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ABSTRACT

Landsat full frame data offers the possibility
for relatively inexpensive auxiliary variate
measurement over crop acreage sample frames.
example is developed in which rough estimates
of sample unit wheat proportions obtained from
full frame Landsat data are used to optimally
allocate a small calibration sample. Crop area
measurements were limited to intensive manual or
machine analysis of Landsat data. Resulting
stratified regression crop proportion estimates
suggest that significant potential exists for
precision or cost improvement over designs em-
ploying only historical county data for area
stratification purposes., A link with convention-
al crop inventory designs is also described.

This technique, currently being demonstrated for
the California Department of Water Resources,
employs a three phase regression sample of Land-
sat, aerial photography, and ground data to pro-
duce irrigated acreage estimates of extremely
high precision at a state level.

An

I. INTRODUCTION

One of the most important aspects controlling
the success of any inventory system is the samp-
ling/aggregation plan utilized. Substantial
differences in final estimate precision, bias,
and cost can occur depending on which sample de-
sign is selected. Moreover, the number of param—
eters (e.g. different crop acreages or yields)
that can be estimated and the reporting level at
which they are available are similarly affected
by the design,

The advent of timely and relatively inexpen-—
sive remote sensing data has fostered new agri-
cultural inventory sample design options and
improved estimate performance possibilities.
Significant progress has been made in this regard
through the Large Area Crop Inventory Experiment
(LACIE) jointly sponsored by the National Aero-
nautics and Space Administration (NASA), the U.S.
Department of Agriculture (USDA) and the National
Oceanic and Atmospheric Administration (NOAA).
The LACIE employed Landsat data and a stratified
simple random sample design to develop wheat
acreage and production estimates when little or
no ground data was available (MacDonald et al.
1975). While this design enabled improved esti-
mate precision in many foreign agricultural sit-
uations, the potential use of Landsat data for
variance reduction in domestic inventory situa-
tions with significantly higher precision re-
quirements has received much less attention.

This paper describes the development of two
Landsat-aided inventory procedures useful in
domestic agricultural survey applications. The
first, a stratified two phase design, was intend-
ed to demonstrate increased precision capabili-
ties available within the LACIE system itself at
the same level of budget. The second, a strati-
fied three phase design, has been developed for
the California Department of Water Resources to
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demonstrate that Landsat data can be tied with
aerial photography and conventional ground survey
information to produce precise acreage estimates
in less time and at lower cost than current survey
techniques.

IT. TWO PHASE SAMPLE FOR WHEAT ACREAGE ESTIMATION

The two phase technique employed manually
processed Landsat full frame wheat or cultivated
land proportion estimates from a large number of
segments comprising a first sample phase to opti-
mally allecate a small phase two sample of compu-
ter or manually processed segments. Proportion
estimates from each phase were then linked by a
regression estimator to provide wheat proportion
estimates and standard errors by reporting unit.
A simulated second year LACIE inventory system
was used as a base for performance (precision,
cost) comparison.

A. Information Requirements

The information target for the inventory was
defined to be wheat acreage sown (1973-74) ex-
pressed as a proportion of total land area by
county and by U.S. Department of Agriculture
(USPA) Crop Reporting District (CRD). Counties
and CRD's were defined on a '"pseudo' basis, mean-
ing that their boundaries were slightly modified
so as to avoid splitting inventory sample segments.

Inventory data were purposely limited to that
available in the LACIE counterpart; namely Land-
sat full frame color infrared transparencies (not
real-time), Landsat digital data for a small sam-
ple of five mile by six mile segments (30 sq. mi.)
and ancillary crop calendar and cropping practice
information.

B. Sample Design Specification

A stratified double sampling (i.e., two phase)
design was selected to demonstrate the capability
of remote sensing-aided systems to achieve an at-
harvest CRD wheat acreage estimate within five
percent of the corresponding USDA estimate 95 times
out of 100.

Figure 1 illustrates the two phase sampling
concept as applied to the wheat proportion estima-
tion problem. The top layer in the figure was
defined to represent a CRD-wide phase 1 sample
frame composed of standard 5 x 6 mile sample seg-
ments. A "data sandwich" consisting of several
previous—-to-crop-year Landsat transparencies was
associated with the phase 1 sample frame. These
color infrared transparencies were used by an image
analyst to produce rapid and inexpensive wheat
proportion estimates (random variable X) for all
sample segments.Z

The resulting sample phase 1 proportion data
were then used to minimize final crop estimate
variance by stratifying the segment population
into crop (in this case wheat or alternmatively,
cultivated land) density strata. After tabulat-
ing a list of phase 1 data, a small phase 2 sam-
ple could be allocated within the phase 1 strata



with either equal or variable probability. More
accurate (Y variable) wheat proportion estimates
were then made for each phase 2 segment selected
by using multitemporal manual or machine-aided
classification methods as illustrated by the lower
layer in Figure 1.

