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ABSTRACT

Barley yield models were developed and tested for five economic regions of
the USSR. The aim of model development was early prediction of average
barley yields for large areas. A regression approach was used for model
development. This approach was modified in an attempt to more accurately
represent trend in the historic yield series and incorporate fully the
impact of weather variables on large area yield fluctuations. Weather
was represented in the form of index variables which were designed to
more accurately reflect the weather-related variability of yield. Appli-
cation of the modified approach was shown to improve the accuracy of yield
forecasts by both dependent and independent tests of the performance of
the developed models.
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LARGE AREA USSR BARLEY-YIELD MODELS:
DEVELOPMENT AND EVALUATION

Felix N. Kogan

SUMMARY

Large area barley yield models were developed for five economic regions of
the USSR; these are South-West. Belorussia. Vo1go-Vyatka. North Caucasus. and
Kazakh regions. These regions were selected both because they are important
in the production of barley and because they represent a wide range of grow-
ing conditions. The models calculate predicted average yield of barley for
each region from the estimated quantitative impact of technological improve-
ments and of fluctuations in weather on yield. The only current data required
to operate these models would be the daily weather reported through the World
Meteorological Organization network. Modified bootstrap tests of the models
over an eight-year period (1971-78) resulted in relative mean squared errors
(MSE) from 6.4 percent (South-West) to 20.4 percent (Vo1go-Vyatka). (The rela-
tive MSE's for the other regions were between 11 and 12 percent.)

The models developed allow Soviet regional barley yields to be predicted with a
lead time of two or three months in advance of the barley harvest. Independent
testing of the models ~howed good correspondence between predicted and actual
barley yields for the 1971-1978 period.

The impact of technological improvements was approximated by a non-linear func-
tion of year number as a surrogate for technological changes in the barley
yield series. The impact of weather was also approximated by a non-linear
function of actual total monthly precipitation and average monthly air temper-
atures in each region.

Since the-analogue modeling approach has some drawbacks. a special technique
to overcome these drawbacks was developed. This technique involved a partially
empirical approach to more accurately represent technology and weather in the
last years of the yield series. This approach was also utilized to reduce the
number of weather variables in order to eliminate some discrepancies between
a shortage of historical data for modeling and the existence of collinearity
in the crop weather system.

INTRODUCTION

The objectives of this study were first to determine if existing models could
be used for estimating the yield of barley in the USSR. 'and if not. to develop
suitable models. This subject is of importance because barley is the most
important grain crop in the USSR. and the size of the crop in anyone year
has great impact on the USSR requirements for imported feed grains.
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The USSR is the largest producer of barley in the world. A quarter of the
world's barley production is normally grown by Soviet farmers. Thus, the
global barley supply depends to a great degree on the amount of barley pro-
duced in the USSR.

In the past 10 years, Soviet spring barley production ranged from 33 to 67
million metric tons. Much of this variation in production levels can be attrib-
uted to increased weather fluctuations [13]. The most recent striking example
is the reduction in barley output during the past three years (1979-1981).

To overcome deficiencies between domestic grain supply and demand, the USSR has
substantially increased purchases of grain, particularly feed grain, on the
international market since the early 1970's. Overall these purchases are grad-
ually increasing, but they fluctuate from year to year, depending on produc-
tion of grain in the USSR. Therefore, timely forecasts of the Soviet barley
production could be very useful for assessing global barley production, world
trade in barley and other grains, and some perspectives for the future. These
forecasts will be useful also for the assessment of Soviet domestic resources
for the development of agriculture, particularly livestock production.

The interest in forecasting USSR barley production stems from the two priority
areas of the Agriculture and Resources Inventory Surveys Through Aerospace
Remote Sensing (AgRISTARS) Joint Agency program. These priority areas are
"Foreign Coumodity Production Forecasting" and "Early Warning/Crop Condition
Assessment." These areas have been given emphasis because of the immediate
need for better and more timely information on crop condition and expected
production in the major grain producing countries of the world. Yield models
which will provide early, mid and late season (harvest) yield estimates would
help USDA to assess the potential impact of weather events throughout the crop
season [38, 39].

A thorough literature search was conducted for available models that could be
used fBr forecasting USSR barley yields. (These models are described in Appen-
dix I.) Since the search was not successful in terms of the possibility of
using these models for forecasting USSR barley yields, a program of developing
barley yield models was initiated. The goals were to develop simple and low
cost models for large area (at least economic region) use, which could pro-
vide timely (2-3 months in advance of harvest) assessment of barley yields.
The models were required to reflect the influences of environmental condi-
tions and improvement of technology on barley. They were also required to
be scientifically and statistically reliable.

This report consists of five sections and three appendices. The introductory
part describes the formulation of the problem in terms of AgRISTARS' tasks.
Descriptions of historical data and methodology for model development are
shown in the section on Crop yield Modeling and the Available Data Base. Par-
ticular attention is given to the problem of defining an optimal way of re-
flecting the effect of technological and environmental factors on yield
fluctuation and to problems connected with the application of regression
analysis to the limited samples from historical data. Specific features of
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Soviet soil, climatic and weather conditions are presented in the section on
Peculiarities of the USSR's Natural Resources. Dynamics of the yield series
in terms of reflecting technological and climatic variability and numerical
assessment of weather-yield interaction are described in the sectionon Devel-
opment of Barley Yield Models. The results of model testing and evaluation
are presented in the last section. The three appendices corttain (I) a review
of Russian literature on barley yield model development, (II) an overview of
model development and use and (III) a discussion of some considerations in
the application of indices for yield modeling.

CROP YIELD MODELING AND THE AVAILABLE DATA BASE

The analogue approach has been chosen to apply in this study for development
of barley yield models. This approach was the most appropriate for the tasks
set in this study in terms of optimal combination of the advantages which are
discussed in Appendix II. In developing these models, consideration was given
to the physiological requirements of barley and to specific features of the
geographic and climatic conditions of the studied regions. Special attention
was given to overcoming some of the limitations of the analogue modeling
approach.

Limitations of Analogue Modeling Approach

Normally, in the analogue approach for modeling crop yields, we encounter some
problems (in addition to those mentioned in Appendix II)which can be overcome
to some extent. These additional problems result from the lack of historical
data, limitations of the statistical tool, lack of knowledge about crop-
environment interactions and lack of accuracy in measuring crop and environ-
mental variables. Some of these problems make model development difficult
and do not allow us to fully rely on the results of modeling. Three of these
problems are very important. They are multidimensionality (large number of
influence factors) of crop-environment systems, multicollinearity (natural
correlation between various environmental factors), and the approximation of
trend. An impression of the multidimensionality problem in crop-environment
systems can be obtained from Figure 1, which illustrates the large number of
factors affecting crop productivity.

In dealing with multidimensionality, scientists normally try to increase the
size of a sample and/or decrease the number of variables entering the statis-
tical analysis. In the present case, increasing the size of the sample is
not feasible, since only one barley yield observation is available annually
and the series of years with reliable data is limited. Another way of arti-
ficially increasing the sample size is through the application of the cross-
sectional method, which involves taking several sets of weather variables
from the same (usually geographically homogeneous) region. It also has short-
comings. If several sets of weather data are matched with the same yield
value, the resulting increase in degrees of freedom is fictitious, and there
is no real improvement in precision. The elements of the sample formed by
combining several subsamples are highly interdependent due to strong correla-
tion between weather variables measured at neighboring locations. This
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Figure 1. Factors affecting crop yields.
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dependence contradicts the assumption of statistically independent elements
which is made in regression analysis. Besides that, the statistical value of
information contained in such a sample does not increase proportionally to
the increase in the number of observations in the sample. Accordingly, the
combined sample has sometimes only 30 percent of statistically significant
additional information [30]. The estimated model coefficients based on this
method will always have inflated values. Therefore, there is no efficient
way of increasing the size of a sample for regression type of crop modeling.

The other approach lies in decreasing the number of variables. This may be
accomplished in several ways. One of them is to neglect some of the factors,
assuming that their impact on yield is constant over years. Such an assump-
tion is normally applied to various soil factors. This assumption may be
appropriate for a particular geographic region, especially if shifts in the
type of soil utilized for the crop have been small. Even where some shifts
over time have occurred, the variance of soil properties may be small when
compared to the variance of weather conditions for a region. Another way is
to express the quantitative impact of the technology-group and of some of the
physiology-group factors in terms of trend over time. This approach is appro-
priate when our knowledge concerning the quantitative interpretation of
technology-crop interaction is insufficient.

However, there are difficulties in the modeling of trend for the purposes of
employing it in forecasting and the further interpretation of yield variation
around the trend as a weather-dependent phenomenon. The first question which
arises is how the trend should be computed. As is well known, the range of
errors of the trend line, as defined by the least squares procedure, increases
in the direction of the earliest and the latest years in the time-series.
Accordingly, the magnitude of errors depends mostly on information for the
earliest and latest years. In terms of predicting future yields, information
in the latest years is very important. For example, if we assume that the
yield series in Figure 2 is limited to 1945-1972 (Point A), then the trend in
the latest part of the period would go up (trend line 2) since most of the
years after 1965 had better than average cereal crop yields. If we assume
that the yield series is limited to 1945-1965 (Point B), then the trend at
the end of-this period would go down (trend line 3). In each of these cases,
the trends and fluctuations around the trends do not reflect the same response
of yield to technology and weather changes as when the trend is calculated for
the entire period between 1945 and 1980 (trend line 1). To overcome this
problem a partially empirical approach is suggested later in this Section.

Another problem is related to the way the trend is represented in the model.
A commonly used approach consists of approximating trend as an independent
variable along with independent weather variables in the technology~eather-
crop model [17, 33]. This approach has some shortcomings. Over the past 30
years, when technology factors greatly contributed to yield increases, the
trend in a technology-weather-crop model has generally explained a much larger
proportion of variation in yield (up to 90%) than has the weather [13, 17].
In such a case, the trend will dim, often significantly, the weather signal
in yield variance, especially for those parts of the growing season when in-
fluence of weather on crops is not clearly defined. Thus, it is possible to
lose useful weather information for yield prediction. Besides that, employing
a weather variable for yield modeling without removing technological trend
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from yield series involves some errors in estimation of yield-weather rela-
tionships. Accordingly, the separation of the trend from weather variables
would be helpful in obtaining a better description of the weather-induced
variation of yield in the analogue model. This separation would also allow
us to apply various methods for reducing the number of weather variables in
the model without losing some weather information useful for prediction.
And, finally, this separation would be helpful in obtaining a more realistic
representation of the weather-induced fluctuations of yield in the future.
The concern is that absolute values of the weather-induced variation of yield
have been gradually increasing as improvements in applied technology have
taken place. Accordingly, a model based on historic data may underestimate
the weather impact on yield late in the time-series and in the future. A
better representation of the dependent variable could be in some relative
form, although this approach also has some shortcomings. To overcome some
of these drawbacks, an alternate technique will be presented later in this
Section.

One way to reduce the number of variables in a weather-crop model consists of
representing the weather and climatic factors through the two major parameters:
precipitation and temperature. These variables reflect two major crop require-
ments: water and heat. However, adopting only the two major weather parameters
as independent variables in a model does not fully achieve a considerable reduc-
tion in the number of variables in a model, because precipitation and tempera-
ture variables are usually created for numerous time periods (weeks, months,
crop stages, etc.). Because of these problems, relatively long time-averaged
weather variables are sometimes used to reduce the number of weather variables.
Use of the simple arithmetic average of weather variables over time (spring,
fall, pregrowing season) erroneously assumes that the different sub-periods
within this particular time interval are equally important for the crop. Vn-
fortunately, models developed on this assumption do not reflect the differing
crop response to weather over time. Therefore, the weather in some important
periods, which could provide useful signals for yield prediction, will be
nullified or moderated by the weather in other periods. Figure 3 illustrates
this idea of the non-uniform influence of the two major weather variables on
cereal yields. This figure also shows that almost every month has some in-
formation whi~h can be used as a signal for yield prediction. At the same
time, as seen in this figure, these two weather factors are collinear. To
reduce the number of weather variables in the model and to overcome colline-
arity, a special technique has been developed.

Improved Techniques for Weather-Crop Modeling

The equation for yield modeling used in this study can be written in the follow-
ing general form:

y F [fl(TR), f2(W)]
fl(TR) gl(t) + eTR
f2(W) gZ(P,T) + ew

7
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where Y is the reported yield, fl is a function of the yield's dependence on
trend (TR) and f2 is a function expressing the dependence of departures from
the trend function (eTR) on weather (W). Trend is usually approximated as a
function of year number gl(t). Departures from trend are represented by
functional combinations of precipitation and temperature weighted by the values
of the physiological response of crop to weather fluctuations g2(P,T), and ew
are errors connected with estimating this function.

Equation 1 differs from the commonly used form of the relationship of yield to
trend and weather which can be written as:

(2)

where 80, aI' a2' .••, ak are regression coefficients and e is the model error.
The trend estimate in equation (1) was carried out with the application of
least square regression techniques. For a better approximation of the weather
induced fluctuation of yield in the last few years the following approach was
applied. If the yields of the last several years in a yield series were approx-
imately equally and uniformly distributed on both sides of the trend, then these
years should be included in the data for trend specification. Otherwise these
years should not be included in the calculation. In such a case the trend.
would be projected based on data prior to these years.

The trend can be approximated by either linear or nonlinear equations depending
on the longevity of the yield series. For a yield series longer than 20-25
years, a second and sometimes a third degree of polynominal approximation might
be considered the best from the standpoint of the long-range relationship among
technology, climate and cropping power (achievable yield of crop) [19]. In
our study, a second degree trend approximation was used.

The weather dependent function (f2) in equation (1) can be calculated in two
different ways: the dependent variable can express the departures from trend
either as a difference (Y - fl(TR» or as a ratio (Y/[fl(TR)]). The ratio is
the preferred expression, since the absolute effect of growing conditions on
yield increases as the trend level increases. This corresponds to the idea of
increasing variability of yield over time with the improvement of technology
[10], and this is very important for eliminating constant errors which can
appear in the case of a long period of model application.

To study the influence of weather on yield, an
correlation coefficients was performed. These
weight weather variables for different months.
expressions were used:

analysis of the regression and
coefficients were also used to

For this purpose the following

W ••
~J Ki·I·~1 IK..IJ J = ~J

(3)

or W' = (-1)IijK :/~. K.:
ij iJ J=l ~J

9
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( 5)

where Wi' and Wi' (which have the same sign as the corresponding Ki·) are the
weights tor weat6er variable i in month j, Ki, is a regression coefticient for
variable i in month j or a correlation coeff1cient between departure of yield
from trend and weather variable i in month j, n is the number of calendar
months involved and Iij is odd if Kij < 0 and even otherwise.

