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Abstract: Daily water stress reflects the water stress status of crops on a specific day, which is crucial
for studying drought progression and guiding precision irrigation. However, accurately monitoring
the daily water stress remains challenging, particularly when eliminating the impact of historical stress
and normal growth. Recent studies have demonstrated that the diurnal characteristics of the crop
canopy obtained via remote sensing techniques can be used to assess daily water stress levels
effectively. Remote sensing observations, such as the solar-induced chlorophyll fluorescence (SIF) and
reflectance, offer information on the crop canopy structure, physiology or their combination.
However, the sensitivity of different structural, physiological or combined remote sensing variables
to the daily water stress remains unclear. We investigated this issue via continuous measurements of
active fluorescence, leaf rolling, and canopy spectra of maize under different irrigation conditions. The
results indicated that with increasing water stress, vegetation exhibited significant coordinated
diurnal variations in both structure and physiology. The influence of water stress was minimal in the
morning but peaked at noon. The morning-to-noon ratio (NMR) of the apparent SIF yield (SIFy), in
which only the effect of the photosynthetically active radiation (PAR) is eliminated and in which both
structural and physiological information is incorporated, exhibited the highest sensitivity to water
stress variations. This NMR of the SIFy was followed by the NMR of the normalized difference
vegetation index (NDVI) and the NMR of the canopy fluorescence emission efficiency (®Fcanopy)
obtained via the fluorescence correction vegetation index (FCVI) method, which primarily reflect
structural and physiological information, respectively. This study highlights the advantages of
utilizing diurnal vegetation structural and physiological variations for monitoring daily water stress
levels.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

Agricultural drought poses a direct threat to both crop growth and global food security [1,2].
Within the context of global climate change, drought events are projected to occur with increasing
frequency, leading to increased water stress in crops [3]. Therefore, real-time crop water stress
monitoring is crucial for achieving precision irrigation and food security.

Remote sensing is an essential tool for monitoring the impact of large-scale droughts on
agricultural ecosystems [4]. Monitoring the impact of drought on crops typically involves the use of
remote sensing observations related to the vegetation structure or physiology. Among available
indices, those related to the vegetation structure, such as the normalized difference vegetation index
(NDVI) [5], reflect key characteristics, including the leaf area index (LAI) and overall vegetation
coverage [6]. Therefore, these indices are effective for monitoring declines in vegetation greenness
caused by drought [7]. Water deficits lead to stomatal closure and affect leaf physiology. These
physiological changes can also be detected via remote sensing techniques [8,9]. For example, the
solar-induced chlorophyll fluorescence (SIF) is a reliable indicator for monitoring photosynthetic
activity in crops [10].

On the basis of remote sensing observations related to the vegetation structure or physiology,
the statistical comparison approach has commonly been adopted to evaluate drought levels. This
method involves the detection of anomalies caused by water deficit. Remote sensing measurements
over a specific period when crops are potentially stressed are usually compared with multiyear
historical statistical values for the same period to assess vegetation water stress during that period.
For example, the vegetation condition index (VCI), built upon the NDV], is highly correlated with
monthly water stress changes [11]. However, owing to the impact of historical stress, i.e., the stress
experienced by vegetation prior to the measurement period, the chlorophyll content and LAI may
not always recover to the normal levels observed in previous years, even after adequate soil moisture
becomes available during the measurement period. As a result, the VCI may still fall below the values
associated with historically healthy vegetation. When the statistical comparison approach is adopted,
historical stress can lead to uncertainty in accurately assessing the water stress status of vegetation
during the current measurement period.

The diurnal variations in remote sensing observations related to vegetation physiology and
structure hold promise for eliminating the influence of historical stress, thus enabling accurate daily
water stress monitoring [12].

Since the SIF is more sensitive to water stress changes than are indices such as the NDVI and
enhanced vegetation index (EVI) [13-15] are, recent research on the use of diurnal variations to
monitor vegetation daily water stress levels has focused primarily on the SIF and its derived
parameters. For example, Lin et al. measured daily variations in the water status via the diurnal
characteristics of the far-red SIF [16]. The observed canopy SIF contains integrated information
related to the photosynthetically active radiation (PAR), the fraction of PAR absorbed by vegetation
(fPAR), the canopy fluorescence emission efficiency (®Fcanopy), and the escape probability (fesc),
which describes the proportion of light that is not reabsorbed by leaves within the canopy. The
observed canopy SIF can be expressed as follows:

SIF = PAR X fPAR X ®F 350py X fesc (1)

where ®F ., is related to vegetation physiology, whereas f.,c and fPAR are associated with the
canopy structure [17]. Notably, the variation in PAR is not related to water stress. By excluding the
influence of PAR, the resulting apparent SIF yield (SIFy) exhibits greater sensitivity to water stress
than does the SIF [15]. Consequently, Liu et al. proposed the use of the diurnal variation
characteristics of SIFy, referred to as the noon-morning ratio (NMR), to monitor the daily water stress
in vegetation and successfully tracked daily variations in the water status of maize [12].
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Recent studies have also indicated that ®F,,,,, may be more sensitive to water stress [17-19].
Researchers have employed spectral invariance theory to derive the NIRv and FCVI, which
approximates the product of fes. and fPAR [20,21]. They aimed to further isolate ®F ;,4p, that
contains only physiological information and effectively captured the suppression of agricultural
drought [22]. Additionally, Pan et al. successfully tracked daily changes in water stress in forests via
the afternoon-morning ratio (AMR) of ®F 545y [23]. Therefore, the diurnal variation characteristics
of ®Fc,n0py, Which contains solely physiological information, may be more sensitive to changes in
the daily water status.

However, on a daily scale, the canopy structure also undergoes changes, such as leaf rolling and
variations in leaf angle distribution (LAD), which can affect the absorption of light energy by the
canopy [10]. Zhao et al. reported that fPAR significantly decreases at midday under water stress [24].
Additionally, other researchers have indicated that the far-red SIF is highly influenced by structural
factors, leading to considerable uncertainty in drought monitoring [25]. Consequently, there is no
consensus on whether monitoring the daily water stress is more effective via the diurnal variation
characteristics of ®F,pnopy, Which exclusively contains physiological information, or via the diurnal
variation characteristics of SIFy, which contains both structural and physiological information.

To investigate the relationship between water stress and the diurnal patterns of vegetation
structural and physiological traits and to evaluate the effectiveness of the use of vegetation indices
with varying information contents to monitor the daily water stress, we obtained continuous
observational data of the active fluorescence indicative of leaf physiological information and leaf
rolling measurements representing structural information from a maize canopy. The canopy SIF and
corresponding meteorological data were continuously monitored. Specifically, we aimed to address
the following research questions: (1) How are the diurnal variation characteristics of the vegetation
structure and physiology manifested under different water stress conditions? (2) Which approach is
more effective for monitoring the daily water stress, i.e., the use of the diurnal variations in ®Fc,p0py,
which reflects only physiological dynamics, or the use of the diurnal variations in SIFy, which
contains both vegetation structural and physiological information?

2. Materials and Methods
2.1. Description of the Experiment

The experimental plot is located in Gucheng, Baoding city, Hebei Province, China (115°44'36" E,
39°9'26" N). The region is characterized by a temperate continental climate, with maize as one of the
primary crops cultivated from mid-June to late September. The experiment involved two plots, each
measuring 2 x 4 m (Figure 1c). To prevent water seepage between adjacent plots, a 2.5-m-deep
concrete barrier encircles each plot. Additionally, movable rain shelters were installed to protect the
experimental area from natural precipitation, thus ensuring controlled water management
throughout the study.

