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3 I areas i s  an app l i ca t i on  of p l a n t  growth s imulat ion models w i t h  great 

1 

2 

I NTROOUCT ION 

Large area y i e l d  forecast ing for  the United States and fo re ign  

I Da i l y  so la r  r a d i a t i o n  data are requi red i n  most models. U n t i l  

4 

5 

recent ly ,  so la r  r a d i a t i o n  had been measured a t  on ly  a  few loca t ions  

around the  world. Because of the  lack of ava i l ab le  data, var ious surro- 

potent ia l .  Forecasts from these models could be a  p ~ w e f f u l  t o o l  f o r  

a g r i c u l t u r a l  and economic po l  i c y  makers i n  both yovernment and industry .  

9 

10 

gates f o r  measured so la r  r a d i a t i o n  are being developed and tested f o r  

use i n  t he  models. Recently, s a t e l l i t e  estimated so la r  r a d i a t i o n  became 

11 

12 

151 Ca l ib ra t i on  of a  p a r t i c u l a r  crop growth s imu la t ion  model would be 

ava i l ab le  f o r  most of t he  Western Hemisphere on a  "real- t ime" basis. I f  

s a t e l l i t e  data can be used t o  produce accurate so la r  r a d i a t i o n  est imates 

13 

14 

161 
needed f o r  area-speci f ic  factors:  s o i l  f e r t i l i t y ,  water ho ld ing  capa- 

one obstacle t o  us ing  s imu la t ion  models f o r  l a rge  areas o r  many loca- 

t i o n s  would be removed. 

1 7 ~  
c i t y ,  v a r i e t a l  cha rac te r i s t i cs ,  f e r t i l i z e r  and pes t i c i de  appl icat ions,  

p l a n t i n g  pract ices,  and other  management pract ices.  This ca l  i bra t i on  

19 

20 

231 
from commonly measured d a i l y  meteorological var iables. 

a l so  requi res h i s t o r i c a l  y i e l d  and meteorological data i nc lud ing  so la r  

r a d i a t i o n  data fo r  t h a t  area. Because h i s t o r i c a l  so la r  r a d i a t i o n  data 

21 

22 

241 
As used i n  t h i s  paper, a  so la r  r a d i a t i o n  "surrogate" w i l l  produce 

are not general ly  aval lab le ,  a  surrogate must be used. I n  t h i s  paper 

f i v e  a1 gor i  thms are compared f o r  producing so la r  r a d i a t i o n  surrogates 

so la r  r a d i a t i o n  data which i s  s i m i l a r  t o  observed data i n  terms o f  

26 

27 

various s t a t i s t i c a l  measures: s i m i l a r  d a i l y  mean, s i m i l a r  v a r i a b i l i t y ,  

e tc .  These surrogates are not intended t o  accurately p red i c t  observed 
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data on any y h e n  day. The term "estimate" i s  reserved f o r  accurate 

2 d a i l y  predic t ions,  and estimates o f  yea r l y  y ie ld .  

SOLAR RADIATION ALGORITHMS 

F ive  a1 gor i  thms producing surrogate measures of so la r  r a d i a t i o n  

 are cornpared i n  t h i s  study. They are re fe r red  t o  as CE,  SR, RO, R1,  and 

R2. The CE a lgor i thm (Cengiz e t  a l ,  1981) was developed us ing data from 

Columbia, Missouri  . It i s  composed of two types o f  functions. Locat ion 

8 ~ p e c i f i c  funct ions requ i re  in fo rmat ion  on l a t i t ude .  Da i l y  funct ions 

requ i re  t h e  day of t he  gear and da i  l y  maximum and m i  nirnum temperature 

(Table l a ) .  

