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Highlights 25 

 26 

� A UAV equipped with a multispectral camera was used to characterize the impact of 27 

reproductive organs on canopy BRDF. 28 

� Ears of wheat, tassels of maize, and heads of sunflower impact canopy reflectance with 29 

substantial effect on NDVI. 30 

� 3D simulations of the reproductive organ layer confirm the general trends observed with 31 

the UAV. 32 

� Reproductive organs should be accounted for to improve the accuracy of GAI estimates 33 

from multispectral reflectance. 34 

  35 
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Abstract 36 

Several crops bear reproductive organs (RO) at the top of the canopy after the flowering 37 

stage, such as ears for wheat, tassels for maize, and heads for sunflowers. RO present specific 38 

architecture and optical properties as compared to leaves and stems, which may impact 39 

canopy reflectance. This study aims to understand and quantify the influence of RO on the bi-40 

directional variation of canopy reflectance and NDVI.  41 

Multispectral camera observations from a UAV were completed over wheat, maize, and 42 

sunflower just after flowering when the RO are fully developed and the leaf layer with only 43 

marginal senescence. The flights were designed to sample the BRDF with view zenith angles 44 

spanning from nadir to 60°and many compass directions. Three flights corresponding to  three 45 

sun positions were completed under clear sly conditions. The camera was always pointing to 46 

two adjacent plots of few tenths of square meters: the RO were manually removed on one 47 

plot, while the other plot was kept undisturbed. 48 

Results showed that the three visible bands (450 nm, 570 nm, 675 nm), and in a lesser way 49 

the red edge band (730 nm) were strongly correlated. We, therefore, focused on the 675nm 50 

and 850 nm bands. The Bi-Directional Reflectance (BRF) of the canopy without RO shows 51 

that the BRF values were almost symmetrical across the principal plane, even for maize and 52 

sunflower canopies with a strong row structure. Examination of the BRF difference between 53 

the canopy with and without RO indicate that the RO impact canopy BRDF for the three 54 

crops. The magnitude of the impacts depends on crop, wavelength and observational 55 

geometry. These observations are generally consistent with realistic 3D reflectance 56 

simulations. However, some discrepancies were noticed, mainly explained by the small 57 

magnitude of the RO effect on canopy BRF, and the approximations made when simulating 58 

the RO layer and its coupling with the bottom canopy layer. We finally demonstrated that the 59 
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RO layer impact the estimates of canopy traits such as GAI as derived from the multispectral 60 

observations.  61 

Key words 62 

BRDF, wheat, maize, sunflower, reproductive organs, UAV, row effect 63 

 64 

 65 

 66 

 67 

1 Introduction 68 

Continuous monitoring of crop growth is required for many applications including the 69 

evaluation of available resources, precision agriculture (McBRATNEY et al., 2005), and plant 70 

phenotyping (Comar et al., 2012). Remote sensing from satellites, planes, or UAVs 71 

(Unmanned Aerial Vehicles) are well-suited to describe the crop dynamics from reflectance 72 

acquired in several spectral bands. The interpretation of the data in terms of structural and 73 

biochemical properties is usually achieved using two main approaches: (1) an empirical 74 

approach, based on a set of experiments where both reflectance and canopy characteristics are 75 

concurrently measured; (2) a physically based approach using radiative transfer model 76 

simulations. For both approaches, assumptions on canopy structure are required to improve 77 

the accuracy of canopy characteristics estimates. In the case of the empirical approach, 78 

knowledge of the species observed and on the developmental stage may improve the retrieval 79 

performances. Similarly, in the case of the physically-based approach, knowledge on the 80 

expected range of canopy structure and associated optical properties of the elements may 81 

significantly improve the estimates. 82 
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 83 

Apart from the canopy structure differences between species, major differences are 84 

experienced along the growth cycle because of the appearance of the reproductive organs 85 

(RO). RO have structural and optical properties very different from those of the leaves: they 86 

are generally thicker than leaves with lower contents in chlorophyll and sometimes elements 87 

with specific colors such as petals. These differences are expected to impact the radiative 88 

transfer in the canopy significantly since the RO are often located at the top of the canopy to 89 

ease pollen and seed dissemination either by the insects, birds, or by the wind. However, only 90 

a few studies document the impact of RO on canopy reflectance. Cossani and Reynolds 91 

(2012) reported that wheat ears intercept up to 40% of the incident radiation around the 92 

flowering stage. Li et al. (2015) show that removing the ear layer at the flowering stage 93 

reduces normalized difference vegetation index (NDVI) values by up to 7% in relative values. 94 

This explains why Weiss et al. (2001) included explicitly an ear layer to describe the wheat 95 

canopy structure and simulate crop reflectance along the growth cycle. Gitelson (2003) and 96 

Viña et al. (2004) showed that the presence of the tassels at the top of maize canopies induced 97 

a significant decrease of the VARI index. Wanjura and Hatfield (1988) investigated variations 98 

in canopy reflectance of sorghum, cotton, and sunflower crops during the growth cycle using 99 

the scattering and absorption coefficients. However, they were not able to draw clear 100 

conclusions on the impact of sorghum panicles and sunflower heads on canopy reflectance for 101 

the Landsat TM bands. More detailed investigations are thus required to better quantify the 102 

role of RO on canopy reflectance. 103 

 104 

Canopy reflectance depends on the observational configuration. Therefore, the impact of RO 105 

on canopy reflectance should be investigated for the possible view and illumination directions 106 

under which crops are usually observed from various remote sensing platforms. Few studies 107 



6 

 

report detailed measurements of the Bidirectional Reflectance Distribution Function (BRDF) 108 

(Nicodemus et al., 1977; Schaepman-Strub et al., 2006) for crops under field conditions. 109 

Goniometers have been used in the lab and in the field to characterize the BRDF (Sandmeier 110 

and Itten, 1999). However, their use is tedious and time-consuming, while generally 111 

corresponding to a very small footprint, questioning its suitability for characterizing the 112 

