
Thematic Mapper Vegetation lndices for
Determining Soybean and Gorn Growth

Abstract
The use of thematic mapper data to study crop growth pa-
rameters has primarily been conducted with hand-held and
truck-mounted radiometers. In addition, most studies have
not used mid-infrared bands to develop vegetation indices.
This study used Landsat thematic mapper data and crcp pa-
rametet data ftom corn and soybean fields in northern Ohio
(1) to develop plant-water sensittve vegetation indices thot
included the mid-infrared, near-inftared, and red bands; and
(2) to compare the ability of different vegetation indices to
estimate crop yield, Ieaf arca index, wet biomass, dry bio'
mass, and plant height. Indices which included the mid-in-

frared thematic mapper bands 5 and 7 performed equal to or'befter 
than the widely used near-infrared band 4 qnd red

band 3. The best relationships between vegetation indices
and crop parameters had Spearman non-parametric conela-
tion coefficients of 0.80 to 0.89 for all parameterc except
crop yield which was not highly conelated with the vegeta'
tion indices.

lntroduction
Information on crop characteristics is often needed in order
to develop site specific agricultural best management prac-
tices and for planning purposes. However, the cost of tradi-
tional field measurement techniques becomes prohibitive
when applied to large areas and they are not practical at late
crop growth stages. The use of data from satellite-born sen-
sors is a practical alternative to field measurements, pro-
vided that suitable spectral vegetation indices (vts) can be
developed. The use of vegetation indices to study crop char-
acteristics such as leaf area index, wet biomass, dry biomass,
and plant height have primarily relied on near-infrared and
red based indices (Baret and Guyot, 1991; Wiegand et al.,
1991). In recent years, research has shown increasing evi-
dence of the usefulness of vegetation indices involving other
wavebands such as mid-infrared (trln) (Dusek et 01., 1sss)
and mid-infrared and thermal-infrared (Williamson, 1988)'
The thematic mapper mid-infrared bands are sensitive to
moisture in plants (Tucker, 1980) and provide valuabie addi-
tional information to red and near-infrared bands [Baret et
a/., 19sB). Kimes et o1. (1981) suggested the conjunctive use
of red and mid-infrared wavebands.
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Landsat 5 Thematic Mapper (ru) data were used to eval-
uate soybean and corn crop growth characteristics and to
co-p"t" the performance of ied and near-infrared vegetation
indiies with vegetation indices involving mid-infrared wave-
bands. Specificbbjectives were to develop plant-water sensi-
tive vegeiation indices that included the mid-infrared, near-
infrared and red bands; and to compare the ability of the dif-
ferent vegetation indices to estimate soybean and corn crop
yield, IeaT area index, wet biomass, dry biomass, and plant
height.

Methods and Procedures
The study was based on Landsat 5 Thematic MapPer and
ground-tiuth data for Seneca County, Ohio. The thematic
i'tapper data were acquired for 25 August 19BB and 12 Au-
eust-l98g overpasses corresponding to path 20 and row 31 of
ihe Landsat world referencJsystem (wns). Characteristics of
these data are described by Thenkabail (1992).

Crop growth data were obtained from commercially- - .
owned */b."tt and corn fields. The average size of the fields
was aboui 100 hectares, Management groupings of the farms
were either subsurface drainage or no-drainage, and conven-
tional or conservation tillage on lakebed or till plain soils'
Most of the crop growth inlormation was collected, from a
single location 

-on 
each field, every B Io 24 da-ys to corre-

spo-nd *ith overlapping passes of Landsat 5. In 1988, data
were obtained frofr-zs s6ybean fields and 26 corn fields. In
198s, 33 soybean fields and 14 corn fields were evaluated.
The field m-easurements were taken throughout the growing
season (1) in order to develop crop growth functions, (2) for
use with process based simulation models, and (S) because
of uncertiinties associated with the availability and quality
of the satellite sensor data.

