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EVALUATION OF THE CEAS MODEL FOR BARLEY YIELDS IN NORTH DAKOTA AND MINNESOTA.
By Tom L. Barnett; N.A.S.A., Yield Model Development Center, Columbla, Missouri;
December, 1981.

ABSTRACT

The CEAS yield model 1s based upon multiple regression analysis at the CRD and
state levels. TFor the historical time serles, yleld 1s regressed on a set of
varlables derlved from monthly mean temperature and monthiy precipitation.
Technological trend is represented by piecewise linear and/or quadriatic fune-
tions of year. Indlcators of yleld reliabllity obtalned from a ten-year
bootstrap test (1970-79) demonstrated that blases are small and performance as
indicated by the root mean square errors are acceptable for Intended
application. However, model response for individual years, particularly wnusual
years, 1s not very rellable and slows some large errors. The model is
objective, adequate, timely, simple and not costly. It considers sclentific
knowledge on a broad scale but not in detail, and does not provide a good
current measure of modeled yleld reliability.

Key words: Model evaluation, yleld modeling, linear regression.
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Evaluation of CEAS Model
for Barley Yields in
North Dakota and Minnesota

Summary

The CEAS yleld model 1s based upon multiple regression analysis at the
CRD and state levels. For the historical time series, .yleld is regressed
on a set of variables derived from monthly mean temperature and monthly
preciplitation. Technological trend 1s represented by plecewlse linear
and/or quadratic functions of year. Model performance is evaluated on the
basls of eight criteria - rellabllity, objectivity, cnnsistency with sclien-
tific knowledge, adequacy, timellness, cost, simplicity, and accurate
current measures of modeled yleld reliability. Ten-year bootstrap tests
(1970-1979) were run for each crop reporting district in the major barley
producing regions of North Dakota and Minnesota. These indicated
that blases are generally small and performance as indicated by the root
mean square errors is generally acceptable for the intended AgRISTARS large
area applications. However, model response for individual years, par-
ticularly wmusual years, is not very reliable and shows some large errors.
The model 1is objective, adequate, timely, simple and not costly. It con-
siders scientific lnowledge on a broad scale but not in detall, and does
not provide a gpod current measure of mpdeled yleld reliability.

DESCRIPTION OF THE MODEL

The model designated "CEAS Barley Model" was developed at the Center
for Environmental Assessment Services (CEAS) by R.P. Motha (R.P. Motha,
"Barley Models for North Dakota and Minnesota'", NCAA-CEAS,
Columbia-Missouri, May, 1980).



Basic inputs tr the mpdel are historical USDA ylelds and monthly mean
temperature and total precipitation at the Crop Reporting District (CRD)
level. A wide variety of possible variables, such as cumilative precipita-
tion from the previous September, monthly temperature and precipitation
departures from normal, evapotranspiration (potentisl, actual and
"elimatically appropriate"), Z-index, aridity index, R-index, and moisture
ratio are formed from the basic inputs.

Trends, accounting for general improvements in technology over the
years, are defined by Motha as linear from 1931 to 1962, and linear and/or
quadratic from 1961 on. Specifically the trend variables are:

TREND 1 = (YEAR-1930) for YEAR < 1962
32 for YEAR > 1962

TREND 2 = 0.1 for YEAR 2 1962%
(YEAR-1961) for YEAR > 1962

TREND 25Q = TREND 2 ## 2
The general form of the CEAS yleld model 1is:
Yy =< + B % TREND 1y + B'®# TREND 24

-1 *W
+ 8 % TREND 290y 4oy P

where:
Y4 = estimate and yleld for i~th year
= = intercept (constant term)
B B'= linear trend coefficients
Bw= quadratic trend coefficlent

A

slope coefficient associated with the k-th weather tem

Wig= k-th weather term for the i-th year

*Model was developed using these trends. Runs using TRENI2 = 1.0 for
year 1962 as one might commonly use, gave us no significant &ifferen-
ces In predicted ylelds.
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In developing the models for each CRD (MN CRD's 10 and 40, ND CRD's 10
through 90) and state (MN and ND) Moth. ran stepwise miltiple regressions
which examined the possible variables and selected the statistically most
signifiicant set of several trend and weather terms on the basis of years
1931-1978. A certain amount of Judgment was used to eliminate terms
obviously in conflict with sclentif'ic knowledge (e.g., when a coefficlent
was strongly negétive vhere 1t should be posiltive) or to include important
terms even If they were not statistically significant. The result was a
set of yleld models at CRD and state level. Appendix 2 shows the tems
Included iIn each model and the range of the coefficients over the ten dif-
ferent but overlapping sets of model base perind years.

