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ABSTRACT 

If agronomic variables (elated to 
vigor and yield of crops could be reliahly 
estimated from multispectral data, then 
crop growth and yield models coul~ be 
implemented for l.arqe areas. The objec­
tives of these experiments were to deter­
mine relationships of key aqronomic char­
acteristics and spectral properties of 
crops and to integrate spectral and meteo­
rological data for forecastinq crop 
yields. Reflectance data of corn, wheat, 
and soybeans were acquired with radiome­
ters that simulate Landsat MSS and TM sen­
sors. The spectral indices, greenness, 
and normaJized difference were highly cor­
rel ated wi th leaf area index (r~AI) and 
absorbed photosynthet tcal1.y active rad ia­
tion (APAR). Grain yields were more 
hiqhly related to APAR cumulated during 
the growing season than to maximum LAlor 
LAI duration. A model which simulated the 
daiJv effects of weather and APAR on 
growth accounted for 85% of the variation 
in corn Yields. The concept of estimating 
agronomic characteristics usi~q spectral 
data represents a viable approach for 
merging spectral and meteoroloqical data 
for crop forecasting models. 

I. INTRODUCTION 

Remote sensing from aerospace plat­
forms can provide information about crops 
and soils which could be useful for fore­
casting crop production. The feasibility 
of utilizing multispectral data from 
satellites to identify and measure crop 
area has been clearly demonstrated (MacDo­
nald and Hall, 1980). How0ver, relatively 
little research has been conducted to 
develop methods of incorporating multis­
pectral data into models that prov.; de 
information ahout crop condition and 
yield. If this spectrally-derived infor­
mation can be combined with mo~els that 
depict limftations imposed on c~op yields 

B.L. BLAD, J.M. NORMAN, B.R. GARDNER 

University of Nebraska 
Lincoln, Nebraska 

hv weather and climate, crop production 
over large reqions could be estimated more 
accuratf'ly thai1 with Ctlrrent systems. 

Solar radiation is the source of 
pner~y for photosynthesis, the initial 
process that green plants use to convert 
carhon dioxide and water into simple 
sugars. Other plant processes convert 
these initial products of photosynthesis 
into dry matter including carbohydrates, 
proteins, a~d oils. Solar radiation is 
available as an energy source for plants 
only when it interacts with leaves. T~ a 
healthy crop adequately supplied with 
water, the production of dry matter is 
proportional to the solar radiation inter­
cepted by the canopy. Thus, important 
components of qrowth and yield ar~ the 
amount and duration of n plant leaf area 
available for photosynthesis. When water 
becomes limiting, stomata close, plant 
temperatures rise, and yields are reduced. 

The interaction of solar radiation 
with a crop is a function of the quantity 
of vegetation, the geometric configuration 
of the canopy, and solar illumination 
angles (Norman, 1980). The quantity of 
vegetation may be described as le~f area 
index (LAI), oercent soil cover, or phyto­
mass. The geometry of the canopy refers 
to the distribution and orientation of the 
components of the canopy (i. e., leav'os and 
stems). Solar zenith angle and solar azi­
muth angJe relative to row direction are 
significant factors affecting radiation 
interception in crops. Accurate measure­
ments of the quantity and configuration of 
crops are tedious and time-consuming 
because of the spatial variability inhe­
rent in crops (Daughtry and Hollinger, 
1984) . Thus direct measurements of crops 
are possible only for small research 
plots. If the proportion of energy avai­
lable for crop growth could be estimated 
reliahly USing multispectral satellite 
data, the capability to estimate crop 
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production for large regions should be 
improved significantly. 

In practice, although solar radiation 
is essential for photosynthesis, it is 
only one of several factors interacting to 
influence crop yields. Other factors 
essential to crop growth and yield are 
water, temperature, nutrients, and carbon 
dioxide. Any serious and comprehensive 
effort to estimate crop yields also must 
assess the impact of these other factors. 

