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PREFACE

The Agriculture and Resouirces Inventory Surveys Through Aerospace
Remote Sensing program, AgRISTARS, is a six-year program of research,
development, evaluation, and application of aerospace remote sensing
for agricultural resources, which began in Fiscal Year 1980. This pro-
gram is acooperative effort of the National Aeronautics and Space
Administration, the U.S. Agency for International Development, and the
U.S. Departments of Agriculture, Commerce, and the Interior. AgRISTARS
consists of eight individual projects.

The research reported herein was sponsored by the Inventory
Technology Development (ITD) Project under the auspices of the National
Aeronautics and Space Administration, NASA. Dr. Jon Erickson, is the
NASA Manager of the ITD Project and Mr. Lewis Wade was the Technica?l
Coordinator for the reported effort.

The association of the time of occurrence of corn development
stages to a Landsat-MSS-related greenness measure was performed under
NASA contract NAS9-16538 by the Environmental Research Institute of
Michigan's Infrared and Optics Division, headed by Richard R, Legault,
Vice-President of ERIM, under the technical direction of Robert Horvath,
Program Manager and Richard C. Cicone, Task Leader.
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1
INTRODUCT ION

Successful use of remotely-sensed data in crop inventory and con-
dition assessment systems depends in large part on detailed knowledge of

et e e et e

the temporal-spectral development patterns (profiles) of crops, and the ;
relationship of those profiles to the physiological and morphological %
development of the plants themselves. |In particular, association of t
spectral phenomena with specific stages of plant development can alid

both the identification and assessment of condition of crops. Knowledge

- of the physiological and morphological influences on crop spectral de-

velopment patterns allows design of crop identification techniques

which emphasize the most fundamental, and therefore most relijable, dif-

ferences between crops, and also facilitates adaptation of such techni-

ques to local environmental conditicns or changes in cultural practices.

Conversely, knowledge of the spectral expression of key developmental

events allows for more accurate development stage estimation from

remotely-sensed data, and thus improves the ability to assess crop con-

dition and estimate yield.

In this paper, association is made between the development stages
of corn as defined by Hanway [7] and the temporal-spectral development
pattern of corn in a transformed data space derived from Landsat-MSS
band reflectance values, using field-collected reflectance and associated
data. Results indicate that the spectral vegetation index used (a
reflectance equivalent to Tasseled Cap Greenness) reaches a maximum wel]l
before the stage at which corn is expected to achieve its peak green
leaf area index. Possible physiological and canopy geometry-related

causes for this and other results are discussed,
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2
MATERIALS AND METHODS

Data from experimental plots at the Purdue Agronomy Farm have been
collected for several years by personnel from the Laboratory for
Applications of Remote Sensing (LARS) for the NASA Johnson Space Center.
The primary instrument used to collect spectral data has been an Exotech
100 Landsat band radiometer. In addition to spectral observations, mea-
surements of leaf area, percent cover, stage of development, and other
plant or canopy characteristics have been obtained. A more complete
description of the LARS data collection program is available in Re-
ferences [1,2].

The data used in this analysis were collected as part of the 1979
and 1980 Corn Cultural Practices Experiments, which included as experi-
mental treatments planting date, plant population, and soil brightness
[1,2]. Development stages were recorded in text form. Thirty-seven
plots were included in the analysis reported here. These were selected
on the basis of quality of spectral and developmental data acquisition
(number and spacing of observations) and lack of excessive noise in the
spectral data. In addition, some plots (seven) were rejected part-way
through the analysis because the spacing of observations resulted in
distorted profile shapes, as derived by the profile model described
later in this section. Table 1 provides a more complete description of
the data set used.

2.1 REFLECTANCE DATA PREPARATION

All Landsat band reflectance values were linearly transformed into
a data space resembling that which results from application of the
Tasseled Cap Transformation to actual Landsat-MSS data [8]. The
Tasseled Cap Transformation captures the vast majority (usually 95% or
more) of Landsat-MSS data variation over agricultural regions in two

Azt petter s e A s 8
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TABLE ). DATA SET DESCRIPTION

Days
# Observed

1979 Data

Planting

Date

Population
(K plants/ha)

