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 ABSTRACT

This study was conducted to estimate the fraction of Intercepted Photosinthetically 
Active Radiation (fIPAR) in an olive orchard. The method proposed to estimate fIPAR 
in olive canopies consisted of a coupled radiative transfer model that linked the 3D 
Forest Light Interaction Model (FLIGHT) and the Orchard Radiation Interception 
Model (ORIM). This method was used to assess the estimation of instantaneous 
fIPAR as a function of planting grids, percentage cover, and soil effects. The linked 
model was tested against field measurements of fIPAR acquired for a commercial 
olive orchard, where study plots showing a gradient in the canopy structure and 
percentage cover were selected. High-resolution airborne multispectral imagery was 
acquired at 10 nm bandwidth and 15-cm spatial resolution, and the reflectance used 
to calculate vegetation indices from each study site. In addition, simulations of the 
land surface bidirectional reflectance were conducted to understand the relationships 
between canopy architecture and fIPAR on typical olive orchard planting patterns. 
Input parameters used for the canopy model, such as the leaf and soil optical proper-
ties, the architecture of the canopy, and sun geometry, were studied in order to assess 
the effect of these inputs on the Normalized Difference Vegetation Index (NDVI) 
and fIPAR relationships. FLIGHT and ORIM models were independently assessed 
for fIPAR estimation using structural and ceptometer field data collected from each 
study site, yielding RMSE values of 0.1 for the FLIGHT model, while the specific 
olive simulation model by ORIM yielded lower errors (RMSE = 0.05). The reflec-
tance simulations conducted as a function of the orchard architecture confirmed the 
usefulness of the modeling methods for this heterogeneous olive crop, and the high 
sensitivity of the NDVI and fIPAR to background, percentage cover, and sun geom-
etry on these heterogeneous orchard canopies. The fIPAR estimations obtained from 
the airborne imagery through predictive relationships yielded RMSE error values of 
0.11 when using FLIGHT to simulate both the canopy reflectance and the fIPAR of 
the study sites. The coupled FLIGHT+ORIM model yielded better results, obtaining 
RMSE = 0.05 when using airborne remote sensing imagery to estimate fIPAR.

Keywords: olive orchards, remote sensing, fIPAR estimation, radiative transfer 
modeling
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1. INTRODUCTION

The olive industry have experimented with several 
major technological changes during the last two de-
cades (Villalobos et al., 2006). Traditional olive groves, 
grown in rain-fed conditions with low density (80–90 
olive trees/ha), have been very well adapted and able 
to survive periods of intense drought with acceptable 
production (Pastor et al., 2007; Fernandes-Silva et al., 
2010). Nevertheless, such traditional olive orchards 
are being substituted by new intensive, drip irrigated 
and fertilized planting for high early yields (Beede and 
Goldhammer, 1994; Villalobos et al., 2006; Pastor et 
al., 2007). This transition requires a better understand-
ing of the olive orchard, including longer term effects 
of these structural changes to better adapt the required 
management for these canopies. Therefore, the inter-
est by the research community in olive tree cultivation 
and management practices is growing, considering 
the historical importance of this crop throughout the 
Mediterranean countries (Vossen, 2007; Ben-Gal et al., 
2011). A comprehensive review of scientific research 
in olive crops can be found in Connor and Fereres 
(2005). In this study, the authors emphasized that future 
research should prioritize studies of olive trees as a 
whole, rather than just leaf-level analyses. Subsequent 
studies conducted in olive orchards have focused on 
optimizing water use at tree level (Testi et al., 2006; 
Orgaz et al., 2007; Iniesta et al., 2009; Fernandes-Silva 
et al., 2010), optimizing the tree density (Pastor et al., 
2007), or determining biophysical parameters (Gómez 
et al., 2011). Some of these studies used the Orchard 
Radiation Interception Model (ORIM) to estimate the 
fraction of Intercepted Photosinthetically Active Radiation 
(fIPAR) in olive orchards (Mariscal et al., 2000). The 
rationale is that a first step in productivity assessment 
is the estimation of radiation interception (Connor and 
Fereres, 2005), therefore requiring simulation models 
to quantify the relationships with the orchard architec-
ture. In fact, biomass production is directly related to 
the intercepted radiation (Monteith, 1977), and this has 
been shown to be true for olive canopies (Mariscal et 
al., 2000). Therefore, the use of crop simulation models 
is required as a consequence of the wide variability and 
complexity of these canopies (Villalobos et al., 2006). 
The field measurements of IPAR and/or the related frac-
tion of intercepted PAR (fIPAR) would be inefficient 
and time consuming in these orchards. The large varia-
tion that olive orchards show in tree dimensions, canopy 
architecture, and ground cover are a consequence of the 
transformation from rain-fed to irrigation schemes, with 
high density in areas of chronic water shortages (Testi 
et al., 2006). Moreover, olive tree orchards are grown 

as horizontally non-homogeneous canopies, and the 
amount of PAR intercepted is defined by the combina-
tion of tree spacing (row and inter-row), tree height, 
row orientation, vertical projection of the canopy cover, 
and canopy volume (Connor and Fereres, 2005). In this 
context, along with radiative transfer modelling efforts, 
remote sensing methods are useful for the assessment 
of large areas and to map the within-field and between- 
orchard spatial variability of biophysical parameters.

