i d  mois tu re  chang 
i r r i g a t i o n  o r  r a i n .  T h i s  la is  of s p e c i a l  s i  
t h e i r  w a t e r - s e n s i t i v e  ge rmina t ing  a  

1 m o i s t u r e  is  a l s o  important  Sn t i 1  la 
i n s e c t  b reed ing ,  and o t h e r  Fac to rs  a f f e c t  a g r i c u l t u r a l  
p r o d u c t i v i t y .  

Sur face  s o i l  mois ture  measurements invo lve  e i t h e r  i r e c t  s o i l  sampling 
followed by g r a v i m e t r i c  a n a l y s e s  o r  i n d i r e c t l y  neu t ron  probe 
technique.  The forrner i n v o l v e s  d e s t  rue  t i v e  sam d is  n o t  v e r y  
a p p l i c a b l e  where s ~ n a l l  experimental p o t s  a r e  invo lved ,  whereas t h e  
t a t t e r  permits  n o n d e s t r u c t i v e  r e p e a t e  L?ng at t h e  same s i t e ,  which 
i s  extremely u s e f u l  f o r  c l o s e l y  monit m o i s t u r e  changes a s  a  f u n c t i o n  
of t ime. The neu t ron  s c a t t e r i n g  technique has  
much has  been d i s c u s s e d  on i t s  theory  an 
Visvalingam and Tandy, 1972). The proper  c a l i b r a t f o n  of t h e  equfpment is  
t h e  b a s i s  f o r  malting a c c u r a t e  s o i l  wa te r  c o n t e n t  measurements. I n  many 
i n s t a n c e s ,  neu t ron  m o i s t u r e  meter c a l i b r a t i o n  is  made i n  t h e  l a b o r a t o r y  
u s i n g  homogeneous mixes of s o i l  and water  wi th  c a r e f u l  measurement of 
g r a v i m e t r i c  mois tu re  c o n t e n t  and bulk  d e n s i t y ;  and i n  such c a s e s ,  a  
Xinear r e l a t i o n  wi th  e x c e l l e n t  c o r r e l a t e o n  i s  shown between t h e  volu- 
m e t r i c  water c o n t e n t  and count r a t e .  

Many d i s c u s s i o n s  have gone on r e g a r d i n g  t h e  e f f e c t  of wa te r  con ten t  on 
t h e  sphere  of i n f l u e n c e  and t h e  e f f e c t  of non-homogeneity on water  con- 
t e n t  d e t e r m i n a t i o n  i t s e l f ,  and p a r t i c u l a r l y  measurements made c l o s e  t o  
t h e  soi l -a tmosphere  i n t e r f a c e .  Van BaveB (1961) gave such examples f o r  
h i s  s tudy  on the  i n f l u e n c e  of m o i s t u r e  s t r a t i f i c a t i o n  on t h e  measured 
water  c o n t e n t  us ing  t h e  s u r f a c e  neu t ron  mois tu re  meter .  The r e s u l t s  
showed a  wide d ivergence  between the  a c t u a l  mois tu re  c o n t e n t  and t h a t  
e s t i m a t e d  by t h e  probe,  and a p p a r e n t l y  such o b s e r v a t i o n s  have discouraged 
e x t e n s i v e  use of t h e  neu t ron  probe f o r  measuring s o i l  m o i s t u r e  c o n t e n t  
near  t h e  s o i l  s u r f a c e -  However, t h e  demonstrated e f f e c t s  of non- 
homogeneity on the  neu t ron  dep th  probe have no t  d e t e r r e d  i t s  use  by 
o t h e r s ,  based p a r t l y  on the  premise t h a t  water  c o n t e n t  changes,  and no t  
n e c e s s a r i l y  t h e  a b s o l u t e  water  c o n t e n t s ,  a r e  t h e  main focus  of t h e i r  
s t u d i e s .  

S e v e r a l  d i f f e r e n t  approaches have been used t o  overcome d i f f i c u l t i e s  i n  
de te rmin ing  t h e  mois tu re  e o n t e n t  a t  the  upper s o i l  l a y e r s ,  based p r i -  
m a r i l y  on p l a c i n g  add i t i o n a l  absorber  m a t e r i a l s  around t h e  probe o r  on 
t h e  s o i l  s u r f a c e ,  These i n c  ude a p a r a f f i n  s h i e l d  (Van Ravel,  1956, 
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Mortier et al., 1960; DeBoot, 
a Fiberglass soil tray (Ee 

t 

1966),  and 
by Nanna 

Black and Mit 
placing a fas 
conjunction w 
for this laye 
Kristensen, 1 
Furthermore, 
metr Fc sampli 
probes for th 
inent of the s 
can be detern 

We have taken 
surf ace probe 
equipment Is 
moisture meas 
depends upon 
tedious task. 

Recently lightwe 
roofs have becom 
for soil surface 
to the early sur 

The present investigation was carried out to y the possibility of 
using two of these types o g the moisture content 
of the surface layers of s 

WTERIALS AND METHODS: 

Two types of surface neutr cal3.p designed for 1 

inspecting leak Neutron Surf ace 
I 

Moisture Gauge er Electronic 
Laboratories, Inc., and th Roof Gauge, manuf ac- 
tured by Campbell Pacific ble 1 lists -some of the 
specifications of the two ferred to hereafter as 
(TROX) and (CPN) respectively. 

Experiments were c 
S. Water Conservat 
area was separated 
10 to 40 mm of 
moisture contentse 
follows: five to 1 
and the actual soi 
reference Sean 
35 ,4  x 24-0 x 
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rence count 

v e l s  throughout t he  
f o r  t he  two types  

rom the  d a t a  t o  

nnd 

$here Qv i s  the  volumetr ic  water conten t  (cm3/cm3), Rc i s  the  r a t i o  of 
counts  on t h e  s o i l  t o  c e  s tandard absorber  m a t e r i a l ,  and D 
i s  the  s o i l  depth of i n  r2 i s  the  c o e f f i c i e n t  t o  t he  
r eg re s s ion  equat ion.  

Using s i t e s  o ther  than those t o  ge t  the regress ion  equa t ions ,  measured 
2nd calcul-ated values are compare b l e  4 ,  where the  ca l cu l a t ed  
3v" s i n  Column ere BerLved from t t i o n s  of Table 3  and In  
Column B were from the r e s s i o n  equa t ions ,  Both 
t reatments  gave a sirnil ould complement one 
tno the  r . 

i n  the  experiments 
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r e a l  s i t u a t i o n  owever, do demons t ra te ,  t h e  
sampling volume r e l a t l o n  t o  t h e  su r rounding  
m o i s t u r e  l e v e l s .  

Two types  of n f o r  d e t e c t i n g  
l e a k s  i n  r o o f s  
were calibrate 
c o n d i t i o n s .  G 
d e p t h  increment o 
s o i l  water  con 
.whose accuracy 
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1 
1 

Tab le  1, Description O F  s rface neutron moLsture probes used* 

ure Nuclear Model MC-M' 
Roof Gauge 

(CPN) i ! ,, 
1 

Surface contact dirnenslons 35,5 x 23.0 cm 
Weight 6.8 kg 
Source material 243 ~ m / ~ e  
Source strength 50 mCi 

i 

Detector 2-BF3 tubes 
Count cycle 15 sec 30 sec 

---- .--.--- ---------- -------- i 
I 

Table 2 .  Reduced count C 9  for surface utron moisture probe and 
I 

volumetric so i u r e  values w i t  epth  at s i x  sites. 

Table 3. Linear regression constants for different depth combinations fori 
the two surface neutron moisture probes (O,, = a + bRc). I 

TROX Constants C P Constants - 
Depth a b r2 a - -- - b .2 
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'Table 4 .  Measure P a t e d  vo lumet r i c  wa te r  c o n t e n t  f o r  d i f f e r e n t  
dep th  increment  

TRO 
P 

Rc 

0,1381 
.2139 
.2255 
.230E 
.2533 

CPN - 
R c  

0.4764 
.7890 
.8381 
"8499 
9696 

I 

Average 

Depth 
Ile t hod 

-15 crn 

Me as B 

0-20 crn 0-25 c m  
. I23  -138 . I36 .I31 
* 202 .202 q200 e204 .206 *211  
*225 -213 *212 e227 e217 a223 
,228 -23-6 4215 .231 e217 *226 

-15 crn 

0,106 0.116 0.109 
*200 .I97 .I89 
-220 *210 ,201 
e 22 -213 .204 
.22 .243 .235 

d i f f e r e n c e  In water c o n t e n t  (Ca lc  - meas) 

- 0-5 crn 0-10 crn 0-15 cm 
A A B A B 

TROXLER -0 023 -0 015 -0,007 -0,015 -0e002 -0,010 
CPN -0.020 -0.01 -0.004 -0,013 8 -0,008 

0-214 c m  0-25 crn 
P 

0-30 em 
TROXLER -0,002 $6),009 
C PN 

A from individual. for R from 
Xe r e g r e s s i o n  equa t  
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TITLE: EVAJJAT'tON OF C02-ENRFCWED, UNVENTILATED, SOLAR-HEATED GREENHOUSES 

INTRODUCTION: - -- 

CRTS WORK UNIT: 5510-20760-004 

rhe b e n e f i t s  from growing p l a n t s  i n  unvent t la ted  greenhouses a r e  p o t e n t i a l l y  
very l a rge .  The greenhouse cover slows the  l o s s  of water ,  so p l a n t s  can be 
:ram i n  a r i d  regions.  Righ l i g h t  i n t e n s i t y  and long du ra t i on  of sunshine in 
;tic11 regions a r e  conducive to  high crop y i e l d s ,  p a r t i c u l a r l y  when the  green- 
houses are enriched with CO2. Therefore ,  t h i s  p r o j e c t  was s t a r t e d  with t he  
,b jec t ives :  1- t o  design,  t e s t ,  and eva lua t e  coo le r s  f o r  unven t i l a t ed  
:reenhouses under summertime conditions; 2. t o  des ign ,  test ,  and eva lua t e  
inetlhods of s o l a r  energy s to rage  a s  a means t o  achieve s a t i s f a c t o r y  hea t ing  
i n  wiatertime and cool ing l n  summertime of unven t i l a t ed  greenhouses; 3. t o  
:valuate the  y i e l d  responses a t t a i n a b l e  with C02 enrichment In unven t i l a t ed  
dreenhouses; and 4. t o  eva lua t e  a l t e r n a t i v e  sources  of C02 f o r  f e r t i l i z e r t  

2 new study involved a comprehensive l i t e r a t u r e  review of t he  e f f e c t s  of 
ncceasing C02 concent ra t ions  on the y i e l d  and water use e f f i c i e n c y  of ag r i -  

c u l t u r a l  crops.  Over 50 r e p o r t s  de sc r ib ing  more than 350 experiments on 24 
crops were examined. Analysis of t he se  da t a  i n d i c a t e s  t h a t  a doubling of 

he e a r t h ' s  C02 concen t r a t i on  t o  600 ppm (pred ic ted  f o r  about t he  year 
-020) w i l l  i nc rease  y i e l d s  by 32% on the  average, with t he  probable range 
sorriewhere between 20 and 46%. The review is descr ibed i n  the  manuscript,  
.*Man, CO2, Climate, and Food: A Global Ecological  Perspec t ive ."  The review 
.Is0 showed t h a t  l i t t l e  r e sea rch  has  been done t o  determine the  e f f e c t s  of 

atmospheric C02 enrichment on p roduc t iv i t y ,  water use e f f i c i e n c y ,  and pho- 
t o syn thes i s  under condi t ions  of water and n u t r i e n t  s t r e s s *  Therefore ,  a 
r o p o s a l  was w r i t t e n  t o  conduct a major f i e l d  and greenhouse experiment t o  

ub t a in  t he se  important da ta .  fn a d d i t i o n ,  a prototype f i e l d  C02 enrichment 
chamber was cons t ruc ted  fo r  p r i o r  t e s t i n g  before  conducting such an 

xperiment.  The chamber i s  descr ibed i n  a l a t e r  s ec t i on .  

TOMATO YIELDS WITH C02 ENRICHMENT I N  UNVENTCLATED AND CONVENTIONAL --------- ------ ----.- ---- 
REENETOUSES: - 

Over the pas t  4 yea r s ,  s e v e r a l  experimental  crops of tomatoes were grown i n  
convent iona l ,  v e n t i l a t e d ,  amblent-C02 greenhouses i n  o rde r  t o  achieve 

b j e c t i v e  3 *  The r e s u l t s  of the  f i r s t  two crops have been publ ished 
,Kimball and Mi t che l l ,  1979). Since then,  a f a l l  crop of 'N-65' tomatoes 
and a sp r ing  crop of 'Tropic '  tomatoes have been grown with t h e  same 

reatments.  During the  l a t t e r  experiment,  the  f r u i t s  from the  i nd iv idua l  
l a n t s  were welghed sepa ra t e ly  so  an improved e s t ima te  of t he  i nd iv idua l  

p l an t  v a r i a b i l i t y  was obtained.  The y i e ld  r e s u l t s  of t he se  a d d i t l o n a l  
-xperiments a r e  repor ted  here .  
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The C02-enrichment - greenhouse v e n t i l a t i o n  and n u t r i e n t  t reatments  were the 
same a s  those used with the previous winter  (1977-78) crop (Kimball and 
Mi tche l l ,  1979). B r i e f l y ,  t hese  were a s  follows: l o  A "ven t i l a t ed , "  I 

- I 
ambient C02 c o n t r o l  greenhouse. This greenhouse was cooled with a conven- 
t i o n a l  fan-pad cool ing system when the greenhouse a i r  temperature ro se  
above 26.5 C B  2 0  A "ven t i l a t ed , "  1000 pR C02/1i te r  greenhouse. This  1 
greenhouse was cooled l i k e  the f i r s t  greenhouse, but  was enriched with 1000; 
pR C 0 2 / l i t e r  during the  daytime whenever the  cool ing  system was o f f .  3 ,  
An "unvent i la ted ,"  1000 pR C 0 2 / l i t e r  greenhouse. This  greenhouse was 
equipped with a cool ing system t h a t  r e c i r c u l a t e d  the  greenhouse a i r  throug , 
cooled water. The cool ing system came on a t  26.5 C, and t h i s  greenhouse ' 
was ven t i l a t ed  only i f  the  temperature rose t o  29*5 C. It was enriched 
with 1000-yR C 0 2 / l i t e r  i n  the  daytime when unvent i la ted .  4. An 
"unvent i la ted ,"  1350-UR C02 / l i t e r  greenhouse. This  greenhouse was l i k e  the 
t h i r d  greenhouse, but enriched with 1350 UR C o Z / l i t e r  i n  the  daytime when 
unven t i l a t edo  The environmental condi t ions  were monitored and were s i m i l a r  
t o  those repor ted  previously f o r  corresponding months. A l l  of t he  green- 
houses were subdivided i n t o  two growing beds. The 20-plant beds on the  
e a s t  s i d e  of each house received s tandard n u t r i e n t  concent ra t ions  ( F o n t e s , *  
1977), whereas the  30-plant beds on the west s i d e  received 50% more con- 

1 
cen t ra ted  s o l u t i o n s  of a l l  elements. The t o t a l  greenhouse a r e a  per p l an t  1 

was 0.50 m2, but i s l e s  and equipment access  space reduced the i r r i g a t e d  
growing a r e a  per  p l an t  t o  0.35 m2. 1 

The f a l l  crop of qN-659 tomatoes, developed a t  the  Univers i ty  of Hawaii, 
planted i n  peat  cubes on 11 J u l y  1978 and t r ansp lan ted  i n t o  the  greenhouse 
on 4 August 1978, The 'N-65' p l a n t s  were somewhat determinate  i n  t h e i r  
growth p a t t e r n s ,  r e s u l t t n g  i n  more p l an t  v a r i a b i l i t y  than with 'Tropic. '  
The f i r s t  ha rves t  was on 29 September, and a l l  t rea tments  had mature f r u i t  

9 
with in  4 days of each o ther .  Gray mold became very preva len t  i n  the  

I 
"ven t i l a t ed , "  1000-yR greenhouse i n  November, so t h e  p l a n t s  from t h i s  house 
were destroyed,  and the  greenhouse was fumigated. The p l a n t s  i n  t he  o the r  
houses were pruned more generously than usual  and then sprayed weekly with i 
fungicide.  The d i sease  incidence i n  t he  o the r  houses was s l i g h t ,  and f r u i t  
product ion continued u n t i l  3 January 1979. 

The spr ing  crop of 'Tropic9 tomatoes was planted i n  peat  cubes on 12 ~ecemd r 
1978 and t r ansp lan ted  i n t o  the greenhouses on 12 January 1979. The p l a n t s  
were sprayed weekly with fungic ide ,  and t h e r e  were no apparent  d i sease  
problems. The f i r s t  ha rves t  was on 9 Apr i l ,  and aga in  a l l  t rea tments  had ' 
mature f r u i t  wi th in  a few days oE one another*  The f i n a l  harves t  was on 21 
June. 

I 
For the  f a l l  crop,  t h e  prunings and f r u i t s  from 5 randomly s e l e c t e d  plants1 
on the s tandard n u t r i e n t  bed and 7 on the  high n u t r i e n t  bed were weighed 
ind iv idua l ly  t o  o b t a i n  an es t imate  of i nd iv idua l  p l a n t  v a r i a b i l i t y .  For 
the spr ing  crop,  t h e  prunings and f r u i t s  from a l l  p l a n t s  were weighed 
sepa ra t e ly  t o  o b t a i n  the bes t  poss ib le  es t imate  of i nd iv idpa l  v a r i a b i l i t y .  
The da t a  were s t a t i s t i c a l l y  analyzed following the  method descr ibed by 
Snedecor (1956, p. 382) f o r  a f a c t o r i a l  arrangement of t reatments  with une! 
qua1 numbers. Here the  4 d i f f e r e n t  ventilation-C02 environments of t he  4 
greenhouses c o n s t i t u t e d  4 t rea tments  of 1 f a c t o r ,  and the  2 n u t r i e n t  con- 
cen t r a t ions  wi th in  each greenhouse c o n s t i t u t e d  2 t rea tments  of another  
f a c t o r .  I Annual Report of the U.S. Water Conservation Laboratory



The y i e ld  r e s u l t s  a r e  presented i n  Table 1, F i r s t ,  t he  mean y i e l d s  of U. S. 
" 3 ,  1 and 2 f r u i t  (U. S *  Dept, of Agric., 1976), f o r  t he  Fa l l  "-65' crop 

snged from 6.7 kg lp l an t  f o r  the  " v e n t i l a t e d , "  ambient C02 c o n t r o l  house t o  
3 .6  f o r  t he  "unvent Llated,  " encriched houses,  but  t he  d i f f e r e n c e s  among 
t reatments  were not s t a t f s c a l l y  s i g n i f i c a n t .  These y i e l d s  a r e  about t h e  

m e  a s  those obtained from the  f i r s t  3 months of ha rves t i ng  of t he  pre- 
. lous win te r  crop (KimbaZE and Mi t che l l ,  1979), and a r e  h igher  than va lues  
gene ra l l y  repor ted  f o r  f a l l  crops (Burns et a l ,  1976; Rretchman and 

I ,w l e t t ,  1970; P a l l a s  et a l ,  1976; S toner ,  1971). The "unvent i la ted"  
,uses had a higher  percentage of c u l l s ,  so t he  t o t a l  f r u i t  product ion and 

the  t o t a l  above-ground dry mat te r  product ion were about equal  f o r  a l l  
!-?uses. The l ack  oE response t o  C02 enrichment f o r  the  f a l l  crop was con- 

Lstent with the  previous wfnter  month da t a  and a l s o  with t h e  genera1 
ooserva t ion  i n  t he  Northeast (Brooks e t  a l ,  1973) t h a t  f a l l  crops gene ra l l y  
a r e  l e s s  responsive to C02 than  spr ing  crops.  

l e  U.S. No* I and 2 f r u i t  y i e l d s  f o r  the spr ing  qTropic '  crop ranged from 
11.0 t o  9.1 kg /p lan t  (Table I), va lues  t h a t  a r e  cons iderab ly  h igher  than 
I 'le 3 t o  7 Irg/plant reported by most workers Eor sp r ing  crops (Kirnball and 
I . t c h e l l ,  1979)- The f i r s t  sretltment comparison shows t h a t  C02 enrichment 
d id  not i nc rease  the  y i e l d  of U* S. No. 1 and 2 f r u i t .  However, t h e  
W2-enrichment t rea tments  st imulated the  product ion of more l a r g e  f r u i t s  

l a t  were p r imar i l y  U, S. No. 3 q u a l i t y ,  Therefore ,  when the  t o t a l  f r u i t  
y ioduc t fon  o r  t he  t o t a l  above-ground dry  matter  product ion i s  eons idered ,  
t he  "unvent i la ted" ,  Coy-enriched houses yielded about 20% more than the  

rent i l a t e d  , " ambient C02 house. 

The 20% inc rease  i n  t o t a l  f r u i t  o r  d ry  matter  product ion fo r  t he  sp r ing  
c o p  i n  the  "unvent i la ted ,"  CQ2-enriched houses mentioned above was not  a s  
I .gh a s  t he  50% inc rease  prev ious ly  repor ted  (Kimball and Mi t che l l ,  1979). 
nowever, c l o s e  comparison of the  d a t a  revealed t h a t  the  y i e l d s  obtained i n  
t h e  "unvent i la ted ,"  C02-enrfched houses were about t he  same f o r  t he  d i f -  

: rent  c rops*  P a r t  of t he  reason f o r  t he  lower percentage i nc rease  t h i s  
,,me is t h a t  t he  "ven t i l a t ed , "  ambient CQ2 c o n t r o l  greenhouse had an 18% 
higher  y i e l d  than t h a t  obtained previously.  
I 
I le da ta  i n  Table 1 a l s o  show t h a t  C02 enrichment with 1350 y R / l i t e r  
o f f e r s  no advantage over enrichment with 1000 ~ R / l i t e r  and may even be a 
-!ight de t r iment*  The n u t r i e n t  concen t r a t i on  d a t a  lead  t o  a s i m i l a r  

mclus.Lon. The high n u t r i e n t  t rea tments  yielded s i g n i f t c a n t l y  lower or  
were not s i g n i f i c a n t l y  d i f f e r e n t  From the  s tandard  n u t r i e n t  t rea tment .  

le f lowers  a s  wel l  a s  t he  f r u i t s  produced on each ind iv idua l  p l an t  were 
bunted f o r  the  sp r ing  crop t o  see t f  the  more humid environment i n  t he  

"unvent i la ted"  greenhouses had any adverse e f f e c t  on the  percentage of 
"u i t s  set. The r e s u l t s  i n  Table 1 showed t h a t  t h e r e  a c t u a l l y  was a s l i g h t  

iprovement i n  percent  f r u i t  set i n  t he  unven t i l a t ed  houses. 

The fall .  d a t a  i n  Table 1 and from the  previous win te r  crop (Kimball a d  
. t c h e l l ,  1979) i n d i c a t e  t h a t  i t  would be a waste of (202 f o r  Phoenix 

,;ewers t o  en r i ch  tomato crops during the f a l l  and win te r  i n  e i t h e r  
"ven t i l a t ed"  o r  "unventil .ated" greenhouses. On t h e  o the r  hand, t he  da ta  

'om spr ing  months shows t h a t  growers with convent iona l ly  v e n t i l a t e d  
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greenhouses could expect about a 5-10% increase  i n  f r u i t  y i e ld  from 
C02 enrichment,  which would make enrichment p r o f i t a b l e  i f  the  C02 were i - 
generated from n a t u r a l  gas (Kimball and Mi tche l l ,  1979). 1 
The previous r epo r t  (Kimball and Mi tche l l ,  1979) a l s o  showed t h a t  the y i e l  
i nc reases  i n  unvent i la ted  GO2-enriched greenhouses probably a r e  not con- 
s i s t e n t l y  l a rge  enough t o  make an investment i n  t he  cool ing tower systems 
l i k e  those used i n  t hese  experiments p r o f i t a b l e *  Nevertheless ,  t he  very 
high y i e l d s  show t h a t  l e s s  c o s t l y  greenhouse cool ing  and hea t ing  systems 
have g r e a t  p o t e n t i a l .  Such systems t h a t  incorpora te  s o l a r  energy s to rage  
and o ther  innovat ive devices  can conserve energy and water while providing 

I 
t h i s  y i e l d  benef f t .  

I 

I 
MONTHLY PERFORM CE OF GmEEJltXOUSE HEATING AND COOLING SYSTEMS:: 1 - 
The f i r s t  and second ob jec t ives  of t h i s  p ro j ec t  a r e  concerned with eva- 
luat ior!  of methods f o r  cool ing and s o l a r  hea t ing  greenhouses. The primary 
t o o l  f o r  these  t a s k s  Is the  MEB computer model. However, as with any such 
model, actual. performance da t a  a r e  needed t o  v a l i d a t e  the  model and t o  pro* 
vide values f o r  some of the parameters. Therefore,  t he  four  t e s t  , 
greenhouses t h a t  were used f o r  the  previous C02 enrichment s t u d i e s  were 
modified t o  r ep re sen t  four  dLfEerent heating-cooling systems. 

