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Abstract: Monitoring drought stress is crucial for estimating productivity and assessing the health
status of forest ecosystems under global climate change. Solar-induced chlorophyll fluorescence (SIF)
is mechanistically coupled to photosynthesis and has advantages over greenness-based vegetation
indices in detecting drought. In recent years, SIF has commonly been used in monitoring drought
stress in crop ecosystems. However, the response of tower-based SIF to drought stress in forest
ecosystems remains unclear. In this study, we investigated the potential of tower-based SIF to monitor
drought, which was quantified using the plant water stress index (PWSI) in a Chinese cork oak
plantation. The results show the negative effect of drought on SIF, and afternoon depression of SIF
emission under drought stress was observed. Canopy SIF (F) exhibited a nonlinear relationship with
PWSI, while the quantum yield of SIF (ΦF) exhibited a significant linear relationship with PWSI at
687 nm and 760 nm (ΦF687: R2 = 0.90; ΦF760: R2 = 0.85). Incident radiation (PAR) and canopy structure
affected the response of SIF to drought stress, with PAR as the main factor causing the nonlinear
relationship between F and PWSI. Afternoon depression was described as the afternoon/morning
ratio (AMR). AMRF and AMRΦF exhibited a negative linear response to PWSI. AMRF was less
affected than F by PAR and canopy structures, and AMRΦF was more physiologically representative
than ΦF. Moreover, AMRΦF was sensitive to VPD and REW, and it might be a good indicator of
drought. Red SIF was more sensitive to drought than far-red SIF, as the R2 of PWSI with AMRΦF687

(R2 = 0.89) was higher than that with AMRΦF687 (R2 = 0.84). These results highlight the potential of
tower-based SIF, especially red SIF, for drought monitoring in a plantation, and consideration of the
physiological diurnal variation in SIF under drought stress is crucial for improving the accuracy of
drought stress monitoring.

Keywords: sun-induced chlorophyll fluorescence (SIF); drought; afternoon depression; afternoon/
morning ratio (AMR); plantation

1. Introduction

Forest ecosystems, recognized as major terrestrial ecosystems, constitute the largest
land carbon sink and play a crucial role in global carbon cycling and mitigating climate
change [1,2]. The frequency and severity of drought are projected to increase with global
warming, leading to an accelerated decline in productivity and, in some cases, mortality in

Remote Sens. 2024, 16, 1897. https://doi.org/10.3390/rs16111897 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs16111897
https://doi.org/10.3390/rs16111897
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-1570-0555
https://doi.org/10.3390/rs16111897
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs16111897?type=check_update&version=2


Remote Sens. 2024, 16, 1897 2 of 19

forests worldwide [3–6]. Hence, it is necessary to monitor drought in forests to estimate
productivity and assess the health of forest ecosystems.

Satellite remote sensing, providing numerous time-continuous and spatially consistent
data products, has increasingly contributed to the monitoring of ecosystem drought over
recent decades [7,8]. Vegetation indices (VIs), such as the normalized difference vegetation
index (NDVI) and enhanced vegetation index (EVI), have been extensively employed for
drought monitoring, capturing alterations in canopy structure and leaf optical properties
(e.g., leaf area, pigment, dry matter, and water) [9,10]. However, these indicators face
limitations in monitoring short-term drought instances that do not induce substantial
changes in canopy structure and leaf optical properties [8,11,12]. Additionally, these indices
cannot efficiently detect rapid changes in instantaneous photosynthesis under drought
conditions due to their limited sensitivity to photosynthesis [13,14].

Sun-induced chlorophyll fluorescence (SIF), mechanically coupled with photosynthe-
sis, is a promising technique for estimating productivity and monitoring environmental
stress [15,16]. SIF is a broad-spectrum signal ranging from 650 nm to 850 nm, exhibiting
two emission peaks in the red (about 687 nm) and far-red (about 760 nm) bands [16–18].
Plants absorb incident radiation, utilizing part of this for photochemistry and dissipating
some as heat through non-photochemical quenching (NPQ). A small fraction of energy,
which is not dissipated via photochemistry or NPQ, is emitted as SIF. Therefore, SIF reflects
the combined action of PQ and NPQ dynamics [19–21]. Drought stress leads to a decrease
in photosynthetic rate and an increase in NPQ, making SIF sensitive to drought stress [22].
Previous studies reported a reduction in canopy SIF under drought conditions [7,13,23,24].
Nevertheless, observed canopy SIF (F) results from the strong coupling of incident radi-
ation, canopy structure, and physiological information [25,26]. It has been reported that
the reduction in SIF under drought stress depends on two factors: one is the change in
physiological status, and the other is changes in non-physiological status such as canopy
structure. Wang et al. (2023) [27] indicated that physiological changes in SIF primarily
account for the reduction in SIF under drought stress, based on experiments conducted
in a sugar beet field. Hwang et al. (2023) [28] also demonstrated, through controlled
experiments, that changes in canopy structure, like leaf inclination and the canopy cover of
trees under drought stress, result in a reduction in simulated canopy SIF. However, these
studies are based on crops or single trees with relatively simple canopy structures, and the
impact of canopy structure changes under drought stress on SIF in forest canopies with
more complex structures remains unclear.

Incident radiation drives photosynthesis and the emission of fluorescence; it is also a
crucial factor influencing the drought response of vegetation [27]. Our expectation of SIF is
that it reflects physiological values rather than serving as an indicator of canopy structure or
incident radiation [29]. To explore the physiological information in respect of SIF in response
to drought, it is essential to exclude interference factors such as radiation and canopy
structure. Some reflectance-based physical approaches have been explored to decouple the
confounding factors of SIF. The normalization of SIF by absorbed photosynthetically active
radiation (APAR) provides more direct physiological information by excluding the impact
of incoming radiation, but it is affected by canopy structure [30,31]. Zeng et al. (2019) [32]
and Liu et al. (2020) [33] proposed the canopy escape ratio (f esc) in the far-red and red
bands based on a spectrally invariant theory to eliminate the impact of canopy structure.
These methods can rapidly decouple the radiation, structure, and physiological information
of SIF, and obtain the fluorescence light use efficiency (ΦF) that represents the fraction of
absorbed energy regulated by PQ and NPQ [21,34]. This enhances our understanding of
the physiological information in respect to SIF.