This study is focused on the estimation of the IPAR 
in olive orchards using remote sensing imagery and 
radiative transfer modelling methods. In other studies, 
empirical and modelled relationships between vegeta-
tion indices and fIPAR have been developed for homo-
geneous canopies, such as wheat, maize, or soybean 
crops (e.g., Daughtry et al., 1983; Asrar et al., 1984; 
Wiegand et al., 1991; Hall et al., 1992; Moriondo et 
al., 2007) and forest canopies (e.g., Myneni and Wil-
liams, 1994; Roujean and Breon, 1995; Huemmrich 
and Goward, 1997; De Castro and Fetcher, 1998; 
Huemmrich, 2001; and Zhang et al., 2009). With the 
development of 3D canopy reflectance models, the sen-
sitivity of the relationships between vegetation indices 
and the fraction of PAR, absorbed or intercepted, can 
be investigated using architectural characteristics of 
the canopy. However, these studies—focused on herba-
ceous crops and closed-canopy forestry areas—are not 
applicable to non-homogeneous, open-canopy olive or-
chards. In general, the monitoring of fIPAR and fAPAR 
during the course of the day and the growing season is 
of central interest to determine net photosynthesis and 
dry matter production (Olofsson and Eklundh, 2007). 
However, a first step to model the implications of the 
structure on the instantaneous fIPAR requires appropri-
ate simulation methods to account for the canopy optical 
properties and background. In fact, previous works in-
dicated that the use of radiative transfer models capable 
of handling row orientations is a requisite for remote 
sensing in horticulture (Kempeneers et al., 2008; Stuck-
ens et al., 2009). Among these efforts, radiative transfer 
models that aim at deriving the amount and distribution 
of fIPAR in non-homogeneous crop canopies have been 
reviewed by Mariscal et al. (2000), who developed a 
model to simulate fIPAR in olive orchard canopies. 
Later, other models were developed on different types 
of orchard configuration such as hedgerow, overhead 
training, or isolated trees (Friday and Fowness, 2001; 
Annadale et al., 2004; Oyarzun et al., 2007). However, 
none of them make use of remote sensing imagery to 
estimate radiation interception remotely. The 3D Forest 
Light Interaction Model (FLIGHT) (North, 1996) was 
proposed to estimate fAPAR in forest canopies (North, 
2002; Prieto-Blanco et al., 2009), and more recently 
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in orange and peach canopies (Guillén-Climent et al., 
2012). While methods for modeling and estimating 
fIPAR in homogenous vegetation are relatively mature 
(Mariscal et al., 2000), further research is needed for ro-
bust estimate of fIPAR in open canopies. The objectives 
of this study were: (i) to evaluate modelling strategies 
for estimating instantaneous fIPAR in olive orchards; 
and (ii) to use remote sensing imagery and modeling 
methods to estimate instantaneous fIPAR in olive cano-
pies using visible (VIS) and near-infrared (NIR) bands, 
as well as to generate a map of the spatial variability of 
fIPAR.

2. MATERIALS AND METHODS

2.1. Study area

The experimental field was located at “La Conchuela” 
farm, Córdoba, Spain (37º48ʹN, 4º48ʹW) at 147 m above 

sea level. The olive orchard was planted in 1993 with 
trees at 6 × 7 m spacing (238 tree ha–1). Fig. 1 shows six 
of the eight plots selected for the ground measurements. 
They were selected to ensure a gradient in fraction of 
vegetation cover, ranging between 30% and 60%. The 
study sites comprised a range of crown leaf area densi-
ties (LAD) ranging from 0.45 to 1.02, tree heights be-
tween 3.5 and 5.2 m, and horizontal crown radii between 
1.8 and 2.9 m (Fig. 1, Table 1). The field campaign was 
conducted in September, 2008. The ground measure-
ments were conducted on the selected plots coincident 
with the airborne flight campaigns.

