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ABSTRACT

Amethodology was developed by which SORGF. a
grain sorghum growth-simulation model, could be

used to forecast crop status during the gfClwing season.
The methodology utilizes simulated weather data.
generated by a Markov chain model, as input to the
grain sorghum model. The modeled status of sorghum
plants may be updated at any time during the growing
season with actual plant status observed in the field. Ap-
plication of the methodology was demonstrated by
forecasting date of physiological maturity (PM) and head
dry weight at Pt-.1for grain sorghum crops grown in 10
fields in Central Texas during 1976.

INTRODUCTION

Yield forecasts for the major agricultural crops are
generalIy produced using between-year crop yield
models. These models are based on an established rela-
tionship between yield and weather obtained bv
statistically regressing historical yield information ont~
obsen'ed climatic data. Such models are location
specific. Formulation of a between-year crop yield model
for a !ucation requires enougn concurrent re('oros of vield
and weather data to quantify the effects of year-to:year
variations in weather during the growing season. Yield
and weather data over many years also contain the effects
of improved farm-management practices and possibly
long-term climatic trends that must be removed before
the year-to-year variations in climate and yield data can
be obtained.

In recent years, within-year growth-simulation models
have been developed for a number of agricultural crops
(Arkin et al.. 1979). These models generally consist of
one or more sub models that translate environmental
variables (atmospheric and soil) over an incremental
time period into changes in plant parameter values.
Grm\·th-simulation models need not be location specific
and do not require a base of climate and yield informa-
tion.

This paper describes a methodology for using a within-
year growth-simulation model. SORGF, for forecasting
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grain sorghum yield on an individual·field basis_ SORGF
simulates the daily accumulation of dry matter in tht.'
roots. leaves, stem, head. and grain of a sorghum plant
as a function of daily weather data (Arkin et al.. 197tl:
Vanderlip and Arkin, 1977; Maas and Arkin. 1978). Thl'
model includes submodels for determining photosyntht.'l-
icall~.active radiation intercepted by the plant canup:-
(Arkm et aI., 1978b) and water in the soil available to the
root system (Ritchie, 1972). A sensitivity analysis of
SORGF was performed by Maas and Arkin (l9~0).

In an earlier study Arkin et al. (1978a) using SORGF
predicted grain sorghum yield based on conditional pro·
bability functions. The forecasting methodology
presented here extends the flexibility of the previous
method. overcoming previous restrictions on updating
real-time model inputs of weather and crop status.

ASPECTS OF YIELD FORECASTING

The yield forecasting technique described in this papt.:r
in unique in its use of weather and crop data inputs.
namely.

1 the use of simulated daily weather data allows
yields to be willputed for any desired number ot seasons;

2 model inaccuracies propagated through the
simulation can be corrected by updating the modeled
growth and development during the season with observed
plant parameter values.

Simulated Weather Data
The execution of SORGF requires the input of values

of insolation, rainfall. and maximum and minimum air
temperature for each day of the growing season. The fact
that current weather pred;ction techniques apparently
exhibit no skill for forecast periods greater than I month
(Ramage, 1978) effectiveiy precludes their use as a
source of data inputs for the yield model. An alternate
source of daily weather data is climatic records. By ex-
ecuting SORGF using a series of seasonal sequences of
daily weather. we can determine certain statistical
parameters relev'ant to yield that have predictive
significance tor any given season. In general. the stability
of these parameter values increases as the number ~f
observations increases. Thus. it might be desirable to
simulate crop growth and yield at a location for more in-
dividual seasons than historic weather records would
normall)' allow.

In recent years, Markov chain modeling has been used
as a means of generating sequences of simulated weather
data that closely resemble actual sequences of observed
weather at a location. Crank (1977) utilized a Markov
chain model and empirically derived functions to
~eneratc daily values of rainfall. sunshinc. and max-
imum and minimum air temperature for Des Moines.
Iowa, during June. July and August. This methodology
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I
I ·MEAN" Mean for a given day over length of record;

SO = Standard d~viation among values for a given day over length
J of record,
I tAverage difference between daily Mean or SD values over the

period March 1 through August 31.I .."'""d to 8,nmte ';mul",d •.e"hee data 10< Ma«h
through August for Bell County in central Texas. The

I only signiticant moditication to the original technique
was a provision allowing daily insolation to be output in
terms of langleys per day. instead of minutes of sunshine

f' per day. We used 3~ yr of precipitation data obtained at
Riesel, Texas (96°53'W. 31029'N) to formulate the