Each monitoring location was located 5 m to 60 m from
the field boundary and was selected so that it was repres-ent-
ative of the dominant soil conditions in the field and had
easy safe access. All field measurements were taken within
15 m of the monitoring station (a single pixel coverage). On
each occasion during 1988, one or two plant samples were
obtained from each field. On three occasions in 1989, five
plant samples were obtained, while a single plant sample
was obtained from each field on all other occasions. Crop pa-
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Categoty Vegetation Index Acronl'rn

Tlau 1. Ceteconres Nlo Denr'rmolr or VEcErerroru lruolces. sets of each year. Pooled data sets for each crop were ana-
lyzed (r) with data outliers and (z) by removing data out-
llers.

Results and Discussions
General characteristics of soybean and corn crop data ex-
tracted from the two Thematic Mapper scenes and from field
measurements of crop characteristics are presented in Table
2. Except for yield, the means of each of the crop parameters
are significantly different (0.01 level) in the two years. This
is due to the different crop growth stages on the two August
overpass dates. In 1988, there was a severe drought with
only 27 percent of the normal rainfall until the end of June.
Soybeans on 25 August 1988 were in an advanced critical
growth phases and with canopy cover of about 100 percent.
The leaves were turning brown and the pods were filling. In
contrast, soybeans of 12 August 1989 had green leaves, had a
canopy cover of about 70 percent, and were flowering or just
forming pods. These conditions resulted in the soybeins for
the August 1989 image having greater reflectance than the
soybeans for the August 19BB image.

The 1988 drought had a greater impact on corn than on
soybeans, In many fields corn was in a senescing growth
phase with 100 percent canopy cover, However, in a few
fields the corn was still tasselling. In addition, many fields
had a mixture of small and large plants as well as bare areas.
Corn on 12 August 1989 had about an B0 percent canopy
cover and was growing vigorously in the early tasselling
phases of growth.

TneLe 2. lruren-Yern ao"ro^'r:l;,.oJr0Rop PeReuEreRs aruo Veogrerror.r

Definition

ilI

Simple
Normalized Difference
Transformed
Stress related 1
Stress related 2
Stress related 3
Mid-infrared t
Mid-infrared 2
Mid-infrared 3

SVI TM4/TM3
NDVI (TM4-TM3y(TM4+TM3)
TVI (NDV1;o.o
STVIl (TMs.TM3y(TM4)
STVI2 (TM4y(TM3-TM7)
STVI3 (TM4)/(TM3 +TMs)
MSVIl TM4/TMs
MSVI2 TM4/TM7
MSVI3 (TM4)/(TM5+TM7)

rameters consisted of leaf area index (m2/m2), wet biomass
(kg/mr), dry biomass (kg/rnr), plant height (mm), and after-
harvest yields (kg/ha), The plants were weighed to determine
their above-ground wet biomass. They were then oven dried
at 70 degrees centigrade until an equilibrium dry biomass
was attained. Leaf area was measured in the Iaboratory using
a LI-COR 3100 instrument. Leaf area index [ta1 m2lmz) and
above-ground wet and dry biomass (kg/m") were then calcu-
Iated based on plant and row spacings, and visual estimates
of barren areas, Further details are presented by Thenkabail
(1992) together with details on the soil, soil water content,
water table elevation, and climatic data that were also col-
Iected.

Crop parameter values were calculated for each of the
overpass dates by fitting polynomial curves to the temporal
data sets for each field, A comparison between using poly-
nomial equation estimates versus measured values on the
day of the overpass is presented by Thenkabail et al. (1992),
Crop parameters calculated from a polynomial equation were
Ieaf area index (ut), wet biomass, and dry biomass. Plant
height was a direct above-ground measure. Crop yield was
the after-harvest yield provided by the farmer.

Mean Thematic Mapper brightness values were extracted
for each farm at a spatial scale of 10 pixels using the Earth
Resources Digital Analysis System (ERDAS, 1990). To deter-
mine field locations and the ground-truth data collection
sites, the distance from each monitoring station to the near-
est road intersection was measured. This measurement was
used to locate the coordinates of the monitoring station rela-
tive to the closest observed road intersection on a false color
composite image, Aerial photographs of farm fields, soil
maps, Unites States Geological Survey topographic maps,
and knowledge of the farms aided in locating on the image
the field boundaries and the monitoring locations. Ten pixels
were selected in the immediate vicinity of the monitoring
site based on the proximity of the site to field boundaries.