2.2 Ground and remote sensing airborne campaigns

Field campaigns were conducted for both airborne 
imagery acquisition and intercepted PAR field measure-
ments collected, to asses the effects of the variability 
of the intercepted solar radiation and reflectance bands 

Fig. 1. Multispectral reflectance images acquired at 10 nm FWHM and 15 cm spatial resolution, showing six study plots used in 
the study. The central block area of 4 trees selected on each study site for field data collection is shown.
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as a function of orchard architecture. The interception 
of solar radiation by the orchard canopy on each study 
site was measured with a ceptometer (SunScan Canopy 
Analysis System, Delta-T Devices Ltd., Cambridge, 
UK). The instrument comprises two units: (i) a por-
table probe, 1 m long, for measuring the transmitted 
photosynthetically active radiation (PAR) flux beneath 
the canopy; and (ii) a beam fraction sensor (BFS) that 
measures PAR incident over the canopy at the same 
time. The BFS unit incorporates two photodiodes, one 
of which can be shaded from the direct solar beam by 
a shade ring. This allows the direct and diffuse compo-
nents of PAR to be separated, since the fraction of the 
intercepted PAR by a tree is influenced by the rest of the 
surrounding trees and background. Therefore, the area 
comprising the 4 central trees of each study area was 
selected to conduct the field measurements of fIPAR. 
The measurements of transmitted PAR made in the area 
beneath the four central trees of each plot were in a 1 
× 0.5 m grid. A schematic view is shown in Fig. 2a, 
and the actual measurements for two study areas are 
depicted in Fig. 2b. For the assessment of the spatial 
variation of fIPAR among the different selected plots 
with a gradient in structural parameters, measurements 
were conducted at 10:00 GMT (+/–half-hour).

Additional ground-level efforts were made to collect 
in situ measurements of crown structure, and leaf and 
soil optical properties, to characterize the different study 
plots and to use as input for the models. Dimensional 
properties, namely crown height and crown width, were 
measured at multiple points within a given olive tree. 
The crown was divided into eight sections; in each one 
the tree silhouette was estimated by measuring the up-
per and lower limits of the canopy with a vertical scaled 
pole that was systematically moved outward from the 
tree center in 0.2 m increments (Villalobos et al., 1995). 
In addition to in situ measurements of crown dimen-

sions, the LAI-2000 Plant Canopy Analyzer (PCA) 
was used to estimate leaf area index at the individual 
crown level, as shown in Villalobos et al. (1995), and 
more recently Moorthy et al. (2011) and Gómez et al. 
(2011). This device measures the fraction of diffuse 
incident radiation transmitted through a plant canopy 
by calculating the ratio of the below- and above-canopy 
radiation measurements. It has a set of optical sensors 
that simultaneously measure diffuse radiation in five 
ranges of zenith angles (this methodology is described 
in detail in Gómez et al., 2011). The leaf angle distribu-
tion functions used was the ones measured by Mariscal 
et al. (2000) in adult trees (Fig. 3).

The multispectral sensor used in this study was a 
6-band multispectral camera (MCA-6, Tetracam Inc., 
California, USA). The camera consists of 6 indepen-
dent image sensors and optics with user-configurable 
spectral filters. The image resolution is 1280 × 1024 
pixels with 10-bit radiometric resolution and optics 
focal length of 8.5 mm, yielding an angular field of 
view (FOV) of 42.8º × 34.7º and 15-cm pixel spatial 
resolution at 150-m flight altitude. High-resolution 
multispectral images acquired over the olive orchards 
enabled the identification of each study site used for 
field measurements of crop structure and fIPAR. The 
plots were marked in the field using bright ground 
control points easily detectable on the imagery. The 
bandsets selected for this study comprised center wave-
lengths at 670 and 800 nm with 10 nm full width at half 
maximum (FWHM) used for computing the Normalized 
Difference Vegetation Index (NDVI). Figure 1 shows the 
imagery acquired by the multispectral airborne sensor at 
15 cm spatial resolution, representing six fields used in 
this study with a range in fraction of vegetation cover, 
and the block of 4 trees selected on each study site for 
field data collection of radiation interception. The high 
spatial resolution acquired enabled targeting pure scene 

Table 1
Structural data collected from each study area

Stand Crown radius (m) Tree height (m) LAD (m2m–3) LAI (m2m–2) Fraction of vegetation
     fraction (%)

1 2.3 4.4 0.54 0.57 39.5
2 1.8 3.5 1.02 0.6 24.2
3 2.9 5.2 0.43 0.9 63
4 2.0 4.1 0.62 0.5 30
5 2.8 4.9 0.45 0.8 58.6
6 2.1 3.8 0.97 0.9 33
7 2.5 4.0 0.56 0.7 46.7
8 2.3 4.0 0.54 0.6 39.5

