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Temporal Spectral Measurements 
of Corn and Soybean Crops 

The relationship of red and photographic infrared spectral 
radiances to corn and soybean biomass, percent cover, plant 
height, chlorosis, and leaf loss were determined. 

T HIS IS THE SECOND REPORT on the remote 
sensing application(s) of hand-held 

radiometers to agricultural crop monitoring. 
The first paper (Tucker et al., 1979) reported 
the general approach, operating procedure, 
radiance transformations, and specifically 
compared agronomic and spectral data. 

We now evaluate for corn and soybeans 
the relationship(s) between temporally col- 

variable biomass and the developn~ent of the 
crop canopy, and that increases in biomass 
are usually associated with increases in crop 
yields. Now, with the advent of space flight 
technology and data collection, the possibil- 
ity of monitoring the development of  the 
crop canopy and biomass increases by means 
of remote sensing is evident. Already, sev- 
eral investigators have reported relation- 
ships between remotely sensed data and 
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ABSTRACT: A ground-based, hand-held radiometer, configured to measure red 
and photographic infrared spectral radiances, was successfully used to collect in 
situ temporal spectral measurements of corn and soybean crops. Significant 
relationships were found between the radiance data and the biomass, plant 
height, percentage crop cover, percentage crop chlorosis, and percentage leaf 
loss. The results of this experiment show conclusively that hand-held radiometers 
can be used to collect spectral data that are highly correlated to several 
agronomic variables. These findings suggest approaches for agronomic research 
per se, and confirm the value of remote sensing of agricultural targets. 
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lected red and photographic infrared spec- 
tral radiances and biomass, plant height, 
percentage crop cover, percentage crop 
chlorosis (degree of plant yellowing), and 
percentage leaf loss as they change during 
the plant growth cycle. 

Increase in biomass is inherent in the 
growth and development of crop plants. 
Since the early culture of crops man has 
known that a relationship exists between the 

vegetational density, percentage crop 
canopy cover, andlor biomass. Thomas et al. 
(1967) reported that reflectances from cotton 
fields were strongly affected by the alnount 
of biomass and associated percentage 
canopy cover. Stanhill et al.  (1972) investi- 
gated the effect of fertilizer treatment upon 
the 0.50-0.70 and 0.70-0.90 pm reflectance 
from wheat. They concluded that the reflec- 
tivity was affected but attributed the effects 
to differences in biomass and not to changes 
in the  optical properties of the  wheat 
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canopy. Weigand et al. (1974) used Landsat 
MSS data and found significant correlations 
with leaf area index (LAI), plant population, 
percentage cover, and plant height. Bauer et 
al. (1977) reported high correlations be- 
tween spectral nleasurenlents and winter 
wheat height and percentage cover. 

Other workers have reported relationships 
between remotely sensed data and crop 
condition. Johnson (1965) located areas of 
low sugarcane vigor by using infrared pho- 
tography. Gauslnan et al. (1975) successfully 
used Landsat MSS5 data (0.60-0.70 pm) to 
identify chlorotic sorghum areas of 1.2 acres 
or larger. Field spectrometer data supported 
the Landsat results and demonstrated that 
the chlorotic sorghum had higher red reflec- 
t a n c e ~  than the nonchlorotic sorghum. 
Thomas and Oerther (1977) detected nitro- 
gen stress on sugarcane by using infrared 
photography. Thomas and Gerberman (1977) 
detected reductions in cabbage yield caused 
by nitrogen and water stresses by measuring 
cabbage canopy reflectance. 

Several researchers proposed methods for 
the use of Landsat data to follow crop de- 
velopment. Rouse et al. (1973) proposed a 
two-band approach for assessing biomass 
and following phenological development. 
Richardson and Wiegand (1977) proposed a 
look-up table approach for mapping vegeta- 
tion cover and crop development by use of 
Landsat MSS bands 5 and 7. Kauth and 
Thomas (1976) developed a Landsat tech- 
nique for characterizing the soil brightness 
and the green vegetation development for 
wheat and other crops. Numerous inves- 
tigators used spectral data for estimating 
green biomass and/or monitoring the green 
leaf area or biomass through time. These 
publications were reviewed by Tucker 
(1979). 