1 

The 27 m2 f i b e r g l a s s  greenhouses have been descr ibed  n previous reportsq " 
Greenhouse 3 is  an unheated and uncooled con t ro l  greenhouse. Greenhouse 2 
i s  the convent ional  fan-pad cooled greenhouse t h  an e l e c t r i c a l  hea ter .  
The cool ing and hea t ing  thermostats  were s e t  a 26.5OC (80 F) and 15.5OC 

connected t o  t he  s o l a r  energy s t o r g e  water tank descr ibed i n  the  1979 

I 
(60 F ) ,  r e spec t ive ly .  Greenhouse 4 is an "ac t ive"  s o l a r  greenhouse. It is  

Annual Report. I n  winter t ime s o l a r  energy was c o l l e c t e d  from the  
greenhouse whenever the  greenhouse a i r  temperature is higher  than 24OC (7 
F ) ,  and then when the  greenhouse temperature dropped below 15.5OC (60 F) 
s o l a r  energy was brought back from s torage .  An a u x i l i a r y  e l e c t r i c  hea t e r  
i s  i n  the  greenhouse with i t s  thermostat s e t  a t  P3OC (55 F).  In  summertim 
s o l a r  energy was co l l ec t ed  when the  greenhouse temperature exceeded 26*5OC 

i 
(80 F) and then it was dumped t o  a cool ing tower whenever t he  tank tem- 1 p e ra tu re  exceeded the  outdoor wet bulb temperature by more than 2°C a s  
determined by a d i f f e r e n t i a l  thermostat.  The air-water  hea t  exchanger i n  
t he  greenhouse and the media i n  t he  cool ing tower were both wetted asp in  
exce l s io r  pods, as descr ibed i n  the  1977 Annual Report. Greenhouse 1 i s  a ,  
"passive" s o l a r  greenhouse. It conta ins  t he  s t a c k  of 576 one ga l lon  
p l a s t i c  b o t t l e s  f i l l e d  with water (2.2 m3), descr ibed  i n  t he  1980 Annual 
Report. 

I 
B r i e f ly ,  then,  t he  greenhouse hea t ing  and cool ing types by number were: 

3 - unheated and uncooled con t ro l  I 

2 - convent ional  f o s s i l  f u e l  hea t  and fan-pad cool ing systems 
4 - "ac t ive"  s o l a r  greenhouse with water tank hea t  s to rage  
1 -- "passive s o l a r  greenhouse with s t a c k  of wa te r - f i l l ed  bo t t l e s . ;  

- 
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The performance d a t a  f o r  the  fist 1-3 months of ope ra t i on  of t he  greenhouses 
was presented i n  t he  1980 Annual Report. During 1981, an a d d i t i o n a l  71h 
months's worth of performance da t a  were c o l l e c t e d  u n t i l  14 August when a 
l i g h t n i n g  s t r i k e  d i s ab l ed  the  da t a  logger  about 6 weeks before  the planned 
te rmina t ion  of the  d a t a  c o l l e c t i o n .  During these  71/2 months, t he  
greenhouses were vacant and no crops were grown. The s o i l  (sand) su r f ace  
was gene ra l l y  dry with few except ions.  One except ion i n  a l l  greenhouses 
was t h a t  the psychrometers occas iona l ly  leaked somewhat, and t h e r e f o r e ,  
t h e r e  o f t e n  was a w e t  spo t  around the base of t h e  t r i p o d s  holding the  
psychrometers. Another except ion was Greenhouse 4. When s o l a r  hea t ing  was 
ope ra t i ng ,  water evaporated from the warm hea t  exchanger pads and condensed 
on the co lder  roof and wal l s ,  so  t h a t  a t  n igh t  Greenhouse 4 was much l i k e  a 
humid r a i n  f o r e s t .  The condensate dripped on the  sand i n  p l aces ,  but most 
r an  down the  wal l s  and "escaped" t o  the  ou t s ide  s o i l  around the  sand beds. 
Thus, t he  sand i n  Greenhouse 4 was we t t e r  than i n  t he  o t h e r  greenhouses,  
but not  so wet t h a t  d ra inage  made it necessary t o  ope ra t e  the  sump pumps* 
The l a s t  except ion occurred on 24 June 1981 when a l l  t he  beds were flooded 
usfng hoses. The f looding was done j u s t  a f t e r  a d i u r n a l  run on 23 June 
r ep re sen t a t i ve  of t h e  dry  s o i l  condi t ions  and j u s t  before  another  d i u r n a l  
run on 26 June r ep re sen t a t i ve  of the  w e t  s o i l  condi t ions .  

The energy use r e s u l t s  f o r  convent ional  Greenhouse 2 a r e  presented i n  Figure 
January was unusual ly  mild and only about 5 MJ/m2/day were requi red  t o  hea t  
the greenhouse* Toward the  end of January, t he  hea t ing  
increased t o  about 10 and then s t e a d i l y  decreased u n t i l  t h e  end of Apr i l  
when no more hea t ing  was requi red .  The e l e c t r i c a l  energy consumed by the  
evapora t ive  cooler  was about 0.1 ~ . J / r n ~ / d a ~  f o r  most of t h e  win te r  untI.1 
Apr i l  when it increased s t e a d i l y  t o  a maximum of about 2.5 ~ J / m ~ / d a ~  on 
about t he  f i r s t  of June. During June,  J u l y ,  and August the evapora t ive  
coo le r  operated e s s e n t i a l l y  a l l  of the  day l igh t  hours ,  a s  evidenced by t h e  
s o l a r  c losed poin ts .  They show t h a t  during the summer months e s s e n t i a l l y  
no s o l a r  r a d i a t i o n  was received while t he  convent ional  greenhouse was 
unven t i l a t ed  and could have been enriched with CO2. 

The energy use r e s u l t s  fo r  a c t i v e  s o l a r  Greenhouse 4 a r e  presented i n  Figure 2. 
Except fo r  the middle of January when the  weather was abnormally warm but 
cloudy, t he  amount of f o s s i l  energy consumed during t h e  win te r  by the  c i r -  
c u l a t i o n  fan and pump was gene ra l l y  about ha l f  t h a t  r equ i r ed  by t h e  hea t e r  
i n  convent ional  Greenhouse 2, Once summer began the  amount of f o s s i l  - 
energy used by the  c i - r cu l a t i on  fan  and pump plus t he  cool ing  tower fan  and 
pump was s l i g h t l y  more than double t h a t  used by t h e  evapora t ive  cooler  fan  
i n  Greenhouse 2. However, the  s o l a r  c o l l e c t i o n  systems of Greenhouse 4 
perlnit ted i t  t o  be closed (and enriched with CO2) f o r  a much l a r g e r  po r t i on  
O F  the time. The open t r i a n g l e s  show how much s o l a r  energy was co l l ec t ed  
from the greenhouses,  a s  measured by the  temperature i nc rease  of the  tank 
water during the  day. SLmilarly,  the  cl-osed tr4,angles i n d i c a t e  how nuch 
s o l a r  energy was ascd for  hea t ing  the  ~ r i ~ e r l h o u s e ,  a s  measured by the  tem- 
pe ra tu re  decrease of the tank during the night .  

The increased i n  tank zemperature up through 13 Apr i l  l ed  us t o  th ink  it was 
time to  begin ope ra t i ng  i n  a sumner mode by turn ing  on t h e  cool ing tower. 
Soon t h e r e a f t e r ,  however, coo le r  weather. came and we had to  tu rn  the  tower 
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I 

o f f  on 20 A p r i l ,  and we l e f t  i t  of f  u n t i l  30 Apr i l .  Turning the tower on, 
o f f ,  and on aga in  caused a wide f l u c t u a t i o n  i n  t he  tank temperature and r 
thus a l s o  the  s c a t t e r  i n  the  " s o l a r  co l l ec t ed"  and " s o l a r  used" po in t s  I 

dur ing Apr i l  and May, When i n  the  summer mode with t h e  cool ing tower 
turned manually on, it was supposed to  be con t ro l l ed  by a d i f f e r e n t i a l  
thermostat t h a t  would only le t  it opera te  when the  tank temperature  was 2 0 ~ 1  
warmer than the o u t s i d e  wet bulb.  However, t h e  c o n t r o l l e r  behaved e r r a t i -  1 
c a l l y  and two u n i t s  burned out before  t he  problem was f i n a l l y  t r aced  t o  
f a u l t y  e l e c t r i c a l  i n s u l a t i o n  on the  sensor  i n s i d e  t h e  water tank. The J 
problem was co r r ec t ed  on 1 June, but opera t ion  during a l l  of May was 
e r r a t i c  . 

I 

After  the  cool ing tower was on most: of the " s o l a r  used" energy was dumped , 
t o  the  atmosphere r a t h e r  than a c t u a l l y  used f o r  hea t ing  the  greenhouse. 
When the d i f f e r e n t i a l  thermostat  was working proper ly ,  t h e  cool ing tower 
ran mostly a t  n igh t ,  but occas iona l ly  it  a l s o  ran during the day, I 
ThereEore, a f t e r  t he  summer mode s t a r t e d ,  on some days the tank temperature/  
d id  not r i s e  a s  much a s  I t  would have without t h e  tower, and consequently 
t he  " so l a r  c o l l e c t e d "  po in t s  i n  Figure 2 may be s l i g h t l y  low. 

The a i r  temperatures  f o r  Greenhouses 2 and 4 a r e  presented i n  Figures  3 and 
4 ,  r e spec t ive ly .  There is nothing p a r t i c u l a r l y  noteworthy here .  The ther -  
mos ta t ic  c o n t r o l  of both greenhouses gene ra l l y  kept  t he  greenhouse tem- I j 

pe ra tu re  From f a l l i n g  much below the  15.5"C hea t ing  s e t  int. The s o l a r  
c o l l e c t i o n  system cooled Greenhouse 4 c lo se  t o  t he  26*5OC cool ing s e t  po in t  
u n t i l  mid-July (F igure  2) .  Af t e r  t h a t  time t h e  u n i t  opened f r equen t ly  t o  I 
admlr orrtside a i r  d i r e c t l y  t he  the  aspen hea t  exchanger pad, so addi t ional .  1 

cooling by v e n t i l a t i o n  occurred. The vent  thermostat  probably was 
switching below the  29.5"C set point .  The summer maximums i n  Greenhouse 2 
were gene ra l l y  h igher  than the  set poin t ,  a s  would be pred ic ted  f o r  t h i s  
greenhouse when no evapo t r ansp i r a t i on  occurred i n  t h e  greenhouse i t s e l f .  

The a i r  temperatures  i n  unheated and uncooled c o n t r o l  Greenhouse 3 and i n  1 
pass iqe  s o l a r  Greenhouse 1 a r e  presented i n  F igures  5 and 6, r e spec t ive ly .  
The maximum temperatures  i n  both greenhouses were too high f o r  most p l a n t s  
a l l  year long,  and the  minimums were too low during the  winter .  The i 
passive water s t o r age  had l f t t l e  e f f e c t  on t h e  greenhouse a i r  temperatures;  
c a s t i n g  cons iderab le  doubt on the value of t h i s  type of s to r age  f o r  
i~nproving the temperature  regime of greenhouses. 

The d a i l y  water use by Greenhouses 2 and 4 i s  shown i n  Figure 7 ,  a s  de te r -  
mined by the amount of make-up water required by t h e  sump of Greenhouse 2 
and the s o l a r  s t o r age  tank oE Greenhouse 4. Greenhouse 4 used e s s e n t i a l l y  1 
no water u n t i l  the  s t a r t  of the summer mode neces s i t a t ed  tu rn ing  on t h e  1 
cool ing tower. Because of the changing weather and f a u l t y  c o n t r o l ,  t he  
water use was r a t h e r  e r r a t i c .  Once the  cool ing tower was on, t he  water use 
of the  two greenhouses was roughly equiva len t  a t  about 100 m / d a y  during 
J u l y  and August . 
The humidity r a t i o s  i n  a l l  four  greenhouses a r e  presented i n  Figure 8. The 
most noteworthy f e a t u r e  is the  l a r g e  jump i n  humidity r a t i o  on 25 June, 
when a l l  t h e  greeahouses were Flooded f o r  the d i u r n a l  run with wet s o i l .  
Severa l  gaps i n  the  d a t a  e x i s t  because of psychrometer malfunct ion.  The 
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wet bulbs seemed to  only p a r t i a l l y  w e t ,  and cursory  checks i nd i ca t ed  they 
were wet t ing properly.  However, when the wicks were changed the  wet bulb 
temperatures  o f t e n  dropped 5"C, so then a3.1 susp ic ious  da ta  p o i n t s  f o r  
s e v e r a l  days p r i o r  were d iscarded .  

The temperatures a t  the 0,38 m depth i n  the sand i n  each greenhouse a r e  pre- 
sen ted  in  Figure 9. This  depth i s  t h e  l e v e l  of p l a s t i c  shee t  s epa ra t i ng  sand 
from s o i l .  The s o i l  temperatures a t  t h i s  depth a r e  c l o s e  t o  the  mean a i r  tem- 
pe ra tu re s  (F igures  3-6) f o r  each greenhouse. During the  n t e r  they a r e  a l l  
c l o s e  t o  20°C. I n  the summer, they rose  t o  about 34°C i n  Greenhouses P and 3 
and t o  about 28OC i n  Greenhouses 2  and 4. 

DIURNAL GREENlIOUSE PE 
P 

The BIER computer model p r e d i c t s  ins tan taneous  energy balances gene ra l l y  
with 1 h r  t i m e  s t e p s  between each ind iv idua l  p r ed i c t i on .  In order  t o  
ob t a fn  d a t a  with which to  r i go rous ly  t e s t  d e t a i l s  of t h e  mo e l ,  a d d i t i o n a l  
d i u r n a l  measurements were made on 23 and 26 June,  s i m i l a r  t o  those  reported 
l a s t  year f o r  12 December* The s o i l  su r f aces  were dry  on 23 June, and then 
the  beds were flooded on 24 June. Af te r  d ra in ing  and e q u i l i b r a t i n g  f o r  a  
dayv the  measurements with a  wet s o i l  su r f ace  were made on 26 June. The 
s o i l  moisture  con ten t s  from samples taken a t  1230 on 23 and 26 June a r e  
presented i n  Table 2 .  

The manual measurements cons is ted  of using an i n f r a r e d  thermometer t o  
3b ta in  t he  ou t e r  cover ,  inner  cover ,  wa l l ,  and s o i l  s u r f a c e  temperature i n  
~ a c h  of t he  four greenhouses. Assmann psychrometer measurements were taken 
a t  the same time t o  back-up the psychrometer da t a  recorded au tomat ica l ly  by 
t h e  da t a  a c q u i s i t i o n  system. The water meters f o r  the  make-up 
2ooling systems f o r  Greenhouses 2 and 4 were a l s o  read hour ly ,  Thermo- 

I couples  were i n s t a l l e d  i n  the  roof and on the s o i l  su r f ace  t o  back-up the 
i n f r a r e d  thermometers, a t  l e a s t  during darkness.  The normal measurements 
~ e r e  taken hourly s t a r t i n g  a t  0430 h r s  on both days and s topping at 2030 
nrs. Taking the  measurements on the  halF hour placed the  observa t ion  t i m e  
i n  t he  middle of t he  averaging period used by the  Autodata-9 f o r  t he  auto- 
n a t i c a l l y  acquired da ta .  

rhe energy ose r e s u l t s  a r e  presented i n  Figures  10 and 11 f o r  convent ional  
Greenhouse 2 and a c t i v e  s o l a r  Greenhouse 4 ,  r e spec t ive ly .  The f l uxes  a r e  
2 1 1  about a s  expected,  and i l l u s t r a t e  t h a t  the s o l a r  greenhouse was closed 
a l l  of these  days and could have been enriched with Cog, whereas t h e  con- 
vent iona l  greenhouse was v e n t i l a t e d  f o r  a l l  of both days. The hourly water 
lse by the  evapora t ive  cooler  (Figure 10) and the  coa l ing  tower (Figure 
LI), per u n t t  of gretahouse f l o o r  a r e a ,  was converted t o  energy f l u x  u n i t s ,  
and p l o t t e d  a s  the  x ' s .  These p l o t s  d r ama t i ca l l y  show t h e  r e l a t i v e l y  l a r g e  
amount of energy handled and water consumed by these  devices ,  and poin t  ou t  
:he need f o r  a dry cool ing device,  such as a per fec ted  n igh t  sky r a d i a t o r .  

The s o l a r  r a d i a t i o n  o u t s i d e ,  n e t  r a d i a t i o n  i n r i d e ,  an s o i l  heat  f l uxes  f o r  
:ontrol  Greenhouse 3 and pass ive  s o l a r  Greenhouse 1 a r e  l o t t e d  i n  Figures  12 
ind 13. These da t a  a r e  a s  expected and a r e  included a s  a d d i t i o n a l  v e r i f i -  
c a t i o n  da t a  for  t h e  computer model, 
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The temperatures  oE the o u t s i d e  a i r ,  i n s i d e  a i r ,  covers ,  s o i l  su r f aces ,  
water s t o r ages  a r e  presented i n  Figures 14-17. Similarly, t he  humidity 
r a t i o s  of t he  a i r  o u t s i d e  and i n s i d e  t he  greenhouses a r e  presented i n  

2 

i 
1 

and 
i 

i 
Figures  18-21, These high q u a l t t y  da t a  w i l l  provide a  r igorous  test f o r  
t he  computer model. Probably t he  most i n t e r e s t i n g  f e a t u r e  is  the  dramatic  
lowering of s o i l  su r f ace  and a i r  temperatures i n  concer t  with t he  dramatic  
i nc rease  i n  humidity r a t i o s  i n  Greenhouses 3 and 1 when the  s o i l  was wetted 
between 23 and 26 June. 

i 
DEEP SOIL TEMPE -- 

Largely i n  response t o  numerous l o c a l  reques t s  f o r  deep s o i l  
da t a ,  t h e  deep s o i l  temperature measurements were conk nued during I981 

I 

I 
while  the  automatic  d a t a  logger  was opera t ing .  The temperatures  f o r  1981 
a r e  presented i n  Figures  18 and 19. A summary of t h r ee  y e a r s P  worth of 
d a t a  a r e  presented i n  Table A t  t he  0.25 m depth t he  average temperature  
ranged from 10-8  t o  37.5O6, e r e a s  a t  the 2.5 m depth they ranged from I 
19.8 t o  27.3OC. Thermal d i f  s t v i t - l e s  were computed from the amplitude 
r a t i o s  of ad j acen t  depths ,  and they averaged 0.34 m2/s over the  
p r o f i l e ,  I 

NIGHT SKY RADIATORS: 

Night sky r a d i a t o r s  a r e  devices  t h a t  could cool  a  greenho 
excess  daytime energy t o  the  cold sky a t  n igh t .  Of a r t i c u l a r  i n t e r e s e  t o  
t h i s  l abo ra to ry  is t h a t  they do not  consume water i n  t he  cool ing  process .  I 
Night sky r a d i a t o r s  w%th s e l e c t i v e  su r f aces  have been proposed by J 

C a t a l a n o t t i  et  a l e  (1975) and Ba r to i  e t  a l ,  (1977) a s  a  means t o  achieve 
e f f e c t i v e  n a t u r a l  cool ing.  Harr ison and Walton (1978) showed t h a t  tem- 

I 
pe ra tu re s  of 15°C below ambient could be achieved using commercially 
a v a i l a b l e  white pa in t  conta in ing  TiO2* These au tho r s  presented d e t a i l e d  

I 

t h e o r e t i c a l  ana lyses  f o r  p r ed i c t i ng  the  performance of t he  r a d i a t o r s  
B r i e f l y ,  they showed t h a t  an i d e a l  n fght  sky r a d i a t o r  f o r  cool ing below i 
ambient a i r  temperatures  should be black i n  t he  8-13 pm atmospheric window " 
and p e r f e c t l y  r e f l e c t i v e  a t  wavelengths ou t s ide  t he  window. This  g ives  i 

maximum r a d i a t i n g  p o t e n t i a l  i n  the window while r e j e c t i n g  r a d i a t i o n  from 
t h e  a i r  a t  wavelengths o u t s i d e  the window, i 

The au thors  mentioned above and e s p e c i a l l y  Harr ison (1981) a l s o  showed t h a t  I 

t h e  e f f e c t i v e n e s s  of n igh t  sky r a d i a t o r s  is  h ighly  dependent on atmospheric , 
humtdity. This  dependence is due to  the emission of r a d i a t i o n  a t  wave- 
Lengths & t h i n  t he  window from water vapor* The t h e o r e t i c a l  models pre- 
sented by t h e  previous au thors  can be used t o  p r e d i c t  t he  performance of I 
night  sky r a d i a t o r s ,  even a s  i t  v a r i e s  with humidity. However, t he  1 
t h eo r i e s  r equ i r e  r a t h e r  d e t a i l e d  information about the  thermal r a d i a t i v e  
p r o p e r t i e s  of t h e  s e l e c t i v e  sureace and the  cover above i t .  Moreover, t h e  

I 
a u tho r s  did not  provide a  d e f i n i t i o n  of r a d i a t o r  e f f i c i e n c y  which can be 
used fo r  making p r a c t i c a l  comparisons between r a d i a t o r s .  During t h i s  pa s t  
year ,  such a  d e f i n i t i o n  of e f f i c i e n c y  was der ived .  
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The following no ta t i on  w i l l  be used: 

A a r e a  of r a d i a t o r  ( a2 )  

C hea t  capacl  t y  ( J /kg  *K) 

FR r a d i a t o r  hea t  rernovaZ f a c t o r  i d e n t i c a l  t o  a  s o l a r  c o l l e c t o r  
hea t  removal. f a c t o r  (Duf i ie  and Beckman, 2974, pa  146) 
(dimensionless)  

mass flow r a t e  (kg / s )  

r a t e  of energy add i t i ona  t o  r a d i a t o r  from e x t e r n a l  source 
(w/m2 

chermal r a d i a t i o n  (w/m2) 

temperature (K)  

average between su r f ace  and a i r  temperatures  
E(Tm + Ta)/21 

o v e r a l l  conduction and convection hea t  t r a n s f e r  c o e f f i c i e n t  
governing the r a t e  a t  which energy is  t r ansmi t t ed  through 
the  i n s u l a t i n g  air l a y e r  and through the  edges and back 
( ~ / m *  .K) 

wind speed (m/s) 

vapor pressure  (kPa) 

f r a c t i o n  of black body r a d i a t i o n  

mass (kg) 

t i m e  ( s )  

d e r i v a t i v e  with r e spec t  t o  temperature 

emit t ance  of r a d i a t i n g  su r f  ace  

e f f i c i e n c y  of r a d i a t o r  

r e f l e c t a n c e  

Stefan-Bolt zmann cons t a n t  (w/m2 0K4) 

t ransmi t tance  of cover 

r e l a t i v e  humidity (%) 
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s u b s c r i p t s  

I i d e a l  

n a i r  

c cover 

f f l u i d  

i i n i t i a l  

k known 

m mean f o r  r a d i a t i n g  sureace 

n net 

o o u t s i d e  8-14 p atmospheric window 

s r a d i a t i n g  su r f ace  

v v e r t i c a l  

w w i th in  8-14 v atmospheric window 

x unknown 

1 i n l e t  

2 o u t l e t  

P red i c t i on  of Surface Temperatures. The type of n igh t  sky r a d i a t o r  t o  
be considered is very s i m i l a r  t o  a s o l a r  c o l l e c t o r .  It c o n s i s t s  of a 
r a d i a t i n g  su r f ace  with a hea t  t r a n s f e r  f l u i d  i n  i n t ima te  thermal contac t  
with the sur face .  The f l u i d  supp l i e s  the  energy which the  user  wishes t o  
dump t o  the  atmosphere or  ou t e r  space. Above the  r a d i a t i n g  su r f ace  is a 

I 
cover t h a t  i d e a l l y  i s  t r anspa ren t  t o  thermal r a d i a t i o n ,  and which provides  
an i n s u l a t i n g  a i r  l a y e r  to  permit the  r a d i a t o r  t o  ope ra t e  a t  temperatures 
s e v e r a l  degrees  below ambient a i r  temperature.  The r a t e  of ener  y a d d i t i o n  4 per un i t  a r ea  t o  such a r a d i a t o r  Erom an e x t e r n a l  source,  Q (W/m ) can be 
determined from careEul measurements of t he  f l u i d  flow r a t e ,  M, i n l e t  f l u id ,  
temperature ,  TI, o u t l e t  f l u i d  temperature,  T2. The r a t e  is given by: , 

The r a t e  can a l s o  be expressed a s  a balance of energy on the  su r f ace  of 
the r a d i a t o r .  

Q + Raw@aw 9 %oBao + RswBsw + Rso Bso 
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Bc0 = E ~ ~ / ( I  P ~ ~ P ~ ~ )  

The sky r a d i a t t o n  i n s i d e  and ou t s tde  the atmospheric window is  defined by 

where the  emittance i n s i d e  the  window, caw, can e computed from ( Idso ,  
1981) f o r  c l e a r  s k i e s  

- 0.24 + 2.98 x 10"~ ea2 exp (3000/(Ta 3. 273.16)) &awv .- 

The sky i s  assumed to be black ou t s ide  the wfndow so t h a t  ea0 = 1.0. 

The f r a c t i o n  of r a d i a t i o n  wi th in  the 8-14 p band can be computed f o r  any 
given temperature ( i n  degree C) from 

Within the 10-40C temperature range, f w  changes only s l i g h t l y  (Figure 24). 
The f r a c t i o n  of r a d i a t i o n  ou t s ide  the  window, f o  = 1 - f,. 