There are some general patterns tut wide diversity in detail,
reflecting both real CRD-to-CRD variations and vagaries of the regression
process on nolsy data.

Only end-of-season models were tested. Although "truncated" models
providing yield estimates at the end of each month throughout the growling
season were developed by Motha, 1t was felt that meaningful evaluation was
difficult enough when tﬁe full-season weather was avallable.

EVALUATION METHODOLOGY

Eilght Model Characteristics to be Discussed

The document, Crop Yield Model Test and Evaluation Criteria, (Wilson, et

al., 1980), states:

"The model characterlstics to be emphasized in the evaluation
process are: yleld indication reliability, objectivitily, con-
sistency with sclentific lnowledge, adequacy, timeliness,
minimum costs, simplicity, and accurate current measures of
modeled yleld reliability.”

Each of these characteristics will be discussed with respect to the CEAS

model .
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Bootstrap Technique Used to Generate
Indicators of Yield Reliability

Indicators of yleld reliability require that the parameters of the
regresslon mdel be computed for a set of data and that a yleld prediction
be made based on that data for a glven "test" year. The values required to
generate indicators of yleld relability include the predicted yleld, ﬁY, the
actual (reported) yield, Y, and the difference between them, d = &—Y, for
each tést year. It 1s desirable that the data used to generate the parame-
ters for the mpdel not include data from the test year. To accomplish
thls, the "bootstrap" technique is used. For each test year, the years
from an earller base period are used to fit tﬁe mdel and obtain a predic-
tion equation. The values of the independent variables for the test year
are Inserted into the equatlion and predicted yleld is generated. Then, the
’].ast test year 1is added to the base period and the process is repeated.
Continuing in this way, ten (1970-79) predictions of yleld are obtained,
each Independent of the data used to fit the model.

The ¥ and d values for the ten year test period are obtained from
models derived at the crop reporting district (CRD) level and state level.
The latter are based on a welghted average of CRD weather to the state
level. A second set of EA! values are obtained at the state level using a
welghted average of predicted ylelds from the CRD models. At the region
level two sets of Y values are obtained, one by aggregating CRD model
ylelds and the other by aggregating the state model ylelds. In each case
the welghting factors are based on harmvested area for the pr'edigtion year.

For both Minnesota and North Dakota, data for 1932-1969 are used to fit
prediction models for 1970, data from 1932-1970 are used to fit models for
1971, ete. through 1979. This testing procedure closely simulates the way

the models would be applied 1n practice.
=4




The average and percent production and yileld over the ten year test
period are presented in Table 1 for each geographical reéion. Figure 1
presents iaer'cent production in each CRD. The bootstrap test results--Y, 'SA{,
and d--are glven in Appendix 1 for each geographical region.

Review of Indicators of Yield Reliability

The Y, Y and d values for the ten-year test period at each geographic
area may be summarized into various indicators of yield reliability.

Indlcators Based on d Demonstrate
Accuracy, Precision and Bias

From the d value, the mean square error ( root and relative root mean
square error), the variance (standard deviation and relative standard
deviation), and the bias (its square and the relative bias) are obtalned.

The root mean square error (RMSE) and the standard deviation (D) indi-
cate the accuracy and preclsion of the model and are expressed in the ori-
ginal wnits of measure (quintals/hectare). It is about 68 percent protable
that the absolute value of d for a future year will be less than one RMSE
and 95 percent probable that i1t will be less than twice the RMSE. So,
accurate prediction capability 1s indicated by a small RMSE.

