Global Crop Forecasting

R. B. MacDonald and F. G. Hall

International trade decisions based on
inadequate information regarding the
global food supply can have severe eco-
nomic and social effects. In 1972 and
again in 1977, advance knowledge of the
shortfall in the Soviet grain crop could
have had a positive effect on the U.S.
economy, rather than the negative effect
that resulted from the lack of good infor-
mation.

Proper management of U.S. agricul-

other nations either do not make reliable
estimates of their crop or do not release
their figures until annual purchases are
completed. Such organizations as the
U.N. Food and Agriculture Organization
(FAO) and the U.S. Department of Agri-
culture (USDA) are chartered to provide
information on global food production,
but their reports have been heavily
reliant on information generated by the
countries themselves.

Summary. Many foreign countries are as dependent on imports of food as the
United States is on imports of oil. As the world’s largest exporter of food, the United
States needs reliable information on fluctuating foreign crop production. But available
information is often inadequate and at best untimely. It is gathered by the foreign
governments’ often outmoded systems and its release may be delayed out of eco-
nomic self-interest. Recently three U.S. government agencies put together a crop
inventory system using satellite remote sensing and worldwide weather reporting and
tested it in the Large Area Crop Inventory Experiment (LACIE). A 1977 real-time fore-
cast of U.S.S.R. wheat production indicates that the approach works and may be
expandable to other areas and other crops.

tural production is crucial to both the
American and foreign economies. In re-
cent years, U.S. grain has comprised
more than half of world grain exports.
Each year, the sale of American agricul-
tural products to foreign nations repre-
sents several billions of dollars; it is the
single most important export factor in
the U.S. balance of trade.

A major problem faced by the United
States in foreign trade decisions is the
lack of timely, accurate information on
the potential resupply from new harvests
overseas. These crop outlooks are ex-
tremely variable. Wheat, the most im-
portant internationally traded food grain,
is grown mostly in semiarid regions,
where small variations in weather can
bring agricultural disaster or bumper
crops.

While the United States publicizes ac-
curate forecasts of its wheat crop, many
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Space remote sensing technology is
emerging from more than a decade of re-
search to provide a way to make much
better global forecasts. In 1974, the
Large Area Crop Inventory Experiment
(LACIE), a joint effort of NASA, the
USDA, and the National Oceanic and
Atmospheric Administration (NOAA),
began to apply this technology on an ex-
perimental basis to forecasting harvests
in important wheat production areas.
Completed in 1978, LACIE demon-
strated that remote sensing from earth-
orbiting satellites can provide informa-
tion on foreign commodity production
with an accuracy and timeliness signifi-
cantly better than those of previous sys-
tems.

Three years of intensive evaluation of
LACIE estimates for the U.S. crop and 2
years of experience in estimating the So-
viet crop indicated that accuracy com-
mensurate with USDA performance
goals for foreign wheat production fore-
casting was achievable in regions where
fields are sufficiently large to be resolved

by Landsat. In a 1977 quasi-operational
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test, the LACIE in-season forecast of a
30 percent shortfall in the 1977 Soviet
spring wheat crop came within 10 per-
cent of official Soviet figures released
several months after harvest. LACIE
midseason winter wheat forecasts also
predicted, within 7 percent, a 23 percent
above normal Soviet winter wheat crop
several months before harvest. Although
an operational error caused winter wheat
estimates later in the season to be inflat-
ed some 10 to 15 percent, LACIE total
wheat estimates were within 6 percent of
the final Soviet figures 6 months before
their release. The coefficient of variation
of the LACIE total wheat estimate for
the U.S.S.R. was 3.8 percent, well with-
in that required by USDA accuracy
goals.

These experimental wheat forecasting
results have spurred the USDA, NASA,
and NOAA to expand their efforts over
the next several years to develop and
evaluate space remote sensing tech-
nology for other major commodities and
global crop regions.

This article discusses the need for im-
proved crop forecasts, describes the re-
mote sensing approach to global crop
forecasting, and provides a summary of
key LACIE results (I 4).

Current Forecast Systems

The USDA and the FAO compile com-
modity supply estimates produced by in-
dividual nations and report world supply
estimates. The quality of these estimates
is a direct function of the quality of the
reporting systems in the various coun-
tries (5, 6).

Agricultural information should have
the qualities of objectivity, reliability,
timeliness, adequacy of coverage, effi-
ciency, and effectiveness. Production
statistics in many important agricultural
countries do not meet any of these stan-
dards. Fewer than ten have a system that
provides adequate crop production esti-
mates. A larger number have a system
providing only annual production data
for major crops. Close to half the coun-
tries of the world have either very simple
or no agricultural production estimates
except those provided by a census of ag-
riculture conducted every 10 years. Sev-
eral countries lack any formal system for
acquiring agricultural statistics. The
United States, which recently started is-
suing measures of precision for its do-
mestic crop production forecasts, is the
only country that publishes information
on survey methodology and reliability of
estimates. The chief reasons for the ab-
sence of quality agricultural production
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statistics are (i) lack of funds for collect-
ing and tabulating data, (ii) inadequate
technical capability to formulate sound
sampling and data collection procedures,
(iii) absence of a suitable sampling
frame, and (iv) difficulty in quantifying
the benefits of improved information.
Table 1 shows the current accuracy of
USDA forecasts of foreign commodity
production and the accuracy goals for
1985. For example, the accuracy of at-
harvest estimates for the U.S.S.R. is 65/
90. This means that only 65 percent of
the time will the USDA at-harvest esti-
mate be within 10 percent of the final
U.S.S.R. estimate. Note that the most
accurate system is that for the United
States.

The frequency and magnitude of the
differences between the early-season, at-
harvest, and final estimates can be ex-
plained in part by the fact that the in-sea-
son estimates generally incorporate the
assumption that historical trends in
weather and planting patterns will pre-
vail. Usually, these estimates are based
on the foreign government’s own reports
of planted hectarage and the historical
average for yield. Because weather pat-
terns differ widely from year to year, the
probability is low that in any one year ac-
tual hectarage, actual yield, or actual
production will be within 10 percent of
its average value.