The cover is assumed t o  be a t  a i r  tetnperGture because convect ion above the  
cover should be r e l a t i v e l y  g r e a t  compared to  the s tagnant  a i r  under the - 
cover ( C a t a l a n o t t i  e t  al.., 1975). Then the r l d i a t i o n  emit ted by the cover 
can be computed from known emit tances o f  the cover 

The r a d i a t i o n  emitted from the su r f ace  could be computed from the su r f ace  
temperature,  i f  i t  were known. Generally,  i t  is an unknown, but Equation 2 
can be solved t o  ob ta in  the su r f ace  temperature. The su r f ace  r a d i a t i o n  is 
defined as :  

Rs, = EsW FSW fls4 and cso fso oTs4 

The temperature can be  l i n e a r i z e d  following Kimball (1981). 
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Equation 2 can be aolved t o  obtain T, expl  
I 

A good r a d i a t o r  w3.11 rad 
and the re fo re  tlhe n e t  r a  
r a d i a t o r  performance. De 

Normalizing t h e  performance of n ight  sky r a d i a t o r s .  The performance 
of a n ight  sky r ad ia to?  can be normalized with r e spec t  to a  "per fec t  I 
rad ia tor . "  The cover of such E? r a d i a t o r  would be p e r f e c t l y  trensparenr: SO 1 
t h a t  T~~ = T~~ = 1% ccw = cCo = O9 and pc, = pco = O Q  Furthermore it would 
be p e r f e c t l y  i n s u l a t e d  so t h a t  U = 0, The su r f ace  of t h i s  i d e a l  r a d i a t o r  
would be h ighly  r e f l e c t i v e  ou t s lde  t h e  atmosphere window but  black i n s i d e  
the  window so t h a t  pso = 1, psw = 0 ,  cSO = O P  and cs, = 1. S u b s t i t u t i n g  
these values i n t o  aquat ion 2 ,  

Q + Raw - Rsw = 0 
0 r 

I 
Q 4- ~ , ~ f , 6 ~ ~ ' *  - fw 6 'TS4  = 0 I 

If energy i s  suppl ied to the  p l a t e  a t  a r a t e  such t h a t  tlae p l a t e  temperature 
eqnals  a i r  temperature then 

Annual Report of the U.S. Water Conservation Laboratory



This  r a t e  of energy a d d i t i o n  is dependent only on the atmosphere, and there- 
&?re we can def lne  

RI = f, ( 1  - caw) 6 ~ ~ 4  (13)  

I be the  power a t  which the atmosphere can rece ive  energy from an i d e a l  
. - d i a t o r .  RI i s  p lo t t ed  a s  func t ton  of temperature and vapor pressure  i n  
Figure 26. For t y p i c a l  opera t ing  condi t ions  of Ta = 20C and ea = I kPa, 
I = 91 w/m2* 

' m i s  i d e a l  r a d i a t o r  power is  a  u se fu l  parameter f o r  s tandard iz ing  n ight  sky 
r a d i a t o r  t e s t s  performed under d i f f e r e n t  condi t ions ,  a s  can be seen from the  

llowing. Ignoring r e f l e c t i o n s  and absorp t ion  by the  cover,  Equation 2 
L-n be w r i t t e n  

I arranging 

b' t i n g  t h a t  caO = 1, approximating 6Ta4 - as4 with  (Ta - Ts), and 
c viding by Rx y i e lds :  

a A  when Q = 0, 

Enuat iou 15 def ines  a  l i n e  with an i n t e r c e p t  of E Q ~  and a  s lope  of [4&3 
( ,,cssw + f,, Ego + U)] . The i n t e r c e p t  is  an "ef f ic iency"  of t he  r a d i a t o r  when 
Ts = Ta and i t  depends on the  su r f ace  p rope r t i e s ,  no t  on the  atmospheric 
condi t ions  of the  t e s t .  It is  analogous t o  the way the  performance of 
s l a r  c o l l e c t o r s  i s  normalized by d iv id ing  by the  i n t e n s i t y  of s o l a r  
r ._d ia t ion  (Beckman e t  a l e ,  1977). The slope is  only weakly dependent on 
a i r  temperature ( 4 6 ~ ~  i s  p l o t t e d  i n  Figure 24),  enabl ing the  maximum tem- 
p r a tu re  depression of the  p l a t e  temperature below air  temperature (when Q 
= 3 )  t o  be predic ted  from Equation 15. I n  p rac t i ce ,  the  e f f e c t  of absorp- 
t i o ~  and r e f l e c t i o n s  by the  cover degrade the  performance predic ted  by 
E w a t i o n s  14 and 15. However, i f  Q/RI i s  p lo t t ed  aga ins t  (Ta - T ~ ) / R ~ ,  t h e  
c :ves obtained by powerful r a d i a t o r s  should be above those of l e s s  power- 
fd r a d i a t o r s ,  even though the  t e s t s  may have been performed under somewhat 
d i f f e r e n t  sky condi t ions .  Moreover, t he  curves a r e  nea r ly  l i n e a r .  
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Measurements of n ight  sky r a d i a t o r  performance. To obtain ac tua l  
measurements of the  r ad ia t ing  power of night  sky r a d i a t o r s ,  two night  sky r -  

r ad ia to r s  were constructed. They were constructed from 112 copper tubes con' 
nected to  form se rpe t ines  t h  6 extruded aluminum f i n  p l a t e s  snapped over 
the  copper rubes, such a s  e used fo r  s o l a r  co l l ec to r s .  The length of 
each f i n  was 96.6 cm and the s i x  f i n s  s ide  by s i d e  had a width of 83.8 cm 
t o  give an area  of 0.810 m2 f o r  each rad t o r .  These aluminum rad ia t ing  I 
surfaces were suspendad i n  wooden boxes t h  2.5 inches of styrofoam and 4 
inches of f i b e r g l a s s  on the bottom. Polyethylene was used fo r  the cover 
across  the  top of the  boxes. It was held l e v e l  about 2 cm above the  I 

1 

radia t ing  surface,  by three  monofilament nylon l i n e s  s t re tched across from 
s ide  t o  s ide  of the  boxes. 

t 
I 

One oE the  r a d i a t o r s  was painted with i t e  pa in t  high i n  Ti02 a s  
I 

described by Harrison and Walton t r y  t o  produce a surface  which 
is  nearly r e f l e c t i v e  outs ide  the  A l a t e r  r epor t  by Michell and l 

Biggs (1979) ind ica tes  such pain t  y black throughout the thermal I R  
spectrum. Nonetheless, the  pa in t  P r s t t  & Lambert "ef fec t0  enamel 
white E1173." All  of the  pigment Type XII. Pigment composed 31.3% 
of the weight and the  remaining 68.7% was vehlcfe: -31.9% soya-alkyd  resin,^ 
0.3% non-volatile d r l e r ,  and 36.5% petroleum d i s t i l l a t e .  

Two runs were made t o  measure the overa l l  heat ga in  c o e f f i c i e n t ,  U, using 
The method of Ca ta lano t t i  et a l .  (1975). If  the  aluminum f i n s  a r e  cooled 
f o r  below the equil ibrium r a d i a t i n  temperature a t  n ight  and then allowed 
t o  warm t o  t h i s  equil ibrium temperature, the  r a t e  of temperature r i s e  can i 
be described by: / 

where a r e  the  known mass and heat  capacity of the aluminum, copper, 
and f lu id ,  and %C, a r e  the  unkown mass and heat  capacity of the wood, I 

I 
insula t ion ,  e t c .  By using a rad ia to r  t h  a polished aluminum surface ,  the  
l a s t  two rad ia t ion  terms a r e  made r e 1  vely  small and (17) can be solved 
t o  yield.  

ln[(Ta - Tm)I(Tai - Tmi)l " - [UA/(mkCk + %(,I t 

By making runs with two known masses, two equations with two unknown (U and 
%C,) a r e  obtained, which can then be solved. On the  n ight  of 31 July  81, ; 
i c e  was added t o  the water r e se rvo i r  and the  r e s u l t a n t  cold water was c i r -  ;- 
culated through the  polished aluminum radia tor .  After  an hour, a second 
run was made with add i t iona l  aluminum p la tes  under the  f i n s .  A s imi la r  run 
was made on the night  of 4 Aug 81 with ex t ra  p l a t e s  and on 5 Aug 81 with no 
e x t r a  p la tes .  The logarithm of the t i o  of the  a i r -surface  temperature t o  
the  i n i t i a l  air-surface temperature s plo t ted  agains t  time fo r  each run 
and the slopes of the l i n e s  were measured. 
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The r e s u l t s  of the U f a c t o r  measurements a r e  presented i n  Table 4. On 31 
J u l y  81 the  wind blew higher  than normal and the  U f a c t o r  was correspon- 
d ingly  l a rge .  Smaller values were measured on the  4 and 5 Augst 1981 runs. 
The computed values of the  unknown hea t  capaci tance of t he  wood and insu la-  
t i o n  seem u n r e a l i s t i c a l l y  high. Recomputation of U assuming the  mxC, = 0, 
y ie lded  about ha l f  the  s i z e  obtained from the simultaneous equat ions.  

A second approach t o  measuring the  o v e r a l l  heat gain c o e f f i c i e n t ,  U, was 
a l s o  inves t iga t ed .  Approximating the  r a d i a t i o n  terms i n  Equation 2 with 
the  ne t  r a d i a t t o n  (Equation 11) 

where R, i s  the  ne t  r a d i a t i o n  above the  p l a t e .  On the  n i g h t s  of 22, 23, 
and 24 May measurements were taken of the  ne t  r a d i a t i o n s  using two 
Fritchen-type ne t  radiometers  posi t ioned 10 em above the  cen te r  of each 
r a d i a t o r .  On these n igh t s  no f l u i d  was pumped through the  r a d i a t o r s ,  so Q 
= 0 and U E Q/(Ta - T )  The average of a l l  the  U va lues  f o r  t h e  calmer 
n igh t s  is about 2*7 w/m2 "C. 

Measurements were a l s o  made of the performance of the two r a d i a t o r s  on 
se l ec t ed  c l e a r  n igh t s  during 1981, and these r e s u l t s  a r e  presented i n  Table 
5. On 23-25, the  water flow r a t e  was zero,  so Q = 0 and the aluminum and 
white pa in t  su r f aces  cooled t o  about 3 and 8 C, r e s p e c t i v e l y ,  below a i r  
temperature.  La te r ,  on o the r  da t e s  w a r m  water was flowing at the r a t e s  
l i s t e d  i n  the t ab l e .  Concurrent mesurements were made of TI and T2 t o  
determine Q from Equation 1. However, t he  TI and T2 ev iden t ly  were not 
measured with enough accuracy and p rec i s ion  and the  r e s u l t a n t  Q's were very 
e r r a t i c  and o f t e n  very u n r e a l i s t i c .  Therefore f o r  those n igh t s  when water 
was flowing through the r a d i a t o r s ,  Q was approximated using the  ne t  
r a d i a t i o n  measurement above the  cover i n  Equation 19. 

The values of Q/Ry from Table 5 a r e  p lo t t ed  aga ins t  (Ta - Ts)/BI i n  Figure 
26. A s  expected from Equation 14 ,  t h e  da t a  f o r  t he  "white" pa in t  form a 
near ly  l i n e a r  curve. The aluminum d a t a  a r e  more s c a t t e r e d  but a r e  a l s o  
l i n e a r .  Also shown i n  Figure 26 a r e  s eve ra l  t h e o r e t i c a l  curves computed 
from Equations 2-10. The aluminum da ta  a r e  above t h e i r  t h e o r e t i c a l  l i n e ,  
but  the emittance of the  aluminum might have been 0.2 in s t ead  of t he  0.1 
used i n  t he  computations,  so  t h i s  discrepancy can be explained.  The 
"white" pa in t  da t a  a r e  below the  l t n e s  f o r  both white  and black pa in t .  
However, t he  measured U was est imated using the ne t  r a d i a t i o n ,  so t h i s  may 
expla4.n why they a r e  below the  t h e o r e t i c a l  curves.  

Some genera l  observa t ions  about the  r e l a t i v e  power of var ious  n ight  sky 
r a d i a t o r s  can be made by inspec t ing  Figure 26. F i r s t ,  t h e  normalizat ion 
procedure using RI i s  e f f e c t i v e  because the  d i f f e r e n c e s  due t o  changing 
atmospheric condi t ions  a r e  made small  r e l a t i v e  t o  t he  d i f f e r e n c e s  between 
the  var ious  r a d i a t o r s .  The dashed l i n e s  shown i n  Figure 26 i n d i c a t e  the  
change i n  normalized curve f o r  black pa in t  going from cold ,  dry ( 0  C, 0.1 
kPa) condi t ions  t o  hot ,  humid (50 C, 4 kPa) condit ions.  The change i n  
(Ta - T , ) / R ~  a t  Q = 0 was about 34% whereas t h e  change i n  Ta - Ts was about 
87% (8.9 C t o  3.5 C). More dramat ica l ly ,  t h e  change i n  Q / R ~  a t  T - Ts is  2 zero,  whereas the v a r i a t i o n  i n  Q a lone  could be from 165 t o  0 ~ / m  (F igure  
26). Annual Report of the U.S. Water Conservation Laboratory



can be a l s o  seen from Figure 26 t h a t  
achieve considerably smaller maximum 

1 

the a c t u a l  r a d i a t o r s  a re  pedicted 
depressions than t h e i r  i d e a l  

counterparts.  Also a t r u l y  s e l e c t i v e  white pa in t  i s n ' t  much b e t t e r  than ; 
black paint  untCl the surface  has cooled severa l  degrees below a i r  
temperature. Figure 26 a l s o  i l l u s t r a t e s  r a the r  dramatical ly tha t  the 
g rea tes t  power can be achieved operat ing a black r a d i a t o r  without a cover 1 
a t  temperatures above a i r  temperature. Unfortunately, during the h o t t e s t  I 
months when cooling is  desired it may not be poss ib le  t o  operate above a i r  
temperatures, so l a rge  areas  of covered surface may be required,  depending 1 
on the appl ica t ion .  i 

Figure 27 is  an i n t e r e s t i n g  presenta t ion  of conf l i c t ing  data and theor ies .  
I The Harrison and Walton (1978) data point was published f i r s t  fo r  a night  

sky rad ia to r  with white pa in t  having high TiO~ content .  They claimed it ' 
had an emlttance of 0.92 i n  the atmospheric window and 0.05 outs ide  the 
window. Then, i n  1981 Harrison published a mass of da ta  outl ined by the  
wavy l i n e  i n  Figure 27. The s ing le  data point published e a r l i e r  by 
Harrison and Walton is considerably above these data. He a l s o  presented a 
theory of operat ion fo r  the r ad ia to r  taking i n t o  account absorption by 
water vapor a t  various angles and e levat ions  i n  the sky. He sa id  he used 
the  paint  proper t ies  presented e a r l i e r  by Harrison and Walton. Obviously 
h i s  t h e o r e t i c a l  curves agree n ice ly  with h i s  da ta  i n  Figure 27. Meanwhile, 
Michell. and Biggs (1973) published a ref lec tance  spectrum f o r  high 
Ti02 pain t  which showed the pain t  t o  be qu i t e  black throughout the t h e m n l  
I R  spectrum with an emittance of about 0.92 outs ide  the  atmospheric window, 
r a the r  than the 0.05 claimed earlier by Harrison and Walton. I f  Harrison 
indeed used an emittance of 0.05 f o r  h i s  t h e o r e t i c a l  curves while h i s  I 
r ad ia to r  a c t u a l l y  had an emittance of 0.92, the  agreement between h i s  cur- 
ves and data  c a s t s  considerable doubt on t h i s  theory. 

Also shown i n  Figure 27 a r e  the  theore t i ca l  curves computed from Equations 
2-10. The agreement betwen the black pain t  curve ( s ince  Michell and Biggs 
i ~ ~ d i c a t e  the  white Ti02 pa in t  is r e a l l y  black) and the  points  measured i n  i 
t h i s  study is f a i r  and the aluminum points  agree with the  aluminum curve. 1 
However these t h e o r e t i c a l  curves c o n f l i c t  dramatical ly with both the data  
and the t h e o r e t i c a l  curves of Harrison. Even the  shape of the  curves is 1 
d i f f e r e n t -  The shape of the  curves from t h i s  study i s  determined by the  : 
shape of the  Idso (1981) sky emittance (Equation 4). Obviously the re  is 
q u a l i t a t i v e  d i f fe rence  between t h i s  equation and the  method used by 
Harrison. While, Harrison's curves a r e  suspect due t o  the surface  emit- 
t a m e  problem, one cannot so e a s i l y  d i s c r e d i t  h i s  data.  They ind ica te  t h a t  
the  temprature depression (Ta - T,) decreases much f a s t e r  with increas ing 
vapor pressure than predicted by the  theory presented here. I 

1 

I n  view of a l l  the  c o n f l i c t s  presented i n  Figure 27, it has been decided to  
obta in  more night  sky rad ia t ion  t h i s  year,  p a r t i c u l a r l y  when the  summer 1 
monsoon brings higher vapor pressures.* Many more points  with Q = 0 and 
with pos i t ive ,  precisely-measured Q provided by e l e c t r i c a l  heat ing w i l t  be 
obtained. Data from addi t ional  r ad ia to r s  painted with f l a t  black w i l l  a l so  , 
be obtained for  comparison with the white paint  and aluminum rad ia to r s .  

I 
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A PROTOTYPE FIELD C02 ENRICHMENT CHAMBER: --- 
,,s mentioned previous ly ,  a prototype f i e l d  CO2 enrichment chamber was 
cons t ruc ted  and is  being t e s t e d  foe poss ib l e  use in  a major enr ichaent  
xperiment* The design is s i m i l a r  t o  t h a t  of Heagle e t  a l *  ( l 973) ,  i n  t h a t  
t has t ransparent  p l a s t i c  s i d e s  and an open top, A f a n  provides con- 

t inuous v e n t i l a t i o n  with enriched a i r  through per fora ted  tubes a l l  around 
'he bottom perimeter.  Unlike the  c i r c u l a r  shape of Heagle e t  a l e ,  however, 
h i s  chamber is square i n  order  t o  f i t  i n t o  row crops l i k e  c o t t o n  more 

e a s i l y .  The square shape is a l s o  compatible with polylock, a commerically- 
a v a i l a b l e  aluminum ex t rus ion ,  t o  e a s i l y  f a s t e n  the  t r anspa ren t  p l a s t i c  t o  

he frame. 

The chamber is  120 inches (3-05 m) long on each s i d e  i n  order  t o  accommodate 
hree  s tandard 40 inch  rows, and it is 2.07 m high f o r  an a rea  of 9.29 m2 
nd a volume of 19.2 m3, Following Heagle e t  a 1  +, t h e  v e n t i l a t i o n  r a t e  was 

se l ec t ed  t o  be 4 a i r  changes per  minute, o r  1*28 m3/s  (2720 CFM , f o r  an 1 average v e r t i c a l  v e l o c i t y  of 14 m/s. Under f u l l  sun (1000 ~ / m  ) t h i s  ven- 
i l a t i o n  r a t e  w i l l  g ive  a temperature r i s e  of about 6e5 C i f  t h e r e  were no 

=vapot ranspi ra t ion .  Pf ha l f  of the incoming energy is  d i s s i p a t e d  a s  l a t e n t  
energy ( evapo t r ansp i r a t ion  = 0,74 m / h r ) ,  then the  temperature r i s e  would 

e 3,2 C. An evapo t r ansp i r a t ion  r a t e  of 0e74 m / h r  would inc rease  the  
umidity r a t i o  of t h e  a i z  by 1 0 4  g B20/kg a i r  and the  vapor pressure  by 

0.21 kPa. These temperature i nc reases  a r e  d e f i n i t e l y  h igher  than desfra 
"owever, t he  a l t e r n a t i v e  of r e f r i g e r a t i n g  t o t a l l y  enclosed chambers is not 

e s i r a b l e  e i t h e r .  

The chamber was cons t ruc ted  from an angle aluminum frame with angle  i r o n  
round an access  door and around the top perimeter.  A door and a top  cover 

-,as constructed from Al with magnetic r e f r i g e r a t o r  door gaske ts  bo l ted  
around each. <These  gaske ts  provide a good s e a l ,  y e t  a l low the  door and 

over t o  be quickly removed and replaced. During normal opera t ion  the  door 
ould be on and the cover o f f .  The cover would be s e t  i n  p lace  quickly,  

and v e n t i l a t i o n  and C02 enrichment ceased i n  order  t o  make photosynthesis  
Aetermina t ions  by measuring the  t r a n s i e n t  decrease i n  C02 concent ra t ion  i n  
he chamber. The wal l s  were cons t ruc ted  from c l e a r  PVC f i l m  s t r e t c h e d  bet- 

ween pieces of polylock. A piece  of polylock was bol ted  a l l  around the  
chamber a t  the 1 m height .  The upper wa l l  was a s i n g l e  l a y e r  of PVC f i lm.  

he lower was two th ickness  t o  form a tube,  On t h e  s i d e  oppos i te  the door,  
fan  was mounted to  i n j e c t  a i r  i n t o  the tube. The inner  wal l  was then 

per fora ted  t o  permit a i r  t o  e n t e r  the  chamber. 

he fan se l ec t ed  was a Dayton 20 i n ,  3-speed fan  r a t ed  at 3425 ( h i ) ,  3000 
(med), and 2340 ( l o )  CFM f r e e  a i r  de l ive ry ,  Measurements were made with a 
hot  wire anemometer of the  v e l o c i t y  of a i r  flow out  the  holes  f o r  two hole  

e n s i t i e s  and fan r a t e s .  These da t a  a r e  presented i n  Table 7. Ea te r  a 
.erforated cover w a s  s t r e t ched  ac ros s  t he  top  of t h e  chamber and a d d i t i o n a l  
flow measurements a r e  taken, However, the  anemometer was malfunct ioning,  

o the  l a t e r  da t a  were invaf  i d .  Measurements were taken of t he  a i r  tem- 
m a t u r e  d i f f e r ence  between i n s i d e  and out and s o l a r  r a d i a t i o n ,  so the  ven- 

t i l a t i o n  r a t e  was est imated from these  da t a  ~ s s u m i n g  the  t o t a l  hea t  load 
--as 90% of the s o l a r  load.. It appears from these  da t a  t h a t  using a tube 

3 1 1  with 162 28-mm-dia holes  and a cover t h  46 47-m-dia holes  at a 
medium fan speed w i l l  produce the  des i r ed  4 a i r  changes per minute. 
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The yields of a fall (1978) crop of tomatoes (Lycopersicon esculenturn 
cv. N-65) and of a spring (1979) crop (cv. Tropic) from Cog-enriched, 
unventilated and conventionally ventilated greenhouses were analyzed. 
ventilated, ambient CO2 greenhouse had U. S. No. 1 and 2 fruit yields 

i 

i 

M i l l .  

r 
The j 
of 

6.19 and 10.4 kg/plant-for the fall and spring crops, respectively. For 
the fall crop, there were no significant differences in yield among the 
greenhouses. For the spring crop, the total fruit yield was 20% higher in i 
the unventilated, C02-enriched greenhouse. However, C02 enrichment stimu- 
lated production of large, catfaced U. S. No. 3 fruits, so there was littler 
difference in U. S. No. 1 and 2 fruit yield among the greenhouses. There 4 
was no significant yield difference between an unventilated greenhouse 1 
enriched with 1OOO UR C02/liter and another enriched with 1350 yR/liter. 
There also was no yield improvement obtained from using nutrient con- i 
centraeions 50% higher than standard in any of the greenhouses for either 1 
crop. Fruit set of the spring crop was not significantly affected by the 
higher humidity in the unventilated greenhouses. 

Air temperatures, energy consumption, and water use were measured with fouri 
test greenhouses: 1 - a passive solar greenhouse with a stock of water- 
filled bottles, 2 - a conventional greenhour with a fossil fuel heater and 
fan-pad evaporative cooling system, 3 - an unheated and uncooled control, 
and 4 - an active solar greenhouse with water tank heat storage. The 
amount of fossil energy required to operate the pumps and fans for heating 1 

the active solar greenhouse was about half the 10 /m2/day used 
heater of the conventional greenhouse. During the summer the active solar 
greenhouse used about double the 5 ~ ~ / m ~ / d a ~  for cooling the conventional I greenhouse. However, the active solar greenhouse was closed and could have! 
been enriched with C02 for almost all year until mid-July, whereas the con- 
ventional was ventilated much of the time starting in mid-April. 

The temperatures in the conventional and the active solar greenhouse were 
generally well within the range of optimum plant growth. The temperatures 
in the passive solar greenhouse were generally too hot in the daytime all I 
year long and too cold at night in winter for optimum plant growth. The i 
maximums were only about 2 C cooler in the passive solar house than the 
30-60 C maximums in the uncooled house. Similarly, the minimums were only i 
about 2 C warmer than the 2-28 C of the unheated-uncooled house. i f 

Apparently the rate of heat transfer between the bottles and the air was - 
simply too slow for effective temperature control in the passive solar 
house. 

