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Abstract: Solar-induced chlorophyll fluorescence (SIF) is considered as a prospective indicator of
vegetation photosynthetic activity and the ecosystem carbon cycle. The current coarse spatial-
temporal resolutions of SIF data from satellite missions and ground measurements still cannot satisfy
the corroboration of its correlation with photosynthesis and carbon flux. Practical approaches are
needed to be explored for the supplementation of the SIF measurements. In our study, we clarified the
diurnal variations of leaf and canopy chlorophyll fluorescence for a subtropical evergreen coniferous
forest and evaluated the performance of the canopy chlorophyll concentration (CCC) approach and
the backward approach from gross primary production (GPP) for estimating the diurnal variations
of canopy SIF by comparing with the Soil Canopy Observation Photosynthesis Energy (SCOPE)
model. The results showed that the canopy SIF had similar seasonal and diurnal variations with
the incident photosynthetically active radiation (PAR) above the canopy, while the leaf steady-state
fluorescence remained stable during the daytime. Neither the CCC nor the raw backward approach
from GPP could capture the short temporal dynamics of canopy SIF. However, after improving the
backward approach with a correction factor of normalized PAR incident on leaves, the variation of
the estimated canopy SIF accounted for more than half of the diurnal variations in the canopy SIF
(SIF687: R2 = 0.53, p < 0.001; SIF760: R2 = 0.72, p < 0.001) for the subtropical evergreen coniferous forest
without water stress. Drought interfered with the utilization of the improved backward approach
because of the decoupling of SIF and GPP due to stomatal closure. This new approach offers new
insight into the estimation of diurnal canopy SIF and can help understand the photosynthesis of
vegetation for future climate change studies.

Keywords: chlorophyll fluorescence; model comparison; SCOPE model; evergreen conifer; wa-
ter stress

1. Introduction

Chlorophyll Fluorescence (ChlF) is regarded as a prospective marker of vegetation pho-
tosynthetic activity and a vital indicator of the carbon cycle. Leaf chlorophyll molecules cap-
ture light energy and transmit it to the reaction centers to release through three pathways:
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photochemistry to drive photosynthesis, non-photochemical quenching (NPQ, i.e., thermal
energy dissipation) and a small part re-emitted as ChlF [1,2]. The physics-physiology
mechanism linking the photosynthetic function to ChlF indicates that the fluorescence
can be an observable and valid indicator of vegetation photosynthetic activity. With the
recent advancements in remote sensing techniques, solar-induced chlorophyll fluorescence
(SIF) can be detected by remote sensing instruments and has been found to be correlated
with gross photosynthetic carbon dioxide (CO2) assimilation or gross primary production
(GPP) at the canopy and landscape scales [3–6]. Numerous satellite missions provide
space-borne SIF datasets, including GOSAT [7], GOME-2 [8], SCIAMACHY [9], OCO-2 [10],
TROPOMI [11] and TANSAT [12]. Therefore, the application of fluorescence signals to
derive plant photosynthesis for regional and global carbon cycle research has received
increasing attention.

However, those satellite sensors only provide SIF data as passage grids, with a spa-
tial resolution of at most several kilometers and unsatisfactory space coverage. Global
satellite-based SIF data are only aggregated to biweekly and monthly at a coarse spatial
resolution of 1◦ and 0.5◦ (e.g., OCO-2 and GOME-2). Spectroradiometer systems, which
offer continuous tower-based SIF measurements at the canopy level, have gradually pop-
ularized. The systems semi-synchronously measure solar irradiance and plant canopy
radiance for calculating the canopy SIF signals. Tower-based SIF observation systems in-
clude FluoSpec [6,13], AutoSIF [14], FloX [15], PhotoSpec [16], FAME [17] and SIFspec [18],
offering an opportunity to bridge the measurement gap between satellites and carbon flux
towers. ChinaSpec, a network of collaborating sites to conduct ground-based continuous
SIF measurements along with flux for ecosystem research, has founded starting in 2016 and
been used to assist in the validation of fluorescence models and satellite SIF products [19].
However, the distribution of these sites is still too limited to verify the satellite SIF data
for multi-biome and large-scale studies so far. Thus, more SIF data resources are still
needed for the verification of satellite observations and the corroboration of its correlation
with photosynthesis.