Elements of Crop Production Forecasts

Before discussing LACIE technology,
it is necessary to review the basics of
crop production forecasting. Accurate
crop production forecasts require accu-
rate forecasts of the hectarage for har-
vest, its geographic distribution, and the
associated crop yield (7) as determined
by local growing conditions. Both crop
hectarage and yield are sufficiently vari-
able from year to year and within a year
to require periodic monitoring. These
variations are created by slowly chang-
ing factors, such as irrigation, fertiliza-
tion, and climate, and by rapidly chang-
ing factors, such as weather, market
price, and government policy.

To quantify the complex effects of
these factors on crop production, both
hectarage and yield must be assessed at
subregional levels (strata) where the lim-
ited ranges and simple interactions of the
factors permit successful modeling and
estimation. For example, a yield forecast
stratum should be sufficiently homoge-
neous in soil type, crop variety, land use,
and climate to preclude the necessity for
hopelessly complex yield forecast mod-
els. Hectarage and yield of significantly

16 MAY 1980

Winter wheat
\
AN
, \‘(
; VY R Yoy _ B
Seedbed Emergence Dormanc Tillering Ripening
preparation & jointing . & maturity § 5
& planting Booting Harvesting
L & heading |
] Sep | Oct | Nov | Dec Jan Feb | Mar | Apr | May | Jun Jul |Aug
Typical Kansas cycle
Spring wheat
iy
) \§l/
/)
AV
P al
=2BBF"  Emergence, Ripening *&
Seedbe tillering, & maturity
preparation jointing Booting Harvesting
& planting & heading
Sep | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug |

Typical North Dakota cycle

Fig. 1. Growth stages of winter and spring wheat.

different crop subclasses should be indi-
vidually considered. For example, there
are two major growth habits of wheat
(Fig. 1). Winter wheat, planted in the
fall, can have twice the yield of spring
wheat, but it is subject to freeze damage
during its dormancy period. Thus, de-
spite its lower yield, spring wheat is of-
ten planted in severely cold regions. A
single yield model cannot adequately de-
scribe the response of both types of
wheat to such a wide range of weather
conditions.

It should be emphasized that existing
operational crop forecast systems do not
really predict the future. Weather fore-
casts and the vagaries of policy and hu-
man factors being what they are, crop
forecasters must be content to assess as
accurately as possible the impacts of pre-
ceding and current conditions on future
harvest production. In this context, the

ideal forecast system is one that can ac-
curately assess current crop status and
can detect and rapidly respond to
changes in relevant conditions.

During the first half of the crop year,
hectarage information has traditionally
played a dominant role in market price
(6) because early in the season crop hec-
tarage is more predictable than is crop
yield. The forecast accuracy of even the
perfect yield model is limited by uncer-
tainty about future events. As harvest
time approaches, yield information in-
creases in value because plant processes
are closer to completion and the chances
of a major perturbation by an unforeseen
event are reduced. Thus, the crop fore-
cast system should aim to produce re-
liable crop hectarage information early in
the season and then concentrate on in-
creasingly accurate yield and production
forecasts as the crop nears harvest.

Table 1. USDA current forecast accuracies and 1985 goals for wheat production estimates in six

countries.
Forecast
Country Early Mid- Pre- At
season* seasonf harvestf harvest
Current accuracy
Argentina 46/90 61/90 64/90
Brazil 8/90 31/90 31/90
Canada 26/90 45/90 94/90
India 57/90 64/90 88/90
U.S.S.R. 23/90 31/90 34/90 65/90
United States 90/90§ 100/90 100/90 100/90
1985 goal

Argentina 60/90 75/90 80/90
Brazil 30/90 50/90 60/90
Canada 50/90 60/90 95/90
India 70/90 75/90 90/90 90/90
U.S.S.R. 50/90 60/90 65/90 85/90
United States 90/92 95/95 99/95 99/95

*From 90 to 120 days before harvest.
harvest. §Winter wheat only, 1 June.

tFrom 45 to 60 days before harvest.

$From 15 to 30 days before
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The Large Area Crop Inventory
Experiment

Although the need for improved crop
forecasts had been recognized for some
time, the means did not exist to make
such forecasts in inaccessible regions of
the globe. It was the concerted efforts of
remote sensing scientists and other re-
searchers over the past two decades that
made available for the first time a prom-
ising solution. Major technological de-
velopments included (i) multispectral
scanners capable of scanning the earth’s
surface and producing a quantitative ra-
diometric map at visible, near-infrared,
and thermal infrared wavelengths; (ii)
pattern recognition techniques that per-
mitted crops to be identified on the basis
of differences in spectral reflectance dur-
ing the year; (iii) high-speed digital com-
puters; (iv) the 1972 launch by NASA of
the first of the Landsat series of polar-
orbiting satellites—synoptic platforms
for the multispectral scanners—making
it possible to monitor each point on the
globe every 18 days; (v) the development
of a global weather-reporting network by
the World Meteorological Organization
(WMO); and (vi) the development of
models capable of relating weather to
crop yields.

A proof-of-concept

experiment,
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LACIE was designed (i) to assimilate
this remote sensing technology, (ii) to
apply the resultant experimental system
to monitoring wheat production world-
wide, (iii) to isolate and rank key techni-
cal problems, (iv) to modify the ap-
proach as necessary and conceivable,
and (v) to demonstrate the technical and
cost feasibility of a global agricultural
monitoring system.

In the LACIE design, heavy emphasis
was placed on an objective, quantitative
evaluation of the technology under as
many representative global agricultural
conditions as possible. Timeliness and
accuracy goals were established. The
LACIE experimental inventory system
was designed to achieve monthly at-har-
vest production estimates that would
converge to within 10 percent of the true
estimate at the national level with a con-
fidence of 90 percent. To evaluate the
LACIE system, an extensive accuracy
assessment effort (8) was incorporated
into the design. In addition, peer groups
consisting of recognized experts in in-
dustry, the academic community, and
government were periodically invited to
review in depth the technical approach
and results. During the course of LACIE
there were six reviews of 3 to 4 days
each involving more than 75 peer group
members.