The published findings in this area of re- 
search have been largely based on data from 
Landsat, aerial photographic, or spectromet- 
ric techniques from large land areas. Our 
study relies solely upon red (0.65-0.70 pm) 
and photographic infrared (0.775-0.825 pm) 
spectral measurements taken under natural 
conditions with a two-channel, hand-held 
radiometer on small crop production areas 
under close experimental supervision. 

METHODS - LOCATION 
STUDY LOCATIONS A N D  DATA USED 

We selected two fields of well-drained silt 
loam soil located on the USDA Beltsville Ag- 
ricultural Research Center for this study. 
One field (approximately 1.6 ha) was planted 
to Pioneer 3369A corn (Zea mays L.) on May 

3, 1977 and one (approximately 0.4 ha) to 
Essex soybeans (Glycine max L.) on May 26, 
1977. The corn was planted in rows 76 cm 
apart at a population of approximately 48,400 
plants per hectare. The soybeans were in 
rows 36 cm apart at a population of approxi- 
mately 280,000 plants per hectare. Prior to 
planting, the soil was limed, conventionally 
tilled, and fertilized according to recom- 
mended rates. Herbicides were applied at 
planting to control weeds. No additional till- 
age or weed control was required during the 
growing season. 

For the purpose of better experimental 
control in sampling, small plot areas were 
designated within the larger fields. Four 
replicates of eight corn plots and nine soy- 
bean plots were identified for spectral 
monitoring and biolnass harvest throughout 
the growing season. Each corn plot was 3 by 
3 m, consisting of 3-m lengths of four corn 
rows; each row contained approximately 12 
plants. Each soybean plot was 1.8 by 2.4 m, 
consisting of 2.4-m lengths of five soybean 
rows; each row contained approximately 25 
plants. 

One plot in the center of each replication 
was designated as a "standard plot" (refer- 
ence point for other plots) from which spec- 
tral and agronomic data were collected 
weekly throughout the season. The remain- 
ing plots were used for biweekly biomass 
determinations. 

Beginning on June 1, 1977 for the corn 
(when plants were approximately 30 cm 
high) and on June 30,1977 for the soybeans 
(when plants were approximately 10 cm 
high) and continuing every two weeks 
thereafter, spectral and agronomic data from 
one of the biomass plots in each replication 
were taken to assure similarity with the 
standard plot, and the plot was harvested 
and the forage weighed for biomass deter- 
mination. A sample of the wet biomass was 
taken, oven-dried, and the dry biomass cal- 
culated. 

The agronomic data taken from the plots 
included crop growth stage (described by 
Hanway (1963) and Hanway and Thompson 
(1971)), average plant height in centimetres, 
estimated percentage crop cover, estimated 
percentage of canopy with chlorotic leaves 
(leaf chlorosis), and estimated percentage 
leaf loss from the canopy. The weekly ag- 
ronomic data were taken by the same ob- 
server throughout the growing season. 

Spectral data from the plots were taken, 
using a two-channel, hand-held digital 
radiometer slightly modified from that de- 
scribed by Pearson et al. (1976). Twenty-four 
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red (0.65-0.70 pm) and 24 photographic in- 
frared (0.775-0.825 pm)  radiance mea- 
surements were made for each corn plot; 16 
were made for each soybean plot. The 
radiometer was modified from that used by 
Pearson et al. by the removal of the digital 
interface and hand-held calculator. 

Data were collected from a 1.5-m ladder 
for the corn plots and from the ground for the 
soybean plots. The radiometer was held ap- 
proximately 3.5 m and approximately 1.5 m 
above the ground surface for the corn and 
soybean canopies, respectively. Data from 
each experimental plot were averaged and 
the mean values used thereafter in the 
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analyses. Although we attempted to obtain 
spectral measurements on the  plots at 
seven-day intervals, overcast conditions 
often precluded the seven-day sampling pro- 
cedure. Actual measurements were usually 
made at  six- to eight-day intervals; the 
lnimimum interval was four and the  
maximum 12 days, depending on the  
weather. Data were collected between the 
hours of 10:30 and 15:OO EDT in direct sun- 
light under cloudless or partly cloudy skies. 
Haze conditions varied from very clear with 
low humidity to hazy with high humidity. 
The individual red and photographic in- 
frared readings were transformed into the 

