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PREFACE
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1
SUMMARY

As the world population increases and the weather conditions
remain uncertain, the adequacy of the world food supply is becoming an
increasingly serious concern. The adequacy and availability of food
is very important to the stability of world peace. Major potential
soclal and economic consequences could develop due to either worldwide
food shortages or the inequitable distribution of available supplies
during conditions of seﬁére local shdrtages;' To avoi& such serious

problems better overall management of world food resources is required.

The first necessary component of better management is the avail-
ability of accurate and timely information as to the state or condition
of rhe crops as related to their production potential. This is
esPecially important for those crops which are a major part of tha
staple diet of large segments of the world population and for those
crops (e.g., wheat, corn and rice) which are subject to significant

international trade.

There are many ways that 1mproved 1nformatlon might be made
available. One means of generating such information which has not been
examined in sufficient detail is the use of present day satellite sensors
(e.g., Landsat MSS), Such sensor systems, with their potential for
repeated coverage of most of the Farth, offer potentially cost-effective

means by which ‘to carry_out the large area surveys,

Of the many poss:.ble agriculcural crops which are of interest we have
selected one, winter wheat, on which te concentrate our efforts. Over
the iast two years we .Liave been'ekaminiﬁg the utility of the Landsat MSS.
‘to help forecast the yield and production of wheat over a large ground
area in a timely and accurate fashion. Although our 1nterest was for
1alge area dppllcatlon, small area performance was also 1nvestlgated

This was done in an effort to determine the fundamental accuracy with
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which estimates could be made on a local basis, which is useful in
analyzing the precision with which estimates can be made on large areas.

In addition, more accurate local estimates may be desirable.

Many of the existing approaches to estimating crop production are
either independent of current remote sensing data, or else use remote
sensing (e.g., Landsat) data only for estimation of crop acreage, with
the yield component of production being estimated by alternative
proecedures such as geographically coarse agrometeoreological yield
models (e.g., LACIE).

In our approach we use Landsat data as a means of cobtaining fore-
casts of crop yield by using the Landsat data as a measure of current
vegetation condition as it relates to potential yieid. The advantage
of this approach is that it permits us to take advantage of the fact

that the vegetative condition of a wheat crop integrates the effects
of all the factors affecting its growth, including non-meteorolegical
facters (e.g., soil type, plantiﬁg dénsity, irrigation, fertilizatiom)
which are normally not considered in traditional yield models, 1In
addltlon, given that Landsat data can provide a reasonable measure of
crop type and crop conditieon at appropriate times in wheat s growth cycle,
it may also be possible te forecast production (yield x area) early in
the seasen directly from Landsat data. 0f course;-aS’&ith any'early fore—
éast, extreme or unusual conditions oécurring between the time of the
forecast and harvest will affect the ultimate production. Therefore,
it is necessary teo bccasioﬁally update the fbracaét. Agrometeerelogical
medels and data from meteerological satellites would serve this purpose
well. .
o In drder to feéch tﬁe'preseht Stége'of de&élepment of our present
approach a number of basic questions needed to be addressed. First it
was necessary to establlsh whether useful information related to yileld
or productian coulﬂ in fact be extracted from Landsat data and, if so,

to define under what c1rcumstances this was possible. Therefore, we
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beganfby searching for and examining relationships between: (1) Landsat
data and field condition, (2) field condition and yield, and then natur-
ally, (3) Landsat data and yield. As a part of these investigations
other aspects of the problem were also examined. The optimum Landsat
bands to use for this problem as well as the optimum time or times during
the growing season were studied, When these factors were established
and estimates of yield were made, we compared the results using Landsat
data on both local segments and relatively large areas with results using
more traditional methods. The purpose of these comparisons was to
determine if our approach could potentially contribute to those now being
employed for estimating vield., In addition, we attempted to improve the
cost—effectiveness of the appreach through geographic extension of yield-
predictive relationships.

Finally, as a result of knowledge and insight gathered throughout
the investigation, a possible approach to direct Landsat production fore-
casts was identified and tested.

The approach to assessing production presently being pursued by us
offers some specific advantages over other approaches when it comes to
applying them operationally on a worldwide basis. These potential advan~-
tages include: (1) early season forecasts, (2) eliminarion of the need
during the operational phase to locate and identify fields, (3) providing
a means not now available for eperating in regions of small or irregularly

shaped fields, (4) accounting for non-uniformities within fields, (5) in-

-corporating in the production forecast effects due to disease, drought,

etc., (6) possibly eliminating thz need for training cach growing season,
(7) eliminating the need for identifying specific sites in advance, and
(8) as a result of (7), reducing tle effects of cloud cover on useful
data acquisition and the sampling error that results therefrom.

The investigation described above centered on a number of sites
in the U.S. Southern Great Plains in the site of Kansas. As a result

of the investigation we found that:




FORMERLY WILLOW RUN LABORATORIES. THE UNIVERSITY OF MIEHIGAN

Landsat data can be effectively used to estimate certain
variables which are required in existing yield models (such
as LAI or percent cover).

Landsat indicators of yield are as higl ly cerrelated with
individual field yield as are estimates using traditional
field sampling methods, even when using Landsat data
collected several weeks before the field samples are made.

A considerable amount of the variation in individual field
yvield which is met explainable.by meteorolegical data can be
accounted for by Landsat data.

In order for Landsat data to be of maximal use in an opera-
tional system, improvements in the gbility to remove the
external effects (ineluding atmospheric effects) are required.
1t may be possible in certain situatioms to maké useful direct

wheat production forecasts using early-season Landsat data.

With regard te item 5, results achieved to date in evaluating our

direct winter wheat production forecast techmnique are very encouraging.

For a region of appreoximately 21,000 km? (8000 miles?) in the U.S.

Southern Great Plains which included both large and small fields, we

were able to forecast the end of season (June) production with an error

of only 2.67% using Landsat data gathered in mid-April. Uncertainties

sti11l exist, however, as te whether equally accurate results could be

achieved under differing circumstances,

As a result of the investigation reported herein we recommend that

activities be undertaken which:

1.

Continue to investigate validity of fundanental hypotheses and

reasons for departures therefrom.
Continue to investigate large area/large sample investigations
with emphasis on analyzing randomness of errors, training and

testing procedures, and data handling.

S L S e




ERIM

FORMERLY WILLOW RUN LANQRATORIES. THE UNIVERSITY OF MICHIGAN

3. Continue to investigate ways to calibrate or stratify data for
optimal use of Landsat-wheat yield relations. As part of the
above we include:

a., investigate better haze cerrectors

b. ‘investigate better phenology indicators

c. consider the use of Landsat data for indicating only
relative yield on a local basis, to be calibrated by
other procedures (field sampling, e=c.)

4, Turther investigate hybrid yield models that incorporate
Landsat, meteorological and cultural factors as perturbations
from normal,

5. Continue to investigate direct wheat production approach to

determine the generality of its usefulness.
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2
INTRODUCTION

Aceurate monitering of various feod supplies is a vital imput to
their efficient and equitable production and distribution. It has been
estimated that a reduction from three te two percent in the error of
United States national corn, soybean, and wheat production estimates
could result in 14 millien dollars net social benefit te the country [1],
and that more frequent and timely estimates alone, even without an
accempanying improvement in accuracy, should result in additional
‘penefits [2]. For crops that are subject to international trade,
estimates of domestic production need to be accompanied by estimates of

global production.

In view of the very large inventory problem the above discussion
implieg, and in view of the need for timely production estimates, the
use ef satellite data (such as Landsat) could potentially be quite use—
ful. The purpose of the investigation described inm this report is to
determine the feasibility of using Landsat data to improve winter wheat

crop production forecasting capabilities,

The production of am agricultural crop can be thought of as the
product of the.crop yield and the area of that crop. Remote serising
data, and Landsat data in partitcular, can potentially be used to help
assess and estimate both crop yield and crop acreage. - In this study we
consider first the problem of estimating wheat yield using the data
known to be from wheat fields. This problem is addressed by demon-
strating the nature of'yield prediction using Landsat data; by comparing
such yield predietion to ether metheds, and by studying the consistency
of Landsat vield relations from.pqe_site or acquisition teo another.
Second, we consider the possibility of fofecasting total wheat.production
using a procedure which does not require the prier classification of the
data as wheat and nén-wheat. - An initial test of a technigque designed
to make such forecasts using early-season Landsat data is presented.
PRECEDING PAGE" BLANK NOT FILMED
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Wheat was chosen as the crop of interest for this investigation

because of its relatively distinct spectral/temporal character, and
because it is a crop that is subject to international trade. Events
such as the 1972 US/Soviét wheat sale also seemed to underline the need
for improved forecasts of production. The state of Kansas was chosen
as the study site, since it is the largest wheat producing state in the‘
country, and since activities in Kansas carried out as part of other

programs would be complementary to this investigation.

It seems appropriate at this time to discuss some of the background

of wheat production forecasts.

There are several steps in making accurate and timely wheat
production forecasts using cenventional approaches. These steps include:

1. reiiable crop identificétion . . | . -

2. reliable acreage determination

3. "reliable forecasts of yield per acre

4. an efficient infeormation processing system.

. Most of the-wo;k'that-has been deone Wwith respect to-eant:ibuting
to wheat production estimates using Landsat data has concerned steps 1
and 2. Recently, additional emphasis has been given to step 4 as part
of the Large Area Crep Inventery Experiment (LACIE) {3]. Some effort has
been devoted to step 3 [e.g., 4,5 6],but it appears to be the one step
that is presently 1east_understoad,andfarthegt from operational implemen-
tation. AAecérdingly, this investigation has concentrated on the use of
Landsat data (with or without ancillary information such as agrometeo-

rological data) to improve forecasts of yield.

Thére are several different approaches that have histerically been
taken for predicting crep:yields. Most attempt to relate meteerclogical
parametefé such as réinfail to crép yieids. We believe that aﬁother a
variable éhbuid be added, namely crop vegetation density (e.g., percent

 .c0ve£.érf1eé£'aféa'ihdex”[LAII); .Végétéfién'denéity'is'poteﬁtially
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measurable using remote sensing, and therefore, it is an important
consideration for this investigation insofar as it is indicative of
yield. The rationale for ﬁéing vegetation density is developéd later
in this section, after more conventional altermative teChniQues and

existing U.S. Department of Agriculture (USDA) procedures are discussed.

Efforts to relate meteorological parameters to crop yield have
produced high correlations In some situvatioms and statistically
insignificant correlations in others. This variability in results may
have many explanations but is most likely due to the fact that the
cause-effect relationships are extremely complicated and that the

interactions among environmental parameters are not well understeood.

In addition, the meteorolegical parameters chesen (e.g., monthly rain-
- fall) fréqueﬁtly have been too coarse to be consistently useful, and

are not always'the Idimiting facters to growth and yield.

One of-tha'problems-with-using'énly meteorological parameters to
prediet yield is that other parameters alse are relevant. These para-
meters include fertilization, irrigation, planting density, disease and
meéhanical injury.' Most.of the increases in yield fer a number o6f types
of crops over the last several decades can be attributed to the use of
more and better fertilizers and to irrigation. Mechaniecal injury, such
as lodging, has been shown to reduce yields, and the amount of reduction
is dependent on the timing of the lodging [7]f In addition, it has been
estimated that disease, insects, and weeds account for an average ' ‘
reduction in yield of wheat of 32%, although these losses may vary
considerably from yvear te year and region to region. Amother problem
is that meteorological variables are sometimes peorly correlated with
the parameters that are actually directly associated with the growth
processes. For example, the reilationship betﬁaém precipitation and soil -
meisture is a complex function of the temporal distribution and amount

of rainfall, soil textuxe and other factors.
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_ The crop forecasting methods currently used by the Statistical

Reporting Service (SRS) of the USDA are of two klnds——operator subJectlve
conditien surveys, and objective enumerative surveys. One form of sub-

jective condition model is described in Reference 8, and is as follows:
Y. = a+ biXy + boXp + byX3 + byXy

where Y, = computed yield per acre

Xl = condition (or reported probable yield per acre) by farmer's
estimate

'Xz = prec1p1tat10n for specified months prlor to date of forecast

X3 = expected precipitation for specified menths after date of
forecast

'X4'ﬁ’time.'
The constants are obtained by multiple regression using‘hiSCGrical data.
. The application of this relation is made using regions stratified in

accordance with climatic factors.

Objective enumerative field surveys [9] are based on actual samples
of plant characteristics in portions of selected fields. 'Only major
crops are subjected to enumerative surveys. The prineipal advantage of
thisgapproachfis-that vield estimates are based on actual samples of
parameters direectly related to yield, such as average weight of devel-
opingrgrain on selected wheat plants, The principal disadvantage is
" that suech yield estlmates cannot be made until Iate in the growing
season. Additienal difficulties arise from sample size,llmitations,
bias in field measurement, and lack of information en the amount pf the

crop that is lbstf(evg ,Vndt'harvested) after field measurement.

‘ There is a conszderable amount of ev1dence that the potentlal yleld
~of agricultural crops is correlated with the vegetative density of the
crop, including such parameters as percent vegetation cover, leaf area

- index; and standing biomass. -In.the initial stages of crop development, -

-10- .
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for.ékemple, vegetation cover may be'an indicetor of the number of
plants that have been sown and germinated. 1In subsequent_stages;
vegetatibn cover may be indicative of the status of the crop in response
to accﬁmuleted weather and disease. | |

A correlation between the vegetative development of a crop and its
vield is, of course, not surprising. And, in fact, the farmer's
estimates of crop condition, and even previous attempts to estimate
vield using remote sensing, have almost certainiy been based on some
aspect ef crop vegetative develepment. It is hoped that by use of

.satellite digital data, we may be able to generate a large number of
samples of vegetation condition over large areas in an objective,
timely, cost—effective manner.

A theoretical model of the yield of an agricultural crop as a
function of the leaf area index, the structure of the crep, and a number
of important envirenmentaltparameters“ﬁas been developed at ERIM [10].
This medel shows the close interaction of these factors, and indicates
that the effect of envirommental parameters is highly dependent on the
vegetative development of the erop, including the value of peak leaf

area index and also leaf area duration (LAD).

The fﬁndamental propositions on which our investigatioﬁ of Lan&sat
forecasts of wheat yield are based are that:
1. a go@d_early-season~indicat@rAqf poteintial wheat grain yield
is the degree of vegetative development
2. the degree of wheat vegetatlve development can be estimated

using Landsat data. -

Tntil recently, it has been difficult to get precise and timely
field ebservatiens of crop condition over large areas, so estimdtes of
potential yield based on such ebservations have not generally been prac-
tical. However, the advent of eertb resou:ces_satellites such as Landsat

has presented the possibility of monitoring actual crop conmdition over

11
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large'areas in a timely faéhion. The purpbée of this investigation is to
explore that possibility.

In the remainder of this report we present the details of our
invesﬁigation. The material is organized in the following way. In
Section 3 we describe the general appreach of the investigation and
discuss the study area, the field data collection, and various types of
data used. Section 4 provides a discussion of the basic relationships
which may make Landsat forecasts of yield pessible. We follow this
sectibn-with a discussion of the results of our investigation into the
optimum Landsat bands for useful yield relatienships and the optimum
times during the growing season to gather Landsat data. In Section 6
we discuss the relative utillity of Landsat data, meteorelogical data,
and anecillary (cultural)data for forecasting yield om a local (field-by-
field) basis. The question of extending the Landsat/yield relations is
presented in Sectioen 7, and the results of making ?ield forecasts over a
geographical region as large as a Crop Reporting District are discussed
in Section 8. Section 9 describes an initial effert in implementing a
direct winter wheat production forecasting appreach. Finally, in
Sections 10 and 11 we present the conclugions drawn and retdmmeﬁdaﬁions

made as a result of this investigation.

12
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3
GENERAL APPROACH

In this section we describe the data used in this investigation
and the data acquisition, reduction, and processing methods employed.
These data include ERIM-collected field data, yield information, mete-
orologiéal and other éncillaty inforﬁatibn, digital Landsat data, and
imagery and photography covering Landsat scenes. As was indicated in
the-introdugtipn, this investigatiqn_utilized d;tq:gathered in the State

of Kansas, with the majority of work confined to specific study areas.

3.1 FIELD LATA MOLLECTION

Two Finney Couhty sites (A and B) shown in Figure 1 were involved
in ERIM field data collection. Site A is a 5x6 mile area characterized
by continuous-cropping practices and fields that were fertilized and
irrigated, either by circular pivet_sﬁrinkler syStems or by flood irri-
gation. This site was visited during the 1974-75 growing season. Site B
is a 5%6 mile area that had predeminantly ﬂoﬁéirrigated, nen-fertilized
wheat fields grown in summer-fallowed land, and was visited during the
1975-76 growing season. _

A total of six trips of approximately five days duration each
were made to the Finney Site A, These trips began in late April 1975
(before heading) and terminated with a trip in mid-June, when essentially
all of the wheat had turned vellow. . The trips were planned so that the
field team could be on locatioen at the time of the Landsat (1 and 2)
overpéssés.:-The specific 1975 Landsat overpasseshfor which the ERIM
team was in the field at Site A are listed in Table 1. v

The first twe trips te the Finney A test site were planned pri-
mafily to check but fiéld data collection ﬁechniques. Data that could
be used to characterize specific fields was not collected until the
‘May 22 trip. Fiéld‘data that‘was‘cellected'included measurements .of

leaf area index, percent cover, and biomass, plus radiometric properties

13
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TABLE 1. LANDSAT OVERPASSES FOR WHICH ERIM PERSONNEL
WERE AT FINNEY SITE A

Satellite _ .Date
Landsat 2 4/25/75
Landsat 2 5/13/75
-Landsat 1 5/22/75
Landsat 2 5/31/75
Landsat 1 6/9/75
Léndéat.z : v.6/18/75.

of wheat components (and soil). The methods employed to obtain these
quantities are discussed in Appendix 1.

In 1976, measurements of percent cover and radiometric properties
were made at Site B. Field measurements of percent cover were made at
three different times in 1976, corresponding to the times of Landsat 1
or 2 overpasses. The specific Landsat overpasses for which the ERIM

field measurement team was in the field are listed in Table 2.

TABLE 2. LANDSAT OVERPASSES FOR WHICH ERIM PERSONNEL
WERE AT FINNEY SITE B

Satellite - Date

Landsat 2 4/18/76
Landsat 2 5/6/76
Landsat 1 - 6/2/76

3.2 USE OF LANDSAT DATA .

Landéat data collected over Finney Sites A and B, and the Ellis site
were used for much of the early investigations of relationships between
yield, field measurements, and Landsat data. The acquisitiens used are

given in Table 3. Imnaddition to these three sites, two additional sites,
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TABLE 3. LANDSAT DATA PROCESSED

:§g£g ' Date Frame No.*
A (Finney) 22 Nov 1974 1852
A (Finney) - 15 Apr 1975 ©1996
A (Finney) 21 May 1975 5032
B (Finney) 6 May 1976 2470
Ellis 3 May 1975 5014
Ellis 11 May 1975 2109
Ellis = .20 May 1975 5031
Ellis 21 May 1975 5032

Ellis 17 June 1975 2146

" - :
Prefix of: 1 or 5 - Landsat 1
' 2 - Landsat 2

Rice and Saline (see Figure 1), had wheat vield infoermation available,
arid were uSéd in the iﬁvestigatibn of large-area yield and production
estimation techniques.

In order to obtain Landsat infermation that correspends to field
measurement, vield, and other ancillary information, all gquantities
were made to characterize individual fields. To do this, fields identi-
" fied on high altitude photography were located using a coordinate digi-
tizetr, and a transformation was deteymined using selected centrol points
.so.that the field locations were established iq-the Landsat data. -As
described in Appéndix V, an inset from the actual field boundaries was
established so thaﬁ only pixels whose centers do net lie nearer to the
' boundary than the size of one pixel would be used. This was done to
insure that radiation from adjacent fields would mnot influence the
statistics representing the field of interest. Once field locations

and insets were establistied, the mean signal value in each'Landsat band

16
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was obtained For each field. Thesé mean vaiues and the associated field
measu}ements, yield, and other information were then stored in a computer
file for subsequent analyses. o ' '

For purposes of examining large-area.techniques,a number of 5x6 mile
segments shown in Figure 1 also were used in the Central Kansas Crop Re-

porking Pistrict. The use of these sites is described in Section 8.1.

