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A b s t r a c t. Vegetation indices based on selected wavelength 
reflectance measurements are used to represent crop growth and 
physiological conditions. However, it has been determined that 
the anisotropic properties of the crop canopy surface can govern 
both the spectral reflectance and vegetation indices. In this study, 
in order to investigate how crop surface reflectance and vegeta-
tion indices varied according to the direction of the light source 
and sensor viewing, a hyper-spectrometer of visible to near-
infrared wavelengths mounted on a field goniometer was used at 
vegetative and reproductive growth stages in rice paddy. It was 
found that most of the wavelength reflectance measurements pro-
duced by the sparse vegetation cover fraction were not sensitive 
to solar-illumination and sensor-viewing angles. In addition, the 
reflectance of visible wavelengths was found to be less sensitive 
to the solar and sensor angles than the red-edge and near-infrared 
wavelengths. The lowest normalized difference vegetation index 
value in a day occurred at the nadir sensor-viewing angle before 
rice heading, but after heading, when ripened grains began to bow, 
the lowest value was recorded at the sensor zenith angle of 25°. 
Enhanced vegetation index measurements were found to be more 
sensitive to the direction of sensor viewing and less affected by 
sun glint than normalized difference vegetation index measure-
ments. Additional field observation measurements should increase 
our level of understanding of how vegetation indices change on 
anisotropic crop surfaces. 

K e y w o r d s: field goniometer, spectral reflectance, vegeta-
tion index, sensor-viewing angle, solar-illumination angle

1. INTRODUCTION

As agriculture has advanced, cultivation and breed-
ing technologies have been developed to increase crop 
productivity. In recent times, with the development of 
digital agricultural technology, crop growth can now be 
detected and analysed rapidly and continuously, in particu-
lar by using remote sensing techniques (Lee et al., 2017). 
Vegetation indices derived from the selective wavelength 
reflectance of crop canopy surfaces are widely used to 
assess crop growth and monitor the occurrence and extent 
of stress on agricultural land (Kamble et al., 2013; Na et al., 
2016). Thus, a better understanding of vegetation indices 
is necessary in order to accurately measure canopy reflec-
tance with the solar incident irradiance on open field crops 
as well as the radiation reflected from the canopy surfaces.

However, since the spectral reflectance of crop cano-
py surfaces has anisotropic properties that depend on the 
direction of the light source and the relative sensor position, 
vegetation indices may differ without any change in crop 
condition (Ma et al., 2021). Consequently, even if soil and 
vegetation surface properties remain constant, the vegeta-
tion indices may be determined by both the solar zenith and 
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azimuth angles and sensor observation angle. This problem 
is extensive enough to confound the accurate analyses of 
crop growth and physiological conditions.

Therefore, in order to obtain accurate estimates of crop 
growth or stress from the observed vegetation index in open 
field conditions, the anisotropic properties of reflectance 
according to the sensor-viewing direction and solar move-
ment during the day should be considered (Queally et al., 
2022). A numerical simulation of the bidirectional reflec-
tance distribution function (BRDF) model is often used 
to correct land surface reflectance anisotropy through the 
physical relationship between the light source direction, the 
observed sensor angle, and the scattering of surface reflec-
tance (Gao et al., 2003; Li et al., 2021; Zhang et al., 2014a). 
However, because such simulations are determined on the 
basis of simple crown shapes (e.g., cone, cylinder, ellipsoid, 
and cylinder) for estimating the relevant isometric, geo-
metric, and volumetric parameters (Zhang et al., 2014a), 
the model should be validated in order to complement the 
performance of reflectance correction by using reflectance 
values measured under the most diverse incident light and 
sensor-viewing directions (Li et al., 2010). Furthermore, 
considering that the vegetation indices derived from most 
satellite reflectance measurements are often used without 
BRDF correction (Yan et al., 2022), it will be necessary 
to evaluate the extent of the anisotropic effects in specific 
crops and those occurring during particular growing sea-
sons to enhance understanding of vegetation indices. 