The development of satellites with 
earth-observing sensors (e.g., Landsat MSS 
and TM) has made availablp enormous quan­
tities of data containing inform~tion 
about the condition of the earth~s sur­
face. Conceptual models of how these 
remotely sensed data could be used to 
obtain estimates of intercepted radiation 
by plant canopies have been proposed 
(Daughtry et al., 1983; Wiegand et al., 
1979). Seasonal changes of spectral vari­
ables of corn and wheat canopies followed 
that of light ahs0rption (Daughtry et al., 
1983; Hatfi.eld et aI., 1984). Absorption 
of photosynthetically active radiation 
(PAR) can be estimated reliably using 
spectral reflectance data of plant cano­
pies (Asrar et aI., 1984a, b; Hatfield et 
al.,1984). 

Changes in LAI, phytomass, and stage 
of development are manifested in the 
reflectances of crop canopies. Soil color 
and moisture are important factors influ­
encing the reflectance in single wave­
length bands; ho~ever, the near infrared/ 
red reflectance ratio and the greenness 
transformation were less sensitive than 
single bands to changes in soil background 
(Koll enkark et al. , 1982). LAI can be 
estimated by the near infrared/red ratio 
(Bunnik,1978; Walburg et a1., 1982), hy 
the greenness transformation (Kollenkark 
et aI., 1982; Daughtry et a1., 1983), by 
the normalized difference (Asrar at al., 
1984 a i Gardner et aI., 1984), and by 
logarithms of two band ratios (Gardner et 
aI., 1984). 

The transmission of PAR in canopies 
may he used to estimate LAI indirectly. 
Fuchs et al. (1983) obtained good agreement 
between the measured and estimated LAI 
values for several cultivars of sprin~ and 
winter wheat grown under different cvndi­
tions and management ryractices. 

Spectral reflectance, PAR absorption, 
and LAI are interrelated. Our objectives 
are (1) to determi ne the relationships of 
canopy characteristics to the reflectance 
factor of crops, and (2) to integrnte 
spectral and meteorological data for esti­
mating crop yields. 

II. METHODS AND MATERIALS 

A. CORN 

Two experiments were conducted at 
Purdue University's Agronomy Farm located 
near West Lafayette, IN (40° 28~ N, 87° 
OO~ WI. In the first experiment, corn 
(Zea mays L.), hybrid ~Adler 30X~, was 
planted in north-south rows with a 76 cm 
spacing between rows on two dates (14 May 
and 24 June 1982) at two densities (50,000 
and 100,000 plants/hal. The soil was a 
Typic Argiaquoll, a dark (10 YR 4/1) silt 
loam (Chalmers). In the second experi­
ment, the same corn hybrid was planted on 
three planting dates (14 May, 9 and 24 
June 1982) at four densities (25, 50, 75, 
ano 100 thousand plants/hal. 

Additional experiments were conducted 
at the University of Nebraska~s Sandhi lis 
l\9ricultural Laboratory located near 
Tryon, N~ (41° 37~ N, 100° 50~ W). Two 
corn hybrids, Pioneer 3901 and B73xMo17, 
were planted in 76 cm wide rows at 76,000 
plants/ha on 17 May 1982. The soil was a 
fine sand Typic Ustipsament (Valentine). 
A granient irrigation system provided 100, 
66, 33, and 0% of the maximum water 
requirements of the crop. 

Maximum and mlnlumum air tempera­
tures, incoming solar radiation, precipi­
tation, evaporation, and wind run were 
recorded daily. Agronomic variables which 
were measure~ weekly included leaf area 
index, stage of development, fresh and dry 
phytomass, plant height, and percent soil 
cover. Crop phytomass was measured by 
harvesting five plants from each plot. 
Each sample was weighed immediately (fresh 
phytomass), separated into green leaves, 
stalk (including leaf sheath), and ears, 
and drlen at 82°C. Leaf area (one side of 
leaf) was measured with aLI-COR LI-3l00 
area meter from a subsample of two plants 
per plot. Total leaf area for the five 
plants was computed using the dry weight 
of leaves and the leaf area to weight 
ratio. Leaf area index was computed as 
the ratio of leaf area per soil area. 
After physiological maturity, grain was 
harvested, adjusted for lS.5% moisture, 
and reported as Mg/ha. 