FIG. 1. The averaged VI ([ir-red]/[ir+red]) radiance values plotted against (a) soybean wet biomass, (b) 
corn wet biomass, (c) soybean dry biomass, and (d) corn dry biomass. A11 data are from small field plots 
measured biweekly. The numbers within each data point correspond to the sampling sequence. The solid 
line connects the data points with respect to time. 
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normalized difference vegetation index (VI) 
of (ir-red)/(ir+red) after Rouse et al. (1973) 

A summary of the seasonal data is pre- 
sented in Appendix A. The most significant 
aspects are discussed below. 

The most apparent result of this experi- 
ment was the trend in the relationship be- 
tween the VI radiance values and wet and 
dry biomass (Figure 1). Initial values for the 
1 7 1  and biomass were low for both corn and 
soybeans. Within about four weeks (sam- 
pling period 3) for soybeans and six weeks 
(sampling period 4) for corn, the VI values 
reached a maximum while the biomass con- 
tinued to increase. 

Around biomass sampling period 3, the 
soybean canopy had reached maximum crop 
cover. This is apparent by the asymptotic na- 
ture of the VI versus biomass curves (Fig- 
ures l a  and lc). Developmentally, Figure l c  
shows that the  soybean canopy reached 
maximum crop cover when the dry biomass 
was approximately 2,500 kglha. After this 
point, the crop cover remained constant and 
continued to produce the photosynthates 
that increased the aboveground dry biomass 
with time. This same relationship held until 
the soybeans reached senescence at sam- 
pling period 7, and VI values began to de- 
crease (periods 7-9) along with an associated 
decrease in wet and dry biomass. The reduc- 
tion in wet biomass resulted from plant mat- 
uration and associated loss of moisture due 

to senescence. The reduction in dry biomass 
resulted from losses of dry leaves and pet- 
ioles from the senescent plants. 

The temporal VI-biomass relationships 
were less evident for corn than for soybeans 
(Figures l b  and Id), possibly because of the 
difficulty in accurately measuring corn from 
a small ladder. In corn, VI radiance values 
reached a maximum at sampling period 4; 
dry biomass reached a maximum at sampling 
periods 6-7. After the onset of senescence at 
about sampling period 7, the VI and dry 
biomass values both decreased. The dry 
biomass decreased primarily because of leaf 
loss and \'I because of crop chlorosis (yel- 
lowing) and associated leaf loss (Fig. Id). 
The reduction in chlorophyll density re- 
sulted in a decrease in the VI. 

Wet biomass reached a maximum at sam- 
pling periods 5-6 and thereafter decreased 
rapidly, apparently from crop maturation and 
from the drying that was associated with 
senescence (Figure  l b ) .  T h e  tracking 
phenomenon of the  VI versus biomass 
curves with time shows the close relation- 
ship of red and ir spectral measurements to 
plant growth and development. 

The VI plotted against percentage crop 
cover also exhibited a tracking phenomenon 
with time (Figure 2). This was more appar- 
ent for soybeans than for corn, but the pat- 
terns were generally similar. 

The soybean plots became spectrally ap- 
parent (Figure 2a) when the crop cover 
reached about 30 to 35 percent. The same 
spectrally apparent point was difficult to de- 

FIG. 2. The averaged VI ([ir-red]/[ir+red]) radiance values plotted against (a) soybean estimated per- 
centage crop cover and (b) corn estimated percentage crop cover. All data are from small field plots 
measured weekly. The solid line represents the progression of time. 
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FIG. 3. The averaged VI ([ir-red]/[ir+red]) radiance values plotted against (a) soybean plant height and 
(b) corn plant height. All data are from small field plots lneasured at weekly intervals. The solid line 
represents the progression of time. 

termine for corn, but was at approxinlately 
20 to 25 percent (Figure 2b). From these 
points onward, the  values increased until the 
respective crop canopies reached maximum 
crop cover. Maximum percentage crop cover 
corresponded to the lnaxilnum \'I radiance 
values. When senescence began, the values 
for VI and crop cover decreased. 