Fig. 2. LACIE production estimation from sampling. Zone wheat area (estimated from Landsat
sample segments) times zone yield (modeled from meteorological data) equals zone production,
Production for any aggregate of zones, such as for the U.S. Great Plains (12 zones), equals the
sum of zone production estimates. Shown at the lower right is a sample segment (5 by 6 nautical
miles) used for classification analysis of Landsat data; there are 601 segments in the Great
Plains. Triangles denote zone primary weather stations.
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LACIE was conducted in three
phases, each covering a global crop year.
In phase I, beginning in November 1974,
existing remote sensing technology was
tested over the nine-state U.S. Central
Plains region. Test results were suffi-
ciently encouraging to expand testing in
phase II to include wheat regions in the
U.S.S.R. and Canada. In this same peri-
od, technology problems uncovered in
phase I were addressed by the support-
ing research effort. In phase III, a sec-
ond-generation technology, developed in
phases I and II, was used to forecast the
1977 Soviet wheat crop at the country
level. Evaluations were continued in the
U.S. nine-state region, where detailed
ground observations and USDA crop es-
timates were available for comparison. A
limited amount of ground-observed data
was collected in Canada as well. The
project also conducted exploratory stud-
ies in India, China, Australia, Argentina,
and Brazil.

Crop Forecast Technology

The remote sensing crop forecast sys-
tem developed and evaluated by LACIE
used Landsat multispectral scanner data
to identify crops and estimate their hec-
tarage for harvest and used global weath-
er data from the WMO ground network
to forecast yield for harvested hectares.
Instead of complete coverage by Land-
sat, a stratified random sample was em-
ployed. This 2 percent statistical sample
of the data incurs a sampling error of less
than 2 percent.

Locations of the sample unit sites and
temporal windows for Landsat data ac-
quisitions were specified by LACIE per-
sonnel at the Johnson Space Center
(JSC) in Houston and transmitted to
Goddard Space Flight Center in Green-
belt, Maryland. Goddard personnel then
commanded the satellite to acquire the
requested data. These acquisitions were
edited out of the data stream, spatially
registered to previous acquisitions, and
transmitted to Houston for entry into a
large electronic data base. During
LACIE, nearly 40,000 acquisitions were
transmitted, 18,000 during phase III.
Processing of these data for episodic
event detection and crop area estimation
was conducted at JSC.

The global meteorological data were
acquired from the Global Telecommuni-
cations System of the WMO, the U.S.
Air Force Environmental Technical Ap-
plications Center, and the NOAA En-
vironmental Satellite Service. These
data were stored on computer data bases
at the National Meteorological Center in
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Fig. 3. LACIE yield determination by mathe-
matical models. Yield = A (preceding year
yield for average weather) + B (yearly adjust-
ment for technology trend) + C (effects of
current weather).

Suitland, Maryland. Processing of these
data for yield forecasting and crop matu-
rity stage estimation was controlled by
NOAA’s Center for Climatic and En-
vironmental Assessment at Columbia,
Missouri. Yield forecasts were trans-
mitted to JSC for input to the production
forecasts. Regional meteorological and
qualitative crop condition summaries,
used in crop identification, were pro-
vided by NOAA personnel at JSC.

Although ground-acquired data on
crop identification and crop condition
were not used directly to estimate crop
area in the LACIE system, such data
were used to develop techniques and to
assess the accuracy of the LACIE crop
forecasts. To support the development
of techniques, spectrometer and other
field measurements were acquired at
several intensive study sites.

Sampling and aggregation. A strati-
fied random sample of Landsat data was
used to estimate area. In the United
States the strata were counties, in the
U.S.S.R. they were oblasts, and in Can-
ada census districts. The sample unit
was a segment measuring 5 by 6 nautical
miles. Although this relatively large unit
was not the most efficient for sampling, it
was needed to give analysts sufficient
spatial context to identify crops. The
United States was allocated 601 such
samples, the U.S.S.R. 1947, and Canada
283. The Landsat data acquired from a
sample segment were used to estimate
the areal proportion of wheat growing in
that segment. An average of all segments
in each stratum was used to compute the
stratum wheat hectarage. Stratum hecta-
rages were then aggregated to ‘‘zones’
selected to be relatively homogeneous
with respect to wheat distribution, cli-
mate, and soils. Meteorological data
from the primary weather stations were
used as input to zone-specific yield mod-
els to compute zone yields. In the U.S.
Great Plains there were 12 such zones.
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Production was computed as the product
of the zone wheat hectarage and the zone
yield. The variances of these estimates
were also computed. Estimates of area,
yield, and production, as well as the vari-
ance estimates, could then be summed to
obtain estimates and their precisions for
any aggregate of zones. Figure 2 summa-
rizes the LACIE production estimation
scheme. Such aggregations were made
monthly throughout the growing season.
Reports for the U.S. Great Plains, the
U.S.S.R., and Canada were mailed to
the USDA before the USDA released in-
dependent estimates for the same re-
gions. The variance estimates, as well as
comparisons with the USDA estimates,
were used to assess the accuracy of
LACIE estimates in terms of the 90/90
criterion.

Landsat data analysis procedures. Be-
fore LACIE, techniques for analyzing
multispectral data to identify crops were
highly manual and required analysts ex-
perienced in machine processing theory.
To identify the crops in a data segment
took an analyst 2 weeks or more during
the Corn Blight Watch Experiment (9), a
large-area test of remote sensing that
preceded LACIE. For LACIE, with an-
ticipated data loads in excess of 50 seg-
ments a day, manual analysis require-
ments had to be significantly reduced.
An analysis procedure had to be de-
signed so that one person could analyze
a segment in no more than 1 day, and
that person should not have to be highly
trained in machine processing theory.
Much effort was expended before and
during LACIE to achieve these ends.
These efforts culminated in a machine
processing procedure named Procedure
1. Procedure 1 was a four-step process.

