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State/Location

Kansas
Ashland
Syracuse

Oklahoma
Alva
Boise City

~ Texas
Borger
Haskell

Colorado
Akron
Burlington

Nebraska
Curtis
David City

South Dakota
Highmore
Murdo

Montana
Harlem
Culbertson

Table 1. Comparison of Simulated and Observed 30 Year Means of

Meteorological Variables for Selected Locations in

the Great Plains

# Wet
Days
sim. obs.
55 54
40 41
66 65
42 42
52 54
55 56
41 42
41 40
54 55
T4 74
49 49
48 48
31 33
39 40

Annual
Rain (in)
sim. obs.
23.25 21.55
14.93 15.20
27.04 24 .87
16.38 15.84
18.62 19.33
24.82 24.13
14.56 15.66
16.16 15.32
19.51 20.09
30.22 29.18
19.15 18.33
17.03 17.12
11.84 11.70
13.69 14.29
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High Temp.
(F)
sim. obs.
71.1 71.1
- 70.2 70.2
72.0 72.2
71.5 71.6
73.0 73.0
76.7 76.7
62.7 62.5
66.2 66.2
66.2 66.2
61.6 61.9
58.1 58.1
60.4 604 -
56.2 56.2
54.7 54.9

YLow Temp.
(F)
sim. obs.
41.2 41.2
38.1 38.1
46.5 46.5
305 39.6
45.2 45.3
50.6 50.6
34.8 34.8
36.9 36.9
34.9 34.8
38.2 38.7
32.4 32.4
34.3 343
27.5 27.6
26.5 26.6
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Fig. 1. U.S. corn yields per hectare, 1950—88.
(Source: U.S. Department of Agriculture. Agricultural Statistics; Brown and
Young. 1988).

150 ©
=
1.7 1 [3---[1 production Zn<
*—@ consumption L 120 —~
0 o
- 4
5 1.5 3
- 0
c
o a0 3
= 1.3 V... ©
o . =
z . H <
E 1 g eereeeed f 13 : - B0 =
c 1.14
B 2
= o
o 094 [ 5
AVRLE WV days of corryover stocks )
3
0.7 ‘ ’ ' 5 =

1960 1965 1970 1975 1980 1985 1990
YEAR

Fig 2. World grain production, consumption, and consumption equivalent days of
carryover stocks,
(Source: 1961--87, U.S. Department of Agriculture, Foreign Agricultural
Service, “World Grain Situation and Outlook.” Washington, D.C., July 1988;
1988, Worldwatch Institute; ‘“State of the World 1989,” Worldwatch institute,
p. 56).
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Fig. 5. Simulated mean biomass accumulation during the growing season for wet,
normal and dry years for winter wheat at Ashland, Kansas.
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Fig. 6. Simulated biomass accumulation during the growing season for the standard
yvear and for wet, normal and dry conditions after the end of growth stage L
(julian date 103).

—- 227 —

]



&owmss(g/wg)

jutian date

Fig. 7. Simulated biomass accumulation during the growing season for the standard
year and for wet, normal and dry conditions after the end of growth stage 1.
(julian day 126).
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Fig. 8. Simulated bijomass accumulation during the growing season for the standard

year and for wet, normal and dry conditions after the end of growth stage III.
(julian day 137).
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Fig. 9. Simulated biomass accumulation during the prowing season for the standard

year and wet, normal and dry conditions after the end of growth stage IV.
(julian day 146).
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ABSTRACT

Methods of weather and crop vield forecasting are reviewed. Uncertainty in weather forecasting
produccs uncertainty in crop yield forecasting. A dynamic and probabilistic approach which integrates
weather and crop simulation models is suggested for forecasting. In the paper, an example of forecasting
wheat yields for Ashland, Kansas is shown. Results demonstrated that (1) different weather scenarios
can be evaluated along with normal weather patterns with prescribed probabilities of the likelihood of
the occurrence of the events, (2) the use of dynamic models can provide useful information about the
growth and development of the crop in addition to the yields, (3) progressive forecasting can be made
as teal weather data accumulates over the growing season and the final simulation result will necessarily

converge to the observation.