The relationship between the VI and plant 
height was somewhat similar for corn and 
soybeans (Figure 3). The curves increased to 
the respective maximum VI values, remain- 

ing at these values for a period of time until 
senescence began to occur, and then de- 
creased as progressively Inore of the canopy 
entered the senescent state. 

The soybean plant height stabilized at 60 
to 80 cm as the plants matured (Figure 3a). 
The  losses of leaves and petioles during 
senescence resulted in progressively lower 
VI values. 

For corn, plant height gradually decreased 
due to European corn borer damage and 
weather-related breakage of the upper stalk 
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FIG. 4. The averaged VI ([ir-red]l[ir+red]) radiance values plotted against estimated percentage of 
canopy chlorosis  e el lo wing) for (a) soybeans and (b) corn. All data are from small field plots measured at 
weekly intervals. 
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FIG. 5. The averaged VI  ([ir-red]/[ir+red]) 
radiance values plotted against the estimated per- 
centage of canopy leaf loss for soybeans. All data 
are from small field plots. 

after the corn canopy entered the senescent 
period. The decreases in corn plant height 
with time, as with soybeans, were associated 
with decreasing VI values (Figure 3b). 

Estimated percentage chlorosis and VI 
radiance values were negatively related 
(Figure 4). Chlorosis results fmin either un- 
favorable environlnental conditions and/or 
from senescence. Most of the chlorosis in 
crops results from senescence. In either 

condition the physiological effect is the 
same-the chlorophyll concentration is re- 
duced. This effect is visible as a "yellowing" 
of leaves. 

In soybeans, estimated chlorosis was gen- 
erally associated with estimated leaf loss. 
Leaf loss was preceded by a chlorotic condi- 
tion. Leaf loss showed a negative linear rela- 
tionship with VI (Figure 5). This was ex- 
pected because loss of leaves results in loss 
of chlorophyll and canopy cover. Leaf loss 
did not occur when VI values were >0.65. 

Linear correlation coefficients for the red, 
ir, and VI versus the agronomic variables 
were coinputed and are presented in Table 
1. These correlations generally reflect simi- 
lar relationships as shown for the VI versus 
the agrono~nic variables in Figures 1 to 5. 
Table 2 presents correlation coefficients 
among the agronomic variables. It is obvious 
that most of these variables are closely inter- 
related and are little more than different 
expressions of the  same physiological 
pl~enomenon-crop growth and develop- 
ment. 

Thus, our data have indicated that red and 
photographic infrared radiances are closely 
related to the basic physiological properties 
of corn and soybeans. By means of nonde- 
structive red and ir spectral measurements, 
remotely sensed inferences can be recorded 
and their filndainental relationships to 
biomass production can be shown. 

A. Corn 
Agronomic Variable 

Percentage 
Crop Plant Percentage Wet Dry 

Radiance Cover Height Chlorosis Biomass Biomass 
Variable (n = 76) (n = 76) (n = 26) (n = 32) (n = 32) 

RED 
IR 
VI 

B. Soybeans 
Agronomic Variable 

Percentage Plant Percentage Percentage Wet Dry 
Radiance Crop Cover Height Chlorosis Leaf Loss Biomass Biomass 
Variable (n = 84) (n = 84) (n = 21) (n = 12) (n = 36) (n = 36) 

RED -0.81** -0.71** 0.87** 0.64* -0.61** -0.55** 
IR 0.57** 0.32** -0.88** -OM** 0.37* -0.15 ns 
VI 0.95** 0.73** -0.89** -0.95** 0.70** 0.30 ns 

* significant at the 0.05 level. 
** significant at the 0.01 level. 
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TABLE 2. CORRELATION COEFFICIENTS BETWEEN THE SAMPLED AGRONOMIC VARIABLES. 