First, the Landsat computer-generated
film imagery and ancillary data were pre-
pared and assembled into packets to be
used by analysts to identify crops. Land-
sat data included available full-frame
(100 by 100 nautical miles) color-infrared
(CIR) film and segment-level CIR film
products generated at JSC from digital
data, as well as graphic and numerical
representations of multispectral scanner
data. Ancillary data included such his-
torical - agronomic information as crop
maturity calendars, cropping practices,
and field size, as well as modeled adjust-
ments to the normal wheat crop calendar
in response to the current year’s weather
(10) and summaries of the meteorological
and crop conditions for the current crop
year.

Next, the analyst used image inter-
pretation procedures to label as ‘‘small
grain” or ‘‘other’’ about 100 Landsat
pixels (picture elements, each represent-
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Fig. 4. LACIE phase III total U.S.S.R. wheat
production results for 1977 compared to FAS
and official Soviet estimates.
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ing about 1 acre) preselected at random
from a grid covering the segment. With
spectral data from a proper sequence of
Landsat acquisitions and estimates of
the stages of development of small grains
and confusion crops at those dates, the
analyst could, in most instances, identify
small grains and distinguish them from
other crops. The analyst depended pri-
marily on temporal differences in the vis-
ible and infrared reflectances of small
grains and other crops. These temporal
differences result from differences in the
densities and colors of the various crops
growing and maturing at different rates.
The analyst used the ancillary agricultur-
al data to determine what other crops
had to be separated from small grains.
The meteorological summaries were
needed so that the analyst could note un-
usual conditions such as droughts or
floods that could affect crop appearance.

Third, about 40 of the 100 analyst-la-
beled pixels were used to train cluster-
ing and maximum likelihood classifica-
tion algorithms to classify as small grain
or other each of the segment’s 23,000
pixels. Analyst and computer identifica-
tions for the remaining 50 analyst-labeled
pixels were then compared to estimate
the frequency of agreement between an-
alyst and computer. This frequency of
agreement was used to ‘‘correct’’ the
percentage of pixels computer-classified
as small grain to estimate the proportion
of the segment area where small grains
were growing. A projection of the hecta-
rage ratio of wheat to small grain, based
on econometric models (/7), was used to
convert the estimate to wheat.

Finally, the analyst evaluated the ac-
ceptability of the result before submit-
ting the data to production aggregation.
Thus, the Landsat data analysis can be
characterized as a manually assisted ma-
chine processing approach. The analyst
typically spent 2 to 3 hours on a segment
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to label 100 pixels, while the machine la-
beled all 23,000 pixels in the segment in 2
to 3 minutes.

Yield forecast procedures. The yield
for harvested hectares was forecast in
LACIE through the use of regression
models that incorporated weather vari-
ables obtained from the stations of the
WMO network. These models (12), re-
ferred to as agrometeorological models,
were based on multiple linear regres-
sions of historical yields and monthly av-
erages of temperature and precipitation
effects (Fig. 3). In the U.S. Great Plains
yardstick region, nine winter wheat and
five spring wheat models covered 12
zones. These zones were Montana,
South Dakota, North Dakota, the Red
River Valley, Minnesota, Nebraska,
Colorado, Kansas, Oklahoma, the Texas
Panhandle, the Texas Lower Plains, and
the Edwards Plateau. The data series
used to develop the U.S. models was ap-
proximately 45 years long. In the
U.S.S.R., 15 winter wheat and 16 spring
wheat models covered 33 zones. The
data series available to develop these
models was only 10 years long. In both
the United States and the U.S.S.R., the
historical yield data for each zone con-
sisted of a hectarage-weighted sum of the
data for the smallest reporting areas
within the zone. For example, the aver-
age monthly temperature for a U.S. zone
was the sum of the average monthly tem-
peratures for the counties weighted by
each county’s proportion of the hecta-
rage.

Accuracy Assessment and Evaluation

An extensive accuracy assessment
program was conducted to evaluate the
performance of the LACIE technology;
ercor contributions from the various
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technology components were estimated,
as were the effects on performance of
key agricultural and climatological fac-
tors. The accuracies of area, yield, and
production estimates were established
by statistical comparisons to ground ob-
servations and independent government
figures. Statistical approaches were used
to test the hypothesis that relative dif-
ferences between LACIE at-harvest pro-
duction estimates and actual production
would be no greater than 10 percent in 9
out of 10 years. To test such a hypothe-
sis, without actually operating for many
years, required that several assumptions
be made. First, as described in (/3), this
test was based on the assumption that,
over a period of many years, the produc-
tion estimates would be normally distrib-
uted. Second, the variance of this normal
distribution was assumed to be related to
estimates of the area and yield variances
for a single year by the relation

VE) = S [V(T)A: +
i )

where V(Y,) is the square of the yield
prediction error for the ith zone; A; is the
historical average wheat area for the
zone; Y; is the historical average yield for
the zone; and V(A,), the variance of the
LACIE wheat area estimates, A, is esti-
mated directly from the component seg-
ment estimates. and depends strongly on

1
n—1

n
V(A) = 24— EAF @
J
Equation 1 requires independence of the
segment area estimates, independence of
the zone yield estimates, and indepen-
dence of the area and yield estimates
from each other. While statistical inde-
pendence is not strictly satisfied, empiri-
cal observations indicate that the effects

of dependence on Eq. 1 are reasonably
small.

An additional assumption results from
the fact that in Eq. 1, V(A;) and V(¥)) are
estimates of the variance pertaining to a
specific year; thus, estimates of V(P)
pertain to the conditions in that year. An
evaluation of the 90/90 criterion using
this estimate of V(P) requires that a
single-year estimate be representative of
several years of operation. The V(A;)
and V(¥;) estimated during LACIE (3
years for area, 10 years for yield) were
observed to change very little between
years. Thus, V(P) as estimated by Eq. 1
is believed to be reasonably representa-
tive of the between-year variance over
several years.

