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Information regarding diurnal variations in vegeta-
tion canopy spectra and vegetation indices (VIs) is
necessary for plant growth modelling. We analysed
the diurnal change characteristics of canopy spectral
reflectance and VIs of winter wheat in the jointing
stage based on field-measured and simulated spectral
data. The visible-near infrared reflectance showed a
double peak followed by a deep trough. The double-
peak period occurred from 11:00 to 13:00h
(UTC + 8), and reflectance fluctuated greatly during
this period. This change was attributed to midday de-
pression of photosynthesis caused by stomatal closure
induced by strong solar radiation. We found that the
vegetation canopy reflectance was mainly affected by
photosynthesis rate, solar irradiation intensity and
surplus leaf water content. All selected VIs (norma-
lized difference vegetation index (NDVI), photochemi-
cal reflectance index (PRI), water band index (WBI)
and mSR705) exhibited distinct intraday variations,
and VIs during the double-peak period tended to fluc-
tuate strongly or decrease (NDVI, WBI and mSR705).
Thus, field measurements during the double-peak
period are not recommended for winter wheat in the
jointing stage, with the exception of carotenoid con-
tent monitoring. A comparison of VIs showed that
Svnire, NDVI and mSR705 were more sensitive to
canopy structure in comparison with PRI and WBI.

Keywords: Canopy reflectance, diurnal variation, joint-
ing stage, photosynthesis rate, winter wheat.

REMOTE sensing (RS) has several advantages over other
modes of gathering information about the surface of the
earth, including high speed, low cost, objectivity and a
relatively large sensing area. As a result, RS has become
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an important tool for vegetation monitoring'. Vegetation
spectral characteristics are determined by internal factors
of vegetation such as canopy structure and major bioche-
mical components, as well as external environmental fac-
tors such as atmospheric and soil conditions. Therefore,
the RS vegetation spectra can be utilized to gather infor-
mation regarding coverage percentages’, crop varieties
and planting densities®, fertilizer levels®, moisture condi-
tions’ and soil types’.

Previous studies utilizing time-series RS data for vege-
tation monitoring have mainly focused on variation as a
function of growth stage’. Few studies have assessed
diurnal changes in the spectral reflectance and vegetation
indices (VIs) of the vegetation canopy. Li et al.® reported
that the diurnal normalized difference vegetation index
(NDVI) of winter wheat on 22 May 2006 followed a U-
shaped function. Mattus ez al.’ found that the photochem-
ical reflectance index (PRI) of Scots pine needles ex-
posed to direct radiation had a distinct diurnal cycle with
constant or slightly increasing values before noon and a
daily minimum in the afternoon. Guo et al.'’ confirmed
that the canopy spectral reflectance of winter wheat
varies as a function of solar angle, by comparing field-
measured data under clear and cloudy sky conditions.
Therefore, analysis of the causes of diurnal variation of
vegetation canopy spectral reflectance and the ways in
which VIs are affected by intraday phenology is neces-
sary to improve the stability of remote sensing
retrieval algorithms''. Vegetation canopy hyperspectral
data were obtained continuously at two sample points
throughout the day using ASD HandHeld 2 spectroradi-
ometers (Analytical Spectral Devices, Boulder, Co,
USA). Simulated spectral data were obtained using the
PROSAIL model with input vegetation parameters set
according to the crop conditions and solar angles at each
observation time. The results of this study provide a theo-
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retical reference for phase selection in field-observation
campaigns and the determination of vegetation indices
using multi-source RS data.

Materials and methods

Data

Measured hyperspectral reflectance data from field expe-
riments: The test site for the study was located in Shui-
kou town (Laian county) in China’s Yangtze River Basin
(32°17'34.76”"N, 118°27°36.42”E). The test site had a
north subtropical humid monsoon climate. In April 2015,
the monthly average temperature was 14.8°C, monthly
average rainfall was 79.1 mm and total number of hours
of sunshine per month was 171.8 h.

Hyperspectral reflectance data at the canopy level were
collected at 15 min intervals under clear sky conditions
between 9:30 and 15:00 h (UTC + 8) on 17 April 2015
using an ASD HandHeld 2 spectroradiometer fitted with a
25° field-of-view fibre-optic adaptor. The ASD Hand-
Held 2 was used to sample light with a wavelength
between 325 and 1075 nm (spectral resolution <3.0 nm at
700 nm), and data were resampled to 1 nm spacing auto-
matically. The sensor was placed directly above the target
canopy and aimed straight down (Figure 1).