The strong coupling between structural and physiological changes is disrupted dur-
ing the diurnal cycle because plant stomata respond more rapidly to drought stress than
canopy structures. Typically, the initial response of most plants to drought is to partially
or completely close stomata in the middle of the day to prevent water loss by reducing or
stopping stomatal transpiration [35,36]. Stomata may reopen later in the afternoon when
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water deficits in the internal tissues of the plant are eliminated via root recruitment and
transport [37,38]. The phenomenon of a strong decline in plant photosynthesis in the after-
noon is termed afternoon depression because the rate of CO2 exchange for photosynthesis
is regulated by stomata [39]. Afternoon depression of photosynthesis reflects the physiolog-
ical response of vegetation to drought stress. Zhang et al. (2023) [40] derived the afternoon
and morning ratio (AMR) from satellite SIF as an indicator of afternoon depression to
monitor the development of physiological drought stress in vegetation during the 2020
southwest US drought. However, it remains uncertain whether the AMR of tower-based
SIF serves as a reliable indicator of drought in plantation forests.

The two peaks of SIF in the red and far-red bands originate from the contributions
of different photosystems. Red SIF mainly corresponds to photosystem II (PSII), which
is the primary site of photoreactions in photosynthesis, while the far-red SIF corresponds
to most of photosystem I (PSI) and a small part of PSII [18,41]. The fluorescence yield of
PSI is generally lower compared to PSII and is less sensitive to incident radiation, PQ, and
NPQ [17,42]. Therefore, red SIF containing more information about PSII is considered to be
more sensitive to environmental stresses than far-red SIF. Nevertheless, whether red SIF
has more potential to monitor drought stress in forest ecosystems than far-red SIF needs to
be further explored.

Drought stress is usually characterized by low soil moisture and high atmospheric
water demand [43]. The response of vegetation physiological processes to drought stress
can be quantified using the plant water stress index (PWSI). This index characterizes the
combined effects of soil and atmospheric water deficits on plants, and has been proven
to be a promising tool for detecting forest ecosystems [44,45]. In this study, PWSI was
computed using evapotranspiration (ET) data observed using the eddy covariance system
and potential evapotranspiration (PET) simulated by the Shuttleworth–Wallace (S–W)
model to define drought stress in plantations. The effect of drought on SIF was analyzed
using measurement data for red SIF (F687) and far-red SIF (F760) data from a tower-based
SIF observation system in the growing season of 2020 and 2021. This study mainly answers
the following questions: (1) What are the temporal dynamics of SIF under drought stress?
(2) Is the afternoon depression (AMR) of SIF a reliable indicator for tracking drought stress
in a plantation? (3) Is red SIF more sensitive to drought stress than far-red SIF in forests?

2. Materials and Methods
2.1. Site Description

This study was conducted at Henan Xiaolangdi Forest Ecosystem National Observa-
tion and Research Station (35◦01′45′′N, 112◦28′08′′E, average altitude: 410 m). The station
is located in Jiyuan City, Henan Province, in the middle of the Yellow River Basin, with
a warm temperate continental monsoon climate. The average annual precipitation was
662.9 mm in 2020, and an extreme precipitation event occurred in July with an average
annual precipitation of 1520.9 mm in 2021. The average temperature in the two years, i.e.,
2020 and 2021, was 15.8 ◦C. In this region, seasonal drought can be detrimental to plant
growth, especially in May, June, and September. The soil is mainly brown loam, with a thin
layer averaging 30 cm in thickness. The Chinese cork oak plantation is 47 years old and a
part of the temperate mixed forest, with the main tree species being arborvitae (Platycladus
orientalis), locust (Robinia pseudoacacia), and Chinese cork oak (Quercus variabilis var. vari-
abilis). The EC footprint radius in the prevailing wind direction is approximately 1 km.
The area and number of cork oak trees account for more than 90% of the footprint. Detailed
information in respect of the study site has been presented by Cheng et al. (2022) [46].

2.2. Measurements
2.2.1. Tower-Based Measurements of Canopy SIF (F)

Canopy SIF observation was undertaken using a fluorescence observation system
AutoSIF-1 (Bergsun Inc., Beijing, China) installed on a tower platform 10 m above the
canopy. The observation system comprised a high-resolution spectrometer (QE65, Ocean
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Optics Inc., Dunedin, FL, USA) with a sampling interval of 0.155 nm, spectral resolution of
0.31 nm, SNR of 1000:1, and a spectral range of 650–800 nm. Two fibers were connected
to the spectrometer via an electronics switcher; a cosine corrector (CC3–3-UV-S, Ocean
Optics Inc., Dunedin, FL, USA) installed at the end of one fiber, and a bare fiber with a
field of view (FOV) of 25◦ were used to measure solar downward radiation and canopy
upward reflected radiation, respectively. The measurement mode was set to the “sandwich”
mode, where the spectrometer first collects solar radiation, then quickly switches the
shutter to measure canopy radiation, and finally switches to measuring solar radiation to
minimize measurement errors caused by radiation changes. The integration time before
each measurement was optimized according to the light intensity. SIF signals were extracted
using the spectral fitting method (SFM), and these were automatically output.