Perhaps the most important issue con-
cerning performance is estimation of the
bias, E(P — P), where P is the reference
estimate of the actual production. As dis-
cussed in (/3), for a given value of the
coefficient of variation (CV) of P, which
is defined by [V(P)]"2/E(P), the 90/90
criterion will be satisfied only when the
bias is within a given tolerance; how-
ever, this tolerance is about equal to CV
(P). For the country-level estimates, the
LACIE sample was designed to achieve
a CV(P) of about 5 percent. To satisfy
90/90, the concomitant relative bias must
be less than 4 percent.

Given a single-year observation of
P — P and statistical noise in P of 5 per-
cent, the hypothesis that the relative bias
is less than 4 percent cannot be accepted
with a large degree of confidence.
LACIE estimates of the Soviet wheat
crop during 1977 had a CV of 3.8 per-
cent. For a CV of 3.8 percent, a relative
bias of about 5.5 percent is tolerable. An
at-harvest difference of only 1 percent
was observed between the LACIE esti-
mate and the Soviet estimates of their
actual production (/4). Thus, while this
single observation of the relative dif-
ference is well within tolerance, it does
not guarantee a relative bias of 5.5 per-
cent when averaged over a longer period
of operation.

While the 90/90 evaluations must be
viewed in the light of the required as-
sumptions, strong additional verification
was obtained from the intensive evalua-
tion of the technology components in the
United States, where USDA estimates
are believed to be quite reliable and
where extensive ground observations in
175 sample segments were available. At
these sites, USDA agents acquired data
in each field and recorded them on high-
altitude aerial photographs. The photog-
raphy was then digitized and spatially
registered to the Landsat data to permit
automatic comparisons between ground
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Fig. 6 (left). Percent deviation from normal May-June monthly precipitation minus potential evapotranspiration (computed by the Thornthwaite

method) for U.S.S.R. spring wheat regions during 1977.

yield models for U.S.S.R. spring wheat.

observations and analysis results. These
comparisons permitted the total area es-
timation error to be assessed in terms of
bias and variance due to classification er-
ror. The probability of correct identifica-
tion of wheat could also be assessed at
the segment, field, or pixel level and re-
lated to observed agricultural and mete-
orological events.

Since yield was modeled at the zone
level, it could not be evaluated at the
segment level as could area. A statistical
test utilizing historical data at the zone
level was developed to test these mod-
els. Each model was tested for its ability
to predict zone yields with sufficient ac-
curacy to support the 90/90 criterion for
ten independent test years within a his-
torical series of yield data. These tests
are reported in detail in (8), as are all the
accuracy assessment methods.

System Performance

The efficiency and capacity of the
" LACIE system improved markedly dur-
ing the 3 years of operation. While the
scope increased fourfold in the number
of active segments (700 in phase I to 3000
in phase III), ninefold in the number of
Landsat acquisitions (2000 in phase I to
18,000 in phase III), and fivefold in the
number of segments that were machine
processed (1100 in phase I to 5000 in
phase III), the number of analysts de-
clined slightly. This was possible be-
cause more efficient analysis procedures
reduced the analyst contact time to 2
hours per segment, one-fourth the phase
I level. Yield estimates, weather sum-
maries, and crop calendar estimates in-
creased by a factor of 4 and were gener-
ally provided on schedule. The number
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of commodity and accuracy assessment
reports also increased by a factor of 4.

It was generally concluded from these
results that current data processing tech-
nology coupled with sound statistical
sampling practices can cope with the vol-
ume of data required to monitor major
crop regions of the world.

Results and Discussion

Phase III Soviet results. In 1977
LACIE monitored U.S.S.R. wheat pro-
duction from early season through har-
vest. Monthly commodity production
forecasts were sent to the USDA in
Washington the day before the corre-
sponding public release by its Foreign
Agricultural Service (FAS). LACIE
made its first forecast of Soviet winter
wheat production on 1 April 1977 and its
first forecast of spring and total wheat on
8 August 1977. Figure 4 shows the
LACIE in-season forecasts for U.S.S.R.
total wheat, the FAS forecasts, and the
official Soviet estimate.

The initial LACIE in-season forecast
of total U.S.S.R. wheat production was
97.6 million metric tons (MMT), about 11
percent below the FAS projection and 6
percent above the final U.S.S.R. figure
0f 92.0 MMT (I5). The final LACIE esti-
mate of 91.4 MMT differed from the final
Soviet figure by about 1 percent. The es-
timated coefficient of variation in the fi-
nal LACIE estimate was 3.8 percent.
This difference and CV are consistent
with those required for the 90/90 accura-
Cy criterion.

The early-season LACIE forecasts for
U.S.S.R. winter wheat ranged from 51 to
55 MMT, indicating a near-record winter
wheat crop (Fig. 5). The LACIE April

Fig. 7 (right). Percent deviation from trend yields in 1977, as forecast by the LACIE

and May winter wheat area estimate of
about 21 million hectares indicated that
U.S.S.R. planting was 15 percent above
average and 22 percent above the 1976
figure. Moreover, LACIE yield forecasts
stood at 25.5 quintals per hectare, 11 per-
cent above the Soviet average. By July,

- spring wheat fields had grown to the

point of detectability by Landsat. The
August area estimate of 39 million hec-
tares indicated that the U.S.S.R. spring
wheat planting was almost 9 percent be-
low average. This, combined with the
LACIE yield model forecast of a 20.5
percent decline in yield from average, in-
dicated that the Soviet spring wheat pro-
duction would suffer a major reduction,
falling 30 percent below average (I/6).
These trends held and LACIE correctly
forecast that the U.S.S.R. would achieve
only an average total wheat crop.