Intensive measurements of wall and soil surface temperatures of a11 four 
greenhouses were also made on two diurnal runs, one with a dry soil surface, 
and another when it was wet. The primary objective of these diurnal i 
measurements and of the annual performance measurements was to obtain 
simultaneous data for four very different greenhouse types for comparison 1 

with hourly, daily, and annual computer model predictions. The validated ' 
greenhouse model will be used to evaluate the feasibility of using closed " 
greenhouses in arid environments to grow crops with little water. It can 
also be used to size components for optimal design of solar heating 
systems. i 
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Addit ional  t e s t s  were made on the  uniformity and d i s t r i b u t i o n  of Cog i n  the  
irichment chamber. Twenty small tygon tubes were suspended from Pines 

,,retched ac ros s  the chamber i n  the  g r i d  p a t t e r n  shown i n  Figure 28, 
C02 from a tank was i n j e c t e d  j u s t  behind the fan,  a s  i nd ica t ed  on the  

.gure. A t  f i r s t  the  C02 supply l i n e  merely terminated,  and then c e r t a i n  
, s i t i o n s  near the  fan  had very h igh  concent ra t ions .  Then a manifold 

many small holes  was co i l ed  behind the  fan and t h i s  promoted much b e t t e r  
-<xing with the  en t e r ing  a i r o  The c o e f f i c i e n t  of v a r i a t i o n  was s t i l l  about 

I X ,  so another  t a c t i c  was t r i e d  t o  reduce the  v a r i a t i o n  s t i l l  f u r t h e r .  
uavis  and Rogers (1980) found t h a t  a chamber t h  a nozzle  t op  had much 
l e s s  concent ra t ion  v a r i a t i o n  then a simple open-top chamber. It is  a l s o  

bgical t h a t  i f  t he  a r ea  f o r  flow out  the  top is  reduced, then  the  average 
-.)ward v e l o c i t y  w i l l  he higher .  Therefore,  t he re  would be l e s s  p o s s i b i l i t y  
f o r  wind c u r r e n t s  t o  reverse  the flow and mix unenriched a i r  i n t o  t he  
-1amber. Because only r a t h e r  t a l l  crops would rece ive  d i r e c t  sun most of 
ie time in such chambers anyway, it  was decided t o  cover the  chamber with 

a perforated cover In s p i t e  of the  s l i g h t  reduct ion i n  s o l a r  r ad i a t ion .  

ie C02 d i s t r i b u t i o n  r e s u l t s  with two covers having 50 and 180 47-m-diameter 
w l e s  a r e  presented i n  Table 8*  During these  t e s t s  C02 was i n j e c t e d  a t  an 
unmeasured r a t e  of approximately 48 l/min. The con t ro l  value was not moved 

*om run to  run, so the  injection r a t e  should have been cons tan t .  Some 
- i r t i c u l a r l y  high concent ra t ions  occurred a t  pos i t i ons  14-19 on 3 Feb. and 
some r a t h e r  low ones a t  pos i t i ons  16-20 on 2 Mar. Since 
- x u r r e d  a t  the same pos i t i ons  i n  sampling sequence, it s 

la t  the flow r a t e  was changing than t h a t  the C02 enrichm 
the  per fora ted  top  wasn't producing uniform C02 concent ra t ions*  More stu- 
d i e s  with a metered flow with and without the  per fora ted  cover a r e  planned. 

J d i t i o n a l  t e s t s  were made t o  determine the  s u i t a b i l i t y  of chambers f o r  
photosynthet ic  measurements. The PVC f i lm  cover with t h e  magnetic gasket  

I IS a t tached  t o  the top angle  i r o n  frame. Then 602 w a s  i n j e c t e d  i n t o  the  
\amber and its decrease with time was determined by pe r iod ic  sampling. 

Then ln[C - Co)/(Ci - Co)] was p l o t t e d  aga ins t  time i n  hours and the  s lope  
mnasured to  ob ta in  the  number of a i r  changes per hour. When the  chamber 

IS indoors with s tagnant  a i r  i n s i d e ,  t he  leakage r a t e  was 0.06 changes per  
[lour. An o s c i l l a t i n g  fan was then placed i n s i d e  which gave an average a i r  
v e l o c i t y  of 0.62 m / s  as measured a t  9 pos i t i ons  with a hot  wi re  anemometer. 

le leakage r a t e  increased t o  0.24 changes per hour* Addit ional  t e s t s  weke 
mducted ou t s ide  on 29 and 30 Dec 81, when the  wind speed averaged 1.2 m / s  

on both days. The leakage r a t e  on both days was 0.35 changes per hour. A 
" xikage r a t e  oE 0.35 changes per  hour w i l l  cause about a 1% e r r o r  i n  a pho- 

> s y n t h e t s i s  measurement a f t e r  1.7 minutes i f  no c o r r e c t i o n s  were made, so 
i t  appears t h a t  the chamber can be sea led  well  enough t o  be a photosynthe- 
sis measurement chamber a s  well  a s  a C02 enrkhment  chamber, 

..JMMARY AND CONCLUSIONS 

comprehensive l i t e r a t u r e  review oE more than 350 experiments an  24 crops 
l d i c a t e s  t h a t  a doubling of the e a r t h  s <!02 concent ra t ion  

y i e l d s  an average of 32%. 
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A theory for predicting the performance of night sky radiators was developed, 
Two night sky radiators were bult, one with a Ti02 white paint surface, - i 
reported to be selective for the night sky, and the other with aluminum. 
Numerous measurements of radiating power from the change in temperature of 
water flowing through the radiators were attempted, but the temperature I 
change could not be measured precisely enough. Three data points obtained ( 
when no water was flowing had fair agreement with theory. A comparison 
with previous theories and data from the literature showed large conflicts i-* 
and inconsistencies. Additional data from radiators whose external power 1 
is supplied from precisely measured electrical heaters is planned for next 
year 

I 
f 

A research proposal to study the "Effects of Atmospheric C02 Enrichment on 1 
Productivity, Water Use Efficiency, and Photsynthesis of Crop Plants under 
Water and Nutrient Stress" was prepared. A portlon of that proposal plans I 
to utilize open-top chambers to provide a field plot with a controlled I 
C02 enrichment. A prototype chamber was built which featured transparent 
plastic film stretched over an angle aluminum and and iron frame. Magnetic 
gaskets permit quick attachment of a door and cover to the angle iron frame 
for photosynthesis measurements. Preliminary testing indicated that it 
will be possible to achieve good distribution and uniformity of C02 concen- 
trations under normal operating conditions and that adequate sealing can be, 
attained for photosynthesis measurements. 
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Table 1: Summary of the  ana lyses  of v a r i a n c e  of tile y i e l d s  O F  two tomato c rops  gtown i n  "ventllated." (V) and 
"unventi la ted" (U) greenhouses R E  var ious C02 enrichmenix (pE/E) and a t  s tandard and fitah n u t r i c n t  
concent ra t ions .  No i n t e r a c t t o n s  were s ign iF icont .  

TREATMENTS 
Ventilation-COZ Nutr. Conc. 

V V U U S i g n i f i -  Sf g n i f  L- 
ITEM ambient 1000 1000 1350 LSDY canceX St 'd  High ESDY c a m e X  

F a l l  I978 'N-65' tomato crop: 

U. S- No. 1 and 2 f r u i t  y i e l d  6.7a - 5.6a 5 . 6 ~  - NS 6.4a 5.68 - NS 
( k d p l a n t )  % difw - -16 -16 , 

Percen t  Ub S. 3 p lus  c u l l s  
(kg x 10O/kg t o t a l )  

U. S. No. 1 and 2 f r u i t  stze 167 - 149 153 
W f r u i t )  % dirw - -1 I -8 

Above-ground d r y  mat te r  1 - 1 2  - 
(kg/plant)  % d i f W  

Spring 1979 'Tropic'  tomato erop: 

T o t a l  f r u i t  y i e l d  
(kg/plant) 

Percen t  U. S. No. 3 f4.9d 25.6a 25.28 - NS 
(kg x 100/kg t o  t ax)  * Z d i f w  +52 4-85 4436 

U. S. Mo. 1 and 2 f ru i t :  size 229b . 225b 260a 25Ga 13 2543 236a - NS 
( a / f r u i  t > % diEW -2 +14 M2 
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Table 1 (Cont) 

TREATMENTS 
Ventflation-C02 Nutr. Conc. 

V V U U S ign i f  i- Sign i f  i- 
ITEM ambient 1000 1000 1350 ESDY canceX S t ' d  High ESDY canceX 

Above-ground d r y  matter  1 . 5 9 ~  1 . 6 7 ~  1.91a 1.79b 0.09 ** 1.89a 1.65b 0.07 ** 
(kg lpfan t )  % difW 4-5 4-20 4-13 

Percen t  f r u i t  s e t  68.31, 65.7b 7 3 . 4 ~  69.5ab 4,4 70.33 68,8a - NS 
(No. f r u i t s  x 100/no, f lowers)  Z d i E W - 4  $8 4-2 

z Wxns no t  Followed by the  same L e t t e r  a r e  s i g n i f i c a n t l y  d i f f e r e n t  a t  5%. 
y Least  s i g n i f i c a n t  difference a t  5% a f t e r  F t e s t ,  followfng Carmer and Swanson (3) .  
x NS implies  not s i g n i f i c n n t l y  d i f f e r e n t  a t  5%. ** i n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e  a t  I%* 
w X d i f f e r e n c e  is the  percentage change of the mean f o r  the  CO2-enrfched houses with r e s p e c t  to the  v e n t i l a t e d ,  

ambient C02 greenhouse. 
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Table 2: Moisture content (% dry weight) of the sand in the east and west 1 ds 
of the four greenhouses sampled at 1230 on 23 and 26 June 1981. 

- ; - 
1 

Greenhouse Number 

depth - - east west east west east west east west 

23 June 1981: 

1 -  3 
3 - 10 
19 - 38 

26 June 1981: 

0 -  1 
1 -  3 
3 - 10 
10 - 38 
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Table 3. Summary of deep s o i l  temperature da t a  f o r  bare  Avondale loam i n  Phoenix, 
Arizona* (From B. A. Kimball, S. T. Mi t che l l ,  and G. Brooks, U, S. Water 
Conservation Laboratory 1981 Annual Report) .  

- Depth (m) 

0e25  Oe5 1 *O 1 *5  2 00 2 e5 - 
Item/Year Temp Date Temp Date Temp Date Temp Date Temp Date Temp Date 

(C) (0 (C) (a (C) (C) 

Maximums : 
1978 38 lOAug 35 20Aug 33 25Aug 31 OlSep 30 O5Oct 28 050ct 
1979 37.8 lOAug 34,5 1OAug 32-0 lOAug 29.5 15Aug 28.0 25Sep 26.8 200ct 
1981 36*8 12Ju l  35,O l 5 J u l  32.2 25Jul  32.2 26Ju l  -- - - - - - 27 2?  OSAug? - 

Minimums : 
1979 9*0  Web 10,6 20Jan 14.3 05Feb 16.2 10Feb 18.2 25Feb 18.8 20Mar 
1981 12.5 6Feb 14.0 05Feb 16*3  15Feb 18.0 2LFeb -- -- - - - 20.8 02Apr - 

Average Maximum - Average Minimum: 

Thermal D l f f u s i v i t y z  (mm2/s): 

0.21 0.33 0.54 0.41 0.19 

7, 
D~ = (w/2) [ (z2  - z l ) / l n  ( A ~ / A ~ ) ] ~ ,  where 22 - z1  i s  t h e  d i f f e r e n c e  i n  depth 
(ad jacent  were used) ,  Al/A2 i s  t h e  r a t i o  of t h e  (maximums - minimums) between 
the  two depths ,  and w i s  the  annual frequency ( r ad / s )  = 2rr/ 3600 x 24 x 365). 1 The average thermal d i f f u s i v i t y  f o r  t he  p r o f i l e s  is 0,34 mm /s. 
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Table 4. Summary of U f a c t o r  determinat ions f o r  n igh t  sky r a d i a t o r .  The 
va lues  determined using the  ne t  r a d i a t i o n ,  k, a r e  averages over 
8 hours,  I 

mkck Slope mxCx u U i f  %c, = o 
Date (J/C) ( sec- l )  (J/C) (w/m2 oC) (w/m2 *c) 

Using r a t e  of change of pol ished aluminum r a d i a t o r  temperature: 

31 J u l  8 1  5165 2.69 x 12841 7.0 2-7  

31 J u l  81 11307 2.34 x 3.3 

4 Aug 8 1  16130 0.72 x 10-4 7334 2.1 1.4 

5 A u ~  81  8165 1.09 x 1.1 

Using U = Rn/(Ta - Tm) when the  flow r a t e  was zero: 

For alumirnurn r a d i a t o r :  

22-23 May 
23-24 May 
24-25 May 

For white pa in t  r a d i a t o r :  

22-23 May 
23-24 May 
24-25 May 

Average of a l l  va lues  except 31 J u l y  2.7 
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Table  5* Summary of n rgh t  sky r a d i a t o r  performances dur ing  1981. The v a l u e s  are averages over thi 
f i r s t  f i v e  hours  o f  each day. 

Bare Aluminum 

M r  Vap- Wind I d e a l  Flow 
Temp P r e s s -  Speed EOS.&/ Rate 

Ta - Trn 

Date ea V R~ N 'T&/ Ta r Tm sf a 7 

10 Sep 25.6 1-62  1.4 79 
1 1 S e p  23.8 1.65 1.4 7 5 
12 Sep 23.6 1.51 0,9 80 

1 7 S e p  24.4 1.44 2,3 82 
18 Sep 28.0 1.46 2.8 95 

19 Sep 23.7 1.65 2*0 -75  
20 Sep 24.1 1.65 1.5 76 

6 Oct 17.7 1.39 0.5 74 
7 Ocr 19.6 1.31 0.8 80 

23 t h y  
24 ?by 
25 May 

10 Sep 
11 Sep 
12 Sep 

17 Sep 
,18 Sep 

19 Sep 
20 Sep 

6 Oct 
7 Oct 

k l i t e  P a i n t  

13.6 7.6 19.5 0 0 0,078 
11.8 7.7 28.4 0 0 0.083 
14.2 8.2 21.1 . 0 0 0.088 

32.0 -6.4 47.5 6 5 0.82 w.081 
31.4 -7.6 53.2 74 0.99 -.101 
30.1 -6.5 49.7 67 0.84 -.081 

1/ Computed from Q -- R, - U (T, -Tm) with U = 2.7 w/rn2*C f o r  che d a t e s  when t h e  flow r a t e  was 
g r e a t e r  than zero. 

2/ f i n  3 temperatures. 
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Table 6 .  Values of radiative properties of the night sky radiators used to compute the 
curves in Figure 27. 

- Radiator Type 

Ideal Black Paint 
White 

- Parameter Selec- Black Alum* Paint Cover No-Cover -- --- - - 
cSW 8-14 u window surface emittance 1 3/ 0,9521 1 0.10Ll 0.9$1 0.94- 

cso outside window surface emittance 0 1 otl0L/ 0.052/ 0,9521 0.9521 

rc, 8-14 p cover transmittance 1 1 0.804-1 0.80il 0,80!L/ 1 

rco outside cover transmittance 1 1 0,804-/ 0.80&/ 0,80!Lf 1 

cCO 8-14 p cover emittance 0 0 0.102f 0,102l 0.10?1 0 

cCo outside cover emittance 0 0 0,102/ 0.1051 0,105' 0 

U convection-conduction heat 2,?2/ 9,5- 7 / 
transfer coefficient 

1! From hffie and Beckman (1974, p. 97). 
2/ Fro, Harrison and Walton (1977). 
31 Estimated. 
dl From Catalanotti et ale (1975) for polyethylene. 
?/ From ASWRAE (1972, ~ ~ 3 5 8 )  for the conductance of a stagnant, 19-m-thick, POW 

emittance air space 
Average measurement 

Ll From the McAdams expression, U = 5.7 4- 3.8 V ( / s ) ,  for a 1 m/s 
(Duffie and Beckman, 1974, p. 83). 
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Table 7. Summary of a i r  flow measurements f o r  prototype C02 enrichment chamber. 

No. of Holes Fan Avg. velocity?/ So la r  Air Changes 

Date w a l 2 1  Cover;/ Speed + Std. Dev. Radiat ion Tai - Tao per  Minute 

4 Nov 8 1  87 
4 Nov 81 87 

5 Nov 8 1  162 
5 Nov 81 162 

2 Feb 82 162 
2 Feb 82 162 
2 Feb 82 162 
2 Peb 82 I62 

open 
open 

open 
open 

med 
high 

med 
high 

med 
high 
med 

h igh  

bl Hole diameter = 28 mm. 

21 Bole diameter = 47 mm. 

31 Veloc i ty  through wal l  holes  en the  cover s off and through the  cover ho l e s  
when i t  was on. 
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Table 8. C02 concentrations at 20 positions in the C02 enrichment chamber and their average, 
standard deviation, and coefficient of variation for several uniformity tests 
under the conditions indicated. 

Date: 
Wind Speed (m/s): 

No. Holes in Cover: 
Fan Speed: 

Sample Height (m) : 

Position No: 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
12 
13 
1 4 
1 5 
1 6  
17 
1 8  
19 
20 - 

Average : 
Sed. Dev: 

Coef. Var, (%): 

5 Feb 82 3 Feb 82 25 Feb 82 25 Feb 82 26 Feb 82 26 Feb 82 2 Mar 82 2 Mar 82 
1.6 1.6 0 -  5 0.5 2.3 1.3 0 - 9  0.6 
50 
Med 
0.3 

- - 
712 

1459 
1144 

94 8 
873 

1067 
1029 
1070 
1429 
1243 

905 
1294 

990 
1576 
1419 
1168 
1470 
1151 

781 
1144 - 
1144 

242 
2 1 

50 5 0 50 180 180 180 180 
High High Med Med High Med Nfgh 
0.3 1.0 1.0 1.0 1.0 0 e 3  0.3 

. . . - - - - -  [CO2 concentration (pprn)] - - - - - - - - 
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j GREEN HOUSE 2 o SOLAR OUTS~DE 

I- 
S O L A R  CLOSED 

CONVENTIONAL Y FAN .- PUMP 
50 

I 
. A AUX -'HEATER 

Figure  .I. 

i 

- - 
Energy use  i n  convent iona l  Greenhouse 2 i n  1981. . Each p o i n t  is  a 5 . d a y  average.  
The s o l a r  c lo sed  p o i n t s  are t h e  amounts' of s o l a r  energy r ece ived  w h i l e  t h e  
greenhouse was not v e n t i l a t e d  and could have been en r i ched  w i t h  CO2. 

I 
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Figure 2. Energy u s e  i n  "active" s o l a r  Greenhou e 4 in 1981, ~~~h is a 5 day 
average. The greenhouse d id  no t  requize ven t i l a t i on  u n t i l  mid-&% most 

--- - -- -af t h e  "cnlar fi1~t-.s$+E-.+o$-*- arc ---?era-- - wh " - -  

u o s e d '  points, 
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Figure  3 ,  Maxiurn 'and rnin.l.rnmr a i r  tc~npcrattlre inside C~nventional Greenhouse 2 (Tai) and 
o u t s i d e  (Tao) d u r i n g  1981. Each point is a 5 day 'average. 
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Figure 4, Maximum and min temperatures inside active solar 
water (3b) dur 98 - - - -- -- * 

N - b.L-"=-" 
\ 
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Figure 5 ,  Maximum and nnhhum a i r  
(Tai) and o u t s i d e  (Tao) 

temperature i n s i d e  unheated and uncooled Greenhouse 3 
81, Each po in t  s a 5 day average. N 

W 
0 
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Figu re  6 ,  Haximum and m b n h u x  a i r  t e x p e r a t u r e  2ve s o l a r  Greenhouse 1 ( T a i )  
and o u t s i d e  (Tao) and of  t h e  storage o t t l e s  (T~) during 1981. Each p o i n t  
i s  a 5 day average. 
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Pigu rc  7. Water use  by Greenhouses 2 and 4 dur ing  1981. Each point is an average of 5 
o r  more days. 
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* - Noon humidity r a t i o s  i n s i d e  t h e  four  greenhouses as wel l  as t h e  aveygge - -- < - - -- - , $-"- y c - t d e  idf-T->at: - . Th ,;in~.- ,re , ,q a _ -3ge. 
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GREENHOUSE I A 
. .  . 

GREENHOUSE 2 
50 . . 

i . . 

I 

Figure  9.  Noon s o i l  t empera ture  a t  t h e  0.38 meter dept 
in the salld each 

greenhouse du r ing  1981. The p o i n t s  are 5 day average.  
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Energy fluxes i n  conventianal Gre On 23 and 26  June when the h, 

include outsme so lar  W 
s o i l  was d r y  a n c z e t ,  respective1 Vt - -  

e-.L--5 
r a d ~ a - i o n ,  - ~ t s ~  -- SOX-- lect 'd s e  '--" e l c - s l  (and-. 

- -r - 
* + r ___- r,,, ,n,q,k,A =iph cn,"fnet inside peenhouse, 
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Figure  ll* Energy f l u x e s  in a c t i v e  s o l a r  Greenhouse 4 on 23 and 26 June 1981 when t h e  s o i l  w a s  dry 
and wet, r e s p e c t i v e l y .  The f l u x e s  inc lude  o u t s i d e  s o l a r  r a d i a t i o n  (which is  superimposed 
on the s o l a r ~ c l o s e d  p o i n t s ) ,  o u t s i d e  s o l a r  r a d i a t i o n  r ece ived  whi le  Che greenhouse was - 
c losed  (and could have been enr iched  w i t h  6 @ ) $  n e t  r a d i a t i o n  i n s i d e  t h e  greenhouse, s o i l  N 

W 
h e a t  f l u x  (no te  t h e  doub l ing  of t h e  s c a l e  f o r  n e g a t i v e  f l u x e s ) ,  e l e c t r i c a l  energy consumed . a 

by t h e  coo l ing  tower f a n  and pump, and t h e  energy. equ iva l en t  of t h e  water  evapora ted  by t h e  
coo l ing  tower.  . . 
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W 
CO 

Figure 13. Fluxes of s o l a r  r a d i a t i o n  ou t s ide ,  n e t  r a d i a t i o n  ins ide ,  and s o i l  hea t  
f l u x  i n  pass ive  Greenhouse 1 on 2 3  and 26 June 1981, when t h e  s o i l  was 
d r y  and wet,  r e spec t ive ly .  (Note t h e  change i n  s c a l e  f o r  nega t ive  va lues ) .  , 
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BUTS1DE AIR 

h, 
- - F+--, e I - - - T e  u ----)E f - -out-----i aj-.--ins~ -- --* -- P --- W 

1 air------we:"---""n d ---. -wv . SL :e I 

conventional  Greenhouse 2 on 23 and 36 . T I ~ E ? .  1 9R1 _ w h ~ n  f-he rm.li l T . ~ D E  T~V.LI 
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Figure 15. Temperature of t h e  o u t s i d e  a i r ,  i n s i d e  a i r ,  cover,  s o i l  s u r f a c e ,  and 
Storage  tank water  of a c t i v e  SO Greenhouse 4 on 23 and 26 June 1981,  
when t h e  s o i l  was dry  and wet, r a s p e c t i v e l y ,  
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. O 'INSIDE AIR 

A COVER 
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NTROL GREENHOUSE 3' 

o OUTSIDE AIR 
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f PASSIVE SOLAR GREENHOUSE 7 

e OUTSIDE AIR 

I I N S ~ E  arw 

Figure  21, Rumidity ratios of the  air outs ide  and imxide passive Solar  Greenhouse 
I on 23 and 26 June 1981, when the soil was d r y  and wet, r e s p e c t i v e l y .  
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Figure 23, Soil tcmperaturcs  a t  midnight and avera<*e d a i l y  a i r  temperature f o r  ba re  
Avondale loam i n  Phoenix, Arizona f o r  381. (From 13, A* Kimbal2, s. .  T. 
Mitchell, & G. Brooks, U, S,  \?later  con^ ~ r v a t i o n  Laboratory I982 -Annual 
Report. ) 
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TEMPERATUR 
F i g u r e  24. P l o t  of t h e  Q u a n t i t y  4 

t e m p e r a t u r e  .' .Also -t on .of black body rad- - - 
i a t i o n  e m i t &  i n  t h  and ,.$, , against temp- 
r a t u r e .  ( ~ a r r i s o n  1960, Tab le  2). 
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Figure  26 ,  Measured v a l u e s  of  t h e  e x t e r n a l  ens-gy,  Q, s u p p l i e d  t o  a night sky N 

.--- - -  ~ a d 4 " ~ ~ ~  y-2-u~ kL-rer--- F- - - " i on  "- ' ow a%=- terr---stu? -I 
Ln 1, - - -  --- -- 

I 

bo th  normalized wr th  r e s p e  i d e a l  r a d i a t i n g  power, 
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. . . AIR VAPOR PRESSURE i jk~a j  
F igu re  27 .  Depression of n i g h t  sky r a d i a t o r  s u r f a c e  tempera- 

. . 
t u r e  below a i r  temperature v e r s u s  a i r  vapo r  pres -  
s u r e  when no e x t e r n a l  e n e r g y , i s  supp l i ed  t o  t h e  - 
r a d i a t o r s  (Q-0). The s o l i d  t h e o r e t i c a l  c u r v c s  
a r e  f o r  a n  a i r  tempera ture  of 2 0 C ,  
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Figure  2 8 .  View from t o p  of C02 enrichment chamber showing 
p o s i t i o n  of C02 sampling sites. 

. , 
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' MICROBIOLOGY OF SOL!, Am WA'YEK SYSTEMS FOR RENOVATIOW AND 
CONSERVATXON OF WATER 

NRP : 207 90 CRIS WORK UWIT 5510-207 

INTRODUCTION: --.....- 

During 1981, t h e  b f o l o g i c a l  s t u d l e s  on n i t r i f i c a t f o n - d e n i t r i f i c a t - L o n  
r e a c t i o n s  i n  s o i l s  in termi . t tentZy Flooded w i t h  primary o r  secondary 
sewage e f f l u e n t  were con t inued .  S p e c f f i c a l l y ,  e f f e c t s  of c h l o r i n a t e d  
e f f l u e n t  on n i t r o g e n  t r a n s f o r m a t i o n s  were e v a l u a t e  t h e  causes  of n j t r i -  
F i c a t i o n  i n h i b i t i o n  i n  primary sewage e f f l u e n t  chemica l ly  t r e a t e d  f o r  
>dor  c o n t r o l  were determined,  and t h e  v a l i d i t y  of n i t r o u s  ox ide  e v o l u t i o n  
d u r i n g  n i t r i f i c a t i o n  i n  s o i l s  i n t e r m f t t e n t l y  f looded w i t h  secondary 
sewage e f f l u e n t  was i n v e s t i g a t e d  . 
PROCEDURES: ---- 

Che e f f e c t s  of c h l o r i n a t i o n  O F  secondary sewage e f f l u e n t  on n i t r o g e n  
: ransformat ion in s o i l  b a s i n s  a t  t h e  23rd Averme p r o j e c t  were determined.  
The p r o j e c t  consisted of four  l a r g e  recharge  s o l 1  b a s i n s  (500 x 100 m) of 
lbout 10 a c r e s  t h a t  were i n t e r m i t t e n t l y  f looded w i t h  e f f l u e n t  and d r i e d ,  
: e s p e c t i v e l y ,  f o r  24 days each.  The wate r  depth  i n  t h e  b a s i n s  dur ing  
f lood ing  was about 20 cm. S o i l  samples were perPodLcal ly  c o l l e c t e d  on ly  
dur ing  t h e  d r y  p e r i o d s .  Subsamples were e x t r a c t e d  and ana lyzed ,  a s  soon 
1s p o s s i b l e ,  f o r  i n o r g a n i c  n i t r o g e n  components w i t h  an Automatic 
iechnicon Analyzer.  