BRDF of tall crops such as maize and sunflower. Alternative airborne instruments such as the 113 

Parabola (Deering and Leone, 1986) and Airborne POLDER (Jacob et al., 2002) have been 114 

used to measure the BRDF of a range of canopies. They require specific flight design to 115 

sample the BRDF over a given target. The recent development of UAVs allows now to easily 116 

document the surface BRDF. Different sampling schemes have been used depending on the 117 

camera field of view. For a camera equipped with a wide field of view, the UAV is either 118 

moving along different tracks to sample the same target from several positions and directions 119 

(Hakala et al., 2013) or tilting the camera from about half the total field of view and keeping 120 

the UAV at about the same position while rotating in the compass direction (Roosjen et al., 121 

2016). This later technique assumes that the surface is sufficiently homogenous to build the 122 

BRDF from points located at different places in the scene. For the small field of view 123 

cameras, the UAV is moving around the target while the orientation in view zenith and 124 

azimuth is changed continuously to keep the camera pointing towards the target (Burkart et 125 

al., 2015, 2014; Grenzdörffer and Niemeyer, 2012). UAVs appear thus very convenient to 126 

document the surface BRDF. 127 

 128 

Crop 3D modeling offers an efficient way to generate realistic canopies and simulate the 129 

associated reflectance for a range of source and view directions (España et al., 1999). Several 130 

open-source 3D ray tracing render engines were developed concurrently for computer 131 

graphics applications, such as LuxCoreRender (LuxCoreRender, 2018), MITSUBA (Jacob, 132 
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2014), and Pov-ray (POV-team, 2013). They have been successfully used by the remote 133 

sensing community to simulate canopy reflectance for a range of vegetation types (Casa and 134 

Jones, 2005; Disney et al., 2006; Duthoit et al., 2008; España et al., 1999; Génard et al., 2000; 135 

Jiang et al., 2020; Lopez-Lozano et al., 2009). However, most studies focus on crops before 136 

the reproductive stage: very few authors have included RO in their simulations due to the 137 

complexity of their morphology, topology, and optical properties. 138 

 139 

The objective of this study is to quantify the influence of the RO on canopy BRDF in the 140 

visible and near-infrared (NIR) spectral domains. We present a new experimental design to 141 

measure canopy BRDF using a multispectral camera onboard an UAV. This allowed 142 

evaluating the influence of reproductive organs on the spectral and directional behavior of 143 

canopy reflectance. Three main crops are studied, with very different RO at the top of the 144 

canopy layer: wheat, maize, and sunflower. Field experiments were conducted for the three 145 

species during the reproductive stage to compare the BRDF measured from a UAV between 146 

the canopy with and without the RO. These measurements are complemented by reflectance 147 

simulations over 3D virtual scenes to better understand and quantify the impact of RO. 148 

 149 

2 Materials and methods 150 

2.1 Experimental sites and crops sampled 151 

The wheat, maize, and sunflower experiments were located in Avignon, France (43.9°N, 152 

4.9°E). The study focused on fully developed crops soon after the flowering stage, when the 153 

final height was reached and all leaves were fully developed with only a little senescence 154 

appearing at the bottom of the canopy. The wheat (ISILDUR) ears were mostly green and 155 

bearing awns, the tassels of maize (Zea mays) were light yellow. The heads of the sunflower 156 
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(MAS 88 OL) were bearing yellow petals, the flower heads mostly facing the soil. Its back 157 

was green, and well seen from the top of the canopy. Note that the rows were oriented East-158 

West for the three experiments (Table 1). 159 

 160 

Table 1. Summary of the flights over wheat, maize, and sunflower experiments. The row 161 

azimuth, measurement date, take-off time, average sun zenith (��  ) and azimuth (��) and 162 

illumination conditions during the flight are indicated. The azimuth angles are calculated 163 

regarding the North. 164 

 165 

Species Date 

Row 

azimuth (°) 

Time 

�� (°) �� (°) 

(GMT+1) 

Wheat 23/05/2017 90.1 

15:09 30 226 

16:12 40 246 

09:00 61 91 

Maize 08/08/2016 89.2 

14:17 29 221 

16:26 44 244 

18:00 61 264 

Sunflower 28/07/2017 90.5 

12:20 30 137 

10:40 45 108 

09:20 60 89 

 166 
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 167 

Fig. 1. The three experiments showing the RO+ (with RO, orange rectangle) and RO- 168 

(without RO, yellow rectangle) micro plots, the ground control points (GCPs), and the 169 

reference panel in the middle.  170 

 171 

The sites were selected in a 20 x 20 m homogeneous area of the field. Two micro plots of at 172 

least 5 x 5 m² area were considered, one with the RO manually removed (RO-), the other 173 

(RO+) being undisturbed (Fig. 1). A 0.6  x 0.6 m² reference panel was placed horizontally 174 

slightly higher than the surrounding canopy to avoid possible interactions with the crops and 175 

between the two micro plots (Fig. 1). Four circular gray panels of 60 cm diameter were 176 

additionally placed on the four corners of the 20 x 20 m² site (Fig. 1) to be used as ground 177 

control points (GCP) for accurate projection of the images taken from the UAV. The 178 

coordinates of the center of the two reference panels and the four GCPs were measured with 179 

an RTK GPS (Trimble Geo 7 ×, 2 cm precision).  180 

2.2 UAV experiment for BRDF characterization 181 

A hexacopter UAV designed by Atechsys (http://atechsys.fr/) was carrying the AIRPHEN 182 

multispectral camera (https://www.hiphen-plant.com/our-solutions/airphen/). The camera had 183 