The FAS estimated Soviet wheat at
about 97 MMT in February 1977 (/7) and
steadily increased its forecast to a high of
110 MMT in July (/8), primarily in re-
sponse to its expectation of a much bet-
ter than average Soviet winter wheat
crop and its forecast of an average or
better spring wheat crop. As can be seen
in Fig. 4, FAS began to decrease its
U.S.S.R. forecast in August. The final
FAS release, on 20 October 1977 (19),
carried a wheat estimate of 90 MMT.

In late January 1978, the U.S.S.R. an-
nounced its 1977 wheat production as 92
MMT—-51.9 MMT of winter wheat (9.8
MMT above average) and 40.1 MMT of
spring wheat (8.1 MMT below average).
The LACIE final winter and spring
wheat area, yield, and production esti-
mates did not differ significantly from the
Soviet figures. These accuracies are also
consistent with the 90/90 criterion.

As Fig. 5 shows, the LACIE winter
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wheat forecast increased from the May
to the August report. Previous experi-
ence indicated that the increase from
May to June was the result of steadily in-
creasing visibility to Landsat of the

emerging winter wheat canopy in March
and April. However, since winter wheat
had completely emerged by June, the
continued increase in the winter wheat
hectarage estimate through July and Au-

Table 2. Comparison of FAS and LACIE phase II estimates for U.S.S.R. winter and spring

wheat indicator regions, 1976.

Estimate Area Yield Production
(10° ha) (quintal/ha) (MMT)
Winter wheat
FAS 11.3 27.6 31.2
LACIE 14.2 24.6 34.9
Relative difference, percent* 20.4 —-12.2 10.6
Coefficient of variation, percent 6 5 7
Spring wheat
FAS 17.1 11.3 19.3
LACIE 19.1 10.5 20.1
Relative difference, percent* 10.5 -7.6 4
Coefficient of variation, percent 4 8 9

*Calculated as [(LACIE — FAS) + LACIE] x 100.

A

Fig. 8. Stressed vege-
tation areas (shaded)
mapped from Landsat
radiometric measure-
ments of U.S.S.R.
spring wheat areas in
July 1977.

Winter wheat 1976

Winter wheat 1977

Winter wheat 1978
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Fig. 9. LACIE estimates compared with ground observations for test sites in the U.S. Great
Plains (1978 data are from LACIE follow-on). . N is number of blind sites for which Landsat ac-
quisitions were adequate to make estimates; D is the average of the sequential differences be-
tween LACIE estimates; @, ground observations; o, standard deviation of the difference; *,
significant bias at a 10 percent level of confidence.
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gust had no known physical basis. The
spring wheat estimate stabilized as ex-
pected. An analysis of the winter wheat
problem indicated that, for about 20 per-
cent of the winter wheat segments,
Landsat data were mistakenly not ac-
quired during March and April. This pe-
riod is critical for distinguishing between
the two major grain types because winter
grains are greening after their dormancy
and spring grains have not yet emerged.
Estimates were being made for segments
with May Landsat passes only, and ana-
lysts could not separate spring and win-
ter grains. To determine the effect of this
error on the estimates of hectarage, esti-
mates in the affected segments were
treated as total grain hectarages. They
were reduced to winter wheat hectarages
by multiplying them by historical ratios
of winter wheat to total grain hectarage
for the local region.

The dashed line of Fig. 5 shows the re-
computed winter wheat production esti-
mates obtained in this way. The recom-
puted estimates represent the seasonal
forecasts that would be expected opera-
tionally. As winter wheat completed its
emergence, the production estimates sta-
bilized. Fluctuations thereafter were
dominated by changing estimates of
yield. A similar behavior can be noted in
the real-time estimates of Soviet spring
wheat, which were unaffected by the
Landsat data order error.

From the meteorological inputs
(monthly average temperature and pre-
cipitation) to the LACIE yield models, a
clear pattern of drought emerged, the ap-
parent result of a shortage in available
soil moisture. Available soil moisture, a
predominant term in the yield models,
was estimated for a Soviet crop region as
the difference between the monthly pre-
cipitation and the potential evapotranspi-
ration (20) for the region. Figure 6, a dis-
play by crop region of the percent devia-
tion from normal in estimated available
soil moisture, indicates a clear pattern of
potential drought in the heart of the So-
viet spring wheat region. Consequently,
LACIE yield estimates for these regions
decreased, as shown in Fig. 7.

This pattern of drought and con-
sequent yield reduction was corrobo-
rated by the Landsat data. In each
LACIE sample segment, the level of
drought stress was estimated from Land-
sat digital data by the method of Thomp-
son and Wehmanen (27). Figure 8 in-
dicates the geographic area for which the
Landsat data were indicating severe
drought stress. This area overlaps every
region where the LACIE technology was
forecasting a below-normal yield.

For the northern crop regions, how-
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ever, LACIE was forecasting above-av-
erage yields. The total effect on produc-
tion of these counterbalancing tenden-
cies could be assessed only if the wheat
area in each of these crop regions was
known. Thus, the LACIE hectarage esti-
mates for each crop region were multi-
plied by the yield forecasts to obtain pro-
duction estimates. When these individ-
ual production figures were summed, the
overall estimate of spring wheat produc-
tion was 36.3 MMT, about 21 percent be-
low normal, which, as discussed earlier,
compares quite favorably with the Soviet
estimate.

