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The amounts of solar radiation absorbed or intercepted by canopies are key parameters for determining gas
exchange rates and for estimating water requirements and yield potential in precision agriculture. Measurements
with portable ceptometers around midday are the most widespread field method for assessing light interception.
However, in orchards and vineyards, light interception varies during the day depending on tree spacing, training
system, and tree size, so a single midday measurement may not represent the daily integrated value. This study
proposes a cost-effective approach based on hemispherical imaging for rapidly and reliably assessing both the
diurnal pattern and the daily fraction of Intercepted Photosynthetically Active Radiation (fIPAR). The method
uses hemispherical images representing the fraction of radiation reaching the ground across tree spacing,
including alleys between rows. Images were processed automatically to analyse canopy occlusion along the sun’s
trajectory. Application of this method, using either still camera or video recordings, was compared with con-
current ceptometer measurements in orchard and vineyard canopies, showing high agreement (R*> between
0.88-0.92) and consistency across lighting conditions. The results highlight that, particularly when employing
action cameras, this method offers a practical, scalable, and labour-efficient assessment of diurnal fIPAR,
providing an operational alternative to traditional ceptometer measurements. Its adaptability to different or-
chard canopies and robustness under various lighting conditions and configurations, including anti-hail nets,
make it a suitable method for precision agriculture.

Johnson and Lakso, 1991; Jonckheere et al., 2004).
Each parameter provides unique insights into the role of the tree

1. Introduction

The extent of the crop canopy is a fundamental determinant of the
water requirements of most crops and particularly of fruit tree crops
(Allen et al., 1998; Girona et al., 2011; Hsiao, 1990). Factors such as tree
dimensions, spacing, and three-dimensional structure vary significantly
between farms and are shaped by plantation design, training systems,
management strategies, growth-limiting factors, and growth vigour
(Scalisi et al., 2024; Tustin et al., 2022). These variations require ac-
curate and scalable methodologies to assess tree canopy size and
structure for accurate orchard management within the framework of
Precision Agriculture (Sangjan and Sankaran, 2021).

Several parameters are commonly used to represent the extent of a
tree canopy, including the fraction of canopy cover (fCOVER), leaf area
index (LAI), and fraction of intercepted or absorbed photosynthetically
active radiation (fIPAR and fAPAR, respectively) (Gower et al., 1999;

canopy in light interception, photosynthesis, and water use. Of these,
fIPAR has gained the greatest prominence on account of its ability to
quantify the amount of sunlight intercepted by a canopy, which is
directly linked to water requirements (Campillo et al., 2012; Green et al.,
2003; Marsal et al., 2014) and crop productivity (Massonnet et al., 2008;
Steduto et al., 2012; Wiinsche et al., 1996). It has proven effective for
modelling gas exchange, including photosynthesis and transpiration,
and for predicting yield potential (Quintanilla-Albornoz et al., 2023;
Scalisi et al., 2024), highlighting its central role in precision irrigation
and orchard management (Lakso and Intrigliolo, 2022). Importantly,
light interception directly drives transpiration, as water use in fruit trees
is strongly regulated by light-sensitive stomata, particularly abundant
on the abaxial leaf surface (H. Jones, 2013; Lakso, 2018).

To date, assessments of fIPAR for operational application in
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irrigation management are mostly based on ceptometer and light-
sensors measurements (Auzmendi et al., 2011; Casadesus et al., 2011;
Marsal et al., 2014). These devices are usually deployed in a predefined
pattern, both above and below the vegetation (Johnson et al., 2010), and
at a given moment (instantaneous fIPAR). Measurements made with
ceptometers at around midday (fIPARp;dday) are assumed to provide a
representative value of daily fIPAR. These measurements can be
repeated at different times in the season and provide a quantitative basis
for assessing the effects of pruning and/or other agricultural practices.
Mobile ceptometers mounted on small vehicles have been used to
measure fI[PAR around midday, with measurements taken within
approximately one to two hours of noon (Lampinen et al., 2012, 2014).
The results can be used to compare orchards with different crop varieties
and/or tree spacings, to map the spatial variability of different canopies,
and to estimate the productive potential of a given orchard (,Zar-
ate-Valdez et al., 2012, 2015a ).

However, under certain orchard training systems, measurements
taken at midday may not represent the entire day. Measurements
should, therefore, be taken at different times and over a wide range of
hours (Wiinsche et al., 1995). For instance, Auzmendi et al. (2011) used
a portable ceptometer to manually measure instantaneous fIPAR once
every 2 h to trace the diurnal fIPAR curve.

Since taking multiple manual measurements with a portable cep-
tometer would be far too labour intensive for routine application, an
alternative could be to continuously record instantaneous fIPAR.
(Casadests et al., 2011) used a fixed arrangement of light-sensing bars,
allowing the automated adjustment of irrigation. More recently, mobile
sensor systems have enabled the generation of diurnal curves of light
interception with a temporal resolution of 2 h (Zhang et al., 2012),
which was further refined to intervals as short as near real time reso-
lution (Zhang et al., 2015) greatly improving the precision of whole-day
fIPAR measurements. Some alternatives could include very simple ap-
proaches such as the early “chessboard” or point grid method explored
in (Wiinsche et al., 1995, 1996; Wiinsche and Lakso, 2000), which can
now be combined with modern sensor systems for automated readings.

Other innovative devices have also been developed, such as the
“whirligig” (McNaughton et al., 1992), a rotating light interception
system which provides highly detailed measurements of canopy light
environments, well suited for scaling-up transpiration and photosyn-
thesis measurements in apples (Green et al., 2001). Nevertheless, such
setups would be too expensive for routine applications on farms, and
some could also hinder the movement of machinery in the orchard
(Casadests et al., 2011).