I Markov probabilities required to generate daily rainfall
occurrences during each month of the growing season.
We also used these data to detine empirical distribution

t functions for each month used in determining the

I
amount of rainfall per occurrence. We constructed an
empirical relationship that determined today's predicted
maximum tempnature from today's predicted precipita-

"

tion and yestt'rclay's ('bserved maximurr. ter.1per:J.tuare.
using 37 yr of temperature and precipitation data from

I the Riesel. Texas location. We also derived a function Forecast Methodolo&"y
relating daily maximum and minimum air temperature Making a yield forecast using SORGF involves

( from this set of data. An empirical relationship for deter- simulating crop growth and development for many years.
'\ mining insolation from today's predicted precipitation A distribution of yields may be constructed from the

and maximum temperature was developed from 8 yr of simulation results, from which the following can be
data at Riesel. determined:

Simulated weather data generated using this techni· I the probability that a certain yield value might oc-

I que are similar to actual weather data observed in the cur,
Bell County area. The average (over the period from 2 the most likely occurring yield.
March I through August 31) of the absolute differences 3 the greatest and smallest occurring yield,

I between the means and standard deviations for 50 and 37 4 the probabilities that the yield may be greater or
yr. respectively, of simulated and observed (at Riesel, smaller than a particular value,
Texas) daily values of maximum and minimum 5 the average yield value expected over many years,

I' temperature. rain and solar radiation is presented in and
Table I. These results indicate that the mean daily dif· 6 the expected year-to-year variability in yields over
ference between simulated and observed maximum or many years .

• minimum temperature is less than 1 0c. The standard For a particular set of initial tield conditions the stability

I dcviation values also differ by less than 1°C, indicating of these statistical parameters increases as the number of
that the year-to-year variability in temperatures is similar simulated growing seasons are increased. Based on this

\, for both simulated and observed weather data. Mean consideration, 50 yrof simulated weather data were used

I and standard deviation values derived from simulated to make the yield forecasts described in this paper. Addi-
, and observed rainfall data havc an average difference of tional simulations result in only a small increase in

ed only a few millimeters per day. while similar statistics for statistical parameter stability_
er I simulated and observed solar radiation exhibit an The methodology for forecasting grain sorghum yield
ed average difference of less than 40 langleys per day. Thus, is outlined in Fig. 1. Initiany. cultural practices and tield
0\' rcsults of crop modeling etlorts utilizing this simulated characteristics, like row spacing, geographical latitude,

I weathcr data should be applicable to the Bell County and soil water content. must be specitied in the model,
:~ area. whether or not feedback is used, If the model simulation
's. begins at planting. then the feedback capability of
~y I· Model Updating Technique SORGF is bypassed, and plant parameter values are set I

For each day from plant emergence through physiolog- at zero. If sorghum crop simulation begins after I
!!l~"",•.•.__ IQIUl-TRANSACTIONS 01'11,,' A"AJ:' 1;7" ~,4. -,
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I TABLE 1. COMPARISON OF SIMULATED AND OBSERVED
WEATHER DATA FOR RIESEL, TEXAS

Average absolute
Variable and units Statistic • differeneet

Daily maximum temperature,·C MEAN 0.9
SD 0.9

DililYminimum temperature,·C MEAN 0.9
SD 0.6

DailYrainfall. em MEAN 0.1
SD 0.4

Daily lolar radiation, Lancleys MEAN 39
SD 29

ical maturity that values of the climatic variables are in·
put, SORGF produces a description of the modeled
sorghum plant in terms of number of leaves, areas of
leaves, and weights of plant organs (roots, leaves. stalk,
head, and grain). A feature built into SORGF allows the
simulation to be updated during the growing season by
re-assigning plant parameter values based on field obser-
vations. This method for updating plant parameters has
been termed "feedback". By using feedback. the model
simulation may be started on any day aher emergence of
the sorghum crop. Execution of the model then proceed.,
normally through the remainder of the growing se<lson to
maturity.