3.3 OTHER SOURCES OF DATA

In addition to Landsat data and to the field data collected by
ERIM personnél, a variety of data was available from other sources,
as indicated in Table 4. Much of this data was provided through the
courtesy of NASA/JSC. o ' '

TABLE 4. DATA USED IN THIS INVESTIGATION

Data Type Source
- Landsat Digitél Data - - Barth Resoutrces Observation

Systems (EROS)
- Johnson Space Center (JSC)

Landsat Imagery - _ — Agricultural Stabilization and
' Conservation Service (ASCS)
- J8C

Ground Truth Infermation
(including crop inventory,
aoverlays, and other infermation)

JsC, (and ASCS)

Yield Estimates - JsC, ASCS
- Bovironmental Data (rainfall, - : :
temperature, wind, humidity) -~ J8C, (and ASCS) »
Soil Maps _ » - = Soil Conservation Service (SCS)
Aerial Photographs; Field - = Texas ASM University (TAMU)
Radiometric Information ~ Colorado State University (CSU)
County, Disi:ric.t, and State A =~ Kansas Crop and Livestock
Wheat Production Figures - . ' Reporting Service
S0il and Vegetation Measurements - ERIM
Ground and Low-Altitude Aircraft .
- - "Photographs o A ~ = ERIM
17
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The most important infermation of this type for the purposes of
this investigation was wheat grain yield. Actually, several different
types of estimates of yield were generally available. However, unless
otherwise indicated, we used the farmer's combine (harvested) weight
yield estimates, since they are bojieved to be the most accurate,

Yield per harvested acre was used, unless otherwise stated.

Other data that was available and that was used included: (1) per-
cent cover estimates, (2} stand height, (3) phenological state, (4) soil
moisture (subjective), (5) cultural ptactices such as fertilizationm,
irrigation, summer-fallowing, (6) wheat variety, (7) notes on anomalous
crop conditions (e.g., lodging, disease), (8) subjective stand quality
ratings, and (9) meteerological infermatien.

in addiiien to data used fer the field-by-field analyses of funda-
mental relationships, additional ferms of data were used to investigate
large area wheat yield and production techniques. In particular, Kansas
Crop and Livestock Reporting Service (KCLRS) production figures on a

county—by-county basis were used.

3.4 GENERAL METHODS OF ANALYSIS

Once data on a field-by-field basis was stored in a computer file,
a number of manipulations and standard statistical methods were per-
formed in carryinmg out the investigation. Cerrelation and regression
analyses were used to determine the relationship between such parameters
as yield, Landsat data, ancillary data, and field measurements. In addi-
tion, F~ znd t-tests were used to analyze yield predictienm extension
techniques, and t-tests were used to assess the performance of Landsat
large area yield prediction techmiques. In genéral, our analyses were
based on expected cause-effect relatiomships, in the hope that this would
lead to generally optimum procedures, rather than procedures that would

work best on one data set.

18
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4
BASIC RELATIONSHIPS

As indicated earlier, the hypbtheses en which Landsat forecasts of
wheat yield are based are that: 1) there is a relationship between
Landsat data and vegetation density; 2) there is a relationship between
vegetation density and yield; and 3) there is, therefore, a relationship
between Landsat data and wheat yield. These basic relationships will
be illustrated and discuséed in this section. Additioenmal material that

further explores these relationships is contained in Section 5.

4,1 TANDSAT DATA/VEGETATION DENSITY

A number of investigations have indicated the existence of a rela-
tionship between remote sensing (Landsat) data and vegetation density*
e.g., 5,11,12]. An example of the relationships found during this inves-
tigation between individual Landsat band data values and vegetation
density when essentially all of the vegetation is green is indicated
in Figure 2., Here we see that both Landsat visible bands (MS54 and
MS555) are significantly negatively correlated with vegetation density
(LAL), Band 7 is significantly positively correlated with vegetation
density, and B-»d 6 is nearly uncorrelated with density. Of the four
Landsat bands, the red band (MSS5) exhibits the highest individual band
correlation with vegetation'density. These findings are generally con-
sistent with our expectations based on previous work [13]. A plot of
the individual Band 5 data values vs vegetation density is shown in
Figure 3. It can be seen that the Band 5 data values are quite sensi-
tive to changes in vegetation density at low values of LAT, but lose
sensitivity 4t high values of LAT. Here again, this result should be

expected based both on recent reports [14] and previous work [13].

W

In this investigation, the relationship of Landsat data and yield
with LAI and with percent cover have been found to be quite similar.
Therefore, the two indicators of vegetation demsity are used mere ot
less interchangeably.
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-Tn order to extract all of the available information concerning
vegetation density, all four Landsat bands would have to be used. How- .
ever, there would be advantages if transformations of the Landsat data

.were available that maintained most of the information on green vege-
tation density while simultaneously being insensitive to ether variables.
Previous studies [e-g., 10] have suggested a number of Landsat data trans-—
formations which satisfy these requirements. Included among these.is
the ratio of Band 7 toe Band 5. 1In Figure 4, which plots this ratio

-~ against Vegetation density we see that a high correlation (>0.80) between
Landsat data and vegetation density exists. As a part of this investi-
gation we briefly examined other green measure transforms*. Comparative
results using some of these transforms are shown in Figure 5. As this
figure suggests, we have found the various green measure transforms to
generate roughly equivalent results, Therefore, throughout the remainder
of the text we use the green measure transforms mere or less inter-
changeably. (A more detailed discussion of green measure transforms
is contained in Appendix ITT.) The point to be remembered is that
there is a high cerrelatien relationship between Landsat data and vege-

tation demsity or field conditien.

4.2 FIELD CONDITION/YIELD

An example of the relatienship found between vegetation density
and yield is shown in,Figure 6. Although these data show a générally'
positive correlation, It is clear that the correlation is berter at

low values of wvegetation density than at high valwes. In this data

%

Among the green transforms examined are:

' RAT75 = MSS7/MSS5 - XCREEN = Tasselled Cap Green
) Measure (See Appendix III)
sQ75 = v/hMs57/MsS5
| RATES = MSS6/MSSS SQGRE == Sguare Root of-XGREEN
VI = JE§§ZiE§§§J+ 0.05

MSS7+MSS5
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set the low vegetation densities are from non-irrigated fields and high
densities aré from irrigated fields. In other data sets, we have noted
correlations between vegetation density and yield which vary somewhat_
as a function of time, as indicated in Sectioh 5.2.1. Inuorder.té get
a more dependable result based on more data we combined data from mea-
surements made on two separate years at about the same phenological
stage; and.incorporating'both irrigated and non—irrigatedbcrops. These
data are plotted in Figure 7 and suggsst that a useful relationship
does exist between field condition and yield.“ '

It should be noted that the relatienship between Landsat data and
vegetation density discussed in the previous section is a much more
straightforward relationship than the relationship between vegetation
density and yield. The relationship between Landsat data and vegetation
density is .basically a physical-electromagnetic relationship which econ-
nects two observatiens at the same point in time in a more or less causal
fashion. Yield, on the other hand, has a much more complicated relation-
ship with field condition which has a strong plant physiolegical compon-
ent and which is the integrated effect of a host of conditiens over time.
The relationship may be affected by conditions occurring befere or after
the observation of field conditien. For example, one of the fieldé on
which we made measurements developed-significant mosaic virus after the
mieasurement , which uidoubtedly altered the relationship between:Vegeté—
tion cever before the onset of the virus and eventual yield. In addi-
tien, observations at one point in time do not necessarily compare
fields at similar phenelogical stdges. We have observed different
fields within the same site, and even different portions of the same
field which differ significantly in,phenplqgical development.

VTﬁe.point of the above ﬁiscussion is that an accurate measure. of
vegetation density at a point in time (whether from field measurements
or. Landsat data) does not ﬂecéssafily guarantee a good measure of even-

tual wheat grain yield om all fields at all times. The potential success
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of this approach depends on the relationship being generally useful
most of the time.

4.3 LANDSAT DATA/YIELD

The most important test, of course, is whether Landsat data is
indicative of potential yield. Figure 8 shows that the individual
ALandsat band‘correlations between Landsat data values and yield are
similar to the correlations between Landsat data values and vegetation
density. The fact that Band 5 and Band 7 have the highest individual
correlations with yield suggests, oncé again, that some form of differ-
ence or ratio of these two bands may be a useful single~parameter indi-
cator of yield (green measure). The correlation between several types
of green measures and yield is indicated in Figure 9, and again suggests
that they are all approximately equivalent. Figure 10 is an example
of the relationship found between a Landsat green measure and wheat

grain yield on a number of fields. _ _ . -

4.4 CONCLUSION

Although the generality of the fundamental relationships can enly
be determined by examining meore data, the data we have examined suggest
that the basic relationships on which Landsat forecasts of yield are
based may be correct much of the time, and we will proceed on that

assumption.
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5
TEMPORAL/SPECTRAL ASPECTS OF YIELD RELATIONSHIPS

Given the indicatioens in the previous sectioa that there are
relationships that may permit Landsat forecasts of yield, additiomnal
questions that need to be addressed are: (1) what the eptimum bands ox
transformations of bands for forecasting yield using Landsat data are,
and (2) what the eptimum date or combination of dates for forecasting
vield using Landsat data is. These two questions will be addressed in

this section.

5.1 OPTIMUM LANDSAT BANDS

In Section 4 we discussed some of our analyses with respect to
optimum individual Landsat bands for estimating yield. We now present
a more thorough analysis using Landsat data from several dates for

sites Finney A, Finney B, and Ellis.

5.1.1 EARLY SEASON RELATIONS

The cerrelations between individual Landsat bands and yield for
observations when the wheat was predeminately green (early season) are
shown in Figures 11, 12, 13 and 14. For each figure, the horizeatal
dotted lines are 5% significance lines, so that correlation values
which fall between the dotted lines are not considered statistically
significant at the 5% level.

Note that the Landsat near-infrared bands (Bands 6 and 7) tend to
be pesitively correlated with yield, while the visible bands (Bénds 4
and 5) tend to be negatively correlated with yield. This result is
what was expected based on our previous experience fe.g., 10] and is
consistent with the discussion presented in Section 4. Note also that
in every case Band 7 is more positively correlated with yield than -
Band 6, and that Band 5 is more highly correlated with yield than
Band 4.
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.Based on these results, the optimum single Landsat band for cerre-
lation with yield when the wheat is predominantly green is Band 5. If
a two-band green measure transform is desired, a combination of Bands 5

and 7 seem appropriate.
5.1.2 LATE SEASON RELATIONS

Based oﬁ,previous experience we would expect different cerrela-
tions between Landsat data and yield (or vegetation density) when the
vegetation is predominantly dead (late-season) than when it is pre-
dominantly green. We would also not expect, a priori, that a green
meQSure trans form would be highly-cofrelated'with:wheat density or
yield when the wheat fields have little or no green wheat present*.

We processed two sets of Landsat data in which the wheat was
largely. senescent, namely 12 June 1976 Finney B and 17 June 1975 Ellis.
A comparison eof individual bands and green indicator transforms for
the two data sets is presented in Figure 15,

In both cases the green indicator transform is significantly
correlated with yield, though barely so on the 17 June 1975 Ellis data.
However, in both cases three of the four bands (4,5,6) are signifiéantly
negatively correlated with yield. Furthermore Bands 4, 5, and & are all
moxe highly cerrelated with yield individually than is the green indi-
cator transform. It appears as though wheat yield is negatively corre-
lated with crop albedo when the crop is mature. Perhaps this is due
to high=yield fields having more stalks and hence casting more shadow

_ (having lower reflectance) than 1qw-yield fields.

| The reasen that a green measure transferm is still significantly
correlated with yield in such a situation is not clear, and must be
further stiudied. .However5 it.aﬁbeafs that for late—season (preaﬁarvest)
estimates of yield; some albedo estimator or other stand density esti-

- mator could be a better indicater of yield than a green measure.

These expectations are consistent with recent analyses by Tucker [14].
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5.2 ,OPTIMUM LANDSAT ACQUISITION DATE(S) A

In addition to considering the spectral relations between Landsat
data and yield, we have also considered the temporal aspects of the
relationship. It is important to know what data acquisition date pro-
ducés-the most éonsiétently useful information, and .if more than ome
acquisition is considered, what those times are and how they should
be utilized. _ "

We were guided in this task by previous emﬁifical and theorétiéal
wdrk. Empirical agronomic studies have indicated that the optimal
‘single data for cotrtelation of wheat vegetation demsity and yield is
at wheat heading, and that better correlations ﬁénbe achieved by uti-
lizing the integrél of gfeen leaf area index over time from heading
to senesbencé (ripe). This integral has been referred to as leaf area
duration (LAD)*. The above observations have been supported by a

- limited amount of wheat growth/yield modeling (simulation) [10] which
indicated that heading was.the.optimum time foi‘correlatidn between
amount of photosynthetic material and ultimate wheat grain yield.

In édditien, a regression yield model relating yield and sequential
LAI was suggested by the simulation work. A very simple form of such
a model might be

wheat yield = A + B - (LAD)

~ It was suggested that a yield model such as this could be imple-
mented using remote sensing indicaters of vegetation demsity (amount
of photosynthétic material), and that a useful remote seénsing indicatoer
migbt include a ratie of near-infrared and visible spectral bands.
Since we are interested in EStablishiﬁg rélationships between
remote sensing data and yield that are of general utility, and which

have some empirical and thecrétigal juétifitation, we chose to be

% Similar concepts would presumably apply for percent cover, and,would.
lead to an integral that might bé referred to as percent cover duration.
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in our search for an "optimal" remote sensing yield model. The above
concepts are now analyzed using ERIM field measurements of percent cover,

and Landsat indicators of percent cover (green measures).

5.2.1 PERCENT COVER/YIELD RELATIONS

The-relétion between vegetation density at a point in time and
grain yield was investigated by calculating the correlation between
percent green wheat cover determined from ERIM field measurements and
wheaﬁ grain yieid.- Four time périéds were available for Finney site A
data, namely May 21, (approximately the time of heading), May 30, June 9,
and June 18. The results are presented in Figure 16. TFor this limited
set of data on predominantly irrigated fields the highest correlation
occurfed on May 21, and it decreased monotonically through June 18.
Since May 21 was the approximate date of heading, this was not an
‘unexpected result.

An approximation to percent cover duration was computed by suc-
cessively adding percent cover information te the May 21 data to get
a total. Successive summations of percent cover were then correlated
with yield to determine if correlatiens were lmproved. The results
are shown in Figure 17 where it can be seen that none of the summations
of pefceﬁt cover over time improve the corrélation with yield obtainable
by the values of percent cover on May 21. Similar results were found
for LAT and LAD. ,

The hypethesis that leaf area duratien or percent cover duratien
features improve yield_estimatign,has not been verified for this data
‘ser. The lack of verification of the hypothesis may be partly due to
the fact that, for the highly irrigated fields in this data set, the
amount of grain yield may be more closely related to the amount and
timing of irrigation than to the amount and duration of green photo-

synthetic material.

4
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.5.2.1.1 Temporal Aspects of Percent Cover and Wheat Phenology

Another possible reason that the relations between percent cover
and yield did not agree with our hypotheses is that some of the other
assumptions that were part of this hypothesis wére not fulfilled.

One hypothesis was that the optimum single date for forecasting
probable yield by estimating field condition (vegetation cover) using
Landsat data is approximately at the time of heading. This was based
in part on the assumption that heading date corresponded approximately
with the time of maximum vegetationvcover. In this section we examine
the timing of heading and vegetative development between and within
fields for the Finney B site.

~ Our field observations indicated that some of the fields were
almost completely headed en 14 May, whereas other fields were noet com-~
pletely headed by 2 June. In addition, some fields reached peak vege=
tative cover before 14 May, and did not head until considerably later.
Our field measurements of percent green wheat cover indicated that four
of the fieldé sampled on both 18 April and 14 May had less green wheat
cover on 14 May than on 18 April, whereas four other fields had greater
green wheat ¢cover on 14 May. Furthermere, there were even variati.ns
~in timing of heading and peak vegetative cover within a given field.
For example, in one field the dense portions of the field decreased
from 62% green wheat cover on 18 Apfil to 41% vegetative cover on
14 May, while on the sparse portions of the same field the green wheat
cover increased from 297 on 18 April te 36Z%Z on 14 May. _
| The considerable variability in phenology for the fields which
were observed, even though meteorological conditions for all fields
were. probably guite similar, suggeéts3that being able to accurately
acrount for variations in phenology based on meteerological factors
(e.g., day and night temperatures and photoperiod) may not always be

poséible;'

b4
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Since only a few fields existed for which percent cover measure-
ments over time and wheat yield were both available, our analysis of
percent cover/yield temporal relations is limited. If we use Landsat
indicators of percent vegetation cover (green measures) we have a
larger data base with which to work. However, a limitation of this
approach results from the fact that, to the best of our knowledge, a

reliable green measure does not exist for largely senescent canopies.

5.2.2.1 Optimum Single Date

We begin our analysis by examining the oprimum single date for
correlation between Landsat indicators of vegetation density (green
measures) and yield. The available .xuta for Finney A, Finney B, and
Ellis for mainly green wheat is plotted in Figures 18-21. Based on
these data, we conclude that there appears to be a range of times over
which reasonably equivalent correlatien between Landsat data and wheat
grain yield could be obtained in different situations (times, places).

There are many pessible reasons for these results. They include:

1. Our data base is not large enough for general trends to.emerge.
2. We are missing data at potentially "ecritical times.

3. The apparent optimal time may depend, in this small data set,
on conditionis that occéur after a particular Landsat observa-

tion (e.g., disease), conditions that may not generally occur.

4. .Variation in crop phenology (heading date) makes it impossible
to select a single date for which all fields in a single date
are in the same phenclogical stage. (qu example NASA/ASCS

.daté, based pn'graﬁnd 6ﬁservatioﬁs indicatés.a ﬁofmal time
span of 3-4 weeks between 10%Z of fields headed and 907% of
fields headed in the Central Crop Reporting District of

Kansas.)
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5. In dense canopies, Landsat data will not give as good differ-
entiation between canopy densities as in sparse canoples (see
Section 4), so correlation between Landsat data and yileld may
be a function of the correlation between actual vegetation
density and yield, plus the capability of Landsat to monitor
vegetation density. This might occur before or aftér peak

vegetation density (approximately at heading).

6. Our fundamental hypotheses concerning optimal time(s) may not

be correct.

Qur tentative conclusion is that the "optimal date" is somewhat variable,
depending especially upbn conditions 3=5, and that one Landsat data set
within a "window" of up to several weeks may give reasonably equivalent
results over time and space. In general, Landsat data collected in May
appears to be consistently useful for assessing winter wheat yield in
Kansas

C5.2.2.2 Optimum Combinations of Dates

We again turn to the hypethesis that LAD or percent covetr duration
may be a better indicator of yield than any single date, using Landsat
surrogates (green measures) for green vegetation density.

The Landsat green indicators from 18 April, 6 May and 2 June from
Finney B were used to appr0ximafé.pereent covér over that span of time.
This sum was then correlated with wheat yield, and the correlation was
found to be 0.89. Ihe.best_gingle date has a cqrrelation between Landsat
greén measure and yieia of 0.81. If 18 April, 6 May, and 2 June are
used as independent variables for regression with yield, the multiple
cortelation is 0.92, somewhat better than if the data were summed.