Two weather variables, total precipitation and average temperature for each
month averaged over the entire region, were used in this study. Months fol-
lowed in the order from January (number one) through December (number twelve)
of the year preceding the year of crop harvest and continued from January
(number thirteen) through July (number nineteen) of the crop harvest year.

Weather information for the previous year was included since our research
had shown that this information can serve as a predictor for the assessment
of the crop productivity [11]. Expression (4) differs from (3) in that it
assigns a relatively higher weight to weather variables of those months that
have stronger influence on yield and a relatively lower weight to those months
with a weaker influence.

Using these weights, index variables which are weighted average temperature
or total precipitation over several months or over the entire nineteen-month
period of aggregation were calculated using the following expression:

m
V' = L,t W Vi(m -m ) J=m .. i'o t 0 1J J

where V'i(mo-mt) is the index variable for the particular weather variable i
from the inItial month (j=mo) through terminal month (j=mt), Wi' (or alter-
natively W'ij) is as defined previously and Vij is weather var11ble i for
month j.

To compare methods for weighting weather variables over time, several types
of weights were tested (Table 1). The first three types considered are the
simple linear (Pearson) correlation coefficients, the partial (multiple)
correlation coefficients and the standardized regression coefficients. These
coefficients characterize some measure of the physiological response of yield
to variation in weather, The fourth and fifth types of weights are time-
dependent. The fourth type was designed to reflect a proportional increase
in the value of weights with closeness to harvest. Thus, the index variable
calculated based on these coefficients had higher input from the weather of
the latest months and lower input from the weather of the earliest months.
This is a somewhat logical way to combine weather variables, although it
does not use any information about the real physiological value of the weather.
The fifth type gives more weight to the earlier months rather than to the
later ones, This type of weighting was used to examine whether it would lead
to lower correlations between the obtained index variables and yield. The
regression analyses obtained when these weighting alternatives were used,
when the analysis was based on a simple average (equal weights) of weather
variables and when the variables for each month are included in the equation
separately rather than averaging the weather variables can be compared.

10



Table 1. 1/Weights- for weather variables in Kazakh economic region, USSR
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For each type of weighting alternative two versions of index variables were
calculated and tested. For the first version, index variables were obtained
by averaging monthly weather parameters over the entire nineteen-month period.
The sign of th~ weight was taken into consideration. For the second version,
several sub-periods were defined which separated periods with weights of
opposite signs. In this case the index variables for each sub-period were
assigned a + sign and each was entered into the regression analysis as a
separate variable.

Finally, the models based on index variables were constructed. Based on the
R2 and the mean square error (MSE) these models were compared one to each
other and also to models with simple average (equal weights) of weather vari-
ables or to models with the variables included for each month separately.
Table 2 presents the values of the MSE and R2 for the tested models with
weighted index variables over the entire 19-month period (Version 1), and
over some sub-periods (Version 2), using cereal yield and weather data for
Kazakh economic region. Models based on the weighted weather index variables
(precipitation-P, temperature-T) show the largest values for R2 and the smaller
values for MSE. The best model in terms of smallest MSE was based on index
variables weighted by standardized regression coefficients. The quadratic
form of this model had a slightly larger MSE (156.0 vs 152.2). The second
best model was based on index variables weighted by Pearson correlation coef-
ficients. MSEs for the linear and quadratic forms of this model were 253.3
and 248.3, respectively.

The model based on the simple average of the (P,T) variables over the entire
19-month period had a very low R2 (.102) and large MSE (895.9) for the linear
form. These results were expected as the influence of these variables on
yield over time is not uniform both in value and sign (Figure 3). Thus,
averaging of these variables over time eliminates most of the signals useful
for prediction.

The R2 increases sixfold (.633) and MSE decreases by one-half (453.5) when the
whole period is broken into four sub-periods in accordance with the sign of
influence of weather on crop yield. Although this approach is phys~ologically
grounded, tge estimates for this model (R2 and MSE) are worse than for a model
with variables weighted by means of either the Pearson correlation or stan-
dardized regression coefficients.

When weights increase as the harvest time is approaching, the R2 reaches 0.382,
MSE=6l6.5. Comparing this case with the model when the weights decrease shows
a very great difference. The R2 value for the last model is very low, 0.031,
MSE=966.8. This is expected since this model does not reflect the response
of yield to weather variation at all. But when weather of the less important
part of the nineteen-month period was eliminated from the index variables,
the performance of the model improved. The R2 for the model, based on index
variables of the last ten months sub-period increased to 0.545, MSE=454.1.
It is necessary to notice that the R2 for the model where the weather param-
eters are considered to be independent was slightly higher than the other
values of R2, 0.880. Even so, the slightly higher R2 cannot be considered
as significant since this model had 26 variables against two for other models.
Also, the MSE for this model was over twice as large as for models with the
first three types of weather variable weighting.
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Table 2. R-square and mean square error (MSE)ll for tested models
(cereals in Kazakh economic region, USSR)

Linear Regression Quadratic Regression
Source of Number Number

coefficients of
R2 of

R2for weighting Variables variables MSE variables MSE
Version 1 - - - - - - - - - - - - - -

Pearson CC Sum of Pl-19' Tl-19 2 0.746 253.3 5 0.775 248.3
Partial CC " " " 2 0.538 461.3 5 o . 570 475.0
Standardized RC " " " 2 0.848 152.2 5 0.859 156.0
Time Dependent C

Increased " " " 2 0.382 616.5 5 0.414 647.2
Decreased " " " 2 0.031 966.8

Simple average " " " 2 0.102 895.9 5 0.115 978.0
Without averaging P7-P19, T7-T19 26 0.880 531.9
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ------

I-' Version 2w Pearson CC P5-9, Pl1-19, T5_9, 4 0.728 290.5 8 0.768 286.5

T11-19
Partial CC P1,2,5' P3,4,6-9' 6 0.569 494.3 12 0.642 526.7

P16-19, T1 2 4-6', ,
T7 10-14' T15-17,

Standardized RC P5-7, P15-19, 4 0.726 292.8 8 0.746 314.9

T2,5,11,12' T18-19
Time dependent C

Increased ;'13-19'}13-19 2 0.545 454.1
Decreased " 2 0.436 562.9

Simple average P5-8, P9-11, P12-14 8 0.633 453.5
P15-19, T5_8, T9-11,
T12-14, T15-19

Without averaging P13-19, T13-19 14 0.796 331.4
1/ MSE is expressed as the square of the percentage deviation from trend.



Models based on index variables averaged over only the most important sub-
periods show slightly lower R2 and higher MSE than do models based on index
variables for the entire nineteen month period. However, these differences
are not statistically significant. None of the models show substantially
larger R2 when quadratic terms are included in the equations, while the MSE
may actually increase slightly. Calculating the weights according to expres-
sion (4) sometimes results in an increase in the values of R2 for the model,
but this increase is not statistically significant.

The proposed technique of aggregating weather variables on the whole showed
good results in significantly reducing the number of variables in the models
without losing important information required for better prediction. The
better indices for weighting weather variables were based on the standardized
regression coefficients followed by the Pearson correlation coefficients.
Models based on the entire nineteen-month period show slightly better per-
formance than models based on sub-periods.

Another method of decreasing the number of variables in a yield model is based
on computation of agrometeorological indices or indices of the soil moisture
budget. Results of yield modeling based on some of these indices were com-
pared with the results obtained with the application of the proposed approach
in this study. Models developed based on originally measured precipitation
and temperature have better statistical assessments (R2 and MSE) than those
which are based on calculated indices. More detailed considerations concern-
ing the comparison of these two types of models are given in Appendix III.

Historical Data

This study was conducted for five major barley producing regions of the USSR.
They included the following economic regions: South-West (1), Belorussia
(2), Volgo-Vyatka (3), North Caucasus (4) and Kazakh (5). These regions are
shown in Figure 4. Barley normally occupies an area of from 1.2 million
hectares in Volga-Vyatka to 5.6 million hectares in Kazakh. The development
of models for areas smaller than an economic region would involve difficulties
connected with the lack of crop and weather data. Barley crop statistics on
production, area and yield are available by economic regions for the period
of 1945-1978. This information is usually collected, stored and distributed
by the Central Statistical Administration of the USSR. Barley production
data, like those for any other crop, are actually measured after harvesting
in "bunker" weight, i. e. , weight with some water and foreign matter content
in excess of the required standard. This non-grain weight normally amounts
to no more than 5-10 percent of the actual production.

Weather information for computing regional total monthly precipitation and
mean monthly temperature is available from meteorological publications of the
Hydrometeorological Service of the USSR for the period of 1945-1978. The
regional precipitation and temperature were obtained by averaging of weather
elements taken from several weather stations in each of the regions. Stations
were selected on the basis of the longevity and high quality of their records
and representation of local weather in different parts of regions. The number
of stations selected depended on the size of the region; 5 were selected in
South-West, Belorussia and Volgo-Vyatka economic regions, 6 in North Caucasus,
and 12 in Kazakh economic region (Fig. 4, Table 24).
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PECULIARITIES OF THE USSR'S NATURAL RESOURCES
IN CONNECTION WITH BARLEY REQUIREMENTS

Planted barley area is second only to spring wheat in the USSR and accounts
for 26 percent of the total area used to produce grain. Since barley yields
are commonly higher than those of spring wheat, barley accounts for 28 per-
cent of the total production of all grain. This is a larger share of the
total than either winter or spring wheat.

Distribution of Barley

Barley is very important to Soviet agriculture. It is suited to a wide range
of environmental conditions and is particularly tolerant of the different
climatic and soil zones of the USSR. Figure 5 shows the proportion of grain
land planted to barley by the USSR economic regions. The three most impor-
tant regions (Kazakh, Ukraine, and Volga) each produce more than 10 percent
of the total barley production for the USSR. Five other economic regions--
Belorussia, Central, Central-Chernozem, North Caucasus, and West Siberia--
each produce from 5 to 10 percent of the total USSR barley production.

In many areas barley is used extensively as a replacement for winter wheat
damaged during the winter and early spring. Figure 6 shows changes in barley
and winter wheat harvested area in economic regions selected for barley-yield
modeling. The five recent years (1974-1978) were selected for analysis as
there was no trend (or the trend was insignificant) in the area planted to
barley during this periqd. As seen in Figure 6, changes in barley and winter
wheat harvested area occur in opposite directions in regions with a very high
occurrence of winterkill caused by frost (South-West and North Caucasus), or
caused by alternate freezing and thawing during the winter (Volgo-Vyatka).
In these regions, the entire area of damaged winter wheat is usually replanted
with barley. There is no such tendency in Kazakh, as barley is not used as
a substitute for winter wheat, which is grown in a different part of this
region. The recent trend towards a substantially smaller area planted to
winter wheat and a larger area planted to barley in Belorussia does not
result from the same phenomenon of using barley as a substitute for damaged
winter wheat.
Spring barley is not only very suitable for the environment, but it is also
higher yielding than spring wheat and oats (Figure 7). That is why it is a
very valuable crop and is used in the USSR as a substitute for damaged winter
wheat.
The policy toward growing barley has changed several times over the past 35
years in the USSR. The changes were connected mainly with the political and
economic situation in the country and also with the potential natural re-
sources. This changing policy towards barley is reflected clearly in the
areas of barley harvested in the selected economic regions from 1945 through
1978 (Figure 8). In the 1950's the area of barley dropped substantially,
from 1/3 to 3/4 as compared with the late 1940's, in Belorussia, Volgo-Vyatka
and North Caucasus economic regions; in the South-West region, barley area
dropped by 15 percent. This decrease was related to the expansion of winter
wheat plantings which resulted from the introduction of new very productive
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varieties of winter wheat at that time and reflected the USSR policy of
rapidly increasing grain production. This decrease in the area of barley
was also connected with the enormous expansion of plantings of corn, a crop
which later proved to be impractical for most of the newly planted areas.
A dramatic increase in barley area occurred in the 1970's, particularly in
the northern half of the USSR. As seen in Figure 8, the Volgo-Vyatka and
Belorussia barley areas expanded from 100-300 thousand hectares in the late
1950's to 1000-1200 thousand hectares by the late 1970's. In Central eco-
nomic region (not included in this study) the area of barley increased almost
27-fold over the same 20 year period. In Kazakh economic region, the area of
harvested barley increased rapidly over the ~hole period after World War II.
This was because in the climatic conditions of Kazakh, barley and spring wheat
were the most suitable crops. The increase in the barley area of Kazakh in
the late 1950's and early 1960's can be attributed to the well known period
of virgin lands plowing. During this period a lot of new land, including
land not very suitable for agriculture, was brought into production. The
very sharp increase in the planted barley area in Kazakh in the 1970's was
connected mainly with the development of waste land, and also with the re-
placement of oats.

We should notice that the rate of increase in the harvested area of barley
declined substantially in the late 1970's in Belorussia and North Caucasus
compared to the earliest years. This suggests that the amount of land suit-
able for barley in these regions has been fully utilized. Of course, there
are some waste lands left in these regions, but their utilization would
require large investments to raise the fertility of soil and to bring them
into efficient operation [15].

The varieties of barley cultivated in the USSR are very different and their
improvement and distribution are usually adjusted to the climate, soil and
economics of different zones of the USSR. Some varieties with high potential
yield, such as Odesskii 36, Donestskii 4, Krasnodarskii 35, are distributed
in the Ukraine, North Caucasus and some other regions of the southern USSR.
In the northern part of the country widely distributed varieties are
Moscowskii 121 and Kazanskii 64. The recent effort of scientific institutes
to improv~ barley varieties in this zone has launched such new varieties as
Luch, Sever 1, Viking, Agat, Dar, Vyatich and others which have high potential
yields, capability for early ripening and other useful properties [16].

Principal Natural Resources Required by Barley

Barley normally matures earlier than other spring small grain crops. The
length of the growing period of barley depends on the variety. But it is
possible to single out some combination of weather patterns which regulates
the growth and development of any variety of barley.