The SR, RO, R1, and R2 algori thms are based on the  Richardson 

(1981) weather s imu la t ion  model (Table lb,  c, d, e). The Richardson 

13nodel uses a se t  o f  l o c a t i o n  s p e c i f i c  constants t o  est imate d a i l y  r a i n -  

fa1 1, so la r  rad ia t ion ,  and maximum and minimum temperature. These 

15constants would be ava i l ab le  only  f o r  loca t ions  i n  the  cont inenta l  

United States. The so la r  r a d i a t i o n  and temperature values are estimated 

as d a i l y  dev ia t ions  from annual curves. The annual curves consis t  o f  

long term average d a i l y  values. Separate curves are used f o r  d ry  days 

and f o r  r a i n y  days. Rainy days are def ined as those days f o r  which 

r a i n f a l l  has been estimated as being greater  than zero. The algori thms 

used i n  t h i s  study modif ied Richardson's model so t h a t  observed tempera- 

tu res  and r a i n f a l l  were used t o  est imate so la r  rad ia t ion .  

The SR a lgor i thm (Table l b )  was based only  on Richardson's annual 

24CUrVeS f o r  normal rad ia t ion .  Separate curves were used f o r  d ry  days and 

f o r  ra iny  days. There were no d a i l y  dev ia t ions  from the  annual curves. 

To est imate d a i l y  dev ia t ions  from the  annual curve values f o r  so la r  

rad ia t ion ,  temperature, and p r e c i p i t a t i o n ,  the Richardson rnodel uses 



corre lat ions,  one day l a g  c o r r e l a t i o n s  and a  random component. The 1 
2(cor re la t ions  and one day l a g  co r re la t i ons  were reported t o  be approxi- 1 

algorithm, the  actual  dev ia t ions  o f  maximum and minimum temperatures and 

the  co r re la t i ons  were used t o  est imate the  d a i l y  dev ia t ion  of so la r  
I 

r a d i a t i o n  (Table l c ) .  

, 

The R l  and R 2  a lgor i thn~s a lso  use Richardson's co r re la t i ons  among 

d a i l y  deviat ions of temperature and so la r  rad ia t ion .  These co r re la t i ons  

I 
mately uni form f o r  t h e  cont inenta l  U.S. (Richardson, 1981). It may be 

acceptable t o  extend these co r re la t i ons  t o  other  regions. I n  t h e  RO 

and the  actual  d a i l y  dev ia t ions  of maximum and minimum temperatures are  I 
rl 

13 

used t o  produce d a i l y  dev ia t ions  o f  so la r  r a d i a t i o n  i n  t he  R1 algori thms 

(Table Id ) .  

Because the  da i  l y  v a r i a b i l i t y  o f  so la r  r a d i a t i o n  estimated by R l  

14 

? 5 

18 and Glasgow, MT were used t o  determine the  degree o f  t h i s  ampl i f i ca t ion .  I I 

was too  small, t he  d a i l y  deviat ions o f  .C, were ampl i f ied  f o r  t he  R2 

a lgor i thm (Table l e ) .  The a m p l i f i c a t i o n  was moderate fo r  deviat ions 

16 

17 

Richardson's annual mean values o f  so la r  r a d i a t i o n  were changed by the  I 

above the  annual curves but  greater  f o r  deviat ions below the annual 

curves. Measured data (DOE, 1979) from S t .  Cloud, MN; Rapid City, SO; 

20 

21 

26 and instrumental e r r o r s )  dai  l y  so la r  r a d i a t i o n  values and associated I I 

amp1 i f i c a t i  on. The new "annual mean values" were approximately 5% 

greater  than the  actual  values fo r  d ry  days and 15% greater  f o r  r a i n y  

22 

23 

24 

25 

d a i l y  temperatures and r a i n f a l l  f o r  27 U.S. 
b 

days. 

DATA 

The SOLDAY (DOE, 1979) data se t  encompasses the  per iod 1952-1974. 