2.2.2. Eddy Covariance Flux and Micrometeorology Factor Measurements

An open-path eddy covariance (OPEC) system was installed at 36 m and used to
monitor the CO2 and H2O exchange flux between the canopy and atmosphere. The system
was composed of an infrared gas analyzer (LI-7500, Li-Cor Inc., Lincoln, NE, USA) and a 3D
sonic anemometer (CSAT3, Campbell Scientific Inc., Logan, UT, USA). The high frequency
of 10 Hz raw data were recorded using a datalogger (Li-7550, Li-Cor Inc., Lincoln, NE,
USA) and then preprocessed using EddyPro software (v.7.0.8, Li-Cor Inc., Lincoln, NE,
USA), following which the GPP and ET were calculated.

The meteorological parameters were measured using an automatic weather station
(AWS) mounted on the EC flux tower. The AWS consisted of a meteorological gradient
observation system that made continuous measurements of precipitation, air pressure, air
temperature (Ta), humidity (RH), photosynthetically active radiation (PAR), soil heat, water
flux, etc. The vapor pressure deficit (VPD) was calculated using the RH and Ta data:

VPD = 1 − RH
100

× 0.611 × e
17.27 × Ta
237.3 + Ta (1)

The relative extractable soil water (REW) was calculated based on Granier et al. [47] as
the ratio of actual extractable water to maximum extractable water:

REW =
θ− θw

θF − θw
(2)

where θ is the average soil water content of 0~30 cm (cm3cm−3), θF is the field capacity
(0.32 cm3cm−3), and θw is the soil water content at wilting point (0.08 cm3cm−3). A value
of 0.5 was used as the threshold for the soil water deficit.

2.2.3. The Fraction of Absorbed Photosynthetically Active Radiation (fPAR) Measurements

The f PAR was measured using four linear photon sensors (RR-9753, RainRoot Inc.,
Beijing, China) with the spectral range 400–700 nm. One of the sensors was installed 3 m
above the canopy of the forest, facing towards the canopy, to measure the PAR reflection of
the canopy. The other three sensors were installed at different positions below the canopy,
facing upwards, at a distance of 2.5 m from the ground and 50–100 cm from the tree body
to measure the photosynthetic effective radiation (PARunder) passing through the canopy.
The data were collected using a RR1016 data collector (RainRoot Inc., Beijing, China).

PAR = PAR − PARreflect − PARunder (3)

fPAR =
APAR
PAR

(4)



Remote Sens. 2024, 16, 1897 5 of 19

2.3. Calculation and Data Analysis
2.3.1. Calculation of PWSI

The plant water stress index (PWSI) was calculated using the evapotranspiration ratio
method [48]:

PWSI = 1 − ET
PET

(5)

where ET was measured using the eddy covariance; and PET is the potential ET and was
calculated using the Shuttleworth–Wallace (S–W) model. The details of this method are
described in Tong et al. (2009) [44].

2.3.2. Calculation of Canopy Structural and Physiological Components

Canopy SIF (F) can be represented as:

F = PAR × fPAR × ΦF × fesc (6)

where F is the canopy SIF, PAR is the incident radiation, and fPAR is a fraction of the
absorbed PAR. ΦF is the SIF quantum yield and represents the physiological components
of SIF. fesc is the escape ratio of SIF from the canopy, and fPAR and fesc represent the canopy
structural components of SIF. The fesc in the far-red band (fesc_far-red) was calculated based
on the method of Zeng et al. (2019) [32]:

fescfar−red ≈ NIRv
fPAR

(7)

The fesc of the red SIF (fesc_red) was calculated based on the method of Liu et al.
(2020) [33]:

fescred ≈ REDv
fPAR

(8)

where NIRv is the near-infrared reflectance of vegetation and was calculated using the
NDVI and near-infrared reflectance, as in Equation (9). Redv is the red reflectance of
vegetation and was calculated using the NDVI and red reflectance, as in Equation (10).

NIRv ≈ NDVI × rnir (9)

REDv ≈ NDVI2 × rred (10)

where NDVI was calculated as follows:

NDVI =
rnir − rred
rnir + rred

(11)

where rnir and rred are the reflectance of the canopy at 758~762 nm and 685~689 nm,
respectively.

Thus, Equation (6) can also be expressed as follows:
Far-red SIF (F760):

F760 = PAR × fPAR × ΦF760 × fescfar−red ≈ PAR × fPAR × ΦF760 ×
NIRv
fPAR

≈ PAR × ΦF760 × NIRv (12)

Red SIF (F687):

F687 = PAR × fPAR × ΦF687 × fescred ≈ PAR × fPAR × ΦF687 ×
REDv
fPAR

≈ PAR × ΦF687 × REDv (13)

Therefore, the radiative, canopy structure, and physiological components of SIF can
be decoupled into PAR, NIRv, or REDv, and ΦF, respectively.

According to Equations (12) and (13), ΦF can be calculated as follows:
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Far-red ΦF (ΦF760):

ΦF760 ≈ F
PAR × NIRv

(14)

Red ΦF (ΦF687):

ΦF687 ≈ F
PAR × REDv

(15)

2.3.3. Quantification of Afternoon Depression

According to a study by Zhang et al. (2023) [40], afternoon depression can be charac-
terized by the afternoon/morning ratio (AMR):

AMRF =
F14:30−17:00

F8:00−11:00
(16)

AMRΦF =
ΦF14:30−17:00

ΦF8:00−11:00
(17)

where F08:00−11:00 and F14:30−17:00 denote the mean F in the morning (8:00–11:00) and after-
noon (14:30–17:00), respectively. ΦF08:00−11:00 and ΦF14:30−17:00 denote the mean ΦF in the
morning (8:00–11:00) and afternoon (14:30–17:00), respectively.