Although barley seeds start to germinate at about 1-3 degrees C, the optimal
temperature for germination is 15-20 degrees C. Under optimal temperature
conditions and with a good water supply, the period from sowing to emergence
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is five to seven days. From emergence to ti11ering usually takes another
10 to 15 days. This also depends on the water supply and temperatures.
Barley is most sensitive to temperature and, especially, soil moisture in
the period from shooting to shortly after heading. However, compared to
other small grain crops, barley has the lowest transpiration ratio (297 to
468 as compared with 359 to 554 for spring wheat) [18]. High temperatures
during flowering and pollination have a very adverse effect on barley yields.
However, temperatures as high as 48 degrees C and above during the ripening
of the barley injure it less than is the case for wheat and oats. The water
requirement of barley in the period of ripening is substantially reduced.

Thus, from the standpoint of water and heat consumption, barley is considered
to be more tolerant of weather extremes than wheat and oats. But, even con-
sidering barley's advantages, recent data show that in the climatic condi-
tions of the Soviet Union, total barley production might vary as much as 30
million tons due to variations in weather. In the economic regions of the
USSR chosen for modeling, the variation of barley output during two recent
consecutive years, 1975 and 1976, ranged from 138 to 189 percent in the dry
area and from 50 to 65 percent in the wet area.

Agroclimatic and Soil Conditions

Agroc1imatic resources of economic regions of the USSR differ greatly. But
in general, it is possible to identify several types of conditions for most
of the regions.
The most peculiar feature of an agricultural area in the southern part of the
USSR, including North Caucasus and Kazakh, is the combination of fertile
chernozem and ch~stnut soils, an abundance of sunshine and heat, and a def-
icit of water, especially during the main part of the growing season. Water
deficits, accompanied by high temperature and sometimes by dry winds, are
the factors primarily responsible for limited productivity of barley as well
as other crops. Figure 9 shows the balance of water and degree days, the
two most important climatic factors which control the productivity of barley
[2]. In North Caucasus (4) and Kazakh (5), due to the great amount of heat,
potential evaporation exceeds precipitation by 200-400 mm per year. Droughts
occur in this region 50 percent and in some places 70 percent of the years.
Dryness of the USSR territory increases in the direction from north to south
and southeast. This is because the climate acquires more continental fea-
tures to the south and southeast. During the summer dry tropical air from
Middle Asia and the Middle East usually comes to this territory, sometimes
bringing droughts and desiccating winds [18]. Therefore, the amount of pre-
cipitation declines quite rapidly in the southeast. Typically when the
South-West economic region (1) has 500-600 mm (some places 700 mm) precipi-
tation per year, precipitation in the eastern part of North Caucasus and
western part of North Kazakh regions falls to about one-half of these figures.
Dry periods in Kazakh and North Caucasus can occur from May through September
and continue from 10 days to 3 months. In some places droughts occur every
2-4 years. Sometimes they cover very large areas (as in 1946, 1963 and 1975).
Unfortunately, it is impossible to rely on winter precipitation as a source
of soil moisture in this area. There is very little precipitation during the
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winter and as a result, the snow cover is not deep (Figure 10). In some
years when rainfall in the second half of summer starts earlier than normal,
this area yields a bumper barley crop (as in 1976 and 1978).

Soil moisture normally meets crop requirements in most of the northern area
where the main factor limiting crop production is heat. The total amount of
heat during the growing period is limited, especially in the areas north of
55 degrees latitude. One of the important climatic peculiarities of this
territory is the existence of cold polar outbreaks. In summer they bring
late or early frosts which can damage barley crops or delay their develop-
ment and growth. But sometimes when the polar frontal zone in the tropo-
sphere is displaced far to the north, it causes the formation of specific
weather patterns and finally the distribution of an anticyclone in the south-
ern part of the USSR. Anticyclones block the maritime Atlantic westerlies
and also polar outbreaks. Then, the weather becomes warm and dry. In such
conditions the occurrence of droughts is likely. In this usually wet area,
these conditions occur on the average once or twice in ten years. In the
last ten years the occurrence of droughts here was more frequent (1972, 1975,
and 1981).

Some particular soil and agroclimatic characteristics of the economic regions
studied are summarized below and presented in Table 3 and Figures 11 and 12.

South-West, North Caucasus and Kazakh economic regions are in the Chernozem
Zone of the USSR. Location of this Zone approximately corresponds to the
area with inadequate or unstable water balance (negative water balance in
Fig. 9). This Zone is k~own as an area with predominant varieties of
chernozem soil in the USSR. Chestnut and grey forest soils are also present
in some areas. Belorussia and Vol gO-Vyatka economic regions are in the Non-
Chernozem Zone. Location of this Zone approximately corresponds to the wet
area (positive water balance) shown in Fig. 9. Typical soils of this Zone
are various types of podzolic and swampy soils. Considerable swampiness of
the territory and waterlogging of soils are the typical features of most of
the land resources of these regions. In the southern part of these two
regions there are also chernozem and grey forest soils.

South-West Economic Region (1)

Average annual precipitation is 600 mm. In western and northern parts of the
region this amount reaches 700 rom; in the southeastern part it drops to 500
mm. Maximum precipitation falls in the summer period (70-85 rom per month).
Dry periods rarely occur in the southeastern part. Degree days (above 10
degrees C daily mean air temperature) accumulated over the warm period range
from a low of 1600 in the southwest to 3000 in the southeast part of the
territory. Summer temperatures can reach 19 degrees C and winter tempera-
tures drop to -6 degrees C. In some years temperatures can decrease to -26
degrees C. Snow cover lasts around 3 months (in the southeastern part
around two months).
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Table 3. Agroc1imatic conditions of selected economic regions in the USSR [2]
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Belorussia Economic Region (2)

Total annual precipitation is about 600 mm, but in the southern part it drops
to 500 mm. The summer period receives the largest portion of annual precipi-
tation (65-75 mm per month). A substantial amount of precipitation also
occurs in the fall. Winter and early spring receive the smallest portion of
annual precipitation. Cumulative degree days (1900-2500) can provide good
development for different varieties of barley. The warmest months, June,
July and August, have average temperatures .of 16-18 degrees C. The duration
of the period with temperatures above 0 degrees C is limited in the northern
part of the territory (110 days). The longevity of snow cover is 3 to 4
months, except in the southern part which receives less snow.
Volgo-Vyatka Economic Region (3)

Total annual precipitation is slightly less (550 mm) than for Belorussia,
particularly during the first eight months. However, monthly rainfall during
the summer period is still substantial (55-75 mm). In the fall the amount of
precipitation decreases more slowly than in other regions. The northern part
of this region has as few as 1500 degree days. In the southern part the .
degree days increase to 2300. The period with positive (above freezing) tem-
peratures in this region is the shortest of the five regions studied (102-125
days). Winter conditions in this region are very severe. Temperatures in
the coldest month can fall as low as -40 degrees C. Snow usually covers
fields for 5 to 6 months of the year.

North Caucasus Economic Region (4)

Total precipitation for this region averages 500 mm per year. This amount is
fairly small compared with large heat resources (2800 to 3600 degree days),
and the resulting high rate of evaporation. The summer period of maximum
rainfall is clearly defined, but the transition in the precipitation rate
from spring to summer and from summer to fall is not as sharp as in the
higher moisture regions. The warmest month is July with average tempera-
tures of 23-24 degrees C. June and August are slightly cooler. Dry periods
can occur any time during the May to September growing season and may con-
tinue for two or three months. The period with above freezing temperatures
is fairly long (5-6 months). Winter in this region is generally moderate,
but the temperature can drop as low as -26 degrees C. The duration of snow
cover is less than 3 months.

Kazakh Economic Region (5)

Of the five regions, Kazakh has the lowest amount of precipitation (around
300 romper year) in the area where barley is grown. Forty percent of this
amount falls during July and August. But this amount is inadequate to the
crop's requirements because of the existing heat resources (2000-2600 degree
days). Accordingly, the potential evaporation substantially exceeds the
amount of precipitation. Droughts can occur in the period of April through
September and may continue for up to six months. The hottest month is July
(19 to 24 degrees C), the coldest is January (-14 to -18 degrees C).. Snow
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can cover fields for 3 to 5 months, but its average depth does not exceed
10 to 12 em, and it has usually melted by the middle of April, long before
the planting of barley starts.
In general it is possible to divide these regions into two groups. South-West
Belorussia and Volga-Vyatka have a good water supply, a moderate or deficient
heat supply, and droughts are rare. North Caucasus and Kazakh have plenty of
sunshine and heat but very limited water resources. However, agroclimatic
conditions vary greatly within these two groups, which makes the modeling of
barley yield a very specific task for each region.

DEVELOPMENT OF BARLEY YIELD MODELS

Dynamics in the historic barley yield series were analyzed by examining two
components of yield variability: long term and short term. The long term
component reflects technological progress in growing crops; the short term
component reflects annual changes in weather [12, 19]. Technological progress
primarily has much more important impact on long term yield levels rather than
on short term yield changes. Natural conditions can change substantially from
year to year and thus have a very important impact on short term yield shifts.

Technology-Related Changes in Yield

The technological component of yield change was examined for two types of
yield variability, temporal and spatial. The temporal type of technological
component of yield variability shows how much yield change differs from the
beginning level of yield in a region. The spatial type shows the contribu-
tion of a particular region to the nation-wide rate of yield change. They
are represented by the following expressions:

S =
i

YE . - YB .
, 1 ,1

YB .
,1

YE . - YB .
,1 ,1

YE,USSR - YB, USSR

, for the temporal

, for the spatial

( 5)

where YB,i' YE,i' YB USSR' YE USSR are yield (Q/HA) for economic region (i), for
the Soviet Union (US~R), and tor the beginning (B) and end (E) of the period.
Barley yields in the five economic regions from 1945 through 1978 are shown
in Figures 13-17. Estimates for regression coefficients and some statistics
!or equations of trend are ~iven in Table 4. The model fitted for trend is
Yt = ao + alt + a2t2 where Yt is the estimated yield, t = year-1944 and ao'
al and a2 are parameters estimated by least squares methods.
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Table 4. Estimates for regression coefficients and some
statistics for equations of the trend shown in Figures 13-17

Economic : Estimates for regression Percentage of yield
Region coefficients R2 variance explained by:

a al a2 Trend alone: Remainder (wea-
0 (technology): ther, other)

(1) South-Wes t 6.460 .566 .0033 .850 85 15
(2) Belorussia 6.994 -.302 .0293 .880 88 12
(3) Volgo-Vyatka 6.694 -.188 .0164 .762 76 24
(4) North Caucasus 5.912 .576 -.0065 .496 50 50
(5) Kazakh 4.546 .247 -.0032 .244 25 75

As seen in Table 4, the R2's are very high (0.76-0.88) in the wetter regions,
but are considerably smaller (0.24 and 0.50) in regions with water deficits. The
most interesting fact is that changes in the technology share of barley yield
variance correspond to water deficits of the regions. In the Non-Chernozem area
(Volgo-Vyatka, Belorussia) where applied technology and climate were complemen-
tary over the past 34 years, the technology-related yield variance explains 76-
88 percent of the total yield variance. In the areas with substantial water
deficits (North Caucasus, Kazakh), this proportion is reduced to 25-50 percent.

There were substantial increases in barley yields in all five economic regions
during the entire 34 year period, but these increases were not uniform in rela-
tion to the natural and economic resources of the regions [12]. The figures of
yield change are presented.in Table 5. The beginning levels of yield in 1945,
a period of poor technology, were very low, from 4.8 to 7.5 quintals per hectare.
The differences among the regions in this period were not great. The ratio
between the two regions with the highest and lowest barley yield was 1.6 in
1945. By 1978, this ratio had doubled (3.3) because of variations in the rate
of yield increase in response to technological improvement for different climatic
and soil conditions. In regions with very good natural resources, particularly
water supply (South-West, Belorussia), the increment of barley yield was 22-23
quintals per hectare over the 34 years. This is in excess of 300 percent rela-
tive to the 1945 level of yield (temporal rate of yield growth). In regions
where natural resources are limited (water deficit in North Caucasus or defi-
cientheat in Volgo-Vyatka) the increment of barley yield totaled only 12-13
quintals per hectare or around 200 percent relative to the beginning level of
yield in these- regions. The lowes·t increment of barley yield, only 4.4 quintals
per hectare, was in Kazakh which has a cons iderable deficit of water throughout
the planted barley area. The temporal increase in barley yields did not even
reach 100 percent.

The spatial rates of barley yield growth in these regions have the same type of
change as the temporal rate. Southwest and Belorussia economic regions had the
highest rates of increase, 1.8 times higher than the average for the USSR. For
Volgo-Vyatka and North Caucasus, the rates were very close to the national aver-
age. And, Kazakh region again had the lowest rate of increase, only 35 percent
of the average for the USSR.
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Table 5. Estimates of barley yield change in the USSR and selected economic regions over the period 1945-1978

Rate or yield growth (%)
:Yield prediclpd from Yield increase (Q/HA) :Tempora1 (y 1945=100) Spatial

Region :trend (Q/HA) for year: 19[,5- 194')- 1961- 1945- 191,5- 1961- 1945- 1945- 1961--
1945 1%1 1978 1978 196] 1978 ]978 .1961 1978 1978 1961 1978

-------

South-West 7.0 17.0 29.5 22.5 10.0 12.5 321 143 178 177 172 181
Belorussia 7.5 9.7 30.6 23. 1 2.2 20.9 308 29 279 182 38 303
Volga-Vyatka 6.5 7.3 19.3 12.8 0.8 12.0 197 12 185 ]01 14 174
North Caucasus 5.5 13.8 17.9 12.4 8.3 4.1 225 151 74 98 143 59
Kazakh 4.8 7.8 9.2 4.4 3.0 1.4 92 62 30 35 52 20

USSR 5.0 10.8 17.7 ]2.7 5.8 6.9 254 116 138 100 100 100



The rates of spatial and temporal yield change were not uniform during the
34-year period for areas with different natural conditions. This can be seen
when comparing these components for two parts of the 1945-1978 period, namely
1945 through 1961 and 1961 through 1978 (Table 5). For North Caucasus and
Kazakh economic regions, which have a limiting natural water supply, both the
temporal and spatial yield growth rates declined in 1961-1978 compared to
1945-1961. In these regions, the applied technology in the second half of the
period and natural resources were not entirely compatible. Regions which have
good water resources South-West, Belorussia, Volgo-Vyatka, had a very low rate
(both temporal and spatial) of barley yield increase during the first part of
the period. In the second half of the period this rate increased dramatically
in Belorussia and Volgo-Vyatka. Such a sharp increase means that the natural
resources of these regions were much more complementary to the technology
applied in the later period. In the South-West economic region natural resources
were also complementary to the applied technology. However, the increments of
the rate of barley yield growth for the later period showed more modest rates
of increase (temporal and spatial) compared to the earlier period. This may
indicate that the applied technology in South-West region could be approaching
a level sufficiently compatible with the existing climatic conditions in the
region and that further growth in the rates of yield increase are unlikely.
The quadratic coefficient (a2) in the polynomial equation of the barley yield
series of trend for this region has a positive sign (Table 4). However, the
magnitude of this coefficient (0.0033) is much less than that of the same coef-
ficient for Belorussia or Volgo-Vyatka region. In North Caucasus and Kazakh
economic regions, which have negative coefficients (-0.0065 and -0.0032,
respectively), the process of deceleration of the rate of the technology-
induced yield growth has begun. Thus, there have generally been two results
when advanced technology was applied. In some cases, the applied technology
and natural resources were'not entirely compatible. Accordingly, yield increases
have been limited in the second part of the period. In other cases, natural
resource factors have been complementary to the improved technology and yield
levels have responded.