6 spectral bands with 10 nm full width at half maximum. Five bands were equipped with an 8 184 

mm focal length (450 nm, 530 nm, 675 nm, 730 nm, and 850 nm), which provided a field of 185 

view (FOV) of 33° × 25°. The sixth band (570 nm) was equipped with a 4.2 mm focal length 186 

providing a 60° × 46° FOV. The 4.2 mm lens benefits from a higher overlap (80%) at the 187 
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expense of a lower spatial resolution (4.06 cm at nadir). It was thus only used to improve the 188 

image alignment while the 8 mm lenses for the five other bands were used in the following of 189 

the study for their highest spatial resolution (2.11 cm at nadir). Besides the lower spatial 190 

resolution, the 4.2 mm lens at 570 nm would not add much spectral information as it is 191 

strongly correlated with the 8 mm lens at 530 nm. The camera was triggered every second, the 192 

integration time is automatically adjusted using a global shutter. The images were saved into a 193 

12 bit TIFF format with metadata information including time of the acquisition, integration 194 

time, and GPS coordinates.  195 

 196 

Over each site, the UAV flew three times during the day corresponding approximately to 30°, 197 

45°, and 60° nominal sun zenith angles (��) (Table 1). For each ��, the UAV sampled five 198 

view zenith angles (��  = [0°, 15°, 30°, 45°, 60°) for all view azimuth angles (��) by flying 199 

along with five concentric circles, each one being at a specific altitude (Fig. 2). Two 200 

additional view zenith angles, �� =  �� +5° and �� =  �� -5° were complementing the five 201 

nominal ��  angles to better sample directions close to the hotspot. The flight path was 202 

designed before the experiment and included an automatic adjustment of the compass 203 

orientation of the camera on the gimbal so that it was always pointing the reference gray 204 

panels, the view zenith angle being adjusted for each of the seven circles (Fig. 2). The 205 

distance to the ground along the view direction was around 45 m at maximum when cameras 206 

were close to the nadir direction (Fig. 2). This provided a ground spatial resolution of about 207 

2.11 cm and 4.06 cm respectively for the 8 mm and 4.2 mm focal length. The UAV was 208 

flying at about 1m/s speed and it took 7 to 10 minutes to sample all the view directions 209 

considered. During the UAV flights, the sky was clear without clouds (Table 1). The wind 210 

was gentle for maize and sunflower while significant for wheat with consequences on the 211 
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faithful realization of the flight plan, with however no severe degradation of the sampling 212 

scheme.  213 

 214 

Fig. 2. (a) The flight plan for ��  = 30°; (b) the actual flight path over the maize experiment at 215 

14:17 local time on 08/08/2016. RO+ and RO- represent micro plots with and without RO, 216 

respectively. The background image was from Google EarthTM.  217 

2.3 Image extraction 218 

The raw single frames taken concurrently by the six cameras were firstly co-registered to the 219 

reference image at 530 nm using the code developed by Rabatel and Labbé (2015). Vignetting 220 

effects were then corrected following the procedure proposed by Verger et al. (2014). Agisoft 221 

Photoscan software (Version 1.2.4.2399, Agisoft LLC., Russia) was then run using as input 222 

the images taken with the 530 nm and 570 nm cameras equipped respectively with 8 mm and 223 

4.2 mm focal lengths. Agisoft Photoscan computed the corresponding position and orientation 224 

of the camera for each image. The GCPs were manually identified on the images and used to 225 

improve the georeferencing accuracy. The band at 570 nm was not used afterward because of 226 

the degraded resolution provided by the 4.2 mm focal length. Furthermore, it was mostly 227 

redundant with that at 530 nm with a higher spatial resolution. The pixels corresponding 228 

respectively to the two micro plots and the radiometric reference panel were then extracted for 229 

the five bands corresponding to the 8 mm focal lengths. The average digital number (DN) 230 
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value was finally computed and associated with the corresponding integration time (t) and the 231 

view direction (��, ��). None of the images used were showing saturated pixels. 232 

2.4 Radiometric calibration 233 

The radiometric reference panel used in the field was made of a gray carpet that was 234 

previously characterized in the lab using a goniometer and a white spectralon as primary 235 

reflectance reference (Labsphere, Inc., North Sutton, NH, USA). Reflectance measurements 236 

were made with a spectral evolution SM-3500 spectrometer (www.spectralevolution.com). 237 

The Roujean BRDF model (Roujean et al., 1992) was then adjusted over the goniometer 238 

measurements. It was used to simulate the bi-directional reflectance (BRF) of the reference 239 

panel for any direction Ω. The ‘gray’ nature of the panel with all the bands having the same 240 

BRF value was well verified (Fig. 3). While the panel was relatively Lambertian for near 241 

nadir illumination, significant anisotropy is observed for �� > 30° . For this reason, we 242 

preferred using only the nadir viewing observations for the radiometric calibration of the 243 

camera, assuming that the incoming radiation was stable during the flight.  244 

 245 

 246 

Fig. 3. BRF of the reference panel measured in the lab in the principal plane for four sun 247 

zenith angles as a function of the view zenith angle. Positive view zenith angles correspond to 248 

the backward direction, while negative values correspond to forward direction. 249 

 250 
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The 
�� 
Ω, �� of the canopy was computed from the DN values extracted from the images 251 

using the known BRF value of the reference panel (
����� ) and the DN values of the 252 

reference panel �����
Ω, �� extracted on the same image (Smith and Milton, 1999) : 253 

 254 


�� 
Ω, �� =
�� 
Ω,��/�
Ω,��

�����
Ω�,��/����
Ω�,��

�����
Ωo, ��                                                (1) 255 

 256 

where �  is the wavelength, Ω  corresponds to the observation configuration with Ω =257 

[��, ��, ��, ��]  where �  and �  represent respectively the zenith and azimuth angles, and 258 

subscripts v and s correspond respectively to the view and sun directions. t is the integration 259 

time. The measurements of the reference panel used for the calibration correspond to viewing 260 

geometry close to the nadir direction noted here Ωo.  261 

The radiance from the reference panel measured in the field includes a contribution of the 262 

direct sunlight as well as a diffuse component coming from the light scattered by the sky. The 263 

bi-directional reflectance measured in the lab was therefore converted into a blue-sky 264 

reflectance factor to account for the diffuse component. The hemispherical-directional 265 

reflectance factor was computed based on Roujean’s model with the coefficients previously 266 

adjusted. The diffuse fraction was finally used to compute the corresponding blue-sky BRF 267 