INTRODUCTION

Agricultural development and systems are primarily determined by long-term climate. When
developing a responsive, productive and efficient farming system, an understanding of the climatic
condition in an environment is essential along with considerations of selecting suitable crops and rota-
tion systems and approaches for cultural and pest management practices. In contrast, shortterm weather
conditions in a growing season determine the actual output level of an agricultural system, and the
production level fluctuates according to the weather variation from one year to another. In this context,
human history can be seen as man’s struggle to maximize agricultural productivity in the face of
uncertain weather conditions. Over the years, mankind has successfully developed sophisticated irriga-
tion systems, various resistant cultivars, and other chemical and mechanical technologies to improve
agricultural productivity particularly in the so-called “good” years. But when the weather is “bad”,
there are detrimental effects on agriculture. This was true 4000 years ago and is true today in the
20th century.
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A case in point is the corn yields in the United States and grain production in the world. U.S.
corn yield had five sharply reduced harvests since 1950 (Figure 1). Except in 1970 when the yield
reduction was caused by an outbreak of corn blight, all other reductions were related to poor weather
conditions. Three of the pronounced reductions occurred in the 1980’s and were all due to drought.
Compared with the preceding years, the yields were reduced by 17%, 28%, and 34%, respectively, for
1980, 1983, and 1988 (Brown and Young, 1988). Overall grain production in the U.S. was down by
29% in 1988, marking perhaps the first time in recent history that the U.S. grain. harvest fell below
domestic consumption. Since the United States is the largest grain exporting country, the impact of this
reduction is felt in all food-importing countries worldwide. Indeed data of world grain production and
consumption showed deficits of food supply in these years (Figure 2). A global indicator of food
security is “carryover stocks” of grain or the amount in the bin when the new harvest begins. This
amount can be converted to consumption equivalent days which normally are expected to fall between
60 to 90 days. As total grain production has declined, so too have carryover stocks. In 1988, world
food consumption is estimated to exceed production by 152 million. metric tons, and the carryover
stocks are expected to fall to toughly 54 consumption equivalent days (Figure 2). This is the lowest
number of days since 1960 and is less than the 57-day supply of 1972 which doubled world grain prices.
It would obviously be advantageous to all nations if levels of agricultural production can be predicted
within a reasonable time period, and sensible policies are developed to case the problems.

In order to predict the impact of weather on crop production, we must first be able to predict
the weather and to understand the relationship between weather variables and crop growth and yield
characteristics.

Factors affecting long-term climate. Historical records suggest that subtle variations in the sun’s
energy output can have decidedly unsubtle effects on the earth’s climate. Solar variability presumably
reflects turmoil in the interior of the sun., Sunspots, which are essentially magnetic storms caused by
inner turbulence, are found to occur in 1l-year cycles (Waldrop, 1989). The enhanced sunspot activity
results in global warming on earth.

Another factor affecting long-term climate on earth is El Nifio, an atmospheric and oceanic in-
teraction phenomenon that occurs every three to five years in the eastern Pacific Ocean. EI Nino is
known to bring heavy winter rains to Peruvian deserts and warm weather to the U.S. A lesser known
sibling but reverse phenomenon is called La Nifia. As opposed to El Nino, La Nina is credited with
bringing in cold temperatures to the eastern Pacific in winter, drier weather in Peru and Chile, and
_ flooding on the Indian subcontinent. The two phenomena make up the extremes of a giant meteoro-
logical system called the Southern Oscillation which functions as 2 giani heat pump distributing energy
from the equator to the higher latitudes through storms brewed over the warm western Pacific (Linden,
1988; Rusting, 1988). Handler and Handler (1983) found a correlation between corn yields in the
United States and the El Nifio events. They suggested that in years in which an El Nifio event causes
surface temperatures in the tropical Pacific to become higher than normal, there is a higher probability
of an above-average corn yield in the United States.

Marine geologists generally believe that the length of inter-glacial periods is on average 10,000
years = 1,000 years. Bryson (1975) argued that we are virtually on the eve of entering a glacial period.

He showed that there is a pronounced climatic change in the Aretic as it becomes cloudier and has more
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snowfall in winter. Since the difference in temperature between the Arctic and the rest of the world
drives the atmosphere and determines the eirculation pattern on earth, the change in the Arctic will
affect the rainfall pattern in the Northern Hemisphere. Bryson predicted that the expansion of the
circumpolar vortex would bring damp weather to western Europe, reduce summer rainfall in the Great
Plains of the United States, and disturb the monsoon system in tropical and subtropical regions.

Unfortunately, many of these long-term climatic phenomcna can neither be explained nor predicted
with a high degree of accuracy. Many of the fundamental features or underlying physical mechanisms
of these events have remained a mystery, e.g., why should the sunspots erupt periodically? Why is it
an 11-year instead of a 5-year or even 20-year sunspot cycle? What is the mechanism that links El Nifio
and La Nina?