Figure 1. (a) AutoSIF canopy observation system and temperature sensor, (b) Monitoring-PAM probe,
and (c) aerial view of the study area.
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In this field experiment with maize, the Zhengdan 958 variety was sown on day of year (DOY)
170 in 2023. At the early growth stages of maize, irrigation was precisely controlled to maintain
similar soil moisture conditions across all the experimental plots, thus ensuring consistent initial
growth conditions. We collected soil samples at a depth of 50 cm and calculated the relative soil
moisture (RSM). RSM values were determined by employing the ratio of gravimetric soil moisture to
the soil moisture holding capacity. This specific RSM calculation method was based on
methodologies outlined in previous research [24]. Figure 2 shows the RSM and irrigation volume
during the observation period. Notably, distinct irrigation strategies were implemented in the two
plots, which are designated irrl and irr2 (Figure 1c). The maize observation period extended from
DOYs 222 to 234. The irrl plot was rewatered on the evenings of DOYs 225 and 232, whereas irr2
received rewatering on the evening of DOY 233 to alleviate maize water stress.

Additionally, two SI-411 infrared radiometers (Apogee Instruments Inc., USA) were installed
above the irrl and irr2 plots to monitor the canopy temperature. The installed infrared temperature
sensors provided a field-of-view angle of 44°, an absolute accuracy greater than 0.2°C, and
monitoring data at 5-minute intervals.

Meteorological observations, including the air temperature (Ta), total radiation (Total Rad) and
relative humidity (RH), were measured, and the vapor pressure deficit (VPD) was derived from the
RH and Ta [26]. These meteorological observations were collected at a frequency of one sample per
minute, with 10-minute average values analyzed.
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Figure 2. Variation trends of the relative soil moisture (RSM) and irrigation amount in the irrl and
irr2 plots throughout the observation period.

2.2. Canopy Spectra

In this study, continuous canopy spectral observations under the two distinct irrigation regimes
were conducted at high temporal resolution via an upgraded AutoSIF observation system (Bergsun
Inc., Beijing, China) [27]. The system comprises a control computer, two spectrometers, and an optical
multiplexer (MPM-2000, Ocean Optics Inc., Dunedin, FL, USA). The MPM-2000 device features 6
channels for connecting spectrometers and provides channel switching in less than 150 milliseconds.
Among these channels, two channels are connected to vertically oriented optical fibers with cosine
correctors for measuring the downward irradiance, another two are dedicated to measuring the dark
current, and the remaining channels are used for measuring the upward radiance from the different
canopies.

The two spectrometers used for spectral data collection are as follows: the first spectrometer is a
QE65Pro spectrometer (Ocean Optics Inc., Dunedin, FL, USA), which exhibits a spectral range of 640
800 nm and a spectral resolution of approximately 0.7 nm. It features a sampling interval of
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approximately 0.35 nm and a signal-to-noise ratio of 1000:1, and it was used to extract the far-red SIF.
The second spectrometer used is an HR2000 spectrometer (Ocean Optics Inc., Dunedin, FL, USA),
with a spectral range of 300 to 1200 nm, a spectral resolution of approximately 3 nm, a sampling
interval of 1.5 nm, and a signal-to-noise ratio of 250:1. This spectrometer was employed to calculate
vegetation index values.

A vertically oriented bare optical fiber affixed to an adjustable bracket above each plot was
utilized for measuring the upward radiance from the canopy. The frame height was adjusted to
maintain the optical fibers at approximately 2 m above the canopies throughout the observation
period, thus ensuring a circular field of view with a diameter of 1 m (Figure 1a). The measurement
sequence alternates between canopy upward radiance, downwelling irradiance and dark current
measurements, and the specific measurement method is described by Han et al. [28]. To avoid
unreliable data caused by excessively high solar zenith angles, observations were conducted daily
between 08:00 and 16:00.

2.3. Leaf Fluorescence Observations

Continuous monitoring of the active fluorescence revealed diurnal variations in the energy
distribution within the plant photosystem, highlighting the impacts of drought stress [29]. Via the
use of a multichannel, continuous-monitoring pulse-amplitude modulation fluorometer system
(Monitoring-PAM, Heinz Walz Inc., Effeltrich, Germany), we conducted continuous measurements
of maize leaves in the two plots subjected to different irrigation regimes. Each plot was equipped
with two measuring probes located at the canopy top, which specifically targeted sunlit leaves
(Figure 1b). The measurement schedule was programmed from 08:00 to 16:00 local time with a
recording interval of 30 minutes. Each measurement session involved the emission of saturated pulse
light with an intensity exceeding 3500 pmol - m~2 - s7?, thereby capturing the resultant maximum
fluorescence post-photochemical quenching and steady-state fluorescence under actinic light. The
active fluorescence observations obtained in this study are detailed in Table 1.

To reduce the impact of measurement errors, we added a calibration step in the Monitoring-
PAM measurement process. First, for the nonfluorescent emission entity, for which a diffuse
reflectance white standard was adopted as a substitute, the Fs measurement value is not zero,
indicating the presence of systematic error. Consequently, we recorded Fs values for each probe with
respect to the diffuse reflectance white standard to correct for this systematic error. Second, to ensure
that the measurements of the different probes were comparable, purple fluorescence films were
placed underneath the probes to record Fs. Adjustments were made to standardize the distance
between each probe and the target, thereby aligning the measurement baseline and minimizing any
differences among the probes.

Table 1. Active fluorescence observations measured with the Monitoring-PAM system.

Active fluorescence

Description
parameter
, Maximum fluorescence under saturated pulse light measured
En .
during the day.
F Steady-state fluorescence under actinic light measured during the
* day.
P Maximum fluorescence under saturated pulse light measured at
m

2:00 midnight after full dark adaptation.

2.4. Leaf Rolling

To measure the degree of leaf rolling, an image-based method was introduced to quantify the
proportion of leaf rolling via the leaf rolling ratio (LRR). The LRR can be calculated as follows:
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LAtime
LRR=—"— 2
LAt @

where LAgme is the leaf area projected in the image at the corresponding measurement time.
Moreover, LAg denotes the largest leaf area projected on the measurement day, which can be
calculated from images obtained by pressing the corresponding leaves flat against a transparent
plastic board.

Images of ten representative leaves from each irrigation treatment plot were captured at two-
hour intervals, from 08:00 to 16:00, on DOYs 225, 226, 227, and 234. The images were obtained by
placing a plastic board underneath the leaves to stabilize them and then capturing images with a
smartphone positioned perpendicular to the leaves. The LRR of each leaf was then calculated by
comparing the observed projected area to the full expansion area.

Figure 3 shows images of the two groups of maize leaves captured at various times throughout
a single day, showing plots indicating an adequate water supply and those indicating water stress.
In the well-watered plot, the leaves remained full and expanded from 08:00 to 18:00, with no
significant rolling observed. In contrast, in the water-stressed plot, the leaves were relatively flat at
08:00 but began to roll inward from the main veins with increasing temperature and light intensity.
This rolling intensified by approximately 14:00, resulting in tightly rolling, needle-like leaves. As the
temperature and light intensity gradually decreased toward the evening, the leaves slowly unfurled
but did not return to their fully expanded state by 18:00. A comparison of the relationships between
the leaf morphology and the LRR revealed that the LRR effectively reflects the diurnal variations in
leaf rolling under varying degrees of water stress.