Alternatively, the diurnal curve of fIPAR could be estimated using
relatively simple models (Jackson and Palmer, 1972; Oyarzun et al.,
2007; Palmer, 1977) that require measurements of tree dimensions, such
as a parallelepiped. These models can be fed from UAV-based photo-
grammetry (Bellvert et al., 2021). However, tree shapes often depart
from a perfect parallelepiped and, as a result, such measurements tend to
be inaccurate.

Image analysis can provide a practical way to assess canopy prop-
erties (Lakso, 1976). Digital hemispherical photography (DHP), which
involves capturing wide-angle and/or hemispherical photos looking up
through the plant canopy, has been widely used for the assessment of
many biophysical traits, especially in forests (Jonckheere et al., 2004;
Baret et al., 2010; Fournier and Hall, 2017). Improvements in camera
technology and lens capabilities have made it possible to obtain more
precise images. Even so, orchards and forests represent two different
types of canopies.

Common DHP processing methods typically rely on the assumption
that leaves are randomly distributed within the canopy (Campbell and
Norman, 1998; Jonckheere et al., 2004; Weiss et al., 2004). However,
orchard canopies seldom meet this condition, as their 3D structure is
highly heterogeneous and strongly influenced by pruning, training sys-
tems, and row spacing. Moreover, although DHP has been widely
applied in forest studies to estimate leaf area index (LAI), in the context
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of orchard management, fIPAR tends to be a more straightforward
parameter for irrigation purposes (Auzmendi et al., 2011).

In this context, indirect methods for estimating biophysical param-
eters, and particularly light interception, which rely solely on the Leaf
Area Index or Leaf Area Density, such as the model presented by
Campbell & Norman (1998), may not be as reliable in orchards as in
forests. LAl-based estimations, which work well in forests, may under-
estimate fIPAR in orchards due to differences in leaf area distribution
and canopy architecture.

In the context of orchard canopies, previous studies have briefly
examined similar approaches based on digital photography. A compar-
ative study of four methods for estimating light interception was con-
ducted by Wiinsche et al. (1995); this involved the use of film cameras
equipped with hemispherical lenses. Campillo et al. (2008) reported a
methodology for estimating light interception in a field-grown tomato
crop using downward-facing photography. A similar approach was later
proposed by (Zarate-Valdez, et al., 2015) but in this case was based on
overhead photography of tree shadows, where the projected canopy
shadow on the orchard floor was used as a proxy for intercepted radi-
ation. However, these methods provide only a measurement of midday
fIPAR rather than a daily aggregate from the diurnal curve. In addition,
shadow-based approaches are strongly constrained by solar angle,
weather conditions (e.g., clear skies), and the presence of uniform
ground surfaces, which limits their robustness for routine monitoring.

The main objective of the present work was to analyse the perfor-
mance and practical utility of an approach based on the use of hemi-
spherical images to assess the diurnal curve of fIPAR in tree crops and
vines. The method consists of (1) taking samples in the tree spacing
between rows of trees, using photos or videos, to obtain a mosaic of
upward-facing hemispherical images of the canopy; (2) analysing the
images by an automated software that overlays the calculated diurnal
solar trajectory on the segmented canopy of each image and; (3)
aggregating data to obtain a diurnal fIPAR curve for the whole tree
spacing, including one-half of the trees on either side of the alleyway and
the alleyway itself. The still camera setup, with stable mounting and
controlled position would allow for consistent image acquisition. In
contrast, video recording with an action camera held on a selfie stick
would allow a faster and lower effort image acquisition.. The perfor-
mance of both approaches was then evaluated by comparing their out-
puts to measurements obtained through a standard ceptometer method.

2. Materials and methods
2.1. Methodological workflow

2.1.1. Procedure for image acquisition

For both fixed camera pictures and action camera videos, the pro-
cedure consisted of recording a collection of hemispherical upwards-
looking images of the canopy, following a pre-defined pattern,
recording the area between two adjacent rows of trees The camera was
placed near the ground and levelled to achieve a zenith view, with
vertical axis of the images aligned parallel to the tree rows (see Fig. 1).

2.1.2. Still camera with self-levelling platform

A D70 (Nikon, Tokyo Japan) reflex camera equipped with an AT-X
107 DX (Tokina, Tokyo, Japan) fisheye zoom lens was mounted on a
custom-made self-levelling support, which maintained the camera in an
upward zenithal view, regardless of the ground slope. The lens height
was about 20 cm above the ground. The support, which had a base
footprint of 50 cm x 50 cm, was manually moved to different positions
following a chessboard sampling pattern (Fig. 1). Photos were taken
within the alleyway, at 100 cm intervals, covering the full distance be-
tween rows.

2.1.3. Action camera
A HERO10 Black (GoPro, California, USA) action camera was
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Fig. 1. fIPAR sensing devices employed (left column) with their corresponding sampling patterns (right column) and interrow sampling area (dashed).

mounted on a selfie stick for mobile image acquisition. Sampling
involved recording videos with the camera held upwards and at
approximately 20 cm from the ground, while following an on-the-go
zigzag pattern between two rows of trees that included at least three
consecutive trees in each row (Fig. 1). Efforts were made to keep the
camera levelled and well-oriented and to move at a constant speed be-
tween the trees during video recording to ensure uniform sampling. The
video footage was subsequently divided into individual frames (at a rate
of 1 frame per second), which were treated similarly to the still photo-
graph images.