Updating the progress of a modeled crop during the
growing season with observed plant status represents a
distinct advantage in forecasting crop yield. If. for exam·
pIe, the model output indicates that sorghum plants
should have 12 leaves 40 days after emergence (DAE).
and actual field measurements show that sorghum plants
have only eight leaves. then through feedback the model
simulation may be re-started on day 40 (the feedback
date) with modeled plants having eight leaves. Thus the
model implicitly accounts for whatever environmental
factor caused the difference betwt'en modeled and
observed leaf number before the feedback date. In some
cases. reassignment of a plant parameter based on tield
data may dictate that the values of other associated plant
parameters be likewise adjusted in the model. Although
feedback does not guarantee that additional differences
between modeled and observed parameters will not occur
after the feedback date, it does eliminate the contribu-
tion to the total forecast error incurred before the feed-
hack dare.
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DEMONSTRATION OF METHODOLOGY

In ]970 the growth and development of grain sorghum
in ten tields in Bell County. Texas (Fig. 2) were observed
throughout the growing season. Data obtained from
[hese observations were used to demonstrate the applica-
tion of the forecasting techniques.
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point differentiation (GPO), half-bloom (HB), and
physiological maturity (PM) was scheduled. Direct
observations of GPO were not obtained in the tield, but
we inferred GPO occurred midway betw('en complpte cx-
pansion of the tifth leaf (counting from the leaf nearest
the ground) and appearance of the Ilag leaf in the whorl
(Vanderlip et a\.. 1977).

We selected two sampling sites in each tield to reduce
the effects of possible within-tield variations, On each
sampling date, all plants within a 0.5- to I-m row portion
in each site were cut at ground level. Numbers and areas
of leaves were measured and plant parts were separated
and dried at 65°C to determine weights of leaves, stalks,
and heads. Representative plant l'haracteristics for each
Iield were obtained by avcraging all plants sampled
within both sites of each sampling date.

Sets of feedback data were constructed based on
representative plant characteristics from each of the ten
tields. Some feedback data (leaf number, area, and
weight; stalk and head weight; and the dates of
emergence. GPD. HB and PM) could be obtained direct-
ly from the tield measurements. However, some teedback
data (root weight and soil water on the feedback date)
were not measured. Values of these parameters were
estimated by simulating growth and development of
sorghum in each tield up to the feedback date using
SORGF and observed wcather data for 1970. Rainfall
data for these simulations were recorded at each of the
ten tields. although rainfall for the Kohutek .l11d Lan-
caster tields during a portion of May and June was
estimated from amounts received at nearby Iields. Daily
maximum and minimum temperatures were measured at
Blackland Research Center and assumed representative
for the ten tields sampled in &:11 CUlms)';" O;tily insola-
tion data wcre obtained ;11 Riesel and also assumed
representative for these tields.

FIG. 2 Location of faeld measurementsiles (d~nOled by squares and designator names) in the
1976 field stud)'. Triangles indicate the Riesel and Blackland Research Cenler locations
where insolation and temperature data were obtained.

no

Acquisition of Feedback Dala
At the start of the growing season, each tield was

char.icterized by soil type and soil water was measured
gravimetrica1\y. Management practices, including fer-
tilizer applications, sowing rates, row spacings and row
orientations. were recorded at planting. After
emergence, measuremcnt of plant characteristics coinci-
dent with important phenological events, i.e .. growing

fiG. I 1'10" chart 01 aeth-ilies in the ~'jeld
forectiting technique.

emergence, then plant characteristics observed on that
feedback date are used to initia\jze plant parameters in
the model. These values of the tield and plant
parameters at this point in the forecast sequence become
the initial conditions for all the yearly crop growth and
yield simulations. In each of these yearly simulations. a
set of simulated weather data for the growing season is
input. Based on the initial conditions and the weather
data. the model simulates the growth and development
of thc sorghum crop to maturity. When maturity is
reached, a value for crop yield is output. This sequence
of operations was repeated for all SO yr for which
simulated weather data were specilied in this study.
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I' A sample of detailed forccast results for one tie]d is

presented in Table 2 to show how feedback during the
I growing season can aftel;l. wodel predictions. The table
t contains the results of forecasts initiated at planting (re-
I quiring no feedback), GPO and HB. Forecasted
'I· parameter values are averages of the reStllts of the 50

simulated growing seasons and may be compared with
, theAirGrepsPDectiveval~es obl~enb'ed indthedtitdd. d I
' t, companson 0 0 serve an 'orecaste pant
( parameters in Table 2 indicates that the length of theI vegetative period was underestimated by 12 days using
\. the model. This hastened phenological development
I resulted in 3 greater leaf area development for the model-
j cd plant. However, the modeled plant had a shorter
J. period to accumulate dry matter. resulting in a smaller

I plant dry weight. No signiticant accumulation of dry
matter by the head had occurred by GPD.