, abora to ry  s o i l  columns were used t o  determine t h e  i n f l u e n c e  O F  f e r r i c -  
:hlori.de t r e a t m e n t s  t h a t  were used f o r  H2S odor c o n t r o l ,  on n i t r i f i c a t i o n  
i n  s o i l  f looded wi th  primary sewage e f f l u e n t .  S o i l  samples of 500 g from 
? a s i n  # 3  a t  the  23rd Avenue p r o j e c t  were packed i n t o  d u p l i c a t e  s o i l  
:olumns t o  a  dep th  of 5  em. The s o i l  column was f looded  w i t h  a h y d r a u l i c  

head o f  50 cm f o r  24 to  36 hours  o r  u n t i l  20% of t h e  s e l e c t e d  wate r  
.;otlrce had i n f i l t r a t e d  through t h e  s o i l .  The 202 was e q u i v a l e n t  t o  t h e  
lolume of water app l ied  t o  a  s o i l  b a s i n  d u r i n g  f l o o d  p e r i o d s  of seven 

days .  A f t e r  t h e  s o i l  column had d ra ined  by g r a v i t y ,  t h e  s o i l  was 
removed, p laced i n  a beaker (500 mR), covered w i t h  aluminum f o i l  and 
.ncubated f o r  seven days under o x i d i z i n g  c o n d i t i o n s  a t  room tempera tu re .  
hbsamples  of s o i l  were removed a t  s e l e c t e d  t imes ,  e x t r a c t e d  immediately 

and analyzed f o r  ammonium-N, n i  tr i te-W, and ni t ra te-N.  S o i l  water  con- 
' -ents were a l s o  rou t  l n e l y  determined throughout t h e  i n c u b a t i o n  per iod  e 

'he degree  of i n h i b i t i o n  of n i t r i f i c a t i o n  i n  wastewater s o i l s ,  a s  
in f luenced  by t ime of exposure and c o n c e n t r a t i o n s  of HzS, was determined.  
S o i l  columns, a s  d e s c r i b e d  above, were amended wi th  ammonium-N and 

r e a t e d  wi th  atmospheres c o n t a i n i n g  1 t o  20 p e r c e n t  NzS f o r  30 minutes  t o  
. days .  A f t e r  H2S t r e a t m e n t ,  t h e  s o i l s  were fncubated f o r  1 t o  8 days 
and p e r i o d i c a l l y  analyzed f o r  i n o r g a n i c  n i t r o g e n  c o n t e n t .  
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The evolution of W 2 0  from nitrification andfor denitrification processes 
in soil basins intermittently Flooded with secondary sewage effluent was 
determined. After flooding, surface sail samples (0-5 cm) were collected 
and amended wlth various concentratfons of either PM4-N, H02-N, or NO3-N. 
Duplicate subsamples (25 g DW) of each treatment were placed in serum 
screw cap flasks (250 mR) and aerobically incubated at 2 8 ° C  for 1 to 10 
days. An identical series of treated flasks were injected with acetylene 
(0.1 Atm) to selectively inhibit nitrification- Gas samples (0.5 ml) 
were co1l.e~ ted at various times dtlring incubation and W20 was analyzed 
gas chromatographically with a hot wire detector* After collectfng gas 
samples aerobic incubations were maintained by briefly opening and 
fiushing each flask with laboratory air. 

RESULTS AND D I S C U S S I O N :  --------- - 
Nitrification-denitriflcation reactions were similar in soil basins 
intermittently flooded with chlorinated and non-chlorinated secondary 
sewage effluent (Table 1)- The results jndicated that chlorinated 
effluents could be applied to land treatment systems without adversely 
af fec ting biological nitrogen removal processes. 

The inhibCtion of nitrification in soil basins flooded with primary 
sewage effluent (Table 2)  was not caused directly by the iron chloride 
solution (Table 3), that was added for odor control of hydro 
But rather, the inhibition was pro ably caused by a comhination of 
effects, including low temperatures, high soil moisture and high amounts 
of soluble and suspended sulfides. The inhibition of nitrification by 
H 2 S  during and after treatment increased with increasing concentrations 
of H 2 S  and treatment time. After 7 days treatment with 10 and 2 0  percent 
H2S, nitrification was strongly inhibited (Table 4). Treatment times of 
30 minutes reduced the rate of nitrification for only 3 to 4 days and 
nitrification rates were similar to control soils after 8 days (Table 5). 
The results obtained have indicated that the inhibition of nitrification 
by K 2 S ,  when produced and evolved from wastewater land treatment systems, 
may reduce nitrogen removal by denitrification. 

Nitrous oxide ( N 2 0 )  was only evolved in detectable amounts from soil 
incubated aerobica1,ly without acetylene and amended with NH4-N and NO2-N 
(Table 6). When acetylene was present N 2 0  was evolved only from-soil 
amended with NO2-N (Table 7 ) .  Under aerobic conditions N 2 0  was not 
evolved from any soil samplca amended with N03-N. These results have 
indicated that the source of N 2 0  evolution during drying of soil 
wastewater basins resulted from denitrification of NO2-N and not From 
nitrification of NKh-N. 

SUMMARY AND CONCLUSIONS: 

During 1981, the biological. studies on n i t r i f i c a t i o n - d e n i t r i f i c a t i o n  
reactions in soils intermittently flooded with primary or secondary 
sewage effluent were continued. Specifically, effects of chlorinated 
effluent on nitrogen transformattons were evaluated, the causes of nitri- 
fication inhibition in primary sewage effluent treated with an iron 
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chloride solution for H2S odor control were determined, and the validity 
)f nitrous oxide evolution during nitrification in soils intermittently 
'looded with secondary sewage effluent was investigated* 

Yitrification-denitriftcation reactions were similar in soil basins 
ntermittently flooded with chl.orinatad and non-chlorfnated wastewater, 
mdicating that biological nitrogen fetnovrrl proc 
systems were not adversely affected by appl %cat% 
!ffluents. The inhibition of nitrification 
~rimary sewage effluent was not caused dfrec 
chloride solution for odor control of hy 

'he inhibition of nitrification in soil during and after treatment with 
H2S increased with increasing atmospheric conditions of N2S and treatment 
time. H2S was apparently a bacteriostatic, rather than a hacteriocidal, 
igent against nitrifying bacteria* Treatment times of 30 minutes reduced 
ihe rate of nitrification for only 3 to 4 days. The results have indi- 
cated that the inhibition of nitrificetlon by HzS, when psodttcted and 
volved from waste ater land treatment sy t.ems, may redue 
.a1 by denitrffication. 

mhe evolution of N20 from nitrification and/or den trification processes 
n soil basins intermittently flooded ith secondary 
determined. N20 was evolved from aerobic soil mende 
and nitrite-N. When nitrification was inhibited with 
.valved only from soil amended with nitrite-N. Thus, the source of N20 
-volution during drying of soil wastewater basins resulted from denitri- 
fication of nitrite4 and not from the nitrification OF ammonium-N. 

'his CRIS Work Unit will be terminated during CY 1982. 
written for publication in appropriate journals, coverin 
nitrification-denitriffcation reaction tn soils intermi 
rith secondary sewage effluent, effect of effluent chlo 
nitrogen transformations in basin soils, effect of hydro 
nitrification in soil, source of nitrous oxide evolution 
iitrification-denitrification reactions in soil, and 0th 
if nitrogen transformations in soil. 
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Table 1. Nitrogen transformations in soil basins intermittently flooded 
with non-chlorinated and chlorinated secondary sewage effluent 
at the 23rd Avenue project. 

Days Dry 
Soil Nitrogen 

Ammonium-N Nitrlfied-N Water Content 

Non-Chlorinated Effluent A1 

Chlorinated Effluent 21 

L/ Data are average from 5 day periods during July - September, 1980. 
21 Data are average from 3 dry periods during March, April, and June, 

1981 

Table 2. Nitrification in soil basin intermittently flooded with primary 
sewage effluent. 

Soil Basin 
Schedule 

Nitrogen Content ( pg/g) - 

1 Week Flood 
1 Week Dry 
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Table 3 .  Nitrification in soil from columns flooded ith secondary 
sewage effluent amended with solutions of iron chloride 
(113 mR/20 R). 

Nitrogen Content ( pg/g) 

Incubation time Ammonium-N 
(days -FeC12 +FeCI2 

Table 4. Nitrification in soil treated with different atmospheric 
concentrations of hydrogen sulfide. 

Incubation 
H2S treatment Time 

(XI (Days) 

Table 5. Nitrification in soil treated with 20% H2S atmosphere for 
30  minutes and incubated for 8 days. 

Nitrogen content ( pg/g) 

Incubat ion time 
(Days 

Ammonium-N - 
Control H ~ S -  

Nitrified-N - 
Control H2S 

0 (T-0) 
0 (T-30 min) 
1 
2 
4 
8 
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Table 6 .  M20 evolution from well-aerated soils treated with different 
forms of nitrogen. Ammonium-N as (NH4)S04; nitrite-N as 
KNO2; nitrate-N as KNO3. 

Accumulative N20  evolution 

Nitrogen Treatment 2 days 4 days 8 days 
. ----- -- -- 

(form) ( ~ d g )  ( ~ g / g )  

- Wastewater soil: Loamy sand from Salt River bed - 

None 
f monium-N 100 
J, trite-N 100 
Nit rate4 100 

- Agricultural soil: Avondale loam from Cotton Research Center - 
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Table 7. Effect of acetylene on N20 evolution from wasteater soil 
treated with different forms of nitrogen, various concen- 
trations of nitrite-N and incubated under aerobic conditions. 

AccumuZative N20 evolution 
- - 

Soil nitrogen 2 days 4 days 8 days 2 days 4 days 8 .days 
treatments - acetylene + acetylene I1 

None 
Ammonium-N 
Nitrate-N 
Nitrite-N 
Nitrite4 
Nitrite-N 
Nitrite-N 
Nitrite-N 
Nitrite-N 

Soil samples of 30g were treated with ammonium-N as (NHq); nitrate-l 
as KN03; and nitrite-N as KN02 and incubated at 28'C. The sol1 water 
content was about 60% of the water-holding capacity, 

21 The atmospheres of the 250 mR incubation flasks contained 0,1% 
(vol/vol) acetylene. Flask atmospheres were renewed after 2 and 4 
days. 
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TITLE: WASTEWATER RENOVATION BY SPREADING TREATED SEWAGE FOR 
GROUNDWATER RECKARGE 

NRP : 20790 CRIS WORK UHlT 5510-20790-003 

The i n f i l t r a t i o n  bas ins  of the 23rd Avenue pro jec t  were operated a t  a  sche- 
ile of two weeks flooding--two weeks drying t o  s tudy t r a c e  organics  i n  the  
l o r i n a t e d  treatment p l an t  e f f l u e n t  and i n  the  r e s u l t i n g  renovated 

pumped from the a q u i f e r ,  These s t u d i e s  were a  cont inua t ion  of work 
" '~e period September-November 1980, when f i e  secondary e f f l u e n t  from the  

!wage treatment p lan t  was not ye t  ch lo r ina t ed .  The c h l o r i n a t i o n  f a c i l i t y  
a t  the t reatment  p l an t  s put t n t o  opera t ion  a t  t he  end of November, 
dosing the  e f f l u e n t  a t  a  r a t e  of 1.5 mg C l / R .  In t he  period April-June 

182, weekly samples of sewage e f f l u e n t  and renovated water were again ana- 
,]zed f o r  t r a c e  organics .  Comparing the  r e s u l t s  t h  those  obtained i n  the  
sampling period of f a l l  of 1980 thus i n d i c a t e s  the  e f f e c t  of ch lo r ina t ion  
r , t he  type and concent ra t ton  of t r a c e  organics  i n  the  e f f l u e n t  and t h e i r  

. t e  i n  the i n f i l t r a t t o n - r e c h a r g e  system* This  e f f e c t  must be known 
because it determines the s u i t a b i l i t y  of ch lor ina ted  e f f l u e n t  f o r  ground- 
- t e r  recharge and the  need f o r  dual  o u t f a l l  systems i f  p a r t  of the  
6 f l u e n t  is  t o  be used f o r  rap id  i n f i l t r a t i o n  and the  r e s t  f o r  normal 
nlscharge i n t o  su r f ace  water.  

: ,e t r a c e  organics  ana lyses  aga in  were performed by the  Environmental 
5 g t n e e r i n g  and Science Group, C i v i l  Engineering Department, Stanford 
Univers i ty ,  CA. The samples were a l s o  analyzed in-house f o r  rou t ine  para- 
r ters such a s  the var ious  forms of n i t rogen ,  phosphorus, f e c a l  col i forms,  
r t a l  organic carbon, and o the r s .  On 30 June 1981, the  bas ins  were d r i ed  
t o  permit removal of weeds t h a t  had s t a r t e d  t o  p r o l i f e r a t e  i n  the  basins .  
Shore vegeta t ion  on the d ikes  of the i n f i l t r a t i o n  bas ins  was a l s o  removed 
: .d the  bypass channel was cleaned. Af te r  the  cleaning ope ra t ions ,  t he  
system was not put i n t o  use aga in  because of var ious  cons t ruc t ion  a c t i v i -  
t i e s  involving the  e f f l u e n t  channel system. With t h e  drying of t h e  bas ins  

. 30 June 1980, t he  research  a c t i v i t i e s  of the  U. S. Water Conservation 
1 bora tory  a t  the 23rd Avenue p ro j ec t  o f f i c i a l l y  came t o  a halt. I n  t he  
f u t u r e ,  the  basins  may be pe r iod ica l ly  flooded f o r  maintenance o r  demon- 
: ' r a t i o n - t y p e  purposes. No f u r t h e r  research  is  planned at t h i s  time. The 
? s u 1 . t ~  presented i n  t h i s  r e p o r t  thus r e f e r  t o  the  f i r s t  s i x  months of 1981 
only. 

1 st of the e f f o r t s  of the Subsurface Water Management Group w i l l  be 
 directed toward eva lua t ing  the  eEfec ts  of i r r i g a t e d  a g r i c u l t u r e  on 
recharge and q u a l i t y  degradat ion of underlying groundwater. To ob ta in  a 
I t t e r  understanding of downward flow i n  the vadose zone and of the  e f f e c t  
c t he  presence of boulders  and rock s t r a t a  i n  t h i s  zone on the  t r a n s p o r t  
of water and chemicals, a  l abo ra to ry  column 2.83 m high and 1.24 m i n  
edameter  was f i l l e d  with coarse  sand and l a y e r s  of boulders .  Water was 
: p l i ed  t o  the top of the  column a t  var ious  r a t e s  and f o r  var ious  lengths  
o r  t i m e .  The r e s u l t i n g  flow systems and t r anspor t  of conserva t ive  t r a c e r s  
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were determined and supplemented with measurements of water content and 
pressure head profiles in the column for proper analysis of the data* 

I. 23RD AmNUE PROJECT 

1. INFILTRATION RATES 

The basins were inundated on a two-week drying-two- eek flooding cycle. 
Inflow rates of secondary effluent into the basins ere set to minimize the 1 

water depth in the basins. Often, the water did not quite reach the outlet 
ends of the basins and sometimes covered only about 213 or 314 of the basin 
area. The water depth in the basins averaged about 0.2 m. Small water 
depths were maintained to maximize the turnover rate of the water in the 

1 

basins, thus minimizing the chance for development of suspended algae in 
i 

the water and resulting clogging of the basin soil. The shallow water 
encotxraged the growth of weeds in the basins, ich in turn aggravated the 
mosquito problem. Main plant species were barnyar grass (Echinochloa I 
Crusgalli), wiflo leaf (Polygonum lapatkifolium), and salt cedar (Tamarix 
spa)* Periodic large water depths and occasional maintenance probably can 
eliminate most of the weed growth. 

Infiltration rates were calculated from inflow measurements and area of 
basin covered. The infiltration rates started out relatively high 
(Figures 1, 2, 3, and 4) and often were more han 1 m/day. The rates 
generally declined to around 0.5 m/day or less after two weeks of flooding. 
Infiltration recoveries during drying were excellent, except in Basin 4 I 
which had some low areas where water remained standing for most of the j 
drying period. Also, the gate controlling the inflo of Basin 4 could not 
be completely closed. The resulting leakage produce permanent flooding of 
a few acres around the inlet end, which reduce the effective area for I 
rapid infiltration. The average infiltration rate during floodfng was 0.63 
m/day for Basin 1, 0*82 m/day for Basin 2, 0,74 mlday for Basin 3, and 0.24 
m/day for Basin 4 (Table 1). This produced hydraulic loading rates of 
43.9, 57.3, 51.5, and 17.1 m, respectively, for the first half of the year, 
or an average of 42.4 m. Multiplying this figure by two gives an annual 
hydraulic loading rate of 84.8 m for the entire project. Without problems 
of low spots and a leaking inlet gate, Basin 4 probably could have had a 
similar infiltration rate as the other basins. Assuming an average 
infiltration rate for Basin 4 of 0.72 m/day instead of the actual rate of 
0.24 mlday would increase the hydraulic loading rate of the entire project 
to 51 m for the first six months or to 102 mlyear, At this rate, the 16-ha 
(40-acre) system would have a capacity of 16 -3 million m31year, or 13,231 
acrefeetlyear or 11,8 million gallons/day. 

I 
i 

2. GROUNDWATER LEVELS 
I 

Groundwater levels in the beginning of 1981 were at about 305.5 m above sea 
level, or about 8.5 m below the bottom of the basins Ground- 
were not measured in 1981. Based on groundwater level measurements in 
1976, which also was a year of no spring runoff in the Salt River, ground- I 

water levels in 1981 probably remained fairly stable for January and - 2 

February, and then declined at a rate of about 1 m per month as irrigation 
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wel l s  no r th  of the p ro j ec t  began to  pump. Thus, the  depth of t he  water 
- a b l e  a t  the end O F  June pro ab ly  w a s  about 1 2  m below the  
a s i n s .  

3 .  QUALXTY OF SECONDARY SEWAGE EPPLUE 

, eekly  samples were ti1 

i n f i l t r a t i o n  basins .  
00 m from the  i n l e t  e 
50 m-long basins .  Re 

deep North and South Wells, 
and from the 18, 24,  
he samples were ana l  

no2-N, organic W, PO4 
I d e n t i f  i c a t  ton of t r a  

I .  
he next s e c t i o n s  

The e f f l u e n t  en t e r ing  the  
- ) from an o r i g i n a l  
ould not be d e t e c t e  

l e v e l s  were very low and 
-&crobiological processes 

i t r o g e n  t r a n s f o  
=bout the  same a s  f o r  the unchlar ln  

he t o t a l  n i t rogen  concent ra t ion  of the  e f f l u e n t  en t e r ing  the bas ins  
veraged 17 9 mg/R, o f  

(Table 3 ) ,  The concent 
- e n t r a t i o n s  of the i n d t v i  i n  Figure 5. Some n i t r t f i -  
a t f o n  occurred i n  the i n  e l v e s ,  a s  i nd ica t ed  by the  

increase  of N03-N and the he e f f l u e n t  flowed through 
the bas ins  (Table 3) .  Th n t r a t i o n  of t he  renovated 

' a t e r  pumped from the  Ce (Table 3), i n d i c a t i n g  a 
, , i t rogen removal of 79%. 69% removal obtained i n  
1980 with unchlorinated e f f l u e n t .  Thus, t he  c h l o r i n a t i o n  had no adverse 

f f e c t  on the t ransformation and removal of n i t rogen  i n  the  so i l - aqu i f e r  
ystem. Most of the  n i t rogen  i n  the r enovakd  water was i n  the  n i t r a t e  

form (3.4 mg/R f o r  the Center I Je l l ) ,  Since the Center Well pumps from a 
"epth of 30 t o  55 m, N03-peaks were e s s e n t i a l l y  damped out (Figure 6 ) .  - 
owcver, N03-N concent ra t ions  i n  the renovated water from the  shallow 18-m 

well  showed the d i s t i n c t  NO3 ealcs a s  water t h a t  had i n f i l t r a t e d  a t  t he  
beginnjng of a f looding pe r io  reached the  in t ake  of t he  wel l  (Figure 7) .  

he 18-m Well is completely c sed and open only a t  the  bottom. Thus, i t  
, i e l d s  renovated water a f t e r  i t  has a r r ived  from the  vadose zone and joined 
the  aqu i f e r .  The average res idence  time of the  i n f i l t r a t i n g  water i n  the  
adose zone and the  upper pa r t  OF the  a q u i f e r ,  a s  ca l cu la t ed  from t h e  
zcurrence of the n i t r a t e  peaks i n  t h  

a f t e r  the s t a r t  of a new fXoodhg per This is  f o r  about 
20 m of t r a v e l  through the vadose zon 

i e l d i n g  an average mac oscopic vcEoe 
~ n f i l t r a t f o n  r a t e s  a t  the beginning of the  floowing periods i n  Basins 2 and 
3 averaged about 0-8  m/day. Thus, the  average water content  i n  the  vadose 

Annual Report of the U.S. Water Conservation Laboratory



zone and upper por t ion  of the  aqu i f e r  can be calcu1ated a s  0,8/3.4 = 0.24 
o r  24% by volume. 1 

- I 
Concentrations of 
en t e r ing  the b a s i  
(Table 3 ) .  Thus, 
them-selves, poss 
phosphate due t o  
water during p e r i  
c e n t r a t i o n s  i n  t h  
i n d i c a t i n g  a  phos 
dual  samples of t 
Center Well a r e  s 
water were higher 
decreased f o r  the  

flowed through t h  

Tota l  organic carbon (T e  e f f  Luent i nc rease  
s l f g h t l y  (from 11.7 eo 
(Table 3 ) .  This f n c r e  
b i o l o g i c a l  a c t i v i t y  i n  concent ra t ions  
vated water ranged from 
3.5 and 3 .7  mg/R f o r  th  the c e n t e r ,  respec 
The average TOC concent l l s  thus  was 3.15 
y i e ld ing  an average TOG C concent ra t ions  i n  
the e f f l u e n t  and i n  h Well and the  18-m 
Well ( t h e  only two i n  both 1980 and 
1981),  shows t h a t  the  r  
e f f l u e n t  were i d e n t i c a l  
ch lo r ina t ed  (Table 4 ) *  
the  so i l - aqu i f e r  system. 1 

i 

Fecal  col i form concent ra t ions  averaged 3500/100 mR i n  the secondary 
e f f l u e n t  en t e r ing  the  bas ins  and 0eZ7/lQ0 mR i n  the renovated water from 1 
the  Center Well. These f i g u r e s  compare with 1 - 3  x 1 0 ~ / 1 0 0  mR and 24/100 
m R ,  r e spec t ive ly ,  i n  1980 when the  e f f l u e n t  was not ye t  ch lor ina ted .  Thus, 
t he  ch lo r ina t ion  had a  b e n e f i c i a l  e f f e c t  on f e c a l  col i form concent ra t ions .  
Since v i rus  concent ra t ions  i n  the  vated water were a l r eady  very low I n  
1980 f o r  the  unchlorinated efELuen .e, l PFU/LOO R ) ,  v i r a l  assays were 
not  repeated i n  1981 f o r  the  ch lor ina ted  e f f l u e n t  . 