2.1.4. Image analysis

Custom-made software was developed in Python for processing the
images, using version 1.6 of the OpenCV library (Bradski, 2000). In the
case of the video images recorded with the action camera, the first step
in the processing workflow involved extracting individual frames from
the video footage. One frame per second was selected for image
extraction, from the initial 60 frames per second of video footage.

Each image was a sample of the canopy, from a distinct position in
the tree spacing. The sky background visible in each image represents
the canopy gaps from that position within the tree spacing. Overlaying
the sun path onto the image reveals the fraction of sunlight intercepted
by the canopy at different times of the day. The complete set of images

provides a representative sampling of canopy light interception across
the entire tree spacing.

The fIPAR curves corresponding to the different images in the sam-
pling pattern were then integrated to create a single diurnal curve for the
whole canopy. The whole processing described below was automated
with this software. Usage of the software involved selecting the folder
containign the images, selecting the camera -whose properties had
previously been configured- and specifying longitude, latitude and row
orientation. The typical processing of a canopy involved few seconds in a
normal desktop computer.

2.1.5. Canopy segmentation from the sky background

Following the approach of (Casadestis et al., 2007) in each image, the
pixels corresponding to the canopy were separated from the background
using thresholds based on a converted HSV (Hue, Saturation, Value)
colour space.

The pixels considered to correspond to the canopy (canopymask) were
determined by removing those matching the colour of a blue sky
(bluep,sk) and those matching the colour of a cloud or an overcast sky
(lightgreymask) from the initial image.

canopy,,,.= whole_image — —(bluey,«— — lightgrey, .) @

Where: canopymask includes all the pixels considered to correspond
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to part of the canopy; the whole_image is the total set of pixels in the
image; the bluen,sk includes all the pixels whose hue values fall within a
range of different blue sky tones, from huep,;, to huen,x, which in this
work corresponded to values of 180 and 270, respectively, on a scale
from O to 360; lightgreymask includes all the pixels whose combination of
saturation and intensity falls within the range typically associated with
cloud brightness. This was parametrized as saturation lower than satyay,
and intensity greater than intensityni,, which in this work corresponded
to satmax = 20, and intensityni, = 60, on a scale from 0 to 100. These
threshold values were empirically optimized through iterative testing on
representative image samples.

During the process of taking photographs and recording video during
daylight, the presence of the sun disk in the scene can produce regions
where the colour values of the affected pixels are overflown and, hence,
undetermined (Fig. 2). These regions are referred to as sun flares (Kotp
and Torki, 2023, 2024). Further details on their characteristics and
detection methods can be found in these references. Pixels of these re-
gions are considered background (sky), which is true in most cases.
However, part of the actual canopy pixels neighbouring those regions
can be flared as well and then, eroded from the canopy region and
erroneously accounted as background.

The maximum impact of this issue was quantified as the percentage
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of flared pixels in the sampled images.

Broad application of the method to different horticultural scenarios,
must consider the possibility of using anti-hail nets. In that case, support
structures of various colours, including poles and bars, may appear in
the background when upward-facing images are taken. Tests of the
method were conducted under hail nets with different properties to
determine whether the thresholds should be specifically adapted to the
properties of each anti-hail net.

2.1.6. Projection of the diurnal path of the sun on the images

On each image, a curve was traced by the designed software, rep-
resenting the position of the sun at different times in the day. This was
based on the field of view of the cameras and the traced path of the sun
in x and y pixel coordinates. It was calculated using the geographical
coordinates of the orchard, the day of the year, the camera azimuth and
the optical calibration of a hemispherical lens camera. Firstly, the
elevation of the sun and its azimuth were calculated for each hour of the
day, based on (Allen et al., 1998). Fig. 3 illustrates the two angles
involved, from Masters (2004).

Based on the latitude (¢), longitude (L) and corresponding day of the
year (DOY), the solar curve parameters are:

. -

Fig. 2. Example of some of the challenges to canopy analysis posed by background factors, such as different coloured anti-hail nets and pixels affected by sun flares.
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Fig. 3. Sun curve parameters (angle of the azimuth y and elevation hy), from
Masters (2004).
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S. = 0.1645sin(2b) — 0.1255cos(b) — 0.025sin(b) (5.1)

Where: S, is a seasonal correction for solar time in hours, t is the
standard clock time in hours, L, is the longitude of the centre of the local
time zone in degrees, L, is the longitude of the measurement site in
degrees (Allen et al., 1998).

Secondly, the apparent path of the sun in the sky, represented by its
hourly elevation and azimuth, was converted into a curve in the image
and represented by a list of pixel coordinates.

Given the height (h) and the width (w) of the image, the elevation of
the sun (hy) and its azimuth (y,), the azimuth of the camera (y.) and
calibrated conversion from pixel coordinates to corresponding camera
and lens angles (a.), the coordinates (x, y) of the position of the sun in
the image were computed automatically following Eq. (6).

W
x 2
(}’ ) | A (6)
R4
Where
Xi _ T'Sil'l(j/S — }/C)
(yi > a (rCOS(n ~70) > (6.1)
r = a.coshy ©6.2)

2.1.7. Determination of the diurnal fIPAR curve

The procedure assumed that fIPAR at a given time of day consists of
two components. The beam component depends on the fraction of
canopy pixels located in the part of the image where the sun is expected
to appear at that specific time. The diffuse component depends on the
overall fraction of canopy pixels across the entire image. In each indi-
vidual image, computation was made by defining a series of rectangles
that followed the path of the sun. Each of these represented the position
of the sun at a given time of day.