•• At HB. the model simulations initiated at planting

I ~"ere on the average 17 days ahead of plant dev~lopll1ent
observed in the tield, while the error in phenology was
reduced to 5 days by feedback at GPD. Continucd rapid

'f dewlopmcnt of the modeled plant resulted in a con-
siderable overestimate of leaf area and le'lf arca indexI (LAI) at HB, although feedback at GPD did redul'e thl'

• magnitude of the error. Fel'dback at GP~ ¥e~uhed in .Standard dl'villtion.days.
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TABLE2. CROPSTATUSFORECASTFOR THE BAKER1 FIELD.
WITHANDWITHOUTFEEDBACKINPUT

·OAE = Oaysafter emergence
tAlI above-r;roundplant parts
:j:LeafAreaIndex = (leaf area/plant) / (ground area/plant) ...
§GPO= Growingpoint differentiation; HB= Half-Bloom:PM= PhYSloloJ:.\calmatunty

- - - - - - - - - - - - - - - - Parameter villues- - - - _____• _____
Forecasted uuna::

SamplinC Parameters No Feedback Feedback
time§ and units feedback at GPD§ at HB§ Observed

GPO Julian date GPO 111 123Leafarea/plant, em' 425 Simulation 372(51 DAE*) LAr:t: 0.8 initiated 0.8Plant dry weichtt. & 2.0 2.4HeaddrYwei&ht,C 0.0 0.0
HB Julian date HB 141 153 158Leafarea/plant. em' 1807 1737 Simulation 1526(860AE·) LA':;: 3.3 3.2 initiated 2.0Plant dry wei&htt.C 24.4 26.6 - 28.1

HeaddrYweiiht. II 4.9 5.6 3.7
PM Julian date PM 169 183 192 195L•.af .rea/plant. em' 1618 1532 1337 873(1230AE·) LAI:j: 2.9 2.8 2.4 1.4

Plant dry weiehtt. & 54.5 59.5 :>8.4 50.7Headdry weight. II 33.8 37.4 34.6 35.7
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Forecasted using:

TABLE3. SUMMARYOF PMOATEFORECASTS
FOR TEN FIELDSIN BELLCOUNTY,TEXAS. 1976

Field No Feedback Feedback
feedback at GPO at HBdesiplator ----- Observed

Mean SO· Mean SO· Mean SO·
Baker 1 169t 6 183t 4 192t 0 195tBaker 2 162 6 174 3 188 0 195Fleming1 194 6 201 4 211 0 216Fleming2 168 6 190 3 194 0 196Fleming3 208 12 227 3 215 0 216kelul'k 170 6 192 3 !O8 0 216Kohutek 172 6 200 3 207 0 217Lancilster 185 6 201 3 20B 0 217Schoenrock 1 176 6 194 3 190 0 195Schoenrock 2 168 6 18$ 4 194 0 195
A"crage 177 7 195 3 201 0 206RMSE(days) 29 13 5

compared to the forecasts initiated at planting. Both
forecasts slightly overestimated head dry weight at HB.
although the error in either case is less than 2 g.

At PM. model simulations initiated at planting. GPO
and HB were on the average 26, 12 and 3 days. respec-
tively, ahead of obsen'ed plant development. Neither of
the three forecasts ccu]d account for the ob,erved
magnitude of leaf area senescence between HB and PM.
although the use offeedback at GPO and HB did kad to
greater reducti(>ns in leaf area as comparerl 10 the
forec:l<;l made at planting. The additional leaf area
ascrib\:d to the modeled plants account" for the
overestimates of LAI and plant dry weight at PM shown
in the table. A small improvcment in accuracy is ex-
hibited for the forecasts of head dry weight using feed-
back, although all forecasts are within 2 g of the observ-
ed value of head weight at PM.

Average forecast dates of PM and head weight per
plant at PM, obtained from the 50 growing seasons
simulated for each of the ten tields is summarizL:d in
Tables 3 and 4, respecti\Cly. The results of forecasts in-
itiated at planting (using no feedback), GPO and HB,

RESULTS ANO DISCUSSION

Execution of Model
To demonstrate the yield forecasting t~chnique.