Planting grid: 7 × 6 m. LAD—Leaf area density; LAI—Leaf area index.
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components, such as pure soil and vegetation, separately 
as well as on aggregated pixels. Atmospheric correction 
and radiometric calibration methods were applied to the 
imagery to calculate the spectral reflectance. Radiomet-
ric calibration was conducted in the laboratory using 
coefficients derived from measurements made with a 
uniform calibration body (integrating sphere, CSTM-
USS-2000C Uniform Source System, LabSphere, NH, 
USA) at four levels of illumination and eleven integra-
tion times. Radiance values were converted to reflec-
tance using the total incoming irradiance simulated 
with the Simple Model of the Atmospheric Radiative 
Transfer of Sunshine (SMARTS) (Gueymard, 1995, 
2005) using aerosol optical depth at 550 nm measured 

with Micro-Tops II sunphotometer (Solar LIGHT Co., 
Philadelphia, PA, USA). This radiative transfer model 
was previously used in other studies such as Berni et al. 
(2009) and Suárez et al. (2010). The geometric calibra-
tion was conducted using Bouguet’s calibration method 
(Bouguet, 2001) in order to calculate the intrinsic cam-
era parameters (Berni et al., 2009).

Leaf optical properties, and their reflectance and 
transmittance measurements, were acquired on leaf 
samples using an Integrating Sphere (Li-Cor 1800-12, 
Inc., Lincoln, NE, USA), coupled with a 200-μm diam-
eter single mode fiber to a spectrometer (Ocean Optics 
Inc. model USB2000, Dunedin, FL, USA), with a 1024-
element detector array, 0.5 nm sampling interval, and 

Fig. 2. Schematic view of the 1× 0.5 m grid used for field measurements conducted with the ceptometer (a); (b) PAR data mea-
sured by ceptometer at the ground level.
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7.5 nm spectral resolution in the 340–940 nm range. 
The single leaf values for reflectance (ρ) and transmit-
tance (τ) were acquired as described in the manual 
of the Li-Cor 1800-12 system (Li-Cor, 1983) and in 
Zarco-Tejada et al. (2005), using a custom-made port of 
0.5 cm diameter suited to typical olive leaf dimensions 
and thereby obtaining the leaf optical properties. A total 
of 300 leaves were sampled. Figure 4a shows the mean 
leaf reflectance and transmittance measured on olive 
leaves. The spectral range for the leaf optical properties 
used as input for the models was selected according 
to the bandset used in the airborne imagery (Fig. 4b). 
Sunlit soil reflectance was extracted from the airborne 
imagery (Fig. 5). 

Table 1 and Figs. 3, 4, and 5 show the field measure-
ments collected on each study site. They will be used 
as inputs for the 3D canopy modelling work conducted 
with FLIGHT on the aggregated reflectance and fIPAR 
estimation, as well as for the ORIM model to estimate 
fIPAR in olive orchards. Table 2 shows the input param-
eters required by these models.

2.4. fIPAR estimation in olive orchards from remote 
sensing data

2.4.1. FLIGHT and ORIM models for simulating fIPAR 
in olive orchards

Two models are proposed in this manuscript to 
estimate fIPAR in olive orchards: a 3D model of light 
interaction with vegetation canopies FLIGHT (North, 
1996), and the ORIM model of PAR interception by 
olive canopies as formulated by Mariscal et al. (2000). 

The FLIGHT model is based on the Monte Carlo ray 
tracing method as a tool to simulate the radiative trans-
fer in a canopy structure (North, 1996). Monte Carlo 
simulation allows highly accurate estimation of light 
interception and bidirectional reflectance (Disney et 
al., 2000; Barton and North, 2001). In the FLIGHT 
model, an accurate treatment of the light interception 
and multiple scattering between foliage elements and 
soil boundary is obtained by iteration (North, 2002). 

Fig. 3. Leaf angle distribution function in 10º intervals, mea-
sured for olive adults trees (Mariscal et al., 2000).

Fig. 4. (a) Reflectance and transmittance spectra measured by 
integrating sphere for olive leaves; (b) reflectance and trans-
mittance spectra for the olive leaves with the bandset used in 
this study.



