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Soybean yield is modelled from data gathered from crops in Rio Grande do Sul
State, Brazil. The model comprises an agrometeorological term, obtained by
adjusting the multiplicative model of Jensen, modified by Berlato, and a spectral
term, obtained from National Oceanic and Atmospheric Administration
(NOAA) satellite images of the maximum Normalized Difference Vegetation
Index (NDVI). The weather data used to calculate the relative evapotranspira-
tion (ET,/ET,) cover the period from 1975 to 2000, and the NDVI/NOAA images
were obtained from 1982 to 2000. Application of the agrometeorological-spectral
model produced better yield estimates (of about 5%) than Jensen’s model,
allowing the further generation of yield maps for the most significant soybean
production regions within the Rio Grande do Sul State.

1. Introduction: estimating crop yields

The accurate estimation of crop yield with adequate time prior to the harvesting
period, either on a regional or a national scale, provides valuable information.
Indeed, a knowledge of the future availability of agricultural commodities is crucial
in an organized economy, and strategic to a nation’s resources management.
Conventional methods include polls conducted close to farmers, producers,
cooperatives, suppliers of seeds and fertilizers, and other links of the production
chain. These methods, being partially based on subjective information, are not very
accurate and may even be subject to manipulation aimed at influencing market
expectations. More objective approaches can be developed based on the assumption
that harvest yields are strongly dependent on Nature itself, provided that standard
farming practices are adopted. Such modern methods using direct environmental
information are alternative, or complementary, to conventional methods of
predicting harvests. Here we apply such a development to soybean crops in Rio
Grande do Sul State, southern Brazil.

As the southernmost state in Brazil, Rio Grande do Sul (approximately 53°W,
30°S) harvests about 20% of the country’s soybean crop. The production area is
concentrated primarily in the northwest of the state, where 3 million hectares
(8.3 million acres) produced 7 million metric tons in more than 140 000 farms, with
sizes ranging from small to large according to 2000-2001 statistics. Local
environmental conditions for this culture are adequate in some years, but, in most
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cycles, frequency and intensity of rainfall at crucial times do not allow plants to
attain their full productive potential (Matzenauer et al. 2002).

The relationship between water input, plant growth and grain formation is well
known, and can be used to model crop yield. The so-called agrometeorological
models have been proposed to estimate crop yields, with soil water availability as the
sole independent variable. This type of modelling has its origins in the studies
performed by Shantz and Piemeisel (1927), where a high correlation between
transpiration and plant yield was revealed, explained by the strong association
between photosynthesis and transpiration. Later, De Witt (1958) proposed
estimating yield with the inclusion of the atmosphere’s evaporative demand, that
is using the relationship between transpiration and potential evaporation. Because
of the practical problem of determination of transpiration, Jensen (1968) proposed
the substitution of transpiration by the maximum evapotranspiration, linking the
relative crop yield with the relative evapotranspiration (E7T,/ET,,, where ET; is the
real evapotranspiration and ET,, is the maximum evapotranspiration), and giving
different weights for the different plant development phases. Since then, this model
has been used extensively. Berlato (1987) obtained a very good fit with soybean
data, making adjustments and validations on the agrometeorological model of
Jensen, by replacing the ET,, parameter by ET| (reference evapotranspiration) and
used data from experimental plots. This change was introduced to simplify the
model for regional applications as the crop coefficient (K;) is not used. In this
model, each phenological stage has its own weight, according to plant sensitivity to
water deficit. From these models it has been shown that the subperiod from
flowering to grain filling is the most dependent on water deficit, having more
influence on the definition of grain yield. Studies on sunflowers and maize in the Rio
Grande do Sul region have been performed by Barni ez al. (1996) and Matzenauer et
al. (1995), respectively.

Fontana et al. (2001), using official data released by the Instituto Brasileiro de
Geografia e Estatistica (IBGE), extended the Jensen/Berlato agrometeorological
model for soybeans to field conditions. The results were very promising, indicating
that the use of agrometeorological models in harvest forecast presents advantages in
terms of simplicity, objectivity and costs, compared with conventional methods.

