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ABSTRACT: Precision Farming (PF) is a promising method for crop management by
which areas of land/crop within a field may be treated during the season with different
levels of input depending on their spatial specific characteristics. A site specific
management, based on Variable Rate Technologies (VRT), is promising in the context
of sustainable development because it allows a high crop production reducing the cost of
the input and, at the same time, preserving environment from agrochemicals applied at
levels greater than those required.

Remotely sensed data, acquired by field proximal sensing and integrated with
images provided by sensors onboard aerial/satellite platforms, are an effective tool that
provides the required spatially distributed information on the status of the vegetation.

In this framework, the CITIMAP (Centre for the application of Remote Sensing Data
in Precision Agriculture Mechanization) research program was designed in order to
evaluate the capability of remotely sensed data in describing and estimating the spatial
variability of crop biophysical parameters for PF application. In 2005 an experiment
was established in order to identify nutritional nitrogen stress in sugar beet and water
deficit in corn. A spatial variability was artificially generated by controlling nitrogen
fertilization and irrigation in a split plot experimental design.

Spectral properties of experimental crops have been documented on a variety of scales
through the compilation of a multi-stage and multi-source data set. Field radiometric
measurements using FieldSpec-PRO1 were collected; airborne hyperspectral images
(AISA Eagle, MIVIS) and laser scanners measurements (ALT3100) were acquired and
complemented by high resolution (SPOT HRG), very high resolution (QuickBird,
Ikonos) and hyper-spectral (PROBA Chis) satellite data. Simultaneously to the remote
sensing surveys, intensive field campaigns have been conducted in order to measure
Fractional Cover, chlorophyll concentration and water content.

This contribution presents the CITIMAP planning scheme including the EO data
acquisition and the techniques for collecting and analysing field data of the experiment.
The preliminary results of the correlation between crop parameters and elaboration of
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remotely sensed data are presented and the contribution of these results to precision
farming is discussed.

1 INTRODUCTION

The term Precision Farming (PF) is an integrated agricultural management that allows site-
specific agricultural practises. The benefit of this approach relies on the reduction of the
agrochemicals by providing the proper dose at the right place. Several technological tools
can be used to analyse, map and manage within-field variation, helping farmers to grow
crops more efficiently, at competitive prices whilst reducing waste to the environment.

For what concerns fertilization practises, Nitrogen is the most important yield-
limiting nutrient and the total amounts of N distributed at the most appropriate timing
are key management parameters. Despite the amount of N required by the plants varies
widely between and within fields, N is often applied uniformly and in excess since it is
relatively inexpensive and N deficiencies can cause substantial yield reduction. The
surplus of nitrogen that is not exploited for crop growth contributes to the contamination
of surface- and ground-water and to the emission of greenhouse gasses. In order to
improve N use efficiency, variable fertilization rates can be applied as long as the site
specific nitrogen requirements are known.

Traditional methods for crop nitrogen content quantification are based on soil and
leaf tissue sampling for N concentration measurement (Tyner & Webb, 1946). However,
these approaches have been proved to be costly and time-consuming especially over
large areas. Other approaches to rapid N estimation exploit crop optical properties.
These approaches rely on the strong correlation existing between vegetation chlorophyll
content and N concentration. Leaf and canopy optical properties are in fact influenced
by the concentration of chlorophyll pigments that, as responsible for the photosynthetic
activity, absorb radiation especially in the regions of the electromagnetic spectrum
centred around the blue (450 nm) and the red (650 nm) reflectance.

The chlorophyll SPAD meter, for example, measures leaf light transmittance and
provides rapid N deficiency estimates (Wood et al., 1993). However, SPAD measurement
usefulness is limited by the need of a specific calibration besides relying on sampling at
leaf level that becomes unpractical for an accurate and extensive estimation (Xue et al.,
2004).

An alternative method for N estimation over large areas is the use of remotely sensed
data through the characterization of canopy spectral reflectance. However, the crop
canopy spectral signature is the result of the inter-relation between several factors
among which the leaf biochemical and structural canopy properties, background soil
characteristics and viewing and illumination conditions. Therefore the challenge is to
identify those spectral regions where the interaction between canopy and radiation is
ideally least influenced by parameters other than plant N concentration. Airborne and
satellite hyperspectral instruments represent a unique tool to achieve this objective since
they allow the sample of the electromagnetic spectrum with high frequency and a
narrow band width. Besides the identification of appropriate wavelengths, the reduction
of the influence of other factors is also achieved through the use of spectral indices
developed as a combination of the reflectance measured at different wavelengths.
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Several studies have addressed the issue of plant N concentration and/or chlorophyll
content retrieval from remotely sensed data especially in the framework of precision
agriculture (Haboudane et al., 2002, Tarpley et al., 2000; Peñuelas et al., 1994)
although we are not aware of any peer reviewed article focused on sugar beet crops.
This paper describes the experiment carried out in 2005 in the framework of the
Citimap project (Vincini & Frazzi, 2005) aimed to evaluate the contribution of
hyperspectral data to monitor nutritional status of sugar beat crop. The objectives of
this study are (i) to identify the spectral index (i.e. waveband combination) that best
correlates with Chl concentration, (ii) to investigate the influence on the index
variability of parameters other than Chl concentration such as the Fractional Cover (Fc)
and (iii) to evaluate effectiveness of hybrid VIs (i.e. soil adjusted VI and combination
of different VIs) minimizing the influence of the canopy (structural parameters) and of
the background.