1 

4 *  TRACE ORGANICS 1 ,  

Weekly samples of the ch lor ina ted  secondary e f f l u e n t  taken at varfous p a r t s "  
i n  the i n f i l t r a t  
from various well  
Stanford Univers l ty  (Environme 
Engineering Department) i n  Gal 
The compounds and 
the  two-month sampling period e f f l u e n t  was not  
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y e t  ch lo r ina t ed ,  t o  eva lua te  the  ef natLon on t r a c e  organics  
n e f f l u e n t  and correspo 
tudy w i l l  be issued by 

r e s u l t s  w i l l  be presente  

he concent ra t ions  of o 
~ w o  gas chromatographic 
closed-loop stripping a 

tudy periods (Pe 
I h lo r ina t ed  ef 
halogen (TOX) 
'NEA), base-neutr 
a l v e n t  e x t r a c t i o n  anal 

t i f i c a t  ion of organfc 

t a t i s t i c s .  For 

dev ia t ion  fo r  nor 
kelow the  geometr 

e spec t ive ly ,  the  geo 

Halogenated organic  s 
h e i r  concent ra t ions  
ompounds formed 

wastewater. T r i c  
' i e  t hy lph tha l a t e  

, he TOEA, BWSEA, 
r e s u l t e d  i n  a h i  
Yhree brominated tr ikalomethanes 
jastewater had l i t t l e  eefEect o the ch lor ina ted  organic  concent ra t ions  

.~easu red  spec i f  - lcal ly  by these  procedures.  Several  of t he  ch lo r ina t ed  com- 
pounds a c t u a l l y  had lower average concentra  ions during Period 2 than i n  

e r iod  1. A similar comparison be t  een Periods 1 and 2 f o r  the  nonhaloge- 
.ated al..lphatic and aromatic hydrocarbons de tec ted  i n  the  bas in  water 

(Table 6)  i n d i c a t e s  some compouncls had concent ra t ions  t h a t  were higher i n  
"eriod 2 ,  o t h e r s  remained the same, and some had lower concent ra t ions .  
' h i s  suggests  t h a t  d i f f e r ences  i n  concent ra t ions  between Perlods 1 and 2 

were the r e s u l t  of normal concent ra t ion  f l u c t u a t b n s  i n  the secondary 
wastewater,  r a t h e r  than from e f f e c t s  of ehl .or inat ion.  

pa i red  cornparison oE the bas tn  inflow and o u t f 1  concent ra t ions  of the 
more v o l a t i l e  organic  mfcropol lu tan ts  (Table 7 )  f  i c a t e s  a concent ra t ion  

ecrease  between 30 and 70 percent  a s  water moved ac ros s  t he  bas ins*  The 
a t a  from Periods 1 and 2 were cornbtncd 

a c r o s s  the  basins  because of the i lxstgnl 
Letween the two periods n 

nd a S tuden t ' s  t - t e s t  co 
ces  between basin inflow 
0.05 or  l e s s  i n d i c a t e  tha es are h igh ly  s i g n i f f c a n t ,  Many of 
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Simflar data are s 
11, r e s p e c t i v e l y .  

s t e a d y - s t a t e ,  

The concentrations 

South Well. The 
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With the high o 
nf the  s o i l  pro 
t the  s o i l  su r f ace  

no t  anaerobic  

For chloroform 

c a t l n n  of ammo 

-xpected . 

. .agnitude t o  va 
samples, conee 

e ,  so  water a t  

&he v a r i a b i l . i t y  of 

umber of samples ma 

s t e r .  Te t rach loroe  
i g h e r  a t  the s t a r t  

water with high conc 
pen t r a t i ons  a t  the e 
and, tr i ch lo roe  thy1 

%enovatea water comp 
proposed in te rmcdia t  
he increased t r t c h l  
a y  have r e su l t ed  fr 

.. esponse f a e  t o r .  

Annual Report of the U.S. Water Conservation Laboratory



A summary oE the organ age e f f l u e n t  i n  
the bas ins  and i n  the 
(F igure  9) qua 
with s o i l  perc 
concent ra t ions  
A l l  of the com than 0,2 vg/R i n  
the  renovated water we 
concent r a t i o n  
Thus, the none 
than the ch lo r  

Concentrations o 
c rass -sec t ion  of 
pound i n t o  the s 
equal  corlcentrat 
and gradual move 

Concentration 
the  sewage e f f  
had the  e f f e c t  
extreme values 
mean (N) and s 
d i s t r i b u t i o n ,  
vatecl water fr 
s c a l e  i n d i c a t e  
var ious  monltor i  
i n  the renovat 
The 95 percent  c 
of the l a r g e r  nu 
t h i s  smoothing 
and desocpt ion 

The measured TOX data  a r e  summarized i n  Table 12. The bas in  water TOX 
was s i g n i f i c a n t l y  higher  with ch lo r ina t fon  (Period 2 ) .  However, the 
renovated water TOX concea t ra t ions  were s i m i l a r  f o r  the  two periods.  I n  
Period 1, t h e r e  was a 30 percen e r  TOX concent ra t ion  i n  renovated 
water co l l ec t ed  from the Center TOX concent ra t ion  w a s  55 
percent lower i n  the  renovated from the North and South Wells. I n  
Period 2 ,  t he  TOX concent ra t ion  56 percent  lower a t  the Center Wells, 
and 67 percent  lower a t  the Nor d South Wells. The r a t i o  of TOX t o  
TOC was higher  i n  the groundwat 
samples, implying 
more r e f r a c t o r y  an 

Ln add l t  ion t o  the  halogen c s  mentioned, o the r  
p r i o r i t y  p o l l u t a n t s  detect ethylbenzene, 
naphthalene, 
t a t i v e l y  iden 
samples using ga r e :  f a t t y  a c i d s ,  
r e s i n  ac ids ,  c l o  a rboxyl ic  a c i d s  
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(APECs), tr imethylbenzene s u l f o n i c  a c i d ,  s t e r o i d s ,  n-alkanes,  c a f f e i n e ,  
" iazinon,  a lkylphenol  polyethoxylants  t r i a lky lphospha te s .  

eve ra l  of t he  compounds were d e t e c t e  he bas in  water and not  i n  
ehe renovated water.  A few o t h e r s ,  D o f i b r i c  ac id ,  and 
t r i bu ty lphospha te ,  decreased i n  concent ra t ton  with s o i l  passage, but were 

e t ec t ed  i n  t he  renovated water.  The APES appeared t o  undergo r a t h e r  
-omplex t ransfocmatIons during ground i n f i l t r a t i o n .  They appeared t o  be 
completely removed with s o i l  percoPat ion during Period 1, 

e r iod  2 ,  two isomers were found dur 
emoved. Fur ther  s tudy on the  degra 

pounds i s  needed t o  understand t h e i r  behavior i n  t he  s o i l  f n f f l t r a t i o n  
aystem. 

11, COLUP*iN STU 

he deep a l l u v i a l  d e p o s i t s  i n  t e v a l l e y s  of the n and Range Province 
F the  southwestern United S t a t e s  a r e  q u i t  erogeneous. Geologic pro- 

f i l e s  cons i s t  of l a y e r s  of c l a y ,  s i l t ,  san a v e l ,  boulders ,  and semi- 
'ndurated conglomerate in  i r r e g u l a r  f a sh io  hus,  t h e s e  m a t e r i a l s  a r e  a 
a r  c ry  from the  uniform 

s tudy  and p r e d i c t  downwar 
n o l l u t a n t s .  

"roundwater i n  t he se  a r e a s  o f t e n  s a major source s f  3 . m  
Deep pe rco l a t i on  r e t u r n  flow from t h e  I r r i g a t e d  f ds  t o  che underlying 

q u i f e r  not only i s  a source of groundwater recharge but a l s o  of ground- 
a t e r  contamination. I n  a d d i t i o n  t o  t he  s a l b  sppfl.ed with t he  i r r i g a -  

t i o n  water ,  t he  deep pe rco l a t i on  water conta ins  f e r t i l i z e r  r e s idues  
'mostly n i t r a t e s )  and t r a c e s  of p e s t i c i d e s ,  he rb i c ides ,  and o the r  agr i -  
u l t u r a l  chemicals.  Since the  groundwater i n  t he se  a r e a s  is  inc reas ing ly  

used f o r  municipal water supp l i e s ,  c i t i e s  have t o  know what q u a l i t y  
t r ends  t o  expect ,  what q u a l i t y  monitoring must be done, and what t r e a t -  
tent may be necessary Fn the f u t u r e .  

Where groundwater is  deep ( s e v e r a l  hundred f e e t ,  f o r  example, i t  may take 
ecades f o r  t he  deep pe rco l a t i on  water t o  move from the  roo t  zone t o  the  
nde r ly ing  groundwater. Some of the  p e s t i c i d e s  and o t h e r  organics  i n  

the  deep pe rco l a t i on  water may t r a v e l  much slower than the  water i t s e l f  
Jue t o  adsorp t ion  and o the r  immobilization i n  t he  s o i l  m a t e r i a l s  of t he  - 
,adose zone. Thus, it  may be decades o r  c e n t u r i e s  a f t e r  t he  s t a r t  of an 
r r r i g a t i o n  p r o j e c t  before  groundwater contamination mani fes t s  i t s e l f .  For 
t h i s  reason,  e a r l y  p red i c t i on  of groundwater q u a l i t y  t r e n d s  below irri- 
;ated a r e a s  is  very important .  I f  p resen t  a g r i c u l t u r a l  p r a c t t c e s  appear 
.o have unfavorable  long-term e f f e c t s  on groundwater q u a l i t y ,  remedial 

measures can be i n s t i t u t e d  immediately and m u n i c i p a l i t i e s  contemplatfng 
ise of such groundwater f o r  publ ic  water supp l i e s  can develop s t r a t e g i e s  
'or  q u a l i t y  monitoring and f o r  pos s ib l e  t reatment  of t h e  water .  
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1. COLUMN CONSTRUCTION 

To study the effec 

sand in between. 
hydraulic properti 
ficients of the en 
matrix* Anothe 
evaluated from 
velocities of cons 
che field, even fo 
evaluation of loca 

cm below the 

coefficients* 

The boulders for  %he t e d  from the Salt River bed. The 
main boulder types an ensitles were: 

Boulder No. Density 
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B l l d e r  No. - Boulder Type 

Metabasalt  
Geronimo head t u f f  
Grani te  
White q u a r t z i t e  

Basa l t  
Basa l t  
Or thoquar tz i te  con 

D i o r i t e  
Grey q u a r t z i t e  
Arkosic q u a r t x i t e  
Grani te  
Sch i s t  

The boulders were numbered, 
d meter  and he igh t ,  and c l a s  
a' we f o r  dens i ty  es t imat ion .  The v 
ca l cu la t ed  from the weight and the  e 

TI column was packed by a l t e r n a t i n g  l aye  
welght of sand and boulders was d e t e  
were placed on top of the sand and " t he  sand, The average 
t l  ckness of each sand-boulder l a y e r  The average th ickness  
3: the  boulders was 6.2 cm. Thus, the  average th ickness  of the  sand 
Layer between the boulder l a y e r s  was 2.4 cm. A Polaroid photograph was 
tr .en a f t e r  each boulder Payer was i n  p lace  (examples a r e  shorn i n  
F1 ure  13) .  The number of each boulder was then recorded on a xerox 
:opy of the  photograph. The average volume of boulders i n  each l a y e r  was 
3t"ermined along with the average s i z e  and weight. The hydraul ic  con- 
It t i v i t y  of the  sand i n  each l a y e r  was determined from sepa ra t e  samples 
Ln constant-head permeameter t e s t s .  The weight of sand and boulders ,  
:he average length ,  width, he igh t ,  dens i ty ,  and volume of ehe boulders ,  
x the  hydraul ic  conduct iv i ty  K of t h e  sand a r e  shown f o r  each l a y e r  i n  
f z  l e  13. The f in i shed  column contained a t o t a l  of 1378 boulders.  The 
:olumn was covered with a 4.5-cm l aye r  cons i s t i ng  of coarse  sand a t  the  
x tom grading i n t o  1.25-crn g rave l  a t  the  top. 

jix s e t s  of four  tensiometers  were i n s t a l l e d  a t  40 t o  50-cm i n t e r v a l s  
:broughout t he  column. The tens iometers  cons is ted  of ceramic cups with 
1 ubbling pressure  of one bar .  The cups were 1 em i n  diameter and 5 em 
:ri length.  Two shor t  l engths  of l / 8 - ine  copper tubing were cemented 
lnto the  ceramic cups with epoxy. One length  extended t o  t he  bottom of 
: ceramic cup and the  o the r  j u s t  i n t o  the  top. Both p i eces  of copper 
:L fng were connected with p l a s t i c  tubing t h a t  went through a rubber 
)topper i n  the  column wall .  The p l a s t i c  tube connected t o  the  Ion  
:c per tubing was clamped of f  and was used only t o  push a i r  out o 
:E amic cup. The p l a s t i c  tube connected t o  the s h o r t  copper tube 
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a t tached  to  a manometer + O f  each set of four t ens1  
s i t u a k d  above a boulder l a y e r  and 
uas posi t ioned above a 
a s  shown i n  F igure  12. 
the  lowest san l a y e r  of the san 
top  of the uppermost sand l aye r .  Th 
shown i n  Table IS. 

Water conten t  
nuat ion metho 
were taken i n  
For the  i n i t %  

t inuous ly  a t  
of water appl  
of water l e v e  

column when the  wet t  
po in t s  were obtained 
s a t u r a t i o n .  The r e s  
0,0453 f o r  Troxler  p 
probe No. 904, where 
r a t i o  of t h e  

LC CONDUCTLVTTU REL 

Four d i f f e r e n t  
ponded cond i t i o  
column was maintained with a E l  t h e  21 days of 
ponding , t h e  i n f  l t r a t i o n  r a t e  y when the  w e t  
f r o n t  had j u s t  r ached the  b o t t  e l a t i v e l y  cons t an t  
3.2 mlday toward the  end of t h e  per iod.  The inc rease  i n  i n f i l t r a t i o n  
r a t e  was a s soc i a t ed  with an i nc reas  t and a lower 
hydrau l ic  g rad i en t  i n  the  upper por t  column. F i n a l  hydrau l ic  
g rad i en t s  wer 0.63 i n  t he  top  1 
column. The -head p r o f i f e  $9 
flow r a t e s .  r e s s u r e  head abov 
higher  than the  p re s su re  head between the  boulders .  The water conten t  
i n  the  top El0 cm averaged 0,215, 
the  poros i ty  of t h e  column was 0.2 
d u c t i v i t y  K was 5.1 m/day. The wate 
0,185, and the  corresponding K w a s  
considered " r e sa tu ra t ed"  a s  compar 
t l o n  i n  the  top  zone 
va lues  was about 2, 
The movement of t he  w e t t  
s a t u r a t i o n  i s  shown i n  Fig,  15. 

Af te r  the ponde 
140 cm/day. This  
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tub ing .  A t o t a l  of 24 m of double-chamber polyethylene tubing was l a i d  
-12 top of the column. The openings i n  t he  tubing were 20 cm a p a r t *  The 

low r a t e  was con t ro l l ed  by a  pressure  r egu la to r  at t he  140-cm/day r a t e .  
 he next infiltration r a t e  was s e t  a t  2 cm/day, us ing  the  same network 
of d r i p - i r r i g a t t o n  tublog but r ep l ac in  the  pressure  r egu la  

o s i t i v e  displacement purnp to  c o n t r o l  the flow r a t e  The Past  t n f i l e r a -  
- ion r a t e  was s e t  a t  2 cmlday, To maintain t h i s  r a  e ,  t h e  d r i p  i r r i g a -  
t i o n  tubtng was removed and Technicon samplfng 

ump t h a t  c rea ted  a  flow r a t  
ump tubes t h a t  were placed 

column su r f ace .  Water conten t  d  in f low and outf low 
-a res  f o r  the  column were 

ould be expected,  the  e q u i l i  
were equal  t o  one fo r  a l l  Therefore ,  t h e  
unsa tura ted  K-values were equa r a t e s .  The r e s u l t -  

ng hydraul ic  c o n d u e t ~ v l t y  Tic conduct iv i ty -  
r e s s u r e  head r e l a t i o n s h l p s  ar 

"Ye water conten t  p r o f i l e s  i n  t he  column f o r  t he  
3tes  and a f t e r  drainage fo  

a r e  shown i n  Figure 17, The 
f o r  the sand-boulder medium 

zd tensiometer  readings and 
,raph represen t  a l l  tensf  ome 
Under the  s a t u r a t e d  condf t i o  

l ee r  was ponded, p r e s su re  h 

The water content-pressure head (O-h) r e l a t i o n s h i p  f o r  t h e  sand only was 
-?asurea on sepa ra t e  samples with small  p ressure  c e l l s  and i s  shown i n  

igure 19, The r e l a t i o n  between the. unsa tura ted  hyd rau l i c  conduc t iv i t y  
and O of t he  sand only was cal.culated from t he  @->-En d a t a  and t h e  average 
K of the  sand a t  s a t u r a t i o n  (8.8 m/day), us ing  Mfl l ing ton  and Quirk 's  

zthod. The r e l a t i o n s h i p  is shown i n  Figure 2 0 ,  

An a d d i t i o n a l  check on the  neutron calibrat-Lon was made when the  
l f l l t r a t i o n  r a t e s  were changed. The change i n  s t o r a g e  a s  determined 
:om the water conten t  measurements should be t he  same a s  t h e  d i f f e r e n c e  

between the inflow and outflow durlng the  change i n  i n f i l t r a t i o n .  A s  
ahown i n  Table 15 ,  t h e  va lues  were i n  c lo se  agreement. 

a. EFFECT O F  BOULDERS ON HYDRAULIC CONDUCTIVZTY 

' te hydraul ic  conduct iv i ty  o f  a sand-rock mixture is  less than K of t h e  
md alone because of the  reduced void space due to  the  presence of t he  

boulders .  To investLgate  the  r e l a t i o n  between hydrau l i c  conduc t iv i t y  
t td reduc t ion  i n  void spaces ,  permeabi l i ty  tests were run on d i f f e r e n t  
I . x tu res  of the  sand and 1$5-cm diameter rock. The amount of rock added 
was var ied from 0  t o  70% by weight. con ten t s ,  t he  voids  
between the  rocks were no longer  comp 

expected, K decreased wl th  i n c r e a s  
I. was e s s e n t t a l l y  l i n e a r  with t h e  d e e r  
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voids divided by volu 
i n  Figure 21. Thus, 

where 

e = void r a t i o ,  and 
s & m = s u b s c r i p t s  f o r  sand alone and sand-rock m%xture, respec t  

The void r a t i o  of the san 
alone was 0.72. Since Ks 
column should be 3.4 m/day 
r e sa tu ra t ed  K-values of 5. 
from i n f i l t r a t i o n  r a t e  and 
3 gives a reasonable est im 
boulder column. 

4 .  DISPERSION COEFFLCIE 

The long i tud ina l  d i spe r s ion  eoeff  
each flow r a t e  by applying a s a l t  t r a c e r  
measuring the brealcthrough curve of the  s 
sodium ch lo r ide  s o l u t i o n  con ta in in  
cont inuously t h  the inflowing wa 
obtained from the  trough loca ted  ju s t  below the bottom sand layer .  
Samples were taken u n t i l  the s a l t  concent ra t ion  C i n  the outflow was the  
same a s  the s a l t  concent ra t ion  Co i n  the inflow. Breakthrough curves 
a r e  shown i n  Figure 22 f o r  the  four  d i f f e r e n t  flow r a t e s .  The d isper -  
s i o n  c o e f f i c i e n t  (DK) was ca l cu la t ed  from the equat ion  presented by 
Kirkham and Powers (1972) a s  

where v = macroscopic v e l o c i t y  i n  column, 
L = l ength  of column, and 
s = s lope  of breakthrough curve when the s a l t  concent ra t ion  of the 

outf low is  one-half t h a t  of the  i n f l o  (C/Co = 0.5). 

Values of DK a r e  shown i n  Table 15 f o r  the  d i f f e r e n t  i n f i l t r a t i o n  r a t e s .  

Dispersion c o e f f i c i e n t s  can a l s o  be ca l cu la t ed  from breakthrough curves 
of cont inuously appl ied t r a c e r s  with Rrenner 's P e c l e t  Number Br. The 
breakthrough curve is matched t o  type curves wi th  var ious  values of Br, 
then Dg = vL/4Br. The va lues  of from t h e  Brenn 
shown i n  Table 15 and a r e  e s s e n t i  l y  the  same a s  
Powers method . 
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DK was a l s o  determined from t h e  breakthrough curve of a s lug  a p p l i c a t i o n  
f  t r a c e r  added to  the  in f low f o r  t h e  ponded condi t ion .  For t h i s  
urpose, a 2-cm depth of water conta in ing  1000 mg/R n i t r a t e  was app l i ed  

t o  the top of the  column u r ing  i n f i l t r a t i o n .  reakthrough curves from 
=lug  a p p l i c a t i o n s  of a t r  c e r  a r e  l i k e  probabi l  t y  curves.  The r e s u l t -  
ng curve (Figure 23) indeed represen ted  a 

some i r r e g u l a r i t i e s  a t  t h e  beginning which 
"experimental e r ro r " .  The d i spe r s ion  coef 

rom the  breakthrough curve wi th  t h e  e q u a t i  
owers (1972) a s  

he re  Xo = annount of water i n  i c h  s lug  was contained ( e  
depth)  9 

n = poros i t y  of medium ( O  i f  unsa tura  
Z = f a c t o r  obtained from normal d i s t r  

The o the r  terms a r e  a s  def ined f o r  e 

10 f i n d  Z ,  the  maximum va lue  of C/Co of t he  
determined. Dividing t h i s  va lue  by 2 g ives  

r o b a b i l i t y  curve. The corresponding Z-value is  then obtained from 
a b l e s  such a s  "Normal Curve of Error"  i n  t h e  Handbook of Chemistry and - 

Physics.  This  procedure y ie lded  a 4( of 0.68 m2/day, a ~ c o m p a r e d  t o  0.82 
L/day (Table 15) ca l cu l a t ed  from the  breakthrough curve of t h e  con- 
Inuous t r a c e r .  

Theo re t i ca l l y ,  C/CO should be 0 * 5  when one volume of pore f l u i d  has 
assed through the columnD For the  breakthrough curves i n  Figure 22, t he  

volumes a t  C/CO = 0.5 were between 0.98 and 1.0. This  means t h a t  
t h e  average macroscopic v e l o c i t y  i n  t he  column was e s s e n t i a l l y  equal  t o  
he Darcy v e l o c i t y  ( i n f i l t r a t i o n  r a t e )  divided by the  volumetr ic  water 
on t en t .  This  r e l a t i o n  between macroscopic and Darcy v e l o c i t y ,  which i s  

comonly accepted fo r  s a t u r a t e d ,  homogeneous media, thus  a l s o  he ld  f o r  t he  
-and-boulder medium, s a t u r a t e d  a s  w e l l  a s  unsa tura ted .  The r e l a t i o n  

= V d / O  thus enables  c a l c u l a t i o n  of r e t e n t i o n  times of deep pe rco l a t i on  
water i n  vadose zones and p r e d i c t i o n  of a r r i v a l  t imes of deep pe rco l a t i on  
water and p o l l u t a n t s  a t  the  underlying groundwater. 

_ h e  r e l a t i o n s h i p  between the  d i s p e r s i o n  c o e f f i c i e n t  and the  macroscopic 
v e l o c i t y  i s  shown i n  Figure 24. The po in t s  a r e  c l o s e  t o  t he  l i n e a r  r e l a -  

ionsh ip  i nd i ca t ed  by theory.  The r a t i o  of d i spe r s ion  c o e f f i c i e n t  t o  
acroscopic  v e l o c i t y  i s  t h e  d i s p e r s i v i t y ,  which f o r  the  sand-boulder 

medium was 0,043 m. 

he 2-cm/day flow r a t e  through the  column was not l a r g e  enough t o  form 
p o s i t i v e  pressures  i n  t he  sampling trough. Thus, samples had t o  be taken 
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from the outf low a t  the bottom of the cuT.vert. 
volume of water s t a r e  
boulder column, the  tra 
showed reduced concentr 
I n  Figure 22+  Thus, a 
t h i s  f n f i l t r a t i o n  rate.  

held from A p r i l  unt 

e f f l u e n t  sLtua t ioa .  

The r e s u l t s  sha 
done ae the re% 
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on the organic  compou 
?he t r ihalomethanes.  
kina txd t r ihalomethan 
Ihe small  e f f e c t  proh 
(average W4-N concen 
lonhalogenated a l i p h a  
19% during p e r c o l a t i o  
t o  a l e s s e r  ex 
-. 1 1 - t r i c h l o r  
. o r ina t& ef E l  

e thy lene ,  t e t r a c h l o r o  
ttnknown reasons appea 
iecondary e f f l u e n t -  
quite mobile i n  t he  g 
t o  40%)  than nonhalog 

- imi l a r  du r in  
'OX concentra  

a l i p h a t i c s  an 
the  samples included e t  
henanthrene. Other co 

,f the  bas in  and renov 
spectrometry were: f a  
~olye thoxy carboxyl ic  
t e r o i d s ,  n-alkanes, c 

( A P E S ) ,  and t r i a l k y l p h  
qnly i n  the  bas in  wate 
~ i a z i n o n ,  c l o f i b r i c  ac id ,  and t r i bu ty lphospha te ,  decreased i n  concen- 

s o i l  passage, hut  were de tec ted  i n  t he  r e  ted  water.  The 
to  undergo r a t h e r  complex t ransformat io  

nEi2 t ra t ion .  They appeared to  be comple 
- .a t ion during Period 1, but during Period 
during s o i l  passage while  o t h e r s  were removed. Pur th  
'egradat ion and mobi l i ty  of t he se  compounds i s  needed t o  understand t h e i r  
lehavior i n  the  s o i l  i n f i l t r a t i o n  system. V o l a t i l i z a t i o n  i n  t he  bas ins  

was an important removal mechanism f o r  t he  low molecular weight compounds. 
Retween 30 and 70% of t he  ch lo r ina t ed  benzenes and 1- and 2-carbon halo-- 
; m a t e d  organtc  compounds were removed i n  t h i s  way* Biodegradat ion and 

s o r p t i o n  processes  appear t o  be respons ib le  f o r  t he  decreased organic  
concent ra t ions  r e s u l t i n g  from s o i l  passage. Since many organic  con- 

amlnants reach the  groundwater during rap id  infiltration, such systems 
hould be designed t o  l o c a l i z e  t he  r e s u l t i n g  contaminat4on of t he  

aquiEer . 
'he absence of any major e f f e c t  oE chlor inat i -ng the  e f f l u e n t  on the t r a c e  

organics  i n  the  e f f l u e n t  and i n  the r e s u l  
was due t o  the Pow dose (1.5 nag C I / R )  at 

i gh  aminonium conten t  of 
-h lor ine  and chloramines* 
the  e f f l u e n t  a s  i t  en te red  the i n f i l t r a t i  
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Chlor ina t ion  a l s o  had no adverse a f f e c t  on bioLogIcal processes  i n  the 
so i l - aqu i f e r  system below 
i n  t o t a l  organic  carbon co 
( i . e .  66% before and 682 a 
wel l  i n  the  c e n t e r  of the 
post-chlorinat ion r e s u l t s  nor th  of t he  
system)* Nitrogen removal 
(79%) than f o r  
no adverse e f f  
Chlor ina t ion  r 
e f f l u e n t  from 
from the Cente 
the  renovated 
a l ready  very 2 
repeated f o r  t 
r e s u l t s  thus shs  
t h a t  c h l o r i n a t  
sys  tems . 
The depth of 
averaged abou 
42 m f o r  the  
t i o n  r a t e  (17 
drying (low s 
wi th  good con 
of 100 m/year 
t h i s  correspo 
year o r  11.6 mi l l i on  ga l lons  per day. 