Photosynthet Ic photon flux densi ty 
(PPFD) was measured un~er clear skies with 
a line quantum sensor (LI-COR 19l5B). The 
sensor is cosine corrected and responds to 
radiation in the 400 to 700 nm wavelength 
region. Incident PAR (PAR), transmitted 
PAR (TPAR), and PARo reflected from the 
canopy RPARcs ) and PAR reflected from the 
soil (RPAR s ) were measured under clear sky 
con~itions with~n 0.5 h of solar noon on 
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selecten dates throughout the growing 
aea/:!Of). 'rhe proport: ions of ahsnrhF.d PAR 
were calculat.ed uslnq Eq. 1: 

APAR' = [(PARo + RPARs) -
(TP~R + RPARcs)}/PARo (1) 

Radiance measurements, used to deter­
mine reflectance factors (RF), were 
acquired with Landsat Mu]tispectral Scan­
ner (Exotech 100) and Landsat Themati.c 
Mapper (Barnes 12-1000) radiometers 
throughout the growing season at approxi­
mately weekly intervals. Biehl and Robin­
son (1983) described the conditions and 
procedures for obtaining the reflectance 
factor (RF) data. The radiometers were 
attached to a boom mounted on a pick-up 
truck and elevated 7.6 m above the soil 
surface. Data were taken only when there 
were no clouds over or in the vicinity of 
the sun and when the solar elevation was 
at least 45° above the horizon. 

Reflectance factor data were trans­
formed to emphasize green vegetation and 
to minimize variation due soil color and 
soil moisture. One transformation is nor­
malized difference (NO): 

NO = (RF i - RFr)/(RF i + RFr) 

where, RFi and RFr are the reflectance 
factors in the near infrared (800-1100 nm) 
and red (600-700 nm) regions of electro­
magnetic spectrum for Landsat MSS radiome­
ters, respectively. For Landsat TM 
radiometers RFi and RFr are reflectance 
factors in 760-900 nm and 630-690 nm 
bands, respectively. Another important 
transformation for vegetation is called 
greenness index. Coefficients for calcu­
lating greenness index (GI) from reflec­
tance factor data in Landsat MSS bands 
(Rice et al., 1980) are given in Table 1. 
For reflectance factor data in Landsat TM 
bands, a new greenness index (GI TM ) was 
developed (Table 1) using the procedures 
of Miller et al. (1984). 

B. WHEAT 

Spring wheat (Triticum aestivum 
Desf., cv. Produra) was planted in north­
south rows in an Avondale loam (fine, 
loamy, mixed (calcareous», hyperthermic 
Anthropic Torrifluvent) at the U.S. Water 
Conservation Laboratory, Phoenix, AZ, dur­
ing the 1978-79 and 1979-80 growing sea­
sons. The treatments were five planting 
dates and four irrigation rates within a 
planting date. Development of plants in 
the last planting date were retarded 
because of sowing into a ary soil with 
increasing daylengths. This resulted in a 
poor stand and low phytomass values. Six 
plants were randomly selected from each 

TAhlp 1. Copr[lci@nts [or gre~nn~B~ index 
for reflectance factor data of Landsat MSS 
and ~M radiometers. 