(Schaepman-Strub et al., 2006). The diffuse fraction was derived from the 6S model 268 

simulations (Vermote et al., 1997) using the atmospheric characteristics measured from the 269 

local AERONET sun photometer as inputs (Holben et al., 1998). 270 

Once the BRF at each measurement angle Ω was calculated, they were linearly interpolated 271 

from 0° to 60° zenith angles and from 0° to 360° azimuth angles with a 1° step for polar 272 

representation. Results are shown in the following analysis for the perpendicular and principal 273 

planes. 274 
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2.5 Reproductive organs characterization 275 

For each crop, a sample of a representative RO was collected in the field. A set of photos 276 

were then taken with a SONY alpha 6000 RGB camera from multiple views: the organ was 277 

put vertically over a manually rotating plate in front of a uniform blue background. About 40 278 

to 120 photos were taken by rotating the plate. These multi-view RGB photos were aligned 279 

using Agisoft Photoscan software (Version 1.2.4.2399, Agisoft LLC., Russia) to build a dense 280 

3D point cloud used later to model the organ morphology. The lengths of wheat ears and 281 

maize tassels and the diameter of sunflower heads were also measured (Table 2). The optical 282 

properties in five bands were measured using the AIRPHEN camera: organs were placed 283 

horizontally over a black background and viewed from nadir under clear sky field conditions, 284 

the sun being at around 45° zenith angle. Organ surface reflectance was then computed using 285 

a reference panel placed horizontally in the camera field of view. Average values of sunlit 286 

wheat ears, maize tassels, and sunflower petals and front-side and back-side of the heads were 287 

then computed (Table 2).  288 

 289 

Table 2. Fields and RO characteristics used for the 3D scene generation. The reflectance of 290 

sunflower frontside flower and backside flower does not include yellow petals. 291 

 292 

Characteristics Unit Wheat Maize Sunflower 

RO- layer height (m) m 0.8 1.6 1.03 

RO- Green Area Index GAI (1) - 2.7 4.9 0.40 

Row spacing (m) m 0.155 0.77 0.63 

Density of RO (nb/m2) nb/m² 450 8 4 

Length of RO (m) m 0.11 0.25  

Diameter of RO (m) (2) m 0.015 0.005 0.25  
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RO area index (m²/m²) (3) - 1.23 0.16 0.20 

Reflectance of RO @675 nm - 0.1 0.25 Flower front-side: 0.122 

Flower back-side: 0.25 

Flower yellow petal: 0.34 

Reflectance of RO @850 nm - 0.45 0.7 Flower front-side: 0.219 

Flower back-side: 0.5 

Flower yellow petal: 0.36 

(1) GAI was estimated using a simple empirical model described in Verger et al. (2011) and 293 

based on the measured NDVI. 294 

(2) Diameter of maize tassel corresponds to the mean value of all branches. 295 

(3) RO area of wheat head is calculated as half the developed area of a cylinder. For maize, 296 

tassels were considered as made of five cylindric branches. The area of sunflower head was 297 

calculated as a disc. 298 

2.6 Reflectance simulations 299 

The canopy was considered as composed of two layers, the top one corresponding to the RO. 300 

The bottom layer corresponds to the canopy without the RO. It was characterized by the 301 

measured BRF(Ω, �) value over the RO- modality, with BRF value equal to that measured in 302 

the considered view-illumination geometry. The reproductive organ layer was built by 303 

replicating the typical reproductive organ (Table 2). For wheat, the ears were vertical and 304 

placed regularly according to the plant density For maize, the panicles were randomly 305 

oriented and placed according to the row spacing and plant density. For sunflowers, all the 306 

flowers were oriented towards the east and placed according to the row spacing and plant 307 

density. For the three crops, a small random shift of the nominal position was added to mimic 308 

the actual localization of the RO (Fig. 4). Scenes of 2.0 x 2.8 m² were built and replicated 179 309 

times around the center one to avoid border effects. The reflectance of the RO material was 310 
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assumed Lambertian and characterized by the corresponding measured reflectance (Table 2) 311 

with transmittance equal to zero.  312 

 313 

 314 

Fig. 4. Nadir view of the 3D scenes (2.0 x 2.8 m²) for wheat, maize, and sunflower as 315 

rendered with Luxrender. The sun position is in the east at 45° zenith angle. The reproductive 316 

layer was put here on a brown background for better visualization. A side view of the typical 317 

reproductive organ replicated in the scene is also displayed for each crop. 318 

 319 

Canopy reflectance with RO was simulated using the LuxCoreRender 3D render engine 320 

(LuxCoreRender, 2018). LuxCoreRender is open-source software (LuxCoreRender, 2018), 321 

which was validated with a set of state-of-the-art models by Jiang et al. (2020) using the 322 

RAMI Online Model Checker (ROMC) (Widlowski et al., 2008). We used the 323 

LuxCoreRender ray-tracing integrator with 128 rays per camera pixel to guarantee the 324 

accuracy of the simulated reflectance. A perspective camera was selected to simulate the 325 

AIRPHEN camera with a 33° x 25°field-of-view . For each �� = [ 30°, 45°, 60°], the 326 

observation configuration including [��, ��] and the height of the camera was kept the same 327 

as in the field experiments. Since the three experiments were conducted under clear sky 328 

conditions, no diffuse sky light was considered in our simulations.  329 
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3 Results 330 

3.1 Selecting a subset of bands for further analysis 331 

The correlations between the red band (675 nm) and the other four bands were first analyzed 332 

to select a subset of bands that will be later investigated for the sake of clarity. Results (Table 333 