In addition to agrometeorological models, it is possible to introduce specific
information on plant conditions using modern techniques of remote sensing. This is
based on the fact that vegetation growth and development are related to the
absorbed solar energy, and may be associated with the reflected energy and collected
by remote sensors under proper calibrations. Much of the investigation in this field
uses vegetation indexes expressed by the ratio between the reflectances in the visible
and infrared spectra, as responses in these spectral regions have different behaviours
as the plant grows (Baret and Guyot 1991). The phenological development results in
structural alterations in plants, leading to progressive changes in reflectances that
define a spectral profile, characteristic of each vegetal species. Furthermore,
alterations in a species spectral profile can be associated with its health condition
(Justice et al. 1991; Eidenshink and Hass 1992). In general, it was observed that
vegetation indexes correlated well with agronomical parameters such as yield
because they express biomass evolution.

Remote sensing products including satellite images that carry information in
several spectral bands are suited to monitor vegetation growth conditions along its
cycle and also to estimate yield (Reynolds et al 2000; Liu and Kogan 2002;
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Kalubarme ef al. 2003; Ferencz et al. 2004). This is best performed by satellites with
a short repeat cycle, such as the National Oceanic and Atmospheric Administration
(NOAA) spacecrafts, which acquire images at a rate of several times a day. Justice ez
al. (1985), Batista et al. (1993), Motta et al. (2003) and, more recently, Liang et al.
(2005) have shown that the use of Normalized Difference Vegetation Index (NDVI)
images is a suitable tool for monitoring the evolution of canopy. Fontana et al.
(1999) tested some methodologies of monitoring and forecasting harvests in Rio
Grande do Sul State and observed that the time evolution of the NDVI is associated
with the density of biomass over the land. The relationship between biomass and
yield is logical in the sense that high yields are only attained when high levels of
biomass have accrued; however, the inverse is not always true because high biomass
is not a guarantee of high yields, especially in certain critical periods, such as water
deficit in the reproductive phase. A connection linking biomass and yield may be
made and was suggested by Zhong-Hu and Rajaram (1993).

Including spectral information in modelling yields adds non-negligible gains. In
fact, the agrometeorological model expresses conditions of input of solar radiation,
temperature, air humidity and available water. Additionally, the spectral
component, besides these factors, expresses constraints and stresses, which are not
considered in the agrometeorological component, such as differences in farming
practices, varieties, and root depth (Rudorf and Batista 1990). The combination of
agrometeorological models with data from remote sensing leads to models currently
referred to as agrometeorological-spectral.

This model is additive, even if the spectral term is not independent of the factors
that determine the value assumed by the agrometeorological term. This means that
the effect of the meteorological conditions in crop growing, especially the water
availability, is also present in the spectral term. However, this last term contains
other factors that are not present in the agrometeorological term but will have an
influence on the final yield. In fact, the spectral information is strongly linked to
water availability in an earlier period (December and January) with respect to the
onset of conditions that are more important to the agrometeorological term; these
conditions prevail from January to March.

2. Methodology
The agrometeorological-spectral model for yield estimation is of the form:
Y=a+bA+cS (1)

where Y is the estimated mean yield, 4 and S are the agrometeorological and
spectral terms, respectively, and a, b and ¢ are the model parameters. The
agrometeorological term, A, is the product of a term containing the relative
evapotranspiration from the multiplicative model of Jensen (1968), modified by
Berlato (1987), and a correction factor, F, in the form:

A=FYx (2)

The two terms forming A (F and Y,) are obtained as follows. Y4 is given, for each
year, by:

n 7.
Yo=Y 1 (E); 3)

where Y, is the maximum yield observed in the series of observed crops, E is the
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relative evapotranspiration (the ratio between the real and the reference
evapotranspirations, ET,/ET,) in each period i in the crop cycle, and J; is the plant
relative sensibility to water stress in period i.