Weather-Related Yield Fluctuations

An impression of the amount of variability in barley yield which results from
changes in weather can be obtained from the coefficients of variation and ex-
treme yield deviations from trend. These are shown in Table 6. As seen in
this table, the coefficients of variation for regions with good water resources
(South-West, Belorussia) are approximately two-thirds as large as for regions
with deficient water resources (North Caucasus, Kazakh). But extreme absolute
fluctuations in yield over the past 34 years were observed in all the regions.
They were not as large in Kazakh and Volgo-Vyatka economic regions, which had
lower average yield levels. One of the noticeable, and important, facts is
that most of the extreme values in variation of barley yield around the trend
occurred over the second part of the considered period. It supports the idea
previously discussed [10], that with the improvement of technology and enhance-
ment of the general yield level, absolute values of the weather-induced yield
fluctuation also increase.

38



Table 6. Variations in barley yields from trend and extreme
deviations from trend in selected years, by selected economic

regions, USSR, during 1945 through 1978

Economic Coefficient : Extreme deviations of yield (from trend)
Region of variation (%) Q/HA Year Q/HA Year

(1) South-Wes t 16.8 6.9 1976 -8.3 1975
(2) Belorussia 21.6 6.1 1974 -5.8 1964
(3) Volgo-Vyatka 23.6 5.3 1969 -5.1 1975
(4) North Caucasus 27.5 8.1 1973 -7.3 1975
(5) Kazakh 32.9 4.2 1956 -5.3 1965

The frequencies of various deviations from trend are shown in Table 7. The
largest deviations greater than plus or minus 5 Q/HA of barley yield from trend
considered separately do not have frequent occurrences. The frequency of
either extreme in any of the five regions has not exceeded 10 percent. However,
as shown in the table, there have been substantial fluctuations from trend of
lesser magnitude.

Table 7. Frequency of years (%) with barley yield variation
from trend in selected economic regions, USSR, 1945-1978

Deviation of yield from trend (Q/HA)
Economic Less -5.0 - -3.0 - -1.0 - 1.1- 3.1 - : Greater

Region than -5.0 -3.1 -1.1 +1.0 3.0 5.0 than 5.0
(1) South-West 3 9 21 32 20 12 3
(2) Belorussia 6 9 20 32 22 9 2
(3) Volgo-Vyatka 3 9 18 38 26 6 0
(4) North Caucasus 8 9 20 24 18 12 9
(5) Kazakh 3 9 21 26 35 6 0

The variability of yield departures from trend depends almost entirely on the
general climate of individual regions and weather variations. Of all variables,
precipitation is the most important factor. Variability of cereal yields was
observed to be well correlated with the climatic norm of precipitation for the
main part of the growing season [12]. In the case of barley for the discussed
regions, the same type of relationship was obtained. Among the examined regions,
the Kazakh economic region had the largest yield variability (32.9%, Table 6)
due to a very low norm of precipitation during April-September (230 rom). South-
West economic region had the smallest variability (16.8%) due to a very large
norm of precipitation (465 rom).
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Estimate of Weather Input Into Yield Variation
Influence of weather on crops is not uniform during the growing and pre-
growing period. Some of the factors affect crops directly within a short
period of time, but others have a delayed influence on crops and 'the crop
response may not be apparent until later.
A general understanding of the weather effect on barley yields can be obtained
by comparing the weather data for years with extremely different yields. Pre-
cipitation and temperature for years in which extreme yields were reported are
shown in Table 8. For all regions except South-West, differences in yields
can be explained almost entirely by the differences in precipitation and tem-
perature over spring and summer periods. Normally, weather patterns with
increased precipitation and decreased temperature during March-May and June-
August create favorable conditions for barley growth and hence for high barley
yield. The opposite weather patterns have adverse effects on barley growth
and yield. These two general types of weather patterns are typical for regions
with either poor or good water supply. In South-West economic region, the year
with the largest negative deviation of yield from trend (1975) turned out to
be extremely wet (Table 8). However, in 1963 and 1973, years which had the
second and third greatest negative deviation of yield from the trend in this
region, the deficit of rainfall and increased temperature in the period of
March-August were the main factors which reduced barley yield.

The analysis of correlation coefficients for barley yield (barley yield is ex-
pressed inAterms of its departure from trend as Y/Yt, where Y is the reported
yield and Yt is the trend analysis predicted value) with monthly precipitation
and average temperature confirmed the conclusions mentioned above. These co-
efficients are shown in Figures 18 a and b. Judging by these coefficients,
three general statements can be made. First, in regions with water deficits
(Kazakh, North Caucasus), the dependence of barley yield departures from trend
on weather is defined much better than for regions with good water supplies
(South-West, Belorussia, Volgo-Vyatka). In the water deficient regions one
can distinguish several periods when barley yield shows considerable sensi-
tivity to the change in precipitation and temperature. The regions with good
water supplies do not show such a clear sensitivity. Accordingly, the results
of modelin~ the yield departure from trend for the latter group could be ex-
pected to be less reliable than for the first group. The second general state-
ment is that there are some periods of the year when the direction of response
of barley productivity to weather variations is quite similar even for regions
with different climatic conditions. Such periods are May through September
(harvest year) with a negative response of barley yield to average monthly
temperature, and fall and beginning of winter (year preceding harvest) with
a negative but less defined response of yield to temperature. The third state-
ment is that even though the importance of weather for barley productivity is
not uniform over the entire 19-month period in magnitude or in sign, almost
every month's weather provides some information which can be used as a signal
for barley yield assessment.
The general climatic features of a region also cause some unique responses of
barley yield to weather. In regions with a deficit of water, the weather in
May and June of the harvest year considerably defines productivity of barley.
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Table 8. Precipitation and temperature in years with the extreme values of barley
yield deviation from trend in selected economic regions, USSR

Yield Devi-
0<Jtion from : '~otal preciplL1 t1011 (mm) Average Temperature (C )

F.conomic Type of trend : [)ec.- N3rrl1- June- Dec.- Harch- June-
Regi.on Year Y (';1 r ((?/HII) : reb. ~lav Aug. Feb. May Aug.

South-Hest Favornble 197h 6.9 101 147 186 -5.6 7.0 16.4
Adverse 1975 -8.3 88 L7h 2h5 -0.4 10.5 19.3

~ Belorussia Favorable 1974 6. ] 68 nO 278 -4.2 4.8 15.6•.... Adverse 1964 -5.8 66 121 J44 -8.2 3.8 18.0
Volga-Vyatka Favorable 1969 5.3 56 93 208 -16.8 1.1 15.2

Adverse 1975 -5.J 80 79 ]59 -8.4 7.5 16.7
North Caucasus Favorable 1973 8.1 67 139 177 -2.0 10.2 19.9

Adverse 1975 -7.1 119 123 JJJ -1.4 12.0 23.3
Ka7.<lkh Favorab J e 1956 I•. 2 56 83 91 -15.2 4.1 20.2

Adverse 19f>5 -').3 50 59 7 t. -9.2 6.5 20.9
-- -------- .- -----
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Figure l8a. Monthly coefficients of correlation between departures of barley
yield from trend with precipitation and temperature in good water regions (South-
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But in the Kazakh economic region, where the deficit of water is more sub-
stantial than in the North Caucasus region, April rainfall also plays an
important role for barley yield. The importance of precipitation in July
for barley in Kazakh is considerably less than for the previous months, but
July precipitation is still important there, as it is the month in which
barley forms the head and starts to fill grain. High temperatures during
May, June and July (for North Caucasus, May and June) are unfavorable for
head and grain formation and cause a decrease in barley yield. Fall precip-
itation in North Caucasus and fall and winter precipitation in Kazakh make
some positive contribution to barley yield.

Although Belorussia and Volga-Vyatka economic regions have good water re-
sources, the positive effect of rainfall on barley yield trend departures
can still be seen even in June, and also in July in Volga-Vyatka. High tem-
peratures during this period have an adverse effect on barley yield. In the
fall and winter seasons preceding the year of harvest, some positive influ-
ence of precipitation and negative influence of temperature on the magnitude
of barley yield can also be seen in these regions.

In the South-West economic region the amount of rainfall during summer nor-
mally exceeds the requirements of barley for water. The excessive rainfall
during this period usually has a negative effect on barley yield. But the
average summer temperature there usually exceeds the optimum temperature for
barley growth and causes a decrease in barley production.

Based on correlation coefficients, the relative significance of weather in
different periods of the agricultural year has been computed. As seen in
Table 9, April, May and June are the most important months for barley; the
weather in these months accounts for 30-50 percent of weather-induced yield
variability, whether a region has a deficit or an adequate supply of water.
Periods prior to April and after June are less important for barley, but
still, for some of the regions, weather in one of these quarters can explain
20-35 percent of yield variability. Accordingly, weather in April, May and
June can be used as a predictor in models for most of these regions. The
only exception is South-West economic region. There rainfall in April, May
and June provides very little information about fluctuations in barley yields.

The values in Table 9 are average weights based on correlations over the
thirty-four year period of observation. In a particular year, these figures
can be quite different. Thus, in years with a very severe drought the impor-
tance of weather from April to June can increase considerably.

Special consideration should be given to the problem of using weather informa-
tion from the previous year in forecasting barley yield. Sometimes extreme
weather in one year is compensated for to some extent by the weather in the
following year. An interaction of such an oscillating weather pattern with
some of the biological processes intensifies their influence on crop growth
and production. For example, good weather in one year causes high crop pro-
duction. As a result, the crop takes out of the soil an increased amount of
nutrients. In spite of the application of fertilizers, the amount of nutrients
available for the next year's crop will be decreased since there is some delay

44



in restoring lost soil fertility. Because of this decreased soil fertility,
even slightly unfavorable or even normal weather usually causes noticeable
yield decreases. The two-year cycle of weather-crop-soil interaction can
especially intensify when weather conditions in the first year are extremely
adverse.

Table 9. Estimate (%) of the weather significance for barley
yield in selected economic regions, USSR, 1945-1978

Economic October- January- April- July-
Region Factor Decemb er March June September

South-West Precipitation 23 23 10 44
Temperature 25 3 41 31

Belorussia Precipitation 15 25 32 28
Temperature 26 16 30 28

Volgo-Vyatka Precipitation 27 21 36 16
Temperature 16 20 38 26

North Caucasus Precipi tation 19 14 31 36
Temperature 14 25 37 24

Kazakh Precipitation 20 16 47 17
Temperature 7 21 43 29

As seen in Figure 18, there is a fairly noticeable correlation in almost all
regions between summer temperature of the previous year with the next year's
barley yield. This correlation is particularly well defined in regions with
a deficient water supply (North Caucasus, Kazakh). The correlation between
rainfall of the previous summer and barley yield is also very well defined in
these regions. In regions with a good water supply, this correlation is not
well defined. But even in these regions there are some possibilities for
using weather of the previous year as a predictor. But we should bear in mind
that if weather unfavorable for crop growth occurs two years in a row, then
the weather of the previous year used as a predictor could distort the yield
estimate.

Numerical Assessment of Weather-Yield Interaction

As shown above, monthly air temperature prevails in its influence on barley
yield for some periods, at other times the precipitation prevails. Thus,
their combined effect on barley yield has been estimated. First, the number
of variables attributed to different months was decreased in accordance with
the methodology described earlier. Precipitation and temperature for each
month were weighted together according to the values of the Pearson correlation
coefficients for barley yield departures from trend with these variables.
Table 10 shows these weights.
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The product of each month's precipitation (or temperature) and its correspond-
ing weight are summed to compute the index for precipitation (or temperature).
These variables have a fairly strong relationship to the ratio of yield depar-
tures from trend (Table 11). Comparison of the correlation coefficients between
barley yield departures from trend and the precipitation and temperature index
variables (Table 11) with the correlation coefficients of yield departures
from trend with precipitation and temperature variables for separate months
(Fig. 18) shows a substantial increase in the strength of the relationship for
aggregated index variables. This is true even for regions with good water
supply. In regions with a deficit of water, .correlation coefficients for
yield departure from trend with the index-variables are very high (0.70-0.85,
Table 11).

Based on the index-precipitation and index-temperature, different versions of
models designed to reflect the relationship to barley yields were developed
and tested to obtain the best combination of predictors. This test was based
on statistical assessments used in regression analysis and also on the condi-
tion index to diagnose collinearity [4]. The results of this test are shown
in Table 12.

2As seen in this table, Rand RMSE (root mean square error for yield departures
expressed as percentage of trend) do not differ considerably for different sets
of predictors within the same economic region. However, the differences in the
condition index are very great. Normally, a condition index less than ten indi-
cates freedom from collinearity [4]. A large condition index indicates a strong
relationship between at least some of the supposedly independent variables. In
such a case estimated regression coefficients may have inflated values which
make the results of modeling unreliable.

Although the model based on five predictors, P, T, p2 and T2 and product of
P and T has the largest R2, it also has the largest condition index. Elimi-
nating only one of the predictors decreases this index substantially. It is
interesting that the best set of predictors in terms of the optimal combination
of condition index, R2 and RMSE is almost the same in each region even though
the climatic conditions differ.

