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INTRODUCTION 

The purpose of t h i s  study was t o  se lec t  monthly weather var iables t h a t  could 

be used i n  models t o  p red ic t  wheat y i e l d s  fo r  t h e  f i v e  main wheat-growing pro- 

vinces of Argentina: Buenos Aires, Cordoba, Entre Rios, La Pampa and Santa Fe 

(see Figure 1). Each province was t rea ted  as a separate e n t i t y .  

Most o f  Argentina's wheat-growing area i s  located i n  a humid subt rop ica l  

c l imate known as t h e  Pampa Humida. High temperatures i n  t h e  w in ter  can have an 

adverse e f f e c t  on t h e  wheat y i e l d  i n  t h e  nor thern sections, Excessive r a i n f a l l  

i r ~  Entre Rios, where annual r a i n f a l l  ranges from 900 t o  1100 mm, can a l so  be a 

p r ~ b l e m  dur ing  t h e  growing season. The western edge o f  t h e  wheat area, however, 

i s  semi-arid w i t h  warm t o  hot summers. There, drought and h igh  temperatures 

can be a problem dur ing  t h e  growing season. 

Wheat i s  p lanted from e a r l y  May through July. Harvest i s  general ly  from 

November through January. 

METHOD 

Three ind ices  represent ing ava i l ab le  s o i l  moisture, monthly p r e c i p i t a t i o n ,  

and monthly maximum temperature (Sakamoto, 1976) were used i n  mu1 t i p l e  

regression models. They include: monthly 2- i  ndex, ET (evapotranspirat ion) 

minus E l  ( c l  ima t i ca l  l y  appropriate evapotranspirat ion),  and p r e c i p i t a t i o n  

minus PET (po ten t ia l  evapotranspi ra t i on ) .  Terms are  defined i n  t h e  Appendix. 

Large p o s i t i v e  2-index, P-PET, and ET-ET values suggest wet condit ions. 

The regression equation i s: 

where 
A 
Y = Estimated y ie ld ,  
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. Each dot represents 2,000 
hectares (or frac t ion  of 
more than 400 ha). 

- Low density 

Figure 1. Density of area sown to  wheat i n  Argentina, 1971-72. 
(Total area i n  wheat: 4,986,000 ha) 



U = Constant, 

Bj = Coe f f i c i en ts  o f  t h e  var iab les  j = 1-6, 

T = Trend, 

TX, = Maximum temperature f o r  month i, 

R i  = Tota l  p rec i  p i  t a t i  on f o r  month i , 

Z i  = 2-index f o r  month i, 

(P-PET)i = P r e c i p i t a t i o n  minus PET f o r  month i, 
A A A 

(ET-ET)i = ET minus ET f o r  month i, where ET = K PET and K = ~/PE, 

and 

E = Unexplained er ror .  

Separate data sets were used f o r  each province. Var iables t r i e d  and 

selected f o r  each model d i f f e r e d  according t o  t h e  c l ima te  and a g r i c u l t u r a l  

p rac t i ces  o f  each province. Buenos A i res  was the  on ly  province f o r  which a 

t rend  v a r i  able was i ncl  uded. 
.- 

I n  developing t h e  models, var ious procedures o f  t h e  S t a t i  ~ t i c a l  Analys is  

System (SAS I n s t i t u t e  Inc., 1979) were used. The procedures used and t h e  

operat ions performed w i t h  each are  l i s t e d  i n  t h e  Appendix. Combina ,ens 

o f  var iab les  w i t h  t h e  h ighest  RZ which inc luded var iab les  s i g n i f i c a n t  a t  

( o r  c lose  t o )  t h e  10 percent l e v e l  and those agronomical ly meaningful were 

chosen f o r  t h e  'models. 