D. Results and Discussion

CRD and County Wheat Proportion Estimates

Application of the two phase design to the
Kansas Southwest CRD for 1974 produced a wheat
acreage estimate for that CRD within 2.42 percent

Figure 1: TWO PHASE SAMPLE FRAME FOR WHEAT ACREAGE ESTIMATION
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C. Determination of Phase 2 Sample Size

The second phase sample size, n, designed to
minimize estimate variance for specified survey
budget levels was determined via regression-
based optimal sampling rate formulas. These
are presented and discussed in Hay and Thomas
(1976). Phase 2 sample size for each wheat
density stratum is a function of the relative
cost and correlation between phase 1 and phase 2
sample segment proportion measurements as well
as the actual between sample segment variability
represented by the variance of Y. The latter
quantity was estimated by the variance obtained
from phase 2 sample segment wheat proportion
data. For purposes of sample size determination,
correlation between phase 1 and phase 2 propor-
tion estimates was assumed to be 0.8 on the
basis of preliminary tests.

A detailed cost analysis was used (Thomas and
Hay 1976) to determine between phase cost ratios
as well as a total survey budget by CRD equiva-
lent to the simulated year two LACIE system. The
Fesulting phase 2 sample gizes were considered
approximate since sample selection was defined
to be with replacement, ppes3, by stratum, while
equal probability of selection was assumed in
the sample size formulas,
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of the USDA SRS-based 1974 estimate using a lower
CRD inventory budget than that for the assumed
reference LACIE system. Table 1 presents the
results using stratified regression (after O'Reagan

TABLE 1:

RESULTING TWO PHASE KANSAS SOUTHWEST CRD WHEAT PROPORTION ESTIMATES
(ACREAGE SOWN 1973-1974)

USDA-Based Two Phase Regression Two Phase PPES

Estimate Estimate Std. R.D. Estimate Std. R.D.

Error USDA Error USDA

vS. vs.

Two Two

Phase Phase
27.63% 28.31% 1.68% 2,427 28.307 0.407  2.427%

NI roT o o )
p,SAPLE ESTIMATE - USDA RSTIMATE o

uspna timate

and Boyd 1974 and Cochran 1963) and probability
proportional to size (ppes) (Raj 1968) estimators
for the Southwest CRD. Recall that both estimates
are based on the same ppes draw of phase 2 sample
segments. Consequently a comparison of the in-
creased estimate precision available with ppes ver-
sus equal probability within stratum selection
could not be made aside from that resulting from
the formulas themselves.

The regression estimator was used in a pre-
dictive manner to produce county estimates. County
regression estimates for the Southwest CRD showed a
greater range of departure from their correspond-
ing USDA-based values than the CRD level estimates.
This situation is expected when sample allocation



is optimized for the CRD as opposed to County
level. Differences ranged from -6.66 percent in
Stanton county to a low of 0.25 percent in Finney
county to a 9.54 percent over-—estimate in Ford
county. The average difference, sign considered,
was 0.18 percent (not statistically significant
with the paired t-test). The average absolute
difference, sign ignored, was 2.93 percent also
found not to be statistically significant with
the paired t~test.

The performance of the regression estimator
in the Kansas Central CRD was below that obtained
in the Southwest CRD. The regression estimate
fell 3.50 percent absolute (or 10.94 percent
relative) below the USDA-based proportion esti-
mate. The regression estimate standard error
was 1.67 times higher in the Central as opposed
to the Southwest CRD.

The less satisfactory performance in the Cen-
tral Crop Report District resulted from a poor
correlation between phase 1 and phase 2 propor-
tion estimates. This low correlation was in
turn traced to the fact that a significant amount
of wheat had been plowed-down in some sample seg-
ments on the original phase 1 base date trans-
parency. A test was run to determine if an
earlier base date would produce correlations
obtained (.8) in the Southwest CRD. This test
was successful and suggested that inventory
performance levels comparable to those achieved
in Southwest should have been obtainable in the
Central CRD.