Two fixed sample points, 4 and B, were utilized for the
collection of winter wheat canopy hyperspectral reflec-
tance data. Each sample point was a circular area with a
radius of approximately 0.2 m. Points 4 and B had differ-
ent canopy structures; plants at point 4 were of a similar
height, whereas those at point B had different heights.
Data were collected in the jointing stage of growth. The
crops appeared to be growing well at both sampling
points and completely covered the ground.

ViewSpecPro was used to preprocess the measured
hyperspectral data, after which MATLAB was used to
apply a Savitzky—Golay filter to reduce noise and mixed
signals'?. Finally, Excel was used to obtain first-order
derivatives, calculate correlation coefficients and extract
vegetation indices.

Simulation of reflectance data using the PROSAIL model:
The PROSAIL radiative transfer model can approximately
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Figure 1. Diagramatic representation of the measurement method.
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simulate the spectral reflectance data of a vegetation
canopy within the 400-2500 nm band range'’. The sensi-
tivity of each parameter was considered'?, after which a
range of input parameters was selected on the basis of
their sensitivity, field observations, and the extant litera-
ture. Finally, initial values of each parameter were esti-
mated and adjusted”. Table 1 shows the main input
parameters. To reduce the number of influencing factors,
only the solar zenith angle (SZA) was calculated based on
the local time of observations; all other parameters
remained unchanged during the observation period.
Therefore, the simulation reflectance changed exclusively
in response to changes in the solar angle. A single set of
simulation data was used in the following analysis
because points 4 and B were located close together.
Figure 2 shows the changes in SZA on 17 April 2015.

Selection of vegetation indices

In this study, diurnal variations in an array of VIs were
comprehensively analysed (Table 2). The selected VlIs
included NDVI'®, PRI'", water band index (WBI)18 and
chlorophyll content index mSR705 (mSR, modified sim-
ple ratio)'?. We also calculated the area of reflectance in
visible—near infrared (VNIR; 400-900 nm), Synir, to gauge
diurnal variations in the winter wheat canopy spectrum.

Results

During the observation period, both field-measured and
simulated data exhibited characteristics typical of a vege-
tation spectrum, and these characteristics were reasonably
similar at different observation times. Specifically, all
spectra presented two absorption peaks in the blue—violet
and red regions, a strong reflection peak in the green re-
gion, and a high reflection platform in the region beyond
680 nm.

Double-peak characteristic of Synir

Diurnal changes in Synir calculated from the field-
measured data showed fluctuations (Figure 3). The obser-
vation period can be divided into three categories in terms
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Table 1. Parameters and variables used to simulate canopy reflectance using PROSAIL
Model Symbol Values Quantity
Prospect Cap 35 ug cm™ Chlorophyll @ + b content
Cy 0.016 cm Equivalent water thickness
Cn 0.004 g cm™ Dry matter content
Cyp 8 ug cm? Brown pigment content
N 1.5 Leaf structure parameter
Sail LAI 3.5 Leaf area index
ALA 70 Average leaf angle
Os 1 Soil reflectance (assumed Lambertian or not)
SKYL 0.25 Ratio of diffuse to total incident radiation
SL 0.2 Hot-spot parameter
SZA Corresponds to observation Solar zenith angle
local time (°), see Figure 2
VZA 0° Viewing zenith angle
RAA 180° Relative azimuth angle
Table 2. Overview of the selected vegetation indices
Symbol Evaluation expression Symbol Evaluation expression
Svnir SUM (R400 to R900) WBI R900/R970
NDVI (R800 — R680)/(R800 + R680) mSR705 (R750 — R445)/(R705 + R445)
PRI (R531 —R570)/(R531 + R570)

R400 is the vegetation canopy reflectance at wavelength 400 nm, R* represents the vegetation canopy reflec-

tance at wavelength *(unit: nm).
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Figure 3. Diurnal variations in Synir- Svnir, Reflectance area from
400 to 900 nm; A, Svnir calculated with field-measured data from point
A. B, Synir calculated with field-measured data from point B.
PROSAIL, Synr calculated with simulated data from the PROSAIL
model. Trendline (A), Linear fitted curve of Synir from point 4. Tren-
dline (B), Linear fitted curve of Synir from point B.

of amplitude: 9:30-11:00h, 13:00-15:00h and
11:00-13:00 h. The former two periods had smaller
absolute deviations, but Syygr value in the afternoon
(13:00-15:00 h) was larger than that in the morning
(9:30-11:00h). The 11:00-13:00h period is the
double-peak period, in which two peak values occur at
11:40 and 12:00h and two trough values occur at
11:59 and 13 :00 h. The Synr calculated with simulated
data changed smoothly during the observation period and
showed no fluctuations. There were two differences
between the Synr values calculated with the field-measured
data. First, the two peak values of point 4 were nearly
equal, but those of point B differed. Second, the mini-
mum value of the second trough of point 4 occurred

CURRENT SCIENCE, VOL. 118, NO. 9, 10 MAY 2020

around 13:00 h, whereas that of point B occurred at
12:40 h.