Two variables were calculated for each rectangle. Firstly, the beam
fIPAR (fIPARpeam), which was dimensionless, determined as the fraction
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of canopy pixels compared to the total number of pixels in the rectangle.
Secondly, the quantity of potentially intercepted PAR at a given time,
PIR;nstantaneouss ON a clear day, was determined as shown in Eq. (7):

PIRin.stuntaneuu.s :ﬂPARbeam * RS * (]- _Kd) + ﬂPAleg Rs * Kd (7)

Where R; is the expected solar radiation under a clear sky at the
location in question, on the day of the year and at the chosen time of day,
fIPAR; is the fraction of canopy pixels for the total image, and Ky is a
coefficient that represents the fraction of diffuse radiation. The role of Rg
and K, in (Eq.7) is to bring a weight to each point in the diurnal curve
related with the expected solar radiation at that time of the day.

The source for Rg and Ky depends on the intended application of
fIPAR assessment. For irrigation management purposes, these values
should represent the typical radiative conditions of a clear day for that
region and season, rather than the actual measurements for a given day.

For that, the radiation regime chosen was that of clear sky, based on
the theoretical beam radiation proposed in (Allen et al., 1998):

Rs=0.75R, (€)]

60 .
R, = - Gs * dr (wy — w1 )singsinécosgcoss(sinw, — sinw; ) (8.1)

2
d =1+ 0.033cos< —”n) (8.2)

365

Where: R,, in W/m? is the extraterrestrial radiation; Gs is the solar
constant (1366 W/m?); d, (dimensionless) is the inverse relative distance
between the Earth and the Sun; ¢ and &, expressed in radians, are the
latitude and the declination of the sun; w; and w, are the solar time
angles at the beginning and at the end of the period, expressed in
radians.

To account for the diffuse component of radiation when assessing the
diurnal fIPAR, the fraction of diffuse radiation, K;, was assumed to be
equal to 0.2 to represent typical clear-sky conditions, providing a stan-
dardized basis for comparison across sites and dates. In practice, K4 can
vary considerably depending on atmospheric conditions and solar
elevation, yet it is rarely measured directly. Using a constant value
therefore avoids introducing unnecessary variability into the fIPAR es-
timates and ensures that comparisons between canopies from different
orchards or periods, reflect structural differences rather than transient
meteorological effects.

To allow visual inspection of the process, the software saved a pro-
cessed copy of each image, in which the rectangles and the diurnal
curves of fIPARpegm and PIRinstantaneous Were overlapped (Fig. 4). As
commented above, the presence of sun flares in the scene may result in
an underestimation of the number of canopy pixels. To compensate this
effect, a second series of rectangles was added, which rarely contained
sun flares. This symmetry corresponds to the pattern observed in the first
series of projected rectangles, assuming that canopy properties are
similar on both sides of the East-West axis.

2.1.8. Converting diurnal curves to a daily fIPAR value

For hands-on application, in many situations, using a single daily
value that summarizes the diurnal fIPAR curve could be more practical
than using the curve itself (Drechsler et al., 2022; R. S. Johnson et al.,
2000). This value was calculated as shown in Eq. (9).

After determining the diurnal curves of fIPARpeqm and PIR;nsiantaneous
for all the individual images of a given canopy, the completed curves for
the whole tree spacing are obtained by averaging the corresponding
diurnal fIPAR curves across images. All these calculations were carried
out automatically using the algorithm that was developed. In practice, it
was a weighted average of the instantaneous fIPAR, where the weights
were provided by the R values at that time.

E P IRinstantaneous

ﬂP ARdaily = Z R
s

©)
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Fig. 4. Example of a diurnal curve of fIPAR obtained from a photo taken using a still camera on an almond orchard with tree rows oriented 30° North. It shows:
Yellow rectangles: defined area analysed that followed the path of the sun; Orange rectangles: a mirror image of the area of analysis; Yellow line: the fIPARpeam, for the
area analysed; Orange line: the fIPARpear, for the mirror image of the area analysed; Red line: the average fIPARpeam; and white line: PIRinstantancous (W/m2).

project the sun’s path onto the images. The dataset for calibrating each
camera was obtained by sampling a known pattern. This was carried out
in lab, using the same lens and camera combination options that were
used in the field. Both the still camera and the action camera were firmly
mounted on tripods, aimed at a board marked with magnets positioned

2.1.9. Camera calibration

Camera calibration consisted of establishing how each pixel in the
image corresponds to a specific observation angle. This relationship
depends on the camera and lens used and is essential to accurately

3008 ~ 202

Al
“\
.
PE——

Fig. 5. Board configuration for camera calibration (left). Example of images taken by the still camera (a) and by the action camera (b).
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at precise, known coordinates (Fig. 5).

Similarly to Diaz et al. (2024), this setup allowed us to calibrate the
cameras by correlating the observation angles of the magnets with their
coordinates in the recorded images. (Fig. 6).

Magnets were organised on the board in a star configuration. Having

90
g0 ¥y =0.0458x—1.4495
R2=0.99

70 et
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Fig. 6. Correlations between the angle of observation (in degrees) and the
distance (dmagnet-center) (in pixels) for the still camera (a) and action camera in
SuperView mode (b) and WideAngle mode (c).
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magnets of different colours facilitated the task of identifying them in
the images and referring to their positions on the board. (Fig. 2). Pho-
tographs and short videos were obtained with three different distances
between the board and the cameras to allow a varied range of angles.

For each picture or video frame, the viewing angle for each magnet
was calculated as follows:

Angle = arctan ( <d7m“g"e[‘ Cemr)) (9a)
camera,board

Where: dmagnet, center is the distance in cm between the magnet and the
centre of the board.

dcamera, board is the distance in cm between the camera and the board.