Recently, global warming due to the increase in greenhouse gases has gained considerable atiention
scientifically and politically. Newly coflected and accumulated data indicate that the atmospheric CO,
concentration has increased by about 25% since 1850 because of fossil fuel and coal combustion. In
addition, an increase in methane {(produced by everything from cattle to rice paddies) and chioro-
fluorocarbons (well-known for causing ozone depletion) among .other trace nitrogen oxides could upset
the earth’s radiative balance and significantly enhance the warming of the earth (Kerr, 1986; Flavin,
1988). The effect of these gases on present and future temperature and rainfall is uncertain. However,
results from the most recent global clmatic model analyses suggest that global average surface tem-
peratures will increase by 2° to 6°C during the next century. Although these models are some of the
most effective tools for analyzing global climate, they suffer from lack of comprehensive feedback
systems which would include snow coverage, cloud types, and oceanic and biological reactions to the
increased gases. Unless all countries jointly design an effective strategy to stop the emission of these
gases into the atmosphere, the increased gases will have a major impact on weather, water resources,
sea level, forests, biological diversity, air quality, urban infrastructure, human health, and electricity
demand (Schncider, 1989).

WEATHER AND CROP YIELD FORECASTING METIIODS

Weather forecasting methods. In the hopes of understanding and forecasting atmospheric vartability
on time scales of weeks or months, atmospheric teleconnection, statistically significant temporal cor-
relations between meteorological parameters at widely separated points, have been studied for the
Northern Hemisphere (Namias, 1981; Wallace and Gutzler, 1981) and for the Southern Hemisphere
(Mo and White, 1985; Trenberth and Mo, 1985). Harry van Loon and Roland Madden of the National
Center for Atmospheric Research in Boulder, Colorado found evidence that Darwin, on the north coast
of Australia, has a teleconnection with Duluth, Minnesota, among other places. For example, when
average winter pressure is abnormally high at Darwin, winter temperatures in the southern United States
tend to be below normal, and temperatures in California, the north-central United States (including

Duluth) and western Canada tend to be higher than normal. Areas having consistent correlation with
" Darwin’s pressure are also found in the eastern north Atlantic over the Caspian Sea, in India, Japan,

and part of Siberia. Thus, in spite of the great distances and the general west-to-east movement of
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weather in the middle latitudes, a network of teleconnections links the equatorial Southern Oscillation
with weather far to the north (Kerr, 1982). Tim Barnett of Scripps Institute of Oceanography found
that Pacific sca surface temperature can be used to predict U.S. air temperature a season ahead with
variable accuracy depending on season and location.

Although aesthetically enticing, the above statistical approach based on the concept of stimulus-
response may not be appropriate for extended-range forecasting. The basic problem is the inability of
meteorologists to ascertain unambiguously the dynamic mechanisms that control the evolution of the
variable meteorological phenomena. Without this knowledge, no scientific gorunds exist on which to
base an extended-range forecast or to judge whether the mathematical formulations of numerical models
are complete encugh to accurately represent low-frequency meteorological behavior (Reinhold, 1987).

In practice, long-range {monthly or seasonal) forecasts have been based on empirical and proba-
bilistic approaches. The primary format for the U.S. National Weather Service’s long-range precipita-
tion will exceed or fall short of its climatological expectation. The forecasting actually involves three
steps. First, the forecaster tries to forecast the mean tropospheric flow pattern for the period in question
at an elevation of about 3 km (10,000 ft.) expressed as a departure from the long-term climate mean
for that period. The second step is to infer from the anomalies in this flow pattern the patterns of
temperature and precipitation anomaly. The final step is the assignment of probability (Epstein, 1988).

Most of the advances made in recent years in weather forecasting are in the areas of shortterm (less
than 3 days) and medium-range (less than 10 days) predictions. Tribbia and Anthes (1987) presented
a review of the scientific principles and computational methods used for weather predictions. They
point out that current numerical weather models consider many physical processes: the latent heating
of condensation in clouds; absorption and emission of radiation by the radiatively active constituents
CO,, H,0, and O, ; absorption and scattering of radiation by clouds and aerosis; and addition of heat,
moisture and frictional forces at the earth’s surface. In addition, these models require an analysis of
huge numbers of diverse data from land-surface stations, ships, ocean buoys, satellites, aircraft, and
balloons to provide initial values for the forecasting variables in the model.