A non-zero blas means the model is, on the average, overestimating the
yleld (positive blas) or wnderestimating the yield (negative bias). The D
is smaller than the RMSE when there is non-zero blas and indicates what the
RMSE would be if there were no blas. If the blas 1s near zero, the SD and
the RMSE will be close in value. An unblased mpdel, i.e. bias close to
zero, 1s preferred. -

Indicators Based on rd Demonstrate
Worst and Best Performance

The relative difference, rd (100d/Y), is an especilslly useful indicator
in years whiere a low actual yleld 1s not predicted accurately. This is

~5-
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because years with small observed actual ylelds and large differences have
the largest rd values.

Several indicators are derived using relative differences. In order to
calculate the proportion of years beyond a critical error limit, we count
the mumber of years iIn which the absolute value of the relative difference
exceeds the critical 1limlt of 10 percent. Values between 5 and 25 percent
were Irvestigated and a critical limit of 10 percent was found mpst useful
in describing model performance. The worst and next to worst performance
during the test period are defined as the largest and next to largest abso-
lute value of the relative difference. The range of yileld Indication
accuracy 1s defined by the largest and smallest absolute values of the
relative difference.

Indicdtors Based on Y and Y Demonstrate
Correspondence Between Actual and Predicted Ylelds

Another set of indicators demons tr‘atf'-:s the correspondence between
actual and predicted ylelds. It would be desirable for increases in actual
yield to be accompanied by increases In predicted ylelds. It would also be
desirable for large (small) actual ylelds to correspond to large (small)
predicted ylelds.

Two indicators relate the change in direction of actual ylelds to the
corresponding change in predicted ylelds. One looks at change from the
previous year (nine observations) and the other at change from the average
of the previous three years (seveﬁ observations). A base period of three
years 1s used since a longer base period woald further decrease the number
of observations, while a shorter perlod would not be very different fram

the comparison to a single previous year.
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Finally, the Pearson correlation coefficient, r, between the set of
actual and predlcted values for the test years 1s computed. This repre-
sents a measure of how well deviations from average in the set of pre-
dicted ylelds correlate to deviations from average in the set of actual
yields. It is desirable that r(-1 = r = +1) be large and positive. A nega-
tive r indicates smaller predicted yields occurring with larger observed
ylelds (and vice versa).

Current Measure of Modeled Yield Reliability
Def'lned by a Correlation Coefflcient

One of the model characteristics to be evaluated is its ability to
provide an accurate, current measure of rrndeled yleld reliability.
Although a specific statistic was not discussed in the paper, Crop Yield
Model Test and Evaluation Criteria, (Wilson, et al., 1980), it was stated

that:
"This 'reliability of the reliablility' characteristic
can be evaluated by comparing model generated reliability
measures with subsequenty determined deviation between
modeled and 'true' yleld."

For regression models, this suggets the use of a correlation coef-
ficlent between two variables generated for each test year. One variable
is an indicator of the preclsion with which a prediction for the next year
can be made, based on the model development base period and current (test
year) independent variable values. The other variable (obtained
retrospectively) is an indicator of how close the predicted value for the
next year actually is to the "true" value. The estimate o.f‘ the standard
error of a predicted value from the base period model, s;, 1s used for the
first value, and the absolute value of the difference between the predicted

and actual yleld in the test year, |d| is used as the second varlable.

-7



Since sg, Incorporates current-year weather as compared to long-temm,
average, 1f the relation of yleld to weather specified in the model is
valid the magnitude of s§ should fluctuate in phase with |d|, l.e., it
should be positively correlated.

A non-parametric (Spearman) correlation coefficient, r, is employed

since the assumption of bivariate normality can not be made. A positive

value of r(-~1 = r = +1) indicates agreement between §;, and ldl. M r value
close to +1 is deslrable since 1t Indicates that a small standard error of
prediction (and therefore a narrow confidence interval about the true pre-
dicted value) is assoclated with small discrepancies between predicted and
actual ylelds. If this were the case, one would have confidence in s§, as
an indicator of the accuracy of §

MODEL EVALUATION

Plots of actual and predicted ylelds for MN and ND state level mdels
are presented in Figure 2 and 3. Results of the ten-year bootstrap tests
on which these evaluations were based are presented in Appendix 1.

ndicators of Yleld Reliability based on d
Show Moderate Blas, Standard Deviations
Ranging From 1.2 to 4.7 @/Ha, and RMSE
Ranging From 2.0 to 5.0 Q/Ha.