A similar analysis was performed using Ellis A Landsat data as
surrogates for percent cover. In this case, we did net have Landsat
data from headiﬁg to seﬁeéceﬁce; so we used the ﬁay 26 data (the best

single date) and summed backwards te May 11 and May 3. The correlation
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with.yield was greater for May 20 SQ75* data than was the correlation

FORMERLY WILLOW RUN LABORATCRIES, THE UNIVERSITY OF MICHIGAN

with the sum of 8Q75 May 20 and SQ75 May 11, which in turn was greater
than the correlation with yield for the sum of SQ75 May 20 and 5Q75
May 11 and SQ75 May 3 (see Figure 22). No sum of dates was as highly
correlated with yield as the best single date (Hay'éﬁj.

5.2.3 CONCLUSIONS

Based en the ERIM field data on actual vegetation density and on
Landsat indicators of vegetatien density discussed above, it is not
clear that a summation of amount of photosynthetic material oﬁer time
is more highly correlated with ﬁield than is information at a point
in time for the cases investigated so far. Although the hypothesis
is not fully supported by the data analyzed thus far, the encouraging
implication is that it may not be necessary to have all of a certain
sequeﬁde of dates to perform accurate yield prediction. In ether
words, the initially propesed ERIM yield prediction metho&'based on
Landsat indicators of LAD [10] may be more elaborate tham is required.
However, multitemporal data used independently (i.e., not summed) has

proven to be useful in improving yield prediction.
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6
LANDSAT VS ALTERNATIVES ON A LOCAL BASIS
In previous sections we have examined the utility of Landsat data
for estimating yieid. It is also important-tc assess. the relative util-
ity of Landsat data, meteorological data, and some combination of Land-
sat, meteorclogical, and/or_angillary data for predicting wheat yield.
This section discusses analyses carried out to address the above goal

and ..ome resulting conclusions.
6.1 METEOROLOGICAL DATA

One of the hypotheses of this project is that there is important
wheat yield-=related information contained in crop appearance as mon-—
itored by Landsat data that is not provided by standard meteorological
data. This hypothesis has been cursorily examined for beth a predom—

 inantly ifrigated site (?inney A) aﬁd a predominantly nem—irrigated
site (Finney B). '

We assume that meteorological cenditions were undoubtedly similar
over the small 5 x 6 mile test sites, That this is true is suggested
by data from the 30 rain gauge stations on the Finney A site. During
the important growing months of*May.and June the coefficient of varia-
tion (0/m) in precipitation between the rain gauge stations was dnly

about 0.10 {(see Table 5).

TABLE 5

RATNFALL DATA FOR 30 RAIN GAUGE
STATIONS AT FINNEY A SITE, 1975

: Mean Value Standard " Coefficient of
Month 0f Rainfall Deviatien Variation (g/m)
May 3.76 0.43 0.11
June . 2.85 " o 8.27 . 0.09
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Despite the relativevcmnstancy of precipitation (and presumably
other important meteorological conditions), the yield on the Finney A
site varied substantially (21.0 bu/acre te 74.0 bu/acre) from field to
field. These differences in yield are more likely related to such fac—
tors as soil typa, plantlng density, fertilization, cropping practices
in a field, and 1rr1gation, all of which do vary appreciably from field

to field (see Section 8.2), but none of which are specifically included
in most meteorological models. In any event, aside from special exper-—
imental arrangements, a single weather station is generally used to
characterize an area much larger than a 5 x 6 mile test site, and thus
a meteorological yield model would not indicate any of the known field-

to—field differences in yield on a local basis.,

We do not have detailed meteorological informatiom for the Finney B

site. Again, howéver; there are substantial differences in yield from
field to field on this site (from 3 bu/acre to 65 bu/acre), most of
which we are quite certain are not due to differences in meteorological
conditions.

. As indicated elsewhere in this repert (Section 5.1), the differ-
ences in crop condition and eventual yiéld found between fields on both
the Finney A and Finney B sites are, to a substantial degree, manifested
in Landsat data. Thus, it appears that_Landsat data can better account
for local variations in yield than can meteorological data.

While we do not minimize the usefulness of meteorological informa-
tion to roughly estimate yield om a regiomal average basis, or to help
assess approximate status of phenolegical develepment, we feel that ac~
euracy of a large area wheat survey could be enhanced by the use of
field- by“fleld 1nformation, such as could be provided by Landsat data.

(A discussion of the relations between metéorological comditions

and yield on a large~area basis is given in Section 8.0.)
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6.2 ALTERNATIVE FIELD ESTIMATES
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éome yield models require as inputs certain measures of field condi-
tions. TFor example, one model depends on periodic estimates of leaf area
index (LAI) {15]. Landsat data may be a reasonable source for such in=-
puts.

To assess the utility of Landsat data, several questions can be

raised with regard to these variables:

1. How acburately can these variables be estimated by field

‘personnel?
2. How well are these field estimates of variables related to yield?
3, How well can the variables be estimated using Landsat data?

4. How well are the Landsat estimates of the variables related to

“yield?

If we assume that the carefully made ERIM objective field measure-
ments of percent cover are correct, we can assess how well other field
personnel make estimates of such a parameter, relative te how well Land-
sat data can be used to make such estimates. For the Finney A Site,
ﬁhe May 21'ASCS'(Agfiéultural_StabiiiZation and Conservatien Service)
subjective visual estimates of percent cover and the ERIM objective
field measurements of percent cover have a correlation of 0.52. This
correlation.is nof statistically significant at the 5% level, which
suggests that ASCS estimates are ndt in goed agreement with the ERIM
measurements. On the other hand, the correlation between a Landsat
green measure (Band 7/Band 5) and ERIM objective field measurements
for the same fields‘at the same time is statisficélly significant,
which suggests good agreement in the relative ratings of the fields
examined. For the Finnevy B site; the 18 April ASCS subjective esti-
mates of percentAcoyer_and the ERIM field medsurements of percent:
cover have a correlation of 0.71. The corresponding correlation be-

tween a Landsat green measure (5Q75) and ERIM percent cover measurements
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is 0.97. Therefore, preliminary indications are that for yield models
that require estimates of degree of crop vegetative develeopment, Land-
saf data may furnish a better estimate than some subjective estimates
made by field persomnel using traditional approaches.*

It should be noted that the amount of crop vegetative development
also might be estimated by use of meteorologically-based growth models.
However, it seems highly unlikely that any meteorologically-based growth

medel would have predicted the large variation in vegetative percent

cover that was found to exist between fields (e.g., oﬁ 21 May at the
Finney A site fields which wére Sampied by ERIM varied from 29% green
wheat cover to 94% co#er). Therefore, using Landsat data one apparemtly
can estimate amount of vegetative development (a possible variable in

some yield models) better than growth models that are based on meteorolog-
ical data. | '

Correlations between various estimates of field vegetative condition

and farmer's yield for a Finney A data set are shown in Tabie 6. The ERIM

objective measurements of percent green wheat cover on May 21 were signif-
icantly correlated with yield, as were measurements of green LAT and
Landsat data. However, ASCS estimates of percent cever and height were
not significantly correlated with yield.

The correlations between various estimates cf field vegetative condi-
tion and actual yield for a Finnéy B gite data set are shown in Table 7.
None of the correlations with yield are statistically significant for
this sample. ‘However, the correlations are highest for ERIM objective
measurements of green cover and for Landsat deta (5Q75). It appears,
therefore, that for yield models that require prriodic estimates of vegeta-—

tion condition that are correlated with potential yield, Landsat estimates

#Traditional methods using trained field personnel cam certainly be more
precise than Landsat data, but the traditional methods are sufficiently
time-consuming seo that they cannot routinely be made on enough samples
te characterize large, variable fields. The advantage of using Landsat
data is that it samples the whole field.
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of these inputs are as good as or better than the rraditionmal subjective
field estimates. ' _
Other yield models require actual (subjective or objective) estimates
of probable yield. For example, the USDA/SRS pre-harvest yield forecasts
‘are based on weather variableé such as actual and predicted precipitation,
plus field condition or probable yield as reported by farmers or other

field personnel [8].

TABLE 6. CORRELATTIONS BETWEEN VARIOUS INDICATORS OF CROP CONDITION
AND YIELD, 21 MAY FINNEY A DATA (N = 6)

Variable Correlation®
Percent Cover (ASCS) _ 0.601
Height (ASCS) | 0.795
Green Cover (ERIM) - 0.912

- Green LAI (ERIM) - _ . 0.826
SQ75 (/7/5) 0.916

*5% significance level = 0.811

TABLE 7. CORRELATIONS BETWEEN VARTOUS INDICATORS OF CROP CONDITION
AND YIELD, 18 APRIL 1976, FINNEY B DATA (N = 9)

bl

Variable Correlation
Percent Cover (ASCS) 0.18
Height (ASCS) o -0.17
Green Cover (ERIM) - 0.52
SQ75 (/77?? ' : 0.45

o,

" 5% Significance level = 0.67
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We now address the question of whether Landsat data could improve

on some traditional estimates of probable yield. One way of making this

comparison is to examine the correlations between yield and Landsat data

and alternatiVe_methods of estimating probable yield. Such alternative
methods might include stand quality ratings (made by ASCS persomnel),
and objective estimates of yield made by ASCS from field sampling just

prior te harvest (FCIC). The available comparisons for three sites for

- which we have processed Landsat data are indicated in Table 8.

On the basis of the results shown in Table 8 our preliminary
conclusion is that Landsat indications of probable relative yield are
as good as or better than the traditional field alternatives which we
examined, even whem the Landsat estimates are made as much as two months

before the estimates using alternative methods.

We make the following preliminary conclusions as a result of the

material presented in this section.

1. Landsat data can provide at least as good an indiecator of field
condition (percent cover, LAI} as can subjective field estimates
for use in existing yield models.

?, Landsat indicaters of probable wheat yield are as good an
indicator as are subjective, and some objective, field estimates
of probable yield, for use in existing yield models.

3. Therefore, suitably calibrated Landsat data can be used as a
substitute for field estimates of field condition or preobable

yield in wheat yield models that require such inputs.

6.3 LANDSAT DATA VS ANCILLARY DATA

Many meteoroloegical yield models do not specifically include
potentially important enviremmental/cultural factors which are not
routinely available from local weather stations. The relative importance
of some of these envirommental/ecultural facters and the degree to which

they can be accounted for by Landsat data, is discussed in this sectien.
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TABLE 8. CORRELATIONS BETWEEN YIELD OF INDIVIDUAL FIELDS AND ASCS ESTIMATES AND LANDSAT DATA

FCIC Estimate
Stand
Quality Rating

Landsat Predicted
Yield (4 bands)

TLandsat Predicted

Yield (TVI)

SITE

FINKEY A, 1375

 ELLIS, 1975

FINNEY B, 1976 Average
N=11 N=18 _ N=11 Cuvre—
Date Correlation Date Correlation Pate Correlation lation
Pre- Pre- Pre-
harvest 0.95 harvest 0.74 harvest ~ 0.45 0.71
Pre- Pre-
harvest 0.47 harvest 0.89 ——— 0.68
April 15  0.94 May 21 0.79 May 6 1 0.87 0.87
April 15  0.93 May 21 0.64 May 6 0.77 0.78

W{
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6.3.1 FINNEY A ANALYSIS

The relationships between several environmental/cultural factors
and wheat yield have been investigated for the 1975 Finney A test site.
The specific factors investipated were: |

1. wheat variety

2. drrigation/mo irrigation

3. fertilization/no fertilization

4. amount of irrigation.

An analysis of variance was performed for the above factors by
regression with wheat yield for the 16 fields for which such data was
available. From this analysis it was possible to determine the perceut
of the variance in yield accounted for separately by each of the factors,
and also the percent of yield variance accounted for by Landsat data for
the three dates analyzed. The site used fur this analysis is a predomi-
nantly irrigated site, and the environmental/cultural factors are not
entirely independent, In fact, all fields which were irrigated were
also fertilized, and the converse, so these two variables were combined
inte a single irrigation~fertilizaiion variable. Other factors had
lesser, but non-zero correlations. The results of the analysis are

presented in Table 9,

The analysis shows that there was not a large amount of yield
variance accounted for by wheat variety. This is not surprising since
farmers in a given location might be exzpected to use wheat varieties
that are "best" for that location and cultural practices, and therefore
the varieties may not differ appreciably from each other. The three
principal wheat varieties represented in this analysis areVEagle, Scout,
and Satanta. ‘Although we do not have information.on yvielding ability of
Satanta variety, Eagle and Scout varieties of wheat are known te have

virtually identical. "yielding ability” [16].
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TABLE 9. PERCENT OF VARIANCE IN YIELD ACCOUNTED FOR SEPARATELY BY
SEVERAL ENVIRONMENTAL, CULTURAL, AND LANDSAT VARIABLES
(Finney Site A, 16 Fields)

Variance in Yield
Accounted for by Variable

Variable (%)

1. Wheat Variety 18.5

2, TIrrigation-Fertilization (yes or ne) 24.9

3. Amount of Irrigation 79.9

4. Landsat Data (22 Nov 1974) 59.8
[TVI]

5. Landsat Data (15 Apr 1975) 85.9
{TV1]

6. Landsat Data (21 May 1975) 75.5
[TVI]

Irrigation-fertilization accounts for somewhat more of the variance
in yield than wheai variety but surprisingly net a large amount (24.9%),
Such cultural practices would not be economically justifiable if there
were no effect on yield. The amount of variance in yield accounted for
in this amalysis by the irrigation~fertilization variable would have been
highetr (a value of 53.6%) if a field which has beén deleteriously affected
by a treatment of herbicide was not include& in the analysis. The total
amount of irrigation (inches) applied to individual fields during the
growth of the crop accounted for nearly 807 of the variance in yield.
Again, this value would have been higher (85.6%) if the herbicide-

treated field had not been included.

Landsat data green measure transforms for the three available dates
were analyzed imdividually for their utility in predicting yield om the
fields for which ancillary data was available. Green measure transfor-
mations (im this case TVI) for all three dates of Landsat data account

for a high proportion of variance in yield.
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In addition to the above anhalysis a coarse evaluation was made of
the relative utility of ancillary variables and Landsat variables for
- predicting yield by determining the percent of variance in yield
accounted for by several combinations of variables. The results are

presented in Table 10.

TABLE 10. PERCENT OF VARIANCE IN YIFLD ACCOUNTED FOR BY SEVERAL
COMBINATIONS OF ENVIRONMENTAL, CULTURAL, AND LANDSAT VARTABLES
(Finney Site A, 16 Fields)

Variance in Yield
Accounted for by Variabies

*
Variables : ' (%)
1, 2 31.0
1, 2, 3 93.5
1, 2, 3,5 95.1
4, 5, 6 87.5
4, 5, 6, 1, 2 90.0
by 5, 6, 3 90.0
1, 2, 3, 4, 5, 6 95.3
X
Variable Key
1 -~ Variety
2 == Irrigation/Fertilization (Yes or Ne)

3 == Irrigation Amount .

4 == TVL (22 November 1974)
5 —— TVI (15 . oril 1975)

6 — TVI (21 May 1975)

- In this analysis wheat variety and knowledge of whether the fields
were iﬁrigaﬁed and feftilized (variables 1 and 2) accounts for 31% of
the variance in yield, but addition of information on amount of irriga-

tion (variable 3) raises the variahce accounted for to 93.5%. Since

62



Z FORMERLY WILLOW RUN LABORATORIES THE UNIVERSITY OF MICHIGAN

precipitation, temperature, and solar irradiance were in all likelihood
essentially constant over the entire site, it is not surprising that
three factors (variables 1-3) which do vary over the site account for

as much of the variance in yield. However, the amount of irrigation,
the most important of these three aneillary variables, is not a variable
that is likely to be routinely available information, and hence is net

a likely candidate variable for a wheat yield model.™

Without any éncillary information, the Landsat green measures for
the three Landsat data sets (variables 4~6) account for 87.57% of the
variance in yiel&."Whan the two ancillary variables most likely to
be available (variety and irrigation-fertilization) are included with
the three Landsat data transforms, the yield variance accounted for
is 90%. A similar result occurs if amount of irrigation is added to
the Landsat vériables. Apparently much of the variability accounted

- for by amount of irrigation‘is also accounted for by the Landsat data.
If the best single date of available Landsat data (April 15) is included
with the three ancillary variables, 95.1% of the variance is accounted
for, while inclusioen of all three Landsat data sets raises the value
te 95.3%.

"~ The foregoiﬁg discussion furnishes the basis for some pr:liminary
conclusions regarding the relative utility of Landsat data and ancillary
data for predictions of wheat yield on a predominamtly irrigated site in
soutﬁwestern Kansas. If data on important ancillary variables (espe-
cially amount of irrigation) is available, such data is a good indicator
of wheat yield on an individual field basis, perhaps'sémewhat beﬁter than
several dates of Landsat data (ancillary variablasrl-B; %3.5%; Landsat
variables 4-6: 87.5%). If both Landsat and ancillary data. are simul-

taneously available,'wheat yield prediction performance is improved only

* There is also a sigmificant cerrelation between amount of irrigation -
and both percent cover and LAIL, thus indicating that amount of irriga-
tion is a factor that should be considered in growth models, as well
as yield models. :
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slightly over either type alone (all variables: 95.3%). Therefore,

using Landsat data alone may be an acceptable procedure. In situations
where Landsat data, meteorological data, and ancillafy data are avail—
able, use of some combination of this data will prabaBly improve yield
prediction performance. In such situations, the appropriate approach

is probably a funetion of the marginal costs in increasing the complexity

of a yield prediction model compared to the marginal benefits.

“6.3.2 TFINNEY B ANALYSIS

We now examine the wheat yield information accounted for by cultural
factors on the 1976 Finney site, and the degree to which Landsat data

monitors their effects.

The cultural practices investigated included:
1. wheat variety '
2. irrigation (yes/no)
3. fertilization (yes/no)
4. planting date
5. summer fallow (yes/no)
6. amount of fertiliier (1bs per acre).
All of these variables are potentially available early in the growing

- season, . and hence could be available for early yield ferecasting.

An analysis of variance was performed for the above'faCtGrs by
lincar regre531on with wheat yield for the 55 fields for which such data
'was available. From this analysis, it was passible to determlne the
- percent of'Varianee in_yield accounted for separately by each of the
factors. -However, high correlations do exist between some 6f the
variables; se the results cannot be tre&ﬁéd as though the variables were

independent of each othar. The results are presented in Table ll

Planhlng date, samewhat surprisingly, ‘aeccounts for almost nene of

the variance in yield on these particular fields. Perhaps the

64



Z o j FORMERLY WILLOW RLIN LABORATGRIES, THE UNIVERSITY QF MICHIGAN

over-wintEring period tends to reduce potential differences due to

planting date.

TABLE 11. PERCENT OF VARIANCE IN YIELD ACCOUNTED FOR SEPARATELY
BY SEVERAL CULTURAL FACTORS, FINNEY SITE B

Percent of

Cultural Factor Variance
. Planting Date - 0.1
Wheat Variety 10.6
Previous Cropping 35.8
Ifrigation. . 56.3
Fertilization 55.0

Amount Fertilizatioen _ 57.4

Wheat variety accounts for only a small amount of yield variance.
This is to be expeeted,ibeeause the principal wheat varieties planted
on this site (Eagle, Scout, and Centurk) have similar "yielding '

abllltiES" [16].

Prev1ous cropping practice (whether the field was summér fallowed)
accounts for an appreciable amount of variance in individual field yield.
This is not unexpected 51nce the reason for leaving a fisld fallow is to

improve the soil eharacterlstlcs for the subsequent crop.

- Irrigation, fertilization, and amount of fertilization, all dccount
for a sdbstantial emouht of variance in yield. They are highly corre-
lated w1th each other, however, and the three variables combined do not

»account for much more variance than each one 1ndiv1dually.

The amouht of variance accounted'for by a Landsat greeén measure
(in this case SQ75) fex each of the four dates processed was eomputed
for the same fields thet_wererused'in the above analysis. The results

are presented in Table 12, ‘Lan&sat_data:from either 6 May, 2 June, or
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12 June aceount for more variance in yield than any single cultural

factor examined.