Vegetation indices which were developed and evaluated
are preiented in Table 1. Non-parametric siatistics were
adopted due to the non-Gaussian characteristic of the data,
and to help handle small and unequal sample sizes. Lyon ef
ol. (1988) and Helsel (1987) enumerate the advantages of-
fered by non-parametric statistics over parametric statistics
in handling data of this nature. Spearman rank correlation
coefficient (r) values were obtained to evaluate the ability of
the thematit mapper vegetation indices (\rls) to account ior
the between-field variability in the soybean and corn param-
eters. The significance of correlations is reported at a 0.05
level unless reported otherwise. The Statistical Analysis Sys-
tem (SAS, 19Bi) was used to perform the statistical inalyiis.
Analyses were performed on (1) each crop for pooled data on
the 19BB and 1989 overpass dates and (zl the individual data
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Variable

25 August 1988 12 August 1989

Units Mean Std. Dev. Mean Std. Dev.

Soybeans (25 fields in 1988 and 33 in 1989),

NDVI
STVIl
STVI2
MSVIl
MSVI2
Yield
LAI
Wet Biomass
Dry Biomass
Height

no units)
pm)
r r m - l l

no units)
no units)
k/ha)
no units)
kdm')
kg/m')

Corn (26 field in 1988 and 14 in 1989)3

(no units)
(pmJ

(no units)
(no units)
(ke/ha)
(no units)
(ke/m.)
(ke/m,)
(mm)

0.51  0 .06
32.30 7.97
70.70 4.08
1 . 3 0  0 . 1 6
4.73  0 .90

2040 433
2.38  1 .25
1.13  0 .64
0.25  1 .13
518 L46

0.46 0.05
30.94  8 .59
t0.27 4.61
1 . 3 9  0 . 1 9
4.49  7 .72

8068 1545
2.9 t  0 .81
5.46  1 .85
1 . 3 s  0 . 5 2

2220 403

o.62
2 7 . 3 3
6.83
1 . 3 9
4.44

7874
3 . 7 5
2.20
0.56

0.05
3.09
7 . 4 7
0 . 1 1
0.60
783
1.65

0.22
150

NDVI
STVIl
STVI2
MSVIl
MSVI2
Yield
LAI
Wet Biomass
Dry Biomass
Height

0 .45
3 3 . 1 4

1 , 1 1
3 . 1 2

4927
2.24
3.68
1.00

1910

o.o7
72.52
6.40
0 . t 7
0 .73

1848
0.66
0.94
0.36
146

1 Vegetation indices are defined in Table 1,
2 NDVI, STV1, STvt2, and all crop variables except yield are signifi-

cantly different at 0,01 level between 2 years. Ms\41 is signifi-
cantly different at the 0.05 level,

s MsvI1, MSvI2, and all crop variables except yield are significantly
different at 0.01 level between the 2 years. Yield was significantly
different at the 0,05 level,
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Figure 1. NDVI response to wet biomass (kglm2) of soybean
and corn crops in different growth stages demonstrating
significant discrimination between crops [n:85, insignifi-
cant correlationl.
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ample, soybeans were spectraily distinguishable from corn
using wet biomass responses to thematic mapper data (Figure
1) but not by using L,AI responses (Figure 2). Non-parametric
Spearman rank correlations (r) between the three cateSories
of thematic mapper indices and pooled data sets for each
crop parameter are presented in Tables 3 and 5. Results for

TesLE 3. Noru Penm,tErntc Speenunru Rru.tx Connguloru Coerncterurs (r)
BETwEEN VecEreloru lNDrcES AND SoveEAll Cnop VentaeLes wmn Dete roR tHe