DATA 

The Argentina crop data were obtained through t h e  L a t i n  American Branch o f  

t h e  Economic Research Service o f  t h e  Uni ted States Department o f  Ag r i cu l t u re  

(M. Mielke, personal communication, 1980. The crop data se t  used was set  up . 
w i t h  t h e  year o f  y i e l d  as the year o f  harvest.  The growing season i n  Argentina 

may extend i n t o  January o f  the  f o l l o w i n g  year  before harvest begins. Our 

i n t e r e s t  i s  i n  t h e  year o f  p lan t i ng  and when the  weather impacts the  crop, 

which i n  t h i s  case would be year-1. 
3 



Meteorological data were prepared us ing  several d i f f e r e n t  sources, 

inc lud ing  Monthly C l  imat ic  Data f o r  the World and t h e  Serv i c io  Meteorological  

Nacional i n  Argentina (R.E. Jensen, C.M. Sakamoto and S.E. Mummert; August 1974). 

The years between 1950 and 1970 were used t o  model s ince  the  greates t  number o f  

s ta t ions  had t h e  most complete meteorological da ta  f o r  these years. From a  

general meteorological data f i  l e  o f  Argentina s ta t ions ,  separate da ta  se ts  were 

created f o r  each o f  t he  f i v e  wheat provinces. Table 1 l i s t s  t h e  s t a t i o n s  and 

weights used t o  de r i ve  each meteorological data set.  Groups o f  s t a t i o n s  were 

weighted according t o  t h e  c o n t r i b u t i o n  o f  t h e i r  area t o  t h e  count ry 's  wheat 

production. F igure  2 shows t h e  l o c a t i o n  o f  each s ta t ion .  

YIELD MODELS 

Buenos Ai res 

A p l o t  o f  y i e l d  vs. year f o r  Buenos A i  res  revea ls  an increas ing  t rend  i n  

technology from 1950 t o  about 1963 (see Figure 3). Therefore, a  " t rend 

var iable"  was chosen f o r  t h i s  period. 

The model f o r  Buenos A i  res  was one o f  t h e  most d i f f i c u l t  t o  def ine,  

probably because t h i s  province covers such a  l a r g e  t e r r i t o r y .  P l o t s  o f  possib le 

weather var iables versus detrended y i e l d  d i d  no t  i n d i c a t e  any s i g n i f i c a n t  

l i n e a r  re lat ionships.  Var iables t h a t  one would be i n c l i n e d  t o  choose on t h e  

basis o f  crop calendar ar i i  c r i t i c a l  weather d u r i n g  growing season d i d  no t  show 

st rong co r re la t i ons  w i t h  y ie ld .  

A f t e r  t r y i n g  many combinations o f  var iab les  i n  regressions, t h e  f o l l o w i n g  

model was selected: 

Linear Trend 1950-1963 A 
ETMETH4.. .............................. A 1  ET minus ET 
R7 .................................... .July t o t a l  p r e c i p i t a t i o n  
ZINDEX8 ............ ....*............. .August 2-index 
TXg...... ............................. .September average maximum temperature. 

The signs o f  the  c o e f f i c i e n t s  o f  the  model seem reasonable. The negat ive 

c o e f f i c i e n t  i n  J u l y  i nd i ca tes  t o o  much r a i n  du r ing  p l a n t i n g  has a  negat ive 



BUENOS AIRES 
Pergamino 
Jun in  
San Miguel 
Buenos A i r e s  
Nueve de J u l i o  
Trenque Lauquen 
Las F l o r e s  

Patagones 
F o r t i n  Mercedes 
Tres Arroyas 
Trenque Lauquen 
Macachin 

Az u l  
Tres Arroyas 
Ba lca rce  

CORDOBA 
P i l a r  
B e l l  V i l l e  
Rio Cuar to  
Trenque Lauquen 

ENTRE RIOS 
La Paz 
Concordia 
Parana 
Las D e l i c i a s  
V i c t o r i a  

LA PAMPA - 
Patagones 
~ a n t a  Rosa 
Macachin 
General  Acha 
F o r t i c  Mercedes 
V i c t o r i c a  
Trenque Lauquen 