Diurnal variation in selected vegetation indices

All of the selected VIs were calculated with field-
measured data from points 4 and B, as well as with simu-
lated data from the PROSAIL model (Figure 4). Generally,
each VI exhibited distinct intraday variation, and there
were relatively minor differences between points 4 and B.
During the double-peak period, VIs usually fluctuated
strongly or exhibited smaller values, as was observed for
NDVI, WBI and mSR705.

During the observation period, NDVI based on field-
measured data showed fluctuations and reached a mini-
mum value around noon, as reported in similar studies®.
In contrast, NDVI based on simulated data approximated
a smooth curve (Figure 4 a). Diurnal changes in PRI of
points 4 and B showed a steadily fluctuating upward
trend, and the rate of this trend increased over time
(Figure 4 b). These results indicate that the light utility
efficiency of winter wheat increased over time, and there
was no saturation during the observation period. PRI
based on simulated data changed slightly over time with a
minimum around noon. Diurnal changes in WBI of points
A and B generally showed a fluctuating upward trend,
although stable fluctuation was observed from 11:49 to
13:50 h (Figure 4 ¢). The maximum WBI of point 4 (at
13:04 h) was beyond the distribution range of general
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Figure 4. Diurnal variations in the selected VIs. For (a) NDVI; (b) PRI; (¢) WBI and (d) mSR705. A, VI calculated with field-measured data
from point 4. B, VI calculated with field-measured data from point B. PROSAIL, VI calculated with simulated data from the PROSAIL model.
Trendline (A), Binomial fitted curve of VI from point 4. Trendline (B), Binomial fitted curve of VI from point B.
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Figure 5. Relationship between sin(SZA) and Synir for (@) field-measured data from point 4, (b) field-
measured data from point B and (c) simulated data from the PROSAIL model.

green vegetation (0.8—1.2); further discussion on this is
omitted for brevity. WBI based on simulated data exhi-
bited a small trough around noon. During the observation
period, the mSR705 values of field-measured data
showed fluctuations (Figure 4d). Even through the
binomial fitted curves for mSR705 of points 4 and B
showed different trends, lower values of mSR705 both
appeared around noon. The mSR705 values based on
simulated data showed a slight trough, which also
occurred around noon.

Mechanisms underlying diurnal variation of the
winter wheat canopy spectrum

Effect of solar zenith angle on winter wheat canopy ref-
lectance: The diurnal changes in VIs based on simu-
lated data had minimum or maximum values around
noon, and their curves were similar in shape to the sine
function. Therefore, we established the linear relationship
between spectral variables (taking Synr as an example)
and sin(SZA) (Figure 5).

The coefficient of determination (R*) of the linear rela-
tionship between Synr and sin(SZA) of the simulated
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data was very high (0.941). Whereas R” of the linear rela-
tionship between Synir and sin(SZA) of field-measured
data was close to zero, and Synpr distribution became
more widely dispersed as the sin(SZA) value increased
(Figure 5a and b). These results illustrate that, in addi-
tion to SZA, other factors strongly influenced the field-
measured spectrum, including environmental factors such
as temperature and the soil-to-vegetation ratio, as well as
internal factors such as pigment content and leaf water
content.

Effect of physiological characteristics of vegetation: 1t
has hitherto been reported that vegetation can respond to
excessive incident light intensity by stomatal closing,
which is known as midday depression of photosynthe-
sis?”. NDVI and PRI have been reported to be closely
related to photosynthesis®' and their minimum recorded
values around noon could directly indicate depression of
photosynthesis. The factors contributing to this midday
depression in photosynthesis include water conditions™,
stomatal conductance®, and the accumulation and trans-
portation of photosynthetic products®*. Of particular note,
Yu and Liu** monitored the stomatal conductance of
wheat during different growth stages (Figure 6), which

CURRENT SCIENCE, VOL. 118, NO. 9, 10 MAY 2020



RESEARCH ARTICLES

Table 3. Diurnal variations in the selected vegetation indices based on field-measured and simulated data (fitted
curves)