SORGF was executed according to Fig. 1 using SO )T of
simulated weather data. For each of the 10 tields, execu-
tions of the model were initiated on the dates of planting,
GPO and HB. Those executioIlS injtiat~d all the planting
date did not require feedback information. Model execu-
tions initiated on GPO and HB utilized feedback infor-
mation obtained from the tield study. Use of simulated
we(lrher (lata resulted in SO forecasts of yield (head
weight) and physiological maturity date for each of the
three initiation dates at tach of the ten loca tions-a total
of 1500 exennions of SORGF.
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i'ABLE 4. SUMMARY OF HEAD WEIGHT FORECASTS (II/Plant)

FOR TEN FIELDS IN BELL COUNTY, TEXAS. 1976
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CONCLUSIONS

Several conclusions concerning this forecasting
methodology may be drawn from the preceeding
analysis, vis.,

I The use of feedback may not eliminate errors in
forecast parameter values, but feedback generally docs
result in predicted parameter values closer to their
respective observed values.

2 For forecast parameter values that accumulate er-
ror at approximately a constant rate over the growing
season, feedback at any time during the growing season
generally results in greater overall forecast accuracy and
less \'ariability among forecasts for individual years.

3 For forecast parameter values that are sensitive to
environmental conditions during only a ponion of the
growing season. feedback prior to the period of sensitivi-
ty may not improve overall forecast accuracy or reduce
\'ariability among forecasts for individual years.

Aside from being used strictly as a yield forecasting
technique, this methodology could be useful in decision
making processes involving irrigation scheduling. sup-
plemental fertilizer application and pest management
programs.

water. Thus a consistent decrease in the standard devia-
tion among head weight forecasts for a field is not evi.
dent in Table 4, since all the forecasts were initiated at or
before HB.
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Observed

Forecasted using:

No Feedback Feedback
feedback at GPO at UB

Mean SD' Mean SO' Mean SO'

Baker 1 33.8 3.6 37.4 4.l:» 34.6 4.9 3l:».7
Baker 2 "23.4 4.5 26.8 2.7 24.0 3.0 26.1
FleminC 1 2l:».9 2.9 29.0 3.l:» 2l:».3 1.8 27.1
Fleming 2 2l:».3 2.9 29.0 3.l:» 2l:».3 1.8 37.1
Fleming 3 52.4 12.6 49.1 15.2 3l:».3 10.7 30.2
Kelarek 29.4 3.2 33.3 4.3 21.1 7.3 23.8
Kohutek 26.2 2.9 32.4 6.4 24.4 7.3 2l:».0
Lancaster 33.8 5.0 33.7 7.2 26.3 8.1 36.3
Schoenrock 1 32.2 3.9 3l:».9 l:».0 23.2 4.2 24.7
Schoenrock 2 31.1 3.5 34.4 3.3 27.6 4.0 27.6

Averalle 31.4 4.6 34.1 5.l:» 27.2 l:».7 28.l:»
RMSE (grams) 5.2 6.1 2.6

'Standard deviation, &rams.

Field
desienator

along with "alues of PM date and i1ead weight observed
for the ten fields is given in these tables.

The effect of feedback in improving forecasts of PM
date as the growing season progresses is evident in com-
parisons of for~casted and observed date of PM in Table
3. The root-mean-square error (RMSE) between
predicted and observed PM dates for the ten fields was
reduced from nearly a month for forecasts without feed-
back to less than 1 wk for forecasts initiated at HB. The
standard deviation among the SO forecasts of PM date
also decreased as the forecast date was delaved from
planting to GPD and HB. Since the ph~nological
development in SORGF is determined for a given field by
average daily temperatures (Maas and ArkiJ1, 1978a), er-
rors ill phenology tend to be accumulated at a relatively
constant rate through the growing season (c.r., the errors
in the predictions of GPD. HB and PM using no feed-
back in Table 1). Initializing the SO simulations through
feedback during the growing season reduces the length of
the period over which error~ in phenology may accrue,
thus reducing the total error in PM date predicted at the
end of each simulated growing season.

The effects of feedback are less evident in the averages
of predicted head weights at PM shown in Table 4.
Unlike PM date, no significant reduction in the RMSE
between predicted and observed values of head weight is
achie"'ed until feedback is used at HB. Maas and Arkin
(1979) demonstrated that, of all the environmental
variables, SORGF was most sensitive to changes in soil
water in simulating yield. Most of the response of the
model to changes in soil water was found to occur during
the period from HB to PM. Whereas error was ac-
cumulated at a relati\'ely constant rate over the entire
growing season in the prediction of PM date, most of the
error in predicting head weight was accumulated after
HB when the model was most sensitive to changes in soil
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