The t o t a l  n i t rogen  concent ra t ion  of the sewage e f f l u e n t  en t e r ing  the 
i n f i l t r a t i o n  bas ins  averaged 17.9 mg/R, of which 15,4 mg/R was i n  the 
ammonium form. The t o t a l  n i t rogen  concent ra t  on i n  t he  renovated water 
from the Center Well was 3.73 mg/R, of which 3.38 mg/R was i n  the n i t r a t e  
form. This  i s  wel l  below the  maximum l i m i t  of 10 mg/R f o r  dr inking and 
it is even i n  the  range oE 0-5 mg/R where, according t o  Ca l i fo rn i a  irri- 
ga t ion  water q u a l i t y  s tandards ,  t h e r e  a r e  no adverse e f f e c t s  of t he  
n i t rogen  on crop y i e l d  o r  q u a l i t y  when the water is used f o r  i r r i g a t i o n *  
The average concent ra t ions  of P04-P were 5.4 mg/R i n  the secondary 
e f f l u e n t  and 0.72 mg/R i n  t he  renovated water from the  Center Well, 
y i e ld ing  a removal of 87%. 

On June 30, the  bas ins  were d r i ed  f o r  c leaning and maintenance. This 
da t e  a l s o  marked the completion of the U,S,  Water Conservation 
Laboratory 's  research  a t  the 23rd Avenue p ro j ec t .  The research  r e s u l t s  
over the years  have shown t h a t  the  renovated water from the 
publ ic  hea l th ,  agronomic, and a e s t h e t i c  c r i t e r i a  f o r  un res t r  
r e c r e a t i o n  and f o r  primary-contact r ec rea t ion ,  and t h a t  c h l o r i n a t i o n  of 
the  t reatment  p l an t  e f f l u e n t  has no adverse a f  f e e t  on the  s 
the  system o r  on the  q u a l i t y  of the  r e s u l t i n g  renovated wit 
Chlor ina t ion  was b e n e f i c i a l  i n  t h a t  i t  reduce f e c a l  c o l i f o  
cen t r a t ions  In t he  e f f l u e n t  and i n  the renovated water. 
renovated water conta ins  a i d e  spectrum of ch lo r ina t ed  
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compounds a t  very low concen t r a t i ons ,  L t  should no t  be used f o r  publ ic  
a t e r  supp l i e s  without a c t i v a t e d  carbon f i l t r a t i o n  o r  s i m i l a r  t rea tment  
p lu s ,  of course,  d i s i n f e c t i o n ) ,  and i t  should not be allowe 

uncont ro l led  i n  the  a q u i f e r  system- Th a  system of in te rcep-  
*or or  c o l l e c t o r  e l l s  f o r  pumping the r t e r  out  s f  t h e  

q u i f e r .  

Column S tud ie s  

lownward flow 
of contaminants was model 
'.n diameter .  
.ns igh t  i n t o  
the under ly in  
s t r a t a  on the  
3erco la t ion  r 
mown volume and geometry 
the  column i n  
:ion of t h e  b 
:olumn was po 
" r e sa tu ra t ed"  
?onten ts  were 
:he b a s i s  of 
Pressure head 
tensiometers .  
; t a b l e  f l u x  of 
: ess ive ly  reduced t o  1.4 
flow a t  var ious r a t e s  i n  the  column. The i n f i l t r a t i o n  r a t e s  were main- 
a i n e d  with d r i p  i r r i g a t i o n  systems t h a t  d i s t r i b u t e d  t he  water uniformly 
x t  the  top  of t he  column. From corresponding neutron and tensiometer  
measurements, t he  r e l a t i o n s  between unsa tura ted  hy r a u l i c  conduc t iv i t y ,  
water conten t ,  and pressure  head of t h e  sand-boulder medium could be 
jetermined. These r e l a t i o n s h i p s  were a l s o  determined f o r  t h e  sand alone 
i n  s epa ra t e  column experiments f o r  f u t u r e  comparisons of t h e  e f f e c t  of 
t h e  boulder mat r ix  on the  hyd rau l i c  p r o p e r t i e s  of a  boulder-sand mixture.  
Longitudinal d i spe r s ion  c o e f f i c i e n t s  were determined by c o n t ~ n u o u s  and 
s lug  add i t i ons  of conserva t ive  t r a c e r s  ( n i t r a t e  and c h l o r i d e )  t o  the 
i n f i l t r a t i n g  water and measuring t h e  breakthrough curves of t h e  t r a c e r s  
st the  bottom of t he  column. 

The hydraul ic  conduc t iv i t y  of the column a f t e r  ponding was 5.2 m/day f o r  
t h e  mostly s a tu ra t ed  top po r t i on  of t he  column, and 2.6 m/day f o r  the  
lower po r t i on  of t he  column which s t i l l  had some entrapped a i r  ( l e e .  i t  
was " r e sa tu ra t ed" ) .  These hydrau l ic  conduc t iv i t y  va lues  agreed with a 
ca l cu l a t ed  va lue  of 3.4 m/day obtained by mul t ip ly ing  the  hydrau l ic  con- 
d u c t i v i t y  of t he  sand a lone  by the  r a t l o  of t h e  void space i n  the  sand- 
boulder medium t o  t h a t  i n  t he  sand alone.  Pore v e l o c i t i e s  o r  "macro- 
scopic"  downward flow r a t e s  i n  the  sand-boulder medium c l o s e l y  agreed 
with t he  ca l cu l a t ed  va lues  ob t a ine  by d iv id ing  t a r e y  f l u x  ( i n f i l -  
t r a t i o n  r a t e  or  deep pe rco l a t i on  r a t e )  by e volumetr ic  water conten t  of 
t h e  medium. The d i s p e r s i v i t y  of t he  sand alone was 0.0025 m and t h a t  s f  
t he  sand-boulder medium gas 0-043 m. Thus, t h e  presence of t he  boulders  
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significantly increased the veet of contaminants moving 
down with the water- 

The results o on o f  bulk hydraulic 
properties of other fines between 
the rocks, an 
ment of deep 
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Table l. Average i n f i l t r a t i o n  r a t e s  (mlday) i n  b a s i n s  d u r i n g  f l o o d i n g  
and h y d r a u l i c  l o a d i n g  (m) i n  f i r s t  6  months o f  1981. 

- Date Basin  1 Basin  2 Bas in  3 Basin  4 

Average 0.63 0,82 0.74 0 , 2 4  

T o t a l  
I n f i l t r a t i o n  

f o r  f i r s t  
6 months 4 3 - 9  m 57,3  m 51.5 m 17.1 m 
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Table  2 .  Average c h l o r i n e  c o n c e n t r a t i o n s  ( m g / R )  i n  secondary e f f l u e n t  
a t  v a r i o u s  p o i n t s  I n  t he  Fn fS i t r a t l on  a s i n s  f o r  January-June 
l98P- 

I 
Loca t ion  To taS chlorii,,: 

Basin i n f l o w  

A t  150 m 

A t  225 m 

A t  o u t l e t  0.00 0.00 O , O O  
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Table 3. Quality parameters in ng/R (average values) Eor the secondary effluent at various points I n  

the basins and for the renovated water from various wells for January-June 1981. 

Total Fecal coli- 
organic forms/per 

TotalN NH4-N N03-N NO2-N Organic-N P04-P carbon l00mR 

Secondary effluent 

Tnf loci 

At 1.50 n 

At 225 ro 

At 300 m 

At outlet 

Renovated water 

18-m Well 

24- Well 

30-m Well 

Center TJell 

North Well 

South iJel1 
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Table 4. Average concentrations of  total organic carbon in effluent an$ ' xu 
I 

water, and TOC removal percentages in 1980 with unchlorinated effll 
1 

and in 1981 with chlorinated effluent. 

980 1981 i I aced effluent chlorinated ef f 1% ~ n i  

r 

Sample %/ 2. % removal mg/ R % ri lo. 

Secondary e f  f l.uenh 11.67 i 1 
18-m Well 

North Well 
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Table 5. Halogenated organic compounds identified during periods l and 
2 in basin water, 

Concentration, pg/ R ----- 

Secondary Wastewater 
(Bash Inflow) Basin Average 

- -- - 

Constituent a Period 2 Period 1 Period 2 

Ralogenated aliphatic 
hydrocarbons 

Chloroform 2a88 
1,1,1-trichloroethane 2*45 
carbon tetrachloride 0-13 
bromodichloromethane mb 

trichloroethylene O0 91 
dibromochloromethane - 
tetrachloroethylene 2.21 
bromoform ... 

Chlorinated aromatics 

o-dichlorobenzene 4 . 11 
m-dichlorobenzene 1 . 15 
p-dichlorobenzene 2.70 
l,2,4-trichlorobenzene 0833 
t riclilorophenol 0.01 
pen tachlorophenol 0e02 
pentachloroanisoleC 0.63 

a Identification confirmed by comparison with standards. 
b ..-*. Not detected, 
Only compound that is not a priority pollutant* 
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Table 6 .  Nonhalogenated 
and 2 in basin 

organic compounds identified during periods 1 
water. 

Concentration, I 

I - 
Secondary Wastewater 1 

hydrocarbons 

5-(2-methylpropyl) 
nonane 0,4 P . LO 
2,2,5-trimethylhexane 'b 0,45 0- 38 
G-methyl-5-nonene-4-on@ 0,34 1.51 
2,2,3-tr imethylnonane 0.31 0 - 6 4  
2,3,7-trimethyloctane 0,18 0,40 

Aromatic hydro- 
carbons 

o-xylene a 
m-xylene a 
p-xylene 
C3 benzene isomer b 
C3 benzene isomer 
styrene a 
1,2,4-trimethyl benzene a 
ethylbenzene a' 
napththalene 
phenanthrene a' 
diethylphthalate a' 

Identification confirmed by comparison with standards* 
Identification based on best mass spectrum fit with National-Bureau of 
Standards Library of Mass Spectra. Concentrations shown are relative 
to the internal standard. 
Priority pollutant. 

I 
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Table 7. Percentage decrease in organic constituents across infiltra- 
tion basins using a paired comparison of basin Inflow and 
outflow datas 

- --- 

verage decrease across 
(Difference betwen basin inflow and outflow) 

-- 
% Significance level -- - 

Chlorinated aliphatic 
hydrocarbons 

chlotofo rm 
l,l,l-trlchloroethane 
trichloroethylene 
tetrach1oroethylene 

Chlorinated aromatic 
hydrocarbons 

o-dichlorobenzene 
m-diehlorobenzene 
p-dichlorobenzene 
1,2,4-trlchlorobenzene 
(chloromethy1)-benzene 

Aliphatic hydrocarbons 

2,2,5-trimethylhexane 
5-(2-methylpropyl) nonane 
2,2,3-trimethylnonane 

Aromatic hydrocarbons 

o-xylene 
m-xylene 
1,2,4-trimethyl benzene 
Cybenzene isomer 
naphthalene 
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Table 8 ,  Percentage concentration decrease in halogenated organic substances by ground infiltration 
during period f e  

Average 18 m Well 30 rn We11 North Well South Well 
Basin Concent. ' Decrease (%) Decrease (%I  Decrease (%) Decrease (%) 
(27 samples) ( 6  samples) ( 6  samples) ( 6  samples) (6 samples) 

Geometric Signif- Signif- Signif- Signif- - - 
Mean Spread icance icance icance icance 

Constituent (pg/l) Factor Aver. Level Aver, eve l ex-, Level 

chlorinated aliphatic hydrocarbons 

chloroform 2,72 1,63 6 8 0 , 001 .OOl 7 1 O*OOl 
l,l,l-trichloroethane 2 ,94  3*27 49 O,O% .I0 6 1  OBOOl 
carbon tetrachloride 0.12 2+41  0 1,O 0 .50 3 3 0,Ol 
trichloroethylene 0,91 2,04 -180 0,001 -160 ,001 - 9 0,5 
tetrachloroethylene 2,63 2,03 -97 0,001 -2 9 6,001 9 0,6 

chlorinated aromatics 

o-dichlorobenzene 3.52 1,88 25 '0,20 34 4 0 0,001 5 3 0,001 
rn-dichlorobenzene 0,79 2,25 58 0.002 5 8 63 0,001 7 1 0,OOP 
p-dichlorobenzene 2i25 1.60 33 0,002 33 44 0,001 48 0,001 
1,2,4-trichlorobenzene 0.19 1,97 42 0,110 3 7 0 *20 3 7 0,lO 32 0,lO 
trichloropkeno l 0,01 i, d, 0 i,d, 0 i,d, 0 i , d ,  0 i. d ,  
pentachloropheno l 0.02 i, d. 0 i, d, 0 i,d. 0 i,d, 0 i,d, 
pentachloroanisole 0,431 i * d . ,  -150 i , d .  -160 i , d ,  14 i, d ,  0 i , d ,  

i,d,, Insuf ficieng- data for staristical evaluation; values measured by BNSEA and APSEA on two samples, 
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Average 18  nn Well North Well South Well 
Basin Concent, Decrease (%I  Decrease ( % ?  Decrease (%) 

(36 samples) ( 6  samples) (6 samples)  ( 6  sanp le s )  (6 samples) 

Geometric . Sign i f -  S i g n i f -  S i g n i f -  S ign i f -  
Mean Spread icance  i c a n c e  icance  icance  

Cons t i t uen t  ( pg /1 )  F a c t o r  Aver, Level  Aver. Leve l  e r a  Level  Level  

ha logenated  a l i p h a t i c  hydrocarbons 

chPoroform 3 ,4& 
1 ,1 ,9 - t r i ch lo roe thsne  1,4% 
carbon t e t r a c h l o r i d e  - 0,12 
bronodichloromethane O,Z6 
t r i ch lo roe thyPene  0-39 
dibromochloromethane O,Z3 
t e t r a e h l o r o e t h y l e n e  E,&9 
"oomofom 0,08 

c h l o r i n a t e d  a roma t i c s  

o-dichlorobenzene 2,40 2,11 10 O , &  - I 6,95 -1 5 0,fi 
m-dichlorobenzene 0 ,38  2,66 5 0,7 0 , 2 6 , 0 -5 0.7 
p-dichlorobenzene P,82 1,86 10 0 , s  0, % 1 % .5 3 6,7  
1,2 ,4- t r ich lorobenzene  0*38 1,90  71 0,0001 .600 % 66 0,0005. 
t r i c k l o r o p h e n o l  . 0 , 02 i, d .  0 i , d .  . d, 0 i , d ,  
pentachloropheno 1 0,04 i , d ,  0 i , d ,  < * d *  0 i , d ,  
g e n e a e h l m o a n i s o l e  0,18 i , d .  -120 -83 i , d ,  -2 13 i . d ,  
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Table 10, Percentage concent ra t ion  decrease  of hydrocarbons by ground i n f i l t r a t i o n  during per iod  1. 

Average 1 8  m TJell . 30 rn Well North Well South Well 
Basin Concent, Decrease ( % )  Decrease ( 2 )  Decrease (%) Decrease (%)  

(27 samples)  ( 6  samples) ( G  samples)  ( 6  samples)  ( 6  samples) 

Geometric S i g n i  f - S i g n i f -  S i g n i f -  S ign i f -  

Cons t i t uen t  
Mean Spread icance* icanceqc icanee* icance* 

( ~ g / l )  F a c t o r  Aver. Level. A Level v e r -  Level  Aver, Level  

a l i p h a t i c  hydrocarbons 

5-(2-rnethylpropyl) nonane 0,35 E,84 94 89 ,001 94 0.005 

aroma t i c  hydrocarbons 

o-xylene 
m-xyl ene 
p-xy l e n e  
C3-benzene isomer 
C -benzene isomer 
s 2 y rene  

r i m e t h y l  benzene 
e thylbenzcne 
naphtha lene  
phenanthzene 
d i e t h y l p h t h a l a t e  

Annual Report of the U.S. Water Conservation Laboratory



Table I f e  Percentage concentratton decrease of hydrocarbons y ground infl tration during period 2. 

Constituent 
Mean Spread icaneeik icanceib 

( f tgJ1 )  Factor  Aver, Level. ver . ver, Level 

a iipha tic hydrocarbons 

5-(2-rnethylpropyl) nonane 0.5- 1,86 6 'P ? ? 9 6 ? 
2,2,5-trimethylhexane O B I  2 , 7 4  9 ? ? ? 3 9 ? 
6-methyl-5-nonene-4-one 0,534 2,4 9 8 .O . 0001 
2,2,3-trimethyfnonane 0,25 2 , 3  9 2 ? ? 
2,3,7-trimethyl octane 0,27 2.30 93 'Z ? ? 

aroma tie hydro carbons 

o-xylene 
rn-xy lene 
p-xylene 
Cg benzene isomer 
C3 benzene isomer 
styrene 
9,2,4-trimethyl benzene 
ethylbenzene 
naphtha Eene 
phenanthrene 
diethylphthafate 
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Table  12- Average concen t ra t ions  of t o t a l  a'cganlc halogen an 
es c o l l e c t e d  uring per iods  I' and 2- 
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Table 13. Physical data for sand and boulders by layers. 

Layer Layer Weight Avg. Boulder Dimensions Avg. Boulder Boulder 
K No. Thickness Sand Boulders Length Width Weight Density volume 

(cm) (kg) (kg) (em) (cm) (cm) (g/cm3) (ern3) (mlday) 

First layer sand only - 
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Table 14.  Locat 
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Table 15. Phys ica l  da t a  and hydraul ic  p rope r t i e s  of sand-boulder column. 
--- ----.- ------ 

Physical Data 

"riameter 
[e ight  

de ight  oE boulders  
Weight of sand 
Xensity 
. ;pecific g r a v i t y  of boulders  
S p e c i f i c  g r a v i t y  of sand 
' o ros i t y  oE column 
'orosicy of sand 

Void r a t i o  of column 
Void r a t i o  of sand 
$0. of boulders  

Avg. s i z e  of boulders  

Hydraulic P r o p e r t i e s  
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BASIN NO., 2 

JAN FEB lYAR APR MAY JUN .J ;iL ACSG SEP OCS 

Figure  2. I n f i l t r a t i o n  r a t e s  i n  Basin 2.  
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J SECONDARY Eff LUENT 

JRN APR MAY JUN JUL AUG SEP 

Figure 8. Phosphate-P concen t r a t ions  i n  secondary e f f l u e n t  and i n  renovated water  
from Center  Well. 
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PENTACWLOROPHENO 

TRICWLOROPHENOL 

Figure 9. Concentration of organic compounds identffied 
and renovated water from the 30-m well during 

I 

in basin water 
I 

period 1. i 

i 
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Figure 10. o-dichlorobenzene concentration contours in the underground 
system beneath the basins during period 1, 
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Figure  11, 

t 
i 

Geometric mean, 95% confidence i n t e r v a l  f o r  mean, and s t an -  ' 
dard  d e v i a t i o n  (MS and M/S) f o r  o-dichlorobenzene i n  e f f l u e n t  
( b a s i n )  and renovated water from var ious  monitor ing we l l s  i n  / 
per iod  1. i 
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ure 12. Sketch of lower portion of boulder-sand 
tensiometer placement, a-nd.sampling trough. 
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F i g u r e  13. Photographs  o f  d i f f e r e n t  b o u l d e r  l a y e r s  and t y p i c a l  
t e n s i o m e t e r  pl-acement. 
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Figure  14. T o t a l  head (us ing  top  of sand-bou de r  coh=m a s ' r e f e r e n c e  l e v e l )  in r e l a t i o n  
t o  depth i n  t h e  column f o r  d i f f e r e n t  f low rates,  Annual Report of the U.S. Water Conservation Laboratory
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Figma 20, Water content-K and head-K rela f o r  sand . 
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k ~ g u r e  LI. VOAU ratio-nydrau~rc conauct ivxty r e l a t i o n s h i p  for sand-rock m i x t u r e s .  
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Figure 22. Breakthrough curves f o r  s a l t  t r a c e r  a t ~ d i f f e r e n t  flow r a t e s .  
. - 
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T V  M$DAY 

Figure 24.  Dispersion coe f f i c i en t -po re  v e l o c i t y  r e l a t i o n s h i p  f o r  sand-boulder column. 
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P l g u r e  LZJ. W a ~ e r  coneent  as a f u n c t l o n  o T  t ime 2nd d e p t h  a f t e r  a d d i t l o n  02 a 2-cm p u l s e  02 
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-1TLE: CHEMICAL MODIFICATION OF SOILS FOR HARVESTING PRECIPITATION 

CRIS WORK WIT: 5510-20810-004 

LABORATORY STUDIES: --- 

ne s e a r c h  cont inued f o r  improved w a t e r - r e p e l l e n t  wa te r -harves t ing  t r e a t -  
t ~ ~ e n t s .  P a s t  s t u d i e s  had shown the  advantages  of t h e  w a x l a n t i s t r i p p i n g  
agent  combination.  Recent e f f o r t s  have a t tempted t o  i n c o r p o r a t e  s e p a r a t e  

. 2 i l  s t a b i l i z e r s  t o  improve t rea tment  w e a t h e r a b i l i t y  and reduce c o s t  by 
. 3 r m i t t i n g  lower a p p l i c a t i o n  r a t e s  of t h e  water  r e p e l l e n t .  

"JO s t u d i e s  a r e  r e p o r t e d  here .  The f i r s t  used aluminum c h l o r i d e  a s  t h e  
~ i l  s t a b i l i z e r .  P e t r i  d i s h  samples of G r a n i t e  Reef s o i l  were prepared 

i n  t h e  u s u a l  way. The n o n - s t a b i l i z e d  samples were wet w i t h  15 mR water  
o r i o r  t o  packing,  whi le  t h e  aluminum c h l o r i d e  samples were wet with 15 m R  

1 A l C 1 3  s o l u t i o n  (84g/R).  The 814-3 added was approx imate ly  e q u a l  t o  t h e  
- 3 t i o n  exchange c a p a c i t y  of t h e  250 g of G r a n i t e  Reef s o i l  i n  t h e  p e t r i  
d i s h e s .  Other a s p e c t s  of t h e  t r e a t m e n t s  ( w a x l a n t i s t r i p )  a r e  summarized i n  
' ib le  1. The w e a t h e r i n g l t e s t i n g  sequence involved t h e  u s u a l  freeze-thaw 

sa ther ing ,  e r o s i o n  weather ing and t e s t i n g ,  and r e p e l l e n c y  t e s t i n g .  Th is  
sequence was repeated u n t i l  a sample f a i l e d  one of t h e  two t e s t s  o r  e l s e  
r - rv ived  40 e r o s i o n  weather ing e v e n t s .  ErosLon was done wi th  t h e  new 

8ttine; dev ice  desc r ibed  i n  t h e  1980 Annual Report .  

R e s u l t s  (Table  1 )  show t h a t  t h e  wax t r e a t m e n t s  wi thou t  a n t i s t r i p  o r  s t a b i -  
: zec f a i l e d  almost immediately ( f o u r  e r o s i o n  c y c l e s  maximum)* A n t l s t r i p  
r r k e d l y  improved t h e  w e a t h e r a b i l i t y  of t h e  p a r a f f i n  t r e a t m e n t .  The low 
0.25 kg wax per m2 r a t e  c o n t a i n i n g  4% a n t i s t r i p  weathered t h e  f u l l  40 ero- 
r -on  c y c l e s .  Obviously,  accord ing  t o  t h e s e  tests, no s t a b i l i z e r  could 
I prove on t h i s .  A l C 1 3  d i d  p a r t i a l l y  compensate f o r  t h e  absence of 
a n t i s t r i p  on t h e  p a r a f f i n  t r e a t m e n t .  S t r a n g e l y ,  t h e  two d u p l i c a t e s  con- 
t - i n i n g  the  h i g h e s t  p a r a £ f i n / a n t i s t r i p  r a t e s  and ~ 1 ~ 3  f a i l e d  a t  on1.y 22 
F o s i o n  c y c l e s .  

The A 1 C l 3  t r e a t m e n t  was more e f f e c t i v e  wi th  t h e  140 s l a c k  wax than  wi th  
I r a f f i n .  Th i s  twosome t r e a t m e n t  was e f f e c t i v e  a t  t h e  0.5 kg/m2 r a t e  of 
1 3. Adding a n t i s t r i p  made i t  e f f e c t i v e  a t  t h e  0.25 kg/rn2 r a t e .  

I 3150 t e s t e d  s e v e r a l  cement p roduc t s  and l ime  f o r  s o i l  s t a b i l i z a t i o n  
( ~ x b l e  2 ) .  The s t a b i l i z e r - s o i l  mixes were d r y  blended,  p laced i n t o  t h e  
d i s h e s ,  w e t t e d ,  and kep t  wet by cover ing  wi th  p l a s t i c  f o r  s e v e r a l  days ( 5  
f o r  cement and 14 f o r  l ime) .  The cement c o a t i n g  was brushed on to  the  s o i l  
& a s l u r r y  and a l s o  kept  wet. Waxes and a n t i s t r i p p i n g  agen t  were a p p l i e d  
a,Ler s t a b i l i z a t i o n  i n  t h e  u s u a l  manner. The w e a t h e r i n g / t e s t i n g  procedure 
was the  same a s  used f o r  t h e  AlC13-treated samples. 