Predictors which seem to provide the best results for Belorussia and Kazakh in-
clude P, p2 and T2. For Volgo-Vyatka and North Caucasus, P and T appear best,
and P and T2 constitute the preferred combination for South-West. We should
also notice that the various combinations of precipitation and temperature vari-
ables as compared with the single variables (P or T, see Table 11) had larger
R2's.
Table 13 presents regression coefficients for models which appear to have the
optimal combination of the variables with respect to the R2, RMSE and the condi-
tion index. Unfortunately, models for regions where water is not a limiting
factor for barley growth explain only about 45-55 percent of the variance of the
ratio yield departure from trend. But for regions where water is a much more
limiting factor, this percentage increases to 70-80 percent, which substantially
enhances the reliability of predictions based on these models.
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Table 10. -4 iWeights (K*lO ) used to combine monthly precipitation and temperature into index-precipitat on
and index-temperature for 19-month period in selected economic regions, USSR

Economic Weather Previous Year Harvest Year
Region Parameter JA FE MA AP MY JU JL AU SP OC NO DE: JA FE MA AP tlY JU JL

South-West Precip. -26 -346 -282 949 -953 -430 -88 248 425 -269 -750 965 : 1182 -812 124 155 -63 -506 -1428
Temp. 967 122 419 -106 714 625 128 -179 -526 -820 -994 477 ; -102 -60 27 -69 -1951 -1558 -159

llelorussia Precip. 222 -197 127 1477 -524 411 -350 506 -409 214 -432 157 : 504 101 -755 -481 -438 ]810 -884
Temp. 329 24 770 645 -1063 622 -571 -364 - 20 -737 -615 331: -168 811 53 893 8 -1235 -742

Volga-Vyatka Precip. 310 204 -458 826 -676 -766 573 -471 473 825 331 193 : 1074 - 71 -140 46 1183 935 -445
Temp. -504 -936 595 21 263 471 --502 396 -1237 102 -516 -508 : - 85 672 -470 227 -518 -1] 16 -852

North Caucasus Precip. -614 -527 246 140 212 -278 - 55 -1458 359 677 650 - 63 : -405 495 -282 330 1518 1380 310
Temp. -695 -146 - 14 1010 -272 662 535 1072 81 -745 51 215 : 638 834 330 77 -1132 -l3Il -178

Kazakh Precip. -432 332 140 -160 -658 -1233 -133 -242 -639 330 77 922: 637 241 120 903 966 1161 673
.,... Temp. 180 681 -335 - 27 584 735 42 391 301 87 -300 133 : -632 -248 -728 -573 -1541 -1274 -1208
-...J

'Lillie 11. Correlation coefficients rind corresponding roefficients of determinatinl1 (1{2) for barley yield departure
[rom trend witl] index-precipitation and index-temperature in selected economic regions, USSR

-------- --------- ---~----~-------------------_._----

Economic Region
Index-Precipitation·

Correlation R2 Probability*
Coe f f ici en t

Correlation
Coeffi dent

Index-Temperature
R2 Probability*

----------_._.~-----_._--_.~-~-----_._----------------_._---_._---
SOllth-\~est 0.425 .181 0.0140 0.697 .48fi 0.0001

13elorllssia O.5l,2 .291, 0.0011 (J • ') I I, .26/1 0.0022

Volga-Vyatka 0.446 .199 0.0092 () • ()I, H .l,20 0.00]1

North Caucasus 0.708 .501 o . 0001 0.810 .656 0.0001

Kaz:lkh 0.849 .721 0.0001 O.70G .498 O.OOOl

"'Prob:lbility of obtaining a larger corre Ia-t:-i;;- coer u~-i-ently (or R2)--es~n~~-l ;.- ~~~l-(i,,;~--til~h)~potltesis that no rea 1
reLationship exists.



Table 12. Alternative model versions which use various precipitation
and temperature index variables to predict barley yield departures

from trend in selected economic regions, USSR

Economic
Region :Version

Predictors used in model

P*T

Estimates for equations
Condition

Index

/

South-West

Belorussia

Volgo-Vytka

1
2
3
4
5
6*

1
2
3
4*
5
6

1
2
3
4
5*
6

/
/
/
/
/
/

/
I

y

/
/
/
/

/

"/

"/
Y

/
/

V

I
I
I
/

I
I

y

/
/

/
I

/

/ /
/
/

/

/

/ /
I
/

/
/

I

I /
Iy
/

y'

Iy

I
I

Y

/
/

/
I

I
I

I

"

0.560
0.554
0.553
0.558
0.550
0.557

0.454
0.454
0.454
0.454
0.428
0.424

0.530
0.476
0.474
0.416
0.463
0.407

11. 6
11. 4
11. 3
11.2
11. 1
11.1

16.0
15.7
15.4
15.4
15.5
15.6

18.4
19.0
18.7
19.7
18.6
19.5

295.5
82.4
26.5
24.5
19.8
10.2

487.5
32.4
22.2
11. 7
18.7

9.4

109.4
61. 7
29.2
28.8
11.9

8.5

I I
/
/

I

I

I /
/
/

North Caucasus

Kazakh

1
2
3
4
5*
6

1
2
3
4*
5
6

/
Iy

/
/
I
I

/
V

I
Iy

/
/

V

I

/
I
I
I

/
I

/
¥

I

I

I
/

I

/
/

0.750
0.744
0.731
0.654
0.726
0.646

0.800
0.794
0.788
0.787
0.768
0.769

13.8
13. 7
13.8
15.7
13.7
15.6

15.4
15.4
15.3
15.4
15.8
15.7

28.9
26.6
23.7
24.9

6.4
5.8

190.9
62.8
16.1
11.2
14.2

8.8

*l'!odelwith the best combination of the estimates for the equation.
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Table 13. Regression coefficients and associated statistics
for models in selected economic regions ~ USSR

Economic Copffiripn~~ for CQnrii.t ion
Region P p2 T T2 Intercept Index R2

South-West 0.578 -1. 093 151. 476 10.2 0.56
Belorussia 0.422 0.060 -0.841 121.380 11.7 0.45
Volgo-Vyatka 0.857 18.069 135.929 11.9 0.46
North Caucasus 1.456 14.031 74.626 6.4 0.73
Kazakh 6.485 -0.153 -1.444 87.104 11.2 0.79

Correlation coefficients of barley yield trend departures and index-precipita-
tion and index-temperature can be used as weights to combine the two indices
into one index-variable~ PT. To obtain the index-PT variable~ the index-
precipitation and index-temperature variables were each expressed in stand-
ardized form. The calculations were based on an adaptation of equation (5).
Weights for these two variables~ calculated for two types of coefficients
(equations 3 and 4 are adapted to weights for separate variables rather than
months)~ are shown in Table 14.

Table 14. Weights used to combine standardized index-precipitation
and index-temperature into index-PT variable~ based on the Pearson

correlation coefficient and the coefficient of determination
(r~ r2) in selected economic regions~ USSR

r r2
Economic Region : Index-precip. Index-temp. Index-preci p. Index-temp.
South-West .379 .621 .271 .729
Belorussia .513 .487 .526 .474
Volgo-Vyatka .408 .592 .321 .679
North Caucasus .466 .536 .433 .567
Kazakh .546 .454 .591 .409

As seen in Table 14, weights calculated based upon r2 define a greater input
of the combined weather variable (index-precipitation or index-temperature)
into index-PT for the variable whose influence on barley yield is stronger.

Statistical assessments for models based on the index-PT variable are pre-
sented in Table 15. Comparison of model assessments presented in Table 15
with those presented in Table 13 shows that differences between R2 for the
models are not significant. But the difference between condition indices is
quite considerable. For the models presented in Table l3~ condition indices
were slightly above the limit of 10 which defines the existence of some col-
linearity (North Caucasus is the only exception). For the models in Table 15
these condition indices were far below this limit and ranged from 1.77 to 2.50.
For South-West~ North Caucasus and Kazakh economic regions~wei~hting of index-
variables proportional to the r2 showed a slight increase in R for the model.
For Belorussia and Volgo-Vyatka economic regions~ it showed a slight decrease
in model R2.
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Table 15. Estimates for regression coefficients and some statistical assessments
for models in selected economic regions, USSR

Weight based on r Weight based on iL

Economic Estimates of regression Estimates of regression
Region Coefficients : Condition Coefficients Cond 1t 10n

Intercept PT PT2 ~ Index Intercept PT PTL R2 Index

South-West 100.013 14.213 "';0.759 ,0.55 1. 77 100.878 15.780 -2.121 '0.62 1.89
V1 Belorussia 99.159 16.324 1.471 0.43 1.94 99.395 15.219 1.251 0.38 2.05
0 Vo1go-Vyatka 99.610 17.802 4.302 0.48 2.30 100.809 18.165 2.678 0.45 2. 31

North Caucasus 96.164 22.235 4.580 0.75 2.50 98.565 24.924 1.551 0.78 2.42
Kazakh 104.871 30.852 -5.550 0.78 2.24 104.105 30.444 -4.452 0.80 2.22



EVALUATION OF MODELS AND PREFERRED MODEL RECOMMENDATION

The criteria for model evaluation have been very well developed and documented
[36]. The referenced document considers evaluation of the following basic char-
acteristics: yield reliability, objectivity, consistency with scientific know-
ledge, adequacy, timeliness, minimum costs, simplicity and accuracy of current
measures of modeled yield reliability. Various indicators of model evaluation
and particularly yield reliability are the primary topic of this section.

Results of Dependent Testing

To begin with model reliability was estimated by comparing the actual yield
with the calculated yield based on the same data used for model development
(dependent test). Figures 19-23 show the actual barley yield and yield esti-
mates based on the models presented in Tables 4 and 13. In general, these
figures show good agreement between actual and calculated barley yield both
for regions with good and deficient water supplies. In 85 to 94 percent of
years the actual and predicted yields agreed in the direction of change from
the previous year. The average bias for models is close to zero for Belo-
russia, North Caucasus and Kazakh economic regions and differs slightly from
zero in South-West and Volgo-Vyatka regions. The model underestimates barley
yields on the average by 0.2 quintals per hectare for the South-West region,
and overestimates yield by an average of 0.3 quintals per hectare for the
Volgo-Vyatka region (Table 16). The distribution of departures of model pre-
dicted yields from reported yields presented in Table 16 also shows good model
performance in the dependent test.

Table 16. Average bias and probability (%) of years of various
departures of model predicted from reported yields in selected

economic regions, USSR (dependent test)
: Departure of model predicted from reported yields

: Average: Less
Bias than

( Q/HA) -4

-0.21
-0.03

0.33
-0.06

0.02
3

3.1, : Greater
4 than 4

Economic
Region
South-West
Belorussia .
Volgo-Vyatka :
N. Caucasus
Kazakh

6

3

: -4, : -3, : -2, : 1.1,
: - 3. 1 : - 2. 1 : -1. 1 : ±l: 2

6 9 15 49 18
3 0 18 55 9

3 18 52 15
9 9 49 15

18 64 18

2.1,
3

3
3
6

12

3
3

(Q/HA

3
3

More than 50 percent of the differences between actual and calculated barley
yield were within the range of ± 1 quintal per hectare. The highest percent-
age of differences in this range occurred in the ¥~zakh economic region (64%).
The Kazakh model, in general, showed the best performance.

Independent Testing Methods

Good model performance in the dependent test is, however, not enough to make a
decision about model reliability. In this respect the independent test informa-
tion is more valuable. To obtain independent test data of model performance, a
modified bootstrap technique has been used. This technique consists of develop-
ing a model from an earlier base period and applying this model to the data of
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Figure 19. Actual and predicted barley yield for South-West economic region, USSR, 1945-1978.
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Figure 21. Actual and predicted barley yield for Volga-Vyatka economic region. USSR. 1945-1978.
(Legend is on Figure 19. )
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Figure 22. Actual and predicted barley yield for North Caucasus economic region, USSR, 1945-1978.

(Legend is on Figure 19.)
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the variance

the standard

the following year. The modification was that the yield departures from trend
were computed using the 1945-1978 trend base. The period of 1971-1978 was
used for the independent tests in this study. Thus, a weather-crop model was
developed for departures of yield from the 1945-78 trend, using P and T data
for the 1945-70 period, and applied to 1971. Then the model was fitted to
data for 1945-71 and applied for 1972, and subsequent models were developed
and applied in this manner until a model based on 1945-77 data was applied for
1978.

Six models were independently tested. These models included two sets of index-
variables. Two of the models use three independent index variables, P, p2 and
T2, developed by weighting months proportional to the Pearson correlation coef-
ficient and its square (r and r2). In Table 17 these models are numbers 2 and
3, respectively. Two other models use the independent index variables PT and
(PT)2 double-weighted by means of the Peaxson correlation coefficient. The
first weighting was made by weighting the index-precipitation and index-
temperature in proportion first to r and then to r2. These models are desig-
nated in Table 17 as model numbers 4 and 5, respectively. In the South-West,
Vo1go-Vyatka and North Caucasus economic regions, one additional model was
included for testing. The additional model contained P, T2 variables for
South-West region (model number la, Table 17) and P, T variables for Vo1go-
Vyatka and North Caucasus regions (model number 1b).

To estimate the performance of models with different sets of variables in inde-
pendent tests, some indicators of yield reliability were generated based on the
approach developed in [27, 28, 36]. In this approach, all indicators are based
on the comparison of two components: predicted yield (Y) using a bootstrap
technique and actual yield (Y). The difference between these two yields is
expressed in absolute terms (Q/HA) as di = Yi - Yi and in relative terms (%)
as Rdi = 100 di/(Yi), where i = 1, •.• , 8 indicates the year.

Based upon di and Rdi the following measures of model performance are computed:
8 2

mean square error (MSE = l/~E d.),1=1 1
!.:the root mean square error (RMSE = (MSE)2),

the relative root mean square error (RRMSE = «RMSE/Y) *100) ,
8 - 2(Var = l/~E (d.-d) ),1=1 1

lL

deviation (SD = (Var)'2),

the relative standard deviation (RSD
8

«SD)/Y+d»*100, bias (B=1/8E d.),i=l 1
and the relative bias RB = (B/Y) 100.