The parameter to be calibrated was the slope of the relationship
between the distance in pixels from each magnet to the centre of the
image and the viewing angle for each magnet (projection function of the
camera). The combination of cameras, lenses and settings produced
different fields of view in the sampled images (Table 1).

2.2. Datasets

To validate the DHP methodology, two datasets were created and
used. The first: Dataset 1, was obtained from a large and spatially het-
erogeneous vineyard located at Raimat, Lleida, Spain, where the can-
opies of four sites were analysed. These involved two grape varieties at
two topographic locations, resulting in different vine development
patterns: Vitis vinifera cv. Chardonnay-large, Vitis vinifera cv.
Chardonnay-small, Vitis vinifera cv. Pinot-large and Vitis vinifera cv.
Pinot-small. fIPAR was sampled using a still camera under two different
light conditions, corresponding to consecutive days: dawn, with over-
cast sky, and during the day with a cloudless sky. This was done to
evaluate the consistency between the two sampling conditions. On the
second day, instantaneous fIPAR was also measured, using a ceptometer
(AccuPAR model LP-80; Decagon Devices Inc., Pullman, WA, USA), at
2-hour intervals, from sunrise to sunset.

The second dataset: Dataset 2, was designed to compare the labour
effort and accuracy of the fIPAR measurements obtained with each
approach. To do this, hemispherical photographs were obtained with a
still camera and hemispherical video footage was recorded with an ac-
tion camera. Images were obtained in an apple orchard, a vineyard and
an almond orchard (Fig. 7). At each site, data were collected over three
consecutive clear-sky days (3 repetitions): Mollerusa (April 17-19),
Raimat (May 29-31), and Les Borges Blanques (July 15-17). The data-
sets are summarized in Table 2. Another extensive dataset, relating to
the same apple orchard that was used for the second dataset, was also
acquired. This included fisheye images featuring canopies of various
dimensions (large and small) and different backgrounds (with clear and
overcast skies and anti-hail nets of different colours) to examine the
influence that the background had on the assessment.

For the measurements made by a portable Ceptometer (AccuPAR
model LP-80; Decagon Devices Inc., Pullman, WA, USA), readings were
taken in the tree spacing, between the rows of trees; below the canopy,
at different positions in the alleyway (Fig. 1).

Ceptometer readings were collected under clear sky conditions to
minimize short-term fluctuations in incident radiation. At each sampling
location, 30 consecutive readings were recorded and averaged to reduce
random variability. The ceptometer was positioned consistently at a
fixed height below the canopy and aligned perpendicular to the row
direction to ensure a uniform sampling geometry. These procedures
limited measurement errors related to operator handling, solar zenith
angle, and sky transience. Readings were taken at 0.5 m intervals
(PARpelow), after recording the incident PAR (PAR(o). Instantaneous
fIPAR was then calculated as follows:

N .
P ARlbelow

PAR; =1 — _—— (10)
ﬂ ' ; P, ARmml
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Table 1
Still and action camera configurations and FOV analysis.
Camera Lens model Settings Picture frames (height x Diagonal fov Horizontal fov Vertical fov Calibrated
width pixels) (degrees) (degrees) (degrees) degrees/pixel
Still camera (Nikon Tokina Fisheye Widest zoom, 3008 %2000 165 138 92 0.0458
d70) infinity focus
Action camera Action Camera “SuperView” 5568x4176 >180 >180 141 0.0338
(Gopro Hero 10) Max Lens Mode
“WideAngle” Mode 4000x%3000 >180 173 130 0.0432
Still camera Action camera
Apple Orchard
Almond Orchard
Vineyard

Fig. 7. Sample images from a still camera (photographs) and an action camera (video frames) showing different canopies. In the action camera image, the video
mode was set to Wide Angle for apple trees but to SuperView for almond trees and vineyards.

Where N is the number of readings taken, both in the alleyway and
below the trees.

2.3. Statistical analyses

JMP statistical software v17.2.0 (SAS Institute Inc., Cary, USA) was
used in the analysis. It was particularly used to examine the relationship
between the diurnal curves derived from photographs and to check how
they corresponded to the ceptometer readings. The coefficient of
determination (R?) was computed to quantify the strength of the
relationships.

3. Results

The accurate assessment of diurnal and daily fIPAR based on
sampled photos and frames required careful preprocessing. This began
with camera calibration and checking the FOV of still and action cam-
eras and ensuring that conversion was possible. This was followed by an
evaluation of the canopy segmentation performance, which determined
how effectively the plant and non-plant areas could be distinguished.
Once the segmentation had been validated, the ability of the algorithm

to capture diurnal fIPAR curves was assessed. Diurnal curves were
computed for each photo and/or video frame. The process consisted of
analysing a series of instantaneous fIPAR values, which had been
calculated at 10-minute intervals throughout the day. To further refine
the approach, a comparison was made between the images obtained
using still and action cameras.