The indicators of yleld reliability based on deviations d (= ¥ - ¥) at

CRD, state, and region levels are glven in Table 2 and Figure 4.

CRD level biases for ND range from +1.6 to -1.8 Q/Ha, showing no obvious
pattern. The biases for both MN CRD's are near -2 Q/Ha. Since the MN state
model and aggregation to state level from CRD's both show about -2 Q/Ha
this may Indicate a general bias on this order for the CEAS MN model.

Root Mean Square Errors (RMSE) for ND CRD's range from 2.4 to 5.0 Q/Ha
and for MN from 2.6 to 4.9 Q/Ha. State level RMSE values were somewhat
smaller, 3.4 @/Ha for ND and 2.9 Q/Ha for MN.

-8



Values of standard deviation ranged from 2.2 to 4.7 QHa for ND CRD's
and from 1.2 to 4.4 Q/Ha for MN CRD's. State and regionsl values rarged
from 1.6 to 2.7 Q/Ha.

Examination of plots of observed and predicted ylelds at state level in
Figures 2 and 3 indicates that in both ND and MN the CEAS model predictions
seem to be blased by a consistent -2 Q/Ha in the years 1975-1979. This may
indicate a weakness In the CEAS model and is discussed in the conclusions
section.

Indicators of Yield Reliability Based on rd show

that a Large Number of Cases Have 50 Percent or
More of Test Years with rd Greater Than 10 Percent

The CRD, state, and region values for the Indicators of yleld reliabi-
lity based on absolute values of relative dlfferences, | ra |, are glven in
Table 3 and Figures 5, 6, and 7.

Seven of the nine ND CRD's and both MN CRD's show 50% or more of the
test years with rd greater than 10%. State and reglonal results stow two
of six cases with 50% or more of the test years with| rd | greater than 10%.
These results would seem to Indicate either a large natural variability in
barley ylelds or a low level of model skllls. Both indications are sup-
ported by, the plots in Figures 2 and 3. If the model capabilities could be
significantly lmproved in the years 1975-1979 the indicators of yleld
reliability would also be much improved.

For ND 1974 was the year with the largest relative difference in eight
of nine CRD's. All nine represented an inability of the model to respond
to a very low actual yleld. TFor MN 1976 and 1977 were the worst years,

representing underestimations by the model of high actual ylelds.
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OF POOR QUALITY
Indicators of Yield Relilability Based on Y and ¥
Show Moderately Good Correspondence Between the

Direction of Change in Predlicted Yleld Compared
to Actual Yield.

The predicted and actual ylelds at state level are plotted in Figures 2
and 3. The predicted ylelds, actual ylelds, and differences for CRD level
are listed in Appendix 1. The CRD, state, and region level values for
indicators of yleld rellabllity based on actual and predicted ylelds are
given in Table 4 and Figures 8, 9, and 10.

Out of the nirie ND and two MN CRD's, six show a change of direction of
predicted ylelds from the previous year corresponding to the actual change
of direction more than 50 percent of the time. When the base period is the
average of the previous three years the score is nine of eleven CRD's
correct more than 50 percent of the time. For state and regional mdels
the response direction from the previous year is correct more than 50 per-
cent of the time in five of six cases, and the response direction fram the
three year average 1s correct in all six cases. These results Indicate that
the CEAS model does reasonably well in responding to changes in actusl
yleld, particularly changes from a three-year base perilod.