8
Here d = Band Y = 1/~~1 Yi' The Pearson correlation coefficient between sets
of actual and predict~d yields is also computed. All these parameters (except
the variance) are presented in Table 17.
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Table 17. Indicators of yield reliability for developed models in selected
economic regions, USSR, in tested period 1971-1978

I n d e pen d e n t r e s t
Model includes trend Hodel assessment for
& weather variables weather variables Error Standard Bias

Condition Deviation Correlation
Economic Model Index Type of Index for . MSE RI-1SE RRMSE SD RSD Bias RB Coefficient

Region Number Variable Weight ing R Weather :(Q/HA)2 (Q/HA) (%) (Q/HA) (%) (Q/HA) (%) for Y and Y

South West 18 P,T2 1t1 0.746 10.2 27.8 5.28 19.9 4.85 19.8 -2.08 -7.8 0.27
Y-26.6 Q/HA 2 p,p2,r2 R1 0.747 24.5 23.0 1,.80 18.1 4.57 18.2 -1. 48 -5.6 0.36

3 p,p2,r2 1t2 0.781, 20.3 22.0 1,.69 17.6 4.13 15.8 -2.00 -7.5 0.48
PT,(PT)2

1
I, R1,R2 0.71,3 1.8 12.8 3.58 13.5 3.18 11. 3 1.65 6.2 0.89
5 PT,(PT)2 2 0.787 1.9 3.2 1.80 6.8 1.76 6.5 0.39 1.5 0.95Rl,lt2

Belorussia 2 p,p2,T2 1t1 0.673 11. 7 12.7 3.56 14.1 2.86 10.7 1. 36 5.4 0.66
Y-25.3 Q/HA ) P,P2,T2 It! 0.650 23.9 11.0 3.32 13.1 3.04 11.4 1.35 5.3 0.70

VI 4 PT,(PT)2 R1 ,lt2 0.658 1.9 12.1 3.47 13.7 3.30 12.5 1.08 4.3 0.69
CO PT,(PT)2 1t1,It~5 0.617 2.0 13.0 3.61 14.3 3.19 11.9 1.51, 6.1 0.72

Volgo-Vyatka 1b P,T 1t1 0.680 11.9 9.7 3.11 19.4 3.10 19.7 -0~30 -1.9 0.61
Y-16.0 Q/IIA 2 p,p2,1'2 1t1 0.645 28.8 15.5 3.91, 24.6 3.49 20.3 1.62 11.0 0.06

3 P,p2 ,1'2 R2 0.667 38.1 14.6 3.82 23.9 3.39 19.1 1.76 11.0 0.25
PT, (PT)2

1
4 R1,R2 0.696 2.3 10.4 3.23 20.2 3.05 19.1 1.05 6.6 0.53
5 PT, (PT) 2 R1,R~ 0.668 2.3 14.4 3.79 23.7 3.59 22.4 1.38 8.6 0.52'

North Caucasus Ib P,T 1t1 0.852 64.0 1,.3 2.08 11.9 2.05 11.8 -0.15 -0.9 0.92
Y-17.5 Q/HA 2 P,P2,T2 1t1 0.809 24.9 11.6 3.40 19.4 4.05 24.1 -0.09 -0.5 0.53

3 P,P2,T2 R2 0.771 18.5 21.6 4.65 26.4 4.64 26.8 -0.24 -1.4 0.17
PT,(PT)2

1
4 R1,R2 0.865 2.5 5.7 2.39 13.6 2.38 13.8 -0.21 -1.2 0.90
5 PT,(PT)2 KI,R~ 0.880 2.1, 4.8 2.18 12.4 2.11 12.5 -0.56 -3.2 O.RO

Kazakh 2 p,p2,T2 R1 0.887 11.2 1.3 1.15 12.4 1.15 12.5 -0.09 -1.0 0.90
Y-9.3 Q/HA 3 P,P2.T2 R~ 0.896 19.5 1.1 1.07 11.5 1.07 11.5 0.04 0.4 0.92

4 PT.(PT)2 Itl,R2 0.883 2.2 1.5 1.24 ]3.4 1.24 13.4 0 0.0 O.Rl}
5 PI, CPT)2 2 2.2 1.1 -0.2 0.92Rl.R2 0.897 1.07 11. 5 1.07 11.6 -0.02



In addition, paired-sample test statistics (parametric test based on the
Student's t-test and nonparametric test based on the Wilcoxon Signed Rank
test) were also used to identify the best performing model. This statistic
was applied to the values of difference between absolute differences of
actual and predicted yields for compared models j and k (D(jk)i=ldjil-ldkil)
[27, 28, 34].

It should be understood that the modeling technique employed in this study
requires that two steps be completed in order to predict a yield. The first
step consists of the prediction of the departure of yield from trend based on
weather. The second one considers extrapolation of trend. It would, of
course, be desirable to conduct independent evaluations for both of these
yield components. Since there are four to five models to be evaluated for
each region, many calculations would be required to evaluate both components
for each model independently. Therefore, the independent test was conducted
only for the yield departure from trend weather component which explains the
largest fraction of yield variability from year to year. To find out to what
extent this approach could misrepresent the predicted yield, a special test
for independent evaluation of both the trend and departure from trend compo-
nents was conducted for the best performing model in Kazakh economic region.

Results of Independent Testing of Weather Component
•

The paired-sample test statistics (both parametric and nonparametric) show
that none of the average differences between values of model performance
could be considered statistically significant. Even so, for some regions
there are fairly substantial differences in the values of the parameters of
yield reliability which may indicate that one model is preferable to another
one. Thus, in South-West, Belorussia, and Kazakh economic regions, models
with a low condition index for weather have the highest correlation coefficient
between Y and Y. These models (No.5 in each region) are among those with the
lowest errors and standard deviations. The largest relative bias for these
models is only 6.1 percent, and for two of the regions the bias is very small
(-0.2 and 1.5 percent). These models also have the highest probability of the
absolute value of the relative difference (IRdil) being less than 15 percent
(except in Kazakh). A difference of less than 15 percent occurred in 62-88
percent of all years (Table 18). The percentage of coincidence in the direc-
tion of actual and predicted yields from year to year is also high and (except
for South-West) exceeds this percentage for other models (Table 18). The
results of the independent tests for Volga-Vyatka and North Caucasus differ
from the other regions but are not as clear in identifying a preferred model.
In these cases, preference could be given to the models with the smallest con-
dition index.

In general, models based on double-weighted PT index-variables showed the same
or better results in independent tests than models based on single-weighted P
and T index-variables. Also, for any particular region, all tested models
had high correlation coefficients for equations relating the ratio of yield
departures from trend with weather in the independent test (Table 17) and for
equations relating calculated and actual yield in dependent tests (r=0.92-0.98).
Even though models with the smallest condition index had very good combinations
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Table 18. Model comparison based on the percentage of years with the relative difference (Rd)
less than 10, 15, 20 percent and strength of agreement in the direction of yield change from
previous year to the next for actual and predicted yields in selected economic regions, USSR

Model includes trend Percent of years Percent of agreement
Economic Model and weather variables with ~ less than in the direction of Y

Region number Index Type of and Y change from year
variab Ie weighting 10 15 20 to year

South-Wes t la P,T2, Rl 50 62 62 43
2 P,p2,T

~~
38 62 62 43

3 P,p2,T2 38 62 62 28
4 PT,(PT)2 R 1•R2 62 75 88 100
5 PT •(PT) 2 Rl.R~ 88 88 100 86

Belorussia 2 P.p2,T2 Rl 50 50 88 72
3 P.p2,T2 R2 62 62 88 100I
4 PT.(PT)2 R I•R2 62 88 88 86
5 PT. (PT) 2 RI. R~ 62 88 88 100

Vol gO-Vyatka lb P.T RI 50 62 62 57
0"> 2 p.p2.T2 RI 25 50 50 14
0 3 p,p2.T2 R! 38 38 50 43

4 PT. (PT) 2 RI •R~ 38 62 62 71
5 PT.(PT)2 RI.R 50 62 62 57

North Caucasus lb P,T RI 50 75 88 86
2 P p2 T2 RI 25 38 75 43••3 P p2 T2 RT 25 25 50 86••4 PT, (PT) 2 R 1•R2 50 62 88 86
5 PT,(PT)2 2 2 62 75 88 100R I,R2

Kazakh 2 P,p2,T2 RI 50 75 7S 86
3 P.p2,T2 R~ 62 75 7S 86-4 PT. (PT) 2 R I,R2 50 62 88 86
5 PT. (PT) 2 R I,R~ 62 62 88 100



of the various measures of yield reliability, these models in regions with a
good water supply (South-West, Belorussia and Volgo-Vyatka) performed much
better when the year with the largest difference between actual and predicted
yields was excluded. The elimination of only this one test year substantially
decreased the bias in these three regions. Upon elimination of the worst test
year, the correlation coefficients between Y and Y for some models increased,
especially in the Belorussia economic region. In regions which tend to have
a water deficit (North Caucasus and Kazakh), the elimination of the test year
with the largest error caused a slight increase in bias, but at the same time,
correlation coefficients did not change. Thus, in most cases, independently
tested models showed good results. One should, however, bear in mind that
in some years and regions the error of yield prediction can be as great as
50-60 percent of the average barley yield for a particular region (Table 19).

Once again emphasis should be placed upon the fact that the models with the
value of condition index lower than the limit defining the existence of col-
linearity can be considered as the best performing. The estimates for the
coefficients of these models' equations are shown in Table 20.

All models showed very high values of R2, 0.902-0.953. Of course, this R2 ~s
for the model base period and is higher, sometimes considerably, than the cor-
responding R2 of the independent test for the shorter period (Table 21). Con-
sidering separate assessments for technology and weather, substantial differ-
ences between the regions can be identified. In the dry area (North Caucasus
and Kazakh), the relationship between yield and technology weakens (correla-
tion coefficients decrease) as the yield-weather relationship strengthens
(correlation coefficients increase). But in the areas with adequate water,
the opposite result can b.e observed.

The assessments of yield reliability for the best performing models in the
studied regions are shown in Table 21. Only in Belorussia did the average
difference between predicted and actual barley yield amount to as much as
1.5 Q/HA. In the rest of the regions the absolute values of this difference
were very low and did not exceed 0.4 Q/HA. But there are noticeable differ-
ences between regions on the other indices. Because a less variable yield is
easier to predict than a more variable one, an additional measure is proposed
to estimate-relative standard deviation. In addition to_expre~sing the stan-
dard deviation as relative to the sum of two parameters Y_an~ d, i~ is also
~xpressed with respect to the sum of three parameters -- Y, d and V. Here
V defines average level of year to year yield variability in a region. The
expression for V is presented in Table 21. The relative standard deviation
(SD) in prediction based on Y, d and V provides more information ~bou~ model
performance in different regions. Application of SD relative to Y + d showed
little difference between models in Belorussia, North C~uca~us ~nd Kazakh.
But, in the case of the standard deviation relative to Y + d + V, we can see
some important differences. However, these differences are not as large as
the differences between RMSE and SD. Judging by this type of relative SD,
the model with poorest performance is the one for the Volgo-Vyatka economic
region, with the value of 15.7. The succession of regions corresponding to
the decrease of this value and respective improvement of model performance fol-
lowing Volgo-Vyatka is Belorussia, North Caucasus, Kazakh and the South-West.
This order is in agreement with the order of regions corresponding to the
increase in the Pearson correlation coefficient between actual and predicted
barley yield.
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Table 19. Effect of the elimination of one of the observations with the larges t error on the value
of some indices of yield reliability in selected economic regions, USSR

Largest Bias (Q/HA) Pearson Correlation CoefficientAbsolute
Economic Relative \H thout Observation :Without Observation

Region ~lodel :Difference All with the Largest All with the Largest
Number :(RDi) (%) Observations Error ObservaLions : Error

South-West 1a -32.9 -2.0A -1.56 0.27 0.50
2 -27.2 -1.48 -0.33 0.36 0.43
3 -26.1 -2.00 -0.98 0.48 0.47
4 25.2 1.65 0.63 0.89 0.89
5 13.6 0.39 0.03 0.95 0.98

Beloruss ia 2 29.1 1.36 0.56 0.66 0.72
3 29.1 1.35 0.6A 0.70 0.78
4 38.4 1.08 0.11 0.69 0.85
5 39.3 1.54 0.60 0.72 0.87

Volga-Vyatka Ib 38.0 1.40 0.63 0.61 0.69
0'\ 2 57.4 1.62 0.91 0.06 -0.33N 3 57.4 1.76 1.08 0.25 0.35

4 38.0 1.05 0.23 0.53 0.58
5 48.6 1.38 0.33 0.52 0.58

North Caucasus Ib 30.3 -0.15 -0.33 0.92 0.90
2 62.7 -0.09 -1.00 0.53 0.54
3 76.4 -0.24 -0.36 0.17 0.36
4 37.2 -0.21 -0.78 0.90 0.89
5 24.5 -0.56 -1.00 0.80 O.YO

Kazakh 2 40.9 -0.09 -0.36 0.90 0.89
3 43.2 0.04 -0.23 0.92 0.93
4 32.8 0.00 -0.30 0.89 0.92
5 36.4 -0.02 -0.26 0.92 0.90



Table 20. Estimates for the coefficients and assessments for the large area
barley-yield models in selected economic regions, USSR 1945-1978

Economic
YtEstimates Based on

TechnoJol1.YTrend . 2..;Y/Y Estimates Based on the Weather Index-~ariab12l!.- Type of
Region (model): Intercept YR-194!l (YR-1944) :=t.;1tercept IP IT IPT (IPT) Weighting

South West (mod 5) 6.460 0.566 0.0033 100.878 15.780 -2.121 Rl,R~ .953 .850 .619
Belorussia (mod ~) 6.994 -0.302 0.0293 99.159 16.324 1.471 R1.R2 .943 .880 .434

Volgo-vyatfJbd Itl) 6.694 -0.188 0.0164 135.929 0.857 18.069 R1 .902 .762 .463

North Caucr~ l~) 5.912 0.576 -0.0065 74.626 1.456 14.031 Rl .910 .496 .726
Kazakh (mod 5) 4.546 0.247 -0.0032 104.105 30.444 -4.453 2 .902 .244 .804n1. 112



Table 21. Assessment of yield reliability for the best
models in selected economic regions, USSR

Economic Region Error of Prediction ( Q IRA)
R2

(model) Bias RMSE SD

South-Wes t 0.39 1.80 1. 76 .902
(Model 5)

Belorussia 1.54 3.61 3.19 .518
(Model 5)

Vo1go-Vyatka -0.30 3.11 3.10 .372
(Model lb)

North Caucasus -0.15 2.08 2.05 .846
(Model lb)

Kazakh -0.02 1.07 1.07 .846
(Model 5)

performing

Relative SD based on
Y+a Y+a+V*
(%) (%)

6.5 5.0

11.9 9.5

19.7 15.7

11.8 8.2

11.6 7.8

*v defines an index of year to year yield variability. It is expressed -in
_ N-1 2the form: V = i~l(Yi+l-Yi) I(N-1) where Y is yield and N is number of years

with observed yields, i=l, ... ,N.