SANTA FE - 
Ceres 
Espe ranza  
Angel Ga l la rdo  
B e l l  V i l l e  

B e l l  Ville 
Rosario 
Cas i lda  
Pergamino 

Averaged and weighted 25% 

Averaged and weighted 55% 

Averaged and weighted 20% 

Averaged 

Averaged 

Averaged 

Averaged and weighted 23% 

Averaged and weighted 77% 

Table 1. Meteoro log ica l  S t a t i o n s  and Weights Used t o  
Develop Regress ion Models f o r  Argentina Wheat 



Figure 2. Five rrajor agricultural provinces in  Argentina and 
locations of  meteorological s ta t ions  used i n  model 
development. 
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e f f e c t  on y ie ld .  A large, p o s i t i v e  2-index i n  August du r ing  j o i n t i n g  i s  

favorable t o  y i e l d .  Hi gh temperatures i n  September du r ing  heading reduce y i e l d .  

The s t a t i s t i c s  o f  the selected model are summarized i n  Table 2. A p l o t  o f  t h e  

model's predicted y i e l d s  and the  actual  y i e l d s  f o r  1950-1970 i s  shown i n  Figla-i 

Cordoba 

For Cordoba, p l o t s  o f  possib le weather va r i ab les  vs. y i e l d  showed t h a t  1951 

was a  "p ivo t  po in t "  i n  determining 1 i near r e l a t i o n s h i p s  f o r  most o f  t h e  

variables. Since y i e l d  f o r  1951 was extremely low, i t  was decided t o  p l o t  t h e  

var iables wi thout  1951. No improvements was seen; t he re  were even fewer l i n e a r  

re la t ionsh ips .  Therefore, i t  was decided t o  r e t a i n  1951. 

I n i t i a l  var iab les  were chosen Qn t h e  bas is  o f  c o r r e l a t i o n  w i t h  y i e l d  and 

were t r i e d  i n  regression equations. Model s  were t r i e d  w i t h  several combinations 

and squares of some o f  t he  variables. The f o l l o w i n g  var iab les  were s i g n i f i c a n t  

as a  model: 
A ............................ ETMETHSS.. .Ma ET mi nus ET squared ................................. TX7.. .July average maximum temperature 

P-PET8................................Augus p r e c i p i t a t i o n  minus PET 
ETMETH90S..............................Sep mber-October average ET minus !f squared. 

The c o e f f i c i e n t  f o r  ETMETH5S was negative, which r e f l e c t s  t h r *  need f o r  

d r i e r  condi t ions a t  b1ant ing time. The c o e f f i c i e n t  f o r  ETMETH90S was a l s o  

negative. This r e f l e c t s  the  detr imenta l  e f f e c t s  o f  excessive spr ins  ra ins.  

High temperatures a t  e a r l y  growth ( Ju l y )  reduces y i e l d ;  favorable r a i n  a f t e r  

p l a n t i n g  (August) helps the  crop get a  good s t a r t .  The s t a t i s t i c s  o f  t h e  

selected model 8re summarized i n  Table 3. A p l o t  of t he  model's predic ted y i e l d s  

and the actual  y i e l d s  f o r  1950-1970 i s  shown i n  F igure 5. 

Entre Rios 

Entre Rios was s i m i l a r  t o  Buenos A i  res i n  t h a t  p l o t s  o f  weather var iab les  

versus y i e l d  d i d  not  produce any o"!i ous 1  i near re la t i onsh ips  or  s t rong 



corre lat ions.  Regression equations conta i  n ing  moisture va r iab les  cons i s ten t l y  

produced negative c o e f f i c i e n t s  f o r  August through November. This  can be 

explained agronomically by the  f a c t  t h a t  Entre Rios i s  a  very humid province 

w i t h  a  high annual r a i n f a l l .  R a i n f a l l  greater  than t h e  normal expected value 

produces disease and fungus problems, thereby reducing y i e l d .  