TABLE 12. PERCENT VARTANCE ACCOUNTED FOR SEPARATELY BY SEVERAL
, ' DATES USING SQ75 (FINNEY SITE A)

Percent of

Date Variance
18 April 54.8

6 May . 67.7

2 -June 72.0

12 June _ 67.4

Table 13 gives the results of a comparison of the relative utility
of Landsat data, ancillary data, and the cembimation éf'the two data
sources, for accounting fer yield. Note that, tegether, all of the
cultural variables (1-6) account for a substantial amount of yield
variance (752). Nevertheless, the Landsat green measures for the four
dates (7-10) account for ev .. more variance in individual field yield
(87%) than all of the cultural variables. The combination of all Land-
sat and cﬁltural ﬁafiables aecoﬁnts for almast all of the wvariance in
yleld (94/)

-We had previously speculated that field condition as measured by
'-.Landsat would account for the integrated effects of the factors governlng
LTOp growth and potential yield,; 1nc1uding the cultural £actors. The
effects of cultural factors are mest clearly seen on a loecal area where
meteorolog:cal condltlons are 51milar, and these cultural factors are
Talmost completely accounted for by Landsat data in this 1976 Flnney 31te.'
Fmr example, addition of all six ecultural factors to the four Landsat
. variables 1ncreased the . amount of variance accounted. fer by only-

6.3% (87 3/ to 93.6%).
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TABLE 13. PERCENT OF VARIANCE IN YIELD ACCOUNTED FOR BY SEVERAL
COMBINATIONS OF CULTURAL AND LANDSAT VARTABLES

% Percent of Standard
Variables Variance Error
1-6 (all cultural variables) 74.9 6.89
7-10 (all Landsat variables) 87.3 4.78
1-10 (all_variables) 93.6 3.65
*
. Variable Key _
. 1 = variety 6 = amount fertilizer
2 = irrigation 7 = 8Q75 (May 6)
3 = fertilization 8 = 5Q75 (June 2)
4 = planting date 9 = 5Q75 (June 12)
S = cropping 10 = sQ75 (April 18)

6.4 CONCLUSIONS

We draw the following conclusions on the basis of the material
presented in Section 6,.-There is a considerable amount of local yield
variance net accbunted for by standard meteorelogical data. Much of
this yield variance is aecounted for by variation in cultural facters,
and it is manifested in Landsat data. .For yiel& models that require'
estimates of erop vegetative development or potential yield, Landsat
data may be as gbod'as'some traditional estimates wade on the ground
by field persomnel. Therefore, liandsat data may'be quite valuable for

making yield ferecasts over a large area in a timely fashien.

7.
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7
YIELD PREDICTION EXTENSION

In order for Landsat data to be used mest effectively as part of a
wheat yield forecasting system, a relationship between Landsat data and
wheat yield developed under one set of conditiens (environmental condi-~
tions, cultural »rretices) should be extendable to Landsah data collected
under different conditions at a different place and/or time. In any
event, the limitations to the extendability of a relationship between
Landsat data and the wheat yield should be known, in order te minimize
the possibility of large errors in yield forecasting. There are at
least three possible sources ef variability that could petentially
cause a deviation in a Landsat-wheat yield relationship:

1. changes in environmental coenditions (e.g., atmospheric haze

.and s0il reflectance)

2, changes in eultural practices {e.g., irrigation, fertilizatien,
wheat variety) _

3. changes in crop history (e.g., planting date, croppilng practice,
and weather conditions insefar as they affect plant phenology
and potential yield).

The following sections discuss the importance of the effects of some of
the_above sources of variability with.respegt to extensien of a yield

' predicfion relationship, and an inveétigatioﬁ of possible.ﬁays of
ninimizing the effects of such variability.

There are a number of ways that yield prediction extensien per-
formance could potentially be improved. One way is te transform the
data so that it is not as affected by differenﬁ conditions. These data
tranéfotmations could be véry-éimpie;'éuCh as corrections fot atﬁos-
pheric bath radiance by subtracting the signal'value assoeiated with
the darkest objects in the scene. More sophisticated approaches in- .
ciude aﬁélytical normalizafion of the Landsat data set, pixel by pixel,

to make it equivalént to some reference data set (e.g., XSTAR). An

69

_ 3 o
PRECEDIN BLA
G PAGEKBLANK NOT Fitmep




Z : FORMERLY WILLOW RUN LABORATORIES. THE UNIVERSITY OF MICHIGAN

additional approach is to define a data transformation that maintains

much of the desired information (in this case, information related to
vegetation density and yield), and which is insensitive to other sources

of variation unrelated to the information of interest.

Another way to improve yield prediction extension performance is
to apply»the‘yie1d¥predietive algorichms in such a way as to minimize
differences in conditions. Yield=-predictive relations developed on an
area with certain cultural practices (wheat variety, irrigation,
fertilization, previous crop) and phenological stage should be applied
to areas with similar eultural practices and phenological stage, inso-
far as this is possible. Effects of different atmespheric conditioens’
could also be alleviated by applying relationships developed on certain

atmospheric conditions teo areas with similar atmospheric conditions.

In the fellowing discussion we will briefly describe a variety of
data transformation techniques, and then examine how some eof them per-

form when applied on sites with different conditionms.

7.1 DATA NORMALIZATTON TECHNIQUES

One of the simplest traditional ways of normalizing remotely sensed
data to account for different étﬁospheric conditions is to perform a
-.dark level subtraction determined in each data set. This procedure is
sometimes useful in minimizing differential additive effects due to
differences in amount of atmospheric backseatter. This procedure was
not practicable for this inveétigatibn,‘sinee no sufficiEntiy dark
objects were consistently available for examination within the

immediate area of the relatively small test sites.
Another traditional way of normalizing data sets is to correct for
differences in multiplicative factors caused by different illuminmatdion

levels by employing large "secondary reflectance standards" with

temporally invariant reflectance. None were.évailable for this purpose.
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One additional way to mechanically normalize data sets which we
examined is to subjectively adjust the envelope of the data values to
make them equivalent., The problem with this approach is that the envelope
‘of the data values may be different due to target differences (average
vegetation density, etc) which we want to monitor as well as non-target

differences (atmosphere, illumination), which we want te normalize.

Since differences in illumination as well as non-Lambertian target
reflectance are affected by differences in solar zenith angle, corrections
for this effect are sometimes made. However, we were predominantly
concerned with extending relationships between data sets with very
similar or identical solar zenith angles, so it was not necessary to

implement this correction.

The two types of data normalization which we examined in some
detail as a part of this investigation were: 1) analytical precedures
for normalizing Landsat data sets to a reference data set (EXTEC [17]
and XSTAR [18]); 2) green measure traﬁsforms; many of which fértuitously
normalize multiplicative differences in data sets due to differential
atmespheric conditions or soil albedo. (Information concerning various

green measure transforms is ineluded in Appendix III.)

7.2 YTELD EXTENSION TESTS

In this section we present the results of three tests of the
feasibility of extending a Landsat—-wheat yield'felétienship:over time

- and/or space. The three tests examine three tybes of conditions:
1. local (adjacent day) yield prediction

2. extension frem a predominately non-irrigated site to another

- predominately non-irrigated site
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3. extension from a non-irrigated site to a predominately irrigated

site..

In these tests of yield predietion extension, three normalization/
extension techniques were examined The techniques examined were:

1. EXTEC3* .

2. $Q75 (/MSS7/MSS5)

/MSS7 - MSSS
> T"I( e L) 5)

These normalization techniques were compared with yield predietion

extension using no nermalization of the original four Landsat bands,

The tests were run by computing a regression relation between
Landsat data and yield on one data set and analyzing the performance of
the regression relation when applied to (extended to) another situation.
In order to qﬁantify the degree to which performance changed in extending
a yileld-predicting regression equation from one data set te another,
several statistics were computed. For each test, a mean square error
(MSE) was ébmputéd for both the original (iocél)'ragressiOn and for the

new data set according te the formula

where n

= number of cases (fields)
1 = number of varlables (channels used in regre551on)
Yy = yield for field i _ . A
.§i;£ Landsat predlcted yield for field i.

* EXEECS is an. algorlthm developed at ERIM under NASA Contract NAS9-14123
to account and correect for variable external effects such as’ atmospherlc
conditien.  Since its appliecation here, it has been,superceded by the -
XSTAR algorithm
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:1An "F-statistic" was subsequently computed as the ratio of the MSE
of the extended equation to the base equation. The larger the F-ratio,
the worse the prediction of individual field yields was compared te the
base (local) prediction of yield.

Another statistical test performed was to determine how well the
average yiel& for all fields was predicted. This test, a "t-test"; was

then computed as

 _Y-%
s/v/n
Y = average value of yield
¥ = aVErage predicted value of yield
s% = Z: (¥ - Y% /01

~
The null hypothesis is ¥ - ¥ = 0, or that the mean values of
actual and Landsat-predicted yield are the same. The larger the t-value,

the less 1likely the hypothesis is to be true.

7.2.1 ADJACENT DAY YIELD PREDICTION EXTENSION

It was anticipated that the least diffieult yield eéxtension situation
" would be in extending between adjacent days of Landsat data aequisition
_over the same 51te. (Thls test was p0551b1e on test sites located in -
the overlap region of two comsecutive (adJacent) Landsat overpasses. ) B

The anticipated ease of extension resulted frem the expected minimal to

non-existent changes in the three important conditions discussed earlier: . .

1) environmental condltions' 2) cultural practices' and 3) crep history.

The results of this test (see Table 14) show that for data that 1s

not narmallzed at all both the F and t tests are signiflcant. In other
words, nelther individual field ylelds nor mean_value of yield fdr all

fields is predicted. accurately without any normalization. All three of
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the normalization procedures, however, result in no significant

differences (F or t tests) in yield prediction performance by the
extension, indicating that for this data set the normalization

procedures have been useful in extending yield prediction capabilities.

TABLE 14. PREDICTION OF YIELD FOR ELLIS SITE, 20 MAY 1975,
USING (A) RELATION DEVELOPED LOCALLY, AND (B) RELATION
DEVELOPED FOR ELLIS SITE, 21 MAY 1975.

A B .
{(Local) (Non-lgcal) Mean 9 F- T-
Method MSEL Msgl Difference Statistic Statistie
Original
Landsat 19.4 45.0 =5.0 2.3% 4,2%
Bands
EXTEC3~-
Transformed 19.6 20.9 0.4 1.1 0.5
Bands

Sﬁuare.Reod _
Band 5 Ratio

™I 25.4 23.9 0.02 0.94 0.02

-1, Mean Square Difference Between Actual and Predicted Yield
2, Difference Between Mean of Predicted Yield and Mean of Actual Yleld
* Significant at 0.05 level

7.2.2  DRYLAND SITE}DthAND SITE PREDICTION
A second and presumably more.difflcult test of YIEld prediction
extension performance was made using data from two separate sites.
'(Ellis 11l May 1975 data and Finney B 6 May 1976 data.) Both sites were
.:pfeddminately not irfigated,.but thgvﬁact_that the data is for
different locations and different years implies that the weather

conditions may “ave been different during the growing season. Crop

phenological development was also somewhat different.

74



Z FORMERLY WILLOW RUN LABORATORIES. THE UNIVERSITY OF MICHIGAN

~pegree days from March 1 were computed for both sites, and on this
basis phenological development of wheat on the Ellis site was slightly
ahead of that on the Finney B site ou May 6., For this reason, we assume
that the Ellis 3 May 1975 Landsat data would have been more analogous
to the Finney B 6 May 1976 data in terms of crop phenology.

However, Ellis 3 May 1975 data were collected by Landsat 1, where=
as the Ellis 11 May 1975 and Finney B 6 May 1976 data were collected
by Landsat 2. Because of the differences in calibration between the
'two'satellites, We'chose to usze the Ellis 11 ﬁay 1975 site, rather thén
3 May 1976, for extension from the Finnev B 6 May 1976 site.

The May 11 data was used as the base data sec, and yield prediction
was attempted using a relationship develcped on May 6. The results are
presented in Table 15,

TABLE 15. PREDICTION OF YIELD ON ELLIS SITE, 11 MAY 1975,
USING (A) RELATION DEVELOPED LOCALLY, AND (B) RELATION
DEVELOPED FOR FINNZY B SITE, 6 MAY 1976.

A B
: v (Local) (Non-loeal) Mean P~ T-
Method _ Msgl MSEL Difference? Statistic Statistic
Original _
" Lapdsat .. 26.6 . 673,0  =24.7 .. " 25.3% 5.4%
Bands
EXTEC3- | '
Transformed =~ 26.9  467.0 - =20.2 17.4% 5.4% -
Bands :

Square Root . _ :
of Band 7/ 39.9 9.5 - .—-2.1 - L 2i40 41
Band 5 Ratio '

TVI 35.6 77.9 - 3,4 2.2 4.2%

1 Mean Square leference Between Actual and Predicted Yleld
2. Difference Between Mean of Predicted Yleld and Mean of Actual Yield
* Slgnlficant at 0. 05 level
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Again, data that had not been normalized failed both the F and
t~tests. Tn other words, neither individual field values nor average

vield for all fields were predicted accurately.

In this case the EXTEC3 transformed data yield extension atrempt
also failed both the F and t—tests, and was not much better than the
unnormalized data extension attempt. While the parameters of EXTEC3
were derived for Landsat 1 data, we expected improvement in yield
extension between Landsat 2 data sets, as long as both data sets had
the same calibratien and the Landsat 2 calibration differs not toe
greatly from the Landsat 1 calibration. But, in fact, NASA's Goddard
Space Flight Center modified the calibration procedure for Lamdsat 2 in
July 1975, This change may have contributed te the failure of the

transformation in this case.

Both SQ75 and TVI yield extensions "passed" the F test at the 5%
level, but only barely so. In other words, predietion of individual
fields is mot significantly different in a statiztical sense due to the
extension procedure. However, predicted average value of yield for all
fields is significantly different. Apparently, the reason that individ-
unal field yields were predicted accurately (F-test), while the average
value of field yields was not {(t—test), is due to a small but consistent

bias in individual field yield prediction.

The F-statistic compared the mean squared value of the individual
field yield deviations, and none of the individual field yield predic-
tiens were very far in error. However, they all tended to be in error
in the same direction. Therefore, the cumulative effect om the average

value of predicted yields showed up in a significant t-test,

7.2.3 DRYLAND SITE/IRRIGATED SITE PREDICTION

The third and also difficult test of yield prediction extension

performance was made using 21 May 1975 Finney A data and 21 May 1975
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Ellis data. The Finney A site is predominantly irrigated and fertilized,
whereas the Ellis site is predominately non-irrigated and non-fertilized.
The phenological state of the two sites was assumed similar on May 21,
based on both ASCS field observations and on the fact that both sites

experienced nearly the same number of degree days from March 1 to May 21.

The Finney data was used as the base data set, and yield prediction
was attempted using a relationship developed on the Ellis data. The

results are presented in Table 16.

TABLE 16. PREDICTION OF YIELD FOR FINNEY A SITE, 21 MAY 1975,
USTNG (A) RELATION DEVELOPER LOCALLY, AND (B) RELATTION
DEVELOPED FOR ELLIS SITE, 21 MAY 1976.

A B
(Local) (Nen-local) Mean F- T-
Method Msg: _ MSEl  Difference? Statistic Statistic
Original
Landsat 60.2 460.0 -19.3 7.7% 3,.7%
Bands
BEXTEC3
Transformed 60.2 412.0 -18.6 6.8% 3.8
Bands

Square Root
of Band 7/ 71.6 305.0 -15.3 4, 3% 3.6%
Band 5 Ratio

VI 56.1 342.0 S =16.7 6.1% 3.7%

1. Mean Square Difference Between Actual and Predicted Yield
2. Difference Bétw=en Mean of Predicted Yield and Mean of Actual Yield
* Significant at 0.05 Level

Once &jiain, the Landsat data that had not been normalized failed
both the F aud t=tests. Neither 3Jadividual field yield values ner mean
yield for all fields was predicted acecurately. Nome of the three normal-

ization techniques passed the ¥ and t~tests, either. In other words,
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none of the normalizatioen techniques tested were able to extend a yield
prediction ralationship from one site to the other without statistically
significant change.

One of the probable reasons for this poor yileld prediction exten~-
sion is that most of the fields on the Ellis site were low to medium in
yield values while most of the fields on the Finney A site were medium
to high in yield wvalues., The average value of yield for the Ellis fields
was 32.4 bu/acre and the average value of yield for Finney was 52.9 bu/
acre. The non-linearity in the felationship between Landsat data and
yield may, therefore, have caused some of the problems in extending
predictive relationships from one site teo anothexr. It is also possible
that the irrigated and fertilized fields on the Finney A site have
different structural and radiometrie (spectral) properties than nen-
irrigated, non~fertilized fields on the Ellis site. Since no field data

were collected at the Ellis site, we cannot confirm this.

Additional tests besides those presented here have been madée in an
attempt to better understand the factors causing performance of extensioen
of yield predicection relations to vary. However, little consistency in
results has been achieved thus far in our analyses. There are many
possible sources of variation in perfeormance, and it may be that prece-
dures that are generally optimum can be discevered only by development

of a considerably larger base of tests of candidate precedures.

7.3 CONCLUSIONS

From our analyses se far it seems that nome of the techniques we
have examined for improving yield prediction extension will always be
completely effective on every site. A more elaborate nermalization and/
or stratificatien of the data might be needed to achieve more consistently

accurate results on each site,
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Yeww

However, in terms of a large area sutrvey, the picture is not dis-
couraging. Even with a substantial RMS error on a field-by~field basis,
adequate iarge area or large sample average values may be achieved.
This possibility exists because of the central limit theorem, in which
the expected error in an estimate of average yield (bias) based on N
fields would be smaller by a factor of 1/V/N if arror in predicted yield
is normally distributed around zero. Thus, even if average RMS ervor
were 8 bu/acre on a local basis (a value larger thanm we have observed),
a sample of 100 fields could petentially reduce the BRMS error of the
estimate of the average yield to 0.8 bu/acre. While we have net
demenstrated that this is the case, some of our large scale demonstra-
tions (Sections 8 and 9) indicate that there mayAbe seme compensating

factors that impreove results on a large scale average basis.

We would prefer, however, te achieve accurate results on the local,

small scale basis, as well as on the larg= scale average basis.,
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8
LARGE AREA YIELD ESTIMATION

We have previously indicated that there is a considerable amount
of variability in -yield on a lecal basis that apparently can not be
accounted for by variations in meteorological conditiens, but that
can be accounted for by Landsat data. Meteorolegical yield models,
however, are generally used to produce average yield values over large
geographic areas. 1In order to make a comparison between Landsat esti-
mates of yield and meteorelogical yield model estimates of yield, we
made both kinds of estimates over an area large enough that adequate
"true" values*‘of évérage yield were available. The Central Crop
Reporting District (CRD) of Kansas was selected for the compatison
since yield estimates for all counties in the Central CRD were availa-
ble from the Kamsas Crop and Livestock Reporting Serwica (KCLRS).
These yield values were used as the "true" values.

- In the following material, we first discuss Landsat estimates of
yvield over the Central CRP, and then NOAA Center for Climatic and
Environmental Assessment (CCEA) meteorological yield model estimates
of yield. The two methods will then be compared.

It should be noted at the outset that this study.had some short-
comings in terms of data comparability and statistical validity. How—
ever, since this was an initial attempt to investigate the relative:
utility and pessible ﬁroblems of using Landsat data to estimate yield
over large areas, it was feit that any infermatien that would result
WOuld be useful if foi no bther reasén thah to better defiﬁe the re<
quirements of such a comparison for the future;

8.1 LARGE AREA LANDSAT YIELD PREDICTICN CAPABILITIES -

One reason the Central Crop Reporting District (CRD) of Kansas

was chosen for a Landsat large area yield prediction demonstratiom is

- — -
Actually "serviceable estimates" according to SRS personnel.
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that, of the Kansas CRBs, it best satisfied the requirément for ade-

quate "training" data. Information on individual field yield which is
necessary in order to calibrate a Landsat wheat yield relation was
available for three sites within the Central CRD.