2.3.4. Data Quality Control and Analysis

We selected the SIF data from 8:30 to 17:00 on the observation days in the growing
season of 2020 and 2021, filtered the occasional outliers due to the rapid changes in microm-
eteorological conditions in the measurement period, and retained data within µ ± 3σ (µ and
σ are mean and standard deviation, respectively). The data were resampled using Python
3.7.6 software to obtain the average values at half-hour and daily scales. We excluded the
days of rainfall during this period, and data for a total of 207 days were obtained.

Four sunny days in 2020 (DOY136, DOY138, DOY146, and DOY148) were selected to
compare the daily variation in SIF in response to drought stress. PWSI was aggregated
using 0.05 steps as PWSIbin: we first divided the PWSI according to the intervals [0.00, 0.05),
[0.05, 0.10), [0.10, 0.15), . . . [0.80, 0.85) and then calculated the average value of each interval
as PWSIbin. VPD and REW were aggregated in the same way in steps of 0.5 and 0.05 to
obtain VPDbin and REWbin, respectively.

3. Results
3.1. Time Patterns of SIF in Response to Drought
3.1.1. Seasonal Patterns of SIF in Response to Drought

Figure 1 depicts the seasonal pattern of the PWSI, NDVI, canopy SIF (F), radiative
(PAR), structural (NIRv and REDv), and physiological (ΦF) components of SIF. Figure 1a
shows the apparent seasonal variation in PWSI. The PWSI was higher during the wet and
dry season transition period (late spring and early summer), and was higher than 0.60 in
mid-April–early-May (DOY107-124) and late-May–early-July (DOY148-170) in 2020, and
early-May–early-July (DOY125-189) in 2021. The PWSI was also higher than 0.60 in the
autumn of 2020. The NDVI was relatively stable over the study period, remaining at 0.76 to
0.91 in 2020 and 0.82 to 0.92 in 2021 (as in Figure 1b). NDVI showed a slight decrease only
at the end of the growing season in 2020 when PWSI was high, and did not show significant
seasonal dynamics with PWSI at other times. Both red SIF (F687) and far-red SIF (F760)
responded to changes in PWSI as shown in Figure 1c,d. From May to June and September
of 2020, the fluctuation trends of F687 and F760 were inversely consistent with the PWSI.
Both F687 and F760 were high when PWSI was low, while F687 and F760 were low when
PWSI was high. Additionally, from May to June of 2021, F687 and F760 showed a continuous
decrease during the period of high and stable PWSI. In summer, from mid-July to August
2020 and from late July to August 2021, PWSI remained at a low level, but F687 and F760
decreased, which may be related to the decline in incident radiation (PAR) during this
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period (Figure 1e). The results of our correlation analysis show that F687 was significantly
negatively correlated with PWSI at daily and half-hour scales, while F760 was significantly
negatively correlated on the half-hour scale, as shown in Figure 2a,b.
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Figure 1. Seasonal variations in 2020 and 2021 for (a) plant water stress index (PWSI), (b) normalized
difference vegetation index (NDVI), (c) canopy solar-induced chlorophyll fluorescence in the red
band (F687, mWm−2nm−1sr−1), (d) canopy solar-induced chlorophyll fluorescence in the far-red
band (F760, mWm−2nm−1sr−1), (e) photosynthetically active radiation (PAR, umolm−2s−1), (f) red
reflectance of the vegetation (Redv), (g) near-infrared reflectance of the vegetation (NIRv), (h) SIF
quantum yield in the red band (ΦF687), and (i) SIF quantum yield in the far-red band (ΦF760). Gray
dots indicate half-hourly observed value, red rings indicate daily averages of 8:00–17:00, and red
curves indicate 8 day moving averages.
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Figure 2. Pearson correlation coefficient heatmap. Correlation coefficients of SIF(F) and its quantum
yield (ΦF) with PWSI at (a) daily timescales and (b) half-hourly timescales. Correlation coefficients
between canopy structural parameters and PWSI at (c) daily timescales and (d) half-hour timescales.
*** represents significance levels below 0.001 (p < 0.001), ** represents significance levels below 0.01
(p < 0.01), and * represents significance levels below 0.05 (p < 0.05).

The lower PAR was observed at the beginning and end of the observation period. In
particular, the PAR continued to decline in September 2020, which may also result from
the decline in both F687 and F760 during that period. Seasonal variations in the canopy
structure parameters, REDv and NIRv, exhibited slight differences. REDv remained stable
throughout the growing season, while NIRv displayed a continuous downward trend
from the beginning to the end of the growing season (Figure 1f,g). Both REDv and NIRv
were affected by drought. The results of the correlation analysis are shown in Figure 2.
To further explore the effects of drought on canopy structure, other parameters, such as
f PAR, f esc_red, and f esc_far-red, were compared in addition to REDv and NIRv. The results
show that the canopy structural parameters associated with red SIF, REDv, and f esc_red were
affected by drought at both daily and half-hour timescales, whereas the canopy structural
parameters associated with far-red SIF, NIRv, and f esc_far-red were only affected by drought
at half-hour timescales. Additionally, we found that NDVI was not correlated with PWSI at
the daily timescale and was correlated with PWSI at the half-hour timescale at the 0.05 level
(p < 0.05), but with a very low correlation of −0.04.