The goniometer is an instrument that either measures an 
angle or allows an object to be rotated to a precise angu-
lar position, to obtain the observed reflectance according 
to various light and sensor angle positions in open fields of 
vegetation (Sandmeier and Itten, 1999). A number of previ-
ous studies have utilized goniometers outdoors. However, 
despite rice being a crucial food crop in Asia, there are cur-
rently very few studies that have been used to evaluate the 
anisotropic reflectance in rice fields by using a goniometer 
to measure it.

Sun et al. (2017) constructed a vertical axis rotating 
goniometer by modifying a large camera tripod. The reflec-
tance of soil and rice was observed from nine angles at 
a height of 2 m. Additionally, the reflectance measurements 
at four wavelengths were compared with the leaf area index 
(LAI). However, maintaining the stability of the goniom-
eter body is challenging in an outdoor environment where 
observation angles frequently change, as the goniometer is 
supported by a camera tripod.

Suomalainen et al. (2009) compared reflectance meas-
urements at different sensor-viewing angles for an outdoor, 
snowy surface using a vertical axis rotating goniometer 
with an adjustable height of between 155 and 265 cm. This 
system is unique in that the centre of gravity is placed as 
close to the ground as possible so that the goniometer can 
reliably maintain the selected angle and level, even out-

doors. However, as was true of the general vertical axis 
rotation system, the goniometer must be moved to change 
the sensor azimuth angle. 

Sandmeier and Iteen (1999) and Schill et al. (2004) 
installed a hyper-spectrometer on a hemispherical goni-
ometer with a diameter of about 2 m and found that it 
was possible to observe the surface reflectance for each 
wavelength band at all sensor azimuth and zenith angles 
according to changes in the solar azimuth and zenith angle. 
Even though the advantage of being able to assess the dis-
tribution of all of the scattering reflectance values without 
any sensor-viewing restrictions is especially significant, 
this system is very expensive and difficult to install, and it 
must again be emphasized that there is some concern about 
damaging vegetation. 

The studies examining the anisotropic properties of 
ground vegetation reflectance are not yet adequate. In 
addition, field goniometer experiments that involve contin-
uously observing canopy reflectance across different plant 
growth stages are very rare. In this study, a hyper-spectrom-
eter installed on a field goniometer was used to measure 
the surface reflectance of visible and near infrared (NIR) 
wavelengths at different solar and sensor angles across two 
crop growth stages in rice paddies. 

2. MATERIALS AND METHODS

In this study, the goniometer design of Suomalainen et 
al. (2009) was modified for use in rice paddy conditions 
for the purposes of the experiment. The boom extending 
upward from the centre of the goniometer was connected 
to an angle-adjusting bracket that rotated 180° left or right. 
Thus, the rotating boom could be fixed at any angle of the 
bracket, this was made from stainless-steel plates with 
a 2 mm thickness. The length of the upward boom was 
set at 188 cm to accommodate the height of the rice plant 
(Fig. 1a). Another boom originating from the end of the 
upward boom extended 122 cm horizontally, and a down-
ward facing fibre of a hyper-spectrometer was installed at 
the end of this horizontal boom to observe the rice paddy. 

The goniometer, which was made from lightweight 
black aluminium frames, was easy to move and minimized 
the effect of diffuse reflectance from the structure. A stain-
less-steel plate positioned at the bottom of the goniometer 
prevented the bending of the bottom of the structure and 
allowed for easy levelling in the field. During observations, 
a heavy object (e.g., a sandbag) was placed on the bottom 
plate for stability. 