Tests of the performance of the Landsat yield relation were carried
out using Landsat data frem individual sample segnients in the Central
CRD. The rationale for this procedure is that the indicated yield onm
these sample segments, by appropriate aggregation, could approximatg

the average yield over the entire Central CRD.

8.1.1 DATA AVATLARTLITY
The yield prediction test was initially run using early May 1976
Landsat data. It had previcusly been established that Landsat data
gathered during early May (the approximate time of heading for this
region) was correlated with yield.. Luring this time perioed, two of
the three training sites had cloud-free Landsat data. The satellite
passes which imaged these training sites eccurred on dates separated
by 1-2 days. This situation is considered acceptable, and perhaps -
desirable, for training data since the test data also was acquired on
-mére than one day, and it was desired that the training data encomp:zss
the variability likely to be present in the test data.
While the selection of data for use reflects the optimum cheice in
terms of both data utility and data availability, tbere aré some proﬁ-
lems with data adequacy. Because of cloud cover and other limitations, 1
only 7 of 11 counties within the Central CRD had test sites with useable
Landsat data. Ihe training and test data used is indicated in Table 17. ‘
8.1.2 DETERMINATION OF PHENOLOGICAL STAGE _
Aé discussed previOusly; it is impoertant te apply Landsat yield
relations to equivalent phenological stages, not necessarily to similar
calendar dates. Therefore, én examination of the comparability in

phenolegic stage for the training and test sites was conducted.
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TABLE 17. LIST OF LANDSAT TRAINING AND TEST DATA

TRAINING SITES

Site (County) ‘ Acﬁuisition Date
Saline | 4 May 1976
Saline ' "5 May 1976
Ellis 6 May 1976

TEST SITES
Russell 6 May 1976
Marien 4 May 1976
McPhetrson 4 May 1976
Rush 6 May 1976
Ellis 6 May 1876
Rice 4 May 1976
Saline 4 May 1976

The growing degree days (GDD) were calculated using the definitien
found in Reference [19]. The maximum temperatures above 86°F were

entered as 86° and minimum temperaturez below 50°F were entered as 50°.

_ Daily Max Temperature (Z86°F) + Daily Min Temperature (250°F)

GDD - 50°F
It was assumed there was no‘appreciable growth during January and
February, so the calculations were started witﬁ I March 1976. The daily
maximum and Mminimum ténperatures were obtained from Reference [20].
The temperatures were from the weather stations located in the
counties of the Central Crep Reporting District, since daily tempera-
tures from ﬁhé actual Landsat sites were fiot available. Unfortunately,

the weather stations for all counties were not adjacent to the Landsat
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sites in these counties. In Dickenson County the Landsat site and the
weather station were fairly close together, while in Russell, Lincoln,
and Barton they were relatively far apart. In Marion County the Land-
sat site is between two weather stations which reported very different
temperature ranges. These situations caused uncertainties in the GDD
calculations for some sites.
The resﬁlts of the GDD calculationsj tabulated through April 16

and May 4, are presented in Table 18.

TARLE 18. RESULTS OF GROWING DEGREE DAY CALCULATIONS

Landsat Data
Acquisition Date

Weather Station  April 16 May 4

1  Russell 273.0 371.5
2 Kanepolis Dam - 262.5 382.5
3 Wilson Lake 253.5 388.0
4  Hays . 286.0 397.0
5 Saline 289.5  402.5
6 Marion | 269.0  410.0
7  Abilene 298.5 428.0
8  Sterling 342.5 468.5
Herington 336.5 476.0
10 McPherson 340.5 480.0
11 Great Bend o 358.0 473.0
12 Lincoln 367.5 520.0
12  Ellsworth ' 382.5 541.5
14 Bison 400.5 551.5

15 TFlerence 454.0 608.0
] 327.6 459,87

g . +58.23 *71.33
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The 15 sites can be loosely divided into three groups. The first
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seven from Table 18 are in Group 1, the coolest group. The middle

group consists of the next four sites (8-11), and the last or warmest
group is represented by the last four sites listed in the table. Based:
on these calculations and zn examination of the map in Figure 23 no
clear grouping was found either geographically or by date. The most
northern weather station (Lincoln) and the most southern (Flerence)

are both in the warmest group. Similarly, it can be seen that the
groups are well scatteréd throdghout the district, with ne group pre-
dominantly in any one area. The Marion County site is nearly equidistant
from the Marion weather station, which is in the coolest group, and the
Florence weather station, which is in the warmest group. In additien,
there was considerable overlap of the GDD numbers for the first three
dates chosen. | ' .

As stated earlier, the yield prediction test was run using early
May 1976 Landsat data. Landsat yield predictien on the test sites was
based on a regression relation between the Landsat green measure, 8Q75,
and farmers' combine weight estimates of yield per harvested acre on
the training sites.

Because of the possible variation im external effects such as
atmospheric haze over the training and test sites, it is possible that
a cortrection for such factors would be required. Accordingly, the pro-
cedure of training and testing a Landsat yield relatienship over the
Central CRD was repeated usiig data that was corrected for amount of
haze in the atmosphere by a recently develeped ERIM haze normalizing

program called XSTAR [17].

8.1.3 RESULTS

The yield predictiens that were produced for the test sites are
chown in Table 19. Note that the Landsat estimates appear to be
sensitive te yield variatien, since the uncorrected Landsat county

average estimates have a variance of 4.49, which is comparable with
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TABLE 19. KCLRS ACTUAL YIELDS AND LANDSAT PREDICTED
YIELDS (UNWEIGHTED)

Landsat Yield (based on SQ75)

"Prue" Yield

County (KCLRS) Uncorrected XSTAR Corrected
Saline ‘ 27.5 37.8 38.0
Ellis 306 33.7 34.6
Marion - 29.3 30.7 ~ 31.3
McPherson 28.5 | 34.1 - 36.3
Rush 30.8 35.1 32.5
Rice : 34.3 35.2 37.8
Russell 34.5 | 32.9 33.5
Ellsworth 30.5 32~9 36.1
County Average 30.8 33.7 34.7

Standard Deviatien 2.5 2.1 2.5

a variance of 6.35 for KCLRS estimates. The indiﬁidual correlation
between Landsat yield estimates of a particular test site and county
KCLRS average yields is not large for either the uncerrected (r = 0.25)
Landsat data or for the XSTAR corrected (z = 0. 08) Landsat data.

It is not essentlal that these county estimates be highly corre-
lated for the Landsat estimation technique teo be working, since a small
sample in a county may net be representative of the entire couﬁty¢ What
is hoped, however, is that these county samples, when apprepriately
aggregated, will be good indicators of average yield over the entire

" Central CRD. 'In'order to investig&te tﬁis possibility, the individual
county yield estimates were weighted. by the number of harvested acres
Qf wheat for the respective county, and aggregate&vtq_determine an

average value of yield for the Central CRD.
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The Landsat average value of weighted county yields was then com-
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pared with the KCLRS average yield, using a t-test. The Lypothesis

was that the average values were identical. This hypothesis was barely
accepted at the 5 pefcent level for the uncoerrected Landsat estimate

of average yield, but was not accepted for the corrected Landsat esti-
mate, There appears to be a bias in the Landsat estimates of yield,
since meost Landsat estimates were too high using both XSTAR data

(+4.2 bu/acre). and using uncorrected data (+2.9 bu/acre). Apparently
the source of bias was not one that could be corrected by only acecount-
ing for atmospheric effects (haze), since the haze-corrected (XSTAR)
data had a greéter discrepanéy-with the KCLRS estimate than did the
uncerrected (but green measure normalized) data. An examinatien of

possible sources of bias is described in Appendix IV.

8.2 AGROMET MODEL YIELD ESTIMATES

Traditionally, agricultural yield has frequently been estimated
by using current years' meteorclogical data as inputs to a "yield model"
that is the result of a regression of histerical large area yield data
and meteorological data. Many of these models have a histerical trend
term or terms that produce an initial estimate of yield assuming weather
is "normal"”. This initial estimate is modified only if current weather
conditions deviate frem "normal'. Y¥or this reason, such medels are
frequently referred to as perturbation models.

Agrometeorological yield models of ;he above type produce an esti-
mate of yield that is frequently close to the "correct™ answer without
use of any data frem the current growing season. For example, a winter
wheat agrometeorological yield medel developed for a region in the USSR
has a ceefficient of determination (Rz) of 0.80 and a standard error of
2.65 when Eg_meteorological data is used, and this improved to only
0.8@ and 2;39, réspéctiﬁely, When'March-through'June meteoroloegical
data is included [21]: In other words, the weatner data accounts for

only 4% of the wvariance in yield. This approeach has both advantages
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and disadvantages. The chief advantage is the stability of the esti-
mates. Most of the time, when the weather is reasonably 'normal",
estimates should be quite good. However, the stability associated
with a historical regression equation based on large area averages can
also make the model insensitive to infrequent large variations in yield
that result from large perturbations in weather (or other) factors.
Since agrometeorological yield models are so frequently used for
large area yield estimates, they are in some sense a yardstick with
which teo evaluate alternative approaches. 1In the following sections
we will describe the results of implementation of an agromet yield
medel, and we will subsequently compare those results with Landsat

results,

8.2.1 METHODS
The agrometeorolegical yield modei which was implemented for thié
investigation was a model developed for Kansas by the Center for Climatic
and Environmental Assessment (CCEA) of the National Oceanographic and
Atmospheric Administration [22]. The model was implemented for the
Central Crop Reporting Pistrict (CRD) of Kansas using all readily
available meteorological'data from meteorological stations scattered
throughout the Central CRD. The location of the meteorelogiecal stations
used is indicated in Figure .23, shown previously.
The CCEA has actually developed a number of models with different
times of truncation. For example, one model is implementable as the
current years' March meteorological data becomes available, and another
is implementable when May meteorological data becomes available. We
~ chose to implement. the medel for May truncaticn, sinee we intended to
examine late April and.early May Landsat daté, and sinée no April trun-

cation CCEA medel was available.
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The specific CCEA model used was the following relation:

yield(bu/acre) = 12.62441 + 0.24514(X) + 0. 73960(Y)
+ 0.35817 [AFP-AFNP] + 1.30843[ (MP-MPET)-ND]
- 0.06104[ (MP-MPET)-ND]% - 0.35332[MAP-MANP]?
-~ 2.07739[MDD]

where
X is the number of years for one historical yield
trend (1931-1955) = 25

Y is the number of years for another historical yield
trend (1955-1976) = 22
AFP = August to February Precipitatioen (inches)
AFNP = August to February Normal Precipitation (inches)
MP =.March Precipitation (inches) |
MPET = March Potential Evapotranspiration {inches) -

ND = Normal Difference between March precipitation and
potential evapetranspiration

MAP = May Precipitation (inches)
MANP = Normal May Precipitation (inches)

MDD = May Degree Day trigger (=1 if 9 or more days
exceed 90°F; =0 otherwise)

The values for nermal meteorblugicai conditions were obtained from
Reference [22], as‘were the values for A and T as well as the daylength
correction for computing MFET. Potential evapotranspiratiem (MPET) was
calculated according to directibns found in References [23] and [24].

After the CCEA estimates were calculated for each meteorological
station, an average value was obtained for each county with meore than
one meteorological station.

8.2.2 RESULTS

It was possible to get complete weather data from ten of the
meteorological statiéns located in the Central CRD. CCEA agromet model

estimates of yield were calculated for these stations and compared
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witih KCLRS county estimates. The unweighted CCEA estimates and the
KCLRS estimates were found to have a non-significant correlation

(r = 0.09). Less than 1 percent of the variance in KCLRS estimates
was accounted for by the agromet (CCEA) estimates.

The CCEA estimates were very stable, or conservative. The vari-
ance in county CCEA estimates was 1.01, which was considerably less
than the variance in KCLRS county estimates of 6.35. One might have
expected the point samples (CCEA estimates generally from single mete-
orological stations) to be mere variable than large area averages
(KCLRS county estimates). However, the CCEA agromet perturbation
model was not very sensitive to changes in weather.* An additioenal
example of this relative insensitivity is that if there had been no
precipitation between August and February, the CCEA model for Kansas
would have predicted a yield reduction from nermal yield of only 3.7
bu/acre. In reality, such a lack of precipitation would likely have
had catastrophic effects on wheat yield.

The individual county sample estimates of yield were subsequently
weighted by the wheat acreage harvested (in 1976) in the county corre-
sponding with the meteorolegical s:ation(s). The estimates were then
aggregated to a single estimate for the Cemtral CRD, as was done using
Landsat estimates. Despite the apparent insensitivity of the CCEA
model to meteorological variations (or perhaps because of it), and
despite the low correlation betweem CCEA and KCLRS estimates, the
average weighted CCEA value of yield is not far removed from the KCLRS
estimate. Thé difference is 1.6 bufacre, which has a P-value of 0.18.
Therefore, we accept the estimate of yield as being net statistically
significantly different from true yield.

The above discussion indicates beth the advantages and disadvan-
tages of an agromét perturbation model of the type implemented. Its

stability and relative freedom from a constant bias generally gua-rantees'

"Such insensitivity is not a necessary consequence of meteorolegical
yield models, but is a characteristic that gemerally occurs as a result
of construction of the models from large area historical averages.

91




DERM

that it will not be far in error in reasonably '"nermal" years. However,
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its conservativeness also potentially precludes it from adequately re-
flecting the effects on yield of large or unusual deviations from nor-

mal weather.

8.3 COMPARISON OF AGROMET AND LANDSAT ESTIMATES

_ Unfortuﬁately, the preceding discussion (Sections 8.1, 8.2) may

not furnish definitive answers that reflect the relative accuracy of
agromet and Landsat yield estimates. TFor example, whether or not indi-
vidual county estimates of yield using the two techniques are correlated
with KCLRS yield may not be terribly relevant, because of the sampling
schemes used, Similarly, the accuracy of prediction of CRD weighted
average yield is not necessarily definitive. This is due to the fact
that most of the "information" in this particular test seems to be in
the acreage weighting factors, which have a substantially larger coef-
ficient of variation than do the yield estimates (see Table 20). There-
fore, the county with the largest harvested wheat acreage tends to have
the iargest weighted yield eétimate, regardless of the type of yield
estimate (Landsat, KCLRS, or CCEA), and cenversely for the county with
the smallest hervested wheat acreage. This situation results in, for
example, unweighted CCEA estimates having a correlatien with KCLRS
estimates of 0.09, and the corresponding weighted estimates having a

correlatien of 0.32.

TABLE 20. COEF¥FICIENT OF VARIATION (o/m) FOR PRODUCTION-RELATED
PARAMETERS FROM COUNTIES WITHIN THE CENTRAL CRD

Parameter o/m
KCLRS Yield  0.08
CCEA Yield 0.03
Landsat Yield 0.06
Acreage 0.22
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. Despite these difficulties in interpretation, the results do shed
some light on characteristies of the two approaches that might be
fairly general in nature. Specifically, the agromet model is charac-
terized by relative lack of consistent yield error (bias) and by in~-
sensitivity to large changes in yield. The present Landsat model is
characterized by potentially large yield bias and by high sensitivity
to changes in yield. In other words, either approach has édvﬁntages
and disadvantages. BEither approach might be modified to reduce its
disadvantages. Also, agromet and Landsat informatien could be usad
together to estimate yield. These possibilities are briefly addressed

in the following discussion.

8.4 IMPROVED MODELS

An agromet medel could be mzde more sensitive by making it more
physiolegically valid. In other words, specific meteorxelogical (and
other) effects should have physiologically reasonable cemsequences.
For example, absence of rain from Augﬁst to February should have dras-
tic effects om yield, and perhaps would even preclude fall planting.
Unfortunately, it will be difficult to develep more sensitive agromet
medels using large area historical averages, because large area average
values of yield and'meteorologicél féctors do not vary far enough from

the norm often enough for simple regression te be sensitive to such

variation. Physiolagicélly*based growth and yield imodels that are
sufficiently sensitive may have te be developed under experimentally
controlled cenditions where environmental conditions and yield cxn be
forced te vary as much as desired, and then tested over large areas
for anomalous years te examine their utility. ' '

Present Landsat models dlready seem to have considerable sensi-
tivity. Regression medels with sensitivity using Landsat data are
possible to consfiruct, since large variations in field conditiom and

yield can be found in akfairly limited data hase.
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However, methods need to be developed to make Landsat-yield rela-
tions less volatile. One way to accomplish this is to achieve better
calibration of Landsat data. Another way to reduce instability of
present models is to use a larger training set of data to comstruct
the models, and to implement them on large test sets of data. A way
this approach can be simulated on a limited data set is by using average
values over an area, rather than individual field values. This approach
could be demenstrated by censtructing a Landsat perturbation model, in
which some normal average value of yield would be caleculated, and devi-
ations from this value would occur in respoense to deviations frem ner-
mal average values of the Landsat green measure. The general form of

such a Landsat perturbation yield model might be:

Y=a+ c(L-LO)

where
a 1is a constant representing average yield at some

base time

L 1is an (historical) average wvalue for a Landsat green
measure such as SQ75

L 1is the present value for a Landsat green measure

¢ 1is the historically determined change in yield
assoeiared with a given change in Landsat green
measure.

An,example_of:how the model could be generated and implemented 
will now be given using 1975 and 1976 Ellis data. The c term in the
equation was computed using 1975 Ellis data, in the following manner.
Using the 1975 Landsat and:yia1d data we established an algorithm

relating the yield and Landsat green measure of the form

§.,= d + ek,
E 1
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where

d 1is a constant
¢ is the coefficient discussed previously

Li is the value of the Landsat green measure for
individual fields in 1875.

In this case ¢ was found to have a value of 24.034. Next, an average
value of the Landsat green measure for all knewn wheat fields was deter-
mined for beth 1975 (Lo) and 1976 (L). The average yield for the 1975
wheat fields on the Ellis site was then input as 32.36(=Y075) while

the average yield for 1976 was 32.70 bufacre (=Y76)' A Landsat per-
turbation model gemerated from this data coeuld be

~

Yaey = Y ¥ ¢y T arsy?

| >

Y(75)-= 32.36 + 24.034(1.057 - 1.037)

= 32.84 bu/acré vs "correct'" value
of 32.7 bu/acre for the Ellis site

B

©T(76)

'TheAperturbation part of the model Whiéb'uses Landsat data has
correctly indicated an increase in yield, and the magnitude of the
complete yield estimate is within 0.47 of the correct walue, A mon-
perturbation Landsat model approach base: on individual field data was
implemeutgd and found to produce a yield estimate with an error of 5.6%.

'The.abofe exampie is only intended to be illustrative of a way to
decrease the volatility of Landsat=yield relatioms which are based od a
small sample of individual fields. Another Wayvto,decrease velatility, .
as.in&iéated.previéusly, is to use larger traiﬁingvand test data sets.
An optimal approach will be one that produces stability and sensitivity,

without volatility, in the most cost=effective manner.
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An historical trend term could be added to the previous model if
that were deemed appropriate. It may not be needed unless some drastic '
change such as radically new wheat variety is added. And in recent
times it is not clear what historiecal trend, if any, exists. There
are some indicatiens that environmental and cultural factors may have
slewed or halted the traditional upward trend in yields.

In further refinements of a perturbation model more historical
data relating Landsat data and yield could be included. Agrometeoro-
logical perturbations could alse be added’ﬁo the model, as well as
perturbations in cultural practices not included in an histerieal
trend term (e.g., percent of summer fallow fields planted te wheat).

It is eﬁvisioned that an optimal yield model will incerporate

all available infermatien, possibly in a perturbatien model form,
such as ' . '

Yield = Historical Trend + Landsat Perturbatien

+"Meteorological Perturbation + Cultural Ferturbation ’

It seems certain that if the above type medel is skillfully and

carefully constructed and implemented, it cannot help but be better

than any of the existing approaches which use less than all of the
available informdation. l
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9
DIRECT LANDSAT WINTER WHEAT PRODUCTION FORECASTS

Thus far we have discussed only the ability to forecast wheat
yield (i.e., bu/acre, quintals/ha) using Landsat data. By itself,
this information would be valuable as part of a system for forecasting
wheat production. However, our work to this point has suggested a
methed for utilizing the relationship béetween Landsat data and yield,
together with other relationships, to effect direct Landsat forecasts
of total winter wheat proeduction, an approach which may overcome cer-
tain troublesome problems in seme of the existing approaches.