Working w i t h  var iab les  chosen on t h e  basis  o f  c o r r e l a t i o n  w i t h  y i e l d  f a i l e d  

t o  produce sa t i s fac to ry  resu l ts .  Therefore, a  mechanical process us ing  SAS 

procedures was used t o  narrow down poss ib le  variables. The best mode: obtained 

was: 
A 

ETMETHS.. .......................... .May ET m i  nus ET 
R6 .................................. June t o t a l  p r e c i p i t a t i o n  
ZINDEX8 ............................. August Z index 
Rll..... ........................... .November t o t a l  p r e c i p i t a t i o n .  

A1 1  coe f f i c i en ts  were negat ive fo r  June, August and November, i n d i c a t i n g  the  1 

I 

l ess  r a i n  the bet ter .  The s t a t i s t i c s  o f  t he  selected model a re  summarized i n  ! 
1 

Table 4. A p l o t  o f  t he  model's p red ic ted  y i e l d s  and t h e  ac tua l  y i e l d s  f o r  > 

1950-1970 i s  shown i n  F igure 6. 

La Pampa 

For La Pampa, a  p l o t  o f  y i e l d  vs. year showed 1965 y i e l d  t o  be ex t ra -  

o r d i n a r i l y  high--so h igh  as t o  be questionable. Co r re l? t i ons  and p l o t s  o f  

var iables w i t h  y i e l d  were more favorable without 1965. Therefore, 1965 was 

el iminated from t h e  model data set. The best model had t h e  fo l l ow ing  

variables: 

ETMETH4..r..............*...........Apri ET minus ET 
TX8.. ............................. ..August average maximum temperature 
ETMETH9.. ........................... September ET m i  nus ET 
P-PET10.. ......................... ..October p rec i  p i  t a t l  on mi nus PET 
P-PET11.. ........................... November p r e c i p i t a t i o n  m i  nus PET. 

The problem w i t h  t h i s  and the  other  favorable models i s  t h a t  t h e  

coef f i c ien t  f o r  ETMETH4 was always negative. This cannot be explained agro- 

nomical l y .  Therefore, t he  model was t r i e d  i n  t he  regression eauat ion wi thout  

ETHMtTH4. The R2 was reduced, but a1 1  c o e f f i c i e n t s  were reasonable. The 



c o e f f i c i e n t  f o r  the August va r i ab le  was the  only  neyat ive. The s t a t i s t i c s  

o f  t he  selected model a re  summarized i n  Table 5, A p l o t  o f  the  model's 

predic ted y i e l d s  and the  actual  y i e l d s  f o r  1950-1970 i s  shown i n  F igure 7. 

Santa Fe 

For Santa Fe, 1964 was a year o f  outstanding y i e l d .  E l  im ina t i ng  1964 from 

t h e  data set  produced b e t t e r  p l o t s  and co r re la t i ons  o f  weather var iab les  t o  

y i e l d .  

Santa Fe was the  only  province f o r  whirb a s a t i s f a c t o r y  model was not  

obtained. Several d i f f e r e n t  approaches were taken t o  de r i ve  a reasonable model, 

bu t  t he  only  acceptable model was t h e  fo l lowing:  
A ........................... ETMETH5 May ET minus E 

ETMETH7.. ....................... ..July ET m i  nus 6 
ETMETH10.. ....................... .October ET m i  nus 4 ....................... ETMETH11.. .November ET m i  nus T. 

I n  t h i s  model, ETMETHlO was s i g n i f i c a n t  only  a t  t h e  20 percent l eve l .  It 

was decided t o  keep i t  i n  t h e  model t o  r e f l e c t  cond i t ions  a t  t h e  c r i t i c a l  heading 

per iod  i n  October. I n  add i t ion ,  t hc  ~2 f o r  t h e  model wi thout  ETMETHlO was 

lower. The only  negat ive c o e f f i c i e n t  was f o r  t h e  November var iable.  This 

r e f l e c t s  t he  need f o r  d r i e r  cond i t ions  a t  harvest time. The s t a t i s t i c s  o f  t h e  

selected model are summarized i n  Table 6. A p l o t  o f  the  model's predic ted 

y i e l d s  and the  actual y i e l d s  f o r  1950-1970 i s  sl~own i n  f i g u r e  8. 