The hyper-spectrometer (RoX, JB Hyperspectral 
Devices, Düsseldorf, Germany) installed on the goniometer 
was used to measure both the incident and reflected radi-
ant energy at wavelengths between 400 and 950 nm. The 
hyper-spectrometer was calibrated with a white hemisphe-
rical reflectance with > 98% reflectivity. The fields of view 
of the upward- and downward-facing fibres incident and 
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reflection probes were 20 and 180°. While the downward-
facing fibre was installed on the boom of the goniometer, 
another optical fibre which was upward-facing stood apart 
from the goniometer. Assuming that there were no rice 
plants, the observation footprint area at the nadir-viewing 
angle of the downward-facing fibre was 33.15 cm in radius 
at its maximum height. The size of the footprint area varied 
with the rotation of the central boom of the goniometer. For 
example, at a viewing angle of 50°, the footprint was an 
ellipse of 33.14 cm in the minor axis and 65.29 cm in the 
major axis. 

The study area (35°01’36.94”N, 126°49’18.01”E) 
was a rice paddy field managed by the Jeollanamdo 
Agricultural Research and Extension Services (JARES) in 
Naju City, Republic of Korea (Fig. 2a). The rice variety 
used was Gangdaechan of Oryza sativa L. japonica, which 
was developed by the JARES. The mid-late maturing 
Gangdaechan cultivar typically has vertical leaves and its 

maximum height is approximately 1 m. The rice planting 
density was 15 × 30 cm. Planting was performed on June 7, 
2022, with the rice heading stage beginning on August 20 
and harvesting taking place on October 20. 

A single observation took place over the course of a sin-
gle day, in all 6 days of observations occurred. Three of 
these days occurred during the vegetative growth stage, and 
the other 3 days occurred after the heading stage. Although 
the soil in the rice paddy studied is clay, the first, second, 
and sixth observations took place under drained conditions. 
The third, fourth, and fifth were carried out under flooded 
conditions. The weather during all observations was sunny.

The goniometer was positioned on the footpath between 
the rice paddies running from north-northeast (NNE) to 
south-southwest (SSW) (Fig. 1b). Thus, the boom was 
also rotated from the NNE and SSW directions (Fig. 2b). 
One-time observations were conducted sequentially at five 
sensor zenith angles of −50 and −25° in the NNE direction, 

Fig. 1. Design of the field mobile goniometer used in this study (a), observation of the rice paddy conducted on September 7, 2022 (b).

Fig. 2. Location of the field goniometer observation station in Naju City (a) and azimuth angles of sensor viewing and solar illumination 
used for observing by the field goniometer (b).
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0° in the nadir direction, and 25 and 50° in the SSW direc-
tion. The value at each sensor zenith angle was obtained 
using the average of measurements repeated three-times 
within a time scale of about one minute. The one-day 
observations took place over three-time intervals: 10:00-
11:00, 12:00-13:00, and 14:00-15:00. 

In this goniometer experiment, the vegetation indi-
ces used were the normalized difference vegetation index 
(NDVI), enhanced vegetation index (EVI), MERIS ter-
restrial chlorophyll index (MTCI), normalized difference 
red edge (NDRE), photochemical reflectance index (PRI), 
and the chlorophyll carotenoid index (CCI). NDVI and 
EVI are related to the structure and biomass of vegetation, 
while MTCI and NDRE are sensitive to the chlorophyll 
content. PRI and CCI are suited to providing a represen-
tation of physiological states, particularly those related to 
photosynthetic efficiency. Table 1 shows the equation used 
to calculate each vegetation index, and R represents the 
reflectance wavelength. In addition, the error rate occurring 
due to sun glint was also investigated. When the solar-illu-
mination and sensor-viewing positions were at their most 
similar, and if the reflectance value appeared to be distinct 
from the reflectance at a different angle, this was consid-
ered to be the result of sun glint.

ER =
vmeasured − vtrue

vtrue
100,

where: ER is the error rate (%), vmeasured is the value measured 
by the hyper-spectrometer of the goniometer, and vtrue is the 
true value used to evaluate the measured value. In the case 
of sun glint error analysis, the true value was considered 
to be the value estimated using linear correlation analysis 
with the reflectance of the two angles being 25° greater and 
less than the angle which occurred due to sun glint. For 
a comparison of NDVI and EVI, the value measured for the 
nadir sensor position at noon was set as the true. 

