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Abstract: A ground-based network of spectral observations is useful for ecosystem
monitoring and validation of satellite data. However, these observations contain inherent
uncertainties due to the change of sunlight conditions. This study investigated the impact
of changing solar zenith angles and diffuse/direct light conditions on the consistency of
vegetation indices (normalized difference vegetation index (NDVI) and green-red
vegetation index (GRVI)) derived from ground-based spectral measurements in three
different types of cropland (paddy field, upland field, cultivated grassland) in Japan. In
general, the vegetation indices decreased with decreasing solar zenith angle. This response
was affected significantly by the growth stage and diffuse/direct light conditions. The
decreasing response of the NDVI to the decreasing solar zenith angle was high during the
middle growth stage (0.4 < NDVI < 0.8). On the other hand, a similar response of the
GRVI was evident except in the early growth stage (GRVI < 0). The response of
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vegetation indices to the solar zenith angle was evident under clear sky conditions but
almost negligible under cloudy sky conditions. At large solar zenith angles, neither the
NDVI nor the GRVI were affected by diffuse/direct light conditions in any growth stage.
These experimental results were supported well by the results of simulations based on a
physically-based canopy reflectance model (PROSAIL). Systematic selection of the data
from continuous diurnal spectral measurements in consideration of the solar light
conditions would be effective for accurate and consistent assessment of the canopy
structure and functioning.

Keywords: ground-based spectral measurements; vegetation indices; croplands; PROSAIL

1. Introduction

Timely and large-scale observations of agroecosystems by remote sensing are crucial for food and
environment security [1-4]. In many agroecosystem applications, high spatial and temporal resolutions
are required at the same time. In particular, in many Asian countries, high spatial resolution is critical
because agricultural fields are small and land use is mosaic. For example, high-spatial-resolution optical
satellites are used for mapping of the protein content and the full ripe stage of rice in a large number of
individual fields [5,6]. However, despite the constellation of satellites, the probability of image
acquisition at specific target periods is still unsatisfactory for timely mapping. Low-spatial-resolution
optical satellite sensors, such as the Terra and Aqua Moderate Resolution Imaging Spectroradiometer
(MODIS), SPOT-VEGETATION (SPOT-VGT), and NOAA Advanced Very High Resolution
Radiometer (AVHRR), can make global and regional observations with high temporal frequency, but
their spatial resolutions range from 250 m to 1000 m. On the other hand, high-spatial-resolution optical
satellite sensors, such as SPOT, RapidEye, and WorldView can observe the land surface with spatial
resolutions of 2-15 m, but their temporal frequency is low. Additionally, medium-spatial-resolution
optical satellite sensors, such as HJ-1A/B, with spatial resolutions of 30 m can observe the same position
at temporal intervals of four days, but their spatial resolution is insufficient for monitoring agricultural
fields in many Asian countries [7].

Under these circumstances, a ground-based network of spectral measurements would be important in
ecosystem monitoring as an addition to synthetic aperture radar (SAR) satellites and drone-based remote
sensing to compensate for the limitations of optical satellite sensors. SAR sensors have good potential for
crop monitoring because they are not affected by sky conditions [8-10]. Drone-based remote sensors can
play unique roles due to their timely and flexible operation and super-high spatial resolution
(~10 cm) [11,12]. A ground-based network of spectral observations has proved to be useful for ecosystem
monitoring and validation of optical satellite data (EUROSPEC [13], Spectral Network (SpecNet) [14], and
Phenological Eyes Network (PEN) [15]). Ground-based sensors automatically acquire spectral
reflectance, in addition to CO2 flux, micrometeorological data, and digital images, at high temporal
resolution (~30 min) [15,16]. Such datasets can be used to investigate the dynamic change of ecosystems
in detail by making the most of the high temporal resolution and continuous measurements. For
assessment of phenological changes, such as timing of leaf green-up and autumn coloring or crop status
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in agroecosystems, such as protein content and water stress, spectral reflectance or vegetation indices
from optical satellite data can be validated directly using ground-based spectral measurements. For
example, Motohka et al. [17] reported that phenological features observed in MODIS data were validated
using ground-based spectral reflectance observations in a paddy field. Sakamoto et al. [18] proposed a
monitoring method for crop status based on ground-based digital camera images.