It was observed that the quantum yield of SIF (ΦF), the physiological component of
SIF, was higher in the red band (ΦF687) than in the far-red band (ΦF760) (Figure 1g,h). The
seasonal pattern of ΦF was closely associated with PWSI; both ΦF687 and ΦF760 decreased
correspondingly with increasing PWSI, while they increased correspondingly with decreas-
ing PWSI. The results of the quantitative analysis show that both ΦF687 and ΦF760 were
significantly negatively correlated with PWSI at both daily and half-hour timescales, and the
correlation coefficients were higher than those of F687 and F760 (Figure 2a,b). Additionally,
the correlation coefficient between ΦF687 and PWSI was higher than that of ΦF760.
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3.1.2. Diurnal Patterns of SIF in Response to Drought

Figure 3 illustrates four observed days with closed dates but different PWSI levels to
compare the diurnal pattern of SIF in response to drought. The ANOVA results indicate
no significant difference in REDv and a slight difference in NIRv among these four days
in Figure 3b,c. Under low PWSI levels (DOY136), both F687 and F760 exhibited an increase
followed by a decrease from morning to afternoon (Figure 3e,f), and this pattern correlated
with PAR (Figure 3d). However, this diurnal pattern was less evident for F687 and F760
at high PWSI levels (DOY148). Additionally, PAR remained nearly constant for the four
observation days (Figure 3d), while the intensity of both F687 and F760 decreased at the
same time of day with increased PWSI. Significant differences in ΦF were observed among
the four observation days. At the same time of day, ΦF687 and ΦF760 mostly decreased with
the increase in PWSI (Figure 3g,h).
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Figure 3. Daily mean PWSI, REDv, and NIRv in (a–c), as well as diurnal patterns for PAR, F687, F760,
ΦF687, and ΦF760 for the four observation days (DOY136, DOY138, DOY146, and DOY148 in 2020) in
(d–h). Means followed by the same letter were not significantly different at p ≤ 0.05 according to
Tukey’s HSD test in (a–c).

In the diurnal pattern of F and ΦF in response to drought, we found that F and ΦF
decreased more in the afternoon than in the morning and midday with increasing PWSI.
Figure 4 shows that the extent of SIF (F and ΦF) decreases in the morning, midday, and
afternoon. The differences between the three days with higher PWSI levels (DOY138,
DOY146, and DOY148) and DOY136 with a lower PWSI were compared. It was observed
that the reduction in F and ΦF in the morning, noon, and afternoon did not differ signif-
icantly at DOY 138 compared to DOY136. However, the pronounced reduction in F and
ΦF in the afternoon became more evident at DOY146 and DOY148. It was found that the
afternoon depression of SIF (F and ΦF) emission under drought stress was aggravated with
the increase in drought stress level.
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3.2. Relationships between PWSI and F, ΦF, AMRF and AMRΦF

Afternoon depression of SIF is described as the afternoon/morning ratio (AMR) of
SIF. Figure 4 depicts the relationships between PWSI and the daily SIF and AMR of SIF.
Both F687 and F760 showed a trend of increasing and then decreasing with increasing
PWSI, reaching a point at PWSI = 0.42 (Figure 5a,b). When PWSI < 0.42, both F687 and
F760 increased with increasing PWSI, but there were no significant linear relationships
between F and PWSI. However, when PWSI > 0.42, both F687 and F760 decreased linearly
with increasing PWSI. In general, the relationship between F and PWSI was nonlinear.
This variation trend of F687 and F760 may be caused by non-physiological factors such as
radiation and canopy structure, because the quantum yields of SIF, i.e., ΦF687 and ΦF760,
both decreased linearly with increasing PWSI (ΦF687: R2 = 0.90; ΦF760: R2 = 0.85), as shown
in Figure 5c,d, indicating that the emission physiology of SIF is sensitive to drought stress.
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nonlinear regression. It should be noted that the black straight dashed line indicates linear regression
at PWSI < 0.42; the green straight dotted and dashed line indicates linear regression at PWSI > 0.42 in
subfigures (a,b).
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Both AMRF687 and AMRF760 decreased linearly with increasing PWSI (AMRF687:
R2 = 0.71; AMRF760: R2 = 0.50) (Figure 5e,f). The result is consistent with the response of ΦF
to PWSI (Figure 4c,d), exhibiting a substantial decrease with increasing PWSI. AMRΦF687
and AMRΦF687 also exhibited significant linear relationships with PWSI (AMRΦF687: R2 = 0.89;
AMRΦF687: R2 = 0.84); as shown in Figure 5g,h, the regression coefficient of determination
(R2) of AMRΦF was higher than that of AMRF, both in the red and far-red bands.

Differences between red SIF and far-red SIF in response to drought stress were also
observed. The sensitivity of red SIF to drought was higher than that of far-red SIF. It was
found that there was a higher R2 for F687 and PWSI than that of F760 and PWSI when
PWSI > 0.45, and the R2 of the linear relationship between ΦF687 and PWSI was higher
than that between ΦF760 and PWSI. Afternoon depression was also stronger for red SIF
than for far-red SIF with increasing drought stress levels. AMRF and AMRΦF in the red
band had higher R2 values than AMRF and AMRΦF in the far-red band.