3. RESULTS AND DISCUSSION

Figure 3 shows the seven reflectance values of the wave-
lengths used (i.e., 475, 531, 570, 668, 717, 740, and 800 nm) 
in calculating the NDVI, EVI, MTCI, NDRE, PRI, and 
CCI according to five sensor zenith angles and three solar 
zenith angles at five rice growth stages. The reflectance 

results from the goniometer experiment are determined by 
differences in: 1) the absorption of radiation wavelengths 
according to the physiological condition and structural state 
of the leaves (Ryu et al., 2020); 2) the canopy structure and 
the direction in which the sensor was facing and also the 
degree of solar illumination (Ma et al., 2021; Towers and 
Poblete-Echeverría, 2021); and 3) light penetration into and 
escape from the canopy (Qiu et al., 2016).

In general terms, the lowest reflectance value measured 
in a day occurred at the time of nadir sensor-viewing angle. 
This is consistent with the result produced by a rice canopy, 
as determined by Sun et al. (2017). However, before rice 
heading, as compared to both red-edge and NIR wave-
lengths, the reflectance of the visible wavelengths (475, 
531, 570, and 668 nm) was lower and less sensitive to the 
sensor-viewing and solar-illumination directions. 

As the wavelength increased, the variations in reflec-
tance became relatively larger according to the sensor 
zenith angle. In addition, the reflectance values increased 
after rice heading (September 7, 20, and 29), being notably 
smaller in the blue (475 nm) and red (668 nm) bands and 
larger in the red-edge (717 and 740 nm) and NIR (800 nm) 
regions. At a larger sensor zenith angle, the pathway of 
light penetrating into the crop canopy will be longer than 
it is for the smaller sensor zenith angle. Thus, the red-edge 
and NIR regions, which produced high reflectance values 
on canopies, might be more sensitive to viewing angles 
than the visible wavelengths. 

Among all of the wavelengths used and the direc-
tions of solar illumination, the reflectance values that 
were determined using the five sensor zenith angles were 
higher and more varied in the afternoon (red line in Fig. 3) 
of September 29, during the ripening stage. This pattern 
may be caused by the scatter created by the bowing of the 
ripening grains at a particular backward-nadir-forward sen-
sor-viewing position in the afternoon (Fig. 2). 

Again, on September 29, the blue (475 nm) and red 
(668 nm) wavelengths used in the morning and noon meas-
urements (blue and green lines in Fig. 3) showed that the 
backward-scattered reflectance detected at sensor zenith 
angles of 25 and 50° was higher than the forward-scattered 
reflectance at −50 and −25°. Because of the gap in the cano-
py surface filled by bowing grains, less solar irradiation can 

Ta b l e  1. Equations and properties of vegetation indices used in this study 

Vegetation index Equation Property
Normalized difference vegetation NDVI = (R800 - R668)/(R800 + R668) Structural
Enhanced vegetation EVI =  2.5 (R800 - R668)/(R800 + 6 R668 - 7.5 R475 + 1)
MERIS terrestrial chlorophyll MTCI = (R740 - R717)/(R717 - R668) Biochemical
Normalized difference red edge NDRE =  (R800 - R717)/(R800 + R717)
Photochemical reflectance PRI = (R531 - R570)/(R531 + R570) Physiological
Chlorophyll carotenoid CCI = (R531 - R668)/(R531 + R668)
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Fig. 3. Reflectance observed in rice paddies across growth periods before and after heading. The red, green, and blue lines show the 
measurements in the morning sensor zenith angle (SZA: 35º), noon (SZA: 13º), and afternoon (SZA: 34º), respectively.
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Fig. 4. Vegetation indices observed in rice paddies across growth periods before and after heading (also see Fig. 3).
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penetrate the canopy, and it is instead reflected backward 
at the canopy surface. In addition, the penetrated radiation 
might not escape from inside the canopy.