An important shortcoming in the stratifica-
tion scheme became apparent during the course of
the study. Given the fixed survey budget, phase
2 sample sizes per stratum were too small for
development of stable regression coefficient
estimates. Instead a combined regression coef-
ficient had to be estimated by pooling paired
(X,Y) observations from all strata in a given CRD.
Equal strata weighting of these paired observa-
tions gave the best characterization of the rela-
tionship thought to exist in the data. The
question of bias in the strata-specific regres-
sion coefficients and hence bias in the strata
wheat proportion estimates can thus be raised.
Clearly sample size must be raised or number of
strata reduced to minimize this problem., Given
the fixed survey budget, reduction in number of
strata from three to two would be recommended
for future surveys of this type. Stratum-coef-
ficient estimates, or stable, combined stratum
specific size-weighted estimates of regression
coefficients should then be available. As the
number of years of available (X,Y) data increase,
additional strata with stable regression coeffi-
cients can be added to increase the precision of
the final Crop Reporting District estimates.

Cost-Effectiveness Comparison

A cost—-effectiveness analytical framework was
used to compare the relative precision and cost
performance of (1) the reference LACIE sampling
system with stratification based on historical
agricultural wheat area statistics, (2) the two
phase sample procedure with machine-aided wheat
classification at the second phase, and (3) the
two phase sample procedure with multitemporal
manual processing at the second phase. Figure
2 illustrates the results of this analysis.
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COST - CAPABILITY COMPARISON OF LANDSAT
INVENTORY SYSTEMS USING TWO PHASE VERSUS
SINGLE PHASE SAMPLE ALLOCATION STRATEGIES

Figure 2:
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Cost ratio, correlation, and phase 2 variance
data obtained for the Kansas Southwest CRD was
used to construct Figure 2. The LACIE refer-
ence system was defined to be a stratified ran-
dom sample with sample unit allocation to wheat
density strata proportional to area. This ref-
erence system was defined to represent as closely
as possible the LACIE second year procedure. Stra-
tification on historical county wheat data was
assumed to give a 4 to 5 times reduction in vari-
ance relative to unstratified random sampling.
The total CRD survey budget determined earlier
for the LACIE reference system was defined as
the 100 percent inventory level.

Comparison of points P, and P, in Figure 2
indicates that the two phase sample with compu-
ter processing at phase 2 should give greater
than a two fold increase in precision relative
to the reference LACIE system. Alternatively,
the zame LACIE reference system standard error
at point Pg should be obtainable with less than
one half to one fifth the reference system cost
by using the two phase sample apvroach. This
cost relationship can be seen by projecting
the curve containing P, to the level of P,.

Sirdlar comparison of P, with Py, indicates
a greater than 10 fold increase in precision
relative to the LACIE reference system may be
achievable with the two phase sample using manual
wheat classification at phase 2.

Comparison of Py and Py shows a four fold
increase in precision when two phase sampling
with manual as opposed to machine-aided wheat
classification is employed. A similar reduction
in cost is indicated.

It should be emphasized that these results
are limited to the Kansas data set examined and
the particular sample design assumptions made.
The author submits that the important informa-
tion here is not the exact cost or precision




improvement values, but rather the relative
performance relationship between the two phase
and single phase (reference) sample system.
Further, the county and CRD wheat proportion
estimates presented in the previous section
suggest that not only can foreign survey perfor-
mance be improved by use of auxiliary informa-
tion available in the full frame Landsat data,
but that some domestic acreage estimation re-
quirements may be rather inexpensively obtained
by a two-phase Landsat sample.

III. THREE PHASE SAMPLE FOR
IRRIGATED ACREAGE ESTIMATION

Landsat data, when linked via proper design
with conventional ground and aircraft photo-
graphy survey elements, can produce significant
cost, bias, precision, and/or timeliness improve-
ments in domestic agricultural survey systems.
An example of such a survey design has been
developed (Wall et al. 1977) for application by
the California Department of Water Resources
(DWR), The DWR is responsible for managing
the state's water resources. Consequently up-
to-date information is required concerning water
use (demand) in order to plan for adequate water
storage and delivery. In years of normal pre-
cipitation, approximately 85 percent of the
total water used is consumed by agriculture.
Thus a major DWR task is to inventory Califor-
nia's lands to determine the number of acres
that are irrigated per year and the rate of
water application. 1In the past, these data
requirements have been met by land use surveys
involvine comolete enumeration of aericultural
areas on vertical 35mm aircraft photogravhv.
supplemented with field inspections. While
this survev provides information for manv DWR
planning functions. it suffers from the stand-
point of providine current estimates of agri-
cultural water use (cost prohibits resurvey
of a given county more than once every seven
years on the average) and from the standpoint
of detecting all crops grown in a given survey
year (due to single date of aerial photography)
that potentially require irrigation.