In 1963, Edward Lorenz’s findings shattered the hope that improved numerical models which
relate important meteorological variables and incorporate complex physical systems would one day
be able to accurately predict weather. Lorenz concluded that weather is inherently unpredictable.
He demonstrated that the lack of predictability arises from a sensitivity to initial conditions, meaning
the solution of the numerical models would change completely if the starting point were altered by
even a tiny amount {Pool, 1989). This type of behavior is now called “chaotic”.

Nevertheless, because even chaoctic systems obey mathematical logic, there is regularity beneath
the disorder. The implications of a chaotic system are two-fold. First, science may never understand
certain phenomena. Second, much of the complicated, seemingly random behavior in the world may
actually be simple in origin; it may be much easier to analyze this coxﬁplexity than was previously
believed. In fact, several meteorological modelers have used ideas from chaotic theory to mimic and
simulate weather behavior (Vallos, 1986; Tsonis and Elsner, 1989).

Methods for yield prediction. For agricultural scientists, the ultimate purpose of weather prediction
is to p;:edict yields. Accurate yield prediction is a considerably more difficult task than accurate weather

prediction since it requires additional knowledge and quantified functional relationships between
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weather variables and crop characteristics. The simplest expression of weather-yield relationship is:
biomass = (water-use efficiency)} x (transpiration).

Both water-use efficiency (WUE) and transpiration (T) are genetic and weather dependent variables.
Various models were developed from this basic formula to explicity define WUE and T and therefore
provide useful tools to estimate biomass yield for a given crop and set of weather conditions (Noy-
Meir and Harpza, 1977; Uchijima and Seino, 1985).

However, most papers in the literature which examine the weather-crop yield relationship used
an empirical multiple regression approach (e.g. Kogan, 1985; Garcia et al., 1987; Thompson, 1988).
Some regression models involved an integration of several sub-regression models, each of which was
constructed for a phenological stage of the crop development (Feyerherm and Paulsen, 1981, 1986)
or for a defined growth period (Michaels, 1978). These models were inductive models based on observa-
tions without a need to define the cause-effect relationships among the variables included in the model.
Due to the lack of biclogical and physical explanations in these models, they were often cziticized for
providing no scientific insights about the phenomena under investigation and were limited in scope of
interpretation and ability for extrapolation.

As the understanding of plant life and the availability of powerful microcomputers has increased,
the simulation approach based on explanatory models to analyze agricultural systems and to predict
crop production has also gained popularity. These models include considerations of physiological
processes such as photosynthesis, respiration, transpiration, partition of assimilation, and phenological
development {de Wit, 1965; de Wit et al., 1978; Loomis et al., 1979). Penning de Vries and van Laar
(1982) documented some advancements made in plant simulation studies by scientists in the Nether-
lands. Whisler et al. (1986) presented a review and a summary of crop simulation models developed
for agronomic applications. Examples of the application of crop simulation models for yield forecasting
can be found in Baier (1973), Arkin et al. (1980) and more recently in Algozin et al. (1988).

In the following section, we will describe an integrated simulation approach for crop vield predic-

tion.

AN INTEGRATED SIMULATION APPROACH

The integrated simulation approach involves the following steps:

1. Select a crop growth and development model.

2. Select a weather data generator which is capable of generating representative weather patterns
and the yearly variations for a location.

3. Generate 100 years of weather data with the weather generator and 100 years yield data with
the crop model.

4. From the yield and weather distributions, evaluate the likelihood of exireme events such as dry
and wet years and their yields.

5. Select dry and wet vear events according to a prescribed probability.
The extreme vears (with a given probability level) and the mean year events provide three possible

scenarios for forecasting applications.
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This approach is illustrated by the following wheat yield forecasting example.

Crop model. While many models have been developed for rice and wheat, we will use the CERES-
Wheat model (Ritchie and Otter, 1985) which has been extensively validated for winter and spring
wheat production in the Great Plains of the United States (Larsen, 1985). This model includes routines
which analyze: phasic development or duration of growth stages as influenced by plant genetics and
weather variables; biomass production and partitioning; and soil water and nutrient uptake. The
CERES-Wheat model requires the following inputs: daily solar radiation, minimum and maximum
temperature, and precipitation; soil drainage, runoff, evaporation, and radiation reflection coefficients;
soil water and nitrogen profiles; latitude of the production location; genetic coefficients or thermal
time required for developmental stages; management information such as plant density, planting date,
irrigation, and N fertilization.