It consis ts  of  measured and r e h a b i l i t a t e d  (adjusted f o r  known procedural 



tat ions. The rehabi 1 i tated so la r  r a d i a t i o n  data were viewed as 1 
2 'ground t r u t h "  f o r  the  purposes o f  t h i s  study. Seven s ta t i ons  (Table 2)  I I 
j k e r e  selected t o  compare the  f i v e  algori thms producing so la r  r a d i a t i o n  1 

urrogates fo r  t he  r e h a b i l i t a t e d  so la r  r a d i a t i o n  values. Three o f  t h e  

even s ta t ions  (St. Cloud, Rapid C i ty ,  and Glasgow) had been used i n  the  

61evelopment of  the  R 2  algorithm. Seven surrogate data sets, one fo r  I 
ach s ta t ion ,  were developed f o r  comparison w i t h  ground t r u t h  (Table 2). I 

B I  Yhen the  r e h a b i l i t a t e d  and simulated so la r  rad ia t i on  values were I 
ompared over t he  seven stat ions,  several th ings became apparent. Some 

f the r e h a b i l i t a t e d  so la r  r z  l i a t i o n  values were obviously t oo  la rge  

11 (greater  than 85% of so la r  r a d i a t i o n  a t  t he  top  of t he  atmosphere). The 

12 R2 and the  CE a1 gor i  thms a l so  occasional ly  estimated excessively h igh  

13 values, t he  CE a1 go r i  thm more so than R2. 

The SOLDAY (DOE, 1979) da ta  a l so  included d a i l y  values o f  so la r  I 
15 rad ia t i on  a t  t he  top  of the  atmosphere and the percent possib le I I 
1 6 t r a n ~ m i ~ ~ i v i t y  o f  the  atmosphere f o r  each locat ion.  I I 

For use w i t h  the  y i e l d  model, t he  r e h a b i l i t a t e d  so la r  r a d i a t i o n  I 
18 values, the  R2 a lgor i thm values, and the  CE a lgor i thm values were I I 
19 screened f o r  values greater  than maximum potent ia l .  This  maximum was I I 
20 def ined t o  be the  product o f  percent possib le atmospheric transmi t s i  v i  t y  

21 (XT) and so la r  r a d i a t i o n  a t  t he  top  o f  the  atmosphere (ETSR). Values 

22 higher than t h i s  maximum were reduced t o  the  maximum. This screening I I 
23 a lgor i thm reduced the  observed so la r  r a d i a t i o n  values by an average o f  I I 
24 0.7%. the  R2 a lgor i thm values by an average of 0.5%, and the  CE a l g o r i t h  

25 values by an average of 1.0%. Values from the  RO, R 1 ,  and SR algori thms 1 
26 were not  a f fec ted  by the screening. I 
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COMPAR I SON METHODOLOGY 

The surrogates of so la r  r a d i a t i o n  could themselves be compared t o  

3 t h e  r e h a b i l i t a t e d  ground t r u t h  data t o  determine which was the best 

estimate. These surrogates were developed s o l e l y  f o r  use i n  s imulat ion 

models, however. Because of t h i s ,  i t  was f e l t  t h a t  t h e i r  impact on 

 yield pred ic t i on  i n  t he  models would be the  important c r i t e r i o n .  The 

best a lgor i thm would no t  necessar i ly  be the  one w,hich produces the  best 

estimates of  ground t r u t h  bu t  ra the r  would be t h e  one which produces 

s i m i l a r  y i e l d  p red ic t ions  when used i n  a  s imulat ion model. 

The Ceres-wheat model (R i t ch ie  and Godwin, 1983; Otter,  R i t c h i e  and 

Godwin, 1983) was the  model selected fo r  comparison o f  t he  f i v e  so la r  

surrogates. This program requ i res  i n i  t i  a1 parameter values f o r  i n i t i a l  

s o i l  water content, s o i l  water r e t e n t i o n  charac ter is t i cs ,  v a r i e t y  o f  

wheat (T r i t i cum aestivum L.) p l a n t i n g  dens i ty  and depth, p lan t i ng  date, 

and l a t i t u d e .  