3.1. Camera calibration

The calibration results indicated a field of view of 165° for the still
camera along the diagonal, with narrower angles in the middle of the
horizontal and vertical axes (Table 1). The field of view of the action
camera was notably wider (180°), in both the video and photo modes,
which made it possible to capture a broader range of the diurnal curve.
The action camera had different fields of view for its photo and video
modes (Table 1). The video mode exhibited a slightly narrower diagonal
FOV compared to the photo mode, though both were wider than that of
the fisheye lens on the still camera. Despite this difference, the video
mode was more practical for field applications due to its capacity to
record continuously, this simplified data collection in the field. This
continuous capture reduced the time spent repositioning the camera and
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Table 2
Summary of orchard characteristics, sampling conditions, and data collection parameters for the different datasets.
Dataset 1 2
Orchard Vineyard Apples Vineyard Almonds
(Vitis vinefera) (Malus domestica) (Vitis vinefera) (Prunus dulcis)
cv. Chardonnay (Large, small); Pinot (Large, small) Golden Reinders Chardonnay Vairo
Rootstock 1103 Paulsen M9 1103 Paulsen INRA GF-677
Training system Trellis Bi-axis Spindle Trellis Open Vase
Orchard age (Years) >10 >10 >10 >10
Cover Crop No No Yes No
Location (ETRS89 coordinates) Raimat Mollerusa Raimat Les Borges Blanques
(41° 40' N-0° 28 F) (41°63' N-0° 9'E) (41° 40' N-0° 28 F) (41° 30' N-0° 51' E)
Tree spacing Chardonnay: 1.2m x 3.6m 1.7m x 2.5 m 3.5mx55m
2mx3m
Pinot: 1.7m x 3m
Row orientation 12° east 4° west 6° east 30° east
Tree dimensions (height, width, depth) Chardonnay Large: 32mx1.2mx 0.6 m 1.7m x 0.7 m x 3.5mx25m x
2mx1mx 0.5m. 0.5m 1.3m
Chardonnay Small:
2mx 0.7m x 0.3m
Pinot Large:
1.7m x 1.2m x 0.7 m.
Pinot Small:
1.7m x 0.6 m x 0.3 m
Sampling DOY 203-204 108-109-110 150-151-152 199-200-201
Cloudiness DOY 203 overcast at dawn; DOY 204 cloudless Cloudless Cloudless Cloudless
Num photos/sampling 30 30-35 25-30 40-45
Seconds video/sampling - 30-40 30-40 50-60
Cept measur. /Sampling 60 in the alley + 6 reference 30 in the alley + 5 reference
Sampled trees 6 6 6 6

made it possible to carry out a faster sampling.

3.2. Canopy segmentation in individual images

The approach previously described required segmentation of the
images to distinguish between the canopy and background. Overall, the
classification of the pixels based on colour space Intensity-Hue-
Saturation (I, H, S) make it easy to distinguish the foreground from
the sky background. The sky typically ranges from blue under clear
conditions to various shades of grey, depending on cloud cover.

Visual examination showed that in some of the images taken during
daylight, sun flares appeared as bright white areas, due to overexposure,
which the algorithm classified as background, since their color matches
that of clouds. However, some of these overexposed pixels may corre-
spond to leaves at the canopy border, which appear eroded by the sun
flare and would be misclassified as background (Fig. 2). Sun flares did
not occur in images obtained at dawn, in which the distinction between
the canopy and the background was much clearer. The erosion at the
canopy border by sun flares was less evident for larger canopies, possibly
because denser canopies prevented it.

One estimate of the potential maximum error introduced by sun
flares was derived by quantifying the proportion of bright white pixels
associated with sun flares relative to the total number of pixels analyzed
by the algorithm in each image, which also yielded a value below 3 %
(Fig. 8). The actual error is expected to be lower than this estimate, since
part of the bright white pixels are correctly classified as background.

The background thresholding process was based on certain ranges of
H, S, and I, and the results obtained indicated that its parameterization
could be applied across a wide range of background conditions,
including blue skies, skies with different degrees of cloud cover, and
even images that included the presence of greyish anti-hail nets. How-
ever, in the case of coloured anti-hail nets, which were yellow in this
case, it was necessary to slightly modify the thresholding technique as
the algorithm mistakenly classified smaller parts of them, specially
shaded areas, as within the acceptable colour range for the canopy
(Fig. 9). In the images analysed, the canopies were viewed from below.
The images obtained were mostly composed of leaves, stems, and
growing fruits, while parts of the trellis system, such as poles and wires,

w
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Canopy

Fig. 8. Maximum potential error caused by sun flares, estimated for each image
as the proportion of bright white pixels associated with sun flares relative to the
total number of pixels analyzed by the algorithm.

also appeared in the foreground. For the purposes of this study, all these
objects were considered as part of the canopy.

3.3. Validation of the diurnal pattern of light interception

Diurnal fIPAR curves were measured with the proposed method for
four vineyard canopies using the still camera. The results were then
compared to ceptometer readings collected throughout the daylight
hours. Each of the canopies analysed in this study showed a different,
and distinct, diurnal pattern of fIPAR. These patterns could be clearly
discerned by applying both the hemispherical imaging approach and
using ceptometers.

Overall, the continuous diurnal patterns of fIPAR obtained using
hemispherical imaging tended to match the discrete measurements
recorded by ceptometers at different times of the day. R? values of 0.88
and 0.92, with mean square differences of 0.07 and 0.08, were respec-
tively obtained for hemispherical imaging sampled at daytime and dawn
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(©)

Fig. 9. Correction of thresholding process for yellow anti-hail nets: (a) original image with anti-hail net interference, (b) initial segmented image with the anti-hail
net misclassified as part of the canopy, and (c) corrected image, after adjustment of thresholding process.
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Fig. 10. Regression between fIPAR from diurnal hemispherical imaging and instantaneous ceptometer measurements, comparing dawn and daylight images for

four canopies.

(Fig. 10). The performance of the analysis provided sufficient resolution
to be able to distinguish between the diurnal patterns represented by all
the four examples included in this study. For practical applications in
horticulture and irrigation, knowing the exact fIPAR at a specific time is
less important. Instead, it’s more useful to have a summary of how fIPAR
changes throughout the day. This diurnal curve can provide a clearer
picture of canopy light interception during daylight hours. The results
obtained showed that the hemispherical imaging approach provided
similar assessments of the diurnal fIPAR curves for discontinuous can-
opies as ceptometer readings (Fig. 11), but with a fraction of the labour
required to obtain them. The alignment between the instantaneous
fIPAR values obtained from ceptometer readings and those from
photography was slightly better when the photographic images were
taken at dawn.