However, these ground-based spectral reflectance observations do not ensure consistency due to the
differences in the canopy structure, viewing geometry, and illumination. These changes can be
expressed by a bidirectional reflectance distribution function (BRDF) [19], but determination of
surface parameters for the BRDF is not easy. The canopy structure can change drastically according to
the growth stage and vegetation type. The view zenith angle of ground-based sensors is usually fixed at
0° (nadir observation), but the solar zenith angle changes with the time of day and day of the year.
Additionally, the diffuse/direct light ratio changes with the daily weather conditions. While the
ground-based spectral reflectances are used for calibration or validation of satellite data [20,21], the
changes caused by diurnal and seasonal variation of canopy structures and light conditions are often
ignored. Cogliati et al. [22] reported that the normalized difference vegetation index (NDVI) from
continuous ground-based measurement showed some diurnal change as affected by the photosynthetic
photon flux density (PPFD). Rahman et al. [23] reported that NDVI from ground-based observations
was affected by the solar zenith angle in a pasture site. However, this relation was examined using a
dataset for a full-cover pasture canopy only on two days under clear sky conditions during the
vegetative stage. Thus, a generalized relation throughout the growth season under various light
conditions and/or in different types of vegetation is necessary.

The objectives of this study are (1) to examine the diurnal and seasonal fluctuations of vegetation
indices derived from ground-based spectral measurements for three different types of cropland (paddy
field, upland field, cultivated grassland); (2) to investigate the impact of changing solar zenith angles
and diffuse/direct light conditions on the consistency of vegetation indices; and (3) to propose efficient
usage of ground-based spectral data. In this study, we used the NDVI and green-red vegetation index
(GRVI) as vegetation indices because these indices are widely used in remote sensing studies [20,24].
The NDVI has been used to estimate variations in vegetation conditions [25,26]. The GRVI is a new
vegetation index and has been used to detect subtle vegetation changes (e.g., leaf fall due to a typhoon
or mowing of plants) or differences among ecosystem types [20,27].

2. Materials and Methods
2.1. Study Sites

The datasets were acquired in three types of cropland at different locations in Japan: a paddy field in
Mase, Tsukuba (36°03'14.3"N/140°01'36.9"E: rice, MSE), an wupland field in Shinhidaka
(42°24'41.4"N/142°28'16.6"E: maize, SHD), and a cultivated grassland in Nasushiobara
(36°54'54.3"N/139°56'12.8"E: grass, NSS). The details of each site are shown in Table 1. All three
sites belong to AsiaFlux (http://asiaflux.net/), where fluxes of COg, sensible heat, and latent heat, in
addition to basic micrometeorological and physiological data have been collected since 1999 at the rice
site, 2007 at the maize site, and 2004 at the grass site [28-30].
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Table 1. Details of the study sites.

14082

Rice Maize Grass
Site code MSE SHD NSS
» 36°03'14.3"N, 42°24'41 4"N, 36°54'54.3"N,
Position
140°01'36.9"E 142°28'16.6"E 139°56'12.8"E
Elevation (m asl) 11 120-130 305
Mean annual air
13.7 8.0 12.2
temperature (°C)
Mean annual
. 1200 1290 1561
precipitation (mm)
Vegetation type Paddy field Upland field Cultivated grassland

Dominant species

Rice (Oryza sativa L.;

cultivar Koshihikari)

Maize (Zea mays L.)

Orchardgrass (Dactylis glomerata L.),

Italian lyegrass (Lolium multiflorum Lam.)

Canopy height (m) 0-1.2 0-3.2 0-1.2
Annual maximum
leaf area index 5.0 NA NA
(m?m~)
Height of sensor
2.88 5.15 1.55
arm (m)
Data logger CR3000 CR23X CR23X
Observation year 2013 2013 2014
Transplanting: DOY 122 (2 May) Budding: DOY 150 (30 May) .
. o Second Harvesting: DOY 178 (27 Jun.)
Growth stage Heading: DOY 204 (23 Jul.) Silking: Dot 208 (27 Jul.)

. ) Third harvesting: DOY 239 (27 Aug.)
Harvesting: DOY 249 (6 Sep.) Harvesting: DOY 261 (18 Sep.)

NA: not available.

2.2. Data and Analytical Methods
2.2.1. Multispectral Radiance Measurement

Measurements of multispectral radiation were obtained by using a four-channel sensor (SKR1850,
Skye Instruments Ltd, Llandrindod Wells, UK) at each study site in 2013 and 2014. The average center
wavelength (average full width at half maximum (FWHM)) of each spectral band for the three sites
was 478.3 £1.5 (9.3 £0.2) nm (blue), 549.0 +0.6 (9.7 =0.1) nm (green), 657.7 £0.6 (21.7 £0.1) nm
(red), and 827.9 0.6 (37.4 =0.1) nm (near infrared: NIR). The center wavelength and bandwidth
were slightly different among the three sites, but the standard deviations for both the center wavelength
and bandwidth were small enough to assume that the wavebands of all sensors were identical. A set of
two sensors, one directed upwards and the other downwards was attached to a horizontal arm to
measure the spectral irradiance of incident light and the radiance of reflected light. The field of view
(FOV) of the sensors was 180° in the upward direction with a removable diffusing cosine correction
head, and 25° in the downward direction. The height of the sensor arms was 2.88 m at the rice site,
5.15 m at the maize site, and 1.55 m at the grass site above the ground (Table 1). All measurements
from individual spectral channels were recorded by a data logger (CR3000 (rice site) and CR23X
(maize and grass sites), Campbell Scientific, USA) at an interval of 10 min throughout the seasons. We
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used the spectral data from 09:00 to 16:00 local time for the period of the day of the year (DOY) 130
(May 10)-DOY 230 (August 18), in 2013 at the rice and maize sites, and the same period in 2014 at
the grass site.