Model est imates were der ived us ing data from three of the SOLDAY 

s ta t ions :  St. Cloud, Minnesota; Rapid C i ty ,  South Dakota; and Glasgow, 

Montana. Both continuous cropping and summer fa l low ing prac t ices  were 

used. Median p l a n t i n g  dates fo r  each year a t  each s t a t i o n  were estima- 

t e d  us ing  a  spr ing  small gra ins p l a n t i n g  date model (Hodges and Ar t ley,  

1981). Dai 1y values of r a i n f a l l  and maximum and minimum temperature 

22were requi red f o r  each s ta t ion .  

The so la r  r a d i a t i o n  i npu t  was f i r s t  suppl ied by the  r e h a b i l i t a t e d  

ground t r u t h  data. F ive  add i t i ona l  model estimates were generated w i t h  

i d e n t i c a l  i npu ts  f o r  a1 1  var iab les  except so la r  rad ia t ion .  For each 

these, data estimated us ing one of the  so la r  r a d i a t i o n  algori thms 



ground t r u t h  so la r  r a d i a t i o n  and from the  R2 and CE algorithms. On the  

1 average, y i e l d s  were reduced by less than 1% compared t o  model estimates 

3 lus ing  screened data. 

4 The r e s u l t i n g  predic ted y i e l d s  us ing each o f  the solar  surrogates 

5 could then be compared t o  y i e l d s  predic ted us ing the  ground t r u t h  data. 

1 The a lgor i thm which l e d  t o  r e s u l t s  most ~ i m i  l a r  t o  t h a t  using ground 

7 t r u t h  data could then be determined. The s e n s i t i v i t y  o f  the  model t o  

8 va r ia t i ons  between the  algori thms could a lso be studied. 

91 
For the a1 gor i  thm comparison, the  yea r l y  d i  f ference (0) between 

lo ground t r u t h  y i e l d  p red i c t i ons  (GTY) and pred ic t ions  using each surro- 

11 gate (EST) would be calculated:  

12 D = GTY - EST. 

13 The ar i thmet ic  mean o f  D would i n d i c a t e  the  b ias  o f  the y i e l d  

14 I estimates. Smaller b ias  measures would imply b e t t e r  surrogates. Bias 

15 Ivalues would be calculated f o r  each a lgor i thm f o r  each s t a t i o n  f o r  

16 contirruous cropping and fo r  summer fa1 low, a t o t a l  o f  t h i r t y  values. I 
17 I It would a l so  be important f o r  the  roo t  mean square er ror ,  RMSE, t o  

be small t o  i n d i c a t e  t h a t  more estimates have a small D value than a I 
la rge  one. This s t a t i s t i c  i s  ca lcu la ted  by: 

20 RMSE =\IO2/,; 

211 The standard dev ia t i on  o f  the  D values (SO) i s  a l so  calculated. 

22 This ind ica tes  what the  RMSE would be if the b ias were removed. 

23 Maximum values of D (MAX D)  and minimum values o f  D (MIN D) would 

24 a lso  be compared. As a f i n a l  measure of the s i m i l a r i t y  between GTY and 

25 EST, the Pearson c o r r e l  s t i  on c o e f f i c i e n t  , CORR, would be determined. 

26 COMPARISON RESULTS 

27 S t a t i s t i c s  used f o r  comparison of y i e l d  p red i c t i ons  us ing each o f  
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the f i v e  so la r  r a d i a t i o n  surrogates are shown i n  Table 3. Mean and 

standard deviat ions of y i e l d  p red i c t i ons  us ing the  rehabi 1 i tated so la r  

r a d i a t i o n  data (GT)  were compared t o  p red ic t ions  us ing  each so la r  

surrogate. 

I n  ha l f  of the  cases, R 2  produced y i e l d  estimates most s i m i l a r  t o  

those using ground t r u t h  data. SR was nearest i n  one t h i r d  of the cases 

The CE a lgor i thm had the  h ighest  b ias  generally. The SR algor i thm had 

a standard dev ia t ion  of the estimates nearest t o  ground t ru th .  RO was 

the  poorest i n  terms of s i m i l a r  var ia t ion .  

The RMSE values i n d i c a t e  t h a t  t he  R 2  a lgor i thm produced y i e l d  

estimates which had l ess  v a r i a t i o n  around ground t r u t h ,  fol lowed by CE. 