Phase II Soviet results. In the initial
test of the LACIE technology for the So-
viet Union, a portion of their wheat crop
was monitored over *‘indicator regions’’
during the second year of LACIE. The
analysis procedures, however, were not
those used in phase III but those used in
phase 1. The comparison of LACIE esti-
mates with Soviet estimates was also
complicated by the lack of complete So-
viet figures at the indicator region level;
however, as can be seen from Table 2,
the LACIE final estimates of area, yield,
and production were in reasonable
agreement with FAS estimates for these
regions. Although differences between
these estimates cannot be considered
statistically significant, a tendency to
overestimate Soviet winter wheat area
was observed. In general, however, be-
cause of the much larger fields on the So-
viet state farms, analysts judged the So-
viet Union an easier analysis task than
the United States and Canada, with their
much smaller farms and fields. The
phase II results were sufficiently encour-
aging that the LACIE Soviet test was ex-
panded to the full-country level in order

Fig. 10. Comparison of (a) low-altitude aerial photograph of strip fields with (b) Landsat imag
wheat; WW, winter wheat; SF, strip fields.
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Table 3. Relative differences between LACIE and USDA final figures for the U.S. Great

Plains with coefficients of variation.

Period Area

Yield Production

Winter wheat reference region

PhaseI (1975) - 0170 42 +2.6 50 7.0

Phase II (1976) - 73%x5.0 0 *=50 -72=x 7.0

Phase III (1977) 4.6 = 3.2 - 82 =*5.1 - 34+ 58
Spring wheat reference region

PhaseI (1975) -30 *98 4.7 = 4.1 =25 =11

Phase II (1976) -26 *6.0 3470 =22 *=10

Phase III (1977) - 85+35 -16 =8.4 -26 *= 9.0
Total wheat—spring and winter

Phase I (1975) -11 =57 43 + 4.0 - 56+ 59

Phase II (1976) -14 =40 1.1 £ 40 -12 = 50

Phase III (1977) 0424 -10 *43 —-10 *= 48

to obtain a more reliable set of com-
parison statistics and encounter the full
range of variability in the Soviet wheat
crop.

U.S. and Canadian experiments. The
U.S. test area was comprised of winter
wheat and spring wheat regions in the
U.S. Great Plains. The spring wheat re-
gion included an area where no winter
grains were grown and an area where
spring and winter grains were mixed.
LACIE technology was also evaluated
throughout Canada, a country that grows
only spring wheat with practices similar
to those used in the U.S. northern Great
Plains. In these two countries, indepen-
dent and very reliable data were avail-
able for comparison at the regional,
state, sample segment, and field levels.
The LACIE estimates of winter and
spring wheat hectarage for test sites in
the reference region were compared to
ground observations. The results for the
1976, 1977, and 1978 crop years are
shown in Fig. 9. Substantial improve-
ment was realized with increased experi-
ence and better procedures (22). At the

Great Plains level, the LACIE estimates
of winter wheat production, yield, and
hectarage ranged from satisfactory to ex-
cellent in replications of the experiment
in the reference region over three crop
years (Table 3).

Although significant improvements
were also realized in U.S. spring wheat
estimates over the three crop years, the
accuracies achieved were much lower
than those for the U.S. winter wheat re-
gion. The poorer area estimation accu-
racies were due to the predominance of
narrow fields and to confusion crops.
LACIE significantly underestimated the
hectarage of spring wheat in both the
United States and Canada in 1975 and
again in 1976. The ground-observed
sample sites clearly showed that a prima-
ry source of the error was the limited res-
olution of the Landsat multispectral sen-
sor. The sensor was not able to resolve
the narrow strip-fallow wheat fields (Fig.
10). As a result, these fields were mis-
classified and the area of wheat under-
estimated (23).

While this strip-fallow practice is

e of the same area. Abbreviations: SW, spring
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widely followed in the northern United
States and Canada, it is not prevalent in
the U.S.S.R. Therefore, the Landsat res-
olution was found adequate for the U.S.
hard red winter wheat region with its rel-
atively large fields and for the still larger
fields in both the winter and spring wheat
regions of the U.S.S.R. Thus, while the
U.S. and Canadian investigations sub-
stantiated the performance of the
LACIE approach used in the U.S.S.R.,
they also revealed that, where field width
is on the order of the -current Landsat
sensor resolution (80 meters), better sen-
sor resolution, such as that to be pro-
vided on Landsat D, is required.

Another factor contributing to wheat
area estimation errors in some regions
was the presence of certain confusion
crops such as spring barley, which looks
very much like spring wheat. In the
spring wheat region, a two-step process
was used to estimate wheat hectarage.
The area of spring grains was first esti-
mated from Landsat data and then econ-
ometric models were used to infer wheat
hectarage. These models used a time se-
ries of crop hectarages to predict the
hectarage ratio of wheat to small grains
for the current year.

The performance of the U.S. ratio
models was reasonably good. However,
such econometric models are inappli-
cable to many foreign situations. There-
fore, there continued to be a need to
estimate wheat directly from the Land-
sat data. Work done after the comple-
tion of LACIE has shown that barley
can be discriminated from wheat given
Landsat coverage after barley begins to
ripen and before wheat begins to ripen,
about 2 weeks later. During this period,
the preharvest gold of ripening barley
can be readily distinguished from other,
still green vegetation such as wheat.

Evaluations of the U.S. yield models
using 10 years of historical data indicated
a performance consistent with the 90/90
criterion except for years with extreme
agricultural or meteorological condi-
tions. Table 4 shows the results. The
models were developed with data for the
45 years preceding each of the test years.
A nonparametric statistical test em-
ployed to analyze these data did not re-
ject the 90/90 hypothesis; however, had
the models exceeded the tolerance
bounds in at least one more year, as they
appear to have done in 1977, the 90/90
hypothesis would have been rejected. In
addition, the root mean squared error
(RMSE) of 1.9 bushels per acre is larger
than desirable for a 90/90 estimator. It
should be noted that 1974 was a very dry
year in the U.S. Great Plains and wheat
yields were very poor. The LACIE yield

678

Table 4. Results of an evaluation of the
LACIE phase III U.S. yield models by com-
parison with 10 years of independent test
data.