Two Aucusr DArEs PooLED (Srunle Stze 51).1'2

Vegetation
Category Index Yield

Wet Dry
LAI Biomass Biomass Height

m

SVI
NDVI
TVI

STVIl
STVI2
STVI3
MS'r,T1
MSVI2
MSVI3

o.42  0 .80  0 .84
o.42  0 .80  0 .84
0.42  0 .80  0 ,84

-  0 .37  -  0 .76  -  0 .81
0.44  0 .77  0 .81
0.51  0 .70  0 .76
0.53  0 .56  0 .63
0,54  0 .59  0 .61
0.54  0 .59  0 .64

0.83  0 ,81
0.83  0 .81
0.83  0 .81

-  0 .83  -  0 .85
0.81  0 .81
0.69  0 .77
0 . 5 1  0 . 5 5
0.51  0 .53
0.52  0 .55

t Vegetation indices are defined in Table 1.
'? Significant correlations (at the 0.05 level) are reported' If outliers

were not removed, r values were typically lower by about 0.06
with a maximum decrease of 0.12 for tAI. Simiiar r values found
between different vts with a particular crop variable is due to (1)
ranking of the values in non-parametric statistics and (2) similar
characteristics of the vts.

Tnele 4, Noru-Pauuernrc Spernt'.lnru Rarux ConReumott
Coerncrenrs (r) eErwrrN Veenertor lt'totcEs vensus SovsEAll Cnop VlnteeLEs

FoR THE lNDtvrourt Aucusr Densgrsl.

Vegetation
Category Index Yield LAI

Wet D.y
Biomass Biomass Height

(a) 25 August 19B8,

I SVI
NDVI
TVI

II STVI1
ST'fl2
STVI3

ru MSVI1
MSVI2
MSVI3

(b) 12 August 19893

0.57  0 .69  0 .70
0.57  0 .69  0 .70
0.57  0 .69  0 .70

-  0 .56  -0 .62  -  0 ,60
0.69  0 .77  0 .74
0.52  0 .61  0 .68
0,48  0 .51  0 .61
0.65  0 .72  0 .74
0.55  0 .60  0 .67

0.55  0 .66  0 .66
0.55  0 .66  0 .66
0.55  0 .66  0 .66

-  0 .52  -  0 .59  -  0 .59
0.51  0 .57  0 .59
0.55  0 ,56  0 .60
0.52  0 .44  0 .52
0,48  0 .50  0 .54
0.52  0 .50  0 .s6

0.52  0 .44
o.52  0 .44
o.52  0 .44

-  0 . 5 2  -  0 . 5 6
0.66  0 .68
0.55  0 .48
0.51  0 .42
0.65  0 .59
0.58  0 .46

0.61  0 .66
0.61  0 .66
0.61  0 .66

-  0 .53  -  0 ,63
0.s3  0 .61
0.50  0 .63
0.37  0 .53
0.49  0 .s8
0.42  0 .57

The results in Table 2 demonstrate the usefulness of
using several different vegetation indices, With the exception
of the mid-infrared simple vegetation index one (MSVI1),
mean values for each of the indices are only significantly dif-
ferent between years for one of the crops. For example, the
mean values of the normalized difference vegetation index
(wovI) are significantly different for soybeans but not corn.
This is attributed to NDVI reaching a plateau and then de-
oeasing following a critical growth phase (Bausch and
Neale, 1983; Tucker et al.,7g7ga). In 1989, the soybeans had
not yet reached a critical phase. Although on the two over-
pass dates corn was in different growth stages, it had reached
a critical phase in both years.