RO again was the  poorest. I f  the  b ias  were removed, t he  SD values show 

t h a t  the  CE a lgor i thm would have been l e a s t  var iable. RO was, again, 

t he  poorest. The bias, being a funct ion of the  model's s e n s i t i v i t y  t o  

so la r  rad ia t ion ,  would be d i f f i c u l t  t o  remove. 

The range o f  the  data, shown by MAX D and M I N  D, ind ica tes  tha t  f o r  

S t .  Cloud, MN summer fa1 low, a1 1 o f  t he  a1 gorithms except R2  produced 

estimates which were t o o  low i n  a l l  of the  years. For other  areas, the  

ranges are comparable. 

The c a r r e l  a t i  on values i ndi ca te  t h e  c loses t  correspondence between 

CE y i e l d  est imates and ground t r u t h .  RO and R 2  d i d  poorest us ing t h i s  

c r i t e r i o n .  

Although "best" and "worst '  surrogates could be detected, a l l  were 

very close. Each would be acceptable i n  terms of the c o r r e l a t i o n  of 

t h e i r  predic ted y i e l d s  w i t h  those y i e l d s  predic ted us ing  the  

rehabi 1 i t a t e d  so la r  r a d i a t i o n  data. Differences between ind i ca to rs  fo r  



DISCUSSION 

The magnitude of day t o  day v a r i a b i l i t y  o f  SO',J' rad ia '  i , rn  would be 

more c r i t i c a l  than day t o  day accuracy. This i s  due t o  the st rong 

e f fec t  of  so la r  r a d i a t i o n  on the modeled s o i l  water balance. When ample 

soi 1  moisture i s  avai lab le,  evaporation occurs a t  an "energy-1 i m i  ted" 

r a t e  propor t ional  t o  the  energy ava i lab le  from so lar  radiat ion.  When 

the modeled water content of the  s o i l  surface i s  depleted more than a  

ce r ta in  amount (U )  , d i  r e c t  evaporation o f  water from the p r o f i l e  

(exc ludi -q t ransp i ra t i on )  occurs a t  a  r a t e  roughly propor t ional  t o  t he  

square roo t  of the number of days on which d ry ing  has occurred. This 

"time-1 imi  ted" evaporation r a t e  i s general ly  much lower than the  

znergy-l imited evaporation rate. On r a i n y  days, 415 o f  the r a i n f a l l  i s  

w a i l a b l e  f o r  evaporat ion a t  t he  "energy-l imited" r a t e  even if the sur- 

Face water dep le t ion  i s  greater  than U. On the  next d ry  day, moisture 

:hat has entered the  p r o f i l e  i s  evaporated a t  t he  " t ime- l im i ted"  r a t e  i f  

:he surface water dep le t ion  i s  greater  ;:Ian U. Consider t h a t  i n  a  d ry  

; i t ua t i on  when a  small amount o f  r a i n f a l l  occurs, moderate or h igh 

;o lar  r a d i a t i o n  w i  11 cause near t o t a l  evapt -ation. However, low so la r  

-ad ia t ion  w i l l  a l low most of the r a i n  t o  enter  the  s o i l  p r o f i l e  and be 

iubject  t o  "time-1 i m i  ted"  evaporation. Thus, on two days w i t h  small 

mounts of r a i n f a l l ,  d a i l y  so la r  rad ia t i ons  of 700 and 100 langleys 

-espect ive ly  would a l low considerably more water t o  enter  the  p r o f i l e  

,ban would two days of 400 langleys each, 

I n  the  Ceres-wheat model, carbon f i x a t i o n  i s  affected by solar  

, a d i a t i o ~  i n  a  nonl inear  fashion. For r a d i a t i o n  amounts t o  467 

a n y l e y s l t d ~ ~  o f  in tercepted 1  i ght, carbon f i x a t i o n  i s  propor t ional  t o  

i gh t .  A t  h igher l i g h t  i n t e n s i t i e s ,  no add i t iona l  carbon i s  f ixed. 
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Uniformly moderate s o l a r  r a d i a t i o n  (as opposed t o  h i g h l y  v a r i a b l e  s o l a r  

r a d i a t i o n )  w i  11 r e s u l t  i n  more biomass accumulation, more l ea f  growth, 

more water use, and under mo is t  cond i t ions ,  h igher  y i e l d .  However, w i t h  

d r y  cond i t ions ,  more water s t r ess  and lower y i e l d  w i l l  r e s u l t .  