On the other hand, the instantaneous values shown on the diurnal
curves of fIPAR calculated from images acquired at daylight hours were
closely correlated with those calculated from images acquired at dawn.
In all cases, R? was greater than 0.98 (Fig. 12), showing a high repeti-
tiveness of the method, even with different lighting conditions. Never-
theless, the fIPAR values calculated from images corresponding to
daylight were slightly lower (3 %) than those of images corresponding to
dawn. This difference may be attributed to the effect of sun flares in the
images acquired during daylight and its range fits with the estimated
maximum effect of sun flares (Fig. 8). It was mostly noticeable around
the time the photos were captured, which fits with the commented issue
of sun flares affecting pixels at the edge of the canopy. The effect was
slightly more pronounced in small canopies.

10

3.4. Still vs action camera

The average time required to sample a canopy ranged: from 8 to 10
min, using a ceptometer; from 10 to 12 min, using a still camera; and
from 1 to 2 min, using an action camera. After downloading the images
from the cameras, their processing time in a desktop computer was just
few seconds per canopy.

As mentioned earlier, hemispherical imaging allowed us to capture a
continuous diurnal pattern of fIPAR. In contrast, the ceptometer only
provided discrete fIPAR values at specific times. This limitation was due
to the short time window available for measurements. To build a com-
plete diurnal curve using the ceptometer, measurements would need to
be repeated at several points throughout the day.

Measurements of fIPAR obtained at the same location, on three
consecutive days, made it possible to examine variability between re-
sults obtained using a still camera and an action camera. This pointed to
their potential for providing a reliable and cost-effective tool for making
rapid assessments.

The commercial prices of the devices and accessories required for
each approach were $1500, for the ceptometer, $2300, for the still
camera with a self-levelling support, and $510, for the action camera.
The metrics of variability revealed the interactions between canopy type
and temporal variation throughout the day (Fig. 13). The almond can-
opies, with their larger size and globular-shaped tree crowns, exhibited
much less irregularity for the different measurement approaches than
the apple and vineyard canopies. In contrast, canopies with a more
pronounced edge arrangement, such as those of apple trees and
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Fig. 12. Correlation between fIPAR sampled at dawn and fIPAR sampled
during daylight hours (fIPAR corresponding to a still camera for daylight hours,
and fIPAR corresponding to a still camera at dawn).

vineyards, showed diurnal patterns of fIPAR with abrupt changes,
particularly at midday. This was probably a result of the pronounced
effects that the time of day and solar position had on the interception of
beams of sunlight in the case of these narrower canopies. In the case of
photographs and videos, the presumed radiation pattern for direct and
diffuse components remained constant. However, irregularity in fIPAR
from photos and videos occurred from possible changes in the area
sampled over the three days of data collection.
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Diurnal evolution of fIPAR for the four canopies studied, organised by sampling time (daylight represented by the straight line and dawn by the dashed line)
vs Ceptometer measurements (shown by dots), and canopy (L: Large, S: Small).

Furthermore, values obtained from still and action cameras showed
an overall correlation (Fig. 14), supporting their interchangeable use in
field data acquisition. Action cameras performed better for tall and near-
mature orchards such as the dataset from almond and apple orchards,
where the denser canopy and reduced sky fraction above the camera
minimized angular biases. In contrast, they tended to overestimate
fIPAR in shorter and more open canopies like vineyards, likely due to a
wider field of view capturing more the sky against foliage projection
when imaging upward.

4. General discussion

The study presents and validates a new DHP methodology which
specifically addresses the assessement of a key canopy trait to be used in
precision irrigation of tree crops and vineyards, minding the diverse
combinations of training systems, tree spacings and crop development
that can occur with these crops. In this context, a diurnal fIPAR value
considering the radiation intercepted during the whole day would be the
ideal parameter.

The DHP approaches proposed in this paper successfully captured
diurnal patterns of fIPAR across several different types of canopies. The
close alignment between instantaneous fIPAR values obtained using
ceptometer readings and the photographic approach underscores the
validity of the methodology proposed here, with R? values consistently
exceeding 0.88. Images obtained at dawn were slightly better than those
captured during the day for segmentation and estimating fIPAR. This
was likely due to reduced interference from bright sun flares on the
images and highlights the tradeoff between optimal ighting conditions
and practicity for accomodating the logistics of field sampling. Classic
canopy assessments involving the use of hemispherical photography in
forests, typically use images obtained at dawn, near sunset, or under
overcast sky conditions (Fournier et al., 1996; Fournier and Hall, 2017).
This was to avoid problems with sun flares which, with analogic film
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Fig. 13. Diurnal fIPAR curves obtained on three consecutive days using a still camera (continuous line) and an action camera (dashed line) for almond (a), apple (b),

and grapevine (c) canopies.

cameras would have ruined the whole photographs. With digital cam-
eras, sun flares only affect a small portion of the image, which can be
acceptable as a trade-off against a wider and more practical time win-
dow for image sampling. Here we quantified a maximum error that
could be caused by sunflares of <3 %, which is acceptable for the as-
sessments of fIPAR in precission irrigation. Furthermore, if necessary for
other types of application, the effect of sunflares might be mitigated by
integrating advanced flare correction algorithms or supplementary fil-
ters during image acquisition.