2 MATERIAL AND METHODS

2.1 Field experiment: design and data collection

A precision farming experiment involving the cultivation of sugar beet parcels with
different N fertilization in a split plot design has been established at the Vittorio Tadini
experimental farm (Piacenza, Northern Italy). The experimental layout was established
in order to evaluate the detection of nutritional nitrogen status in sugar beet using
remotely and proximal sensing data. Crop was seeded with a 45 cm row spacing on the
6th of April 2005. Four levels of preseeding nitrogen fertilization coded O, N, M and L
provided respectively 0, 90, 180, 270 Kg/ha of nitrogen as slow release fertilizer,
treatments were randomly replicated within the two blocks E and F (Fig.1 A).

Ground measurements and remotely sensed data were collected mainly in April-May
to address crop N requirements for variable rate N applications (2nd dressing). The
determination of in-field and in-parcel variability of relevant biophysical crop
parameters (i.e. Fc, leaf chlorophyll concentration) has been conducted during this
period by several measures collected directly in the field on a regular grid. In particular,
intensive field campaign was conducted on the 27th of May 2005 contemporary to the
AISA Eagle 1K hyperspectral overpass (Fig.1 B) and with one day of delay with respect
to a Quick Bird acquisition. Figure 1 shows the location of field measurements:

* Chlorophyll concentration per leaf area (Chl aþ b; [mg/cm2]) was retrieved by leaf
optical transmittance measurements (Minolta SPAD 502) acquired for 5 rows for each
plot and every five meter along the row (n ¼ 360) (Fig.1 C). The bulking of each
SPAD measurement consisted in the average of two readings per leaf for two leaves
per plant for the six nearest plants on three adjacent rows. Multi-temporal analytical
determinations of chlorophyll concentration per leaf area on leaf samples allowed the
calibration of the SPAD instrument readings.

* Fractional cover (FC; [-%]) was estimated every 20 meter for three rows (n¼ 72) by
object-oriented classification of digital photographs (Fig.1 D).

* Reflectance data (rl;[-%]) were collected on a regular grid using an ASD

FieldSpec-PRO1 spectroradiometer. Before and after each radiometric
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measurement the radiance of a calibrated white panel (Spectralon1) was also
measured in order to compute the vegetation spectral reflectance.
– Canopy level spectra were acquired for three rows every 10 meter (n¼ 144) by

carrying the optical fiber (field of view: 258) about 1.5 meter above the canopy
which provides a sampling area of about 0.3 m2 (Fig.1 E).

– Leaf level spectra were acquired by coupling a contact probe to the spectro-
radiometer. For each experimental plot (n¼ 24) a plant leaf was measured and the
portion of the leaf was sampled for subsequent analytical extraction of chlorophyll
(Fig.1 F).

2.2 Data analysis

Leaf and canopy reflectance data sets are composed of 24 and 48 spectra, respectively,
for which corresponding field measurements were available. A Regression analysis was
conducted to study the relationship between vegetation indices and ground-collected Chl
aþ b. Spectral vegetation indices used in this work are defined in Table 1 that provides
also the original bibliographic references. Since the spectral position of the main
inflection point in the red-infrared slope (lrep) of the vegetation curve (i.e. the ‘‘red
edge’’) is correlated to chlorophyll and nitrogen concentrations at leaf level, different
methods have been proposed in literature to calculate the wavelength of the inflection
point (Red Edge Inflection point - REIP). In the present study two methods, denoted as
REIP_LAGR and REIP_LIN, were tested. REIP_LAGR is calculated by identifying the
maximum of first derivative (R0(l)¼max) in a wavelength range around 720nm of a
Lagrangian interpolation of the experimental spectra. Calculation was performed using
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Table 1. List of spectral vegetation indices used in this work.