[ Time 10:00 [ 12:00 | 1400 [ 16:00 18:00 |

8:00
Water
sufficient
group
0.96 0. ‘)-I 0.93 0.90 0.89

[ LRR [ 095 |
[ Time $:00 10:00 12:00 | 14:00 [ 16:00 [ 18:00 |
Water
stress
group
| LRR 0.85 49 0.35 037 | 058 |

Figure 3. Images of leaves under well-watered and water-stressed conditions, along with their
corresponding measurement times and LRR values.

2.5. Numerical Experiments Using the SCOPE Radiative Transfer Model

At the canopy scale, leaf rolling leads to reduced canopy coverage and increased canopy gap
fraction levels, which in turn leads to a reduction in the leaf area involved in photosynthesis and
transpiration, referred to as the LAI Consequently, the LRR can be indirectly represented by the LAL
To analyze the relationships among leaf curling, the quantum yield of photosystem fluorescence, and
canopy fluorescence, the Soil Canopy Observation of Photosynthesis and Energy fluxes (SCOPE)
model was applied to simulate changes in SIFy as a function of the LAI and fluorescence quantum
efficiency (Fqe) [30,31].

The parameter settings of the SCOPE model closely match the experimental conditions. The
canopy LAI varied between 1 and 3.5 m?/m?, and the photosystem Fqe varied between 0.01 and 0.03.
Other vegetation properties and the solar observation geometry were held constant, with the solar
zenith angle fixed at 30° and the observation angle fixed at 0°, matching the real measurement setup.
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2.6. Data Processing

2.6.1. Calculation of Vegetation Indices and Photosynthetic Observations at the Canopy Scale

We calculated the reflectance via measurement data from the Ocean Optics HR 2000+
spectrometer and derived vegetation indices such as the NDVI, FCVI, and NIRv on the basis of the
calculated reflectance. The specific equations used are detailed in Table 2.

Table 2. Details on the vegetation indices used in this study.

Vegetation index Computation equation Reference
. . . . _ Ruir = Ryea
Normalized difference vegetation index NDV] = ———— [32]
Rnir + Rred

Near-infrared reflectance of terrestrial vegetation = NIRv = NDVI * Ry;,  [33]

Fluorescence correction vegetation index FCVI = Ry, — R, [20]
_ Ryir = Rye

Red-edge NDVI NDVIrededge -5 1 b [34]
Rnir + Rre

where R,;, is the reflectance in the near-infrared band, R,.; is the reflectance in the red band, R,,
is the reflectance in the red-edge band, and R, is the average reflectance in the broad 400-700 nm
visible band.

Owing to its superior signal-to-noise ratio and spectral resolution, QE Pro spectrometer
measurement data were selected for calculating the SIF. The far-red SIF was extracted via the spectral
fitting method (SFM) [35]. The SFM was employed within the O,A absorption band to
mathematically model the spectral shapes of the true reflectance (r) and fluorescence (F).

I'mod (A) X E(A)
TT

L) = + Frnoa(A) +e(A) ®)

where L is the upward radiance, and E is the downward irradiance. Moreover, r,,q denotes the
function describing the spectral shape of the true reflectance within the O,A band, F,,,q is the
function used to describe the spectral shape of F, and e denotes the modeling error. A quadratic
reflectance fitting function was selected, and a linear function was used for fluorescence fitting. To
mitigate the effect of illumination instability, the SIF extracted under sunny weather conditions was
utilized for analysis.

To analyze the physiological information within the SIF regarding the drought response, we

estimated OF via the FCVI and NIRv methods. The ®F values obtained via the two

methods are denoted as @ECVI and OV, respectively [20,21]. Both methods provide a more

detailed understanding of the interplay between the physiological activities and structural attributes
of the canopy under varying water stress conditions.

canopy canopy

SIF

FCVI _ y

P = RCVIx oy @)

SIFy

NIRy _

(DF N NIRV X fchl (5)
(- fPAR 4y
N = FPAR canopy ©

where fg, is the ratio of the chlorophyll-absorbed PAR (fPAR,) to the total canopy-absorbed PAR
(fPARcanopy) and is closely related to the variation in the leaf chlorophyll content [36]. Owing to the
spectral range limitations of the Ocean Optics QE65Pro spectrometer, the FCVI could not be
calculated. To minimize the differences in ®F ,,,p, calculated via different methods, reflectance data
obtained by the Ocean Optics HR2000+ spectrometer were used to compute the FCVI and NIRv.
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On the basis of previous research, vegetation indices related to the chlorophyll content and
canopy structure can be used to determine fPARy,; and fPAR  n0py, Tespectively [37-39]:

fPARyy = 1.37 X NDVpgeqqe — 0.17 @)
fPAR ynopy = 1.24 x NDVI — 0.168 ®)

SIFy can be calculated as follows:

SIF

where PAR is the integral of E over the 400-700 nm wavelength range.
To evaluate the ability for monitoring water stress in maize via diurnal variations in maize conditions,
we calculated the NMR and AMR of canopy indice (CI) on the basis of continuous canopy spectrum

measurement data. We adopted the NMR expression proposed by Liu et al. [12], which is as follows:

NMRy = Cﬁz;oo—ls;oo (10)
Is:00-9:00
where Cl;;.00-13.00 denotes the mean measured CI value between 12:00 and 13:00, and Clg.g0—o.00
denotes the corresponding mean measured CI value between 8:00 and 9:00. The CIs adopted in this
study include the NDVI, SIFy, ®f“V! and ®}'®V. Owing to the typically high values of SIFy under
water stress from 8:00 to 9:00, followed by a rapid decline, we selected 8:00 to 9:00 as the time window
for the NMR to better reflect the healthy physiological state in the morning.

The AMR can be calculated via the equation proposed by Pan et al. [23]:

ClL4:30-17:
AMRy = —114:30-17:00 (1)
. 8:00-11:00 .
where Clj4.39_17:00 denotes the mean measured CI value between 14:30 and 17:00, and Clg.g9_11:00

denotes the mean measured CI value between 8:00 and 11:00 [23].

2.6.2. Calculation of Photosynthetic Observations at the Leaf Scale

To analyze the diurnal variations in the energy distribution in photosystem II (PSII) in response
to different levels of water stress, active fluorescence observations were continuously obtained with
the Monitoring-PAM system. The energy distribution pathways in photosystem II include
photochemical energy utilization (P), fluorescence emission (F), and heat dissipation (H). Heat
dissipation can be further subdivided into sustained heat dissipation (D) and reversible energy-
dependent heat dissipation (N), the latter of which is associated with photoprotective mechanisms
involving the xanthophyll cycle and nonphotochemical quenching (NPQ) [40].

The absolute efficiency of P, ®p, was calculated via F,, and Fg values obtained with the
Monitoring-PAM system, according to the equation proposed by Genty et al. [41]:

F
Op=1- E (12)

Under prolonged dark adaptation, N can be reduced to zero. The quantum efficiency of N, ®y,

was subsequently calculated via fluorescence measurements obtained with and without N [42]:

o = B
NTE, En (13
The quantum efficiencies of F () and D (®p) were estimated as follows:
®F=Lx(l—®) (14)
Ky + Kp + Kp P
@DzLx(l—CD) (15)
Ky +Kr +Kp P

d0i:10.20944/preprints202412.0908.v1
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where Ky and Kp are the rate coefficients of F and D, respectively. Notably, K¢ and Kp were
assumed to remain constant and were set to values of 0.9 and 0.1, respectively [43,44]. The rate
coefficient of N (Ky) can be calculated as follows [45]:

_ F,
=) % (Kp + Kg) (16)

m

Fn
Ky = (

3. Results
3.1. Diurnal Variation Trends of Environmental Observations and Canopy—Air Temperature Differences

We observed the diurnal variation patterns of meteorological observations to assess the weather
conditions during the observation period and to analyze the impacts of environmental stresses on
the diurnal variations in the vegetation structure and physiology. Figures 4a, b, and ¢ show the
diurnal variations in Total Rad, VPD, and Ta, respectively, during the observation period. The
instability of Total Rad suggested overcast or cloudy weather conditions on DOYs 223, 224, 229, 230,
232, and 233. Under clear-sky conditions, all the observations exhibited similar trends, increasing
from the morning, peaking at noon, and then declining as the day progressed, with consistent diurnal
patterns and slight variations. On cloudy days, the midday peak Ta was significantly reduced, Total
Rad showed considerable variability, and the VPD was notably lower.