Results of Independent Testing of Both Trend and
Weather Components for Kazakh Economic Region

As was mentioned above, an independent evaluation of both trend and departure
from trend was conducted for the Kazakh economic region. Based on the criteria
of the extraction of a basic time period for trend development, as described
in the section on crop yield modeling and the available data base, two basic
periods were identified for the Kazakh economic region: 1945-1970 and 1945-
1976. This attempts to independently simulate the decision that would have
been made fur each of the test years. That is, to conclude either (1) that
recent year yields are approximately equally and uniformly distributed on
both sides of the projected previous trend and these years should be included
in specifying the new trend, or (2) that recent years are not equally or
uniformly distributed with respect to the existing trend and, therefore,
should not be included. Alternative (1) was selected for test years 1971
and 1977, and alternative (2) for 1972 through 1976 and for 1978 (see Figure
17, page 35). Thus, two trend equations were developed (Table 22). These
equations were applied to extrapolate independently barley yield in the
period of 1971-1978 (the first equation was applied up through 1976; the
second one after 1976). After that, the departure of actual yield from inde-
pendently fitted and extrapolated yields (Y/Yt) for the applicable period was
calculated and the ratio yield departure from trend-weather model was developed.
Using the bootstrap technique, this model was tested and evaluated for the
period 1971-1978. One alternative period was also selected for development of
the trend model (1945-1969 in place of 1945-1970) to estimate the effect of
this minor change on the model results. The 1945-69 trend model had an inter-
cept of 4.52 and slope coefficients of 0.250 and -0.0041, respectively.
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Comparison of the regression coefficients for independent variables of the
models developed for different periods can characterize model performance.
As seen in this table the differences in regression coefficients for the
trend models for the periods of 1945-1978, 1945-1970 and 1945-1976 are not
great. However, the differences become somewhat larger if the trend model
for 1945-1969 is used in place of the one for the 1945-70 period. A similar
conclusion can be obtained by comparing the regression coefficients for the
weather-yield departure models. Smaller differences in the weather model
coefficients were found when the 1945-70 period was used to estimate trend
and establish the departures from trend tQan when the 1945-69 period was
used.

Table 22. Estimates for regression coefficients in
Kazakh economic region, USSR

Period11 used Trend Weatherfor model
development Int. YR-1944 (YR-1944)2 Int. PT (PT)2

1945-1970a 4.51 0.261 -0.0041 104.8 30.3 -4.2
1945-1971a 4.51 0.261 -0.0041 104.0 29.8 -4.•1
1945-1972a 4.51 0.261 -0.0041 104.6 30.4 -4.2
1945-l973a 4.51 0.261 -0.0041 105.4 30.5 -4.5
1945-1974a 4.51 0.261 -0.0041 105.8 29.8 -4.4
1945-1975a 4.51 0.261 -0.0041 105.4 30.6 -4.6
1945-1976b 4.52 0.250 -0.0033 104.2 30.6 -4.5
1945-l977b 4.52 0.250 -0.0033 104.6 30.7 -4.6
1945-1978c 4.54 0.247 -0.0032 104.1 30.4 -4.4

1/ Periods used for estimating the trend relationship are 1945-70(a) , 1945-
76(b) and 1945-78(c).

The weighting coefficients for weather variables also show only small differences
between models developed by considering trend for different periods. Normally,
the difference between coefficients exists only in the second or even the third
decimal place. A difference in the first decimal figure can be noticed for
some months-when the 1945-69 period is used to establish trend and departures
from it. But even in that case the months with the most substantial influence
of weather on yield show the same values of this influence for all trend spec-
ification periods. The results of the fully independent test of models for
the considered trend specification periods are shown in Table 23. Comparison
of these results with the results previously obtained (for the period 1945-
1978) shows that the differences in the values of the predicted yield components
(trend and ratio departure from trend) and final yield are not very large. At
the same time, it should be pointed out that the correct choice of the period
for the development of trend model is a very important step in analogue weather
crop modeling.

Concerning other evaluation criteria, we should mention that all obtained re-
gional models are not costly to operate or to develop. They are consistent with
current knowledge concerning weather-crop-technology relationships for large
areas. The lead time of a yield estimate, based on actual weather data, is 2-3
months ahead of the barley harvest. These models are easy to understand. The
models were developed to facilitate their redevelopment as soon as new weather
and crop data are available.
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Table 23
Fully Independent 'fest of Barley Yield Models Using Two Alternative Trend Specification Methods

As Compared to the Weather Mqde1 Independent Test in the Kazakh Economic Region, USSR

Year
1971
1972
1973
1974
1975
1976
1977
1978

:Weather Independent Test
___ 1945-71L-

1971-78
Departure of

Yield from
Trend (%)

124
125
112

68
66

116
73

131

Method
Ir..endPeriod
Application Period

Reported
Yield
(Q/HA)

9.5
12.3
10.9

7.4
4.4

11. 6
6.4

11. 7

:Tren d
:Yield
:(Q/HA)

8.9
9.0
9.0
9.1
9.1
9.2
9.2
9.2

Yield
Estimate:
(Q/HA

11.0
11. 2
10.1

6.2
6.0

10.7
6.7

12.1

Trend
Yield
(Q/IIA
8.6
8.6
8.6
8 :7
8.7
8.7
9.2
9.2

Fully Independent Tests
1945-70,~5-~ 1~45-69, 1945-76__
1971-76, 1977-78 1971-76, 1977-78

Departure of Yield Trend Departure of Yield
Yield from Estimate Yield Yield from Estimate

Trpnd (%) (Q/HA) (Q/HA) TIend (%) (Q/HA)
126 10.8 7.8 132 10.3
127 10.9 7.7 131 10.1
114 9.8 7.6 118 9.0

70 6.1 7.5 76 5.7
69 6.0 7.4 78 5.8

119 10.4 7.3 127 9.3
72 6.6 9.2 72 6.6

131 12.1 9.2 131 12.1
0">
0"> Bias (d)

MSE
- 0.025

LIS

- 0.17

1. 34

0.66

2.43



Summary of Preferred Model Development and Use

The algorithm explaining the succession of steps in yield calculation based
on trend extrapolation and assessment of weather influence on the deviation
of yield from trend is shown in Figure 24.

To calculate average precipitation and temperature for regions the actual
monthly sum of precipitation and monthly average temperature at the weather
stations shown in Table 24 are required. Simple averages are used. Average
monthly weather data for regions must cover the period from January of the
year preceding the year of crop harvest until July of the crop harvest year.
Based on the weighting coefficients presented in Table 10 and applying equa-
tion (5)t the index-weather variables (IPt IT) are calculated. These index
variables are used along with the corresponding estimates for coefficients
(presented in Table 20) to calculate the barley yield departure from trend
for those regions where a single-weighting procedure is used (Volgo-Vyatkat
North Caucasus). For regions where a double-weighting procedure is required
(South-Westt Belorussiat Kazakh)t a new index-variablet IPTt must be calcu-
lated. For this purposet the previously calculated IP and IT variables and·
weights (from Table 15) which correspond to the variables and the type of
weighting in Table 20 are used. The calculation of IPT is carried out based
on equation (5). And againt the estimated barley yield ratio departure from
trend is calculated based on corresponding IPT and (IPT)2 variables and esti-
mates for coefficients in Table 20. Extrapolation of barley-yield trend for
each region is based on the equations of trend (Table 20) and the empirical
methodology presented in the section on crop yield modeling and the available
data base. Using the assessments of yield based on trend extrapolation and
deviation from trend due to weather fluctuationt the forecasted barley yield
is calculated as the product of these two estimates.

The flow chart reviewing the method presented in this study for weather-crop-
technology model development is shown in Figure 25. The process of modeling
starts with an empirical procedure of examining the yield series and identi-
fying the appropriate period for trend model development. The next step con-
sists of developing the trend model and calculating the weather induced varia-
tion of yieids around the trend in form of y/Yt• Preparing the weather infor-
mation requires averaging total monthly precipitation and average monthly air
temperature at separate weather stations in an economic region. The index-
weather variables are calculated based on the values of physiological response
of crop to weather variation. These values constitute the weights of every
month over the nineteen month period preceding harvest. The second weighting
is required to aggregate different weighted-over-time weather variables (IP
and IT) into one IPT weather variable. Thent the regression coefficients are
estimated for the equation which expresses the dependence of the yield depar-
tures from trend (Y/Yt) on various index-weather variables.
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Figure 24. Flow chart explaining the calculation of barley yield
based on developed model.
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Table 24. List of meteorological stations in selected economic regions,
USSR used for calculation of the average regional weather

Economic WMo.!/
Region Number Name of station Latitude Longitude Altitude

South-West 33088 Sarny 51 21N 26 37E 153
135 Chernigov 51 29 31 17 137
345 Kiev 50 24 30 27 179
393 L'vov 49 49 23 27 325
562 Vinnica 49 14 28 28 287

Belorussia 26666 Vitebsk 55 10 30 08 151
825 Grodno 53 41 23 50 152
850 Minsk 53 52 27 32 234
863 Mogi1ev 53 54 30 19 180

33041 Gome1 52 27 31 00 139
Volgo-Vyatka 27196 Kirov 58 39 49 37 164

485 Joskar-Ola 56 38 47 50 103
553 Gor 'kij 56 13 '1349 82
557 Sercach 55 31 45 30 93
581 Cheboksary 56 09 47 17 183

North Caucasus 34731 Rostov-Na-Donu 47 15 39 49 77
748 Proletarsk 46 42 41 44 25
838 Tihore tsk 45 51 40 05 79
929 Krasnodar 45 02 39 09 33
949 Stavropol 45 03 42 01 467
964 Arzgir 45 24 44 12 75

Kazakh 28879 Kokchetav 53 17 69 21 229
952 Kustanaj 53 13 63 37 171
966 Ruzaevka 52 49 66 58 227

29807 Irtyssk 53 21 75 27 94
35166 Kazgorodok 51 16 67 14 252

188 Tscelinograd 51 08 71 22 )48
229 Aktjubinsk 50 17 57 09 ~227
302 Saraevo 50 12 51 10 16
358 Turgaj 49 38 63 30 123
379 Karaganda 49 48 73 08 555

36003 Pavlodar 52 17 76 57 146
177 Semipa1atinsk 50 21 80 15 206

l/ WMO is the World Meteorological Organization.
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Figure 25, Flow chart explaining the development of
crop yield model.
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APPENDIX I
DESCRIPTION OF THE EXISTING BARLEY ~DDELS IN THE USSR

The beginning of weather-crop modeling in Russia goes back to the end of the
previous century with the pioneer work of Brounov [5]. In the 1920's-1930's
Obukhov continued this work based on updated information concerning crop pro-
ductivity and environmental conditions. These early efforts mainly involved
the use of calculators. Absence of computers and limitations of the regression
technique did not allow the expansion of this type of modeling until the
1950's. In the early 1950's when these drawbacks were partly overcome and the
first symptoms of shortages of food in the world became apparent, the develop-
ment of yield models, both in the USSR and throughout the world, was highly
stimulated. Since that time different approaches to crop modeling have been
developed. So far, only two basic approaches have been applied by scientists
in the USSR for modeling barley yield. They are analogue and bio-physical.
A third approach, remote sensing, is in the process of development.

A simple analogue equation was developed by Polevoy and Mizina to forecast
barley yield in the highly barley oriented Non-Chernozem zone [22]. The equa-
tion is:

Y/Ymax -0.0042Tl -0.0077T2 + 0.0008Wl + 0.0031W2 + 0.0015H + 0.5878 (1)
where Y, Ymax are barley yield (Q/HA) predicted and "maximum geographical yield"
respectively; Tl' T2 are mean air temperature (OC) over periods of emergence-
shooting (1) and shooting-heading (2), respectively; WI' W2 are mean available
soil moisture (mm) in the top 20 em of soil over periods 1 and 2 respectively,
H is mean height of barley at heading. The "maximum geographical yield" repre-
sents some potential yield of a crop for particular climatic and technological
conditions in a region. It can be defined by using the Goombol's technique [6],
which is based on the empirical estimates of the parameters of yield's distri-
bution.

Equation (1) shows that even in the Non-Chernozem zone, which in general has
good natural water resources, water is still a factor limiting productivity of
barley. Unfortunately, this method cannot be easily used as the information
on the actual height of crop, soil moisture, and crop calendar, which are
usually measured in the field, is not available.

A more complex analogue model has been developed by Dmitrenko [6,7]. This model
is based on an assessment of the technology index expressed in form of the
"maximum geographical yield" and also on an assessment of the index of weather
productivity.

Y = Y' * C *

where C (l-p) [1-
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M(T )o

K-K 2o
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In these equations Y, Y' present model predicted yield and maximum yield (Q/HA),
respectively; p is the density of plant population in spring, it can be calcu-
lated as a ratio ~w ,where Aw is the area with winterkill or other damage to
crops during winter and A is the whole area of crop; K, Ko are the actual and
optimal number of stems per plant, respectively; T, To are actual and optimal
temperature (OC), respectively; P, PO' Pmtn, Pmax are actual, opitmal, minimal
and maximal precipitations (rom), respectively; a, aI, a2 are empirical parame-
ters; m(T) and M(P) are parameters for assessment of the weather productivity
for the crop. In the terminology of the author of the model, weather produc-
tivity is a ratio of actual to optimal weather.

As is seen from equations (3)-(5), the idea is to define the proportionate
reduction in the maximum geographical yield (Y') when actual parameters of
weather and conditions of crop differ from optimal ones. The greater the dif-
ference between these parameters, the greater is the difference between the
maximum yield and actual yield. In the ideal case of optimal weather and crop
conditions, when Aw = 0, K = Kat T = TO and P = Po then in accordance with
equations (3)-(5)

C = m(T)
M(T

O
)

m(P)
M(PO) 1

and the actual yield will be equal to the maximum yield. If weather and crop
conditions are not optimal and Aw > 0, K r KO' T r TO and P r Po then

m(T)C < 1, M(T )a
< 1 and m(P)

M(PO < 1

In the case where any of these inequalities hold, the predicted yield will be
less than the maximum geographical yield (Y < Y'). Using historical weather
and yield data, the author of the method estimated optimal weather variables
for every month of the year and for various stages of spring barley production
(Table AI-I) [7].

Table AI-I. Optimal mean air temperature (To, °C) and optimal total
amount of precipitation (Po, rom), for spring barley by

stage of growth in the Ukraine Republic, USSR

Barley Stage (approximate period)

Presowing (December-February)
Sowing-rooting (March-April)
Leaves formation (May)
Formation of reproductive parts (June)
Ripeness (July)

Weather
To Po

2 100
4 100

10 120
18 90
22 <15

76



Unfortunately, these estimated optimal values of precipitation and temperature
cannot be considered as constants since technology changes. This model, like
the previous one, requires such field measurements as the crop calendar stage
and density of the crop, creating impossible problems in the remote applica-
tion of this model.