Guillén-Climent et al. / Estimating radiation interception in an olive orchard

113

The FLIGHT model has been assessed with other three-
dimensional codes as part of the Radiation Model Inter-
comparison (RAMI) project (Wildowski et al., 2007). 
The recent analysis conducted within RAMI on six 
selected three-dimensional models, including FLIGHT, 
showed dispersion within 1% over a large range of can-
opy descriptions (Wildwoski et al., 2008). In this study, 
FLIGHT was selected because it allowed the simulation 
of planting grids, tree dimensions, and soil background 
effects, making it easy to generate several 3D scenes for 
the assessment of the effects of the architecture, crown 
structure and biochemical inputs. This model has been 
previously used in other work simulating row-orientated 
orchards, such as orange and peach, with successful 
results (Suárez et al., 2009; Suárez et al., 2010; Guillén-
Climent et al., 2012). The FLIGHT model inputs consist 
of: (i) geometric characteristics, (ii) optical properties, 
(iii) sun and view azimuth and zenith angles, and (iv) 
other parameters such as soil roughness, aerosol optical 
thickness and the number of photons simulated. Table 2 
shows the input parameters required to run the model. 
The output of FLIGHT is a 3D hyperspectral image and 
the estimated intercepted PA (IPAR) for the scene.

The ORIM model is reliable for estimating radiation 
intercepted by any olive orchard at instantaneous and 
daily levels (Mariscal et al., 2000). The model works at 
an hourly time step, integrating the radiation reaching a 
convenient number of spatial cells. It was later modified 
to obtain a simplified PAR interception model for practi-
cal purposes, with daily time steps (Orgaz et al., 2007). 
This model allows simulating row orientation, tree 

dimensions, and slope of the field. It has been used by 
Iniesta et al. (2009) and Fernandes-Silva et al. (2010), 
among others, to estimate the amount of annual IPAR. 
The inputs required by ORIM are the planting pattern, 
row and column angles, soil PAR reflectance, latitude, 
height, tree perpendicular radii of the crown, and leaf 
area density (LAD) (Table 2). Leaf reflectance and 
transmittance, and G-function are internal parameters 
calculated for olive trees. ORIM model outputs are es-
timations of all the components of the radiation balance 
for hourly, daily, and seasonal periods.

A detailed simulation of fIPAR was undertaken to 
assess the performance of both the FLIGHT and ORIM 
models for this type of olive canopy. The study areas 
were simulated using the structural and optical measure-
ments collected at each plot (see Figs. 3, 4, and 5 for leaf 
angle distribution function and the leaf and soil optical 
properties, and Table 1 for the structural measurements 
used). Model assessment for the fIPAR simulations was 
conducted by comparing the modelled fIPAR obtained 
from each model against the ceptometer measurements 
acquired on each plot, calculating the RMSE obtained. 
Once the two models were assessed for fIPAR estima-
tion from field datasets, a second step consisted of test-
ing each model for fIPAR estimation on all plots from 
the airborne remote sensing imagery acquired. This 
second assessment was carried out with predictive rela-
tionships developed between NDVI and fIPAR obtained 
through modelling. Two methods were used: (i) obtain-
ing the canopy reflectance and fIPAR from FLIGHT; 
(ii) using simulated canopy reflectance from FLIGHT 
coupled with the ORIM model (FLIGHT + ORIM). In 
this way, FLIGHT and ORIM models were assessed for 
their capability to estimate fIPAR both from field data 
and airborne imagery (Fig. 6). The aggregated image 
reflectance from the four central trees of the orchard, in-
cluding exposed soil and shadows, was used to compute 
spectral vegetation indices, such as NDVI.

Previous to the estimation of fIPAR using airborne 
remote sensing imagery, a study was carried out with 
modelling methods to understand the influence of the 
architecture of the canopy on aggregated NDVI and 
fIPAR. The fraction of vegetation cover was varied 
from 20 to 60% for three different solar angles (solar 
zeniths 70.9º, 35.02º, and 29.6º), and two types of soil 
reflectance spectra were used to study their effects on 
NDVI and fIPAR.

2.4.2. fIPAR estimation from remote sensing imagery 
using modelling methods

Relationships between NDVI and fIPAR were devel-
oped to estimate the instantaneous fIPAR in the olive 
orchards using the airborne imagery acquired on each 

Fig. 5. Soil optical properties of the study area.
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study site using pixels that integrated each study site. In 
particular, the objective was to develop predictive rela-
tionships NDVI–fIPAR calculated under specific canopy 
assumptions valid for the study sites under study. These 
relationships were obtained (i) with FLIGHT; (ii) with 
the canopy reflectance module from FLIGHT linked to 
the ORIM fIPAR estimation model (Fig. 6).