3) show that the 450 nm and 530 nm bands were very strongly correlated to the 675 nm band 334 

for all sun zenith angles and the three experiments (r2 > 0.8). This is explained by the 335 

marginal contribution of multiple scattering and the soil background as well as the fact that 336 

most of the elements have similar optical properties in the visible domain. Conversely, bands 337 

at 730nm and mainly that at 850 nm show degraded correlations with the visible bands due 338 

mostly to the importance of the multiple scattering in the NIR domain. Therefore, we selected 339 

the 675 nm and 850 nm bands as a representative subset to illustrate in the following sections 340 

the impact of the RO on the directional reflectance. 341 

 342 

Table 3. Correlation coefficients (r2) between canopy reflectance @675 nm and the four other 343 

bands for wheat, maize, and sunflower experiments over all images. It includes RO- and RO+ 344 

observations for the three sun zenith angles 
��). 345 

 346 

�� 

(°) 

Wheat Maize Sunflower 

450 530 730 850 450 530 730 850 450 530 730 850 

R
O

+
 

30 0.95 0.95 0.9 0.75 0.99 0.98 0.89 0.65 0.96 0.95 0.72 0.63 

45 0.98 0.96 0.81 0.6 0.99 0.98 0.93 0.76 0.99 0.97 0.88 0.83 

60 1.00 1.00 0.98 0.96 0.99 0.98 0.93 0.8 0.99 0.97 0.91 0.86 

R
O

- 

30 0.81 0.91 0.8 0.44 0.99 0.97 0.91 0.66 0.94 0.93 0.8 0.73 

45 0.9 0.92 0.77 0.47 0.99 0.98 0.92 0.75 0.98 0.98 0.92 0.88 



18 

 

60 0.97 0.98 0.93 0.84 0.99 0.96 0.89 0.68 0.98 0.98 0.94 0.89 

 347 

3.2 Directional effects over the canopy without the reproductive organs (RO-) 348 

Before quantifying the impact of the reproductive organs on canopy reflectance, the 349 

directional properties of the canopies without the RO (RO-) corresponding only to the leaf 350 

and stem layer over the soil background were first investigated. They will be used later to 351 

compute canopy BRDF using the simulated layer of RO. 352 

3.2.1 Main directional features  353 

The directional features for the three crops and two bands show similar patterns across the 354 

three sun positions. We, therefore, illustrate it using only the measurements for �� = 45° (Fig. 355 

5). Measurements for the other two sun directions are presented in Fig. A1 and Fig. A2. The 356 

polar plots were obtained by linear interpolation of the raw measured BRF in both zenith and 357 

azimuth directions with a 1° angular resolution. A peak corresponding to the sun direction is 358 

observed in the hotspot, i.e. when the shadows cast by the leaves or soil roughness are not 359 

seen (Qin and Goel, 1995). The hotspot is relatively narrow for the maize and sunflower crops 360 

both in the red and NIR bands, while it appears broader for te wheat in these two bands. Note 361 

that the hotspot is located in the South-Eastern compass directions for the sunflower 362 

experiments since measurements were completed in the morning (Table 1). Conversely, the 363 

hotspot is in the South-Western compass direction for maize and wheat, corresponding to 364 

afternoon flights. For directions opposite to the hotspot corresponding to the forward 365 

scattering, the reflectance is generally lower. 366 

 367 
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 368 

Fig. 5. Polar representation of the measured BRF distribution of the three experiments without 369 

the RO (RO-) for 675 nm and 850 nm bands. The sun is displayed as a black cross marker and 370 

was at θ& = 45°. The row orientation (east-west) is represented by the dashed black line. 371 

Values represent interpolations from raw measured BRF. 372 

For the visible and NIR bands, the three crops show a general symmetry on both sides of the 373 

principal plane, i.e. the plane containing the sun direction (Fig. 5). To better evaluate the 374 

symmetry across the principal plane, for each 5° zenith by 5° azimuth cells, the BRF 375 

difference, '
��
Ω,λ� , with the average of the two symmetrical directions across the 376 

principal plane was computed: a perfectly symmetric BRDF with regards to the principal 377 

plane should verify '
��
Ω, λ� = 0. Results (Fig. 6) confirm that a general symmetry exists 378 

across the principal plane since the BRF differences of symmetrical directions are generally 379 

within −0.01 < '
��
Ω,λ� < 0.01. This is well verified for dense canopies such as maize 380 

for both bands (Fig. 6). This is also the case for wheat that presents little row structure at the 381 
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flowering stage. Nevertheless, in the NIR, a slight dissymmetry is observed for the three sun 382 

directions, with slightly higher reflectance in the directions north to the principal plane (Fig. 383 

6). The sunflower shows very similar patterns in both bands (Fig. 6). A persistent 384 

dissymmetry is observed for the three sun positions, with slightly higher reflectance in the 385 

directions south to the principal plane. Since the rows were oriented East-West, this can be 386 

easily explained for �� = 30° and �� = 45°: the illuminated plants and soil in the row are 387 

preferentially seen from the southern directions as compared to the northern ones. This agrees 388 

very well with the results from (Ranson et al., 1985) as well as reflectance simulations of row 389 

canopies (Goel and Grier, 1987; Suits, 1983; Zhao et al., 2010). However, when the sun is 390 

almost parallel to the row direction as observed for �� = 60°, the southern side appears more 391 

reflective than the northern one. This was not expected and is more difficult to explain unless 392 

invoking some non-isotropic distribution of leaf azimuthal directions, or some uncorrected 393 

biases in the measurements. However, the magnitude of the difference is generally lower than 394 

0.01 which is probably close to the measurement uncertainties. 395 

Because of the general symmetry across the principal plane, we will focus in the following on 396 

the average BRF between the two symmetrical directions across the principal plane. This will 397 

offer the advantage to smooth out possible local uncertainties. 398 

 399 
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 400 

Fig. 6. Polar plot of '
��
Ω,λ� for wheat, maize, and sunflower without RO @675 nm and 401 