2.2.2. Vegetation Indices Based on Ground-Based Spectral Measurements

The NDVI and the GRVI were calculated from the ground-based radiometer data. The NDVI and
the GRVI are defined as follows [20,24]:

NDVI = (pNIR — pred) / (ONIR + pred) 1)
GRVI = (pgreen - pred) / (pgreen + pred) (2)

where pnir, pred and pgreen are the reflectance factors in the NIR, red, and green regions, respectively.
The sensor with the removable diffusing cosine correction head for incident light was calibrated for
irradiance by a National Physical Laboratory UK reference standard lamp. However, the sensor for
reflected light did not have an absolute calibration [13]. Therefore, instead of calculating the
reflectance for each channel directly, the NDVI and the GRVI were determined from the following
equations using the incident and reflected light intensity in each spectral band:

NDVI = [(Z1 %XRNIR / INIR) — (Rred / lred)] / [(Z1 <XRNIR / INIR) + (Rred / lred)] 3)
GRVI = [(Z2 ><Rgreen / lgreen) — (Rred X Ired)] / [(Z2 > Rgreen / Igreen) + (Rred / Ired)] 4)

where Z1 is the sensitivity ratio of reflected NIR to red light; Z2 is the sensitivity ratio of green to red
light; Rnir, Rred, and Rgreen are the reflected readings in the NIR, red, and green regions (nano ampere:
nA), respectively; and Inir, lred, and lgreen are the incident (umol m2 s7%) readings for the NIR, red, and
green regions, respectively [31,32]. We used only the vegetation indices in the range from —1 to 1 to
exclude abnormal data that were presumably caused by insufficient irradiance, rain, birds, insects, etc.

The solar zenith angle was calculated based on the geolocation of each site and the time of the
spectral measurements. To investigate the influence of the diffuse/direct light conditions, we selected
“clear sky” days and “cloudy sky” days by using the intensity and diurnal change of the global solar
radiation measured by a pyranometer (rice and grass sites) and photosynthetically-active radiation
(PAR) measured by a PAR sensor (maize site). A clear sky day was defined as a day with high
radiation values and a smooth diurnal curve (see some examples in Figure 2). The PAR was
proportional to the solar radiation and the ratio of PAR (umol m2 s2) to solar radiation (W m2) was
1.863. In contrast, a cloudy sky day was defined as a day with low incident radiation values throughout
the daytime. We used these vegetation indices on the clear and cloudy sky days to analyze the effects
of the solar zenith angle and diffuse/direct light conditions. The proportion of clear sky days was 19%
at the rice site, 14% at the maize site, and 9% at the grass site.

2.2.3. A Radiative Transfer Model for Simulating VVegetation Indices

We used the PROSAIL radiative transfer model to simulate the influence of the solar zenith angle
and diffuse/direct light condition on the vegetation indices [33]. The PROSAIL model is a combination
of the canopy reflectance model SAIL [34,35] and the leaf reflectance model PROSPECT [36]. The
model can simulate the canopy bidirectional reflectance in the 400-2500 nm wavelength region at
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1 nm resolution under various biophysical conditions and/or measurement configurations. In this
study, model parameters for the actual canopies in each experiment were not determined, so we used
typical parameter values from the literature for the maize canopies, as shown in Table 2 [12,37,38].
Therefore, we assumed that the general relations between solar zenith angle, diffuse/direct light
conditions (the ratio of diffuse light to total radiation), and leaf area index (LAI) could be investigated
properly by simulations with these typical parameters.

Table 2. List of input parameters for the PROSAIL model.

Parameter Value
Chlorophyll a and b content (Cab) 40
Carotenoid content (Car) 12.3
Brown pigment content (Cbrown) 0
Leaf water content (Cw) 0.015
Leaf dry matter content (Cm) 0.0055
Structure coefficient (N) 15
Leaf angle distribution (LIDF) Spherical
Leaf area index (LAI) 0.1,05,1,2,3,4,5
Solar zenith angle (tts) 20, 30, 40, 50, 60
Observer zenith angle (tto) 0
Azimuth (psi) 0
Soil reflectance properties (psoil) 0.7