Data Set VI Formula Reference

Ratio VI

L1 & C2 Simple Ratio SR¼R800/R670 Rouse et al.
(1974)

L & C Normalized NDVI¼ (R800�R670)/(R800 þ R670) Rouse et al.
Difference (1974)
Vegetation Index

Clorophyll Index

L & C RATIO1 R1¼R700/R670 Kim et al.
(700/670) (1994)

L & C RATIO2 R2¼R750/R550 Gitelson and
(750/550) Merzyak

(1996)
L & C RATIO3 R3¼R750/R700

(750/700)
L & C Triangular TVI ¼ 0:5½120ðR750 � R550Þ � 200ðR670 � R550Þ� Broge and

Vegetation Index Leblanc
(2000)

L & C Modified MTVI2 ¼ 1:5½1:2ðR800 � R550Þ � 2:5ðR670 � R550Þ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð2R800 þ 1Þ2 � ð6R800 � 5
ffiffiffiffiffiffiffiffiffi

R670

p
Þ � 0:5

q Haboudane
Triangular et al. (2004)
Vegetation Index

L & C Modified MCARI ¼ ½ðR700 � R670Þ � 0:2ðR700 � R550Þ�ðR700=R670Þ Daughtry
Chlorophyll et al. (2000)
Absorption in
Reflectance
Index

L & C Transformed TCARI ¼ 3½ðR700 � R670Þ � 0:2ðR700 � R550ÞðR700=R670Þ� Haboudane
CARI et al. (2002)

Red Edge Position

L & C REIP_Lin Modello semplificato lineare Guyot and
Baret, 1988

L & C REIP_Lagr Modello di interpolazione Lagrangiano Dawson and
Curran
(1998)

Soil Adjusted

C Optimized Soil OSAVI ¼ ð1þ 0:16ÞðR800 � R670Þ=ðR800 þ R670 þ 0:16Þ Rondeaux
Adjusted et al. (1996)
Vegetation Index

C Transformed
TSAVI ¼ a½ðR800 � ða�R670Þ � b�=

½ðR670 þ ða�R800Þ � ða�bÞ�3
Baret et al.

Adjusted (1989)
Vegetation Index

Hybrids

C TCARI/OSAVI TCARI/OSAVI Haboudane
et al. (2002)

1. L (Leaf)¼ leaf spectra obtain with conctact probe

2. C (Canopy)¼ canopy spectra

3. Parameters a and b derived by empirical soil line

Proximal and remote sensing observations for precision farming application, the Citimap project 7



an IDL 6.0 procedure. The linear interpolation method (REIP_LIN), as described by
Guyot & Baret (1988), assumes that the reflectance curve at the red edge can be
simplified to a straight line centred around the midpoint between the reflectance in the
NIR (�780 nm) and the minimum reflectance due to chlorophyll absorption (�670 nm).
REIP_LIN represents a simpler method that needs fewer wavebands around lrep (660,
710, 760 and 810 nm) for the calculation of the red edge position as follows:

lrep ¼ 710þ 50 � Rrep � R710

R760 � R710

� �

(1)

Rrep ¼
1

2
� R810 þ R660ð Þ (2)

Where Rrep is the reflectance of the inflection point estimated as the middle point
between reflectance at 810 nm (R810) and reflectance at 660 (R660). R710 and R760 refer
respectively to the reflectance at 710 and 760 nm.

Soil adjusted and hybrid indices, developed to minimise the influence of the
background and the effect of the canopy structure, were also tested on the spectra
dataset.

A multiple regression analysis was performed on canopy spectra to assess the
statistical contribution of plant biochemical (Chl) and structural (Fc) parameters on
acquired spectra. Analysis of variance has been used in order identify the weight of the
different parameters.

3 RESULTS

3.1 Leaf spectra

Figure 2a shows the mean reflectance spectrum at leaf level of sugar beet crop cultivated
under different nitrogen fertilization rate and Figure 2b shows the values of the coefficient
of determination of the single bands regression analysis. The graph was limited to the
400–1250 nm spectral range due to the low S/N ratio that characterizes shorter
wavelengths, blue region, and to the insensitivity to the parameter for longer wavelength
in the NIR and SWIR spectral domain. Results confirmed that the regions of the spectrum
most suited to Chl estimation are in the green and REP regions. The correlation is absent
for the central band of pigment absorption (680 nm) because even a low amount of
pigments is sufficient to saturate the signal and finally, the correlation drastically
decreases for wavelength above 720 nm. In fact, the near-infrared region is mainly
correlated to the amount of biomass and the canopy structural properties. Results
highlighted a high correlation in a wide range of wavelength around the green spectral
domain (510–630nm) and in a narrower range around 700 nm. Table 2 presents the
results of the regression analysis for the VIs presented in Table 1.