Landsat MSS Landsat TM 

Wave- Coeffi­
Band length cient* 

nm 

MSS4 500- -0;4984 
600 

MSS5 600- -0.6125 
700 

MSS6 700- 0.1729 
800 

MSS7 800- 0.5854 
llOO 

Wave- Coeffi­
Band length cient 

TMI 

TM2 

TM3 

TM4 

~M5 

nm 

450- -0.0283 
520 

520- -0.0330 
600 

630- -0,.p807 
690 

760-
900 

1150-
1300 

0.9411 

1550- -0.2000 
1750 

TM7 2080- -0.2568 
2350 

TM6 10400-
12500 

* From Rice et al., 1980 

treatment and their brown and green leaf 
areas were determined. The measured green 
leaf area index for each treatment was 
used to compute the absorbed photosynthet­
ically active radiation (PAR) for each 
~ate using a relationship for wheat 
described by Hipps et al.(1983). 

Canopy reflectance was measured over 
each plot using a Landsat hand radiometer 
(Exotech 100A) under clear sky conditions 
with the sun at a zenith angle of 57°. 
The radiometer was held at arm's length at 
1.5 m above the soil surface. Canopy 
reflectance factors were 0etermined from a 
ratio of the canopy and barium sulfate 
panel reflectances (Biehl and Robinson, 
1983). 

In a second experiment (Triticum aes­
tivum L., cv. TAM 105) planted in north­
south rows during the 1981-82 growing sea­
son at Kansas State University's 
Evapotranspiration Laboratory Research 
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Site near Manhattan, KS. An Exotech 100A 
radiometer mounted on a truck hoom was 
used for measurements of plant canopy 
reflectance. Green LAI was determined by 
harvesting three 0.3 m sections of rows of 
each plot. 

III. RESULTS AND DISCUSSION 

A. RELATION OF CANOPY REFLECTANCE 
TO AGRONOMY CHARACTERISTICS 

Trajectories of ND, greenness, PAR, 
and LAI throughout the growtng season are 
shown in Figure 1 for wheat. Trajectories 
of these variables were similar for corn. 
Greenness and LAI appear closely related. 
Although LAI increased above 4, greenness 
change<'l very little untIl LAI declined at 
the end of the season. ND and absorbed 
PAR also appear very closely related 
throughout the season (Fig. 1). 

The r.elationships of other canopv 
characteristics and spectral variables are 
nonlinear. over the ranges of values 
observed in these experiments (Kollenkark 
et al., 1982; Tucker, 1979; Walburg et 
al., 1982). Quadratic regression equa­
tions adequatelv described the canopy 
characteristics as functions of spectral 
transformations. Changes in LAI, soil 
cover, and absorbed PAR were more highly 
related to the spectral variables than 
either fresh or dry photomass (Table 2). 
Greenness And ND transformation had stron­
ger relationships to these variables than 
Red, NIR, or NIR/Red (Table 2). 

Why are the R2 for LAI, percent soil 
cover, and ahsorbed PAR as functions of ND 

10 

0 8 
0 

'" ;:; 
~ 
"" 0 4 

"" Cl --' 
Z 

0 40 

ND "" ~" 

" 

80 120 160 

MYS ArTER PLANTING 

\ 
\ 

" , 

200 

Figure 1. Trajectories of absorhed PAR 
(APAR), leaf area index (LAI), normaljze~ 
difference IND), and greenness index (GI) 
for well-watered Produra wheat throughout 
its growing sea8on. 

6-1 

Y--.11+ .05X + .0024X2 ./ ..... . . 
n - 68 . . : .. " R2 - 0.87 OJ 

." 

~ 

'" • .. , f: :. .r <C ., .... . 
~ 

, 
'" OJ 
--' 

50,000 and . . , 
100.000 pI ants/ha 

" . .. 
10 20 30 '0 50 

Greenness Index 

Figure 2. Leaf area index of corn in 1982 
as a function of greenness index. 