Results for the correlation coefficient, r, between predicted and
actual yields, representing correlatlon between fluctuations of predicted
and actual ylelds from averages over the test period are not very
satisfactory. Of the eleven CRD's only four show r greater than .55, the
one-tailed value required for statistical significance. Values of r as low
as 0,05 and 0,17 are found, and six of eleven are less than .30. The score
for state and regional models is four of six greater than .55. Clearly the
directional response capabilities of the model leave much to be desired.
This 1s especially true for those specific cases of large actual fluc-

tuations (see Figures 1 and 2).
-10-



Base Perlod Indicates More Precision Than
Independent Tests Can Confirm

Certain statistics generated from the regression snalysis of the base
period data are often used to provide some indication of expected yleld
reliability. However, these statistics only reflect how well the model
describes the data used to generate the model, l.e., fit of the model, .
rather than how well the mpdel can predict glven new data. Therefore, it
1s important to compare these indicators of fit of the model to the inde-
pendent indicators of yleld reliability discussed in the preceding sections.
In this way, one can see low these base period indicators of fit of the model
do or do not correspond to independent test indicators of yield rellability.

One indicator of yileld reliability, the mean squire error (MSE), 1s the
sum of squared d values (d = ;f - Y) for the independent test years divided
by the number of test years (Table 5). The dlrect analogue for the mdel
development base period is the residual mean square. The residual mean
square is obtalned by first generating the usual least squared prediction
equation using the base perlod years. Then instead of predicting the yleld
of the following test year, ylelds are predicted for each of the base
period years. The residual mean square 1s the sum of squared d values
for these base period years divided by the appropriate degrees of freedom
(number of base period years minus number of parameters estimated in
fitting the model). Whereas one value of MSE 1s generated for each
geographlc area over the entire test period, a value of the residual mean
square 1s generated for each base period corresponding to an individual
test year.

Another indicator of yleld rellabllity is the correlation coefficient,
r, between the observed and predicted ylelds for the independent test years
(Table 6). It is desirable for r to be close to +1, even though it can be

-11-



negative. The analogue for the mydel development base period is the square
root of R2 expressed as & proportion, R(0S RZ 1). It can be interpreted
as the correlation between observed and predicted yleld. Values of R for
each geographic area are given in Table 6, along with the Pearson correla-
tion coefficient values from Table 4.

Average correlation coefficlents over the base period (model develop-
ment years) range from .88 to .97, indicating the mpdel is doing a very
good Jjob of fitting the development data. The correlation coefficlents
over the Independent test years range from lows of .05 to .17 to highs of
.79 and .95. The average of r over the independent test years 1s around
.43, less than half the r for the model development years. Clearly the
CEAS model does not respond nearly as well in a predictive mode as 1t does
in a fitting mde. Essentially, the values of R for mpdel development
years provide no indication of the predictive ablilitiles of the model.

Model 1s Reasonably ObJjective

The nature of the CEAS model requires that it be redeveloped (i.e.,
coefficient values re-derived) for each test year, based on avallable years
prior to 1t. Once the proper terms have been selected and fixed, develop-
ment and application of the mdel 1s qulte objective. A great deal of
subjectivity, however, 1s required for initilally selecting the tenﬁs, in
specifying trend, particularly break polnts, and in cholce of development
years.

Model Considers Known Scientific
Relationships on a Broad Scale

Selection of model terms 1s by stepwlse regression. This guarantees
only the set of terms "best" by some statistical criterion. Physical
significance 1s not ensured. It seems unllikely that the wide variety of

"significant" terms represented in Appendix 2 for different CRD models 1s
=12~



entlrely meaningful in a physical sense. The selection criteria used by
the model author are not well described.

Large-area crop ylelds are known to be related to weather over the
growing season, to preseason stored soil moisture, and to a variety of
other weather and agronomic factors. The detalls of the mathematical rela-
tionships that describe these physical relatilonships are far from
established. Bren the proper set of variables is open to question because
there are only a few readily available observables and the variables formed
from these tend to be highly interrelated. Large-area relationships are
further confused by geographical variations in the observables that may or
may not be important for any glven situation.

In light of these problems, the authors of the CEAS models choose to rely

on a practical approach of statistical regression of observed ﬁelds o
monthly weather data, trend represented as a functlon of historical years,
and a policy of refitting for each predictive year based on all avéﬂable
prior years.