2]
19
2]
18
20
19
19
20
20
18
19
20
19
20
20
19

2 May
30 May
2 May
30 May
2 May
16 May
16 May
2 May
2 May
16 May
16 May
2 May
16 May
2 May
2 May
16 May

75
50
50
75
50
50
75
75
50
50
75
75
50
75
50
75
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TABLE 1. DATA SET DESCRIPTION (Continued)

1980 Data
Days Planting Population
Plot # Observed Date (K plants/ha)
31 17 7 May 75
32 17 16 May 50
33 17 7 May 25
37 17 22 May 75
)] 13 11 Jun 25
L2 17 7 May 50
45 15 22 May 50
Ly 12 11 Jun 25
50 15 22 May 25
51 15 7 May 50
53 12 11 Jun 50
55 13 29 May 50
56 15 7 May 75
57 15 16 May 50
60 13 7 May 50
63 13 7 May 75
64 11 11 Jun 50
66 10 18 Jun 50
73 11 11 Jun 50
75 1 11 Jun 25
83 10 11 Jun 75
5
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channels which are related to soll brightness or albedo and

amount of green vegetation. The procedure used to derive a similar
transformation for these reflectance data Is described in Re-

ference [3]. The second channel, Green Reflectance (or Greenness for
actual Landsat-MSS data), which is related to the amount of green
vegetation present In the scene, was used in the analysis reported here.
Multiple spectral measurements for a single plot on a single day were
represented by thelr mean.

Continuous profiles were derived from the transformed data values
by means of a profile model specifically intended to capture the features
of corn Greenness development. Most prominent among these is a flattened
peak or plateau observed both in Green Reflectance data [3] and in
associated variables such as leaf area index [4]. Reference [3] presents
the evidence for the existence of thls flattened peak, based on analysis
of a larger set of field reflectance data which included the plots used
in the present analysis. One of the key pieces of evidence was the
nature of the residual errors resulting from fitting the Green Reflec-
tance data with a curve form which was more or less bell-shaped, The
pattern of residual errors clearly indicated a more flattened peak in

the data. The model developed to produce such a flattened peak is of

the form
A
; t<t

4+ O.Z(t~tp)2 P
G(t) =

(A-25)#g(a,A) (cot lale-t_ - A)]) + 253 ¢t>t

m p p
where
G(t) = Greenness at time t

A,tp,Q,a,A = model parameters

A = maximum function value (peak Greenness)
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tp = day of maximum function value

Q = inverse time from first half-peak to peak

controlling factor for shape after peak
(flatness of peak, steepness of dec)ine)

A = time from peak to second half-peak

¢

and
1/cot™ (~aka)
(provides continuity at t = tp)

m

g(a,n)

Evaluation of the model over a Jarger set of field reflectance
data, and comparison to other possible curve-fitting methods, revealed
some deficiencies, largely related to the difficulty of parameter esti-
mation, but when parameters could be estimated the model proved more
able to capture the plateau feature than were the other techniques con-
sidered [3]. Since the plateau Is the key feature involved in the pre-
sent analysis, the profile model was selected for use. To insure that
parameter estimation could be accomplished, only those plots for which
data had been collected at frequent intervals through most or all of
the growing season were included in the analysis.

After the continuous profiles were estimated using the described
model, each plot was characterized by a set of standard features corre-
sponding to spectral events of interest. The features used in this
analysis, as described and f1lustrated in Figure 1, included the time
of peak Green Reflectance, times of half that value, and time of plateau

end.

2.2 DEVELOPMENT STAGE DATA PREPARATION

The text descriptions of development stages available in the LARS/
Purdue data base were converted to numerical values representing the
stages on the Hanway Scale (as described in Table 2). For the 1979
data, the conversion was defined previously by Bauer, et al., [2];

7
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Days
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9
23
37

51
65
75

87

99

11
123
135

STAGES OF CORN DEVELOPMENT

Description

Emergence
Collar of

Collar of
period of

Collar of
of period

Collar of

fourth leaf visible

eighth leaf visible; beginning of
rapid stem elongation

twelfth leaf visible; near middle
of rapid stem elongation

sixteenth leaft visible; tips of

tassels visible

75% of plants have silks visible; vegetative
growth ceased

Kernels in “"Blister! stage; beginning of
period of rapid dry matter accumulation in

kernels

Kernels in very late '"Roasting ear' or
"Dough'' stage

Kernels in early ''Dent' stage

Kernels in full '""Dent" stage

Grain mature

Based on averages from adapted hybrids in central lowa from
Hanway [7].
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a similar conversion was developed for the 1980 data. Third~urder
polynomials were fit through the converted observations for each plot,
and for all plots with the same planting date. The results of the com-
bined curve-fits were compared to published data [7] with regard to the

intervals between stages and found to be in reasonable agreement.
The analyses carried out used the individual rather than the composite

curves, since substantial variations were observed in development curves
for plots planted on the same day, Samples of the curves used are
shown in Figures 2 ana 3.