Figure 4 shows the values of NDVI, EVI, MTCI, 
NDRE, PRI, and CCI according to five sensor zenith angles 
and three solar zenith angles at five rice growth stages. The 
values of NDVI increased with rice growth but decreased 
after rice heading which complied with previous studies 
concerning time series crop monitoring (e.g., Ryu et al., 
2020). The lowest NDVI value for one observation day 
occurred at the time of the nadir sensor-viewing angle. The 
NDVI values determined in the morning, noon, and after-
noon were different, but they were found to be similar for 
each measurement day. This is consistent with the results of 
Ma et al. (2021) despite the experiment being conducted in 
a maize field. However, on July 15 and 20, the NDVI val-
ues at noon (green line in Fig. 4) were smaller than those in 
the morning and afternoon, but their variations were larger 
according to the sensor zenith angles. 

The lower sensitivity of NDVI to sensor-viewing and 
solar-illumination angles on July 7 than on July 15 and 20 
may have been caused by the low surface cover fraction of 
rice plants, which is particularly facilitated by the vertical 
canopy shape of the rice plant (Sinclair and Sheehy, 1999). 
However, although the plants had grown more (July 15 
and 20), the NDVI value at noon, during which there was 
a small solar zenith angle, could be as low as that which 
occurred at the nadir sensor-viewing angle on July 7. On 
September 7 the NDVI was determined by the top-most 
surface of the canopy because it was dense and uniform. 
Thus, the measurements taken on this day may have been 
insensitive to changes occurring in sensor-viewing angle 
and solar illumination. On the other hand, when the rough-
ness of the canopy surface increased as the rice began 
to bow downward (September 20 and 29) (Zhang et al., 
2014b), the variation in the NDVI could have been influ-
enced by variations in sensor-viewing angle despite the 
dense canopy, which conforms to the strong relationship 
found between NDVI and the vegetation cover fraction in 

previous studies (e.g., Campos et al., 2014; Shafian et al., 
2018). At this ripening stage, the lowest NDVI occurred at 
the sensor zenith angle of 25º among all of the goniometer 
setting angles applied.

The patterns of the EVI were similar to those of the 
NDVI, but the EVI was found to be more sensitive to the 
direction of sensor viewing. Although the EVI uses blue 
wavelengths to lessen the effect of soil contamination as 
compared to the NDVI (Liu and Huete, 1995), the compo-
nents in the rice canopies which affect such wavelengths 
may have mathematically offset the pattern of red wave-
lengths in the EVI equation because both blue and red 
belong to the wavelength regions related to photosynthesis. 
As a consequence, NIR features could be primarily repre-
sented in the EVI.

Figure 5 shows the error rate according to the directions 
of sensor viewing and solar illumination, the compari-
son between NDVI and EVI is particularly noteworthy. 
Although the errors were different for each rice growth 
period, the EVI was found to have a higher error than 
the NDVI. This was similar to the results achieved by 
Matsushita et al. (2007) which indicated that the EVI is 
more sensitive to topographic conditions than the NDVI. 
Indeed, the path length of the light which penetrated into 
the canopy will be affected by variations in sensor-view-
ing angle and solar illumination through sensor operation, 
latitude, time/season, and topography. This difference in 
light path length may affect the EVI more than the NDVI 
because the EVI was developed to improve sensitivity to 
biomass by removing the soil background signal. 

Even though there is no common wavelength used to 
determine MTCI and NDRE, which were developed to 
estimate plant chlorophyll content (Dash and Curran, 2007; 
Sharifi, 2020), these two vegetation indices demonstrated 
similar patterns with regard to sensor-viewing and solar-
illumination directions. Both indices exhibited relatively 
large differences according to the solar time, particularly in 
July, when the canopy was relatively open.

Fig. 5. Error rate (%) according to the directions of sensor viewing and solar illumination for (a) NDVI and (b) EVI (also see Fig. 4).