CONCLUSIONS 

Although t he  d i f f e rences  between a lgor i thms were small,  t he  b i as  

and r o o t  mean square e r r o r  i n d i c a t e d  t h a t  t h e  R2 a l g o r i t h m  would be 

recommended as a  s o l a r  r a d i a t i o n  surrogate f o r  use i n  s imu la t inn  models. 

When used i n  t h e  Ceres-wheat y i e l d  model, t h e  R2 s o l a r  r a d i a t i o n  surro- 

gate produced y i e l d  p r e d i c t i o n s  c l oses t  t o  those us ing  ground t r u t h  

s o l a r  r a d i a t i o n  data. The CE a l g o r i t h m  a l s o  produced c lose  est imates, 

bu t  had a  l a r g e r  b i a s  which would be d i f f i c u l t  t o  remove as i t  i s  a  

f u n c t i o n  o f  t h e  model's s e n s i t  v i t y  t o  so la r  r a d l d t i o r .  

The R2 a lgo r i t hm would a l s o  be recommended f o r  c 'c  - f o r e i g n  areas. 

The l o c a t i o n  s p e c i f i c  c o e f f i c i e n t s  f o r  t h e  R2 a lgo r i t hm can be der ived  

f rom l ong  te rm average monthly so la r  r a d i a t i o n  values; these would be 

a v a i l a b l e  world-wide (de Jong, 1973). Only an assumption about t h e  

average d i f f e re f i ce  between s o l a r  r a d i a t i o n  on r a i n y  days and on d r y  days 

f o r  a  l o c a t i o n  would be needed f o r  use c f  t h i s  surrogate. Because of 

t h i s ,  t h e  R2 a lgo r i t hm would be recommended f o r  use i n  areas f o r  which 

n e i t h e r  measured nor  s a t e l l i t e  est imated s o l a r  r a d i a t i o n  values a re  

ava i l ab le .  . 
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 a able 1. Equations for  Solar Radiation Simulation Algorithms 

a. CE Algorithm (Cengiz e t  al, 1981) 

Solar Radiation = 49.03 + .1 *FIS - 7.26 *DBR 

+ .06 FIS OBR 

5 

6 

Location spec i f ic  functions: 

S = Sin (Lat i tude * n/180.) 

7 

8 

9 

10 

11 

12 

13 

4 

15 

16 

17 

T = Tan (Lat i tude n/180.) 

C = Cos (Lat i tude n/180.) 

SLD = Arcsin ( ( . 5  + .007895/C + -2168875 *TI&) * 180.1 n 

SN = S i  n ( n * SL0/24. ) 

A = (S (46,355 * SLD - 574,3885) + 816.41 C * SN) 

(.29 * C + -52) 

B = ( S  *(574.3885-1.509 -* SLD) - 26-59 (C*SN) (.29 * C+,52) ) 

Dai ly  Functions: 

S I  = Sin ( 2  n/365. * (JULIAN DATE + 10.5) - 1.5708) 

F I S  = A + B * S I  

DBR = (TX - TN)* 5/9 

18 

19 

20 

2 1 

22 

23 

SR A1 gor i  thm (Ri chardson, 1981) 

Solar Radiation = RM (I) + AR cos (.0712 * (Ju l ian  Date - 172)) 

RM (1) = Annual mean solar  rad ia t ion  for  dry days 

RM (2 )  = Annual mean solar  rad ia t ion  f o r  ra iny  days 

AR = Amplitude of annual solar  rad ia t ion curve 

For dry days, I = 1; for  ra iny  days, I = 2 
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1 Table 1 (continued) 

21 c. RO A1 qor i  thm (1 argely based on Richardson, 1981) 

Solar Radiat ion = SRL SRSD + SRBAR 

If Solar Radiat ion < 0.0 then Solar Radiat ion = 0.0 

If Solar Radiat ion > 770. then Solar Radiat ion = 770. 