The existing approaches tend to separate the task of forecasting
inte twe separate subsystems consisting of: (1) wheat acreage deter-
mination; and (2) regional average determination of per acre yield.
The approach'discusséd below could make it.possible to determine pro-
duction on a pixel-by-pixel basis, ﬁsing early-season Landsat data,
with a single processing step. Thus it may become possible to survey
large areas, such as a state or country, much more économically than
at present, and achieve more rimely information. What follows is a
discussion of the rationale of the suggested approach, and a demen-
stration of its initial implementation.

The basie idea in the direet winter wheat production approach
using Landsat data is that, because of the spectrally unique appearance
of winter wheat, an apprepriate value of yield (per umnit area) can be
determined for ea@h pixgl in the scene, without the need to specify

that the pixel is wheat, and that production can be determined as
L _ n o .
Production = } yield, x (area of a pixel)

i=1

where i numbers the set of n.pixels covering the area of interest.
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We have previously shown that several Landsat transforms are good
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indicators of green wvegetative cover, and that cover, as so measured,
in turn is strongly related to wheat yield. An additional fact, which
ig further discussed below is that in winter wheat regions such as Kansas,
wheat tends to develop significant green cover sooner than mest non-
wheat fields. Thus, if a yiela~predictive relation (developed on wheat
fields) is applied to non-vwheat pixels, in moest cases a very low yield
indication would be expected, and might be a negligible source of error.
If applied to pixels falling on a bbundary between wheat and nen-wheat,
an appropriate intermediate value of green cover, and thus weighted
average yield, would be estimated. This intermediate value of yield
estimate times the area per pixel could approximate the toial amount

of wheat production represented by the pixel, which covers an area only
partially planted to wheat. Thus, in mest cases pixels might tend to
contribute only their fair share of the total production estimate.

As mentioned above, our approach depends on the hypothesis that
non-wheat fields tend te have & smaller measure of green vegetative
cover than wheat fields. Non-wheat classes should be largely separable
frem wheat using a Landsat indicator eof green vegetative cover. In
order to test these hypotheses, we examined the green measure S$@75.

The measure 5Q75 was cemputed for all sufficiently large fields (wheat
and non-wheat) in the Finney County, Kansas site using 6 May 1976 Land-
sat data. A threshold was selected to optimally distinguish wheat froem
non-wheat using $Q75. As a result, four of 58 wheat fields fell below
the fhfeshold;.and two of 38 non-wheat flelds fell above, giving an
average field classification accuracy of 93.8% correct. A comparison
of wheat and nen=wheat histegrams illustra;ing the separability-is
giveﬁ in Figure 24. ‘The same.précedure applied to 6 May 1976 Landsat
data for the Ellis County site resulted in an overall classification
accuracy of 91.9%. Similar indications of the utility of Landsat green

measures for wheat recegnition have been demenstrated at ERIM [25].
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5Q75 Non-Wheat Wheat
65000 0+ 0+
52000 3 +UNH 0+
L70000 15 +HHRMR KRR o+
72000 11 +HHKHM MR Ry
74000 3 +HNEY ey
76000 2 +1y o+
73000 Z +uM ,
.30000 0+ 3
22000 oo+ 0o+
«34000 1 +4 S #RMHENH
36000 0+ 0 +
233000 G+ T MY
.20000 o+ T HRAHA RN
»22000 0+ 4 FHMRN
34000 0+ T HEMREHAR
«95000 n + N
SIB000 o+ LY
1.8000 0+ g
~1.0200 D+ 1 44
1.0400 0+ | e
1.05600 0+ e
1.02040 a + R
1.100610 a + TR
1-1260 a + 0+
1.1400 0o+ 1 +3
1.1600 0+ 0o+
1.1300 o+ 0o+
1.2000 0+ 2 gy
1.2200 oo+ q o+
11,2400 q 4+ 1 +4
1.2600 oo+ 0o+

FIGURE 24, SEPARABILITY OF WHEAT FROM. NON-WHEAT USING HISTOGRAMS
OF THE SQ75 TRANSFORMATION. FINNEY SITE, 6 MAY 1976.
(Each x = 1 Field)
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We therefore assume that an early--eason green measure can give a
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reasonably accurate classification of wheat and non-wheat in some

winter wheat régions.

9.1 LOCAL TEST

Next we examined a simple method of direct production estimation
on a local basis. Again using SQ75 as a green measure, we obtained a
vield predictive relation based on the wheat fields in a 4x6 mile
training area chosen within the Finney B site using 6 May 1976 Landsat
data. VUsing the relation, we computed an estimate of yield for each
pixel in a test region consisting of the remaining 1x6 mile area in .
the site. The yield from each pixel times the aecreage agsociated with
a pixel was suﬁmed over all pixels in the test regian, giving the total
production estimated for the 1xb mile test segment. In doing so, it
had been assumed that yield attributed to non-wheat pikels may be neg-
ligible, altﬁough the assumptiens had not yet been checked.

As a result, the production estimate for the test area was 53,900
bt_ishels, _cdmpared to the "true" production (as c'omp.uted from farmer-
reported production information) of 40,600 bushels, a 33% overestimate.
On examining the assumption of negligible production from non-wheat
fields, we found that the average yield/acre éssociéted with nen-wheat
fields was about 5 bushels per acre. Although this is a rather small
yield (compared to typical yields of 30-40 bu/aere and maximum yields
around 60 bufacre for wheat fields), it is multiplied by a very large
number of pixels (acres),_and so leads to an overestimate of production
on the erder of what waé obseived. ' | o

Due to the above consideration, we modified the technique to
account for the production improperly asseciated with non-wheat, by
selecting a thresheld below which a pixel is assumed to be either non-~

wheat or wheat which is sufficiently marginal as to be possibly not

160




Z
FORMERLY WILLOW RUN LABORATORIES, THE UNIVERSITY OF MICHIGAN

worth harvesting. Initially we chose a threshold so as to approximately
make compensating errors in acreage estimation. More specifically, a
threshold was determined so as to minimize the difference between the
number of wheat pixels below the threshold and the number of non-wheat
pixels above the threshold in the training region.

When production estimates were made as described previously, but
using a threshold determined using the fields in the trdining area of
the Finney B site, we obtained a production estimate of 42,700 bushels,
compared with the actual 40,600 bushels, which represents an error of
only 5.2Z; In addition, we applied the same procecedure to the same
site using 18 April 1976 Landsat data, and to a different site (Ellis
County, Kansas) using 6 May 1976 Landsat data. TYor the Ellis site a
6 square mile training area and a separate 3 square mile test area

were used. The resulting production estimates are shown in Table 21.

TABLE 21. RESULTS FROM SIMPLE DIRECT WHEAT PRODUCTION
ESTIMATION PROCEDURE

True ERIM
Landsat Prgductlon Egtlmate Error
Site Overpass (10 Bushels) (10 Bushels) (%)

Finney B 6 May 76 40.6 42,7 5.2%
Finney B 18 Apr 76 40.6 _ 42.8 5.4%
Ellis 6 May 76 - 27.9 24,7 11.5%
Finney and . _
Eliis 6 May 76 68.5 . o -67.4 - 1.6%

Note that the total production estimated for the two sites on the
same date with separate training for each site was within 1.6 percent
of the correct total production, well within the LACIE desired accu-

racy [26}..
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Preliminary indicatirss based on the three local test results give
encouragement that the direct wheat production approach using early-
season Landsat data might produce reasonable results. Many more tests
in different situations will have to be'performed in order to assess
the consistency in performance. It is anticipated that variations in
desired apprbach or acceptable calibration may occur in other situa-
tions, énd that stratification of data may be required.

However, the approach does address scme problems that may exist
in present methods. For example, as indicated in Section 6, local
variations in yield can possibly be accounted for with greater pre-
cision using Landsat data than using meteorological data. The diffi-
culty in locating field boundaries on Landsat data for determination
of wheat acreage is alleviated since all pixels in the test area are
ineluded in the proposed new technique, and small or irregularly shaped
fields can contribute to the acreage and production estimate even if
not a single pixel falls completely within the field boundary. Further-
more, large bare areas within wheat fields will be assigned little or
no yield, thereby giving approximately the correct production, without
a decision having to be made as to whether the area should be assigned
to wheat acreage'or not. Finally, marginal wheat fields, ones which
are not likely to be harvestzd, will not be included in early-season
production forecasts if they fall below the green measure threshold.

There are some indications that these potential desirable features
of the direct wheat production approach are being fulfilled. TFor exam-
plé, there were several.wheat'fiéids.in.oﬁr Finney test for which no
"pure" pixels could be obtained. That is, all pixels covering these

fields were on the field boundary, ox very nearly seo. One such field
had a farmer reported production of 1001 bﬁshels and an area of 32.7
acres. Eveﬁ th0ugh not a single pure pixel was present, productien
of 732'bushelé was estimated for this‘field,-Based_just'On the pixels

whose centers fell within the field boundaries.
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In the Ellis site there was a wheat field which was not harvested
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because the stand was too sparse. Every pixel within that field boundary
had a green transform value less than the minimum threshold. Therefore,
even though the field was wheat it could not have contributed to a pro-
duction estimate,_whiph is the desired result in this case since no

wheat was produced on this field.

9.2 LARGE AREA TESTS

Having obtained encouraging results from these preliminary tests,
we proceedéd‘to broaden the scope of the experiment by using the direct
Landsat production prediction procedure to forecast the production of
wheat for a large (21000 kmz) region in Central Kansas.

The area selected for this purpose consisted of 10 out of the 11
counties in the Kansas central crop reporting district, for which
useable Landsat data were available. 'Landsat data covering this area
on 16-18 April, 1976 was selected since it was acquired fairly early
in the season and because of its relative freedom from clouds.

Training was accomplished by the following steps. The areas for

which yield information for individual fields was available in the
Central CRD included twe 3x3 mile sites as described in Table 22,

Acquisitions from these sites were used to develep the yield relation®.

TABLE 22. ACQUISITIONS WITH YIELD INFORMATION USED TO DEVELOP
: : YIELD PREDICTIVE RELATION

: : IR . - No. of
Location Date : Wheat Fields
Rice 4/17/76 11

Saline - 4/16/76 25

For this initial test of direct large area wheat preduction forecasts
we have used yield information to establish the Landsat/yield relation
from the same growing season as the data being processed to forecast
productien, In an operational system, yield relationships will need
to be established using historical data.
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The relation was developed using a linear regression on SQ75 trans-
formation of wheat field mean signal values with respect to yield. Only
0.1%7 of the data in the Central CRD was used for this training operation.

The next aspect of training was to determine the thresheld on SQ75
values below which a pixel would not be counted in the production esti-
mate, as described in the previous section. Since the sites used to
develop the Landsat/yield relation had information fer wheat fields,
but not for nen-wheat fields, they could not be used for threshold
setting. We therefere used the four data sets listed in Table 23 for
which wheat and non-wheat fields were.identified. The amount of infor-

mation used during this process was only 1.3% of the CRD. To determine

TABLE 23. DATA USED FOR THRESHCLD SETTING

Landsat Acquisitioen

Site Date
Ellis 17 April 1976
Ellis 18 April 1976
McPherson 16 April 1976
Rush 18 April 1976

the threshold, a histogram of wheat field $Q75 values, and a histogram
of non-wheat field 8Q75 values was produced. The counts in each bin
of the wheat histogram were scaled by a facter such that the total of
all counts in the wheat histegram divided by the total of all counts
in both histegrams equaled the historic percent of acreage planted to
wheat in the distrxict. Then a thresheld was selected such that the
error in productiom estimate associated with nmon~wheat counts that
fell above the threshold equaled the negative error in preduction

associated with wheat counts that fell below the.threshold.
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Having established the predictive relation and the threshold, we
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were then ready to execute the procedure te escimate production. In
this dinitial test, 7.6% of the pixels in each county were processed,
by using only the pixels in every 13th scan line. This was done (for
reasons of economy) so as to include all six Landsat detectors in the
sample., A preliminary test on twe areas indicated that the sampling
error, compared to using all pixels, was quite small. As a first step
in executing the procedure, we applied a screening algorithm [17] te
-flag pixels that were affected by clouds, cloud shadows, or other preb-
lems, and te flaog water pixels. These pixels were not included in the
initial production tally. However, they were used to adjust the final
produdtion estimate in the following way. Water pixels were considered
as acreage not available to wheat cultivation and therefore having no
production. Cloud, cloud shadow, ete. pixels were assumed to have the
same average wheat production as unflagged pixels and therefore did
contribute to the wheat production estimate. An operational system
could perhaps improve on this approach by using a knowledge of the
acreage of lakes, reservoirs, and other known non-agricultural areas
which may or may not be hidden by clouds.

The results of the large area preduction forecast were compared
to final KCLRS production figures and are given on a county-by-county
basis in Table 24,

The error of the CRD average estimate, 2,87, is gquite low especially
compared to the variation of KCLRS estimates made throughout the wheat
growing seasdn after the 17 April Landsat overpass. '

The above result indicates great potential for such a procedure.

A questioen that remains, hewever, is how stable the approach is with
regard teo atmospheric, phenologic, locational, and other variables.

In order to begin addxessing some of these guestions, we examined that
portion of each'gf six counties ﬁhat hﬁd Landsat coverage both on

16 April and 17 April. A histogram based on the 7.69% sampling rate
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TABLE 24. RESULTS OF LARGE AREA PRODUCTION ESTIMATE OVER
KANSAS CENTRAL CROP REPORTING DISTRICT

(106 bushels) (106 bushels)
: Landsat Production KCLRS Final
County . Istimate Production
Ellis 3.72 4.02
Rush R | 5.42
Russell 3.35 ' 4.83
Barton . - 1.52 - 6.57
Lincoln 3.52 5.34
Ellsworth 4.52 3.95
é . Rice - 7.60 | 6.48
Saline 442 4.62
. McPhersen - , 7.45 7.05
~ Dickenson 6.52 ' 5.51
Total 52.4 53.8
' % Difference 2.6%
RMS Erroer (over |
counties) 0 35 x 10 bushels
Correlation 0.80 (51gn1f1cant at 0. Ol level)

was obtained for the SQ75 gfeen.measure in each of the Landsat aecqui-
sitions and each of the six areas. By plotting the 5Q75 level of corre-
sponding percentiles, the distributions were compared. For example,

the Riee County histograms had 16 April and 17 April 20th pefcentile
values of 0.805 and 0.780 for SQ75, respectively, a difference of 0.025
in the full SQ?S range of about 0.7 to 1.7. Figure 25 gives the results
of plottlng the correspondlng SQ75 levals, for each of the six areas.

On examining this plot, it appears that in some cases there were sub-
stantial-diffexences,in»SQ75 level between acquisitions, sufficient to

potentially cause large errors in productlon estlmatlon. A.number of

factors seem to have caused these dlfferences, partlcularly view angle
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and differing atmospherie conditions. In fact, the three areas showing
the greatest between~acquisition differences were those with the greatest
number of cloud pixels flagged, suggesting that the effects of clouds
and associated atmospheric effects were not completely removed. Im~—
proved procédures.to handle such problems need to be develaped.
Nevertheless, for the initial experiment, a simple direct produec-
tion approach, featuring a uniferm sampling over a large (21000 ka)
region, was carried out and found to offer good potential for providing
useful early season winter wheat production information. However, as
with alternative satellite-based approaches, some questions still
remain as to thevrepéatability and stability of the procedure over
space and time, Particularly noteworthy with this approach are the
following: 1) simplicity and ecomomy; 2) avoidance of sampling errors
which may ariée in systems that depend on identifying fixed lecatien
sample segments which sometimes do not receive adequate coverage; and
3) ability teo handle mixture or boundary pixels (which are especially
prevalent in areas of small fields) in a way not requiring tenuous

recognition decisions in borderline cases.
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10

CONCLUSIONS

Based on the results of this dnvestigation we draw the following

conclusions.

1. There is a considerable amount of yield-related information
present in Landsat data.

2. Landsat data can be used to estimate certain variables which
are required in existing yield models  (such as LAI or percent
cover). | |

3. Landsat indicators of yield are as highly cerrelated with indi-
vidual field yield as are estimates using traditional field
sampling methods, even when using Landsat data collected several
weeks before the field samples,

4. A considerable amount of the variation in individual field vield
which is not explaihable by meteorological data can be
accounted for by Landsat data.

5. Im order for Landsat data to be of maximal use in an operational
system, improvements in the ability te remove the external
'éffeCts (particularly atmospheric effects) are required.

6. It may be possible in ceértain situations teé make direct wheat

~ production forecasts using early-season Landsat data.
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1

RECOMMENDATIONS

In erder to take full advantage and make optimum use of Landsat
data feor winter wheat production forecasts, the following recommendations
should be implemented.

1. Continue to investigate validity of fundamental hypotheses and

reasons for departures therefrom.

_ 2. Continue to investigate large area/large sample considerations.
with emphasis en analyzing randomness of errors, training and
testing procedures, and data handling.

3. Continue to investigate'ways to calibrate or stratify data for
optimal use of Landsat wheat-yield relations. As part of the
ahove we include:

a. investigate Better haze correctors

b. investigate better phenology indicators

c. consider the use of Landsdt data fer indicating only rela-
tive yield on a lecal basis, to be calibrated by ethexr pro-
cedures (field sampling, etc.).

4, Turther investigate hybrid yield models that incorperate Landsat,

meteoroloegical, and cultural factors as perturbations from normal.

5. Continue teo investigate direct wheat production appreach te

determine the generality of its usefulmess.
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APPENDIX T

TECHNIQUES FOR DETERMINING VEGETATION CONDITION

In the initial phases of this investigation, a considerable amount
of effort was devoted to developing a cost-effective way to determine
vegetation conditien in the field. In this appendix, we first discuss
sampling procedures, and then discuss some of the measurement techniques
which were investigated. Advantages and disadvantages of the various

. techniques (such as relative accuracy and efficiency) will be discussed.

I.1 SELECTION OF FIELDS AND SAMPLING STRATEGY

We initially selected fields on the ground which appeared to be
indicative of the range of conditions found on the test site. It was
apparent from ground observations and previous year's aerial photoegraphy
that seme of the fields were extremely heterogeneous, and therefore,
could not be adequately characterized by a small number of random samples.,
In order to assess the heterogeneity of the fields, the study site was
flown ever in a light plane and aerial oblique photos of the fields
were.obtained. These photes enabled a refinement of eur original cheoice
of fields, and also enabled us to stratify each field on the basis of
Ageneral field conditior. This stratification reduced the variance of
the field condition within strata so that fewer samples within homoge-
neous strata might be used to assess overall average field condition.

In practice, we made two or more measurements (samples) per homoge-
neous stratum per field. This procedure resulted in a variable number
0fsémples per field, depending on the heterogeneity of the field condi-
tion. The number of ERIM samples was chosen so as to compromise between
the desire fmr Precise characterlzatlon,of field condition and the real-

werld constraint of limited time, man-power, and funds.

I 2 LEAF AREA INDEX MEASUREMENTS
Some of the fundamertal hypotheses of this 1nvest1gat10n were based

on leaf area index'(LAI). This section examines a variety of techngques
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which were used in measuring leaf area., The vegetation samples came
from complete harvest of a 30 cm lengtﬁ of a row of wheat. Leaf area
was converted to LAI by knowing the length of the row sampled and by

measuring the row width.