As expected NDVI and SR resulted not significant (P > 0:9) due to their correlation
with vegetation structural characteristics, they can’t effectively provide information on
chlorophyll concentration. MCARI, TCARI and R3 (750/550) showed better per-
formance (R2 > 0:6) with respect to TVI and MTVI2. REP indices resulted the best VIs
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Figure 2. (A) mean leaf spectra for the different fertilization rate express in Kg/ha (B)

Coefficient of determination between contact probe reflectance and Chl (n ¼ 24).
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Table 2. Leaf level results: coefficient of determination for structural indices and chlorophyll
detection indices.

SR NDVI R1 R2 R3 TVI

Chl aþ b ns ns 0.49 0.55 0.63 0.21

MTVI2 MCARI TCARI REIP_lag REIP_lin –

Chl aþ b 0.32 0.61 0.64 0.68 0.74 –



(R2 > 0:68) for pigment concentration prediction showing a strong linear relation with
Chl (Fig. 3)

The linear method for the calculation of REP showed a higher coefficient of deter-
mination (REIP lin; R2 ¼ 0:74) compared to the polynomial interpolation (REIP_lagr;
R2 ¼ 0:68). The automatic determination of the infletion point based on seeking the
maximum of the first derivative in some cases showed anomalous results probably due to
residual noise in the spectra. Clever et al. (2002) underlined a similar result and stated
that REP derived by linear method may not coincide with the maximum of the first
derivative, but it shows a robust behaviour compared to the Lagrangian method and its
application requires only a limited number of spectral bands to be applied. Thus, this
method can be very useful for practical applications.

3.2 Canopy spectra

Table 3 showed the results of regression analysis between canopy spectra and bio-
physical parameters (Chl and Fc).

y = 0.60x + 692.68

R2 = 0.74
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Figure 3. Red edge position (REIP_lin) from leaf spectra vs analytical measurements of Chl.
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Table 3. Coefficient of determination for different vegetation indices in relation to chlorophyll
content and fractional cover.

SR NDVI R1 R2 R3 TVI MTVI2

Chl aþ b 0.62 0.69 0.56 0.65 0.66 0.65 0.67
FC 0.80 0.84 0.6 0.70 0.70 0.62 0.63

MTVI2 MCARI TCARI REIP_lin OSAVI TSAVI TCARI/OSAVI

Chl aþ b 0.67 0.60 0.6 0.64 0.66 0.64 0.35
FC 0.63 0.46 0.46 0.88 0.72 0.73 0.26



Almost all the indices showed a correlation with Fc (canopy structural parameter) better
than Chl. Specific indices developed for chlorophyll estimation MCARI and TCARI are
the only ones that provide an improved correlation with the Chl parameter. As a
consequence of the different fertilization levels the two parameters Fc and Chl
themselves resulted, in fact, directly strongly correlated (R2 ¼ 0:7) thus producing the
same effect on the acquired spectra (High concentration of Chl! high FC). However,
the analysis of variance conducted by multiple regression showed that variation in the
dependent variable (VI) was always accounted primarily by Fc (70–90% of variance
explained) parameter rather than Chl. This evidence was found even for MCARI and
TCARI indices. Similar results were described also by Daughtry et al. (2000) that
proposed the hybrid index MCARI/OSAVI, successively modified by Haboudane et al
(2002) in TCARI/OSAVI, to solve the problem and separate the Chl contribution from
LAI/Fc influence. Nevertheless, in our experimental conditions TCARI/OSAVI did not
bring any improvement to Chl estimation.

4 CONCLUSION

During The Citimap experiment conducted in 2005 on sugar beet crop for precision
farming studies a complete data set of field spectra acquisition, at leaf and canopy
level, and biophysical measurements (chlorophyll concentration per leaf area and
fractional cover) has been collected. Preliminary analysis at the leaf level confirmed
that hyperspectral indices specifically designed for chlorophyll monitoring are
strongly correlated to Chl content (R2 > 0:6) among which REP resulted the best
index for chlorophyll concentration prediction. REP calculated by the linear model
guarantees more robust results in deriving the inflection point wavelength position
respect the Lagrangian method. No significative differences were appreciated between
MCARI and TCARI. The analysis of canopy spectra obtained in our experimental
conditions showed that the structural parameter explained a greater proportion of the
VIs variation with respect to the biochemical leaf content. This result highlighted the
limitation in monitoring Chl leaf concentration independently from other structural
parameter such as LAI. No improvement of sensitivity to chlorophyll concentration
was found using hybrid indices such as TCARI/OSAVI ratio. Further work on the
data set will focus on the analysis of hyperspectral AISA data and laser scan in order
to verify the field experimental spectroradiometric results and to analyse the soil
influence in mixed pixels. The Citimap 2006 sugar beet experiment will be carried
out with the specific aim of producing a de-correlated data set between canopy
structural and biochemical parameters using different seeding dates and etiolating
practices.
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