Vs Point 4 Point B Simulated data Vs Point 4 Point B Simulated data

SvNIR DP, I* DP, I** p* WBI [** I** T*

NDVI ST* ST** ST** mSR705 T** ST** T**

PRI T** I** T*

VIs, Vegetation indices; DP, Double-peak characteristic; T, had a single minimum value; P, the blue curve in Fig-
ure 3 had a single week peak, that is to say, it had a single maximum value; I, Increase; D, Decrease; C, Constant; S,
Minimum or maximum value occurred around noon; L, Minimum or maximum value occurred before noon; R,
Minimum or maximum value occurred after noon. * and **Indicate that the difference between maximum and
minimum of the fitted curve is smaller than 0.5 major y-axis units and larger than 0.5 major y-axis units respec-

tively.
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Figure 6. Diurnal variations in stomatal conductance in wheat at dif-
ferent growth stages®.

revealed that the stomata completely closed around noon
under clear day conditions from the jointing stage to the
grain-filling stage.

Figure 3 shows that the double-peak period is followed
by a deep trough around 13 : 00 h, when stomatal conduc-
tance is close to 0 (Figure 6). At 13:00 h, both NDVI and
PRI show lower values and WBI shows a larger value.
We can speculate that the leaf water content exceeded
photosynthetic demand, resulting in relatively high leaf
water content. The role of water in the darkening and
redistribution of illumination on objects has been described
literature®. As the day proceeds beyond 13:00 h,
stomatal conductance gradually increases and photosyn-
thesis intensifies. These changes reduce leaf water con-
tent and canopy reflectance rebounds to a high value.

Discussion

Diurnal changes in Synir calculated from field-measured
data showed fluctuations and a double-peak followed by
a deep trough (Figure 3). The VIs at both sampling points
exhibited similar diurnal trends, despite subtle dissimilar-
ities caused by canopy differences. This finding indicates
that the observed diurnal variations are stable. However,
the diurnal variations of canopy spectral reflectance and
VIs of winter wheat change along with the growth stage®.
Thus, the extent to which the double-peak characteristic
of diurnal variation in canopy spectral reflectance occurs
under different conditions should be determined. In addi-
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tion, variations in canopy spectral reflectance are clearly
time-sensitive; therefore, more time intervals and more
sample points need to be assessed to show the timescale
effect of the double-peak characteristic.

The VIs based on field-measured and simulated data
exhibited differential fitted trends (Table 3). As already
noted, points 4 and B were exposed to homogeneous
growing environments. We can therefore conclude that
these VI differences were mainly caused by differences in
the canopy structure. The Synir, NDVI, and mSR705m at
point A exhibited large numerical differences compared
to those at point B, and those calculated using simulated
data, which indicates that these indices are relatively sen-
sitive to canopy structure. PRI and WBI tended to exhibit
relatively small differences, indicating that these indices
were relatively insensitive to canopy structure.

In this study, we found that the deep trough that occurs
after the double-peak period is caused by midday photo-
synthesis depression mediated by closing of the stomata
due to the high radiation intensity around noon. To
further analyse the mechanisms underlying the double-
peak characteristic in the canopy spectral reflectance of
winter wheat, synchronous and detailed data for transpi-
ration, respiration and photosynthesis in the vegetation
canopy must be analysed.

Conclusion

In this study, we analysed diurnal variations in the vege-
tation canopy spectral reflectance and VIs of winter
wheat in the jointing stage. We have defined an explicit
relationship between canopy spectral reflectance of win-
ter wheat and midday depression of photosynthesis.
Results show that Synr computed from field-measured
data displayed fluctuations; a double-peak followed by a
deep trough, and reflectance in the afternoon is higher
than that in the morning. Diurnal variations in NDVI
follow a U-shape with fluctuations, while PRI, WBI, and
mSR705 present a steadily fluctuating upward trend, with
mSR705 exhibiting a relatively low value in the double-
peak period. Generally speaking, the field-measured

1405



RESEARCH ARTICLES

winter wheat canopy spectrum is impacted by changes in
vegetation photosynthesis activity related to changes in
surplus leaf water content; where vegetation photosynthe-
sis is more active, there is less surplus leaf water content
and higher canopy spectral reflectance. This study pro-
vides an important insight into the relationship between
photosynthesis and vegetation spectrum of winter wheat,
as well as the mechanisms underlying this link, based on
analysis of field-measured and simulated diurnal varia-
tions in VIs and spectral reflectance.
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