I.2.1 'ELECTRO-OPTICAL LEAF AREA METER

The electro-optical leaf area meter was specifically designed for
measuring leaf area. The aeccuracy of the electro-optical leaf area
meter was determined by cutting up a 100 cm2 piece of paper inte a num~
ber of pileces and putting all eof the pieces through the meter for 10°
separate trials. The resulting values obtained from the leaf area meter
for the ten tiials are presented in Table 1I.l. It can be seen that the
standard deviation is quite small. We alse ran some leaf samples through
the meter several times and got good repeatability of results. These
factors suggest to us that the leaf area meter is quite accurate, and
that it gives repeatable results. Therefore, other techniques will be
compared against it, or calibrated by it. _

Some problems did arise in trying to use the leaf area meter.
Perhaps the most severe of these problems was curling of the wheat leaves,
and the inability to keep them flat after they were placed in plastic
envelopes which were subsequently passed through the leaf area meter.

One attempt to alleﬁiate this problem involved the development of
a vacuum technique. A beox with perferations on the tep was connected
to an ordinary vacuum cleaner. The plastic enveleope in which the leaves
were mounted waé'perferéted on one side with many sﬁall'holes and
placed holes=down on the wvacuum bex. It was hoped that the resultant
suction would hold the leaves flat once they were. flattened-out on the
plastic envelope. The procedure turned‘éut to be only partially suc-—
cessful and was rather time-consuming. It was abandoned.

Another appreach that was tried was soaking the leaves in hot.water.
This proved to be much more suceessful. The water retarded curling of

the leaves. In addition, when the wet leaves were placed in the plastic
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TABLE I.1. LEAF AREA METER READING FOR 10 TRIALS OF
PIECES OF PAPER TOTALING 100 cm?.

TRIAL NUMBER METER READING
1 100.19
101.64
101.08
99.96
100.18
99.74
100.04
99.82
100.61

99.93
X = 100.32

g = .61

Ww oo o~y n P W N

b=
=

sleeve, the surface tensien helped to hold them flat. The small amount
of water that was included in the plastic envelope had po apparent effect
on the performance of the leaf area meter. Eventually, this wetting pro-

cedure became standard.

I.2.2 MEASUREMENTS USING MILLIMETER RULE
_ An approach to measuring the leafnarea with a millimeter rule was
investigated. The leaf 1eng;h-was.measured and an "average" width was
estimated. The product of these two numbers was considered to be an
- approximation to the leaf area. '
Ledf area was also calculated from an equation of Teare and

- Peterson [32], namely:
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laaf-area_(cmz) = 0.813x - .64
where % is the product of the length,times the breadth (maximum width)
of the leaf.

The two approaches described above were performed on the same five
leaves. The. leaf area of the five leaves was then measured using the
electro-optical leaf area meter, which had previously been shown to be
quite accurate. The results of these three approaches are shown in

Table I.2.
 _TABLE .I.2.  COMPARISON OF THREE TECHNIQUES FOR MEASURING LEAF AREA

Technique
Length x estimated Teare and Leaf Area
average width _ Peterson Meter
Leaf Area
(c:mz) for : '
same 5 52.97 52.96 58.73
Jeaves

Good agreement was obtained between the first two approaches.
However, the leaf area meter measurement is almost certainly more cor-
recﬁ. Measurements using the first twe techniques differ from the leaf
area meter measurement by about 10%. Perhaps 10% error is acceptable
accuracy. However, the filrst approach depends en a subjective estima-
tioﬁ of avefége leaf width, se the accuracy will vary with the perform~
ance of the individual making the estimates. The Teare and Peterson
approach depends. on a consistent leaf shape. It is not knowrn how good
an assumption that is, but young leaves almost certainly differ some-

what in shape_from_older leaves.
I.2.3 PHOTOGRAPHING HARVESTED WHEAT SAMPLES
" Since the electro-optical leaf area meter is expensive and may not
always be available, another optical approach to determining leaf area

. was investigated. In this appreach the leaves (or other compoments)
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were stripped from the sampled stalks, and placed upon a white board,
The leaves were held flat and in place by a sheet of clear plastic.
The board was then photographed at a standard distancebwith 35 mm high
contrast copy film.

The transmittance of a leaf on the negative transparency [7(leaf)]
and the transmittance of the white board [7(board)] are measured. The
frame area, a (frame), is a known constant value, and is equal to the
leaf area, a (leaf), plus the area of the board not covered by leaves,
a (board).

A densitometer is then used to measure the average transmittance
of the entire.ﬁegative frame, t(frame). The leaf area for this partic-
ular sample can then be determined from the relationship-

a(leaf) _ T(frame) — T{(board)
a(frame) T(leaf) - T(board)

For properly exposed high contrast £ilm 7(leaf =1.0 and T(board) =0.
Therefore,

a(leaf)~ a(frame) » T(frame).

In practice, this photegraphic proéedure for determing leai area
was not particularly successful. It toock considerable time to mount
the leaves (vr other components) on the beard, to photograph the board
and to subsequently measure the necessary transmittance values. In
addition, we had considerable difficulty with specular reflection from
the plastic covering the samples. As a result of the above difficul-

ties we quickly abandoned this procedure, and do not recommend its use.

An additional technique for estimating vegetation area invelved
the use of relatiomnships between weight and vegetation area. In this

approach, the vegetation samples were separated into components, dried
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in an oven at 70°C for 24 hours, and subsequently weighed. On thecret-
ical and empirical grounds we would exﬁect a correlation between oven
dry weight and some of the properties of the wheat canopy we are inter-
ested in. Once such relationships are established for a particular

kind of vepetation the dry weight (which is easily and quickly measured)
can then be relatéd to vegetation condition. For this reason, we inves-
tigated this approach.

The relationship.between dry weight and vegetation area depends
on the type 6f vegetatien component. For example, there is a different
relationship between dry weight and area for leaves and for stems. This
is due mainly to the much greater amount of structural material in stems
than in leaves. In addition, the relationship may vary with time and
type of leaf (thick or thin).

Initially, the relétionship between dry weight and green leaf area
was investigated. Ten samples frem two different dates for which the
green leaf area was measured were compared with their corresponding dry
weight in a linear regression. This was done after converting dry weight
to biomass (g/mz) and leaf area to L.A.I. (m2/m2). The results are pres-

 sented in Figure I.1. This relationship is significant at the .01% con-

fidence level. The relationship has an R2 value of .96 and a standard
error of (0.48. _ _ _ _

One might expect that the relationship between dry weight and leaf
area would be the same for both live and dead leaves. However, this
was found mot tO'Be the case. As the leaves died on the stalk they
shriveled and curled to varying degrees. It was virtually impossible
to uncurl some of the dead leaves, and if we had succeeded in doing so
it would have created an artificial impfessioh.of the projected dead
leaf area that could be seen in the canopy. Therefore, we did not at—
tempt to uncurl the leaves before measuring their (projected) area with
the leaf area mefer.- This led to a different relationship between

"leaf area" and dry weight for live leaves and for dead leaves. The
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variable amount of shriveling and curling of the leaf samples for which
the leaf area/dry weight relationship was determined also produced a

less predictable relationship. In addition, some photosynthate is metab-
olized or transported elsewhere during senescense, and it cannot be re-
placed by the unfunctional photosyntietic apparatus of the dying leaf,
Therefore, the dry weight of the leaf will decrease cempared to a green
leaf.

The relationship between stem (cross-sectional) area and dry weight
might be expected to be the same for live &and &ead stalks because of the
structural stability of the stalks. However, some photosynthate is métab—
olized and/or transported to other parts of the canopy (particularly the
developing head) during senescence. Therefore, we determined separate
area/weight relationships for live and dead stalks.

We also determined a relationship between wheat head area and dry
weight. This relationship is quite variable because the weight of am
individual head depends to a considerable extent on the amount of photo-
synthate which has been transported into it. '

Because of the variable geometry of a wheat head, the projected
area is mot necessarily a good indicator of the total surface area. The
rectangular croess—-sectional shapes of the heads vary from having one
dimension considerably greater than another to being essentially square
in cross-section. An alternative procedure for determining the area is
to measure the two "widths" and the height of the head. However, it is

impossible to account for the "holes' between spikelets, the awns, and

other'complications. Because of the difficulty in determining a con-
sistent relationship between head Weighﬁ and area, it is fovtunate that
the head is generally a small fraction of the area of the wheat canopy.
However, this small area is importamnt in that while it is greem it is
responsible for a substantial amount of the photesynthate which goes

into grain productiomn.
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1.3 PERCENT COVER MEASUREMENTS

Most of the techniques for measuring L.A.I. are very time-consuming
and tedious. The techniques we investigated were also destructive. This
section examines a non-destructive technique for providing annther mea-
sure of vegetation density (percent cover), and describes ways LAT may

be derived from such data.

I.3.1 THE MIRROR TECHNIQUE

A "non-destructive” measuiement (estimate) of percent vegetationm
cover was obtained by ground photographs of the wheat in situ. In this
approach it is important that all parts be resolved, and that the angular
field-of-view of the image is minimized. It is also important, however,
that a significantly large area of the wheat canopy is imaged, thereby
incorporating (énd'avaraging out) some of the inherent variébility.
The way we tried to accomplish this was by photographing an image of the
field refilected off a large (3 ft by 3 ft) hand-held mirror. The es-
timates of percent vertical vegetation cover were obtained from 35 mm
color pictures of the image im a mirror held at a 45° angle to the wheat
canopy (datum). The pictures of the mirror werée obtained using a tel-
ephoto attac ment (200 mm) from a camera station far emough away to image
the entire mirror, and with the camera pointing horizontally at the center
of the mirror. The geometry of this relation is indicated in Figure I.2.
A collimated flash attachment was used in order to £ill in any shadows
in the canepy. Because the seolar illumination fe11 prinecipally on the
top parts of the wheat canopy, these parts were frequently overexpnsed.
Accordingly, we attempted to shade the wheat in the field-of~view from
direct sunlight by-ﬁEans of a large piece of éardboard, thereby making
the cgllimated flash the principal source of illuminatiom of the canopy.

High resolution (low_ASA) ground photegraphs were initially obtained..
However, wind conditions cause considerable image motion in the vegeta¥'

tion camopy at the fastest useable shutter speeds. We then resorted to
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FIGURE 1.2. GEOMETRY OF MIRROR PHOTOGRAPHIC TECHNIQUE
FOR- DETERMINTNG PERCENT VEGETATION COVER
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film with a higher ASA so that we could photograph the scené at faster
shutter speeds, thereby treducing image ﬁotion.

In homogeneous areas of a field, a sample location was generally
established by proceeding 15 meters into the field from an arbitrarily
chosen point-at the edge of the field. An additional sample within the
homogenebus area was generally obtained by proceeding an additiomal 10
meters into the field and them 15 meters parallel to the edge of the
field. _

An attempt was made to return to the same sample site for harvesting
vegetation samples on subsequent dates, However, this was not always
possible. Certain sections of certain fields were sometimes inacces—
sible because of rains. When these conditions prevailed "equivalent"
sites in another part of the field were selected for sampling by anal-.
ysis of the aerial oblique photographs;

' The field photographs were subsequently processed and projected
- onto & large screen on which a transparent grid overlay was taped., The
proportion of the canopy representing various compenents of that canepy
was determined by counting the relative number of grid intersections

occupied by each of the follewing cemponents:

1. green leaves

2. green stalks
3. green heads
4. 'grEeﬁ weeds
5. senescent leaves
6. 'senéécent stalks
7. senescent heads.

The above categories were aggregated into various combinationms.

The most commenly discussed combination is green wheat cover, which is
composed of Items I-3. ' :
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The data from the individual photographs ﬁas used.to produce es-
timates of vegetation condition for the entire field. The proportion
of the field occupiled by each stratum was determined from the aerial
photes. Then the individual stratum average values wefe multiplied.by
the corresponding stratum proportion and aggregated to produce a single
value characteristic of the field. 1In this report percent cever meas—
urements will refer to measurements of percent green wheat cover, unless

. otherwise atated.

1.3.2 DERIVATION OF OTHER PARAMETERS FROM MIRROR DATA

The mirror/photegraphic procedure was found to be the most cest-
effective technique to measure vegetation density. Modificatioms of the
photographic technique make it theoretically possible to estimate leaf
area index from photographic data. That procedure is discussed here.

In order to implement this procedure it is necessary to take simu-
lated vertical photos and oblique photos of the wheat canopy. In prac-
tice, this was done by taking telephoto pictures of the image of the
mirror tilted at a 45° angle and a 22.53° angle with the vertical, there-
by simulating vertical and 45° oblique photos of the camopy. The ob-
lique photaos were taken leoking both across and down the row direction.

The percent prejected cover can be calculated by projectien of the
images and counting the grid intersections covered. The relationship -
between these estimates of percent cover and randomly distributed hor-

izontal and vertical preojected component areas (H and V) is:

percent cover (vertical) = (1—e-H) x 100

“(H - 2Vtan45®
percent cover (45° coverage) =1 -~ e H than&S )

H and V can then be determined by selution of these twe equa~
tioms. [32]
It is possible to estimate leaf area index from the photographic

data by extension of the above procedures. However, a large number of
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assumptions of canopy conditions must be made in order to obtain such
estimates. In all but the very'simpleét vegetation canopies, these
assumptioens are probably only fair approximations te redlity. In view
of the fact that this procedure is both tedious and téenuous, it is not
recommended.. However, estimates of leaf area index are useful, and
some non—destructive means of obtaining such'estimateé would be desir-
able. The next section examines a crude, but.possibly effective, way

of making such estimates.

I.3.3 PERCENT COVER/LAI RELATIONS
A relationship between percent green cover and green LAT was deter-
mined empirically using data collected by ERIM during the 1875 field
program {see Figure I.3). The data was collected at four peints in
- time between May 14 and June 9 (before heading through almost complete
sénescence). Thé LAT data were either actual measurements of LAI using
the optical leaf area meter or inferrad LAIL using a relationship between
- oven  dry weight and leaf area. Very'féw data points were available for
canopies with greatér than 70% green vegetative cover. Due te the ex-
pected extreme non-linearity of the relationship between percent cover
and LAI at high values of percent cover, we chose to generate a rela-
tionship which was valid over the range from 0% cover to 70% cover.
‘Most wheat fields will generally fall in this range. The desired rela-
tionship was approximated by the least-square fit of a quadratic function
of the form
LAT = aX + bX 2
where X represents the-field_measured-valuES-ef percernt green wheat
cover. | |
The least-squares regression was forced to go through the origin
(zero intercapt) so that biclogically impossible results (e.g., pre-

diction of negative values of LAI) could net occur. The resulting
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regression equation for 25 cases was

Green LAI = .0162X + .00062X 2

The coefficient of determination (RZ) was 0.82, which is reasonably
good considering the data includes several wheat varieties grown under
different coﬁditions and covering the period of time from pre-heading
to ?artial seneséence. The standard error of the estimate using the
above regressien relation was 0.50

It should be neted that this aigorithm is valid enly for percent
green leaf cover and LAI data generated in the same way it was for this
investigation. Other procedures for measuring percent green leaf cover
and LAI, or relations between total plant cover and total plant area

index, will require different algorithms.

I.4 INTERPRETATION OF DATA

The various measuring techmiques or ways of implementing them pro-
duced different-kinds of measurements with different accuracy and dif-
ferent biophysical significancé. The significance of the measurements
is discussed in this section,

Bielogical leaf area index, percent vegetation cover, and projected
leaf ared index all have important information and meaning of their own.
Biological leaf area index gives the one~sided photosynthetic area per
unit atrea of ground., However, it gives ne information éﬁout the distribu-
tion or orientation of this photosynthetie area within the canopy. In
additiqn, leaf sheaths, leaf stalks, and heads are all Iimportant photosyn=
thetic organs which are not nermally included in biolegical leaf area

"~ index.

Percent végetatidn cover describes the projected area of vegetatiom
which is viewed from the normal (vertical) wview angle. In some respects

~ this parameter may give a better indication of the amount of vegetation
which is actually'photosyntheéizing, because it does not include area

that is covered by other vegetation when viewed or illuminated from a
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0° zenith angle. However, the sun is rarely, if ever, at the zenith
(Oo), so percent vegetation cever is not a perfect indicater of the
photosynthetic area illuminated. Percent vegetation cover also indicates
how much vegetation is viewed looking straight down, which is an impor-
tant factor‘determining the spectral reflectance, and hence the remote
sensing spectral signature. However, the orientation and distribution
of the components is alse impertant in that they determine the irradi~
arice on the components and radjance off them, and alsoc the amount of
the vegetation canopy that is in shadow. Vegetation density may also
be important, especially for reflectance in the near IR bands.
Horizontal and vertical projected vegetation area indices (H and V)
are abstractiens, but are petentially very useful. They give the struc-—
ture (orientation) and density of the vegetation components. Both per-
cent vegetation cover and bioclogical leaf area index can be estimated
from the projected area indices. The irradiance on and the radiance
frem the compenents can be calculated. The amount of vegetation illu-
minated and seen, and the reflectance of the vegetation canopy for any
solar zenith angle and viewing angle, can be approximated. Because of
the way the data can be manipulated to get a variety of kinds of infor-
mation, the horizontal and vertical projécted area indieces may be the
single most complete form in which the vegetation canopy can be described.

However, it may be very difficult to obtain such data.

L.5 ADVANTAGE OF IN SITU PHOTOGRAPHIC TECHNIQUE

There are several advantages to the in situ photographic determi-
hatioﬁ of vegetation conditien. Perhaps the greatest single advantage
is that a reasonably large area {e.g., 1 mz) can be sampled quickly and
non-destructively in the field. A sample unit size this large is prob=
ably important, esp@cigllj in flood irrigated wheat where there are
large fluctuations in field condition between rows. In addition, each

sample (picture)‘is'easily stored and transported back to the laboratory
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for analysis at a convenient time without altering its characteristics
in any way. Furthermore, the data can be reduced in a variety of ways
at various points in time during the investigatien. It is also much
easier to re-examine "anomalies" that may be discovered during data
analysis if a photographic record is available thau it would be if the
only record were a number written in a field notebook.

There are some limitatiens te the photographic approach. For exam-
ple, the photographic record one obtains may not be an accurate indica-
tion of the way the crop "looks" most of the time or the way it looked
when remote sensing data was obtained. This could occur, for example,
if the pictures were taken on an anemalously windy, or wind-free day or
moment. However, other ways of characterizing vegetation density suffer
from similar limitations.

In addition, it may be difficult to accurately determine the par-
ticular type of canopy component one is looking at on the phetographic
record, particularly in overexposed or underexposed portions of the pho-
tograph. Confusing green leaves with dead leaves or vice versa could
lead to serious errors in interpretation. Such a problem might be all-
eviated by using color IR film in conjunction with coler film, but such
a procedure was not tried,

Despite some difficulties and limitations, the photographic estima-
tion of percent cover (aﬁd perhaps other Parémeters such as LAI).is con-
sidered the single most cost=effective means of characterizing field
condition. In addition, it is alsp non-destructive. Therefore, this
procedure is the one that is recommended for characterizing vegetation

density under most circumstances.
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APPENDIX II
RADTOMETRIC MEASUREMENTS

In addition to our measurements of the density and structure of the
vegetation compenents ef various wheat fields, we also made measurements
of the radioﬁetric properties of the canopy components. This was done
by placing samples of canopy coemponents in sealed plastic bags, trans-
porting them back toe ERIM, and measuring their radiometric properties

- using a Beckman DK-2(a) spectrophotometer. Hemispherical reflectance and
transmittance measurements (500-1100 nm) were made on: (1) live leaves,
(2) dead leaves, (3) live (green) stalks, (4) dead stalks, (5) live
(green) heads, and (6) dead heads.

In addition, surface soil samples were alse collected, put inte
sealed plastic bags and transported back to ERIM. These s0il samples
included both dry and moist (recently irrigated) conditions. The reflec-
tance of the samples (500-1100 nm) was measured using a Cary 14 spectro-
Photometer.

The value of the above measurements is that using them it is possi-
ble to simulate the sequential bidirectional spectral reflectance of any
and all fields (if the radiometric properties of the types of compon-
ents, e.g., green leaves and soil, are assumed to be constant). ‘the
simulation is possible by using a model for computing the vegetation
canepy spectral reflectance which was developed by Dr. G. Suits of
ERIM [32].