(a)

(b)
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Unlike other vegetation indices, the PRI may be sen-
sitive to changes in solar irradiance during the day. Solar 
radiation stress generally reduces the PRI (Gamon et al., 
1992), as it induces physiological stress. Thus, it was pre-
dicted that the PRI measured using backward-scattered 
reflectance at sensor zenith angles of 25 and 50° would be 
lower than that of the forward-scattered reflectance at −50 
and −25°. However, before rice heading, the PRI changes 
due to sensor-viewing directions were symmetrical for the 
backward and forward directions. In addition, after rice 
heading, the PRI values were less sensitive to the direc-
tion of sensor viewing and solar illumination. In the case of 
the CCI, which was determined using 531 nm like the PRI 
(Gamon et al., 2016), backward- and forward-scattering 
cases also exhibited a symmetrical pattern in the pre-head-
ing stage; however, after rice heading, the CCI, which, 
like the NDVI, was determined using NIR, was found to 
be lower under backward-scattered reflectance than under 
forward-scattered reflectance conditions, particularly at the 
sensor zenith angle of 25°. 

Sun glint, or the direct sunlight reflection off a water 
surface toward the optical sensor viewing of the surface, 
interrupts the observation of vegetation indices in rice 
fields (Ortega-Terol et al., 2017). The observation at a −25° 
viewing angle at 14:00 on July 20 showed evidence of sun 
glint (gray rectangle marker in Figs 3 and 4). Even though 
sun glint occurred at 14:00, observations before and after 
14:00 (i.e., at 12:00 and 15:00) may be assumed to be free 
of sun glint. Thus, the true value of the 14:00 measurements 
without sun glint may be regarded as the average of the 
observed values at 12:00 and 15:00. 

Figure 6 shows the intensity of sun glint, it is repre-
sented by the ratio of the sun-glint value to the estimated 
true value using seven reflectance wavelengths and six 
vegetation indices. The blue and green wavelengths were 
found to be sensitive to sun glint, while the red-edge and 

NIR wavelengths exhibited smaller changes. The lower 
reflectance values of the water surface in the NIR region 
as compared to those produced by visible light is consistent 
with the findings of Jain and Singh (2003). In addition, the 
EVI and MTCI were less affected by sun glint, but the CCI 
experienced large changes due to sun glint.

4. CONCLUSIONS

1. The visible, red-edge, and NIR wavelength reflec-
tance and vegetation indices of rice paddies showed 
different sensitivities to the applied sensor-viewing and 
solar-illumination angles. However, such features were 
also altered by changes in the canopy structure and pig-
ments present at different growth stages. 

2. Most wavelength reflectance on sparse canopy cover 
was found to be less sensitive to the applied sensor-viewing 
and solar-illumination angles. It is most likely that the rea-
son for this is that the light penetrating and reflecting within 
the canopy is not significantly disturbed by the crops that 
do not cover the ground. 

3. At nadir sensor-viewing and small solar zenith angles, 
the value of most reflectance measurements was found to 
be lower. This is consistent with previous research findings 
that light can penetrate deeper into a rice canopy with verti-
cal canopy structures.  

4. Because the roughness of the rice canopy changed 
due to the ripening of the grains after rice heading, the 
reflectance was affected by the sensor-viewing and solar-
illuminating angles. Specifically, reflectance was found to 
be higher in the red-edge and NIR wavelengths than in the 
visible wavelengths. 

5. The lowest normalized difference vegetation index 
value in a day occurred at the nadir sensor-viewing angle 
before rice heading, but after heading, the lowest value 
was recorded at the sensor zenith angle of 25° as the rip-
ened grains began to bow. The patterns of the enhanced 

Fig. 6. Outcome of dividing the sun-glint value by the estimated true value of the (a) band reflectance and (b) vegetation indices in the 
goniometer experiment. 

(a) (b)
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vegetation index were similar to those of the normalized 
difference vegetation index, but the enhanced vegetation 
index was found to be more sensitive to the direction of 
sensor viewing. 

6. The effect of sun glint on the reflectance of the paddy 
water surface was more pronounced in the blue and red 
wavelengths than in the red-edge and NIR wavelengths. 
The enhanced vegetation index was found to be less sensi-
tive to sun glint than the normalized difference vegetation 
index. 
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