The i periods are the months of January, February and March, where the
correlations between the relative evapotranspiration and yield are more significant.
The A; exponents were determined by multiple regression fitting of the logarithm
transforms of the relative yield (Y/Y,,) and the relative evapotranspiration (E7,/
ETy), with the zero-point passing through the coordinates origin, Y being the mean
observed yield in each year of the series. From the soybean yield database of IBGE,
which spans a 26-year period (1975-2000), 21 years were chosen for the model
fitting, and 5 years (1982, 1985, 1990, 1991 and 1997) were taken randomly to
validate the model. This random choice is not critical to the estimated yield, as
discussed in section 5.

The adopted value for Y, was the maximum mean yield observed during the
period of study (2088 kgha ™' in 1998); it must be stressed that yields in that period
did not present a significant temporal tendency.

Meteorological data for the model fitting came from stations installed in the
soybean region (at Cruz Alta, Erechim, Irai, Julio de Castilhos, Passo Fundo, Santa
Rosa and Sao Luiz Gonzaga counties), operated by either the Instituto Nacional de
Meteorologia (INMET) or the Fundacdo Estadual de Pesquisa Agropecudria
(FEPAGRO). The distribution of these seven stations over the production region is
shown in figure 1. The region’s climate is the Cfa type from Koppen’s classification
(1948), and is characterized as wet subtropical, with a mean annual temperature of
18.7°C and oscillations of about +5°C over seasons. Rains are well distributed
throughout the year, with a mean annual precipitation of 1680 mm.

Data on the maximum, minimum and mean air temperature, relative humidity,
wind speed, rainfall, and sunlight in 10-day periods were used to calculate ET,
according to the Penman (1956) method. ET7, was determined from the water
meteorological balance of Thornthwaite and Mather (1955), taking 75 mm as the
available water capacity. Monthly ET,/ET, values derived for each meteorological
station were extended to the whole production region by spatial interpolation using
the Kriging method. A grid of relative evapotranspiration values was generated, and
these were transformed into images of ET,/ET, with 9 km x 9 km pixels.

The estimated annual soybean yield, Y4, from the modified Jensen model was
derived from equation (3) and provided information on a pixel level. These images
were generated only for the 1982-2000 period because satellite images used in the
model’s spectral component were not available prior to 1982.

The correction factor, F, in equation (2) is necessary because the Y used in the /;
derivation is the mean observed annual yield. The resulting Y, for each pixel will
potentially contain super- or underestimates because each pixel in the area covered
has its own yield. The information on the observed yield, Y, at the pixel level, comes
from official data at the county level, which were treated to produce a raster file with
the same 9 km spatial resolution of the Y, image. The correction factor for each
pixel was derived from the mean, calculated using all years of the fitting series of the
ratios in each year between the estimated yield, Y4, and observed yields, Y. This
factor expresses local conditions, at the pixel level, leading to mean pixel yields that
are different from the average yield for the whole region.

The spectral term, S, was derived using an image database compiled by Clark
Laboratories from data collected by the Advanced Very High Resolution
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Figure 1. Distribution of the meteorological stations that provided data for this study. Also
shown is the county division in Rio Grande do Sul State. The grey colour represents the
significant soybean production region (Berlato and Fontana 1999).

Radiometer (AVHRR)/NOAA sensor, with radiometric and geometric corrections.
In this database, the original pixels in an NOAA image, with 1100 m resolution at
nadir, were resampled to 9 km x 9 km pixels over the entire image. Information is
expressed in digital counts. These images spanning the 1982-2000 period were cut to
generate 72 line—86 column subimages covering the Rio Grande do Sul State, with
9 km resolution. The NDVI was derived using the expression

NDVI=[(0.93/253) X Nimg] —0.2 (4)

where Njn, is the NDVI value in the image, expressed in digital counts at the pixel
level. This covers the (0, 253) range because two bits of the original image were
reserved to express non-land targets or lack of data. S is defined as the average of
the maximum monthly NDVI for the months (December and January) where the
correlation between the NDVI and yield was significant within a 5% probability.
Thus:

S:(NDec+NJan)/2 (5)

where Np.. and Nj,, are the NDVI values in December and January, respectively.
The addition of this spectral term led to a new yield estimate (equation (1)). The
1982-2000 period was used for the model fitting, with the exception of 1995 because
of lack of satellite images. Model validation was achieved with the same years used
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to validate the agrometeorological term. With these results in a pixel basis, it is
possible to calculate the differences between estimated and observed yields for every
pixel at every year.