The diurnal variation in vegetation physiology is influenced by both environmental factors and
water stress, and AT can reflect the response of vegetation to different environmental and water
conditions. Under clear-sky conditions, there were significant differences in the diurnal variations in
AT under varying water stress levels, whereas the diurnal variations in Total Rad, VPD, and Ta
slightly differed. Notably, AT typically began to increase in the morning, peaked at noon, and then
gradually declined. From DOYs 222 to 233, with increasing water stress in the irr2 plot, the noon peak
AT increased accordingly. Following irrigation, a significant reduction in AT was noted in both plots.
Under cloudy conditions, the diurnal trend of AT remained consistently low throughout the day,
contrasting that under clear-sky conditions (Figure 4d). In this experiment, under clear-sky
conditions, AT accurately reflected the changes in the degree of water stress.
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Figure 4. Diurnal variations in Total Rad, VPD, Ta, and AT under the two irrigation treatments (irrl
and irr2) during the observation period from DOYs 222 to 234. The red and blue dashed vertical lines
indicate the rewatering times in the irrl and irr2 plots, respectively.

3.2. Diurnal Variations in the Leaf Structure and Physiology

3.2.1. Diurnal Variation in the Leaf Rolling Ratio

Figure 5 shows the diurnal variation trends of the LRR of maize under the two water stress
treatments, revealing significant diurnal variations in leaf rolling under the varying water stress
conditions. Under sufficient water conditions, the LRR remained high throughout the day, indicating
that leaf rolling did not occur when water was abundant (irrl: DOYs 225, 226, and 227; irr2: DOY
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225). From DOYs 225 to 227, the degree of water stress progressively increased, and the LRR
continued to decrease at midday. Under sufficient water conditions, the LRR remained high
throughout the day, indicating that leaf rolling did not occur when water was abundant (irrl: DOY
234; irr2: DOYs 226, 227, and 234). Moreover, the irrl plot was rewatered during the night of DOY
225. After rehydration, the LRR could immediately recover the next day, demonstrating that leaf
rolling can effectively reflect changes in water stress conditions. Therefore, the diurnal variation in
leaf rolling can reflect changes in the water stress status.

DOY 225 A DOY 226

: L L PR
. ~ DOY 2271 . DOY 234
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Figure 5. Diurnal variation trends of the LRR for the two plots on DOYs 225, 226, 227 and 234.

3.2.2. Diurnal Variations in Leaf Fluorescence Observations

On the basis of the PAR sensor measurements from each plot, sensor data reflecting stable
lighting conditions and nonshaded leaves were selected for analysis (Figure 6). Notably, for the irr2
plot, data for the entire day of DOY 234 were missing because leaves fell from the sensor mounting
clips. The diurnal variation patterns of observations indicative of the leaf physiological status, such
as ®y, ®p, g, and Pp, exhibited significant differences under varying degrees of water stress.

As shown in Figure 6b, under clear-sky conditions, the diurnal pattern of ®y typically started
at a low level in the morning, increased as the day progressed, peaked at noon, and then gradually
declined. However, water stress led to significant variations in this pattern. From DOYs 222 to 225,
the sunlit leaves selected in the two plots exhibited similar levels of sunlight exposure, with the irr2
plot subjected to less water stress. In addition to the low light conditions in the morning, when the
@y difference between the two plots was minimal, the ®y values were generally greater in the irrl
plot throughout the remainder of the day. After irrigation during the night of DOY 225, despite more
sunlight on DOY 226 than on DOY 225, the noon peak of ®y significantly decreased after watering.
A similar pattern occurred after rewatering on DOY 234 in both plots. From DOYs 222 to 226, with
increasing water stress, the noon peak of ®y gradually increased (Figure 6b). Furthermore, the rate
at which the ®y value increased with increasing PAR was lower in the plot with a better water
status, resulting in lower noon peaks of ®y (Figure 12a). Consequently, water stress primarily
resulted in significant midday peak changes in the diurnal pattern of ®y.

Water stress also led to variations in the diurnal pattern of ®p. Generally, ®p began to decrease
in the morning, reached its minimum at noon, and then started to recover. This diurnal trend was
opposite to that of ®y. Under similar sunlight conditions, the plot under greater water stress
exhibited lower minimum ®p values at noon, such as the irrl plot on DOY 222 and the irr2 plot on
DOY 226. However, in the morning, ®p slightly differed between the two treatments (Figure 6c).

The diurnal variations in ®r and ®p were significantly affected by water stress (Figure 6).
Notably, ®r and ®p were obtained under the assumption that Kp equals 0.9 and that Ky equals
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0.1, which resulted in similar diurnal variation patterns. Under well-watered conditions, ®g and ®p
maintained relatively constant values throughout the day on stable, sunny days, as observed in the
irr2 plot on DOYs 222 and 225 and in the irr1 plot on DOYs 226 and 227. With increasing water stress,
®p and ®p transitioned from stable values throughout the day to a diurnal pattern characterized by
higher values in the morning, followed by a decline and minimum values at midday, as observed in
the irr2 plot from DOYs 222 to 231. In contrast, following rehydration irrigation, both ®¢ and ®p in
the two plots exhibited overall increases, and the diurnal pattern shifted from a morning decline back
to a stable value throughout the day, as observed in the irrl plot before and after rehydration on
DOYs 225 and 232, respectively (Figures 6d, e). Additionally, Fs exhibited a similar diurnal variation
pattern to that of ®¢ (Figure 6f).
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Figure 6. Diurnal variations in leaf-level quantum efficiencies measured by the Monitoring-PAM
system on sunny days during the observation period, including ®y, ®p, g, Pp, and Fg. The blue
dashed vertical lines indicate the rewatering times for the irrl treatment.

3.3. Diurnal Variations in Canopy Spectral Observations

3.3.1. Diurnal Variations in Remote Sensing Observations Related to the Canopy Structure

Figure 7 shows significant diurnal variation differences among the NDVI, NIRv, and FCVIunder
varying degrees of water stress. Considering the potential interference caused by changes in the solar
zenith angle, such as the variation in the ratio of direct to diffuse light, observational data from 8:00
to 16:00 were selected to mitigate such effects. Under clear-sky conditions, the PAR values exhibited
an arch-shaped pattern with minimal fluctuations (Figure 7a).

As shown in Figure 7b, the diurnal variation in the NDVI was significantly influenced by water
stress changes. Under non-water-stressed conditions, the NDVI values exhibited minimal variation
throughout the day (irrl: DOYs 226 and 227; irr2: DOY 222). From DOYs 222 to 231, as water stress
increased in the irr2 plot, the morning values remained unchanged and high, whereas the noon
trough gradually decreased. After rewatering during the night of DOY 231, the trough values notably
increased. The diurnal variation in the NDVI can reflect rapid changes in the vegetation structure
induced by water stress.