3. Results
3.1. The Effects of Solar Zenith Angle on Diurnal and Seasonal Change of Vegetation Indices

Figure 1 shows a time series of the NDVI and the GRVI with the same solar zenith angle, i.e., 20°,
30°, 40°, 50°, and 60°, during the growing season. These data were extracted from the diurnal data so
that the individual data had a similar solar zenith angle. Accordingly, the time of day for the individual
data varied from morning (9:00 local time) to afternoon (16:00 local time). At the rice site (MSE), the
dates for transplanting, heading, and harvesting were DOY 122 (2 May), DOY 204 (23 July), and
DOY 249 (6 September), respectively (Table 1). At the maize site (SHD), the dates for budding,
silking, and harvesting were DOY 150 (30 May), DOY 208 (27 July), and DOY 261 (18 September),
respectively (Table 1). At the grass site (NSS), regular renovation of the grassland was conducted in
2012, and the second and third harvesting were on DOY 178 (27 June) and DOY 239 (27 August),
respectively (Table 1). Overall, both the NDVI and the GRVI increased with plant growth at all sites.
After reaching the maximum level, the NDVI remained nearly constant, whereas the GRVI gradually
decreased. Most importantly, the difference in solar zenith angle caused some systematic changes in
the seasonal pattern of both the NDVI and the GRVI. The influence of the solar zenith angle was
slightly larger for the GRVI than for the NDVI.

Figure 2 shows the distinctive diurnal change of the NDVI, the GRVI and the solar radiation at the
rice site. These figures show some selected days under clear and cloudy sky conditions during the early
growth stage (NDVI < 0.4), middle growth stage (NDVI: 0.4-0.8), and late growth stage
(NDVI > 0.8). Under clear sky conditions, both the NDVI and the GRVI showed significant diurnal
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changes during the middle and the late growth stages (Figure 2c,e), whereas the diurnal change was
small during the early growth stage (Figure 2a). The NDVI and the GRVI showed minimum values
from 11:00 to 12:00, when the solar radiation reached a maximum during the middle and late growth
stages. The precipitous decrease of the NDVI and the GRVI showed around solar noon. On the other
hand, under cloudy sky conditions, neither the NDVI nor the GRVI showed significant diurnal changes
in spite of changes in the solar radiation throughout the growing season (Figure 2b,d,f).
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Figure 1. Time series of the NDVI (left) and the GRVI (right) with the same solar zenith
angles (20°, 30°, 40°, 50°, and 60°) during the growing season at the rice (a,b),
maize (c,d), and grass (e,f) sites.
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Figure 2. Distinctive diurnal changes of the NDVI and the GRVI under clear sky
conditions (left) and cloudy sky conditions (right) at the rice site. Solar noon is between
11:36 and 11:45 local time. (a) DOY: 137; (b) 140; (c) 155; (d) 162; (e) 192; (f) 194.

Figure 3 shows the dependence of the NDVI and the GRVI on the solar zenith angle for selected
days during the growing season. In this figure, data points are shown for sets of two days (clear and
cloudy sky conditions) with almost the same crop conditions, in order to determine the effects of the
diffuse/direct light conditions. The open symbols show the days under clear sky conditions and the
closed symbols show the days under cloudy sky conditions. Overall, the NDVI was not affected by the
solar zenith angle under cloudy sky conditions throughout the growing season. However, under clear
sky conditions, the NDVI decreased significantly with decreasing solar zenith angle during the middle
growth stage (NDVI: 0.4-0.8), whereas, even under clear sky conditions, the influence of the solar
zenith angle on the NDVI was not clear during the early and late growth stages (NDVI < 0.4 and
NDVI > 0.8). On the other hand, the GRVI decreased with decreasing solar zenith angle under clear
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sky conditions after the middle growth stage (GRVI > 0), whereas it was not affected by the solar
zenith angle under either clear or cloudy sky conditions during the early growth stage (GRVI < 0).
These responses of the vegetation indices to the change in solar zenith angle were much more
significant at the rice site than at the other sites. In particular, on DOY 155, the NDVI decreased by
more than 0.2 in response to a 25° decrease in solar zenith angle at the rice site. Meanwhile, there were

some fluctuations in NDVI and the GRVI with the change of the solar zenith angle.

NDVI

NDVI

NDVI

Figure 3. Relation between the NDVI (left), GRVI(right), and the solar zenith angles on
selected days during the growing season at the rice (a,b), maize (c,d) and grass (e,f) sites.
Open symbols show the days under clear sky conditions and closed symbols show the days
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under cloudy sky conditions.