A. Inventory Objectives

In order to provide for more accurate and

timely agricultural water use estimates, a

survey design incorporating Landsat as well as

conventional data has been developed5 and tested

to achieve the following objectives:

(1) Primary: provide acreage of land, by county,
that is irrigated at least once during the
calendar year; the technique should enable
DWR to operationally inventory the entire
state in one year at four year intervals.
Further, estimates must be available for
publication within six months following the
cidlendar year of the inventory. Finally, the
precision requirement for the irrigated es-
timate should be + 3 percent sampling error
at the 99 percent level of confidence as
reported for the entire state.

(2) Secondary: provide estimates of acreage that
supports more than one crop per year (multi-
cropping); provide estimates of acreage of
different crop types to enable the computation

of different rates of water consumption; these
estimates to be provided at the county and state
levels.

B. Sample Design Specification

The initial design was developed and tested on
ten counties in California covering the range of
agricultural diversity in the state. Seven of
the ten counties were located in the Central
Valley of California. Others were located in
mountain and coastal areas.

A three phase sample design was selected to
take maximum advantage of the auxiliary variable
data (spectral reflectance, field pattern) avail-
able on Landsat and aerial photography relating
to irrigated acreage. Multiple dates of Landsat
full frame color IR imagery served to provide
relatively inexpensive, county-wide estimates of
irrigated proportion and proportion of area multi-
cropped. Vertical color aerial photography pro-
vided a cost-effective means to correct the Land-
sat estimates for bias. Finally, measurements
made on a small sample of ground units were used in
turn to calibrate the aerial photography estimates
and provide the most accurate information on crop
types present.

A rectangular sample frame of one by five mile
sample units was defined to cover each county.

The frame was aligned with a north-south/east-west
retangular survey grid, the long axis of the
sample units parallel to the east-west direction.
Since no prior irrigated acreage variance versus
sample unit dimension data was available, sample
unit size and shape was chosen based on practical
considerations. These considerations dealt with
ease of data acquisition and measurement at each
sample stage. In particular, the one mile strip
width was determined as the area considered ef-
ficient for interpreting irrigated acreage data
from 1:62,500 scale color 35mm photography; and
the five mile length was easily located and flown
over several dates. The one by five mile size
was also considered workable for digitizing the
location of irrigated fields on the Landsat data
and obtaining ground information in the field.

C. Sample Size Determination

In order to determine phase 1, 2, and 3 sample
sizes by county (stratum) that would be expected
to support the statewide + 37, 997 level of con-
fidence irrigated acreage precision goal, a pre-
liminary population model was constructed. Sam-
ple size (number of sample units) allocations

were based on previously published estimates of
of proportion of area irrigated by county, approx-
imate between phase cost ratios and a non-linear
programming algorithm which minimizes cost,
subject to constraints on variance. California
Experiment Station Bulletin 847 and 1974 County
Agricultural Commission reports provided most of
the numerical data on irrigated acreage. Samples
were allocated with equal probability at each
sample phase within each county. Sample units
eligible for selection were confined to those
selected for measurement at the previous phase.

D. Specification of Proportion Estimators

A three phase regression estimation system



was chosen to provide irrigated acreage (and
crop type) proportion estimates. This model

was thought to represent the between phase pro-
portion relationships most correctly. The mean
and variance estimators followed the treatment
kiven by Tikkiwal (1955 and 1967). Basically,
these estimators were iterative such that the
phase 3 (ground) estimator used the phase 2
(photo) estimator which in turn used the phase 1
(Landsat) estimator. The parameters requiring
estimation were the proportions of irrigated land
within the sampling region of each county

using all three phases together. In order to esti-

mate these parameters it was necessary_to obhtain

separate estimates for (1) irrigated proportion de-

termined from phase 1, (Y*); (2) irrigated provpor-
tion determined from phase 1 and 2, (Y'), and (3)

{rrigated proportion determined from all three pha-

ses, (¥). JTheir corresponding estimators were de-
noted Y*, Y' and Y. The last of these was the end
result; Y* and Y' were only used as needed to ob=
tain Y.