The results also illustrate the need to use several crop
parameters to characterize differences between crops. For ex-

PE&RS

1 Veeetation indices are defined in Table 1,
' Sairple size was 19. All correlations are significant at the 0.05

Ievel. If no outliers were removed from the 1988 dataset, r values
were typically Iower by about 0.06 with a maximum of 0.12 for

3 Sample size was 32. AII correlations are significant at the 0,05
level. If no outliers were removed from the 1989 dataset, r values
were nearly the same with differences of about 0.01. This was ex'
pected as only one point was removed.
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figure 2, NDVI response to leaf area index (m2lm2) of soy-
bean and corn crops in different growth stages [n:85,
correlation coefficient (r) : 0,70, significant at the 0.01
levell.
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Teele 5. SpecnvnN RnNx CoRneLArrolr CoerRcrErurs (r) eEweeri VecEntrolr
lxorces mto Conru CRop VARTABLES wnx Dere FoR THE TWo Aucusr DlrEs

PooLeo (SrMPt-E Srze 34)'1'2

Vegetation
Category Index Yield L{I

Dry
Biomass Height

graphic slides helped identify the severity of weed in a given
farm. An extensive presentation on the rationale and process
of removing data outliers can be found in Thenkabail (1992).

The best results for the soybean yield, ut, wet biomass,
dry biomass, and plant height were 0.54, 0.80, 0.84, 0,83,
and 0.85, respectively (Table 3). The category III indices
were the least significant of the three categories. However,
the results for the individual years (Table 4) do not indicate
that one category is better than another. They highlight the
ability of indices in explaining the dynamics of crop growth
stage and growth condition. The senescing and drought
stressed plants in 19BB had an increased sensitivity to the
mid-infrared wavebands and decreased sensitivity to the
near-infrared and red wavebands. In 1989, the photosyntheti-
cally active, vigorously growing soybeans had a higher sensi-
tivity to the widely used category I vegetation indices.
Clevers (19S8), based on studies by Hatfield ef o/. (1984) and
Holben (1980), states that the spectral vegetation indices (of
category I type) were sensitive to changes in LAt until com-
plete plant cover was achieved, but were only slightly sensi-
tive for variations in tAt after complete plant cover has been
reached.

Indices that provided the best soybean results and oc-
curred most frequently were ST'fl1 and STVI2 and the com-
monly used indices svl, NDVI, and tvt (Table 3 and Table 4).
The relationship between STVI1 and plant height is shown in
Figure 3. The best relationships using pooled data in cate-
gory I and category II explained 71 and 72 percent of the var-
iability in data, whereas the best relationship in category III
only explains 41 percent (r : 0.64) of the variability in the
data (Table z).

The commonly used near-infrared and red based cate-
gory I indices were found to be the least significant of the
three categories of vegetation indices studied when corre-
lated with the corn parameters (Table 4 and 5). These results
were surprising considering the overwhelming use of cate-
gory I indices in crop and vegetation studies.

The poor results of category I indices with corn parame-
ters of 19BB (Table 5) were attributed to a combination of (1)
1.00 percent canopy cover, (2) senescing features, and (3) se-
vere drought affects. Except for wet biomass, none of the
corn variables show significant relationships with category I
indices. This was rather unexpected as commonly used vege-
tation indices such as NDVI and SvI are expected to peak at
the beginning of the tassell ing phase of coin crop giowth,
and to plateau during the progression of the critical growth
phases before starting to decrease (Bausch and Neale, 1983;
Tucker et aI.,7979).

The single best relationships for each of the corn crop
variables were found with a category III and/or category II in-
dex for both the pooled data (Table 4) and the individual
year data (Table 5). The best relationship was between wet
biomass and vsvtl (Figure a). This relationship demon-
strates the capability to handle physiologically dissimilar
growth phases and complex datasets consisting of drought
affected and senescing corn, an important contrast compared
to the ability of the commonly used near-infrared and red
based indices.

Crop yield was insignificantly correlated with indices
from all three categories for the 19Bg data (Table 5). This
contrasted with generally significant correlations of the other
four crop variables with Thematic Mapper indices from all
three categories, Thenkabail ef o1. (1992b) reported that there
was Iittle correlation between the crop parameters and yield.
The best non-linear regression model included three crop pa-