850 nm, and the three sun positions considered. '
��
Ω,λ�  represents for each view 402 

direction the BRF differences with the average BRF values of the two symmetrical directions 403 

across the principal plane: when '
��
Ω,λ� = 0, the BRF of both symmetrical directions 404 

across the principal planes are the same. The black cross marker represents the sun position 405 

during the flight. The black dashed line is the row direction.  406 

3.2.2 Directional effects in the principal plane 407 

The BRF in the principal plane was approximated as the BRF measured values within ±5° 408 

azimuth difference with that of the sun direction. All the crops, bands, and directions show 409 

similar patterns (Fig. 7) with however large differences in magnitude. The maximum BRF is 410 

observed always close to the hotspot direction as expected. The minimum BRF values are 411 

observed close to the nadir for the NIR band, and in the forward scattering directions for the 412 

visible bands. The difference between red and NIR bands depends on the species as a function 413 
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of the green area index values: the wheat has the largest GAI and the largest difference 414 

between red and NIR. Conversely, sunflower has the lowest GAI and the lowest difference 415 

between the BRF in both domains. Outside the hotspot directions, small differences of BRFs 416 

are observed between the three sun directions with however slightly higher values for �� = 417 

60° for the more oblique view directions in the NIR, while the contrary is observed in the 418 

visible domain (Fig. 7). 419 

 420 

 421 

Fig. 7. BRF values in the red (675 nm) and NIR (850 nm) in the principal plane as a function 422 

of the view zenith angles. Observations over canopies without the RO for �� = [30°, 45°, 423 

60°].  424 

 425 

3.3 Effects of reproductive organs on canopy reflectance  426 

3.3.1 Main directional Features 427 

We focused first on ∆
��
Ω,λ�, i.e. the canopy BRF difference between canopy with organs 428 

(RO+) and without organs (RO-). This was computed based on the average BRF between the 429 

two symmetrical directions across the principal plane as explained earlier. Results show that 430 

the impact of RO on canopy BRF is relatively small in absolute value, with −0.02 <431 

∆
��
Ω,λ� < 0.02  in the red, and −0.04 < ∆
��
Ω,λ� < 0.04  in the NIR (Fig. 8). 432 
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However, when computed in relative values, ∆
��
Ω,λ� can reach substantial levels up to 433 

85% in the red because of the small 
��
Ω,λ�  observed (Fig. 5) and up to 34% in the NIR. 434 

The impact of RO depends mainly on the crop, on the spectral domain as well as on the 435 

directions considered.  436 

For wheat, the ears generally decrease canopy reflectance both in the red and NIR bands (Fig. 437 

8). This is consistent with studies by Li et al. (2015). Little directional effects due to the sun 438 

and view directions are observed, with however larger impacts close to the hotspot. We 439 

observe some higher differences (in absolute value) for θ/ > 55°, which may correspond to 440 

artifacts in the measurements. Similar artifacts are also noticed for maize and sunflower. 441 

The tassels of maize generally increase canopy BRF for all sun and view directions both in 442 

the red and NIR domains. The impact increases substantially with the solar zenith angle, 443 

while the effect of view direction is marginal (Fig. 8).  444 

For sunflower, the influence of heads is contrasted between the red and NIR domains: in the 445 

red, the impact is small with ∆
��
Ω,λ� ≈ 0 for the three sun directions; conversely, in the 446 

NIR, the heads increase canopy reflectance, particularly for the larger sun zenith angles (Fig. 447 

8). 448 
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 449 

 450 

Fig. 8. Directional distribution of ∆
��
Ω,λ�, the canopy BRF difference with (RO+ ) and 451 

without (RO-) the RO. Wheat (left), maize (middle), and sunflower (right) are displayed for 452 

θ& = [30°,45°,60°]. Each half polar plot represents the average BRF values between the two 453 

symmetrical directions across the principal plane. The top hemisphere represents the red band 454 

and the bottom one the NIR band. The principal plane is in the 90° - 270° azimuthal direction, 455 

with the hotspot located on the right side (90° azimuth). 456 
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3.3.2 Consistency between observations and simulations 457 

Since the experimental evidence of the impact of RO on canopy reflectance appears difficult 458 

due to the small differences observed and possible confounding measurement uncertainties, 459 

we wanted to consolidate the findings based on radiative transfer simulations. We 460 

concentrated on the principal plane where most directional features are expected and 461 

computed ∆
��
Ω,λ�.  462 

In the red domain (Fig. 9), simulations confirm that the impact of RO is small. It is slightly 463 

negative for wheat, slightly positive for maize, and neglectable for sunflower. For wheat, the 464 

addition of the ear layer representing an area index around 1.2 (Table 2) decreases canopy 465 

BRF since ears are green with low reflectance (Table 2) without transmitting light, i.e. a very 466 

absorbing layer. Furthermore, their vertical position acts as a light trap, increasing light 467 

absorption by the lower layers of the canopy. For maize, the tassels act as a scattering layer 468 

since they reflect more light than the lower layer of green vegetation due to their higher 469 

reflectance (Table 2). When the sun zenith increases, ∆
��
Ω,λ� increases because of the 470 

longer path length in the tassel layer. The same is also observed for more inclined views, 471 

particularly in the backward scattering direction. The small impact of sunflower heads on 472 

canopy reflectance can be explained by their small contribution in terms of area index (Table 473 

2), on top of the green layer of leaves. The more subtle differences observed as a function of 474 

the observational geometry are difficult to explain.  475 
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 476 

Fig. 9. Measured BRF differences between canopy with (RO+) and without (RO-) RO as a 477 

function of the view zenith angle in the principal plane at 675nm from measurements (top) 478 

and 3D simulation (bottom). The back-scattering direction corresponds to positive view zenith 479 

angles. Crops are shown from left to right: wheat, maize, and sunflower. Several solar zenith 480 

angles are considered: θ& = 30° (red), θ& = 45° (green), and θ& = 60° (blue). 481 

 482 

In the NIR domain (Fig. 10), the small impact of the ears on ∆
��
Ω,λ� is explained by the 483 

light trap feature as described previously and the small scattering properties of the ears that do 484 

not transmit light. For maize, the discrepancies between measurements and simulations may 485 

be partly explained by the fact that the strong row structure of the vegetation layer was not 486 

accounted for in our simulations. Measurements show a positive impact of the tassels for θ& = 487 