Table 3 shows the statistical coefficients for the linear regression between the vegetation indices
and the solar zenith angle on the selected days used in Figure 3. The coefficient of determination for

Solar Zenith Angle (degree)
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linear regression was high under clear sky conditions. Under cloudy sky conditions, the variation of the
vegetation indices with changing the solar zenith angle was small, and linear relationship was not
significant. The slope of linear regression between NDVI and solar zenith angle varied in a range from
0.0019 to 0.0050 under clear sky conditions during the middle growth stage (NDVI: 0.4-0.8) except
DOY 151 at the maize site. On the other hand, the slope of linear regression between GRVI and solar
zenith angle varied in a range from 0.0018 to 0.0054 under clear sky conditions after the middle
growth stage (GRVI > 0). The mean slope of the regression lines for NDVI was 0.0042 at the rice site,
0.0012 at the maize site, and 0.0029 at the grass site, respectively. Similarly, the mean slope of the
regression lines for GRVI was 0.0034 at the rice site, 0.0025 at the maize site, and 0.0021 at the grass
site, respectively. All slopes of both NDVI and GRVI under cloudy sky conditions were less than
0.001 except DOY 157 at rice site in NDVI and DOY 192 at grass site in GRVI.

Table 3. The statistical coefficients for the linear regression between the vegetation indices
and the solar zenith angle on the selected days during the growing season at the rice,
maize, and grass site. The days under clear sky conditions is highlighted by gray color.

(a) NDVI

Rice Maize Grass

DOY  Slope Intercept R? DOY  Slope Intercept R? DOY  Slope Intercept R?
137 0.0005 0.140 0.111 146 0.0009 0.357 0.799 182  0.0029 0.426  0.855
140 -0.00003 0.176 0.003 145 0.0002 0.371 0.295 181 0.0003 0.524 0.092
155 0.0050 0.274 0.847 151 0.0005 0.530 0.869 189  0.0029 0.585  0.775
157 0.0015 0455 0.642 153 —0.0003 0.590 0.215 187 0.0004 0.634  0.207
159 0.0034 0.449 0.829 183 0.0019 0.686 0.987 193 0.0012 0.766 0.798
162 0.0001 0.669 0.047 179 —0.0001 0.772  0.102 192  0.0006 0.789  0.219
192 0.0019 0.844 0.856 201 0.0008 0.916  0.707 207  0.0008 0.865  0.897
194 0.0003 0.903 0.364 203 —0.00007 0.950 0.161 203  0.0007 0.867 0.831
(b) GRVI

Rice Maize Grass
DOY  Slope Intercept R? DOY  Slope Intercept R? DOY  Slope Intercept R?
137 0.0004 -0.109 0.072 146 0.0005 -0.370 0.609 182 0.0016 —0.105 0.636
140 0.0003 -0.041 0.173 145 0.0006 -0.378 0.290 181 -0.0001 —0.039 0.002
155 0.0028 0.065 0.831 151 0.0007 -0.207 0.628 189 0.0031 0.010 0.603
157 0.0010 0.154 0.680 153 0.0005 -0.126 0.072 187  0.0003 0.076 0.014
159 0.0020 0.159 0.863 183 0.0018 0.023 0.921 193 0.0019 0.233 0.651
162  0.00004 0.269 0.019 179 0.0006 0.123 0.097 192 0.0014 0.272 0.242
192 0.0054 0.270 0.912 201 0.0032 0.204 0.749 207 0.0014 0.346 0.470
194 0.0004 0.438 0.115 203 0.0001 0.337 0.004 203 0.0013 0.371 0.412

3.2. Vegetation Indices Simulated Using the Radiative Transfer Model

Figure 4 shows the reflectance values simulated by the PROSAIL model for a range of solar zenith
angles (10°, 20°, 30°, 40°, 50°, 60°) under different LAI (0.1, 0.5, 1, 2, 3, 4, 5). For all solar zenith
angles, the reflectance decreased with increasing LA in the visible to red-edge range (400-750 nm). In
contrast, in the red-edge to NIR range (750-1000 nm), the reflectance increased consistently. The
response of the reflectance to the solar zenith angle was weak for low LAI values (~0.1), but the
reflectance in the visible range for higher LAI (0.5-5) showed a decreasing trend with increasing solar
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zenith angle. The reflectance in the NIR region for LAI values of 0.5-4 showed a decreasing trend for
solar zenith angles from 10 to 40°, but an increasing trend from 40 to 60°. The reflectance of the NIR
for the high LAI (5) showed a decreasing trend in the order of solar zenith angle in the full range of 10
to 60°. In summary, the spectral response to the change in solar zenith angle was largest in the red
band (657.7 nm), followed by the green (549.0 nm), and the NIR (827.9 nm) bands.
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Figure 4. Reflectance spectra simulated using the PROSAIL model for a range of solar
zenith angles (10°, 20°, 30°, 40°, 50°, 60°) and LAI values ((a) 0.1, (b) 0.5, (c) 1,
(d) 3, (e) 4, (f) 5).