2.3 ANALYSES CARRIED QUT

Stages of development associated with cach of the described spectral
features were determined from the polynomial curves for each plot. Mean
values were computed for each year separately and for all the plots com=
bined. In addition, the times of occurrence of each of the first nine
stages on the Hanway Scale (fourth leaf fully emerged through full dent)
were determined for each plot, and merged with graphs of the profile
model fits. These were used to qualitatively evaluate both the model
fits and the overall interaction between physiological and spectral de-
velopment.
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3
RESULTS

Table 3 presents the mean stages associated with each of the
spectral events of interest., Figures 4 through 10 show the corn model
results and the stages of development for each of the plots. The time
of peak Green Reflectance occurred around Stage 2.5 to 3, which corre-
sosnds to the tenth or twelfth leaf collar becoming visible (leaf
fully emerged). Stage 3 occurs in the middle of the period of rapid
growth and elongation of the stem, before all leaves are fully exposed
to view [7]. This stage occurred, both in published data [7] and in
the smoothed development stage data for the experimental plots, about

two weeks prior to tassel emergence.

While a clear difference was apparent in stage of development at
peak Green Reflectance between years, other confounding factors were
also present. First, only two planting dates were common to both years.
Second, planting dates and population densities were not equally re-
presented in the data sets selected from the two years. As a result,
no meaningful analysis of year effects could be carried out, and no
significance can be attached to the observed differences.

Both planting date and population density had statistically signi-
ficant (0.9 level) effects on development stage at the profile peak. In
1979, plots planted in early- and mid-May reached peak Green Reflectance
at earlier stages than those planted in late May (Stages 2.55 and 2.70
compared to Stage 3,15), while in 1980, mid-May planting resulted in an
earlier development stage at peak than that resulting from mid-June
planting (Stage 2.8 compared to Stage 3.2). In both years, plots with
populations of 50,000 plants per hectare reached peak Green Reflectance
at a later stage than plots with 75,000 plants per hectare (1979: 3.0
vs., 2.6, 1980: 2.8 vs. 2.5).

13
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TABLE 3.

#
Data Plots

Peak

Green Refl.

Mean Stage at:

End of
Plateau

DEVELOPMENT STAGES AT KEY TIMES

First

Half-Peak

1979 16
1980 21
All ¥

2.68 + .33
3.05 + .37

2.89 + 4o

7.84 + .65
7.90 + .59

7.87 + .6}

.

1.92 + .19
2.23 + .23

2.10 + .26

Second

Half-Peak

9.48 + ,52
8,96 + .26

9.18 + .47
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The calculated plateau end, a5 described in Figure 1, occurred
around Hanway Development Stage 8, the early dent stage, which occurs
about 36 days after the beginning of rapid dry matter accumulation in
the kernels. Development stage at the plateau end was not significantly
affected by either planting date or population in 1979, or by plant
population in 1980. Some significant effects of planting date were
detected in the 1980 data, with mid-June planting resulting in a plateau
end at a later development stage thap that associated with early- to
mid-May planting (8.3 compared to 7.9 and 7.6). An overall trend
across the planting dates in 1980 was apparent, though not statistically
significant. In general, stage at plateau end decreased from earliest
to medium planting dates, and then increased again with later planting.
This trend was seen in analysis of other profile features in the same
data [3].

The remaining two features, the half-peak points, have a weaker
connection to actual physiological or morphological characteristics,
but do provide additional reference points in the profile. HP1, the
first half-peak point, occurred around Stage 2, which corresponds to
eight leaves fully emerged. HP2, the second half-peak point, occurred
around Stage 9 to 9.5. Stage 9, the full dent stage, occurs about 12
days prior to physiological maturity.