Weather model Weather simulation models can be used in connection with crop or disease models
to evaluate the impact of weather on crop production. But most available weather models require
long-term historical daily weather data to estitate model parameters. This requirement severely restricts
the applicability of the models. Geng et al. (1986, 1987, 1988) have developed a computer simulation
program, SIMMETEQ, which can generate daily weather variables such as rainfall, maximum and
minimum temperature, total solar radiation, average humidity and average wind speed based on long-
term monthly averages of these variables. This program has been tested in distinctly different locations
including Los Banos, the Philippines, Wageningen, the Netherlands, and several locations in the United
States. Table 1 shows some simulation results obtained from 14 locations in 7 states of the Great Plains
in the United States.

Data selection. For the purpose of illustration, we will focus on only one location, Ashland, Kansas.
Monthly averages of all relevant meteorological variables were read in by SIMMETEO and 100 years
weather data were generated. Figure 3b represents the annual rainfall distribution of the simulated 100
years data. Based on the distribution of normal rainfall, one can determine the upper 2.5% and the
lower 2.5% amount of annual rainfall. The cut-off points of these amounts of rainfall provide sets of
conditions for wet and dry years. These conditions are then used to generate weather data for 100 wet
and 100 dry years. The distributions of the annual rainfall for the wet and dry years are shown in
Figures 3a and 3c, respectively. The amount of rainfall during a growing season for each of these years
was calculated and the corresponding distributions of wet, normal and dry years are shown in Figure 4.
These simulated weather data will then be used as inputs for the wheat model to generate biomass
yield curves.

The .input data for the CERES-Wheat model were obtained from the Decision Support System for
Agrotechnology Transfer (DSSAT) of the International Benchmark Sites Network for Agrotechnology
Transfer (IBSNAT Technical Report No. 5, 1986). This information included plant genetic coefficients
and soil type information such as soil profile properties, nitrogen balance parameters and initial con-

ditions.

SIMULATION RESULTS AND DISCUSSION

-The CERES-Wheat model was run to generate 100 years of data under each of the wet, normal
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and dry conditions to ascertain the biomass and yield distributions. The average daity biomass accumula-
tion during the growing season for the three conditions is shown in Figure 5. The biomass accumulation
for the three conditions is very close until about julian day 40. After that day the wet and normal
weather show more rapid growth rates than the dry weather. The biomass (kg/ha) at maturity for wet,
normal and dry conditions is 9140, 6488 and 3115, respectively. The wet year biomass at maturity was
41% higher than the normal year while the dry year was only 48% of the normal year biomass. The
mean harvest index for wet, normal and dry years was 0.30, 0.26, 0.21, respectively, giving mean grain
yields of 2742, 1687 and 656 kg/ha, respectively.

The growing season was divided into 5 stages based on the CERES-Wheat model: [. seedling
emergence to appearance of the terminal spikelet (including a dormancy period for winter wheat); IL
appearance of the terminal spikelet to the end of vegetative growth; ILL the end of vegetative growth
1o the end of ear growth; IV. the end of ear growth to the beginning of grain filling; and V. grain
filling to maturity. |

A crop year with average rainfall ahd grain yield for the 100 years of normal weather conditions
was chosen as the standard vear against which to forecast grain yield. Typical wet, normal and dry
years were selected to predict grain yield in the standard year. An updating technique was used in
which four grain yield forecasts are made based on available weather informationr as the growing season
progresses: (1) First yield forecast — observed weather is available only through the end of growth
stage I (julian day 103). The three possible weather conditions (wet, normal and dry) after that day are
simulated and the predicted biomass and grain vields are obtained to form the first yield forecast. (2)
The first weather update and second yield forecast — observed weather is added through the end of
growth stage II (julian day 126). Again, three possible weather conditions (wet, normal and dry) after
that day are simulated. (3) The second weather update and third yield forecast — observed weather is
utilized through the end of growth stage IIl (julian day 137). The three possible weather conditions
after that day are simulated. (4) The third weather update and fourth yield forecast — observed weather
is utilized through the end of growth stage IV (julian day 146). The three weather conditions after that
day are simulated. Planting date was julian day 280 and maturity date for all the simulations was
between julian day 168 and 171 of the following year.