Wet
Biomass

SVI
NDVI
TVI

STVIl
STVI2
STVI3
MSVIl
MSVI2
MSVI3

NS
0.40
0.40

-  0 .65
0.73
o.77
0.77
0.76
0.77

0.40
0.40
0.40

-  0 .51
0.63
o.76
o.77
U . /  J

0.76

NS 0.34 0.40
NS NS 0.34
NS NS 0.34

-0 .38  -O.52 -0 .63
0.54  0 .67  0 .76
0.68  0 .78  0 .87
0.70  0 .79  0 .88
0.69  0 .80  0 .87
0.70  0 .80  0 .88

Vegetation indices are defined in Table 1.
Only significant correlations (at the 0.05 level) are reported. Non-
significant correlations are represented by the symbol'NS'. If no
outliers were removed, r values were about the same for yield and
height, lower by about 0.08 for wet biomass and dry biomass, and
lower by about 0.14 for lat.

the individual years are presented in Tables 4 and 6. For cat-
egory I, results are reported for the three most commonly
used spectral vegetation indices. In categories II and III, the
three best indices are reported. Results for additional indices
which were evaluated are presented by Thenkabail (1992).
There were seven soybean fields and six corn fields that
were removed from the pooled data sets of the respective
crops. Fields that were removed had severe weed problems
or contained large positive or negative residuals. Photo-

Teele 6, SperRvrll Renr Coerrrcrerurs (r) eEMeeN VEGETATToN lNorcES
veRsus CoRrl Cnop VnnrnsLEs ron rrre lxorvroueL Aucusr DnrEs.l

Vegetation
Category Index Yield

Wet
LAI Biomass

D.y
Biomass Height

(a) 25 August 1988'?

SVI
NDVI
TVI

STVIl
STVI2
STVI3
MSVIl
MSVI2
MSVI3

(bJ 12 August 19893

SVI
NDVI
TVI

STVIl
STVI2
STVI3
MSVIl
MSVI2
MSVI3

NS NS 0.47
NS NS O.47
NS NS 0.47

-0 .44  -0 .48  -0 .69
0.46  0 .49  0 .65
0.48  0 .44  0 .77
0.48  0 .44  0 .73
0.45  0 .51  0 .68
0.47  0 .48  0 .72

NS 0.64
NS 0.64
NS 0.64

-  0 .62  -  0 .84
0.63  0 .84
0.60  0 .81
0.60  0 .81
0.58  0 .83
0.58  0 .83

0.45
0.45
0.45

-  0 .69
0 . 6 8
o . 7 0
o . 7 7
0.68
o.70

NS
NS
NS

-  0 .66
U . O J

o.62
0.62
0.63
0.63

NS
NS
NS

-  0 .s5
0.52
NS
NS
0,48
NS

NS
NS
NS
NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS
NS
NS

Vegetation indices are defined in Table 1. OnIy Significant Corre-
lations (at the 0.05 Level) Are Reported. Non-significant correla-
tions are represented by the symbol 'Ns'.

Sample size was 21. If no outliers were removed from the 1988 da-
taset, r values were lower by about 0.08 for yield and lower by as
high as about 0.25 for other variables.
Sample size was 13. If no outliers were removed from the 1989 da-
taset, r values were lower by about 0.05.
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Figure 3. Soybean plant height (mm) versus swrl for the
pooled sieved dataset [n:51, correlation coefficient (r) :
-0.85 , signiflcant at the 0.01levell.

rameters and only accounted for 39 percent of the variation
in corn yields.

General Discussions
The category L results compare well with previously re-
ported studies on corn and soybeans. For example, Tucker
(1979) and Tucker et al. (1,979a) showed significant correla-
tion coefficients of 0.73 and 0.70 between vegetation indices
(based on data from a hand held spectrometer) and soybean
wet biomass and crop height.