Figure 5 shows the relations between the vegetation indices and the solar zenith angle simulated by
the PROSAIL model for a range of solar zenith angles (10°, 20°, 30°, 40°, 50°, 60°) and LAI values
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(0.1, 0.5, 1, 2, 3, 4, 5). The NDVI decreased with decreasing solar zenith angle for all LAI values.
Nevertheless, the response of the NDVI to the change in solar zenith angle was negligible for low and
high LAI values. The response of the GRVI to solar zenith angle was similar to that of the NDVI.
However, the response of the GRVI for high LAI values was much clearer than that of the NDVI,

14090

whereas the response for a low LAI value (0.1) was almost negligible as in the case of the NDVI.
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Figure 5. Relation between vegetation indices ((a) NDVI and (b) GRVI) and solar zenith
angles simulated by the PROSAIL model for a range of LAI values (0.1, 0.5, 1, 2, 3, 4, 5).

Figure 6 shows the relations between the simulated vegetation indices and the solar zenith angles
for different diffuse light ratios (40%, 60%, 80%, 100%). Under 100% diffuse light conditions, neither
the NDVI nor the GRVI changed with changing solar zenith angle, irrespective of the LAI values.
However, for lower diffuse light ratios (clear sky conditions), a response of the vegetation indices to
the solar zenith angle was evident. Both the NDVI and the GRVI decreased with decreasing solar
zenith angle. These responses were clearer at the middle LAI values, but were negligible for low and

high LAI values in the case of the NDVI and for low LAI values in the case of the GRVI.
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and different ratios of diffuse light (40%, 60%, 80%, 100%).
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4. Discussion
4.1. Influence of the Solar Zenith Angle on the Change in Vegetation Indices

The values of the vegetation indices for a vegetation canopy fluctuated in response to the solar
zenith angle. The values were not consistent even during a day due to the change in solar radiation and
solar zenith angle (Figures 1 and 2). The precipitous decrease of the NDVI and the GRVI around solar
noon may be attributable to the hot spot phenomenon [39]. In general, the vegetation indices decreased
with decreasing solar zenith angle (Figure 3). This response was affected significantly by the growth
stage and diffuse/direct light conditions. The decreasing response of the NDVI to decreasing solar
zenith angle was high during the middle growth stage (0.4 < NDVI < 0.8). The decrease ratio of NDVI
by decreasing solar zenith angle was in the range from 0.0019 to 0.0050 under clear sky conditions in
this growth stage and the NDVI value decreased within the range from 0.0057 to 0.15 with decreasing
solar zenith angle from 50 to 20 (Table 3). On the other hand, a similar response of the GRVI was
evident, except for the early growth stage (GRVI < 0). The decrease in ratio of the GRVI by the
decreasing solar zenith angle was from the range of 0.0018 to 0.0054 under clear sky conditions in this
growth stage and the GRVI value decreased within the range from 0.0054 to 0.162 with decreasing
solar zenith angle from 50 to 20. The response of the vegetation indices to the solar zenith angle was
also affected by the diffuse/direct light conditions. The change in the vegetation indices in response to
the solar zenith angle was evident under clear sky conditions but almost negligible in cloudy sky
conditions. Under cloudy sky conditions, the variation of the vegetation indices by change of the solar
zenith angle was small, and the clear linear relationship was not found. A part of the fluctuations of
NDVI and the GRVI observed in Figure 3 would be attributable to the interaction of solar azimuth
angle with crop row orientation, although the other parts might have been caused by other
environmental factors such as rain and birds [1].

Rahman et al. [23] reported that the NDVI determined by ground-based observations decreased
with decreasing solar zenith angle at a pasture site. These results indicated a similar tendency to those
obtained in the present study. However, the previous study used a dataset for only two days under
conditions of vegetation cover and did not show results throughout the growth season. Furthermore,
because the observation of radiation was conducted only under clear sky conditions, the relations
between the NDVI and the solar zenith angle were not investigated under cloudy sky conditions. In
this study, we compared the influences of various growth stages and diffuse/direct light conditions on
vegetation indices by using continuous ground-based measurements.

These experimental results were well supported by the results of simulations based on the
physically-based canopy reflectance model (PROSAIL) (Figures 5 and 6). First, the effect of the
growth stage (as represented by LAI) on the sensitivity of the NDVI and the GRVI to the solar zenith
angle was assessed quantitatively. The results agreed well with the experimental results, in which the
sensitivity of the NDVI to LAI was evident during the middle growth stage but low during the early
and late growth stages. The sensitivity of the GRVI was similar to that of the NDVI, but negligible
only during the early growth stage. Second, the simulation results concerning the effect of light
conditions (ratio of diffuse light) on the sensitivity of the NDVI and the GRVI to the solar zenith angle
also agreed well with the experimental results. The response of the NDVI and the GRVI to the
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difference in solar zenith angle was evident under clear sky conditions (less diffuse light), but
negligible under cloudy sky conditions, irrespective of the growth stage (LAI). Nevertheless, the
sensitivity of these responses was significant during the middle growth stage, but weak during the
early and late growth stages for the NDV1 and during the early growth stage for the GRVI.