‘There are.several.advéntages of this'approach as opposed to making
in situ measurements of spectral reflectance of emtire vegetation can-
opies. One‘advagtage is that simulatian dees not depend on good environ%
mehtal conditiens.(e.g., clear skies). Another advantage is that reflec-
ténce of various vegetation canopies can be simulated under identical
‘environmental conditions (imcluding solar zenith angle), which is virtu-
ally impossible te_acﬁieve with empirieal ig;gigg_s?ectral reflectance
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measurements. Perhaps the greatest advantage of modeling is that it
furnishes the basis for understanding the causes of the reflectance of
particular canopies under particular conditions., An analysis of some

simulated reflectance data is presented in Appendix III.

132




) ERiM

T I Y YT TEE—— T T e T TPy Rty e e]
FORMERLY WILLOW RUN LABORATORIES. THE UNIVERSITY OF MICHIGAN

APPENDIX III

GREEN MEASURE TRANSFORMS

A variefy of transformations of remeote sensing data which centain
much of the information on the amount of (green) vegetation present
have been developed (e.g., see [14]). These transformations are useful
in their 6wn right as diagnostie tools, indicative of a particular
parameter, but they do not create "new" information. No transforma-
‘tion will create information. that is not present in the raw data, and
in fact some Information is removed by data transformations of the
kind we are discussing here. It is probable that one of the main
values of green measuie transforms is that many of them minimize sig-
nal variations ("neise") unrelated to the amount of green vegetation,
such as soil albedo, and perhaps illumination and atmoespheric condi-
tions [10,13].

Without pretending to present an exhaustive analysis, we will now
briefly examine soime of the reasoens greeﬁ measure transferms ''work", and

their relative utility.

Tt is known that if_soil reflectance varies appreciably, it can
interfere with unambiguous assessment of vegetation density. Therefore,
we initially analyzed how much soil reflectance varied in the study area
prior te examining ways te reduce possible effects of soil reflectance
variatiens. The fact the soil reflectance does vary censiderably in the
study area is indicated by greund-based measurements of soil reflectance
made by Texas ASM field perseonnel on the Finney A site using an Exotech
ERTS radiometer {see Table IIT.1).

One way that has been suggested to alleviate this problem [10] is
to form a ratio of an infrared and a red channel, which in many situations
tends to reduce variations due to varying soil reflectance. The ratio

also retains much of the information regarding the vegetative development
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TABLE II1.1. AVERAGES OF BROAD-BAND GROUND SPECTRAL REFLECTANCE
MEASUREMENTS MADE BY THE LACIE FIELD MEASUREMENTS
TEAM USING AN EXOTECH ERTS RADIOMETER
(From [27])

Value In Landsat Band:
Soil Reflectance o4 5 6 7

Mean, m 0.130 0.157 0.216 0.263
Standard Deviation, o 0,060 0.049 0.057 0.068

Coefficient of .
Variation, (o/m) 0.46 0.31 0.27 0.26

(percent cover, LAT) of the wheat éanopy, and may even help to normalize
data with respect to such factors as variations in solar irradiance,

ground slope, and the like.

In order to determine whether an infrared/red ratio would ba
effective on Kansas seils, we collected samples and made spectral
refiectance measurements of a variety of soils from both the old (1975)
and new (1976) Fimney Intensive Test Sites; The results for the 1976
data (Table III.2 and Fig. III.1) éuggest that ratio processing can be
effective in normalizing variations in soil reflectance for soil condi-
tions found in Finney County, Kansas. The reflectance ratic of waves<
lengths 0.75 m/0.65 um (approximately equated to Landsat Band 6/Band 5)
séems to be the best in this respect. However our analyses suggest that
Laﬁdsat Band 7 is better th&n Band 6 as an indicator of vegeﬁative
development and potential yield (see Section 4), presumably due to the
greater contrast between vegetation and seil in Band 7. Therefore, a
Band 7/Band 5 fatio may be.mare useful for simultaneously reducing
significant soil reflectance variation and maintaining infermation on

differences in vegetative development.
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TABLE IIT.2. AVERAGE SOIL SPECTRAL REFLECTANCES AND REFLECTANCE
RATIO (m), AND CORRESPONDING COEFFICIENTS OF VARIATION (C/m),
FOR 19 SOIL. SAMPLES TAKEN FROM THE NEW FINNEY SITE

Wavelength (nm)

650 . 750 900 750/650 900/ 650
m . o/m m o/m m_ _o/m n g/m m_ _o/m

20.75 0.53 24.81 0.49 29.18 0.41 1.24 0.09 1.53 0.16

Maj 6 Landsat data for the 1976 Finney site on three wheat fields
that were plowed up prior to harvest Shows a substantial variation in
seil reflectance. The effect of several green measure transforms on the
Landsat data for the three fields is shown in Table IIT.3. Note that
the traﬁsformed data exhibits much less variability than the untrans-

formed individual bands.

TABLE ITI.3. LANDSAT DIGITAL COUNT AVERAGE VALUES FOR INDIVIDUAL
BANDS AND FOR THREE TRANSFORMS ON THREE PLOWED FIELDS
{6 May 1976)

Landsat Bands Transforms
Figld 4 e 3 6 ] Z _ _6/5_ ___7/5 __TVI
A 46.5 66.5 . 73.5 32.4 o 1.1 0.49 0.56
B 32.2 43.2 49.2 21.8 1.14 0.50 0.48
C 47.1 69 .0 76.7 33.9 1.11 0.49 0.49

what the usefulness of the soil normalizing transforms is in & vegetatien
canopy using actual Landsat data because insufficient ground data is
aVailgble. .The usgfulness of the transforms in a vegetation canepy with
variable reflectance can be invesﬁigated, however, using a vegetation
canopy reflectance_model. Malila, et al [27], calculated the canopy

 reflectance under a variety of conditions using structural amd radiometric
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data collected on the 1975-76 Finney site as part of this project. The

reflectance measurements were converted to simulated Landsat radiance
values, and some.of the results are shown in Table III.4. Note that
the variation in individual band simulated Landsat radiances is large
for low vegetation cover canopies, but decreases as the vegetation cover
increases. The ratieo values are nearly constant for a given value of
vegetation cever, 0On the ather'hand, there is some variability due to

seil albedo in a simple difference between two bands (7-5).

Another transformation of the,ﬁandSat data which was tested for
its yield/vegetative development prediction capabilities is computed as
part of the EXTEC3 algorithm. EXTEC3 generates two hybfid axes
(directions in Landsat signal space), including one that is nominally
in the direction of green development, and another in the direction of
variatien in sell-brightness. The seil-brightness channel is approxi-
mately orthogonal te the "green development”" channel. If the green-
develepment channel adequately defines the extent of vegetative develop-
ment, it should provide a valuable indication of petential yield.
Furthermore, it is a direction that in theory can be uniquely and

consistently defined for all Landsat data sets.

Initial testing of the information content in the green development
channel suggests that the single direction méy not be completely satis-
factory for quantifying degree of vegetative development or yield.* In
fact, there seems to be a considerable amount of yield predicting infor-
matien in the seil-brightness channel, which is a measure of overall
scene brightness. This situation may be due to an increase of shadowing
within the canopy as the amount of preen vegetation increases, which
tends te decrease the overall scene bricghtness. 1In addition, there is
possibly a correlatien between soil reilectance and vegetative develop-

ment and yield. In non—irrigated areas, the brighter seils may be the

- % These findings are similar to those reported by Lambeck [17] and
Malila [28], whe propesed using a ratio of tasselled cap green to
tasselled cap brightness.
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TABLE III.4,. MODELED VALUES OF LANDSAT RADTANCE AND RADIANCE RATIOS FOR:CANOPIES WITH

"LOW TO INTERMEDIATE VEGETATION COVER AND HIGH SOIL VARTABILITY (After [27])

L - A

Green .
o Cover - ) _ _ “Band 6/ Band 7/
Stage (%)  Soil  Band 5 Band 6 Band 7 Band 5 Band 5 7-5
' 1 0.326 0.369  0.477 1.13 1.46 0.151
Emergent -3 2 0.459 0.522 0.670 1.14 1.46 0.211
e 3 0.591  0.676 0.865 1.14 1.46.  0.274
&
| . R 0.446 0.615 0.819 1.38 1.84 0.373
- Jointing 10 2 0.606 0.830 1.100 1.37 1.82 0.494
' | 3 0.766 1.052 1.392 1.37 1.82 0.626
s | _ 0.393 0.828 1.196 2.11 3.04 0.803
- Pre-Heading ~ 44 0.459 0.964 1.398 2.10  3.05 0.939
(Booting)
o 0.526 1.109 1.619 2.11 3.08 1.093

45

0.803
1.129
1.456

1.265

1.706
2 -158
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2.145
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sandier soils, with less available stored water and with less available
nutrients, The darker soils may contain more clay and so hold more
moisture and possible nutrients, However, it may be risky to take _
advahtagé.of thiS'inforﬁatiOn, because othet conditions can affect soil
brightness but have oppesite correlation with yield, and because unde-
tectable soii conditions (e.g., fertilization, subsurface moisture) can

cause differences in growth but not in seil brightness.

Yet another transformation which has been observed by some
investigaters as a quantitative measure of green vegetation cover and/or

vield is a compenent of the "Delta-Classifier" [29] and is defined as

¢ = MSS4 - MSS7 + 96

For 21 May Landsat data on Finney site A, the § transformatien was
highly correlated with beth percent green cover and leaf area index, but
not as significantly as some of the other green feature indicaters we
have investipated. Itvwas alée highly correlated with yield, but again
not to the same degree as other green feature indicators. The same
situation was found to be true for both 20 May and 21 May 1975 Ellis
data, and also for 6 May 1976 Finney data.

To further study the relationship between ¢ and green vegetative
cover, and also te test the semsitivity to external effects, we computed
the transformation on simulated Landsat data which was generated using
the ERIH]CahoPY/Atmosphefic Medel [27]. 1In addition, the transforma-
tions TVI and 8Q75 were similarly computed on the simulated data. WNine
separate canepies were modeled, each having its own value of percent

cover,
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When external factors were held fixed, we found that the correlation
between.percent cover and G using modeled Landsat data was 0 97, and that
the standard error in estimating percent cover using G was 8 1 percentage
points. The comparison shown in Table III.5 indicates that G is roughly
comparable, but-slightly'superiorg to two other transformations for

measuring percent cover,

TABLE III.5. COMPARISON OF G AND OTHER TRANSFORMATiONS FOR
MEASURING PERCENT COVER USING MODELED DATA

(9 Points)
. Standard Error
Green Correlation With in Measuring
Measure Percent GCover Percent Cover
6 - .0.97 - 8.1
VI 0.91 12.8

5Q75 .95 9.6

Again using model-simulated Landsat data, we examined the variation
in G one should expect due te normal variati@ns in haze, view angle, and
background albedo; For each canopy,; a Landsat signal was comnputed for
each of several conditions of each of the four external parameters under
consideration, resulting in a total of about 1200 points. Uslng these
points, a regressicon was run relating'?ercent cover and G transform
~value, The result was a standard error of 23.7.pe:centage peints in
eétimating percént'cover. Using the same procedureIWith the transforms

TVL and 8Q75, the corresponding standard errors were 19.9 and 20.8.

Conclusions

Based on our analyses of various green measure transforms, it appears

that those we examined are roughly comparable in dlfferentlatlng vegeta-

tion canoples on the basis of green vegetation density, This conclusion
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is not inconsistent with other recent analyses of the relative utility
of various green measures [14]. Some investigators have indicated that
a square root transform is useful because of the statistical properties
of the data [30]. We believe that a square root transform of a green
measure may be.USeful for asséssiﬁg winter wheat yield due.to the
apparently curvilinear (asymptotic) nature of the relationship of green
vegetation density and yield. While we feel that green measure trans-
forms formed by a difference of two bands (such as MSS7-MS55 or MSS4-
vMSS?) are sensitive to differences in green vegetation density, such

" transforms are not as.efféctive.as others (e.g., ratios) at normalizing

other effects such as seil albedo.
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APPENDIX IV

ANALYSIS OF POSSIBLE SOURCES OF BIAS IN LANDSAT
ESTIMATES OF YTELD IN CENTRAL CRD OF KANSAS

An investigation into possible sources of bias in Landsat yield
estimates reported in Section 8 1is discussed in this appendix. Among
the possibilities considered were:

1. unrepresentétive training or'test.data

2. phenological sources of error

3. 1look-angle effects

4., incorrect Analyst Interpreter (A.I.) identification ef wheat

and non-wheat fields
" 5. Landsat calibration errors

6. training yield dats.

The follewing material describes this investigation inte sources ef the
discfepancy between Landéat and KCLRS yield estimates. |

The Landsat estimates of yield on the test sites were, in all but
one case, highef than thé KCLRS caﬁnty estimates., This might occur if
training and/er test sites actually had anomalously high yield. 1In
fact, the training ground truth data did have an average value of yield
that was 5.33 bu/acre higher than the corresponding KCLRS county average
yields. It would be more clear that this were a major cause of bias if
similat.eomputations could be made for the test'éites. However, groﬁnd
truth yield on individual fields is not available from the test sites,

so such a comparison is not possible.

Another poésible source for bias would result if the wheat fields
used for training were not adequately representative of the wheat fields
iﬁ:the.aféa; These data were extracted from LACIE Analyst Inierpretef
(A.I.) didentification. It would net be surprising if the average test

field as identified by a LACIE A.I. was actually "better' than average, -

since thé A.TI. who muét visﬁally select and'classify a set of fields as

4
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wheat and non-wheat wants to make sure that the fields called wheat

actually are wheat, and therefore marginal flelds might not be selected, .
Some indication that this may have héppéned ié that the best Landsat

estimates of yield using the A.I. identified wheat fields were found

. where the county yield was high. In counties with high yields, even

the locally below average wheat fields (with locally belew average

vegetative cover) might be sufficiently different from "non-wheat" fields,

permitting them to be accurately identified by the analyst intefpreter.

Errors could also occur in our Landsat estimates of yield if
incerrect yield data were used for training. We used only the data we
considered most reliable, namely farmers' estimates made using actual

combine harvest weights.

A.I. identification errors could alsc cause errors in yield
estimation. Through discussions with other ERIM employees whe were
investigatiﬁg cfop idéntificatioh errors, we were able to correct test
data from some of the sites so that only wheat was included in the yield

estimatioen.

If the phenclogiecal stagé of the wheat on which training was done
was different from the phenological stage of the test data, vield
estimation errers could be made. Tt was noted that, with rTespect to the
growing degree day (GDD) calculations described in Section 8, some of
the available April Landsat data had a closer apreement with the May
training data than did the coerresponding May test.d.a-ta. | Therefore, for
each test site fer which Landsat data was avallable both in mid-April
and early May, the speecific deviation of the méteorological station
indications of GDD from the average value of GDP for the counties in
which training was done was computed for the data appropriate te the
available Landsat data. About half of the April test data were found
to be better phenoclogical matches with tﬁe May training data than are
the“cqrresponding_May_test data, hased on the meteerological dgta

available.
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However, when April Landsat data was used in place of May Landsat

data for the indicated test sites, an even greater yield error was made,
because the Landsat-indicated green values were generally bigher in
April than in May. This situation is biologically unlikely, if not
impossible, and is a source of concern. There are indications that this
apparent error 1s associated with anomalous weather conditions before
and/or during the April Landsat overpass. For example, errors were
smallest on the two sites where weather conditions were approximately
the same in April and Méy.' Additional work is required in order to
determine the cause, and to explore ways to overcome the situtation by
avoiding the use of such data or by cerrecting it for the anomalous

conditions.

There is some indicatien that Landsat look-angle significantly
affects the value of the Landsat green measure. For example, best
' results were obtained when look-angle for training data was similar te
look-angle for test data. If such a situatien can be shown to be
gene.ally true, then.data with similar look-angle should be used in
training and testing, or the data should be corrected for leok-angle
effects, Current work at ERIM on other projects is designed to correct

Landsat data for effects of look-angle [31].

When Landsat-yield relations were explored, differences were found
in the relations using full-frame Landsat data as opposed te LACIE sample
' segmenf data for the same fields. This difference could occur because
of different calibrations for the two types of data, or because of
 different field boundaries. Even after the effects of calibfation and
field boundary differences were cerrected te the best of our ability,
however, differences remained, This situation is of concern because the
Landéét*yiéld reiations tended to be less diagnoétic (smaller R?) using
the sample éagment data (which we used for outr test) tham when using full
frame data. ' In other words, thete appears to be a loss im yield-

predictive information content associated with sample segment data.
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At this time one or more of the above mentioned possibilities
may be contributing to the bias in Landsat estimates of yield. Unfor-
tunately, insufficient information is available to establish what are

the sources of bias.

146




D ERIN

FORMERLY WILLOW RUN LABORATORIES. THE UNIVERSITY OF MICHIGAN

APPENDIX V

CRITERION FOR DEFINING ACCEPTABLE PIXETS WITHIN A FIELD, AMD
FOR REJECTING FIELDS WITH AN INSUFFICIENT NUMBER OF PIXELS

In order to form valid Landsat signal mean values for each field,
we must determine which pikels are to represent that field. We must
avoid using any pixels which are so near the boundary of a field as to
risk containing any signal from near the boundary or from an adjacent
field. And yet we wish te select a sufficient number of fields, Wiﬁh a
sufficient number of pixels within each field so as to carry out meaning-
ful analyses, and to avoid restricting the range of yield values avail-
able in the set of fields. Unfortunately, when data are so limited, a
compromise between the above desires is required. The discussion which

follows describes our efforts to achieve the best compromise.

For much of our analysis with Landsat data for site Ellis, we used
pixel inset distance of 1.5 pixel diameters®, which means that the center
of a pixel considered safely within the field must be at least 1.5 pixel
diameters within the nearest edge of the field. This guarantees a field
ene pixel separatien between the pixel edge and the field edge to guard
dgainst error in the location of the field boundary, and therefore
against using boundary pixels. This very conservative distance would
frequently be used when pixels are relatively plentiful, or when field

location errors are believed to be as much as one pixel.
In the case of our data, we believe the field boundaries are located
to an-acGﬁracy nearly always bétter than 0.5 pixéls; Thérefore, wé can

with redsonable safety use an imset distance of 1.0 pixel. By se doing,

* A pixel diameter is the distance between two adjacent pixels in a sean
line, or the distance between two adjacent scan lines, using an aspect
ratio f@r which the two dlbtances are equal._
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we have increased the number of fields that have at least one pixel.

In the Ellis site this inerease in available fields was from 24 (when N
inset of 1.5 waé used) to 36 (with the 1.0 inset). In addition, we

included fields with yield less than the previous minimum of 24.5 bu/

acre, so that the available fange of yield values started at 15.0 bu/

acre, an increase of approximately 50% in the range of yield values

represented. A similar pattern was found in the other sites.

The standard deviations of the field mean values computed with 1.0
and 1.5 pixel insets were not appreéiably different. The mean values
varied by an average of less than +0.5 digital counts. 'Tﬁus, we
suffered no seriocus deficiency by using a 1.0 pixel inset, but have

received significant advantage.

An additional consideration was to decide on a rule for accepting
fields, based on the number of pixels selected from each field. Unfor- *
tUnateiy, we discovered a pésitive gorrélaﬁibn betwaeu»numbef of pixels _
per field and field yield,‘ Therefore,'in order to retain information o
" for the fields with the lowest yields, it was necessary to accept any
field with no fewer than two pixels for every date. Keeping a broad
range of yield values is considered sufficiently important that for
most analyses, a two pixel criterion was chosen as the preferred com-—
promise. The criterion resulted in the elimination of four of the 36
fields mentioned above. Any more stringent requirement for number of
pixels would have increased the lowest wvalue of yield in fields to be
aCCepted'to'§1.4,-n0t.much below the value for.a 1.5 pixel inset.
Due to the above considerations, we applied the 1.0 pixel inset
critérion, and the criterien specifying two or more ﬁiXels in ‘each
acciuisition., to all data sets subsequently processed that required

digitized field boundary definitiemns. .
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