3.3. Effect of Non-Physiologic Factors on the Response of F and AMRF to Drought Stress

Non-physiological factors such as incident radiation (PAR) and canopy structure
(REDv or NIRv) were important factors affecting canopy SIF. The correlation coefficients
between red SIF (F687) (r = 0.66) and far-red SIF (F760) (r = 0.73) and PAR were more than
0.6, as shown in Figure 6a. Both F687 and F760 were also significantly correlated with
canopy structural parameters, with F687 negatively correlated with REDv (r = −0.29) and
F760 positively correlated with NIRv (r = 0.47), as shown in Figure 6b. It was found that
radiation is an important factor causing the nonlinear response of F to PWSI at the daily
scale (Figure 5a,b). Excluding the effect of PAR, both F687/PAR and F760/PAR consis-
tently decreased with increasing PWSI, as shown in Figure 7a,c. Compared with F, when
PWSI < 0.42, F687/PAR and F760/PAR showed significant negative linear relationships with
PWSI (F687/PAR: R2 = 0.78; F760/PAR: R2 = 0.75). Moreover, when PWSI > 0.42, F687/PAR
and F760/PAR (F687/PAR: R2 = 0.88; F760/PAR: R2 = 0.73) were also more sensitive to PWSI
than F687 and F760 (F687: R2 = 0.82; F760: R2 = 0.44), respectively. Canopy structure also
affected the sensitivity of F to PWSI at the daily scale. When PWSI > 0.42, F687/REDv,
which excluded the influence of canopy structure on red SIF, was more sensitive to PWSI
(R2 = 0.87) than F687 (Figure 7b). The same was true for the far-red SIF, and the R2 of
F760/NIRv with PWSI (R2 = 0.74) was also higher than F760. However, when PWSI < 0.42,
F687/REDv and F760/NIRv still increased with increasing PWSI (Figure 7d). The results
of partial correlation analysis between F and PWSI show that the correlation coefficient
was significantly improved after controlling for PAR. It was found that after controlling
for PAR, the correlation coefficients of F687 and F760 with PWSI increased substantially,
both at the daily scale (increasing by 0.34 and 0.35, respectively), as shown in Figure 8a.
However, after controlling for REDv, the correlation between F687 and PWSI decreased by
0.03. The radiation factor had a more significant effect than the canopy structure factor
on the response of F to PWSI. Therefore, we believe that the radiation factor had a more
significant effect than the canopy structure factor on the response of F to PWSI.
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The AMR of SIF (AMRF) prevented the incident radiation effect and was not affected 
by PAR, as shown in Figure 6a. The effect of canopy structure on AMRF is shown in Figure 
6b. The correlation between REDv and AMRF687 turned from negative in F687 to positive, 
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results of partial correlation analysis between AMRF and PWSI when controlling for can-
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The AMR of SIF (AMRF) prevented the incident radiation effect and was not affected by
PAR, as shown in Figure 6a. The effect of canopy structure on AMRF is shown in Figure 6b.
The correlation between REDv and AMRF687 turned from negative in F687 to positive,
but the significance level and quantitative relationship decreased (significance level from
p < 0.001 to p < 0.05, correlation value from 0.29 to 0.14). Additionally, the correlation
coefficient of NIRv and AMRF760 compared to that of NIRv and F760 decreased by 0.11. The
results of partial correlation analysis between AMRF and PWSI when controlling for canopy
structure show that the correlation coefficients of both AMRF687-PWSI and AMRF760-PWSI
were improved after controlling for REDv and NIRv, respectively, as shown in Figure 8b,
indicating that canopy structure also contributed to the response of AMRF to PWSI.
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3.4. AMRΦF Can Track the Physiological Response to Drought

As a physiological component of SIF, ΦF was still partially affected by canopy structure
(see Table 1). However, the correlation coefficients between AMRΦF and canopy structural
parameters were lower than those between ΦF and canopy structural parameters. This
indicates that AMRΦF was less affected by canopy structure than ΦF and contained more
physiological information in response to drought.

Table 1. Correlation coefficients of canopy structure parameters and daily ΦF, AMRΦF. *** represents
significance levels below 0.001 (p < 0.001), ** represents significance levels below 0.01 (p < 0.01), and
* represents significance levels below 0.05 (p < 0.05).

Variable ΦF687 ΦF760 AMRΦF687 AMRΦF687

REDv −0.48 *** / −0.21 ** /
NIRv / −0.18 ** / −0.06
fPAR −0.12 −0.21 ** 0.04 0.08

fesc_red −0.45 *** / −0.26 *** /
fesc_far-red / −0.16 * / −0.09

The intense evaporation of atmospheric water (VPD) and the depletion of soil water
(REW) are the main factors inducing drought stress. The correlation coefficients between
PWSI and VPD and REW were 0.69 and −0.60 on the daily scale, respectively (Figure 2a).
Both ΦF and AMRΦF had good negative linear relationships with VPD, as shown in
Figure 9a,b. Although ΦF could capture more than 60% of the variation in VPD, AMRΦF
could capture more than 84% of the variation in VPD (AMRΦF687: R2 = 0.90; AMRΦF687:
R2 = 0.84). AMRΦF in the same band was less sensitive to REW than ΦF, as shown in
Figure 9c,d, but AMRΦF still captured more than 63% of the REW variation (AMRΦF687:
R2 = 0.74; AMRΦF687: R2 = 0.63). The results indicate that AMRΦF also had good robust-
ness in tracking changes in VPD and REW, and because it contains more physiological
information, AMRΦF can track physiological responses to drought stress. Additionally, the
results show that the AMRΦF687 was more closely related to both VPD and REW (VPD:
R2 = 0.90; REW: R2 = 0.74) than the AMRΦF687 (VPD: R2 = 0.84; REW: R2 = 0.63). Therefore,
red AMRΦF is a good indicator for tracking drought stress in plantations.
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4. Discussion

Photosynthesis is restricted by both stomatal and non-stomatal responses during
drought stress, leading to a decrease in photosynthetic parameters. Plant stomata and
metabolism respond to drought stress in an incredibly rapid manner. Plant stomatal
responses optimize the amount of carbon gained per unit of water loss almost instanta-
neously [39]. Evapotranspiration (ET) can well reflect the response of vegetation stomatal
behavior to drought stress at the canopy level. In our results, the observed actual evap-
otranspiration (ET) was lower than the potential evapotranspiration (PET) as shown in
Figure S1, which was realistic. The relative difference between ET and PET was observed
when PET maintained a relatively stable or high seasonal dynamics and ET exhibited a
decreased or lower state, and this difference was most pronounced during the wet and dry
season transition period (late spring and early summer). Therefore, PWSI calculated based
on ET and PET can well reflect the stomatal behavior of vegetation and was an effective
drought indicator of the physiological state of vegetation.