T ) l e  2 shows t h a t  t h e  p a r a f f i n  wi thou t  a n t i s t r i p  samples f a i l e d  almost 
immediately,  i r r e g a r t l l e s s ,  whether  they were s t a b i l i z e d  o r  n o t .  Adding 
a - " i s t r i p  t o  p a r a f f i n  markedly i m  roved the  w e a t h e r a b i l i t y  of t h e  Gran i te  4 R $ f  s o i l  (even t h e  low 0.25 kglm samples were s a t i s f a c t o r y ) .  The 
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cement and lirne s t a b i l i z e r s  t e s t e d  here  did not improve the  wea the rab i l i t y  
of the  p a r a f f i d a n t i s t r i p  t reatment .  Lime a t  the  high r a t e  decreased 
wea the rab i l i t y .  

A n t i s t r i p  a l s o  was needed For a l l  the  140 s l ack  wax t r e a t e d  samples, 
except t he  high (0.5 kg/m2) wax app l i ca t i on  on the  cement-coating s t ah i -  
l i z e r  t reatment .  I n  gene ra l ,  t he  threesome t rea tments  of s t a h i l i z e r / l 4 0  
s l ack  w a x l a n t i s t r i p  weathered b e t t e r  than those without  s t a b i l i z e r .  Table 
2 shows t h a t  p r a c t i c a l l y  a l l  the  threesome t r e a t e d  s o i l s  withstood 20 t o  
4-40 e ros ion  cyc les .  Unfortunately,  t he  d u p l i c a t e s  of s e v e r a l  t rea tments  
had excess ive  weathering v a r i a b i l i t i e s .  This  l a t t e r  problem needs f u r t h e r  
i n v e s t i g a t i o n .  

FIELD STUDIES: 

Grani te  Reef 

Runoff e f f i c i e n c i e s  of t he  var ious  p l o t s  a t  Grani te  Reef 
Table 3. Treatment information f o r  each p lo t  appears  i n  

a r e  l i s t e d  i n  

1980 Annual Report. There were only 17 s t o m  events  i n  1981 producing 
only 179.3 mm of p r e c i p i t a t i o n .  P r e c i p i t a t i o n  f o r  t h e  six-month per iod 
1 Apri l  t o  1 October was only 51.5 mm, 

The W-plots were terminated i n  March because t he  tank l i n i n  
(bu ty l  t o rn  and a spha l t - f i be rg l a s s  needing r ecoa t ing ) ,  Tabl 
the  runoff e f f i c i e n c i e s  of a l l  t he  wax p l o t s  by yea r s  s i n c e  i n s t a l l a t i o n .  
Prel iminary r e s u l t s  suggest  t h a t  t h e  p a r a f f i n  t r e a t e d  p l o t s  w i l l  both out- 
y i e l d  and out-survive the  r e s i d u a l  (Chevron 140 s l a c k )  wax t rea tments .  It 
i s  too  soon t o  a s s e s s  t h e  long-term e f f e c t s  of the  a n t i s t r i p p i n g  agent and 
c e l l u l o s e  xantha te  s t a b i l i z e r .  

On 1 June, p l o t  T-6 was t r e a t e d  with a  ta l low d e r i v a t i v e  prepared by 
Warner M. L i n f i e l d  of the  ARS Eas te rn  Regional Research Center.  
S t r u c t u r a l l y ,  t h e  product i s  RCOmCR2CH2N(CN2CB2m2)COR, where R i s  t h e  
a l k y l  chain der ived  from tal low.  Its melt ing poin t  is  54-5B°C, and has a  
contac t  angle  wi th  water of 97'. The material .  was d i sso lved  i n  an equal  
weight p ropor t ion  of isopropanol  t o  f a c i l i t a t e  a p p l i c a t i o n .  The product 
had a  s lushy cons is tency .  

The p lo t  (T-6) was c l e a r e d ,  smoothed and compacted by s e v e r a l  r a i n s .  The 
ma te r i a l  was heated t o  l i q u i f y  i t ,  and was sprayed on t o  the  p l o t  a s  a  
hot  melt using a  r e s s u r e  pot .  The a p p l i c a t i o n  r a t e  of t he  ta l low deriva-  5 r i v e  was 0.4 kg/m . 
The m a t e r i a l  d id  no t  pene t ra te  t he  s o i l  because it was a l r eady  i n  s o l i d  
form by the  time i t  reached the  s o i l  sur face .  S o i l  temperatures ,  even i n  
June, were not  high enough t o  melt  t he  m a t e r i a l  i n t o  t h e  s o i l .  The p l o t  
was covered with c l e a r  p l a s t i c  shee t ing  i n  J u l y  t o  f a c i l i t a t e  mel t ing.  
There was some melt ing on the  su r f ace ,  but appa ren t ly  pene t r a t i on  i n t o  the  
s o i l  was minimal. The f i r s t  yea r ' s  runoff e f f i c i e n c y  of only 
discouraging.  
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~ , e  attempted to  t r e a t  T-8 wi th  a  75/25 percent  mixture of c a n d e l i l l a  and 
128-130 AMP white s c a l e  waxes, r e spec t ive ly ,  The p lo t  was c l ea red ,  
moothed, ra ined on t o  compact the  s o i l ,  and c l tpped  f r e e  of weeds. The 
Lot was s t a b i l i z e d  on 22 J u l y  1981 with c e l l u l o s e  xan tha t e ,  sprayed on a s  a 0,4% s o l u t i o n  a t  1.5 2.fm2, 

e t r i e d ,  on 30 J u l y  1981, t o  ap l y  t he  wax mixture ,  which contained 32 
lrymeen 6639 an t  s t r i p p i n g  agent  g it on a s  a  hot  mel t ,  The 
i n t e n t  was t o  ap l y  t he  wax mixt 
~t the  temperat r e  of t he  melt  h  

* i t h  plugging of I l n e s  an d not ge t  uniform coverage. 
The runoff e f f i c i e n c y  of T-8 has averaged only 45% s i n c e  PnstaEls.tfon, 

*avera l  s o i l  s t a b i l i z e r s  were evaluated f o r  i r n  
f t he  waxJant is t r ipping-agent  Resu l t s  showed 

chat aluminum ch lo r ide  s a l t  mar 
s l a c k  wax and l 4 0 / a n t i s t r i  me p o s i t i v e  e f f e c t  f o r  

t r a f f i n  only t rea tments ;  a r a f f i n / a n t i s t r i p  
. "eatments. The l a t t e r  tr 
Low 0.25 kgfm2 r a t e  provid 
*1e wax. 

Another s tudy evaluated s eve ra l  cement products  and lime a s  
e t a b i l i z e r s .  Resu l t s  confirmed the  fmporta c e  of a n t i s t r i p p i n g  agent for  

re p a r a f f i n  t rea tment .  These stabilizers i d  no t  improve the  
'LLty of the paraff in-only o r  p a r a f f i n f a n t i s t r i p  t r e a t e d  s o i l s .  Some, 
e s p e c i a l l y  l i m e ,  even made %t worse, 

! t h i n  cement coa t ing ,  put on top the  s o i l  a s  a  s l u r r y ,  markedly improved 
the wea the rab i l i t y  of the 140 s l a c k  wax t reatment .  Cement, a  cement dus t  
; rproduct, and lime when mixe with t he  s o i l  and cure  t f o r  s e v e r a l  

iys did improve he wea the rab i l i t y  of the 1 4 0 f a n t i s t r i p  t reatment .  These 
s o i l  s t a b i l i z i n g  m a t e r i a l s  should be t e s t e d  on o the r  s o f l  types ,  par- 
t i cu l . a r ly  s o i l s  higher  i n  c l a y  conten t  than the  Grani te  Reef s o i l ,  

, ,eld eva lua t ion  of water harves t ing  t rea tments  continued a t  t he  Grani te  
Reef t e s t  s i t e .  Two a t tempts  were made t o  t r e a t  p l o t s  with su rp lus  com- 

jdi ty  waxes; one was a  ta l low d e r i v a t i v e  and the  o the r  a  c a n d e l i l l a /  
1raEfi.n mixture.  I n  both ca se s ,  t h e  high melt ing poin t  of t h e  waxes 

complicated i n s t a l l a t i o n  and prevented the  waxes from pene t r a t i ng  t he  
- l i l .  Research e f f o r t s  a r e  needed to  overcome both d i f f i c u l t i e s .  

PdRSONNEL: Dwayne H e  Fink 
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Table 1. Weathering resistance of Granite Reef soil treated with aluminum 
chloride soil stabilizer/wax/antistripping agent combinations. 

- No stabilizer 

Paraffin (kg/m2) 140 slack (kg/m2) 
Anti- - 
strip 0.0 0.25 0,50 1.00 0,O 0025 Oe5O 1.00 

Stabilizer (A1Ci3) @ 1 x CEC) 

0 
0 12 13 28 0 11 33 -9.4 0 
0 15 3 2 29 0 29 4-40 4-40 
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iable 2. Weathering resistance of Granite Reef soil treated with 
stabilizerlwaxlantistripping agent combinations. 

No stabilizer 

Paraffin 140 Slack Paraffin 140 Slack 

No 
2 / 

No No No 
Wax A.S. ASS.- A.S. A. S. A. S .  A.S. A.S. A.S.. 

Cement-soil mix ( T / h a )  

Cement coating 

Cement dust-soil mix 

Lime-soil mix 

-- - 
Sample broken during testing. 

1 "No stabilizer" treatment actually had zero tons per hectare. 
' 1  A . S .  stands for 4% trymeen 6639 antistripping agent in wax* - 
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Table 3. Rainfall-runoff from water harvesting plots at Granite Reef in 1981. 

Date Precip. L-1 2 - 3  L-4 L-5 L-6 L-7 R-1 R-2 R-3 R-4 A-1 A-2 A-3 6-4 A-5 

11-12 Jan 
09 Feb 
26 Feb 

01-03 Mar 
04-05 
05-06 

02 Apr 
27-28 May 

11 Jul 
15-16 

21 

** 
Totals 179.3 91.1 6.0 24.9 89.0 UN 95.7 57,211.0 97,9 12,519.1 95.9 32.9 9.9 23.0 92.8 

Notation: M = Mechanical malfunction; UN = Untreated; NP = Not pumped (precipitation data from tipping-bucket raingage); 
? = Questionable data. 
* = Initiation of new treatments, maintenance of catchment, or termination. 

** = Percentage totals are based on measured data only; i.e., no estimates. 
+ = Accumulated precipitation events. 
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Table 3. Rainfall-runoff from water harvesting plots at Granite Reef in 1981 (continued). 

Date Precip. W-1 W-2 W-3 T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8 T-9 T-10 T-11 T-12 T-13 T-14 T-15 

11-12 Jan 10.7 
9 Feb 27.2 
26 Feb 3.3 

01-03 Mar 17.5 
04-05 3.3 
05-06 9.6 

02Apr 7.6 
27-28 May 2.0 

11Jul 3.3 
15-16 16.5 

2 1 1.5 
2 9 3.8 
3 1 4.5 
04Sep 3.2 
24 9.1 
02 Oct 24.4 
30 Nov 3f.8 

a* 
Totals 179.3 7.1 8.5 12.3 101.3 70.3 71.4 59.0 84.9 33.9 82.6 45.5 80.0 37-8 96.8 56.5 85.5 10.0 99.5 

Notation: M = Mechanical malfunction; UN = Untreated; NP = Not pumped (precipitation data from tipping-bucket raingage). 
? = Questionable events. 
* = Initiation of new treatments, maintenance of catchment, or termination. 

** = Percentage totals are based on measured data only;  i-e., no estimates. 
t = Accumulated precipitation events. 
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Table 4. Summary of runoff efficiencies from wax-treated plots at Granite 
Reef. 

--- --- --- - 
1 / Wax-treated plots - 

Year Precip. R-2 T-13 T-7 T-3 T-4 T-12 T-15 T-6 T-8 

1/ First year's data represents partial year. 
21 Missing data. - 
3/  Retreated during year. - 
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APPENDIX 

LIST OF PUBLICATIONS 

AND MANUSCRIPTS PREPARED I N  1981 

MS. NO* 

"TRP 20740 I W R O V E  IRRIGATION AND DRAINAGE OF AGRICUL- 
TURAL LAND ( I r r i g a t i o n  and Nydraul ics  Research 
Group) 

' ub l i shed :  
BUCKS, D, A.,  ERIE, L. J., ENCH, 0. F., NA 
F. S. and Pew, W. D. 1981. Subsurface  t r i c k l e  
irrigation management wFth m u l t i p l e  c ropp ing ,  
Trans .  Am. Soc. r i c .  Eng, Vole  24(6):1482-1489, 806 

BUCKS, D. A * ,  WAKAPAHA, F. S , ,  and FRENCH, 0. F. 
1981* Keys t o  s u c c e s s f u l  t r i c k l e  i r r i g a t i o n :  
Management and maintenance,  Pro 
P l a s t i c s  Assoc- Congr., Tucson, 777 

BUCKS, D. A., W A I W M ,  F. S, and GILBERT, R. G. 
1981. Is your t r i c k l e  f i c k l e ?  Am. Veg. Grower. 
A p r i l  1981. pp 8-10, 68. 832 

CLEMMENS, A. J. 1981. E v a l u a t i o n  of infiltration 
measurements €or  border  i r r i g a t i o n .  Agric .  Water 
Management J. 3(4):251-267. 

CLEMMENS, A. J., and DEDRICK, A. R, 1981. 
Es t imat ing  d i s t r l b u t i o n  un i fo rmi ty  i n  l e v e l  b a s i n s .  
Trans .  An. Soc. Agric .  Eng., 24(5):l177-1180 and 
1187. 788 

CLEMMENS, A. J., STRELKOFF, T., and DEDRICK, A. R. 
1981. Development of s o l u t i o n s  f o r  l e v e l - b a s i n  
des lgn .  J .  r i g  and Drain.  DEv., Am. Soco C i v i l  
Eng., 107(IR3):265-279. 795 

DEDRICK,  ALLEN R. ,  and ZIMBELMAN, DARREL D. 1981. 
Automatic c o n t r o l  of I r r i g a t i o n  wate r  d e l i v e r y  t o  
and on-farm i n  open channe l s .  Symp. Proc.  of 1 1 t h  
Congress, I n t e r .  Comm. on I r r i g .  and Drain.  R. 7, 
113-128. 769 

GILBERT, R. G., BUCKS, O. A., and NAKAYAMA, F. S. 
1981. Reasons f o r  t r i c k l e  e m i t t e r  c logg ing  wi th  
Colorado River  water.  Proc.  1 5 t h  Nat. 
P l a s t i c s  Assoc. Congr., Tucson, AZ. pp. 40-43, 
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GILBERT, K. G * ,  NAKAVAM, Pe S-, BUCKS, D* A*, 
FRENCH, 0, F m  and ADAMSON, K. C. 1981. Trickle 
irrigation: Emitter clogging and other flow 
problems. Agric. Water Management J. 3:P59-178. 

HOWELL, T. A*, BUCKS, D, A*, and CHESNESS, J, La 
1981. Advances in trickle irrigation* Proc. 2nd 
Nat. Irrigation Symp*, "Irrigation Challenges of 
the 809s", Lincoln, RE. pp. 49-94, 

NAKRYMfA, F. S.  and BUCKS, D, A. 1981. Emitter 
clogging effects on trickle irrigation uniformity. 
Trans* Rm* Sot* Agric. Eng., 24(1):77-80. 

NAUYPIMA, Fe S*, and BUCKS, D, A. 1981. Using sub- 
surface trickle system for carbon dioxide enrichment. 
Proc. 15th Nat. Agric- Plastics Assoc. Congr,, 
Tucson, AZ. pp, 13- 

REPLOGLE, J. A* 1981. Advances in irrigation 
technology--on farm irrigation practices. Procs 
Agric. Sector Symposia Promoting Increased Food 
Production in the 1980Qs. pp. 328-353, (Sponsored 
by World Bank, 'Washington, D, C*). Jan" 5-9, 
1981. 

REPLOGLE, J. A., and CLEMENS, A. J. 1981. 
Measuring flumes oE simplified construction, 
Trans. Am. Soc. of Agric- Eng. 24(2):362-366, 

REPLOGLE, J, A*, 2nd MEKRIAM, J. L. 1981. 
Scheduling and management of irrigation water 
delivery systems. Proc. 2nd National Irrigation 
Symp* , "Irrigation Challenges of the 80's1', 
Lincoln, NE. pp. 112-126, 

REPLOGLE , J o  A*, WIRRIAM, J. Le , SWARNER, L. Re, 
and PRELAN, J, To 1980. Farm water delivery 
systems. ASAE Monograph "Design and Operation of 
Farm Irrigation Systems", Chapter 9, pp. 317-343. 

Accepted: BUCKS, D* A*, NAKAYAMA, F. S., and WARRICK, A. W e  
Principles, practices and potentialities of trickle 
(drip) irrigation. In Hillel, D, I* "Advances in 
Irrigation". Academz Press, hc., N.Y. (In press) 

CLEMMENS, A. J. Evaluating infiltration for border 
irrigation models. Agric- Water Management. (In 
press) 
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CLEMMENS, A. J.  DEDRJCR, A. R. Limits for 
practical level basin design. J,  of Irrig. and 
DraLn. Div., Am. Soe. CivIX Eng. (In press) 

DEDRICK, A, R.,  ERL L, J. , and CLE 
Level bash irrigat on. In "Advance 
Irrlgat ion", 

ERIE, Le . T , ,  P 
FVIRRIS, K, Con 
crops in the so 

clogged e m i ~ t e r  785 

REPLOGLE, J, Aa , 
flumes: Applicat 
management", In 
Academic ~ s e s s T ~  

STRELKOPP, T. and CLE ENS, A. J, Dimensionfess 
stream advance f n  sloping orders. J. Irrig. and 
Drain. Div., Am. Soc. Civil Gng. (In press) 791 

\P 20760 WAGEFIENT AND USE OF PRECIPITATION I) SOLAR ENERGY 
FOR CROP PRODUCTION (Arid Zone Crop Production Group) 

tblished: BUCKS, D. A., NAKBYAMA, F. S. and FRENCH, 0. Fe 
Keys to successful trickle irrigation: Management 
and maintenance. Proc, of 15th Matl. Agric. 
Plastics Congress. Tucson, AZ. 1981, 

BUCKS, D *  A., NRKAYmA, P. S. and GILBERT, Re G. 
Is your trickle fickle? her. Veg. Grower. pp. 
8-11, April 1981. 

EKRLER, W .  L. and BUCKS, D. A. Soil water deple- 
tion in Zrrlgated guayule. Proc. 3rd Intern. 
Conf. on Guayule, Riverside, CA. 1981, 

FINK, D. H. and ENRLEK, W. L. Evaluatton of 
materials for inducing runoff and use of these 
materials %n runoff farming. Proc. of U*S.-Mexico 
Workshop: Rainfall Collection for 
10-12 Sep. 1980. 786 
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FINK, 1). W. Candellia-petroleum wax mixtures for 
treating soils for water harvesting. In Proc. 
Joint Session of Arizona Section, AmerKan Water 
Resources Association and AZ-NV Aca 
Science, Tucson, AZ. 1-2 May 1981. 3.981. 827 

GILRERT, Re G B  BUCKSI Dc A* and NA 
Reasons for trickle emitter clogging 
river water, Proc, 15th Natl, rice Plastics 
Congress. Tucson, 776 

GILBERT, Re G o ,  
FRENCH, O1 I?, and SON, R. C, Trickle 
irrigation: Emitter clogging and other flow 
problems. Agric. Water Kanagement 3:159-178, 
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KIMBALL, R. A. and MITCHELL, S. TO Effects of 
C02 enrichment, ventilation, and nutrient con- 
centrations on the flavor and vitamin content of 
tomatoes- Nortscience 16~665-666, 1 696 

KIMBALL, B. A. Rapidly convergent algorithm for 
non-linear humidity and thermal radiation terms. 
Trans. of the ASAE 24(6):1476-1477* 1981. 7 94 

NAKAYB$.ZCI, F. S. and RUCKS, D. A- Using subsurface 
trickle system for carbon dioxide enrichment. 
Proc. 15th Natl. Agric. Plastics Congress. 
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NAKAYAMA, F. S. and BUCKS, D, A- Emitter clogging 
effects on trickle irrigation uniformity. Trans. 
ASAE 24:77-80, 1981. 733 

Prepared: BROOKS, G, B, and KIMBALL, Be A. A low-cost method 
for solar-heating an aquaculture pondo Aquaculture. 868 

BUCKS, D* A*, ERIE, Le J, ,  FRENCH, 0-  Fa, 
NAKAYAMA, Fo So, and PEW, W. D, Subsurface trickle 
irrigation management with multiple cropping, 
Trans. ASAE. 

BUCKS, D. A., NAEUYAMA, F. S, and WARRICK, A. W e  
Principles, practices and potentials of trickle 
(drip) irrigation, Chapter Tn Hillel, D, 1. (ed,) 
Advances in Irrigation. Ac 850 

EI-IRLER, W. L. The transpiration ratios of Agave 
amerlcana Lo and Zea mays L. as affected by soil -- 
water potential* 873 
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TDSO, S. B e ,  and K A. Man, carbon 
d i o x i d e ,  c l i m a t e  a g l o b a l  e c o l o g i c a l  
p e r s p e c t i v e .  841 

KIPIBALL, B. A* ,  and MITCHELL, S, T, An a c c u r a t e ,  
Low maintenance psycltrometcr, J. l. Pleteorol .  728 

Conduction t 
p r e d i c t i n g  h e a t  f 
o f  ASAE. 86 9 

Water Resources Res 813 
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PJRP 207 60 IIANAGEMENT USE OF PRECIPITATION AND SOUR ENERGY 
FOR CROP PRODUCTION (Soil-Plant-Atmosphere Systems 
Research Group) 
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JACKSON, R* D*, IDSO, S *  B e ,  PINTER, Po JsP 9 R o p  
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San J o s e ,  Costa  Rica ,  1981, 763 
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I n -  Quart .  J. Royal Y e t e o r o l *  Soc. 106: 375-376. 
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IDSO, S. B, Reply t o  two l e t t e r s  t o  t h e  E d i t o r  i n  
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IDSO, So B. On the systematic nature of diurnal 
patterns of differences between cal 
measurements of clear sky a 

yal Soc- , 107(453): 

atmospheric dust under non-duststorm conditions. 
Atmos. Envicon. 

LDSO, SI B, Su e energy balance an 

A set of equations for 
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Sci, Letters. 23x47-53, 1981. 

LDSO, S. Be Prediction of sprinkler rates for 
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water potential depressions in wheat by infrared 
thermometry, Irrig. Sci* 2:205-212, 1981. 
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i n f r a r e d  thermorne Agron. .f, 73: 826-830, 
1981. 

IDSO, 5.  B., REGINATO, R e  
PINTER, P* J o ,  J R *  
Evidence f o r  a dy 
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JACKSON, R. D,, SALOMONSON, V, V., and SCHMUGGE, 
T. J. I r r i g a t i o n  management -- F u t u r e  t echn iques .  
I n :  Proc. Am* Soc. Agr. Eng. Second Nat iona l  - 
I r r i g a t i o n  Symposium, October 20-23, 1980. 
I r r i g a t t o n  Chal lenges  of t h e  8 0 r s ,  " pp. 197-212. 
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s t r e s s .  Book C iometeorology i n  
I n t e g r a t e d  P e s t  J* L. Watf ie ld  and 
I. J, Thompson ( ademic P r e s s  82 8 

P 

PINTER, P* J*, 
vapor p r e s s u r e  
i n t e r p r e t a t i o n  
In:  Proco of 1 5 t h  I n t e r n ,  Symp, on Remote Sensing - 
of Environment, my, 1981. Ann Arbor, Michigan* 826 

REGINATO, Re  J, Improving i r r i g a t i o n  e f f i c i e n c y  
through remote s e n s i n g *  In:  Proc,  of 40th Annual - 
NACD Conf., Feb, 1981, 820 

SLATER, P. N., and JACKSON, R. D. Transforming 
ground-measured r e f l e c t a n c e s  t o  r a d i a n c e s  measured 
by v a r i o u s  space  s e n s o r s  through c l e a r  and t u r b i d  
atmospheres.  I n :  Proc. I n t e r n ,  Colloquium on 
S p e c t r a l  S i g n z u r e s  of Objec t s  i n  Remote Sensing,  
Avignon, France ,  Sept .  3.981, 847 

Submftted:  
MILLARD2 J- Pa, JACKSON, Re D e ,  GOETTLEMAN, R a  G e ,  
and T>EROY, Ma JI S o l a r  e l e v a t i o n  and row d i r e c -  
t i o n  e f f e c t s  on m u l t i s p e c t r a l  scanner  d a t a  
o b t a i n e d  over  c o t t o n .  834 

IDSO, S. 5. Reply t o  A. J, Crane 's  "Comments on 
Recent Doubts about  t h e  CQ2 Greenhoase E f f e c t e m  
J. Appl. Meteorol.  

IDSO, So Be, REGERATO, R e  J,,  and 
Leaf diEfusLon r e s i s t a n c e  and p h o t o s y t h e s t s  i n  
c o t t o n  as r e l a t e d  t o  a f o l d a g e  t empera tu re  based 
p l a n t  wa te r  s t r e s s  index ,  

Annual Report of the U.S. Water Conservation Laboratory



Prepared : 
IDSO, S. Be, and KIM 
d ioxide ,  c l imate  and 
pe r spec t ive  . 
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