60° and oblique viewing. For the sunflower, the heads induce a slight increase of canopy 488 

reflectance, probably due to the high values of the reflectance of the back-side of heads (Table 489 

2) that are pointing upward. 490 

Furthermore, the discrepancies found between observed and simulated ∆
��
Ω,λ� values 491 

may be explained by the possible measurement uncertainties as well as the assumptions made 492 
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for the canopy reflectance simulations regarding the spatial homogeneity (i.e. no row 493 

structure) of the bottom vegetation layer that is coupled with the RO layer. 494 

 495 

Fig. 10. Measured BRF differences between canopy with and without RO as a function of the 496 

view zenith angle in the principle plane at 850nm from measurements (top) and 3D simulation 497 

(bottom). The back-scattering direction corresponds to positive view zenith angles. Crops are 498 

shown from left to right: wheat, maize, and sunflower (right) and different solar zenith angles 499 

are considered: θ& of 30° (red), 45° (green) and 60° (blue).   500 

3.4 Impact on NDVI values and GAI estimation 501 

Previous results demonstrated that the effect of RO on canopy reflectance was variable in the 502 

visible and NIR bands. We thus investigated how NDVI (Rouse et al., 1973), a vegetation 503 

index widely used to quantify vegetation amount and combining the red and NIR bands, was 504 

impacted by the RO. We focused here on near nadir observations (−10° < θ� < 10°�, which 505 

is the typical geometry used to observe crops from high-spatial resolution satellites.  506 

 507 

 508 
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 509 

Fig. 11. Variation of NDVI values as observed near nadir (average of BRF for −10° < θ� <510 

10°) for maize, sunflower, and wheat with θ& = [30°, 45°, 60°]. The canopy NDVI values 511 

measured with (RO+) and without (RO-) RO are displayed.  512 

 513 

NDVI indicates the amount of green vegetation that can be also quantified by the green area 514 

index (GAI): a gradient is observed between wheat, maize, and sunflower as a function of the 515 

GAI value (Table 2), with maize having the larger GAI, and sunflower the lower one (Fig. 516 

11). The addition of ears in wheat canopies increases the NDVI value. This is consistent with 517 

the results from Li et al. (2015) and is mainly explained by the green nature of the ears at the 518 

flowering stage that absorb strongly in the red and scatter light in the NIR. Note that the area 519 

index of the ear layer is close to 1.2 over a GAI of the wheat crop at the flowering stage 520 

around 2.7 (Table 2). The variation in NDVI due to the ear layer is around ∆��12 ≈ 0.04.  521 

For maize crops, the highly scattering tassels in the red and NIR decrease the NDVI values by 522 

∆��12 ≈ −0.03. These results are consistent with those reported by Gitelson (2003).  523 
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For the sunflower, the impact is slightly negative (∆��12 ≈ −0.02� for θ& = 30° which is 524 

explained mainly by the higher scattering properties of the sunflower heads (Table 2). 525 

Conversely, the impact is positive (∆��12 ≈ 0.01�  for θ& = 60°: under this geometry where 526 

the sun is parallel to the rows, the heads cast shadows on the row, inducing a larger decrease 527 

of the BRF in the red while NIR BRF remains about the same because of the multiple 528 

scattering in the canopy. As expected, for medium solar zenith angles (θ& = 45°) the impact 529 

of the heads is intermediate between the two previous situations with ∆��12 ≈ 0. 530 

 531 

Our experimental results also show that the NDVI changes induced by the RO layer  can be 532 

translated into a change in GAI estimates that can reach up to 25% (Table 4). It can be either 533 

positive as in the case of wheat crops and for the sunflower for the smaller solar zenith angle, 534 

or negative as in the case of the maize crop. 535 

 536 

Table 4. Impact of the RO on GAI estimates. The measured NDVI values for the canopy with 537 

(RO+) and without (RO-) RO are displayed along with the corresponding GAI. The difference 538 

is then computed in absolute (∆GAI) or relative value (∆GAI %). All GAI values are derived 539 

from NDVI using the empirical relationship proposed by Verger et al. (2011). 540 

 541 

Species 

θ& 

RO- RO+ 

∆GAI 

∆GAI 

% NDVI GAI NDVI GAI 

Maize 

30° 0.86 4.6 0.83 3.9 -0.7 -15 

45° 0.86 4.6 0.83 3.9 -0.7 -15 

60° 0.87 4.8 0.83 3.9 -1.0 -19 

Wheat 

30° 0.70 2.2 0.76 2.7 0.5 23 

45° 0.71 2.3 0.74 2.6 0.3 13 
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60° 0.76 2.7 0.78 3.1 0.3 15 

Sunflower 

30° 0.28 0.4 0.26 0.3 -0.1 -25 

45° 0.32 0.5 0.32 0.5 0.0 0 

60° 0.36 0.6 0.37 0.6 0.0 0 

 542 

4 Discussion 543 

4.1 BRF measured by UAVs 544 

We proposed a method to sample the BRDF from UAV multi-angular measurements that 545 

appears very efficient as compared to the use of goniometers in the field (Sandmeier and Itten, 546 

1999): it offers the advantage to avoid disturbing the crop surface while using a single 547 

footprint where the multiangular observations are concentrated (Roosjen et al., 2016). 548 