In that sample unit size varied slightly due
to varying scales (nominally 1:154,000 €or Landsat

and 1:62,500 for the aerial photography) and due to

varying length of units cut by county boundaries,
the sample units were viewed as area clusters of

unequal size, Consequently weighted means were used

in the estimators as opposed to unweighted means
that would increase the variance of the estimates.

E. Results

Multidate interpretation of both Landsat
transparency data and corresponding color
photography mosaics of individual sample units
was used to identify parcels of land irrigated.
These were then digitized by a graph pen
device to compute measured proportions for each
sample unit included in the sample, It was found
that the measurement of the entire population
of Landsat sample units was easier than locating
individual units separately and performing
measurement., Consequently, phase 1 irrigated
proportion estimates were produced on a sample
unit basis for only sample units also requiring
phase 2 measurements. The variance of the phase
1 estimate was thus based on these units. All
other phase 1 units were lumped into a large
"pseudo" sample unit on which the proportion
irrigated was determined by digitization. The
pseudo sample unit was then incorporated in
the proportion estimator by weighting its total
irrigated area according to its actual size.

Of the total land area sampled, approximately
3 million acres or 21.6 percent was estimated
to be irrigated. This value compared favorably
with DWR's best available information. In
one county, Stanislaus, a direct, year-specific
comparison was possible between the three phase
sample and the conventional DWR inventory pro-
cedure. The three phase acreage estimate was
within one-half of one percent of the correspon-
ding DWR figure.

The relative sampling error’/ for the ten county

area was 2.73 percent, or 7.04 percent expressed
at the 99 percent level of confidence. Since
the population sampled in this study represented
less than half the agricultural land in Calif-
orntia, a sample of the larger area would be

expected to produce precision performance approach~
ing + 3 percent at the 99 percent level requested
by DWR for state-wide reporting.

Throughput rates for sample allocation,
measurement, and processing in the ten county
study indicated that the 18 month time constraint
from inception of state-wide inventory to publi-
cation of results appeared feasible. This through-
put performance represents the most important
improvement in inventory performance over the
conventional system as seen by DWR.

IV. SUMMARY AND CONCLUSIONS

The sampling and measurement methods
described in this paper can be of practical
utility in many domestic agricultural inventory
situations. The Landsat two-phase system,
while most useful in foreign survey problems
where up-to—-date ground or photo data may be
unavailable, was demonstrated to achieve high
precision in a Kansas environment. Estimates for
area sown to wheat were within a few percent
and not significantly different from corres-
ponding USDA estimates at the county and Crop
Reporting District levels. Landsat data was
also shown to produce rapid, accurate irrigated
acreage estimates of high precision when linked
with conventional aerial photography and ground
information in a three phase sample system.

In both designs discussed above, the Landsat
imagery provided an inexpensive source of aux-
ilary information correlated with a crop param-
eter of interest. Significant reduction in esti-
mate variance, survey time, or cost resulted.
The repetitive coverage characteristic of
Landsat combined with extensive spatial informa-
tion relating to ground cover type, may be
even more important in addressing multipurpose
survey problems. These can arise when informa-
tion is desired simultaneously on one or more
parameters (e.g.acreage, yield, water consump-
tion) for several crops. On-going work, for
example, suggests that significant growth-~related
auxillary information exists in the Landsat
digital data in addition to that concerning
crop-specific areal extent. Moreover, land
use and land form information, readily
available from interpretation of multidate
Landsat transparencies, may prove particularly
effective in developing multivariate stratifi-
cation schemes designed to simultaneously con-
trol variance on several parameters.

The author wishes to stress that Landsat
in and of itself is not a sampling panacea.
However, when included in designs incorporating
calibrating subsample information, Landsat
can provide important opportunities for variance
or cost reduction as well as for increased
survey speed.
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NOTES

1. Work supported by NASA Contract NAS 9-14565.

2. Since all phase 1 units were sampled, the
sample design applied in this example becomes
regression sampling., However, the more general
technique developed in this study can be applied
when sampling less than the population size at
phase 1.

3. Probability proportional to estimated size
selection used to evaluate differences in mean
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and variance estimates based on regression versus
ppes formulas.

4. Using the shape relationship of the curve
containing Py. The shape relationships are
approximately equivalent.

5. Work supported by NASA (Contract No. WAS
5-20969 and NSG 2207) and performed by the Remote
Sensing Research Program, University of California
at Berkeley in conjunction with the DWR.

6. Based on Census of Agriculture and State
Crop Report data.

7. Assuming the acreage measurements were
without error.