The diurnal variations in the FCVI and NIRv also reflect changes in vegetation water stress, but
their trends differed from those of the NDVI. As shown in Figure 7c and d, the diurnal change trends
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of the NIRv and FCVI were bowl shaped and smoother than that of the NDVI. The NIRv and FCVI
values continuously decreased from morning until they reached their lowest values at midday and
then gradually increased. From DOYs 222 to 231, as water stress increased, the midday nadir values
of the NIRv and FCVTin the irr2 plot steadily decreased, with a greater decline than that in the NDVIL.
After rewatering, under sufficient water conditions, the midday nadir values of both the NIRv and
FCVI remained significantly lower than the morning values, indicating a distinct diurnal variation
trend compared with that of the NDVI after rewatering (irrl: DOYs 226 and 234; irr2: DOY 234).
Compared with that of the FCVI, the NIRv exhibited a lower midday minimum value under severe
water stress conditions.
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Figure 7. Scatter plots of the diurnal variations in the measured data for the vegetation indices NDVI,
NIRv, FCVI, and PAR. The solid lines of different colors indicate the respective fitted curves of each
index. The red and blue dashed vertical lines indicate the rewatering times in the irrl and irr2 plots,

respectively.

3.3.2. Diurnal Variations in Remote Sensing Observations Related to Vegetation Physiology

The diurnal patterns of the SIF and its derived parameters can reflect the physiological response
of vegetation to water stress. As shown in Figure 8a, the SIF values throughout the observation period
exhibited an arch-shaped daily variation. At the early stages of water stress or following the
alleviation of water stress, the trends in the SIF and PAR were consistent (irrl: DOYs 226, 237, and
228; irr2: DOYs 222 and 225). On DOY 231, the midday peak of the SIF in the irrl plot exhibited a
significantly earlier occurrence due to water stress. With increasing water stress, the midday peak of
the SIF progressively decreased, and the arch shape became flatter, as observed in the irr2 plot from
DOYs 225 to 231. Therefore, changes in the diurnal variation trend of the SIF can effectively reflect
the degree of water stress.

The diurnal variation in SIFy also exhibited high sensitivity to water stress, as shown in Figure
8b. Under well-watered conditions, SIFy exhibited minimal variation throughout the day (irrl: DOYs
227,228, and 234). An anomalous decline in SIFy was observed on the afternoon of DOY 226, which
was attributed to unstable sunlight conditions (Figure 7a). Under water stress, the diurnal variation
pattern of SIFy showed relatively high values in the morning, a decrease to its lowest point at noon,
and recovery in the afternoon. With increasing water stress, from DOYs 222 to 231 in the irr2 plot,
high morning values with slight declines were observed, with the midday nadir values decreasing
progressively and exhibiting high variability. Notably, after rewatering during the night of DOY 233
in the irr2 plot and during the nights of DOYs 225 and 232 in the irrl plot, a significant increase in
the midday nadir values was observed, indicating that the diurnal variation in SIFy quickly responds
to the relief of water stress.

The diurnal pattern of ®FV! also varied under the different water stress conditions, but the
variation was lower than that in SIF and SIFy (Figure 8d). Comparing the irr2 and irrl plots under


https://doi.org/10.20944/preprints202412.0908.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 December 2024 d0i:10.20944/preprints202412.0908.v1

13

varying levels of water stress, ®EV! exhibited a greater range in the irr2 plot. With increasing water

stress, the diurnal pattern of ®ECV! shifted from a pattern encompassing an initial increase in the
morning, a peak at noon and a subsequent decline to a pattern where it started to decrease from the
morning. After rewatering and alleviation of water stress, there was a notable increase in the overall
value of ®FY!. Therefore, the response of ®EY! to water stress was reflected mainly in the changes
in its diurnal pattern and the overall decrease in its magnitude.

However, ®Y'® showed no significant differences in diurnal variations across the different
levels of water stress (Figure 8c). Apart from DOYs 226 and 231, when sunlight instability was noted,
the diurnal trend of ®}™®V on other days exhibited an initial increase in the morning, a peak at noon
and a subsequent decline, thereby maintaining a stable overall trend without significant changes
across the different water stress conditions. This indicates that the diurnal variation in ®N®" does

not effectively reflect water stress changes.
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Figure 8. Scatter plots of the measured data for photosynthesis-related observations, including the
SIF, SIFy, ¢ECV!and ¢N'™RY. The solid lines of different colors indicate fitted curves for each parameter.
The red and blue dashed vertical lines indicate the rewatering times in the irrl and irr2 plots,
respectively.

3.4. Differences in the Vegetation Structure and Physiology Between the Morning and Noon Under Different
Levels of Water Stress

To analyze the differences in the diurnal variation characteristics of the vegetation structure and
physiology under different water stress levels, we applied the LRR to categorize vegetation water
stress into two categories. The initial phase, i.e.,, Mild Drought, was defined by a LRR value greater
than 0.7 throughout the entire day, even during the midday period when environmental stresses
reached their peak. This was observed on specific DOYs, such as 226, 227, and 231 in the irr1 plot and
DOY 234 in the irr2 plot, indicating minimal or no leaf rolling and suggesting either mild or no water
stress. Severe Drought was defined as a daily LRR value below 0.7 during the peak midday stress
period. For example, this was observed on DOY 226 in the irrl plot and DOYs 225, 226, and 227 in
the irr2 plot, indicating significant leaf rolling and substantial changes in the leaf structure (Figure 5).

3.4.1. Differences in the Vegetation Structure Between the Morning and Noon Under Different
Levels of Water Stress

At the leaf and canopy scales, the LRR and the response of the NDVI to water stress, respectively,
significantly differed between the morning and midday periods (Figure 9). Specifically, during the
Mild Drought phase, the NDVI and LRR values exhibited minimal differences between the morning
(8:00-9:00) and noon (12:00-13:00) periods, with only a slight decline at noon due to the increased
environmental stress. In contrast, during Severe Drought phases, although the morning NDVI and
LRR values remained relatively high, there were significant decreases by noon. Among them, the
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LRR showed a greater decrease at midday under severe drought conditions than did the NDVI. This
likely occurred because the NDVI is a composite measure of vegetation greenness and biomass at the
canopy scale, whereas the LRR directly reflects changes in the leaf structure. As a result, the LRR was
more sensitive to variations under water stress. At both the leaf and canopy scales, it was noted that
in the morning, the impact of water stress on the crop structure was not significant. However, at
noon, the effect of water stress on the vegetation structure was notable.
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Figure 9. Diurnal variations in the average LRR and NDVI values at the different leaf rolling stages
in the morning (8:00-9:00) and at noon (12:00-13:00).

3.4.2. Differences in Vegetation Physiology and Vegetation Structure Between the Morning and
Noon Under Different Levels of Water Stress

At the leaf scale, energy allocation of vegetation varies with light and water stress. Significant
differences in the diurnal variation in the energy distribution within the photosystem occurred under
varying levels of water stress. Figure 10 shows the diurnal variations in the energy distribution in the
photosynthetic system of sunlit leaves in the irrl plot. In the morning, when the PAR level was less
than 600 pumol-m™%-s7!, the ®y value remained relatively low, typically under 0.2 between 8:00
and 9:00 (Figure 10). As the day progressed, ®y gradually increased and peaked at noon. With
decreasing RSM, the midday peak of ®y notably increased (Figure 10). In contrast, ®p exhibited the
opposite trend as that of ®y. Notably, it was higher in the morning and decreased over time, reaching
its lowest point at noon. This minimum value of ®p decreased with decreasing RSM. Although the
sum of ®p and @y remained relatively stable throughout the day, under severe water stress, the
sum of ®p and ®r was notably smaller (DOYs 222 and 225). With respect to leaf physiology,
vegetation water stress primarily affects N and P under high-PAR conditions at midday.
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Figure 10. Quantum efficiencies of illuminated leaves in the irrl plot for four distinct energy
pathways, alongside diurnal variations in the PAR value and corresponding changes in the relative
soil moisture (RSM) with increasing water stress.