Although UAV provides a very promising way to sample the canopy reflectance as 549 

demonstrated in this study, uncertainties could be raised in several aspects. We designed 550 

carefully the flight plan by taking into account the micro plot size, camera FOV, variation of 551 

viewing angles and flight duration. We thus achieved a very good directional sampling of 552 

each micro plot. However, around the hotspot direction where very strong variation of canopy 553 

reflectance is expected, the sampling density was probably too loose to get a very accurate 554 

description of this BRDF feature. Further, the necessary spatial averaging over the microplot 555 

induces also a degradation of the directional resolution of the measurements which was 556 

around 7°. 557 

Our radiometric calibration based on nadir measurements of the reference panel assumes that 558 

the irradiance did not change during the flight. This was preferred as compared to using more 559 

frequent observations of the panel under the several view directions sampled un order to 560 

reduce the uncertainties attached to the BRDF characterization of the panel as well as the 561 
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illumination geometry. However, the clear sky conditions and the small time interval 562 

necessary to complete the flight (7 ~ 10 minutes) ensured that the illumination conditions 563 

were about constant during image acquisition. The method also assumes that the camera 564 

responds linearly with the radiance and that the black current is neglectable (Smith and 565 

Milton, 1999; Wang and Myint, 2015). Although this was verified for few AIRPHEN 566 

cameras, using multiple calibration panels in the field as proposed by Pozo et al., (2014) and 567 

Smith and Milton (1999) could allow to confirm this important assumption.  568 

4.2 Impact of RO on canopy reflectance and NDVI 569 

UAV measurements and 3D model simulations show that the RO have a small effect on the 570 

absolute reflectance values, with magnitudes of ±0.02 in the red and ±0.04 in the NIR band 571 

(Fig. 8 and Fig. 9). However, expressed in relative values the differences can reach up to 85% 572 

in the red and 34% in the NIR. The impact of RO on canopy reflectance vary with crop, 573 

spectral bands and show directional effects. This may translate into substantial changes in 574 

vegetation index values: for view directions close to nadir, the wheat ears layer increases the 575 

NDVI by up to 0.06 (8.57%), while the maize tassels decrease canopy NDVI by up to 0.04 576 

(4.60%) (Table 4). The sunflower heads impact differently NDVI depending on sun position 577 

due to the complex structure and optical properties of the heads, including difference between 578 

the two sides and the presence of yellow petals.  579 

These results were derived from measurements acquired at a single date during the crop 580 

reproductive stage. However, the impact of RO on reflectance may vary greatly depending on 581 

the reproductive stages. For instance, the wheat senescence occurs from the bottom to the top 582 

of the canopy and the timing of the disappearance of the chlorophyll pigments in ears will 583 

affect the spectral response of the crops (Weiss et al., 2001). Furthermore, the presence of 584 

awns, the ear shape or its inclination also vary substantially with the genotype and time, with 585 

impact on the spectral and directional behavior on the canopy (Gutierrez et al., 2015). 586 



32 

 

Conversely, for maize, the structure of the tassels is supposed to vary in a lesser extent as 587 

compared to wheat, while the yellowing will still have an impact on the spectral variation of 588 

the reflectance (Martin et al., 2007). The effect of RO on sunflower reflectance should also be 589 

variable depending on the phenological stage as they have the biggest reproductive organs, 590 

with contrasted reflectance between each side of the head associated to a complex behavior 591 

regarding their orientation due to the heliotropism. Therefore, this study represents a first step 592 

to highlight the influence of RO on canopy reflectance but more investigations are required, 593 

especially regarding the temporal variations of the spectral properties, the orientation of the 594 

organs, genotypic variations and changes in the crop environmental conditions. 595 

 596 

4.3 Consequences on GAI estimates and applications 597 

The presence of the RO may also impact estimates of GAI. In this study, we used NDVI as a 598 

proxy of GAI. Two cases can be considered: (1) if the organs are green and photosynthetically 599 

active as in the case of the wheat ears or the sunflower heads, they should be included in the 600 

GAI computation since they will contribute to light interception and photosynthesis. 601 

However, because the architecture of the reproductive layer at the top of the canopy is 602 

different from that of the bottom layer, artifacts may be introduced in the retrieval of GAI if 603 

the same architecture is assumed for the two layers. This explains why Weiss et al. (2001) 604 

introduced explicitly an ear layer in their dynamic model of wheat canopy architecture. (2) if 605 

the RO are not green as for the maize tassels, they will partly absorb and scatter the incoming 606 

light without contributing to the GAI. This explains the experimental results from Gitelson et 607 

al. (2014) over maize crops who showed that the relationship between the fraction of 608 

intercepted radiation and NDVI during the vegetative stage was different from that during the 609 

reproductive stage. In both cases, the dynamics of canopy refelectance and NDVI will be 610 

altered when the RO are appearing during the flowering stage, leading to possible artifacts on 611 
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GAI estimation. These artifacts introduced by the presence of the RO layer will depend on the 612 

specific structural and optical properties features of each genotype.  The perturbations in the 613 

dynamics due to the apparition of the RO layer offers the potentials to be exploited to date 614 

this important growth stage. 615 
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 781 

7 Appendix A 782 

 783 

Fig. A1. Polar representation of the measured BRF distribution of the three experiments 784 

without the RO (RO-) for 675 nm and 850 nm bands. The sun is displayed as a black cross 785 
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marker and was at θ& = 30°. The row orientation (east-west) is represented by the dashed 786 

black line. Values represent interpolations from raw measured BRF. 787 

 788 

Fig. A2. Polar representation of the measured BRF distribution of the three experiments 789 

without the RO (RO-) for 675 nm and 850 nm bands. The sun is displayed as a black cross 790 

marker and was at θ& = 60°. The row orientation (east-west) is represented by the dashed 791 

black line. Values represent interpolations from raw measured BRF.  792 
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8 Appendix B 793 

 794 

Table B1. Measured reflectance of wheat ears, maize tassels, and sunflower petals, front-side 795 

and back-side from AIRPHEN camera on 450nm, 530nm, and 730nm. The reflectance of 796 

sunflower frontside flower and backside flower does not include yellow petals. 797 

 798 

 450 nm 530 nm 730 nm 

Wheat 0.04 0.25 0.35 

Maize 0.13 0.2 0.45 

Sunflower front-side 0.021 0.10 0.21 

Sunflower back-side 0.06 0.17 0.38 

Sunflower yellow pedal 0.024 0.27 0.35 

 799 