Overall. indices which included the mid-infrared bands
performed equal to or better than near-infrared and red based
indices. These results generally concur with other recent re-
search findings. For example, Williamson (1988), in a study
on grassland canopies using airborne multispectral scanner
data, concludes that there was an increase in correlation be-
tween green tAI and vegetation indices which included mid-
infrared and thermal-infrared waveband over the red and
near-infrared vegetation indices. The study by Williamson
(1988) showed grassland green LAI provided correlation coef-
ficients (r) of 0,66, 0.75. and 0.80 with NDVr, the ratio of
near-infrared to mid-infrared, and the ratio of near-infrared
to thermal-infrared, respectively,

Dusek ef o1. (1985) used a Barnes MMR 12-1000 radi-
ometer (which has spectral bands similar to the Thematic
Mapper) to infer that the commonly used infrared/red ratio's
produced considerably lower 12 values than many other ratio
indices when related to wheat crop variables such as LAI,
wet biomass, and green ground cover. They demonstrated
that mid-infrared bands appeared more frequently in the ra-
tio indices than in the greenness indices. The ability of vege-
tation indices which incoroorate mid-infrared wavebands to
account for complex data ii consistent with studies reported
in the l iterature.-Will iamson (198S) and Dusek et o1. {iSosJ
both dealt with complex data bases. Dusek ef o.l. (1985) in-
corporate several genotypes and diverse irrigation practices
which include data from water stressed fields. Baret ef a1.
(1988) found that mid-infrared bands in a similar range to
Thematic Mapper band 5 and Thematic Mapper band 7 pro-
vided additional complementary information to red and

PE&RS

near-infrared bands on the geometrical structure of the can-
opy and on the optical properties of the underlying soil.

The results in Table 2 through Table 5 show that (1) of
the five crop variables studied, the vegetation indices were
best related to wet biomass; (2) ml, dry biomass, and plant
height provided similar results which were only slightly
poorer than for wet biomass; and (3) crop yield was not very
highly correlated to the vegetation indices.

It can be seen from Figure 1 that the relationship be-
tween srvll and plant height is non-linear. Thenkabail et 41.
(1993) showed that the best correlation between vegetation
indices and crop parameters was usually obtained with ex-
ponential models of Nlvt, multi-linear models which in-
cluded category 2 indices, or Msvll cubed. With the
exception of crop yield, coefficients of determination (r'z) for
the best models and corn and soybean crop parameters
ranged from 0.61 to 0.80.

The performance of the indices which are presented is a
function 

-of 
the growth stages studied and the use of a single

image for each year. The study and the development of the
spectral vegetation indices was limited by the availability of
cloud-free Thematic Mapper imagery. Based on a survey of
Thematic Mapper data that was obtained prior to 1988, it
was established that three or more images were usually
available between April and September of each year. How-
ever, in both 19BB and 198g, partial cloud cover, fog, and/or
sensor problems resulted in the August images being the
only high quality images available during periods when the
crop canopies were well established. It is anticipated, based
on studies with hand-held and truck-mounted sensors (Du-
sek et a/., 1985; Baret ef o/., 19BB; Will iamson, 19BB), that
the performance of the vegetation indices might well im-
prove if they were developed based on temporal radiometric
data. In addition, the ranking of the indices might well
change. Although no imagery was available for early growth
stages, the study does encompass different growth stages for
both of the crops.

Conclusions
This study demonstrated the usefulness of the mid-infrared
bands of Landsat 5 Thematic Mapper in studying soybean
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Figure 4. Corn wet biomass (kdmt) versus rM4/rM5 for the
pooled sieved dataset [n:34, correlation coefficient (r) :
0.88, significant at the 0.01 levell.



and corn crop growth and yield variables. Category II and
category III indices which used the mid-infrared Thematic
Mapper bands 5 and 7 performed equal to or better than in-
dices based on the widely used near-infrared Thematic Map-
per band 4 and the red Thematic Mapper band 3.
Particularly high improvements in correlations were found
with corn crop parameters. This was a surprising result con-
sidering the lack of use of indices involving mid-infrared
wavebands.

Category II and category III indices demonstrated high
Ievels of sensitivity in handling complex databases such as
the pooled data sets of two physiologically dissimilar growth
stages and conditions of drought. There were also some indi-
cations that, as crops attain advanced growth phases, there is
an increased sensitivity of the mid-infrared based indices
and an decreased sensitivity in the commonlv used near-in-
frared and red based indicei.
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