The relation between the vegetation indices and the solar zenith angle was caused by the response
of the reflectance to the solar zenith angle (Figure 4). In general, the canopy reflectance is affected by
view/illumination geometry as well as the canopy structure and optical properties of leaves and
soils [1,33,34]. The variations in solar zenith angle alter both the optical thickness of a canopy and the
illuminated components of vegetation/background [40]. In most crop canopies, the canopy reflectance
is determined mainly by the soil reflectance in small LAI conditions (~1) and by the vegetation
reflectance in large LAI conditions (4~). Accordingly, the response of canopy reflectance to the solar
zenith angle is determined by the interactive effects of the canopy structure (LAl and leaf angle
distribution) in the direction of sun-beam as well as the BRDF of soil surface. Similarly, the small
influence of solar zenith angle under diffuse light is explained by the isotropic illumination conditions,
.e., stability of the optical thickness and the illuminated components.

4.2. Response of Vegetation Indices to Solar Zenith Angle and Diffuse/Direct Light Conditions in
Different Vegetation Types

The overall relation between the vegetation indices and the solar zenith angles was similar for all
three vegetation types. However, their responses were affected by the differences in canopy structure
and the growth pattern for each vegetation type. The vegetation indices decreased with decreasing
solar zenith angle for all vegetation types, but the sensitivity of the response was somewhat different
across the three crops (Figure 3 and Table 3). In particular, the sensitivity of the response was much
higher for the paddy field than for the other types. For the paddy field, the decrease in the NDVI was
remarkable for solar zenith angles smaller than 30°. In contrast, the reduction rate for the GRVI with
decreasing solar zenith angle was not affected by the vegetation type.

The relation between the NDVI and the solar zenith angle in the simulation was similar to the
experimental results for upland field and cultivated grassland, whereas the experimental results for the
paddy field showed a higher response than the simulation results (Figures 5 and 6). This difference
may be attributable to the unique ground surface condition in paddy fields. The soil surface of paddy
fields is under flooded conditions during the majority of the growing period. All selected days used in
Figure 3 were under flooded conditions. Under such conditions, radiation in the NIR region is
absorbed by the background water, and so the reflectance in the NIR region would be decreased [41].
Especially during the early growth stage when the rice canopy is not closed, the effects of the water
surface on the reflectance in the NIR region can be more significant than in other growth stages.
Accordingly, under these conditions, the reflectance in the NIR region decreases when the solar zenith
angle is small, whereas the reflected radiation would increase for high solar zenith angles. Our
experimental and simulation results suggest that the higher sensitivity of vegetation indices to the solar
zenith angle in paddy fields would be caused by the unique flooded conditions beneath the rice plants.

On the other hand, the relation between the NDVI and the solar zenith angle in upland field and
cultivated grassland was slightly different from that for the paddy field. In cultivated grassland, the
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decrease in the NDVI was not significant for small solar zenith angles. A grass canopy usually closes
earlier than row crops, such as rice and maize, because of the broadcast sowing method. This may be
the reason why the relation between the NDVI and the solar zenith angle for cultivated grassland was
less sensitive than that for the other vegetation types. The relation between the NDVI and the solar
zenith angle for the maize canopy was also less sensitive than that for the paddy field because of the
difference of background surface condition (upland or flooded). The vegetation indices were also
affected by the soil surface condition when the vegetation cover was small [40]. The soil-adjusted
vegetation index (SAVI) have been used to minimize the effects of soil background [40]. Note that the
relation between the NDVI and the solar zenith angle was affected to some extent by the background
surface conditions and differences in canopy structure.

4.3. Effective Usage of Vegetation Indices Derived from Continuous Ground-Based
Spectral Measurement

Ground-based spectral observations can provide detailed and accurate information on the dynamic
change in structure and/or function of vegetation based on high temporal resolution data. In addition,
these ground-based measurements can be used for absolute calibration of satellite or airborne images.
However, these data are affected by the solar zenith angle and diffuse/direct light conditions at the time
of measurement. Therefore, we have to take account of such fluctuations in the analysis of continuous
measurements on the ground. However, in previous studies, instantaneous or mean values at a specified
time were often used throughout the season [20,21]. In such practices, the effects of diurnal and seasonal
changes of the solar zenith angle are ignored, so the actual vegetation parameters would not be estimated
properly. To reduce these influences, it is desirable to use data obtained under identical measurement
conditions for the solar zenith angle and the diffuse/direct light. In general, the number of usable data is
restricted to satisfy such measurement conditions. According to our results (Figures 3 and 6), for larger
solar zenith angles, the vegetation indices are not significantly affected by the diffuse/direct light
conditions and growth stage. For example, for a solar zenith angle of 60°, neither the NDVI nor the
GRVI are affected by the diffuse/direct light conditions in any growth stage. Therefore, our results
suggest that using the selected data at the solar zenith angle of 60° would be effective for accurate
assessment of the canopy structure and function based on continuous diurnal spectral measurements.