A. Corn 
Agronomic Variable 

Total Percentage 
Dry Crop Plant Percentage 

Biomass Cover Height Chlorosis 

Total Wet 
Biomass 

Total Dry 
Biomass 

Percentage 
Crop Cover 

Plant Height 

B. Soybeans 
Agronomic Variable 

Total Percentage 
Dry Crop Plant Percentage Percentage 

Biomass Cover Height Chlorosis Leaf Loss 

Total Wet 
Biomass 

Total Dry 
Biomass 

Percentage 
Crop Cover 

Plant Height 

Percentage 
Chlorosis 

* significant at the 0.05 level. 
** significant at the 0.01 level. 

tive remotely sensed inferences that were 
highly correlated to crop growth and de- 
velopment. This technique might be used in 
agronomic research per se (nondestructive 
measurement potential) and also for com- 
parison between crop spectral data collected 
on the ground and data collected by satellite 
and aircraft. 

(1) Red and photographic ir radiance 
measurements were correlated to corn and 
soybean total wet biomass, percentage crop 
cover, plant height, percentage chlorosis, 
and percentage leaf loss. 

(2) Significant interrelationships were 
found between biomass, percentage crop 
cover, plant height, percentage chlorosis, 
and percentage leaf loss which resulted from 
their relationship(s) to the phenology of each 
crop. 

(3) Monitoring the green leaf area or 
biomass temporally by red and photographic 
infrared radiance data allowed nondestruc- 
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Corn 
Est. 

Crop Plant Crop Est. Total Wet Total Dry Red IR 
Plot' Juiian Growth Height Cover Chlorosis Biomass Biomass Radiance Radiance 
Type Date Rep Stage2 (cm) (%) (%) (kg/ha) (kg/ha) (pw . lo-*) (pw.  cm-% 
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APPENDIX A--Continued 

Corn 
Est. 

Crop Plant Crop Est. Total Wet Total Dry Red IR 
Plot' Julian Growth Height Cover Chlorosis Biomass Biomass Radiance Radiance 
Type Date Rep Stage' (cm) (5%) (%) (kg/ha) (kg/ha) (pw . cm-lt 10-9 (FW. cm-% lo-') 

- 

' B = plot harvested for biomass determination; S = standard plot. 
Numerical growth stage classification system for corn proposed by Hanway, 1963. 
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APPENDIX Axontinued 

Soybeans 
Est. Est. Est. Total 
Crop Chlo- Leaf Wet 
Cover rosis Loss Biomass 

(%) (%) (%) &@ha) 

Total 
Dry 

Biomass 
&@ha) 

Red 
Radiance 

(pw . cmP* 
10-2) 

IR 
Radiance 

(pw . cm-% 
Crop 

Julian Growth2 
Date Rep Stage 

Plant 
Height 

(cm) 
Plot' 
Type 
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APPENDIX A-Continued 
- - 

Soybeans 
Est. Est. Est. Total Total Red IR 

Crop Plant Crop Chlo- Leaf Wet Dry Radiance Radiance 
Plot' Julian Growth2 Height Cover rosis Loss Biomass Biomass (pw . cm-'* (pw . cm-S 
Type Date Rep Stage (cm) (%) (%) (%) (kglha) (kglha) 10-7 10-l) 

S 272 1 R8 100 95 20 . 0.137 0.890 
S 272 2 R8 85 90 60 , 0.166 0.840 
S 272 3 R8 75 90 55 , 0.131 0.820 
S 272 4 R8 90 95 5 . 0.106 0.974 
B 284 1 R9 70 95 40 5 34078.8 9707.3 0.174 0.859 
B 284 2 R9 80 80 80 40 18502.9 8335.9 0.319 0.640 
B 284 3 R9 80 75 80 40 19339.2 7628.8 0.266 0.646 
B 284 4 R9 80 55 60 50 24566.0 8900.0 0.275 0.674 
S 284 1 R9 80 55 95 60 0.299 0.531 
S 284 2 R9 75 50 90 80 0 365 0.561 
S 284 3 R9 65 40 95 80 0.309 0.565 
S 284 4 R9 60 80 50 20 0.167 0.734 
B 318 1 R11 85 30 100 99 7944.8 6785.6 0.287 0.265 
B 318 2 R11 70 30 100 99 6690.3 5774.8 0.285 0.230 
B 318 3 R11 60 25 100 99 6063.1 5202.8 0.296 0.247 
B 318 4 R11 60 40 100 95 10244.6 8445.9 0.267 0.330 

B = plot harvested for biomass determination; S = standard plot. 
Growth stage classification for soybeans proposed by Hanway and Thompson, 1971. 
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