The fIPAR predictive relationships for the olive 
canopies were developed with input parameters fixed 
according to mean field measurements: leaf angle dis-
tribution function, leaf optical properties, planting grid 
and soil reflectance extracted from the airborne image, 
and the solar geometry depending on the time of flight. 
The specific input parameters varied within the typical 

range of variation for these orchards to account for the 
canopy structure were 0.5 to 3 m in the case of crown 
radii, tree height ranged from 2 to 6 m, and LAI from 
0.1 to 1 (Table 3). The modeled relationships NDVI vs. 
fIPAR obtained for each study plot were then applied 
to the multispectral airborne imagery reflectance to 
estimate the instantaneous fIPAR for each study site. 
Relationships were obtained for the olive orchard with 
both model approaches: (i) FLIGHT; and (ii) FLIGHT + 
ORIM (Fig. 6). This methodology enabled the applica-
tion of sensor-derived optical indices for NDVI–fIPAR 
that are a function of canopy structure, optical proper-
ties, and the viewing geometry. Relationships between 
vegetation indices and fIPAR have been suggested in 

Table 2
Nominal values and range of parameters used for canopy modelling with FLIGHT and ORIM models

FLIGHT model—Input parameters Values/Unit used

Leaf optical and structural parameters
Hemispherical reflectance and transmittance of green leaves integrating sphere
Hemispherical reflectance and transmittance of senescent leaves not used
Leaf equivalent radius m

Canopy layer and structural parameters
Leaf area index of vegetation See Table 1
Fractional cover 30–60%
Leaf angle distribution function Empirical
Fraction green leaves 1
Fraction senescent leaves 0
Fraction of bark 0
Hemispherical reflectance and transmittance of bark Not used
Number of stands and position coordinates Coord. (m)
Crown shape Elliptical
Crown height and radius m (see Table 1)
Trunk height and radius m (see Table 1)

Background and viewing imagery geometry
Solar zenith and azimuth angles Degrees
Sensor zenith and azimuth angles Degrees
Soil reflectance From image
Soil roughness 0
Aerosol optical depth (AOD) 0.15

ORIM model—Input parameters Values /Unit used

Crown height and radius m
Planting pattern m x m
LAD (leaf area density) m2 m–3

Row and column angles Degrees
Soil PAR reflectance From image
Latitude 37.8° N

Internal parameters
G-function measured (Mariscal et al., 2000)
Leaf reflectance and transmittance measured (Mariscal et al., 2000)
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previous works, mainly in studies dedicated to herba-
ceous crop or forest canopy. To assess the behaviour 
on heterogeneous open-tree orchards of these relation-
ships originally developed for homogeneous canopies, 
a relationship by Myneni and Williams (1994) (fAPAR 
= 1.1638*NDVI–0.1426) was applied to the study plots 
selected on this work, and the error obtained was cal-
culated.

3. RESULTS

3.1 Results for fIPAR estimation from FLIGHT and 
ORIM models

The simulations corresponding with the different study 
plots in the olive orchard were assessed with both mod-
els to evaluate the correspondence of the simulations 
with fIPAR field measurements. Figure 7 illustrates four 
scenarios corresponding to four different study plots 
in the olive orchard. Error assessments conducted for 
fIPAR estimated with FLIGHT and ORIM models us-
ing ceptometer field data are shown in Figs. 8a and 8b, 
respectively. The estimation of fIPAR yielded RMSE = 
0.10 with coefficient of determination of r2 = 0.5 when 
using FLIGHT, and RMSE = 0.05, r2 = 0.81 for ORIM 
simulations. The ORIM model therefore yielded bet-
ter results than FLIGHT for simulating fIPAR from 
field-measured architectural and structural parameters 
in olive canopies. The simulations conducted with 
FLIGHT and ORIM models to assess the sensitivity 
of the input parameters, such as fraction of vegetation 
cover, sun angles, and the soil reflectance on NDVI and 
fIPAR, were investigated generating canopy scenarios 
(Fig. 9a for NDVI, and Fig. 9b for fIPAR). Figures 9a 
and 9b show the effect of soil optical properties on the 
aggregated NDVI to be greater than in fIPAR estimates. 
In scenes with 60% vegetation cover and solar zenith 
angle 35.02º, NDVI varied from 0.53 for a dark soil to 
0.43 for a bright soil, while fIPAR for the same canopy 
scenario changed only from 0.50 to 0.48. The large soil 
reflectance variation mainly affects the NDVI vs. fIPAR 
relationship as a function of the background. The solar 

Fig. 6. Schematic view of the coupling method between FLIGHT and ORIM models to develop predictive relationships between 
NDVI and fIPAR.