Ceptometers are currently the main instruments used for assessing
fIPAR in horticulture (Anthony et al., 2020; Auzmendi et al., 2011;
Cohen et al., 1997; Grossman and DeJong, 1998). However, providing
an assessment of representative fIPAR for a whole day with a ceptometer
would be very labour intensive and would require clear-sky conditions
for the whole diurnal time window. On the other hand, assessments
based on the DHP approach proposed here, which uses photos taken
using a still camera, required <1 h of work per canopy, without any
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dependence on the time of day or atmospheric conditions. The
labour-saving impact of using a methodology based on photography
method is therefore notable and it does not require taking measurements
at different times of the day. This photographic approach is also much
less sensitive to the time of day and lighting conditions than using a
ceptometer. This was shown by the fact that there were only slight dif-
ferences between diurnal fIPAR curves obtained under two notably
different lighting conditions: at dawn and mid-morning. This could have
implications for practical assessments of fIPAR in discontinuous can-
opies since the photographic method can be applied at any time of the
day and regardless of the cloud-cover conditions while ceptometer
measurements are restricted to a narrow window of daytime and
weather conditions.

The comparison of different approaches showed that using action
cameras offers an efficient and cost-effective alternative to both cep-
tometers and still cameras. Still cameras provide high-resolution images,
with the camera at a precisely controlled position and orientation,
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making it suitable for accurate analysis. On the other hand, the ability of
action cameras to make continuous recordings in video mode signifi-
cantly reduces sampling time and enables rapid data acquisition at
multiple locations, but with less control on the exact position and
orientation of the cameras, thus increasing the risk of sampling errors.
The fact that action cameras are cheaper than the other alternatives
further emphasize their utility, especially in resource-constrained sce-
narios or where large-scale applications are required.

Despite the high-level of accuracy and efficiency offered by photo-
graphic approaches, certain limitations were noted. Besides the issue
with sun flares, there is the challenge of heterogeneous non-natural
backgrounds. Variations in anti-hail net properties and in background
conditions occasionally required specific adjustments to the segmenta-
tion algorithm. The default settings of the algorith are intended for a
background ranging from clear blue sky to completely overcast. Color
neutral hail nets -the most usual- can acceptably be processed with those
settings.

On the other hand, if the nets have colors that cannot be easily
distinguished from the canopy, this would require a more adaptable
parameterization approach such as using machine learning-based
segmentation.

Specialized tools for making canopy measurements have been
developed recently, which include devices for estimating LAI and fIPAR.
Tools such as the CI-110 Plant Canopy Imager (CID Bio-Science,
Washington, USA) provide accurate, non-destructive measurements of
canopy structure and light interception. However, beyond economic
constraints, there is a methodological need to move beyond single-point
measurements and toward characterizing the full diurnal interception
curve, which provides a more comprehensive understanding of
canopy-light interactions. This approach can improve the robustness of
irrigation decision-making. Some of the commercial devices, such as the
CI-110, are based on closely related principles to those described here.

Rather than being viewed as alternative methods, they may in fact
benefit from the insights and conclusions developed in this study. In
addition to advances in devices that permit the direct measurement of
PAR-derived parameters (such as intercepted PAR), the option of using
simulations based on modelling has been explored (R. S. Johnson and
Lakso, 1991; Lopez-Lozano et al., 2011; Mariscal et al., 2000). Such
models present various degrees of complexity, ranging from simple
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models, like that proposed by Oyarzun, Stockle and Whiting (2007), to
more complex ones that incorporate Radiative Transfer Models (RTM)
(Guillen-Climent et al., 2012). In operational terms, modelling ap-
proaches may complement but not fully replace sensor-based methods,
particularly in field conditions where spatial variability and rapid
decision-making are key.

5. Conclusions

This manuscript describes and validates a practical approach for
improving the representativity of canopy structure assessments of tree
crops and vineyards. The approach estimates the diurnal fIPAR curve by
tracking the sun path using hemispherical images or video frames. These
are captured with an upward-facing camera placed at different positions
between the trees to record the canopy from below.

Firstly, this study demonstrates that using a still camera equipped
with a fisheye lens and a self-levelling ground support, requiring less
than one hour of field work, can offer a rigorous characterization of the
pattern of canopy radiation interception. This approach matched the
values obtained by measuring fIPAR with a ceptometer along the day.
Alternatively, by acquiring the images through short videos with an
action camera held on a selfie stick, the required field work is reduced to
few minutes. Although the precision can be diminished because of a less
controlled positioning and orientation of the camera, the results are still
convenient for most applications in horticulture and irrigation man-
agement. Moreover, it offers an accessible and scalable option for
widespread use.

The proposed methodology proved to offer an operational alterna-
tive to using ceptometer-based measurements to assess canopy traits in
discontinuous canopies such as those found in vineyards and orchards.
Although ceptometers are commonly used for assessing canopy traits at
midday, a single measurement taken at that time may not accurately
represent the interception pattern for a whole day. To capture a diurnal
fIPAR curve using ceptometers, measurements would need to be taken
under clear-sky conditions at multiple times during the day. This would
not only require suitable weather conditions but also require a signifi-
cant input of human labour. In contrast, the hemispherical imaging
approach described in this study requires only 10 min per assessment
and can be applied under a broad range of sky conditions and at any time
of the day, making this a practical and cost-saving solution. This
methodology is particularly valuable when it is necessary to compare
orchards with different training systems. Furthermore, it can be applied
beneath crop protection structures, such as anti-hail nets, where
obtaining traditional ceptometer measurements may be compromised
due to the difficulty of assessing incoming solar radiation below a net.
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