The last part of the study was the evaluation of model stability and accuracy of
estimates. It is an important reminder that the model was performed over a random
choice of initial conditions (fitting and validation years). To investigate the model
dependency on this choice, the model was run for 31 other initial conditions as
follows. Again, year 1995 was not included in the series because of lack of orbital
data:

(a) fitting performed with the 13 years of maximum yield, and another 5 years
for validation (model Max);

(b) fitting similarly performed with the 13 years of minimum yield (model Min);

(c) fitted years are the first 13 years in the 1982-2000 series (model 13a);

(d) fitted years are 1983-1996, 1984-1997, and so on up to 1987-2000 (models
13b to 13f);

(e) 14 years are taken for the fitting, starting with the period from 1982-1997, up
to 1986-2000 (models 14a to 14e);

(f) 15 fitting years, sets 1982-1997 to 1985-2000 (models 15a to 15d);

(g) 16 fitting years, sets 1982—-1998 to 1984-2000 (models 16a to 16¢);

(h) 17 fitting years, sets 1982-1999 and 1983-2000 (models 17a and 17b);

(1) 18 fitting years, no validation years (model 18a);

() finally, a random extraction of sets of fitting data (13 years) and validation
data (5 years). This was performed for an additional eight models (13g to
13n), and was not coincident with models 13a to 13f, or with the original
computation leading to equation (6).

3. Results

Determination of the agrometeorological term (equation (3)) was executed with data
on relative yields Y/Y,, and is presented in table 1, with 1998 as the reference year
(maximum yield in the period: 2088kgha™!). In tablel, data on relative
evapotranspiration are presented for months (January, February and March) where
ET./ET, showed the best correlation coefficients with soybean yield (0.736, 0.514
and 0.609, respectively). Table 1 reveals the high interannual variability of soil water
availability in Rio Grande do Sul State, 1998 being the sole year where ET,/ET
exceeded 0.95 in all three months. The resulting 4; values are presented in table 2,
where it can be seen that yields are mostly defined in March, the stage of grain
filling. Explanations for the relatively low value of 4 in February call for further
studies in the context of the phenology and critical periods of soybean.

Estimated yields through this modified Jensen model across the entire study area
are shown in figure2, both for those years used for model fitting and for the
validation years. The correction factor F appearing in equation (2) is stable over
time but varies spatially. This is presented in figure 3, where lighter grey shades
represent regions where the modified Jensen model overestimates yields, a reducing
correction being mediated by applying the F factor; darker grey shades express yield
underestimates, prone to similar corrections. Finally, table 3 shows the mean values
of the agrometeorological term (yields in kgha™') for the region covered in this
study, noting that this information is given only for the 1982-2000 period, as
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Table 1. Relative soybean yields and values of relative evapotranspiration (ET,/ET,) for
soybean, in January, February and March, in the region of significant production in Rio
Grande do Sul State.

Relative ET//ET, Relative ETJ/ET,
soybean soybean
Year yield January February March Year yield January February March