TEST RESULTS 

A bootstrap t e s t  was run on each model. I n  t h i s  t e s t ,  t h e  l a s t  year o f  t h e  

y i e l d  data set  was l e f t  out  and t h e  model wa? used t o  p red i c t  y i e l d  f o r  t h a t  

year. This process was repeated f o r  t h e  number o f  years desired. I n  t h i s  case, 

t h e  number o f  years used i n  the  t e s t  f o r  each prov ince depended on t h e  number 

o f  years w i t h  complete data. For Santa Fe t h i s  waz n ine years, f o r  t he  o ther  

f ou r  provinces s i x .  

For Buenos A i  res, Entre Rios, and La Pampa t h e  bootstpap t e s t  adequately 

predic ted y i e l d s  f o r  1971 through 1076. There were exceptions (a d i f f e r e n t  



year i n  each case) where the di f ference between predicted and actual y i e l d  was 

rather large. For Cordoba, the model predicted y i e l d  accurately f o r  three out 

o f  the s i x  years and rather poorly f o r  two o f  the  years. i n  1972 there was a 

nine quintal  per hectare di f ference between actual  and prediczed y i e l d  w i th  the  

predicted y i e l d  the lower o f  the two. In t h a t  pa r t i cu l a r  year the beginning 

o f  the growing season was extremely d ry  w i t h  increased moisture l a t e  i n  the 

season, enabling a come-back for  the wheat. For Santa Fe, although the model 

showed actual and predicted y ie lds  running f a i r l y  close f c r  the modeling years, 

the bootstrap t es t  f a i l ed  t o  pred ic t  w i t h i n  f i v e  qu in ta ls  seven o f  the e igh t  

t e s t  years. Bootstrap resu l t s  and p l o t s  o f  model resu l t s  are p . in ted beginning 

on page 15. 



Def in i t i on  o f  Variables 

Three types c f  ind ices  were used t o  measure amouct of  moisture a v a i l a b l e  

f o r  plant growth. The f i r s t ,  P-PET, i s  a measure o f  p r e c i p i t a t i o n  minus 

potent i  a1 evapotranspirat ion. Po ten t i a l  evapotranspi rat ion i s  determined by 

the prccedures developed by Thornthwaite (1948). It requi  res  temperature only:  

PET = (F)~ 
where I = heat index, which i s  t h e  sum o f  t he  12 monthly i nd i ces  i, 

T = monthly temperature i n  O C ,  and 

a = an empir ica l  exponent = 6.75 x 10 -~13  - 7.71 x 10-512 + 1.79 x 10-21 

+ 0.49. 

The durat ion o f  d a y l i g h t  i s  used t o  adjust  po ten t i a l  evapotranspi rat ion as a 

por t ion  o f  12 hours. 

The second index, Z index, i s  der ived by an a1 gori thm us ing  monthly 

temperature and p r e c i p i t a t i o n  and i s  def ined as 

2 = dk 
A 

where d = P - P R i s  t h e  observed p r e c i p i t a t i o n  
P i s  t h e  c l i m a t i c a ? l y  appropriate p i e c i p i t a t i o n  and i s  

equal t o  ET + R + RO + L. 
A A A A 

Evapotranspiration ET, recharge R, runof f  RO, and l oss  L a re  obtained by 

mul t ip ly ing  each o f  t h e i r  respect' ive po ten t i a l  values (PET, PR, PRO, PL) by 

the coe f f i c i en t  which i s  t h e  r a t i o  o f  t h e i r  average values t o  t h e i r  average 
-- - - 

potent ia l  v a l ~ ~ e s ;  t h a t  i s ,  U = E~IPET, 6 = 1 ,  Y = ROIPRO, and d = LIPL. 

C l imat ica l l y  appropriate evapotranspirat ion, recharge, runo f f ,  and 1 oss are 
A A A A 

then determined as ET = O c -  PET; R = 6 PR; RO = Y PRO; and L = 6 PL. 

Recharge, runof f ,  and 1 oss are determined by a hydro logic  -procedure developed 

by Palmer (1965). 