To analyze the differences in the diurnal variation characteristics of leaf-scale vegetation energy
allocation in the morning and midday under different drought intensities, we grouped all the
observation data from the two plots according to mild and severe drought conditions. We calculated
daily mean values for the morning (8:00-9:00) and midday (12:00-13:00) periods. Figure 11 clearly
shows the differences in energy allocation within the optical system of sunlit leaves under different
water stress levels during the morning and noon periods. In the morning, the energy distribution
pattern showed minimal differences across the different water stress levels, typically characterized by
a lower ®y value of approximately 0.2 and a higher ®p value of approximately 0.5. Notably,
compared with those under Mild Drought, the values under Severe Drought indicated a significant
increase in ®y and a significant decreasein ® atnoon. Moreover, ®y increased from approximately
0.5 under Mild Drought to approximately 0.7 under Severe Drought. Under Severe Drought, ®¢ also
decreased in the morning. Overall, due to the higher light intensity at midday, ®y was greater than
the morning value, whereas ®r was lower. Water stress further increased ®y and decreased ®y at
midday. Therefore, water stress primarily affects vegetation energy allocation at midday.
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Figure 11. Differences in the quantum efficiency of photon processing via four pathways at different
leaf rolling stages during the morning and noon periods.
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3.5. Relationships Among the Vegetation Structure, Physiology and Fluorescence Observations

3.5.1. Influences of the LAI and Fqe on SIFy

SIFy is a coupled parameter of the canopy structure and physiology. To analyze the influences
of the canopy structure and physiology on SIFy, we applied the SCOPE model to simulate the
relationships among the LAI, Fqe, and SIFy under this experimental scenario. One key parameter
representing changes in the canopy structure is the LAI, while Fqe primarily reflects changes in leaf
physiology. Figure 12a shows the simulation results of the SCOPE model, in which the LAI was
adopted as the independent variable under different Fqe conditions, whereas SIFy was employed as
the dependent variable. The results indicated that SIFy increased with increasing LAI and stabilized
at high LAI levels. Figure 12b shows the changes in SIFy in response to variations in Fqe under
different LAI conditions. The results clearly revealed a positive correlation between SIFy and Fqe.
With increasing LAI, the increase in SIFy in response to the increase in Fqe was greater. In summary,
SIFy increased with increasing LAI and Fqge, and both the LAI and Fqe were positively correlated
with SIFy. The LAI and Fqe exert a synergistic effect on the SIF.

5%107
fge 0.03 LAI-3
fqe=0.025 —— LAI=2.5
fge~0.02 LAI=2
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Figure 12. Simulation results of the SCOPE model: (a) SIFy variation with LAI under different Fqe
conditions. (b) SIFy variation with Fqe under different LAI conditions.

3.5.2. Relationships Between the Leaf and Canopy Fluorescence Observations

To explore the differences between the canopy- and leaf-scale fluorescence observations, we
analyzed the relationships between the canopy-scale SIFy, two fluorescence emission efficiencies

NIRV FCVI
d Y and Pp

, and Fs under different water stress levels. Figure 13a shows that Fs initially
increased with increasing PAR|q,r, Where PAR|q,¢ refers to the radiation received by the Monitoring-
PAM sensor. Notably, Fs first peaked and subsequently decreased as PAR).,s continued to increase.
Atlow PARy., levels, Fs was positively correlated, whereas at high PAR.,¢ levels, Fs was negatively
correlated. Compared with that under Severe Drought, under Mild Drought, the peak Fs value was
greater and occurred at higher light intensities. Figure 13b shows that there were significant
differences in the relationships between SIFy and PARcappy at different water stress levels, where
PAR anopy refers to the PAR received by the canopy. Under Mild Drought, the SIFy value slightly
decreased with increasing PAR ,50py- However, during the Severe Drought period, SIFy exhibited a
greater decline at high PAR ,p0py values than that during the Mild Drought period. The canopy-scale
SIFy, due to the aggregation of vegetation structure effects, showed a different trend from that in Fs
in response to light intensity changes. Nevertheless, both SIFy and Fs decreased under higher-PAR
conditions as water stress increased.
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Figure 13. (a) Relationship between the leaf steady-state fluorescence (Fs) and leaf absorption of the
photosynthetically active radiation (PAR¢,¢). (b) Relationships between the canopy SIFy and canopy-
absorbed photosynthetically active radiation ( PARcanopy)-

Fs of leaves serves as a proxy for the leaf-scale measured ®F. Moreover, ®N'RV and ®NRY

represent the canopy-scale measured ®F. To better utilize ®F,,,p, for monitoring crop water stress,
we analyzed the relationship between @'Y and &RV over the entire observation period. As

shown in Figure 14, there was a positive correlation between ®f“V! and Fs. In contrast, the

correlation ®YRVwith Fs was lower, indicating a slight negative trend. This finding suggested that
under certain conditions, an increase in Fs does not correspond with an increase in ®NRY Qverall,

®EYT may more accurately reflect the physiological state of vegetation.
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Figure 14. Relationship between the canopy fluorescence emission efficiency (®Fcanopy) and leaf

steady-state fluorescence (Fs).

3.6. Capability for Monitoring Water Stress via Diurnal Variation Characteristics

To investigate the ability to monitor water stress via the diurnal variation characteristics of
different canopy remote sensing observations, we assessed the ability of the NMR and AMR to reflect
water stress changes. Figure 15a and b show the trends in the NMRs of the NDVI, SIFy, ®f¢V! and
®N'RY in response to RSM changes across the different irrigation treatments throughout the
observation period. Specifically, the NMR values of ®f*V'(NMRg,_pcvi), NMRypy; and NMRgyg, all
decreased with decreasing RSM. However, the trend in the NMR of ®F'®V(NMRg,_yry) diverged
from the trend in RSM changes, as observed in the irr2 plot from DOYs 222 to 231 and in the irr1 plot
from DOYs 222 to 225. Among these, NMRypy; and NMRg,_gcy1 showed the most gradual decline,
whereas NMRgp, decreased more steeply. Following rewatering, there was a notable increase in the
RSM value, which coincided with a significant increase in NMRggy, NMRypy; and NMRg,_gcyi- The
diurnal variation characteristic NMR can accurately reflect the degree of vegetation water stress,
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whereas the ability of different canopy remote sensing observations to reflect water stress via the
NMR varies.