1975 0.757 0.919 0.880 0.962 1988  0.538  0.729 0.684  0.483
1976 0.787 0.940 0.854 0.912 1989 0.879  0.928 0.763  0.905
1977 0.811 0.908 0.863 0.759  1990* 0.874  0.888 0.800  0.905
1978 0.606 0.591 0.452 0.578 1991* 0.325  0.473 0.421 0.511
1979 0.407 0.178 0.694 0.724 1992 0954  0.747 0974  0.995
1980 0.724 0.626 0.446 0.926 1993 0.958  0.986 0.778  0.948
1981 0.793 0.848 0.896 0.629 1994 0.831 0.599 0992  0.830
1982*  0.569 0.308 0.887 0.615 1995  0.953 0.863 0.807  0.833
1983 0.786 0.772 0.887 0.851 1996  0.816  0.835 0.949  0.861
1984 0.743 0.951 0.881 0.786  1997* 0.775  0.841 0.940  0.662
1985*  0.779 0.374 0.916 0.874 1998 1.000  0.951 0.968  0.965
1986 0.499 0.592 0.737 0.840 1999  0.699  0.627 0902  0.674
1987 0.791 0.857 0.899 0.689 2000 0.787  0.761 0.749  0.858

*Years used for validation.

Table 2. Statistics for derived exponents of the modified Jensen model for soybean yield
estimates, Rio Grande do Sul State, during 1975-2000.

Month Exponent (1) Probability (p)
January 0.401 0.0001
February 0.192 0.1536
March 0.475 0.0025

explained in section 2. The yield for 1995 is not provided because satellite images
were not available.

Regarding the spectral term, figure 4 shows the mean time evolution of the NDVI
along the time course. The maximum NDVI in February and March coincides with
the flowering and grain filling periods, where the cultures present the highest
biomass density. However, NDVI correlations with yield (figure 5) are highest for
December (0.424) and January (0.517), which correspond to the beginning of
flowering. An even higher correlation (0.77) was found for the same months by
Fontana (1995) between soybean yield and Global Vegetation Index (GVI) from a
smaller (4-year) database. Nevertheless, both February and March are months
that largely influence yield, with significant correlations expected between NDVI
and yield. The lack of correlation may result from a lack of sensitivity of the NDVI
to detect small variations in biomass when the Leaf Area Index (LAI) is high. This
was, in fact, suggested by other investigators (Gamon et al. 1995, Fonseca et al.
2002).

Table 3 presents the values for the spectral term used for the fitting and validation
of the agrometeorological/spectral model. It is apparent that the mean values of the
spectral term do not vary significantly along the time course, even if these are means
for the whole region. Greater spatial and temporal variations inside the area do
exist.
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Figure 2. Soybean yields (kgha ') estimated by the modified Jensen model, as a function of
the observed yields, considering fitting years and validation years. Validation years are
marked by an asterisk.
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Figure 3. Values of the correction factor derived for the agrometeorological term over the
study area.

The above results, obtained through multiple linear regression, led to the
parameters of the model, which are presented in table4. The agrometeorological—
spectral model used to estimate the soybean yield in Rio Grande do Sul State is

Y = —2.63487+ 10844 +4.63420S (6)
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Table 3. Values of the agrometeorological term (A4) and of the spectral term (S) of the
agrometeorological-spectral model for soybean yield estimation in Rio Grande do Sul State.

Year A S Year A S Year A S
1982* 937 0.580 1989 1780 0.549 1995

1983 1594 0.553 1990* 1726 0.565 1996 1688 0.514
1984 1656 0.553 1991* 870 0.549 1997* 1459 0.564
1985* 1221 0.579 1992 1758 0.557 1998 1913 0.576
1986 1327 0.501 1993 1866 0.587 1999 1337 0.564
1987 1467 0.566 1994 1427 0.589 2000 1567 0.561
1988 1093 0.564

*Years used for validation.
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Figure 4. Time evolution of the NDVI in the soybean production region in Rio Grande do
Sul State (1998-2000).

Figure 6 presents the images of yield estimates and shows the interannual and spatial
yield variability inside the region. Table 5 presents the mean soybean yields obtained
by the agrometeorological-spectral model.

As discussed in section 2, model stability may be estimated by running different
sets of initial conditions. Thirty-one different sets of data were used and they are
given in table 6.