A 
The t h i r d  index i s  the  d i f fe rence between ET and ET. S o i l  moisture 



dep le t ion  i s  based on evapotranspi rat ion (ET) est imates, determined as fo l lows:  

where 

(ET), = "Actual" evapotranspirat ion, 

(S)n,l = Avai lab le moisture a t  end o f  n-1 month, 

AWC = Maximum water ho ld ing  capacity, 

(P), = P r e c i p i t a t i o n  f o r  month n, and 

(PET), = Potent ia l  evapotranspi rat ion f o r  month n. 

ET - ET measures t h e  d i f fe rence between the  ac tua l  evapotranspi rat ion and t h e  

" c l i m a t i c a l l y  appropriate" evapotranspi ra t ion ,  and hence g ives an i n d i c a t i o n  

o f  s o i l  moisture supply and demand. 

S t a t i s t i c a l  Analysis System Procedures Used 

PROC CORR 

PROC PLOT 

PROC STEPW I SE 

PROC STEPW I SE FORWARD 

PROC STEPWISE BACKWARD 

PROC STEPW I SE STEPW I SE 

Computes c o r r o l  a t i  on coe f f i c i en ts  between 
variables, i n c l  ud i  ng Pearson product-moment and 
wei ghted product-moment cor re la t ion .  

Graphs one v a r i a b l e  against  another, producing 
a p r i n t e r  p lo t .  

Provides f i v e  methods f o r  stepwise regression. 
Stepwise i s  use fu l  when se lec t i ng  var iab les  t o  
be included i n  a regression model from a 
c o l  1 e c t i  on o f  independent var iables. 

Begins by f i n d i n g  t h e  one-variable model t h a t  . 

produces the  h ighest  R ~ .  For each o f  t h e  o ther  
i ndependent var iab les ,  FORWARD ca lcu la tes  F- 
s t a t i s t i c s  r e f l e c t i n g  t h e  con t r i bu t i on  t o  t h e  
model i f  the  va r iab les  were t o  be included. 

Begins by c a l c u l a t i n g  s t a t i s t i c s  f o r  a model 
i nc lud ing  a1 1 t h e  independent var iables. The 
var iables are  de le ted  from the  model one by 
one u n t i l  a l l  t h e  remaining var iab les  produce 
F - s t a t i s t i c s  s i g n i f i c a n t  a t  t he  .10 level .  

The stepwise method i s  a mod i f i ca t i on  of t h e  
forward se lec t i on  technique, and d i f f e r s  i n  
t h a t  var iab les  already i n  t h e  model do no t  
necessari ly s tay  there. A f t e r  a va r iab le  i s  
added (as i n  t h e  forward se lec t ion  method) t h e  
stepwise method looks a t  a l l  the var iab les  



PROC STEPWlSE MAXR 

PROC PETM 

PROC ZINDEX 

already included i n  the model and deletes any 
var iable tha t  does not produce an F -s ta t i s t i c  
s i gn i f i can t  a t  the .10 leve l .  Only a f t e r  t h i s  
check i s  made and the  necessary delet ions 
accomplished can another var iah le  be added t o  
the model. 

(Maximum R~ improvement) Unl ike the  three 
techniques above, t h i s  method does not s e t t l e  
on a s ingle method. Instead i t  looks f o r  the 
"best" two-vari able model, the  "best" three 
var iable model, and so for th .  

Uses l a t i t ude  and mean monthly temperatures t o  
ca lcu la te  Thornthwai te '  s potent i  a1 evapo- 
t ransp i ra t ion  f o r  each month. 

Uses monthly PET'S, p rec ip i ta t ion,  SS 
(begi nni ng moisture i n sur f  ace 1 ayer) , AUCS 
(avai 1 able water capacity i n  surface 1 ayer) , 
SU (beginning moisture i n  the  underlying 1 ayer) , 
and AWCU (ava i lab le  water capacity i n  the 
underlying 1 ayer) t o  ca lcu la te  Palmer's so-1 t' moisture budget, drought index 2 ,  ET, and T. 
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