and greenness much higher than those for 
fresh and dry phytomass (Table 2)7 
Reflectance is a function of the areas of 
the r.eflecting elements of the canopy pro­
jected in the direction of the sensor. 
Leaves constitute a majority of the areas 
of reflectors in most growing crop cano­
pies when viewed vertically from above. 
Stems and other nonleaf components (e.g., 
heads, tassels, ears) are a small portion 
of the reflecting area. LAI, percent soil 
cover, and absorbed PAR are functions of 
the area of green leaves in the canopy. 
In some crops (i.e., corn and wheat) leaf 
area, leaf phytomass, and greenness all 
reach maximum values as the plants begin 
their reproductive development. During 
this reproductive phase, plants accumulate 
phytomass primarily in grain which may 
contribute only a small portion of the 

---------.-------- ---- - -- -----
Table 2. Coefficients of determination 
(R2) for agronomic variahles of corn as 
quadratic functions of NIR/Red ratio, nor­
malized difference (ND), and gr.eeness 
index (GI TM , for Landsat TM bands. 

-----------------------------------

Agronomic 
Variable 

NIR/ 
Red ND GI 

Range 
of Data 

-------- - ------- - - - - .----- ------------

LAI 
Soil Cover 
Fresh Phyto* 
Dry Phyto 
Absorbed PAR 

______ R2 _____ _ 

0.72 0.71 0.87 0-7.2 
0.84 0.81 0.81 0-99% 2 
0.51 0.49 0.63 0-11.0 Kg/m 
0.26 0.20 0.31 0- 3.0 Kg/m2 
0.89 0.89 0.94 0-99% 

_._--- - .~-- - - -- --- - -- - -----"-- - -- ------- ---
* Phyto = total ahove-ground phytomass. 
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total plant area viewed bv the sensor. 
Therefore, after maximum leaf area has 
developed, continued accumulations of phy­
tomass probably are not spectrally detec­
tahle. 

The response of greenness to LAI 
appears asymptotic for LAI greater than 
app'roximately 5 (Fig. 2). The response ND 
to LAI is definitely asymptotic for wheat 
(Fig. 3) and corn (not shown). Very 1.it­
tIe change in ND is evi0ent after LAI 
exceeds 3.0. This is consistent with 
infinite reflectance of single leaves 
where visihle reflectance was minimized 
with two layers of leaves and near 
infrared reflectance was maximized with 6 
to 8 layers (Gausman et aI., 1968). 

Absorption of PAR by crop canopies is 
dependent on the stage of develop~ent or 
age of the plant (Fig. 1). Initiallvas 
LAI increased, absorption of PAR increased 
rapidly (Figs. 4 and 5). Absorption 
increases slowly as LAI continues to 
increase. The relationship between LAI 
and interception of radiation may be 
described in terms of Beer's Law (Norman, 
1980; Fuchs et aI., 1983; Asrar et a.l., 
1984b) . 

As green LAI decreased during senes­
cence, ahsorption of PAR decreased slowly 
(Figs. 4 and 5). Even at maturity, when 
no green leaves were present, more than 
60% of PAR was absorbed by nongreen 
leaves, stems, and other plant parts. 
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Figure 3. Relation between normalized dif­
ferences (ND) and leaf area index for the 
growth (i.e., planting to heading) and se­
nescent (i.e.,heading to maturity) periods 
of wheat. 
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Figure 4. Relation between absorbed PAR 
~nd leaf area index for growth (planting 
to silkinq) and senescent (silking to ma­
turity) periods of corn. 

The relationships of absorbed PAR to 
greenness (Fig 6) and ND (not Shown) are 
/")iphasic. Two equations were required to 
describe APAR as a function of increasing 
and decreasing greenness (or ND), respec­
tively. The hysteresis in Figure 6 is due 
to the spectral reflectance and PAR 
absorption of senesced vegetation. High 
R2 and low standard deviations indicate 
strong correlations of PAR absorption to 
these two spectral variables. 