The AMR can also reflect changes in water stress, but its ability differs from that of the NMR.
Figures 15c and d show the variations in the AMR index with changes in the RSM. Owing to the
occurrence of a cloudy afternoon on DOY 226, the changes in sunlight were very rapid. Hence, the
AMR values for that day were unreliable. The response of the AMR to RSM changes was less sensitive
than that of the NMR. In the irr2 plot, water stress was higher than that in the irrl plot. Consequently,
except for the AMR of ®F'™®(AMRg,_niry), the AMRs of ®FV'(AMRg,_pcvi) , AMRypy; and
AMRg;g, all decreased with decreasing RSM. However, for the irrl plot with relatively mild water
stress, the changes in the AMR were not significant, except for AMRgg,. Therefore, the diurnal
variation characteristic (AMR) exhibits a lower sensitivity for early water stress detection than that

of the NMR.
[ NDVI—o— STRy—— @ o fa—novice—siry o @l o g™
1.5 T L5 T T
a [~
Z12 e ' 512 el : :
< ] — - e 7 A |__x
i e
0.6 \‘*H—\—-/”’, 0.6 T, :
15 1 | | | | IH 5 | L I| | | | } |
g [(b) I g [(d) [ I
ozc 129 | e 12 | I
W —— . ! E _._\i:.__"___én
< ‘\7-‘4:%. ] i —- =
0.6 1 0.6 | 1
) 1 ! ! 1 11 —_ | Ll | L
% 100 - — — — _ Increasing water stress : §100 '“,"f“‘.{‘f*;ym,.{,m [ ~rsiag g !
7 T T 4 e e Streyy.
ZZ 50- ! L L L L1 E 5U,J L I :| P \L! :| !
0 2 24 226 228 230 232 234 o 0 22 224 226 228 230 232 234

DOY DOY

Figure 15. Variations in the NMR and AMR of the NDVI (black), SIFy (green), ®EV! (purple), and
PEYT (brown) in response to changes in the RSM on clear days throughout the observation period
(DOYs 222-234). Panels (a, b) and (¢, d) show the irrl and irr2 plots, respectively. The red and blue
dashed vertical lines indicate the rewatering times for the irrl and irr2 treatments, respectively.

Since the midday (12:00 to 14:00) mean canopy—air temperature difference (AT, ,0n) can reflect
changes in water stress, we also used this difference to evaluate the ability of the NMR and AMR of
different canopy remote sensing observations to monitor water stress. Figure 16a shows the
correlations between AT, and NMRypy;, NMRypy;, NMRg_pcyr and NMRg,._niry ON clear days
over the observation period across the two plots. The results indicated that NMRg,_pcyr and
NMRg._niry exhibited weak correlations with AT,,o, . Notably, NMRg,_pcyi showed a slight
negative correlation with AT, ,0,. In contrast, the structurally based vegetation index, NMRypy,
demonstrated a highly negative correlation with AT, 40,. The regression slopes of NMRypy; were
similar to those of NMRg,_pcyi, but NMRypy; exhibited overall lower values. NMRgg,, which
incorporates both structural and physiological information, exhibited negative correlations, and
compared with the those of the other observations, the slope was higher.

Compared with that of the NMR, the relationship between the AMR and AT, differed. The
slope of the relationship between the NMR and AT,,,, was higher than that of the relationship with
the AMR for the corresponding canopy remote sensing observations. Except for the NMR of ®N'RY,
the NMR of the other observations decreased to a greater extent with increasing ATy ,0,. Under mild
water stress (with ATy, less than 2°C), the AMR of the different types of canopy remote sensing
observations remained close to 1 compared with the NMR, showing smaller changes (Figure 16b).
This finding indicates that the sensitivity of the AMR to water stress is lower than that of the NMR.
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Figure 16. Relationships between AT, o, and the NMR and AMR for the two plots during the clear-
sky observation period. The solid lines in different colors denote the linear regression fits for the
various types of the NMR and AMR, with regression slopes (a) and correlation coefficients (R?)
shown in the lower-left corner.

4. Discussion
4.1. Effectiveness of the Morning-to-Moon Ratio for Monitoring Drought Stress

Liu et al. (2023) introduced the NMR concept and preliminarily validated its effectiveness in
assessing daily water stress conditions [12]. Building on this foundation, this study offers a more
comprehensive understanding of the mechanisms underlying the effectiveness of the NMR for
monitoring water stress in maize canopies, which is supported by systematic observations at both
the leaf and canopy scales. Our results demonstrated that remote sensing technology can be used to
observe changes in the vegetation structure and physiology in response to drought, which together
influence the diurnal dynamics captured by the NMR (Figures 5 and 6, respectively).

With respect to the canopy structure, our observations of maize at the leaf scale revealed that the
most severe leaf rolling occurred at noon because of water stress, with the severity of rolling
progressively increasing with increasing water stress. Furthermore, leaf rolling recovered the next
day following nocturnal rehydration, and the leaves remained unrolled throughout the day (Figure
5). At the canopy scale, the midday NDVI values associated with the vegetation structure also
exhibited similar changes (Figures 7b and 8b). These findings indicate that the midday values of the
NDVI related to the vegetation structure can effectively reflect rapid changes in the water stress
status. However, differences in the vegetation LAl and chlorophyll content caused by historical stress
can also lead to declines in the midday NDVI values, potentially interfering with the assessment of
water stress. Therefore, relying solely on abnormal declines in the midday NDVI values to assess
water stress conditions may lead to inaccuracy. Dividing by the measured morning NDVI values may
effectively mitigate the interference caused by this issue. As shown in Figure 5, when the minimal
environmental stress occurred in the morning, leaves remained relatively unfolded under the
different water stress levels. This occurs because nocturnal transpiration is associated with less water
consumption, allowing vegetation to absorb soil moisture and restore the leaf water potential to a
relatively high level during the day [46,47]. At the canopy scale, the NDVI in the morning also
exhibited similar response characteristics to water stress (Figure 7b and 9, respectively). The NDVI
values measured in the morning provide information on the LAI and chlorophyll content, which are
minimally affected by water stress on a given day. Therefore, when the morning NDVI values are
employed as a baseline, NMRypy; can effectively reduce the influence of historical stress and reflect
daily changes in water stress levels (Figures 15 and 16). In addition to leaf rolling, vegetation may
employ other methods to adjust the canopy structure. Xu et al. (2021) reported changes in the LAD
under drought conditions in potatoes, with smaller increases in the LAD in the morning and the
greatest increases observed at noon [37]. This suggests that the NDVI of potato canopies may also
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exhibit diurnal variations similar to those observed in the maize canopy. Therefore, the NMR of
canopy remote sensing observations, which reflect the diurnal variation in the vegetation structure,
can be used to effectively monitor daily water stress levels in vegetation.

In terms of vegetation physiology, our observations at the leaf scale revealed that the extent of
the decline in ®r caused by water stress varied significantly throughout the day. In the absence of
water stress, these parameters remained stable throughout the day. In contrast, under water stress,
higher values were maintained in the morning, but these values decreased significantly at noon
(Figure 6e). Canopy fluorescence remote sensing observations, such as those of SIFy and ®£V!, also
exhibited similar diurnal trends (Figure 8b, d). This suggests that in the morning, when the
environmental stress is minimal, the impact of water stress on fluorescence is relatively limited,
whereas the midday fluorescence shows a heightened sensitivity to water stress. Nevertheless, water
stress monitoring solely on the basis of the midday decline in fluorescence is not reliable. During
different growing seasons, the energy allocation proportions of vegetation also vary, leading to
differences in @ [51]. By applying the physiological state of vegetation in the morning, when it is
less affected by water stress, as a baseline, the impact of seasonal variations can be reduced. Therefore,
the diurnal variation characteristics of canopy fluorescence, represented by NMRg,._pcyi and
NMRg.—rcvi, can be used to effectively monitor changes in water stress at the daily scale (Figures 15
and 16, respectively). Therefore, NMR data of remote sensing observations related to vegetation
physiological processes can serve as effective indicators data for minimizing interference from non-
drought factors and for accurately monitoring the water stress status over the measurement period.