The first forecast utilized observed weather through the end of growth stage I (julian day 103)
and simulated weather thereafter. Figure 6 shows the results of those simulations. The three rainfall
conditions result in very different biomass and yield predictions. The predicted accumulated biomass
(kg/ha) at maturity for wet, normal and dry conditions after day 103 was 11,110, 7166 and 3410 and
the predicted grain yield (kg/ha) was 3736, 2263, and 797, respectively. The standard vyear had an
accumulated biomass at maturity of 6510 kg/ha and a grain yield of 1605 kg/ha. The standard year
grain vield and the normal year grain yield forecast differed by 638 kg/ha., Because this is a long-term
forecast made 68 days before maturity and before most of the rapid vegetative growth has taken place,
the predicted grain yields are subject to error. However, Figure 6 shows the full range of expected
yields given the weather conditions during the first stage of plant growth.

The first weather update (second grain forecast) utilized observed weather through the end of
growth stage II (julian day 126). Predicted biomass (kg/ha) at maturity for wet, normal and dry con-
dition after day 126 was 8350, 6670 and 4880 (Figure 7) and the predicted yield (kg/ha) was 3249,
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1748 and 897, respectively. The normal year grain yield forecast differed from the standard year grain
yield by 143 kg/ha. For this second forecast, still a long-term forecast 45 days before maturity, the
range between the highest grain yield (under wet conditions) and the lowest yield (under dry conditions)
was 2352 kg/ha.

The second weather update (third grain forecast) utilized observed weather through the end of
growth stage III (julian day 137). The predicted biomass at maturity (kg/ha) for wet, normal and dry
conditions after day 137 was 8290, 7118 and 5870 (Figure 8) and the predicted grain yield (kg/ha)
was 2934, 2128 and 996, respectively. The range between the high and low predicted yields was 1938
ke/ha. The normal vear prediction differs from the standard year by 523 kg/ha, a larger difference at
this forecast that the previous one because of the rainfall added from the standard year to the normal
year in growth stage II1. The weather used for prediction combined with the standard weather up to
julian day 137 resulted in more total growing season rain (287mmj) than during the previous update and
forecast (268mm) which used observed weather only up to julian day 126 and predicted weather there-
after. This illustrates the importance of considering both the amount and distribution of rainfall during
the growing season.

The third weather update (fourth grain forecast) ufilized observed weather through the end of
growth stage IV. (julian day 146). The predicted biomass (kg/ha) at maturity for wet, normal and
dry conditions after day 146 was 6990, 6490 and 6320 (Figure 9) and the predicted grain yield (kg/ha)
was 1929, 1566 and 1443, respectively. The forecasted grain yield for normal weather conditions and
the standard grain vield differed by only 39 kg/ha. The range between the high and low grain yieids
was 468 kg/ha. The three grain yield predictions (wet, normal and dry) were all close to the observed
vield of 1605 kg/ha.

These results indicate that a reliable grain vield prediction can be made at the beginning of grain .

filling (growth stage IV, 23 days before maturity) and possibly at the end of vegetative growth (growth
stage I1I, 34 days before maturity). The forecasts at the end of growth stages I and I1 (68 and 45 days,
respectively, before maturity) give the range in which final yields can be expected to fall.

The USDA makes monthly, seasonal, and annual forecasts of crop yields for the United States
and the rest of the world. The USDA’s method of projections is considered a model and is followed
by other international agencies including the United Nations. This method, based mainly on regression
models, has been criticized by climatologists who argue that its reliance on past yields and normal
weather is an erroneous guide to the future (Shapley, 1976). Part of the criticism of the USDA’s ap-
proach is alleviated by the method presented in this paper. First, different weather cenarios can be
evaluated along with normal weather conditions with prescribed probabilities of the likelihood of the
occurrence of the events. Second, the use of a dynamic crop model will provide not only prediction
of final yields but alse information about the growth and development of the crop. Third, the dynamic
and probabilistic approach provides a tool which allows for a progressive and self-correcting forecasting
process. In other words, as more information becomes available during later growing seasons, different
forecasting scenarios will converge to a common prediction with increasing probability of being
correct.

The simulation and forecasting methods we have discussed above do not include those factors

that may affect long-term weather changes. The difficulty of including those considerations is that
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their effects are usually smaller than the random fluctuation existing between the years. This point
is also illustrated in Figure 3 and 4 where there is a pgreat deal of overlapping between the distributions
of wet, normal, and dry years. In other words, even though the means among the populations are
different, it would be difficult to determine which population (wet, normal, or dry) a given year was
taken from. The problem of how the future trend of weather changes can be effectively included in the

simulation presents a challenge for future research.
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