4.1. Physiological and Non-Physiological Effects on SIF Response to Drought

We observed that the seasonal fluctuations in F687 and F760 exhibited an opposite
trend compared to PWSI fluctuations in late spring and early summer (Figure 1a,c,d).
With the increase in daily drought stress levels, the diurnal patterns of F687 and F760 also
changed; that is, lower values at the same time were observed in Figure 2e,f. These results
are consistent with Liu et al. [24], who found that drought stress induced SIF emission
reduction. Additionally, we noted that the SIF quantum yield (ΦF687 and ΦF760) exhibited
strong responses to drought stress on the diurnal cycle when there were no significant
differences in canopy structure and radiation (Figure 3). These results align with previous
findings indicating that the response of F to drought stress is dominated primarily by
physiological effects rather than non-physiological effects [27]. However, the relationship
between F and PWSI was not linear, with a cut-off point of 0.42 (Figure 5a,b). Only when
the level of drought stress was higher (that is, PWSI was greater than 0.42) did the response
of F to PWSI show a linear negative response. ΦF still showed a strong negative linear
relationship with PWSI (Figure 5c,d). We propose that variations in non-physiological
effects, such as radiation and canopy structure, contribute to the nonlinear response of SIF
to PWSI.

Our results demonstrate the close relationship between F and incident radiation (PAR)
(Figure 6a). This was due to the fact that PAR drove photosynthesis and SIF was a product
of PAR (APAR) absorption by chlorophyll [16,26,49]. The relationship between F and PWSI
was almost linear after excluding PAR in our results (Figure 7a,c), and the partial correla-
tion coefficient between F and PWSI controlling for PAR was also significantly improved
(Figure 8a). These results demonstrate that PAR was the primary factor interfering with the
SIF response to drought. Moreover, drought stress led to a disproportionate response of F to
PAR within a diurnal cycle (Figure 3d–f); the increase in R2 of F/PAR-PWSI after excluding
disturbances from PAR was greater than the increase after excluding disturbances from
canopy structure (F/NIRv or F/REDv) when PWSI > 0.42 (Figure 7).

Earlier studies have reported that the reduction in SIF under drought also depends on
the canopy structure [28,50]. Canopy structural parameters such as NIRv or REDv were
significantly correlated with F in the red or far-red bands (Figure 6b) because the observed
F was a fraction of the total F emitted by chlorophyll escaping from the canopy [32].
Consequently, changes in canopy structure induced by drought stress can also indirectly
affect changes in canopy SIF. The short-term drought in this study did not have significant
effects on canopy structure, such as leaf area index and clumping index, because parameters
like fesc_far-red and NIRv, involved in canopy scattering effects, were not correlated with
PWSI on the daily scale (Figure 2c). However, parameters like fesc_red and REDv, involving
the red SIF reabsorption effect, responded to drought stress, indicating that drought affected
leaf chlorophyll content. Hence, canopy structure makes a non-negligible contribution
to the reduction in SIF, particularly red SIF. Additionally, our study utilized reflectance-
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based spectral index methods to correct for red and far-red canopy effects. Although
these methods were initially developed for crops with simple canopies, they have been
successfully applied to structurally complex forest canopies in our results. Researchers
have developed more accurate SIF decoupling methods based on radiative transfer models,
such as SCOPE and DART, but data acquisition using these methods is more complicated.

4.2. Rationale for Afternoon Depression of SIF in Response to Drought

An advantage of ground-based SIF is its higher temporal resolution, allowing for the
real-time and fine-grained observation of the complete photosynthetic daily cycle from
sunrise to sunset. In the drought response of vegetation, stomatal response is more instan-
taneous and frequent than the non-stomatal response, especially in short-term seasonal
drought monitoring. When suffering from drought stress, plants typically partially or fully
close stomata in the middle of the day to reduce or cease stomatal transpiration, preventing
water loss. Stomata regulate photosynthesis by controlling CO2 exchange, hence photosyn-
thesis exhibits midday depression [38,39]. Several studies have emphasized the significance
of midday depression in photosynthesis. Xu et al. (2018) [51] observed the diurnal pattern
of SIF in response to drought and concluded that SIF around midday performed best in
monitoring drought. Liu et al. (2023) [52] proposed the noon-to-morning ratio (NMR) of
SIF to track the characteristics of SIF response to soil drought. In comparison with simple
intra-day time aggregation, the NMR can overcome the limitations of different growth
stages and is more physiologically meaningful and reliable. Our results also identified a
robust response of SIF to drought at noon, with an even stronger response of SIF in the
afternoon. This is because stomata reopen in the afternoon when water deficits in the
internal tissues of the plant are eliminated via root recruitment and transport [37]. Stomatal
reopening in the afternoon is more sensitive to drought than stomatal closure around
midday, and the severity of drought influences the timing and degree of stomatal opening
in the afternoon.