Table 3
Input parameters used to generate predictive fIPAR-NDVI 
algorithms. Determination coefficients and RMSE values ob-
tained between the ground-measured fIPAR and the estimated 

fIPAR from FLIGHT and FLIGHT + ORIM

Parameter Source/Value

Fixed parameters
LADF Measured (Fig. 3)
Leaf (ρ and τ) Measured (Fig. 4b)
Row orientation 63º from North
Sun geometry SZ:35.02º; SA:69.5º
Soil (ρ

s
) Obtained from image (Fig. 5)

Variable parameters
Tree radius (m) 0.5–3
Tree height (m) 2–6
LAI 0.1–1

Results r2 ;(RMSE)
FLIGHT 0.85; 0.11
FLIGHT + ORIM 0.83; 0.05

LADF—Leaf angle distribution function; SZ—solar zenith 
(degrees from the vertical); SA—solar azimuth (degrees from 
South, clockwise negative); LAI—Leaf area index.
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angle showed to have effects on both fIPAR and NDVI, 
as expected. For a north–south rectangular planting grid 
orchard, the intercepted PAR was higher at high zenith 
angles: fIPAR varied from 0.7 in the morning (SZ = 
70.9º) to 0.4 at midday (SZ = 35.02º) for a 60% vegeta-
tion cover and dark soil (Fig. 9b). The differences found 
in NDVI for different solar angles were caused also by 
the soil reflectance and the amount of shadow; neverthe-
less, the effect was smaller than in fIPAR. NDVI varied 
from 0.5 to 0.4 for a 60% vegetation cover and dark 
soil, and from 0.62 to 0.48 for a bright soil (Fig. 9a). 
The study showed that NDVI vs. fIPAR relationships 
cannot be readily applied to open canopy orchards due 
to the large effects caused by parameters such as soil 
reflectance and sun angle, and appropriate modelling 
techniques are needed to develop accurate relationships 
for the fIPAR estimation in these orchards.

3.2. Estimating fIPAR using FLIGHT and the 
coupled FLIGHT+ORIM model

An analysis on fIPAR estimation with remote sensing 
imagery was conducted by developing relationships 

between vegetation indices calculated from the air-
borne imagery and fIPAR measured with a ceptometer 
(Fig. 10). The variation of NDVI vs. fIPAR (Fig. 10) 
was obtained through measurements conducted at 
selected plots with different architectural canopy char-
acteristics at 10:00 GMT (+/–half hour). The results 
showed high coefficient of determination for NDVI vs. 
fIPAR with r2 > 0.9 for a polynomial regression.

The modeled relationships NDVI vs. fIPAR were 

Fig. 7. Model simulations conducted with FLIGHT to gener-
ate orchard scenes for different fractions of vegetation cover. 
Input parameters used were the aerosol optical thickness 
(0.15), solar zenith (35.02º), solar azimuth (69.5º, East = 0º), 
view zenith and azimuth angles (0º). Architectural properties 
correspond with study areas described in Table 1: stand 5 (a), 
stand 7 (b), stand 6 (c) and stand 2 (d).

Fig. 8. Relationships between fIPAR ground measurements 
and fIPAR estimations using FLIGHT (a) and ORIM (b). The 
input parameters used for both models were the ground mea-
surements collected at each study site (Table 1, Fig. 3).
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obtained with the FLIGHT model (Fig. 11a) and with 
the FLIGHT and ORIM models (Fig. 11b). Input pa-
rameters were field-measured, while the inputs related 
to canopy architecture were ranged within the typical 
range of variation for these orchard crops (see Table 3). 
Relationships obtained for the olive orchard with 
both models—(i) FLIGHT, and (ii) FLIGHT + ORIM 
(Fig. 6)—yielded slightly different results, showing 
better agreements with the FLIGHT + ORIM coupled 
simulation model (Fig. 11b). Estimation of fIPAR by 
predictive relationships was compared against ground 
measured fIPAR for each plot. The fIPAR output from 
FLIGHT was slightly underestimated when compared 
against FLIGHT + ORIM. Relationships obtained 
for the orchard yielded fIPAR estimates with relative 
RMSE of 0.11 and r2 = 0.85 when FLIGHT was used, 
and RMSE = 0.05 and r2 = 0.83 for FLIGHT + ORIM 
coupled models

The assessment of the Myneni and Williams (1994) 
relationship developed for homogeneous crop (fAPAR 
= 1.1638 * NDVI – 0.1426), when applied to the study 
plots selected for this work, yielded an error of RMSE 
= 0.24. This result demonstrates that higher errors were 

Fig. 9. Variance analysis to study the effect of the sun geometry, soil optical properties and fraction of vegetation cover on NDVI 
(a) and fIPAR (b) using the FLIGHT model. It was considered row orientation N–S, LAI = 0.8, leaf size = 0.0075, fraction of 
green leaves = 1.0, fraction of bark = 0, LADF defined by user, ellipsoidal crown shape, soil roughness = 0, and aerosol optical 
thickness = 0.1.

Fig. 10. Relationships between airborne imagery NDVI and 
field-measured fIPAR for the eight study sites imaged at solar 
zenith angle = 35.02º.
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generating a map of the spatial variability of the instan-
taneous fIPAR (Fig. 13b).