6 Locat ion spec i f i c  constants: 

7 TXM (1) and TXM (2) = mean annual maximum d a i l y  temperatures f o  

@ dry days (1) and wet days (2). 

9 ATX = Amplitude of annual curves (d ry  day and wet day) d a i l y  

10 1 maximum temperature 

111 CVTX = c o e f f i c i e n t  of v a r i a t i o n  o f  d a i l y  deviat ions o f  maximum 

121 temperature from annual curves 

131 
ACVTX = coef f i c ien ts  o f  v a r i a t i o n  o f  A I X  

141 
TNM = mean annual d a i l y  minimum temperature 

ATN = Amplitude of annual curve of d a i l y  minimum temperature 

CVTN = coe f f i c i en t  o f  v a r i a t i o n  of d a i l y  deviat ions o f  minirum 

temperature from annual curve 

ACVTN = c o e f f i c i e n t  o f  v a r i a t i o n  o f  ATN 

19 RM (1) and (2)  = mean annual d a i l y  so lar  r a d i a t i o n  f o r  d ry  days 

20 (1) and r a i n y  days (2)  

2 1 AR = amplitude of annual curves of d a i l y  solar  r a d i a t i o n  

22 CVR (1) and (2)  = c o e f f i c i e n t s  o f  v a r i a t i o n  o f  d a i l y  deviat ions 

of so la r  r a d i a t i o n  from annual curves for  d ry  days (1) and 

f o r  r a i n y  days ACVR (1 )  and (2 )  = coe f f i c i en ts  o f  v a r i a t i o  

251 of AR f o r  d ry  days (1)  and fo r  wet days (2 )  



Table 1 (continued) 
Da i ly  functions: 

SRSD = ABS (SRBAR (CVR ( I) + ACVR (I) DR) ) 

SRBAR = RM ( I )  + AR * DR 

A and b are matr ices (3 x 3) derived by Richardson t o  describe t h  

i n te rco r re la t i ons  between da i  l y  maximum and minimum temperatures 

and solar  rad ia t i on  i n  the  cont inenta l  United States. 

I = 1 for  d ry  days o r  I = 2 f o r  ra iny  days 

ASRL = A (3, l )  * PTXL + A (3.2) * PTNL + A (3.3) PSRL 

where PTXL, PTNL, and PSRL are TXL, TNL, and SRL values frorr 

t h e  previous day 

DT = Cos (-0172 * ( J u l i a n  date - 200)) 

DR = Cos (-0172 * (Ju l i an  date - 172)) 

TXBAR = TXM ( I )  + ATX * JT 

TXSD = ABS (TSBAR * (CVTX + ACVTx * DT)) 

The above equations are from the  Richardson (1981) weather s imulat ion 

The f o l  lowing f i v e  equations were developed t o  adapt the weather 

simulator t o  est imate only so lar  rad ia t ion :  

SRL = ASRL + B ( 3 , l )  * TXL + B (3.2) * TNL 

TXL = (TX - TXBAR)/TXSD 

If TXL > 1.5 o r  TXL c -1.5 then TXL = 0.0 

TNL = (TN - TNBAR)/TNSD 

If TNL > 1.5 o r  TNL c -1.5 then TNL = 0.0 

, R 1  Algori thm 
Same as RO a lgor i thm except: 

SRSD = .25 * SRBAR 

TXSD = 9. 

TNSD = 9. 



Table 1 (continued) 

R2 Algori thm 

Same as RO a lgor i thm except: 

Solar Radiat ion = Noise SRL SRSD + SRBAR 

SRSO = .1 SRBAR 

TXSD = 14. 