Thus, the CEAS model 1s susceptable to criticism in regard to agreeament
with scientific knowledge in many respects. A few of the more important
are noted below. The CEAS model handles technology and cropping prac-
tice trends by representing them as plecewlse linear and/or quadratic func-
tions of time. This glosses over the known qualitative relationships to
variety improvement, fertilizer use, ete., but represents a practical way
of treating the situation where it 1s wnclear which effects are most impor-
tant and where information 1s limited. Ratlonale for choosing breakpoints
between trend segments or for specifylng linear or quadratic segments seams
to be primarily on a practical rather than a sclentific basis. The CEAS
model takes no explicit account of pests, disease, or other eplsodic

events.
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Model is Adequate Only for the Reglon
In Which It Was Developed

By its nature, a glven CEAS model can be applied with any degree of
reliability only In the region for which it was developed. The CEAS models
are not extendable even to apparently similar regions. On the other hand,
the CEAS approach can be readily applied to any region where a reasonably
lengthy record (say 15-20 years) of yleld and weather observations exist.

Model Is Timely Fnough For
Intended Applicatlions

A yleld model for a new year can be bullt as soon as reliable yleld and .
weather variable figures from the past year are available, in the U.S.
generally a few months, after harvest, In foreign countriles a longer period
of time. Yield predictions during an application year can be made shortly
after the end of each month for which weather data 1s available.

Model 1s Not Costly

Data to develop and run the CEAS barley model are readily avallable at
low cost. The miltiple regressions needed to compute the agronamic and
meteorological variables and develop models can be run on any modest size
computer. Routines are avallable in most computer libraries.

Model 1s Simple

The development and application of the CEAS model are straightforward.
The only points where judgment is required are in selection of significant
terms, specifiication of trend, and estimation of soll moilsture budget capacity.

Model Has Poor Current Measure of
Modeled Yield Reliability

The CRD, state, and region values of the correlation coefficient bet-
ween tﬁe estimate of the standard error of the predicted yleld values and
the absolute differences between predicted and actual yleld are presented
in Table 7 and Figure 11. The results are very poor. In 11 of 13 cases

14



the correlation is negative, and the largest positive value is 0.06.
Clearly the model does not provide a good estimate as to how close the pre-
dicted ylelds will be to actual ylelds in any prediction year.

CONCLUSIONS

The CEAS yleld model for barley represents a stralghtforward muiltiple
regression fit of plecewise linear and/or quadratic trend and the most !
significant weather-related terms avallable for prior years. Fits are made
at CRD and state levels., The data bases consist of USDA observed ylields
and monthly values of mean temperature and total precipitation. Indicators
of yleld reliability obtained from a ten year bootstrap test (1970-1979)
are used to evaluate the mdel.

Over the set of test years the reliability of the model on aversge is
indicated to be acceptable for many applications. Root mean square erro.s
are about 3 Q/Ha. The CEAS model does not consistently predict high or low
actual ylelds very accurately, and for any.glven year the actual error my
be appreciably larger than the RMSE value. The model does not give a good
current measure of yleld reliability. However, it 1s objective, adequate
for iIntended purposes, timely, simple, not costly, and makes a practical
attempt at -incor'porat:mg some general sclentific knowledge.

Many general areas of needed improvement could be clted. The most
obvious specific Improvement would be to correct the consistent blas of the
CEAS model in ND and MN in 1975-1979. This would considerably improve RMSE
and other j.ndicators of reliability. A fit made with the TREND2SQ tem
removed, leaving linear trend segments 1931-1961 and 1962-1979, gave pre-
dicted ylelds coinclding almost exactly with actual ylelds in 1975-1979 but
much poorer correspondance in 1970-1974. Across the ten year test period



the RMSE for this fit was slightly worse than that for the original CEAS
model. Clearly, the fix 1s not such a simple adjustment.

One final note on the CEAS models should be added. During the several
years of testing conducted for the Large Area Crop Inventory Experiment
(LACIE) and subsequent years prior to AgRISTARS no yleld model was found to
outperform the CEAS models.
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