Estimate With-

Year (bushel/acre) Er- in

_—— ror* toler-

USDA LACIE ance?
1967 21.6 22.5 +0.9 Yes
1968 26.0 24.6 -1.4 Yes
1969 28.4 29.4 +1.0 Yes
1970 28.2 26.6 -1.6 Yes
1971 30.8 27.9 -2.9 No
1972 29.3 29.1 -0.2 Yes
1973 30.8 30.6 -0.2 Yes
1974 23.8 28.4 +4.6 No
1975 26.8 27.3 +0.5 Yes
1976 26.4 27.1 +0.7 Yes
1977% 27.5 24.9 -2.6

*Mean error, —0.1 bushel/acre; RMSE, 1.90 bushel/
acre. tFor comparison only, LACIE 1977 esti-
mates.

models failed to respond to this deviation
and overestimated the yield by 4.6 bush-
els per acre. Without 1974, the RSME
would drop from 1.9 to 1.3 bushels per
acre, which is not significantly different
from that required for a 90/90 estimator.
It thus appears that the yield models may
satisfy the 90/90 criterion in years with-
out extreme departures from normal
yield. As reported earlier, the LACIE
yield models were responsive to the de-
parture of the 1977 Soviet spring wheat
crop, a departure which, while not ex-
treme, was of great economic impor-
tance to the United States and other
countries.

Other foreign regions. Exploratory in-
vestigations in other wheat regions of the
world indicate that the current area esti-
mation technology is generally appli-
cable to regions in the Southern Hemi-
sphere such as Australia and Argentina.
The improved sensor resolution of Land-
sat D will be required for regions such as
China and India, where fields are small.
Yield model tests in these countries in-
dicate that models less dependent on his-
torical data will be needed for Australia,
China, Argentina, and Brazil.

Outlook

LACIE is a major step toward a re-
mote sensing technology capable of glob-
al food and fiber monitoring. It has
proved the concept of this new tech-
nology by providing significantly im-
proved information on one major crop—
wheat. The experiment has demon-
strated the utility of this technology for
several countries and has identified key
technical problems.

The next logical steps are (i) contin-
uing refinement of the technology and

subsequent transfer to operational test
systems and (ii) adaptation of the tech-
nology to forecast production of other
food and fiber crops such as corn, rice,
soybeans, and forest products.

The LACIE participants—NASA, the
USDA, and NOAA—and the U.S. De-
partment of the Interior and the Agency
for International Development are plan-
ning a technology development program
to support the possible implementation
of an operational global monitoring sys-
tem.

The Secretary of Agriculture recently
announced a new initiative to develop
improved uses of aerospace technology
for agricultural purposes. The initiative
sets the following priorities:

1) Early warning of changes affecting
production and quality of renewable re-
sources.

2) Commodity production forecasts.

3) Land-use classification and mea-
surement.

4) Renewable
and assessment.

5) Land productivity estimates.

resources inventory

6) Conservation practices assess-
ment.
7) Pollution detection and impact

evaluation.

While all seven requirements are of
major importance to the USDA, the first
two requirements essentially capture the
department’s most urgent need for bet-
ter, more timely information on world
crop conditions and expected produc-
tion. The agencies that participated in
LACIE are planning a follow-on activity
for the early 1980’s that will build on the
LACIE experience and address the
broader needs of the USDA.
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A Federalist Strategy for
Nuclear Waste Management

Once or perhaps twice in the remain-
der of this century the U.S. government
will establish a permanent repository for
high-level radioactive wastes. Entangled
in the wider controversy over nuclear

Kai N. Lee

ment (IRG) chartered by the President in
1977 3). The new policy provides that
state governments are to have a ‘‘contin-
uing role in decision-making with regard
to the federal government’s actions’” ¢)

Summary. The federal government plans to rely on a policy of “consultation and
concurrence” with state governments in developing nuclear waste repositories. The
weaknesses of the concurrence approach are analyzed, and an alternative institution-
al framework for locating a waste repository is proposed: a siting jury that provides
representation for state and local interests, while maintaining a high level of technical
review. The proposal could be tested in the siting of away-from-reactor storage facili-

ties for spent nuclear fuel.

energy, the siting of a waste repository
has become an unwieldy and con-
troversial task. Since March 1977 more
than 15 states have enacted laws that
regulate storage or forbid disposal of ra-
dioactive wastes within their borders (7).

President Carter announced on 12
February a new policy on nuclear wastes
(2). His statement embraces many of the
recommendations of the Interagency Re-
view Group on Nuclear Waste Manage-
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“in nuclear waste disposal. This is the
principle of ‘‘consultation and concur-
rence.”’

“‘Consultation and concurrence’’ is,
perhaps unwittingly, a reaffirmation of
traditional American values. Beer wrote
of the Constitution (5),

The essence of the invention of 1787 was the
use of the same electorate to choose two sets
of governments, each with constitutional pro-
tection. . . . Governing himself through two
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governments, the voter views the political
world from two perspectives, one shaped by
the social pluralism of the general govern-
ment, the other shaped by the territorial plu-
ralism of the state government.

The idea of giving state governments a
role commensurate with federal execu-
tive agencies is so old that it has had to
be rediscovered.

There is consensus on consultation.
Sharing of information between federal
and state authorities is widely thought to
be an essential steppingstone toward or-
derly siting (6).

If consultation enjoys support, ‘‘con-
currence’’ elicits delicate evasion and
postponement. ‘‘States and localities
will accept their share of responsibility,’’
an interpretation by the Department of
Energy (DOE) assumes (6), without sug-
gesting why this acceptance should be
expected. Indeed, no state will generate
enough waste from commercial nuclear
power to approach the capacity of a
single geologic repository; what does a
fair ‘‘share of responsibility’’ comprise?
Which decisions should be taken to be
final, once ratified by federal executive
agencies and state governments? Land
tenure, financing and capitalization, and
transfer payments to mitigate localized
impacts could presumably be settled in
this fashion. But what about the roles
of local government, citizen groups, or
the Nuclear Regulatory Commission
(NRC)? More generally, how are long-
run interests and short-term pressures to
be reconciled? Environmental pollution

The author is assistant professor of political sci-
ence and environmental studies at the University of
Washington, Seattle 98195.
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