4. Discussion

The comparison between estimated and observed yields is presented in figure 7, and
the correlation coefficients (R) for the fitting and validation sets are 0.96 and 0.94,
respectively. The correlation between predicted and observed yields for the complete
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Figure 5. Correlation coefficients between NDVI values and average soybean yields, 1982—

2000. Coefficients significant to 5% (a), 10% (b) and non-significant (ns) are shown.

Table 4. Statistics of parameters of the agrometeorological-spectral model for soybean yield
estimation, for Rio Grande do Sul State, during 1982-2000.

Term Parameter Probability (p)
Intercept —2634.87 0.002313
Agrometeorological 1.08 0.000005
Spectral 4634.20 0.002669

series of data (fitting and validation years) is 0.95. These results are very promising
when compared with those obtained by other investigators. Rudorff and Batista
(1990) found coefficients varying from 0.50 to 0.69, working with sugarcane cultures
in Sdo Paulo State. Fontana and and Berlato (1998), studying soybean in Rio
Grande do Sul State, verified that the agrometeorological-spectral model was able
to explain 55.2% of the variations in yield for this culture; these results, however,
were preliminary because of the smaller database. Liu and Kogan (2002), using
AVHRR/NOAA images to estimate soybean yield in several regions in Brazil, found
a correlation coefficient of 0.26 for Rio Grande do Sul State.

It must be stressed that this model is predictive, as both terms use information
collected up to the month of March, leading to a yield estimate well over a month
before harvest.

Figure 8 shows the behaviour of yield estimates from the agrometeorological term
and from the agrometeorological-spectral model compared with the observed yields
in the period of study. It is noted that the estimated yields follow the high
interannual variability of the observed yields in Rio Grande do Sul State. The
results from the agrometeorological term can be compared with those from the
agrometeorological-spectral model. The spectral term in fact reduces deviations in
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Figure 6. Soybean yields (kgha ') estimated by the agrometeorological-spectral model, in
the region of significant production in Rio Grande do Sul State, from 1982-2000. Validation
years are marked by an asterisk.

Table 5. Mean yields for soybean, at the region of significant production in Rio Grande do
Sul State, estimated by the agrometeorological-spectral model.

Year Yield (kgha™") Year Yield (kgha™!) Year Yield (kgha™")

1982* 1067 1989 1840 1995

1983 1655 1990* 1853 1996 1577
1984 1725 1991* 853 1997* 1559
1985%* 1373 1992 1853 1998 2107
1986 1125 1993 2105 1999 1429
1987 1581 1994 1643 2000 1664
1988 1164

*Years used for validation.

estimates. Modelling using only the agrometeorological term compares to observed
yields with an accuracy of 93%; the introduction of the spectral term leads to an
accuracy of 98%. In two periods, 1987 to 1992 and 1997 to 2000, the yield tracings
are very similar, with differences being less than 200kgha ™'

Inspection of table 6 reveals that the agrometeorological-spectral model is fairly
stable with respect to choices of fitting and validation years. Table 6 is also useful in
helping to assess the uncertainties associated with the estimated yields. Column 6 of
table 6 gives the mean percentage deviation of estimated yield for each simulation;
values are concentrated around 6.31%, or about 88 kgha™'. These errors contain a
component coming from the drifting of the choices for fitting years, the value from
this component is of the order of 1%, which is the mean oscillation of values in
column 6.
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Table 6. Simulations made to test for the model stability. Each simulation/model uses
different sets of fitting and validation years.

Absolute Parameters
Average Correlation mean Mean
yield Mean coefficient deviation deviation