4. CONCLUSIONS

A remote sensing study focused on estimating fIPAR on 
olive tree canopies was conducted. This work investi-
gated the relationship between canopy reflectance and 
instantaneous fIPAR in olive orchards, using radiative 
transfer modelling methods and field measurements. 
The PAR intercepted by the orchard canopy was simu-
lated through two approaches: (i) using the FLIGHT 

Fig. 11. Predictive relationships obtained between NDVI and fIPAR from FLIGHT (a) and FLIGHT + ORIM (b) for olive or-
chards. Estimated fIPAR using predictive relationships developed in (a) and (b) versus measured fIPAR (c).

obtained in their work as compared to our FLIGHT 
(RMSE = 0.11) and FLIGHT + ORIM (RMSE = 0.05) 
simulations (Fig. 12).

Finally, a high-resolution multispectral mosaic 
acquired over one of the study areas (Fig. 13a) was 
used to generate a map of the spatial variability of the 
radiation interception. The map was generated follow-
ing the methodology described in this paper. The aggre-
gated reflectance and NDVI was calculated from a grid, 
each comprised of four trees, shadows, and soil. The 
FLIGHT + ORIM predictive relationships were then 
applied to the grid NDVI scene of the olive orchard, 
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3D model; and (ii) using a specific simulation approach 
to estimate fIPAR in olive orchards, ORIM model. 
Both models were firstly assessed using input param-
eters measured in the field at different study plots. The 
FLIGHT model yielded a RMSE of 0.1 for fIPAR, while 
the ORIM model obtained better results, with an RMSE 
of 0.05 when compared against fIPAR ground-mea-
sured data. In conclusion, these results demonstrated 
better fIPAR estimates when using the ORIM model 
and ground data collected over the study sites used for 
the model assessment. In addition, this study examined 
the effect of varying background optical properties, sun 
angles, and fraction of vegetation cover on fIPAR and 
NDVI index when aggregating the canopy reflectance 
from the four central trees of the simulated scenes. 
The NDVI–fIPAR relationships were showed not to be 
applicable to all canopy types due to the important ef-
fects caused by soil and shadows. A set of simulations 
conducted on two scenes with varying soil reflectance 
results showed important effects on NDVI, with an al-
most negligible influence on fIPAR. In such set of simu-
lations, NDVI varied from 0.35 to 0.45 for two different 
soil types, while fIPAR changed from 0.37 to 0.39 for 
the same fraction of vegetation cover and solar angles, 
due only to the different soils backgrounds. In conclu-
sion, the NDVI vs. fIPAR relationship is critically af-
fected by the soil optical properties in such open tree 
orchards, requiring the use of radiative transfer models 
for an accurate estimation of fIPAR in olive canopies.

The results obtained from predictive NDVI–fIPAR 
relationships showed that FLIGHT + ORIM estimates 
were more accurate than the results obtained with 
FLIGHT alone. The trend showed a polynomial relation-
ship between NDVI and fIPAR when FLIGHT + ORIM 
couple model was used, while FLIGHT showed a lin-
ear trend. The application of the predictive algorithms 
for fIPAR estimation yielded a relative RMSE of 0.11  
(r2 = 0.85) for FLIGHT model, and a RMSE of 0.05  
(r2 = 0.83) for the coupled FLIGHT + ORIM models. Al-
though FLIGHT performed well for fIPAR estimation, 
the ORIM model showed superior performance. The 
ORIM model was formulated, calibrated, and validated 
specifically for olive orchards.

The methodology presented demonstrates the fea-
sibility for estimating the spatial distribution of the 
instantaneous fIPAR in complex non-homogeneous 
orchard canopies. As expected, the use of NDVI–fIPAR 

Fig. 12. Estimated fIPAR using the predictive relationships de-
veloped in this manuscript vs. that published for homogeneous 
crops (Myneni and Williams, 1994).

Fig. 13. Multispectral mosaic of the olive orchard (a) used 
to generate a map of fIPAR calculated from the coupled 
FLIGHT + ORIM model (b) using the methodologies de-
scribed in this manuscript.
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relationships obtained in previous works for homoge-
neous canopies yielded a higher error, with RMSE = 
0.24. Thus, the particularities of the different type of 
canopies need to be accounted for when estimating 
fIPAR and others biophysical parameters. Further work 
will focus on other plant-grid plantations, such as the 
current intensive olive plantations, including diurnal 
studies to investigate the variability and uncertainties 
associated with these methodologies. In addition, the 
estimation of daily PAR interception from estimated in-
stantaneous fIPAR on these non-homogeneous complex 
canopies will be assessed. Obtaining maps of the spatial 
variability of fIPAR may provide valuable information 
for decision makers to design new plantations according 
to water availability and crop potential.
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