In three of the 16 1979 plots (plot numbers 4k, 56 and 65), and
in several others not included in this analysis, Stage 9 occurred at
or before the end of the plateau. Since Stage 9 is so near the end of
the corn development cycle, one would expect Green Reflectance to have
declined substantially from its maximum by thls point, as was the case
in most of the other plots. The plots in question all exhibited aver-
age intervals between estimated stages, apparently reasonable profile

fits, and average stages of development at the profile peak, but had
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plateaus of longer~than-average duration.

However, attempts to
associate the unusual behavior with data smoothing, planting date, or

plant population were unsuccessful, and Its cause remalns unexplained.
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b
DISCUSSION

.1 STAGE AT PEAK GREEN REFLECTANCE

Reports in the literature suggest that maximum leaf area index (LA!)
occurs around the time of silking, or Hanway Stage 5 [4, 13, 15]. This
stage occurred about three weeks after Stage 3 in the plots analyzed.
Between Stages 2.5 or 3 and Stage 5, an additional eight to ten new
leaves become fully emerged. Studies of reflectance properties of spring
wheat and soybean canopies have shown very strong correlation between
Green Reflectance and LAl [5, 10]. Nevertheless, the consistent result
in this analysis is a peak in Green Reflectance well before the expected

time of peak LAI.

Leaf area index data, although collected in both years, are too
sparse to allow accurate determination of the time of peak in these ex-
perimental plots. However, the simple fact that only about half of the
leaves are fully emerged by Stage 3 lends ample support to the contention
that peak LAl occurs later. Clearly, then, some other factor or factors

are causing Green Reflectance to peak at Stage 3 and then decline.

A number of factors may be responsible, at least in part, for the
observed spectral behavior. The first has to do with the processes of
stem and leaf elongation. Through the first several development stages,
the actual stem height of the corn plant is substantially less than the
total plant height. At Stage 1.5, when six leaves are fully emerged,
the tip of the stem is only at or slightly above the soil surface [7].

At Stage 2, the beginning of the period of rapid stem elongation, the
stem may comprise only about 10% of the total plant height, with the per-
centage increasing to about 50% by Stage 2.5, 75% at Stage 3, and
essentially 100% by Stage 4 [9]. That portion of plant height above the

25




stem is made up of leaves, either unfurled and arching upwards or still

furled into what might be called a pseudostem. As a result, there is a
relatively dense and pure layer of green leaves at the top of the canopy
at Stages 2.5 and 3.

In addition, while LAl is reported to peak at Stage 5, leaf enlarge-
ment is complete by Stage 3 [7]. Additions to LAl after this time must
be the result not of additional leaf biomass or area but rather of the
unfurling of the remaining leaves in the pseudostem. While furled, the
leaves lack at least some of their green color [7], but should exhibit
the same infrared reflectance properties as unfurled leaves. Thus at
Stages 2.5 or 3, nearly all the green leaf area is present, and packed
in a narrow layer at the top of the canopy. The high transmissivity of

green leaves in the near-infrared will allow even those leaves that are

still furled to contribute to |R=reflectance, and thus to Green Reflectance,

At later stages, the leaf area is spread through a deeper, less dense
layer, and more of the total leaf area is subject to shadowing by the
stem, which is highly refiective but has little cor no transmittance.

Another influence on the Green Reflectance of the corn canopy is
the angular orientation. of the leaves. Loomis, et al., [I11] measured
the angular orientation of that portion of the leaf area intercepting
90% of the incoming radiation, and reported an increase in vertical
orientation in the interval between Stages 3 and 4 as compared to the
interval between Stages 2 and 3. There is also, however, an increase in
LAl between these two intervals. The effect of increased leaf droop,
then, will depend on the relative changes in leaf angular orientation
and LAl. |f the drooping of leaves, even with an increase in LAl,
reduces the percent cover in the scene, then Green Reflectance should
decline. This effect of leaf droop has been demonstrated with modeling
[14]. Unfortunately, the percent cover data collected for the LARS ex-

perimental plots is too sparse to allow precise determination of the
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effects of leaf droop. However, no strong indication of a reduction in
percent cover between Stages 3 and 4 is evident.