In summary, by using information obtained in the morning of the measurement day, when
structural and physiological impacts from water stress are minimal, as a baseline, we can eliminate
differences in the vegetation structure and physiology caused by historical stress. The information
obtained at noon effectively highlights changes in vegetation due to water stress. Therefore, the NMR
can be used to assess the water stress status effectively on the measurement day.

In addition to the NMR, other diurnal variation characteristics for evaluating the daily water
stress have been proposed in recent studies. Pan et al. introduced the AMR to assess the daily water
stress in cork oak plantations, suggesting that afternoon measurements may be more sensitive to
drought due to partial stomatal reopening [23]. However, as shown in Figures 7 and 8, the diurnal
variations in maize canopy remote sensing observations demonstrated that the suppression due to
water stress was greater at midday than in the afternoon. Compared with the NMR, AMR was less
sensitive to vegetation water stress (Figures 15 and 16). These findings indicate that the NMR is more
suitable for monitoring water stress in maize canopies. However, these findings may reflect
differences in the structural and physiological responses of woody and nonwoody plants to drought.
Therefore, further experiments are needed to explore the applicability of the NMR across different
vegetation types. Lin et al. (2024) evaluated the daily water stress status of vegetation by analyzing
the diurnal variation curves of the far-red SIF, focusing on parameters such as left and right slopes,
curve opening size, and peak timing. They reported that under water stress conditions, the peak
timing of the far-red SIF occurred earlier, with reduced peak values, a widening of the curve, and a
decrease in the right slope [16]. Considering the challenges of continuously obtaining high-quality
diurnal variation data and the potential for applying diurnal characteristics at the satellite scale, the
NMR may provide a more practical and operationally feasible approach for drought monitoring.
While the NMR provides a practical approach for daily drought monitoring, especially in maize
canopies, the diurnal variation responses of different vegetation types across various observational
scales, such as unmanned aerial vehicles (UAVs) and satellites, require further experimental
validation.

4.2. Sensitivity of the Noon-to-Morning Ratio in Drought Monitoring Across Different Remote Sensing
Observations

Our results indicated that the NMR data of the NDVI, SIFy, and ®£°V! can be used to monitor
water stress in maize canopies. However, their sensitivities to changes in water stress differed (Figure
15). Recent studies have revealed that ®F ;5. , Which is more closely related to vegetation
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physiology, may be more sensitive to drought [17]. Our results indicated that NMRgg,, which
contains information on both the vegetation structure and physiology, was most sensitive to water
stress (Figure 16). This may occur because SIFy reflects the synergistic inhibitory effects of water
stress on both the vegetation structure and physiology. Our leaf-scale observations also indicated that
both the vegetation structure and leaf physiology respond simultaneously to water stress (Figures 5
and 6, respectively). With respect to the components of SIFy, both fPAR and f.. are related to the
canopy structure. The simulation analysis results of the SCOPE model indicated that the LAI was
positively correlated with SIFy (Figure 12a). This suggests that although f.s. may increase due to a
reduction in the LAI, the product of fPAR and f, is positively correlated with the LAI. Drought
leads to a reduction in the LRR, which indicates a decrease in the LAI (Figure 5). Therefore, water
stress exerts an inhibitory effect on SIFy. For the physiological components of SIFy, the relationships
between the vegetation Fqe and SIFy values exhibited highly positive correlations (Figure 12b). Leaf-
level physiological observations also demonstrated that water stress caused a decrease in Fs (Figure
6f), indicating that water stress not only suppresses the development of the canopy structure but also
suppresses physiological processes. The study of Xu et al. on potatoes also demonstrated that the
decline in the SIF under drought conditions is the result of the combined effect of ®r and LAD [37].
Therefore, from the perspective of drought monitoring, the NMR of remote sensing observations,
which comprehensively reflect both the vegetation structure and physiology, may be more effective
for monitoring drought.

We found that during periods of severe drought, the high Fs values in the morning slightly
decreased (Figure 11). This may result in the use of NMRgg, causing underestimation of water stress
under severe drought conditions. This phenomenon could be attributed to the increased NPQ
resulting from water stress, which caused a shift in the morning peak of Fs (Figure 12b). Previous
studies have shown that ® and ®p are negatively correlated under low-NPQ conditions, whereas
the opposite is true under high-NPQ conditions [48]. Our results indicated that the diurnal variation
in ®p decreased with increasing light intensity, whereas ®p first increased but then decreased, with
its peak occurring in the morning (Figure 6b, d). This finding is consistent with those of previous
studies. This suggests that ®r remains relatively high in the morning. Although the morning peak
shifted earlier under severe drought conditions, causing the morning SIFy values to be slightly lower,
they were still less affected by water stress than were the midday values. Therefore, we propose that
NMRg;g, is an effective approach for monitoring water stress changes.

In this study, the correlations between the ®F,,,,, values decoupled by the two methods and

the leaf-scale Fs values notably differed. Among them, ®EV! exhibited a greater correlation with Fs,

FCVI CbgCVl

indicating a positive relationship, but the correlations of both ®g-"" and with Fs were not

high (Figure 14). This finding indicates that ®EV! is more accurate than is ®FRV in reflecting
canopy physiological information. Yang (2020) compared these two indices via a simulated dataset
and reported that the FCVI yielded a smaller error in estimating the fluorescence emission efficiency
than did NIRv [20]. The error of using the NIRv is generally greater for canopies with higher
vegetation coverage. Changes in the diurnal variation in the LAI caused by water stress can lead to
differences in the accuracy of ®N'®V estimates at different times of the day. This may explain why
the diurnal variation pattern of ®F'®Y was less sensitive to changes in water stress (Figure 8). This
suggests that the uncertainties in the FCVI and NIRv approaches in estimating ®F,5opy, might also
contribute to the inaccuracies in NMRg,_pcyi and NMRg,_nry in water stress monitoring.
Therefore, although NMRg,._pcy1 can represent changes in water stress, its stability and sensitivity
are inferior to those of NMRgg, (Figures 15 and 16, respectively). We recommend the use of NMRg;,

that integrates both vegetation and physiological information for drought monitoring.

5. Conclusions

This study demonstrated, via controlled hydration experiments of maize canopies, the
effectiveness of using the diurnal variations in canopy structure and physiological remote sensing
observations to monitor daily water stress levels. These observations include measurements at both
the leaf and canopy scales. It was investigated whether SIFy, which integrates diurnal changes in
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both the canopy structure and physiology, is more effective or if ®F ,popy, Which solely reflects
physiological changes, is preferable. The results demonstrated that the consideration of the diurnal
variation characteristics of the NMR can eliminate the influence of historical stress, thus facilitating
the effective monitoring of the water stress level on the measurement day. This occurs because
vegetation in the morning is less affected by water stress, providing stable information such as the
LAI and chlorophyll content, which reflects the impact of historical stress. Conversely, the values
obtained at noon primarily represent the changes in vegetation due to water stress on the
measurement day. Remote sensing observations that integrate both canopy structure and
physiological information, such as NMRg;g,, are more suitable for monitoring the daily water stress
status. Furthermore, we confirmed that the diurnal variation trends of ®}'®" did not significantly
change under varying conditions of water stress in maize canopies. Therefore, we recommend the
use of the NMR of remote sensing observations that integrate both vegetation structure and
physiological information to monitor daily water stress levels. In summary, the diurnal variations in
the vegetation structure and physiology exhibit significant potential for accurately monitoring daily
water stress levels and eliminating the influence of non-drought factors. This information is crucial
for understanding the development of drought and implementing precise irrigation strategies.
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