B. RELATION OF SPECTRAL VARIABLES 
TO YIELD 

The seasonal duration of leaf area is 
a more important indicator of grain yields 
than maximum LAI produced (Daughtry et 
aI., 1983; Blad et aI., 1983) . Correla­
tions of grain yields with spectral or 
agronomic data acquired on a single date 
during the season may be spurious and must 
be used with caution. Leaf area duration 
(r. LAI) accounted for only 55% of the var­
iation in grain yields of corn in 1982. 
LAI of a crop represents only the amount 
of photosynthetic tissue present in the 
canopy but does not account for productiv­
ity. Canopi.es with low seasonal values of 
LAI absorbed the least PAR and produced 
the lowest yields. When the daily photon 
flux densi ty of PAR ahsorbed (L. APAR) by 
the crop was estimated using greenness 
(Fig. 6) and accumulated over the season, 
APAR was associated with 81% of the vari­
ation in corn yields (Fig. 7). It appears 
that the energy absorbed by a crop is more 
indicative of yields than LAI. High COr­
relations of yields and various cumulated 
spectral variables have beeri reported for 
wheat (Pinter et al., 1981), sugar beets 
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(Steven et al., 1983), and corn (Daughtry 
et al., 1983: Walburg et al., 1982: Gard­
ner and Blad, 1984). 

Crop response to PAR is confounded 
with the effects of temperature and mois­
ture on plant growth and yields. Thus the 
applicability of models based solely on 
spectral data may be limited. 

To account for the daily effects of 
weather on corn growth, Coelho and Dale 
(1980) proposed the Enerqy-Crop Growth 
(ECG) model, which combines the concept of 
intercepted solar radiation with a mois-
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Figure 5. Relation between absorbed PAR 
and leaf area index for growth (planting 
to heading) and senescent (heading to ma­
turity) periods of wheat. 
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Figure 7. Grain yields of corn in 1982 as 
a functi.on of absorbed photosynthetic pho­
ton flux density (APAR). APAR is the 
cumulated product of daily APAR, estimated 
by greenness index,and daily incident PAR. 

ture stress term and a temperature func­
tion. The modified form of the ECG model 
used was: 

mature 
ECG =. l: (PARi/PAI\nax) (APA~)(WFi) (FTi ) 

l=planted . 

where, PARi is the daily incident 
(moles/m2 ) and PARmax is the theoretical 
maximum amount of daily PAR (71.8 
moles/m21 for the location of this study. 
APAR is the proportion of incident PAR 
that is absorbed by the canopy: WF is the 
daily ratio of actual to potential evapo­
transpiration (ET/PET) (Stuff and Dale, 
1978): and FT is a daily temperature func­
tion (Coelho and Dale , 1980). 

The sum of the daily values of ECG is 
associated with 85% of the variation in 
corn yields (Fig. 8). Although the combi­
nations of planting dates in 1982 repre­
sented a wide range of temperatures, radi­
ation, and daylenqth regimes, significant 
water stress was not evident among the 
treatments. Tn west central Indiana where 
these experiments were conducted record 
corn Y1elds were reported in 1982 (USDA, 
198?). In other years (e.g., 1983) when 
moisture and/or temperature limited crop 
production, the EeG wodel should be supe­
rior to models using only spectral or only 
meteoroloqical data for oredicting crop 
yields. We are currently assembling and 
analyzing data to evaluate the effects of 
these stresses on crop yields. 

The concept of combining spectral 
estimates of canopy characte~istics with 
meteoroloqical models should permit imple­
mentation of crop models for large areas. 
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Figure 8. Grain yields of corn in 1982 as 
a function of the energy-crop qrowth (ECG) 
model. The ECG model combines the ~oncept 
of absorbed PAR with moisture stress and 
temperature functions to describe crop 
growth and yield. 

A crop production forecasting system using 
meteorological and spectral data could 
exploit the freguent temporal sampling 
typical of weather data with the high spa­
tial resolution typical of earth observ­
ing satellites (Daughtry et al., 1983; 
Wiegand et al., 1979). Multispectral data 
from satellites could form the basis for 
estimating crop producti.on over regions 
where ground observations are difficult or 
too costly to obtain directly. 
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