A bio-physical model has been developed by a group of scientists under the
guidance of Sirotenko [31]. The basic equations written in differential form
follow below:

j+l mj aj
£ <t>j 1 (iR f3i)mm = + p K K + for 1, s, rp p l+~ 1+~ T 0 P P

K = iR mi L f3imj for cT 0 c I,s,r p p

w~+l w~ TRj o.Ej i i
J 1 1 1 - qi-l qi

hj+l .j + O.lEj
(6)J 8 -8mfc mh

where p, 1, s, r, c· and i = 1, 2, 3, 4,

<t>j
Tj 1jJjLj

arj rj [(arjru-co )2 4rcrjco2)]1/2T CO2 + +=
2(~-r ) 2

c

Here j is the number of the time step (of the day); i is the number of the
soil layer; 1, q, r, and c are the leaf, stalk, root, a~d ear subscripts,
respectively; wi are the amounts of stored moisture; TRI are the amounts of
moisture. transI?1red; a is a logic variable (oi = 1 if i = 1 and 0i = 0 other-
wise); qI-l qi are the moisture flux~s.acro~s the upper and lower boundaries
of the i-th's01l layer, respect1vely; hJ is the depth of the absorbing layer;
Ej is the evaporation from the surface of the soil; T is the length of the
day; Lj is the area of the. photosynthesizing phytomass; rj is the daily
average tot~l radiation; 1jJtis the temperature coefficient of the total photo-
synthesis <t>J;r is the diffusion of resistance on the path of the carbon diox-
ide, which depends on the soil moisture pressure; Gmfc and Gmb are the minimum
field moisture capacity and the maximum hydro capacity of a unit volume of soil,
a~; and f3~ are biological functions; Ro, RR' a, and rc are constants; and C02
is the carbon dioxide concentration. In addition to equation (6), it is
necessary to use many other equations enumerated in [1] for calculating such
parameters as evaporation from the surface of the soil, trans-
piration of the crop, total area of green part of crop and elevation of the
sun. Sometimes it is necessary to use special approaches and experimental
information for the identification of many parameters of the model. All of
these measures, however, do not improve the accuracy of the model.
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Initial information required by this model is the following: dry weight of
the plants from a unit of the planted area and available moisture stored in
the soil by layers at the time step j = a (when the seedlings appear). It
is also necessary to specify the latitude, cumulative degree days (in the
form of effective temperature) starting from emergence which reflects bio-
logical time, some soil properties, daily average air temperature, air humid-
ity, duration of sunshine, and the daily precipitation totals.

The application of this model ~or assessment of barley growth considers the
calculation of biomass (total and broken down by leaves, stems, roots, ears),
leaf area, evapotranspiration, and available soil moisture for ten-day periods.
The attempts of the same group of scientists to simplify this model and to
adjust it to the requirements of barley yield prediction on a large-scale
basis led to the development of an arbitrary procedure. This procedure con-
siders a search for an analogous indicator of the current weather pattern in
the past history and determination of the corresponding changes in barley
yield, estimated from the model, versus the climatic values of yield estimates
[31]. The final quantitative estimates are made in a very simple way by evalu-
ating the agrometeorological conditions that determine the fluctuations in
barley yield (from historical data). Table AI-2 shows the technique for such
quantitative assessments.

Table AI-2. Quantitative evaluation of agrometeorological
conditions determining barley yield (Valdai Station [31])

Ten-day May June July Yield Estimate, %
period 3 1 2 3 1 2 Ten-day Accumulated

N N N N N N a 100
3 DC N N N N N -13 87
1 DC MW N N N N 10 97
2 DC MW lXol N N N -17 80
3 DC MW DW MC N N - 3 77
1 DC MW lXol MC DC N -16 61
2 DC MW DW MC DC DW 5 66

Note: N is normal conditions; DC is dry and cool; DW is dry and warm; MW
is moist and warm; MC is moist and cold.

This simplified barley yield model has many of the weaknesses described in
Appendix II. Some errors in the yield estimate arise due to imposed restric-
tions, some due to errors in measurements of such unusual parameters as dry
matter at the period of barley emergency or agrohydrological properties of
soil. The model does not reflect the technological input into crop productiv-
ity. The application of this model to forecast Soviet barley yield without in-
country observations is connected with difficulties in determining plant
biomass, water stored in the soil, agrohydrological properties of soil and
others.
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APPENDIX II
OVERVIEW OF MODEL DEVELOPMENT AND UTILIZATION

Presently, three different approaches to environment-crop modeling can be
identified. They are the following: analogue (regression, statistical), bio-
physical (physiological, physical-mathematical) and remote-sensing (physical,
distant). Each of these is based upon different theoretical principles.

Analogue modeling is a type of simulation which is based on the statistical
description of the interaction between crop and environment. This is extracted
from the historical data through the application of general knowledge of physi-
ology, climate, soil, technology and also statistical tools. Bio-physical
modeling considers a description of the crop environment system based on energy-
and mass-exchange in the system. In general, this modeling involves solution
of equations for such vital plant processes as photosynthesis, respiration,
water demand, and mineral nutrition, and also for the basic hydro- and thermo-
dynamic equations which approximate the entropy of the continuum. Remote-
sensing modeling is founded on the quantitative estimates of the physical
properties of crop canopies. It involves the measurement of spectral charac-
teristics (reflectance, absorption, brightness) of plants with respect to such
characteristics as plant productivity and distinguishing between crops.

Each of these three approaches has some advantages and disadvantages which
can be discussed from different aspects. The following important aspects of
model development and application can be distinguished:

accuracy and precision of models and their time and spatial (size of
area covered by the model) resolution;

applicability of models for prediction of yield, management of crop
productivity, or improving knowledge about crop-environment interaction;

cost, rapidity, and simplicity of model development and application.

Accuracy, p~ecision, and time and spatial resolution affect other aspects. The
remote-sensing models have the possibility for coverage of large areas. Indeed
the satellite imagery normally covers a very wide band of land. But the accu-
racy of the current remote-sensing models is not sufficiently high to be very
effective in practice for the assessment of crop productivity. This is par-
tially due to the imperfections in the spectral measurements and in the tech-
niques for measuring physical properties of plant canopies, and partially due
to the imperfection in methodology for assessment of grain output through
estimating the plant biomass. The latter problem is very important, especially
at the present time when short-stemmed small grain crops are being introduced.
These crops have smaller biomass and higher cropping power (yield potential).
In addition, the amount of satellite imagery which can be acquired for remote-
sensing models may be limited by the number of cloud-free satellite overpasses.
At present, this could be only a few times per season for the Landsat satel-
lite but much more often for Metsat. the number of imagery acquisitions could
be increased by using additional Landsat satellites, but this would be very
costly.
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The time resolution of the bio-physical models varies from one to twenty-four
hours. These time intervals appear to be optimal for these models. The recent
approach [1] of increasing the time interval from daily to ten days in order
to simplify the operational use appears arbitrary and inefficient. The con-
cern is that the time-averaged meteorological variables do not have the same
high accuracy required for the assessments of photosynthesis, respiration and
other processes which constitute the basic equations of these models. The
spatial resolution for the bio-physical model does not usually go beyond the
scope of a single field, where the detailed observat~ons of such variables as
radiation, available soil moisture, evapotranspiration, C02 flow, and biomass
required as inputs to these models are normally measured.

The transition from a small field to large-area yield assessment in bio-
physical models is usually connected with obtaining average weather data from
a very dense meteorological network [8]. This also involves the development of
some indirect methods to estimate crop characteristics and some other parameters
on a large-scale basis. The accuracy ofbio-physical models depends on how
completely physiological and environmental processes are represented in them
and how accurately these equations describe all these processes. Their accu-
racy also depends on the method of transition from biomass or other parameters
of crop productivity which are generally considered to be an output of the·
bio-physical model to the actual production or yield, and the accuracy with
which input variables can be measured. Unfortunately, none of the bio-physical
models currently offers a reasonable sub-model for accurate approximation of
such vital processes as plant nutrition or organic matter distribution between
the plant's organs. Many processes, even those which have been studied fairly
well (photosynthesis, evapotranspiration) have been represented in the models
only with simple equations. This is because the complicated equations require
the specification of many coefficients which can be estimated accurately only
by laboratory experiments. But even the simple equations have some imposed
restrictions which limit model performance. One major limitation is that the
bio-physical model requires that a large number of model parameters be esti-
mated. This is one more very important problem of the bio-physical type of
modeling which affects the model's accuracy. Usually at least a couple of
dozen parameters are required to be identified [1]. The disadvantages of
transition from biomass to the actual production of the crop has been discuss-
ed above. Some methods developed to avoid this transition do not improve
model accuracy, since these methods consider the application of experimentally
defined portions of biomass passing to roots, stems, leaves and grain. And
finally, it should be mentioned that the experimental definition of a great
number of coefficients based on micro-scale studies is usually quite different
from that which is based on large-scale studies.

Time resolution for analogue models normally covers time intervals from one
day to one month. The optimal time-interval for this type of modeling could
be defined at 7 to 10 days considering the accuracy of the models, possibili-
ties for measuring crop response to environment and the model's application.
The space resolution in analogue models is normally considered to be good, on
the area of 0.3-10.0 million hectares. Although it is possible to make fairly
reliable assessments of crop productivity based on models with resolution up
to 20 million hectares [11]. The author's experience has shown that possibili-
ties exist for developing models to predict yield for very large areas (more
than 100 million hectares). In such cases a special technique for weighting
weather variables over space must be applied.

80



Normally, the constructed analogue models reflect the general behavior of crops
within the range of the past environmental conditions. Therefore, the longevity
and high quality of historical data play the most important roles in the
ability of the model to adequately describe the real behavior of crops and
to produce accurate estimates of yield. There are some other problems (method-
ological, statistical, informational) which complicate analogue modeling and
limit their accuracy.

When simplicity and cost are considered, the differences between the three
types of models are great. The analogue models are the simplest and require
the least expenditure of resources and time for their development. The bio-
physical models are more complicated and costly than analogue models and re-
quire much more time for their development. The most costly models are those
based on the remote-sensing approach. They cannot be considered as complex,
but they do require timely acquisition of the remote sensing imagery. Also,
algorithms for translating the spectral data first to biomass and then to
probable yield have not yet been identified.

One of the most important aspects of modeling is the application of the models.
Three major fields of model application can be singled out. They are: pre~
diction of crop output, management, and improving knowledge about environment-
crop systems. Taking into consideration the preceding discussion of the accu-
racy, time and spatial resolution of the models and also such characteristics
as the simplicity, cost and time requirements for model development, the
analogue models are. at least currently, the best for application in large-
scale crop output predictions. This is so because these models have the best
combination of the desired characteristics discussed above. Besides that.
they do not require dens~ weather station networks for obtaining space-averaged
weather variables. The accuracy of measuring (or estimating) crop production
usually corresponds to the accuracy of space-averaged weather from a limited
number of stations. One of the important advantages of analogue models relates
to their capability to assess crop yield well in advance of harvest.

Unfortunately. the analogue models cannot be considered very useful either for
managing crop productivity or for improving understanding of environment-crop
interaction. In this respect. the bio-physical models have greater potential.
But in the field of forecasting of agricultural production, especially for a
large area and with a good lead time and accuracy, the bio-physical models
are less efficient than are the analogue models.

The remote-sensing models can be considered potentially useful for the purpose
of a large scale forecasting of agricultural production, particularly in iden-
tifying conditions of extreme drought. But, due to the lead time required,
these models give way to the analogue ones. Remote-sensing models are also
less efficient than the bio-physical models in both their application to crop
production management and to deepening our understanding of environment-crop
systems.
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APPENDIX III
SOME CONSIDERATIONS IN THE APPLICATION OF INDICES FOR YIELD MODELING

In regions which do not have a long period of historical yield data to develop
weather-crop models, different indices are widely used to estimate crop growth
conditions and probable crop yield. In general, these indices specify the
ratio or difference between actual available water and required water for
optimal crop growth within existing weather conditions. Indices found to have
application in practice for crop condition and production assessment would
include hydro-thermal [29], R-index [37], 'Z-index [26], water availability [24].
soil moisture [25]. Palmer Drought [20]. crop moisture ratio [35]. and yield
moisture [3].
As indices normally combine both precipitation and temperature. their applica-
tion for weather-crop modeling could be considered useful in reducing the number
of variables. Thus. we employed some of the mentioned indices and compared the
results of weather-crop modeling based on these indices with the results obtained
by using those proposed in this study. The R-index (RI), the Z-index (Z) and
the soil moisture index (SMI) were tested. The R-index is a ratio of actual
to potential evapotranspiration. The Z-index is defined by the difference be-
tween actual precipitation and "climatically appropriate" precipitation. The
soil moisture index is derived from the ratio between plant available water
and the maximum plant available water.
Figure AIII-l presents the dynamics of correlation coefficients for barley yield
with monthly precipitation. Z- and SMI-indices. In general. the Z- and SMI-
indices' correlation coefficients (and also the RI's curve for some sub-periods
that are not plotted on this figure) are quite similar in the response of yield to
precipitation. rhis means that although indices are calculated based on both
precipitation and temperature. they still reflect mostly precipitation dynamics
in yield fluctuation rather than temperature. Of all tested indices. the cor-
relation curve for Z-index most closely matches the correlation curve for pre-
cipitation.
Despite this close match. models based on originally measured precipitation and
temperature have better statistical assessments (R2 and MSE) than those which
are based on calculated indices (Table AlII-I). Thus. only precipitation and
temperature were taken into consideration in the process of development of
barley-yield models in this study.
Table AlII-I. Comparison of models based on precipitation and temperature and

calculated indices in Kazakh economic region. USSR, 1945-1978

Model developed based R2 MSE
on variables for P.T Z SMI RI P.T Z SMI

Separate months:
1-19 0.88 0.81 0.83 432 463 405

13-19 0.80 0.56 0.49 331 560 656
Sub-periods:

5-8• 9-11. 12-14. 0.63 0.48 0.21 0.48 453 597 908
15-19

12-14. 15-19 0.37 0.16 672 1204

RI

571
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Figure AllI-1. Correlation coefficient for barley yield
with precipitation, Z-index and SMI-index, in Kazakh
economic region, USSR, 1945-1978.
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