Finally, the emergence of the tassels, which begins at Stage 4 and
is completed a few days before Stage 5 [7], Introduces a new element into
the top layer of the canopy. Duncan, et al., [6] measured the proportion
of incoming radiation intercepted by tassels in plots with a wide range
of population densities. For densities corresponding to those in the
LARS experiments, the tassels were found to intercept 5 to 12% of the
total radiation. Tassels, like stems, should exhibit low transmittance
and cast significant shadows in both the visible and infrared wave-
lengths. Inclusion of tassels in a corn canopy refliectance simulation
caused a substantial decrease in IR-reflectance, and a less severe drop

in visible reflectance [12], which would result in a lower Green Re-
flectance value.

The actual cause of the unexpectedly early peak in Green Re-
flectance and its subsequent gradual decline may be any or all of these
factors, others not considered, or some combination thereof. Final de-
termination of the cause will require more frequent and detailed field
measurements of the spectral and canopy geometric properties of corn
plots and/or use of a simulation system that links an appropriate corn

development model with a canopy reflectance model,

L,2 STAGE AT PLATEAU END

Explanation of the development stage associated with the end of the
plateau is less challenging. First, the determination of plateau end is
much less precise than determination of the time of peak Green Reflectance.
Iin light of this fact, one cannot expect, and should not attach, too much
significance to the precise stage associated with the plateau end. |t
appears that the plateau end, the initiation of more rapid decline in
| Green Reflectance, occurs in response to the rapid dry matter accumulation
! in the kernels. The lag between initiation of kernel dry matter ]

i
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accumulation and plateau end can be explained by the fact that
senescence progresses from the bottom of the plant to the top, and some
time would be expected to pass before the senescence of the canopy
exerted any significant effect on Its Green Reflectance,
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' CONCLUS | ONS

: The association of spectral and developmental events as described in

i the previous section allows us to formulate a description of the spectral

h development of a typical corn field, Stated in terms of Green Reflectance,
and based on data for Indiana corn plots, the general pattern should
nevertheless hold for Landsat-MSS Greenness, and for corn grown in other
locations, although regional variations, particularly in the time inter-
val between planting and the various development stages, should be ex-
pected. By Stage 2 (eight leaves fully emerged), five to six weeks after
planting, the field has attained half its maximum Green Reflectance, and

thus should be clearly distinguishable. The addition of leaves continues
to increase the Green Reflectance value unti] Stage 2.5 to 3 (ten to 12

leaves fully emerged), six to elght weeks after planting, where a peak

in Green Reflectance is achieved. From this point Green Reflectance
declines slowly, even though eight to ten additional Jeaves are added to
' each plant. The decline may be explained by a sequence of factors. From
‘ the peak until the point of tassel emergence, one and one-half to two
weeks later, the leaves in the canopy droop more, reducing their hori-
zontal area, and the progression of stem extension spreads the leaves
; over a larger vertical portion of the canopy, as well as casting more
shadows on the green leaf surfaces. The emergence of the tassels,
! beginning at Stage 4, introduces a new canopy component which intercepts
a considerable amount of incoming radiation, and thus further Increases
‘ shadowing on the green leaves. One or two weeks after the beginning of
§ rapid dry matter accumulation by the kernels (and 13 to 17 weeks after

i planting), the Green Reflectance of the field begins to decline more
; rapidly - a sign of advancing senescence, However, by Stage 9 (full
i dent stage), only about two weeks prior to physiological maturity, the _
5 Green Reflectance of the field is still at half its maximum value.
i
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It should be remembered that several smoothing operations were in-

volved in achieving the results as described. The conversion from text
to numerical descriptions of development stages, the polynomial smoothing
of the resultant data, and the use of the corn profile model to smooth
the spectral observations, could each introduce a degree of error in the
final result. Thus it would be irresponsible to conclude from this
study that, for example, corn Green Reflectance peaks at exactly Stage
2.9, or that any of the spectral events occur exactly at any development
stages. However, more general but no less important conclusions can be
drawn. In particular, the strong indication that the peak in the Green
Reflectance profile of corn occurs well before the expected peak in Jeaf
area index, and also before tasseling, is an unexpected and significant
result. This finding, and the general relationship between spectral and
morphological/physiological development as described, can provide valu-
able insight to both crop identification and crop condition assessment
research, More quantitative evaluation of the causes for the observed
phenomena, as through the use of simulation and/or more detailed field
measurements, could provide still further insight into this relation-
ship, and thus further increase our ability to accurately detect and

evaluate agricultural crops from space.
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