TNSD = 14. 

'1 where Noise = 4.4 for SRL > 0.0 on d ry  days 

= 11.44 f o r  SRL - > 0.0 on ra iny  days 

= 13.2 f o r  SRL < 0.0 on d ry  days 

= 34.32 f o r  SRL - C 0.0 on ra iny  days 

12) I f  Solar Radiat ion > 770.1 y lday  then Solar Radi a t i o n  = 770. 

131 RM (1) and RM (2) should be approximately 5% and 15% greater  than 

' 1  t he  actual  annual mean d a i l y  so la r  r a d i a t i o n  f o r  d ry  days and 

r a i n y  days respect ive ly .  



measured so lar  r a d i a t i o n  (GT) 

2 Dry Days Wet Days 

CE RO R1 R2 SRBAR GT CE RO R 1 R2 
I 

$BAR 

S t .  Cloud, rile n 4 376. 413, 412. 423, 412. 258. 294. 241. 242- 257- 46. 

Rapid city,mk(n 397. 405. 402. 400. 398. 401. 309. 347. 304. 302. 309. b01. 

Atlanta,  4 
G A & 

Oklahoma C i j  m 

OK "9% 

Midland, 

TX mi# 
18 ""I 

Spokane, -4 
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1 Table 3. S t a t i s t i c a l  Comparison o f  Y ie ld  Estimates 
from t h e  CERES-Wheat Model Using t h e  

2 "Ground Truth" Data (GT) and Estimates 
Using Each o f  t h e  Algorithms f o r  Solar 

3 Radiat ion Surrogates i n  the  Model I 

MEAN 

l4 Continuous Crop 

15 GT 3150 

St.  Cloud, MN 

n = 20 

BIAS STD RMSE $0 MAX D MIN D CORR 
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Table 3 (cont inued) 

Rapid C i t y ,  SO 

n = 20 

MEAN BIAS STD RMSE SD MAX D MIN 0 CORR 

Summer Fal low 

GT 2509 -- 1108 -- - - - - - - 1 a000 

fa 2441 68 1483 596 606 1532 ' -706 .931 

R1 2455 54 1429 546 556 1347 -714 .935 

R2 2451 58 1336 484 492 1303 -708 .936 

CE 2472 203 1419 582 558 1340 -581 .939 

SR 2306 37 1437 525 536 1344 -716 .936 

Continuous Crop 

GT 1420 -- 1239 -- - - - - - - 1 .OOO 

RO 1329 90 1240 668 677 1653 -1732 .851 

R 1 1308 111 1240 676 682 1639 -1764 .848 

R2 1386 34 1195 495 505 1030 -1670 .914 

CE 1242 177 1186 646 635 1763 -1547 -864 

S R 1319 101 1238 679 687 1590 -1779 .846 

J 



1 Table 3 (cont inued) 

2 Glasgow, MT 

3 n = 22 

4 

5 MEAN BIAS ST0 RMSE SD MAX D M I N  D CORR 

6 Summer Fa1 low 

7 GT 1474 -- 1200 -- - - - - -- 1 ,000 

8 R" 1410 64 1330 416 421 1652 - 330 -950 
I 

9 R1 1422 53 1338 404 410 1645 - 457 .954 

10 R2 1618 -143 1207 467 455 970 -1480 -928 

11 CE 1403 99 1323 420 418 1358 - 749 .951 

12 SR 1375 72 1247 410 414 1688 - 332 .942 

13 Continuous Crop 

14 GT 780 -- 951 -- - - - - - - 1 0000 

15 R 0 805 - 25 1038 275 280 591 -707 ,964 

16 R 1 799 - 20 984 253 258 756 -608 ,965 

17 R2 881 -101 1038 357 350 1083 -735 .942 

18 CE 799 - 20 1030 238 243 505 -648 .973 

19 SR 767 13 960 223 227 679 -351 .972 

20 

2 1 

22 

23 

24 

25 

26 

2 7 
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