Additionally, plant photosynthesis is positively driven by PAR, which was present
symmetrically in the afternoon and the morning in our study (Figure 3d). Theoretically,
in the absence of stress or under mild stress, the net photosynthetic rate in the afternoon
is similar to that in the morning over a diurnal cycle [38]. Our results show that at low
levels of stress (DOY136 and DOY138), the diurnal trend of F tends to be symmetrical in
the morning and afternoon. Drought stress breaks this symmetry and results in afternoon
depression. At higher levels of stress (DOY146 and DOY148), F decreased more in the
afternoon than in the morning (Figure 4a,b). This intraday variation in photosynthesis
is determined by stomatal behavior. AMR is an indicator of afternoon depression and
is applied to drought monitoring [40]. Our results show that AMRF had a strong linear
relationship with PWSI (Figure 5e,f). This result was attributed to the fact that afternoon
depression of SIF captures photosynthetic changes from a stomatal perspective, and AMR
was less affected by canopy structure and radiation interference, as shown in Figure 6.
Considering the limitations of the physiological compositional coupling approach, we
contend that AMRΦF contains more physiological information than ΦF (Table 1). Although
the relationship between AMRΦF and PWSI was slightly less significant than that between
the daily average ΦF and PWSI, we still believe that AMRΦF is more sensitive to drought
stress than the daily average ΦF, and it is a good indicator of drought stress. Additionally,
stomatal opening and closing are regulated by vapor pressure difference (VPD), and high
VPD also inhibits the reopening of stomata in the afternoon. As AMR takes into account
physiological changes in stomatal response, AMRΦF was more sensitive to VPD than
ΦF (Figure 9a,b). Soil moisture content (REW) is an important factor affecting stomatal
opening and closing in the afternoon. REW explained more than 63% of the variation in
AMRΦF (Figure 9c,d). The results, indicating sensitivity to atmospheric and soil drought,
suggest that AMR is robust in detecting drought. Furthermore, our results demonstrate
that the afternoon depression of tower-based SIF can be used to capture drought stress in
forest ecosystems.
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Due to the importance of vegetation indices in drought monitoring, we explored the
performance of NDVI in drought monitoring. There was no significant correlation between
NDVI and PWSI on the daily timescale, and there was a correlation on the half-hour
timescale, but the correlation coefficient was small (Figure 2c,d). Compared with F687 and
F760, NDVI showed a significant negative linear relationship with PWSIbin (R2 = 0.24),
as shown in Figure S2a, but it was lower than the R2 of ΦF687 and ΦF760 with PWSIbin,
and also lower than the R2 of AMRF687 and AMRF760 with PWSIbin. We also calculated
the afternoon depression of NDVI, as AMRNDVI, and the results showed that AMRNDVI
remained around 1, as shown in Figure S2b, indicating that the diurnal dynamics of NDVI
remained basically symmetrical in the morning and afternoon and was not affected by
drought stress. The poor sensitivity of NDVI to drought stress in our study may be the
result of a combination of the short duration of drought stress in the study area and the
high drought tolerance of cork oak trees. The photosynthetic physiological response of
canopy to short-term drought stress was faster than that of canopy greenness. Therefore,
SIF was more indicative of drought stress than NDVI in a Chinese cork oak plantation.

4.3. Differences of Response to Drought of SIF in the Red and Far-Red Band

The SIF emission at 760 nm (ΦF760) was lower than that at 687 nm (ΦF687), as shown in
our results (Figure 1g,h). This difference is attributed to red SIF containing more information
about PSII and the fluorescence yield of PSI generally being lower than that of PSII [53,54].
However, the reabsorption and scattering effects in leaves or canopies more strongly impede
the escape of red SIF from the canopy than far-red SIF [33]. As a result, the observed red SIF
(F687) above the canopy was much lower than the far-red SIF (F760) (Figure 1b,c). In terms
of temporal responses to drought stress, there was no significant difference between red
SIF and far-red SIF at the seasonal scale. However, the afternoon depression of red SIF was
stronger than that of far-red SIF within a diurnal cycle (Figure 4). The linear relationship
between ΦF687 and PWSI was stronger than that of ΦF760 in our study, both in terms of
daily average (Figure 3c,d) and in terms of AMR (Figure 5g,h). The AMRF in the red band
(AMRF687) also exhibited a higher correlation coefficient with PWSI than that in the far-red
band (AMRF760) (Figure 5e,f). Our results suggest that red SIF has the potential to provide
more information about the physiological state in response to drought than far-red SIF.

However, because red SIF is affected by the chlorophyll reabsorption effect, the reduc-
tion in chlorophyll content caused by drought leads to the decrease in red SIF emission on
the one hand, and an increase in red SIF due to the reduction in the reabsorption effect on
the other hand [55]. These two simultaneous and contradictory effects limit the precision
of red SIF for drought monitoring. Exploring a method to decouple this contradictory
effect may facilitate the future application of red SIF. Additionally, red and far-red SIF are
typically representative of the SIF spectral range (685~850 nm), and F687 and F760 are closely
related (r > 0.90, p < 0.001), both in terms of daily averages and AMR (Figure 5). Based on
the findings of Jia et al. (2020) [56], the combination of red and far-red SIF could enable
more accurate monitoring of nitrogen content at leaf and canopy scales than using a single
band. In the future, exploring combined red and far-red SIFs may enable more accurate
monitoring of photosynthesis and environmental stress in forest ecosystems.

5. Conclusions

In this study, we observed the negative impact of drought stress on SIF on daily and
half-hour scales. Drought resulted in a significant decrease in SIF emission, primarily
attributed to the physiology of SIF emission (ΦF). It also led to an increased afternoon
depression of SIF in our results. The afternoon/morning ratio (AMR) is a valuable indicator
that quantifies afternoon depression and mitigates the effects of radiation and canopy
structure compared to simple intraday aggregation. AMRF and AMRΦF exhibit strong
linear relationships with PWSI. AMRΦF captures most of the changes in atmospheric
moisture content (VPD) and soil water deficit (REW) and appears to be a promising
indicator for tracking variations of drought in forests. Therefore, we recommend utilizing
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temporal variation characteristics of physiological information instead of simple temporal
aggregation for drought monitoring. Both red SIF and far-red SIF exhibit sensitivity
to drought, with red ΦF being more responsive to PWSI than far-red ΦF. Our results
demonstrate a stronger response to drought for AMRF or AMRΦF in the red band compared
to that in the far-red band. In conclusion, red SIF shows great potential for drought
monitoring, and should be applied to estimate productivity and assess the health status of
forests under drought stress in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/rs16111897/s1, Figure S1: Seasonal variations in 2020 and 2021 for poten-
tial evapotranspiration (PET) simulated by the Shuttleworth–Wallace model and evapotranspiration
(ET) observed using the eddy covariance system. Gray dots indicate half-hourly observed value, red
rings indicate daily averages of 8:00–17:00, and red curves indicate 8-day moving averages. Figure S2:
Relationships between PWSI and NDVI. The PWSI of the X-axis is depicted as PWSIbin. The error
bars indicate the standard deviation (SD). Red straight lines indicate linear regression.
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