In Figure 3, we investigated the influence of solar zenith angle on vegetation indices based on the
ground-based measurements on typical clear- and cloudy-sky days. However, in general, the
distribution and optical thickness of clouds in the sky vary during a day or a season depending on the
weather conditions. Therefore, we have examined similar relationships as in Figure 3 using the data on
the other type of days, i.e., those with some fluctuations between clear- and cloudy-sky conditions in a
day. The result suggested that the effect of solar zenith angle on the vegetation indices under such days
varied within the variation range of the two typical conditions depending on the diffuse/direct light
ratio. These fluctuations are explained mainly by the change of the diffuse/direct light ratio as
investigated in our simulation study (Figure 6). Accordingly, the possible influences of sky conditions
(diffuse/direct light ratio) on the relationship between vegetation indices and solar zenith angle can be
assessed by using instantaneous measurements of incident light obtained by spectral radiometers,
pyranometers, or PAR sensors.
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Ground-based spectral measurements are also used for validation of satellite observations [17,42].
In the case that the satellite data are validated by synchronized ground-based measurements, the solar
zenith angle and the diffuse/direct light conditions are basically the same for the ground-based and the
satellite observations. However, the viewing angle of satellites does not always agree with the
ground-based sensors because the view zenith angle is usually fixed at 0° (nadir observation) for the
ground-based sensors. Therefore, similar to the fluctuations caused by the solar zenith angle, the
influence of this difference in viewing angle has to be considered because the vegetation indices would
be affected by it [43].

In a wide range of experimental studies in the field, spectral data are measured periodically using a
portable spectro-radiometer at some intervals, and it is assumed that the effect of the solar zenith angle
is small [44,45]. These observations are usually observed midday under clear sky conditions. When the
observation dates are close to each other, the difference in solar zenith angle can be negligible.
However, when the observation dates are different to some extent, the solar zenith angles may not be
comparable. Rahman et al. [23] proposed a method to correct the influence of the solar zenith angle on
the NDVI by using the relation between the NDVI and the solar zenith angle. However, the
applicability of the method may be limited because the data used was from a narrow and specific
period. In addition, the relation between the vegetation indices and the solar zenith angle is affected by
the growth stage and vegetation type (Figure 3). The continuous spectral measurement allows the
selection of some preferable data from the diurnal data for specific purposes, although measurements
are taken for a fixed point in the field. Generally, field measurements using a portable
spectro-radiometer allow us to acquire the spatial average of spectral measurements over a range of
different targets. Nevertheless, data acquisition at the same solar zenith angle would be useful to
improve the seasonal consistency of vegetation indices. If multiple measurements at different times of
day (different solar zenith angles) can be made, the observation data can be corrected to be more
consistent based on the relation between the solar zenith angle and the vegetation indices.

5. Conclusions

In this study, we investigated the impact of the changing solar zenith angle and diffuse/direct light
conditions on the consistency of vegetation indices (NDVI and GRVI) derived from ground-based
spectral measurements in three kinds of croplands (paddy field, upland field, cultivated grassland). The
vegetation indices showed some systematic changes in response to the solar zenith angle, the ratio of
diffuse light, and the growth stage.

Our comprehensive analysis revealed the general effects of the growth stage and light conditions on
the diurnal and seasonal fluctuations of vegetation indices. In general, the vegetation indices decrease
with decreasing solar zenith angle. This response can be affected significantly by the growth stage and
diffuse/direct light conditions. The decreasing response of the NDVI1 to decreasing solar zenith angle is
high during the middle growth stage (0.4 < NDVI < 0.8). On the other hand, a similar response of the
GRVI is evident, except for the early growth stage (GRVI < 0). The change in vegetation indices in
response to the solar zenith angle is evident under clear sky conditions, but almost negligible under
cloudy sky conditions irrespective of the growth stage. Furthermore, for larger solar zenith angles, the
vegetation indices are not significantly affected by the diffuse/direct light conditions and growth stage.
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These experimental results are well supported by the simulation results based on a physically-based
canopy reflectance model (PROSAIL). Basically, the vegetation indices decrease with decreasing solar
zenith angle for all vegetation types, but the sensitivity of the response is somewhat different for the
three crops. In particular, the sensitivity of the response is much higher for the paddy field than for the
other types, and this could be attributable to the uniquely flooded conditions in paddy fields.
Systematic selection of data from continuous diurnal spectral measurements in consideration of the
solar light conditions would be effective for accurate and consistent assessment of canopy structure and
function. Necessary corrections for the influences of sky conditions on the relationship between
vegetation indices and solar zenith angle can be made by using instantaneous measurements of incident
light obtained by spectral radiometers, pyranometers, or PAR sensors. These results would provide
useful insights into the consistency of vegetation indices obtained by various sensors and platforms.
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