Model (kgha™') deviation  (R) (kgha™ (%) a b c
Obs.1 1578 365

AS 1565 346 0.952 87 6.34 —2634.87 1.084  4634.20
13g 1592 370 0.955 87 6.04 —3446.01 1.129  6011.20
13h 1567 342 0.949 82 6.01 —3854.97 0.995 7053.44
13i 1539 376 0.949 94 6.41 —2689.28 1.188  4409.66
13j 1536 372 0.955 90 6.03 —3538.31 1.136  6057.20
13k 1579 381 0.951 88 6.04 —4297.56 1.120  7534.79
131 1601 336 0.954 83 636 —3174.88 1.015  5845.01
13m 1568 307 0.943 88 6.82  —3606.90 0.869  6944.08
13n 1554 355 0.952 87 6.18 —2733.73 1.112  4715.77
Max 1647 238 0.954 116 10.37 —1536.17 0.730  3754.23
Min 1599 381 0.954 88 598 —3839.14 1.152  6665.99
13a 1564 356 0.951 84 6.01 —394791 1.046  7079.55
13b 1573 364 0.954 86 6.03 —3188.50 1.123  5532.22
13¢c 1578 365 0.954 87 6.08 —3203.17 1.124  5566.75
13d 1587 364 0.954 89 6.31  —3053.76 1.128  5304.63
13e 1566 379 0.949 95 6.48 —272433 1.198  4494.01
13f 1572 371 0.941 99 7.02  —2111.62 1.189  3434.26
14a 1580 354 0.955 83 599 —3268.25 1.080  5803.33
14b 1576 364 0.954 86 6.05 —3208.28 1.122  5578.93
l4c 1574 358 0.954 85 6.07 —3116.27 1.104  5455.72
14d 1588 364 0.954 89 6.32  —3056.01 1.127  5314.35
l4e 1564 379 0.949 95 6.47 —2718.24 1.197  4482.05
15a 1583 354 0.955 83 6.01 —3281.10 1.080  5830.51
15b 1573 358 0.954 85 6.05 —312290 1.103  5468.60
15¢ 1575 358 0.954 85 6.08 —3120.58 1.101  5473.70
15d 1585 363 0.954 89 6.28 —3050.51 1.124  5305.56
16a 1580 349 0.955 83 6.01 —3202.40 1.065 5723.49
16b 1574 357 0.954 85 6.06 —3127.78 1.100  5488.20
l6¢c 1573 357 0.954 85 6.06 —3115.85 1.100 546542
17a 1580 349 0.955 83 6.02 —3203.24 1.065  5727.68
17b 1572 357 0.954 85 6.04 —3122.43 1.099 5478.63
18a 1578 348 0.955 82 599 —3198.47 1.063  5720.70

This model is based heavily on use of observational data, which, by definition,
carry errors or uncertainties. Errors of an external nature come from the sources of
data used to evaluate both S and A4 terms, and the methods of data handling. The
agrometeorological term, A, is derived from meteorological information, which
itself carries observational and instrumental errors, collected from a finite number of
ground stations. This spatially discrete distribution of data is made continuous by
interpolation techniques to produce maps on a pixel basis and this certainly
introduces additional errors, which are difficult to assess. Even if the meteorological
data came from a relatively sparse network of ground stations, the results indicate
that the interpolation procedure would lead to satisfactory estimates, suggesting
that the model is valid and will yield improved figures if more stations become
available. The A4, S and Y images generated all had a 9 km resolution, compatible
with the NDVI images. The yield images, Y, cover large territories, and yield
information can be extracted for smaller areas, at the county scale. Uncertainties of
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Figure 7. Soybean yields estimated by the agrometeorological-spectral model, as a function
of observed yields, considering fitting (R=0.96) and validation (R=0.94) years (1982-2000).
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Figure 8. Soybean yield estimates in Rio Grande do Sul State, obtained from the
agrometeorological term (A), and by the agrometeorological-spectral model (ASM),
compared with the observed yield (Obs), along the observed time course.
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the model also arise from the spectral term, which carries the errors contained in the
calibration given in equation (4). The way those uncertainties accumulate, when put
together, is complex, and the more straightforward way to reach an estimate on the
model’s quality is a direct comparison involving estimated and observed yields. This
is presented in table 6 and it is apparent from its column 2 that the observed yield
(1578 kgha™ ") is well within the range of estimated values.

5. Conclusions

The agrometeorological-spectral model is a promising estimator of soybean yields
and deserves further development, including the addition of more recent data to the
database. The introduction of the spectral term, even if of a smaller impact when
compared to the agrometeorological term, resulted in a significant (about 5%)
improvement in yield estimates.
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