Process models have been considered to be helpful approaches for quantifying the
ecosystem processes and supplementing the limited practical measurements. SCOPE (Soil
Canopy Observation Photosynthesis Energy) model [20] has been used proverbially as an
essential tool for estimating continuous SIF and exploring fluorescence-photosynthesis
linkages at different temporal scales. Holding a complete physiological expression of photo-
synthesis and fluorescence process, SCOPE has been considered to be a robust and reliable
model for comprehending SIF and photosynthetic status in numerous research [21–23].
However, SCOPE model requests lots of input data, including leaf traits, leaf biochemical,
canopy structure, meteorology and geometry, which might be difficult to obtain fully. SIF
has usually been found sensitive to leaf chlorophyll content (Cab) and leaf area index
(LAI) by a global sensitivity analysis using the SCOPE model [24]. Depending on that,
an approach for estimating SIF at landscape and seasonal scale was established using the
empirical non-linear logarithmic relationship between SIF and a product of Cab and LAI
(i.e., canopy chlorophyll concentration, CCC) [25]. Except that, a forward GPP estimation
approach based on canopy SIF measurement and leaf ChlF parameter was proven useful
for the estimation of GPP dynamics [26], which implies whether we can use a backward
way from measured GPP as a new alternative approach for canopy SIF estimation. An
evaluation of these two approaches is needed for better interpreting the temporal dynamics
of the SIF signal, especially for the diurnal dynamics.

Subtropical forests, a widely distributed ecosystem in southern China, are crucial
to the regional and even global carbon cycle because of their high carbon sequestration
capacity. It was estimated that the total annual net ecosystem production (NEP) of monsoon
subtropical forests in East Asia accounted for 8% of the global forest NEP [27]. A recent
study reported that the rapid increase of afforestation in the past 30 years resulted in
the large carbon sink in mainland China, especially in Southwest China, in which the
carbon uptake accounted for approximately one-third of the carbon uptake in mainland
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China [28]. Due to the highly significant correlation of chlorophyll fluorescence and
photosynthesis, accurately quantifying the SIF dynamics of this vital ecosystem is essential
both for verifying satellite observation data and interpreting the underlying driving forces
in the global terrestrial carbon cycle.

Therefore, the practical issue is how we can accurately estimate SIF for the subtropical
evergreen coniferous forests. We evaluated the performances of two approaches, i.e., (1) the
CCC approach and (2) the backward approach from GPP, for diurnal SIF estimation using
measured and simulated data for a typical subtropical evergreen coniferous forest site
in eastern China. In this study, our objectives are: (1) interpreting the diurnal dynam-
ics of chlorophyll fluorescence (Fs and SIF) of a subtropical evergreen coniferous forest;
(2) quantitatively evaluating the performance of the two approaches for estimating SIF by
comparing with the timulation of the SCOPE model.

2. Materials and Methods
2.1. Study Site

The study was conducted at the flux tower of the Qianyanzhou (QYZ) Ecological
Research Station (26◦44′48′′ N, 115◦04′13′′ E, elevation 110.8 m), located in the Ji’an, Jiangxi
Province in southern China (Figure 1). QYZ site has a typical subtropical monsoon climate.
The annual average solar radiation is 4661 MJ·m−2 and the annual average air temperature
is 17.9 ◦C. The annual average precipitation is 1485.1 mm and the rainfall occurs mainly
from March to June. The soil taxonomy of the site is red soil. The evergreen coniferous forest
covers 90% of the flux tower surrounding area. Major species including Pinus massoniana,
Pinus elliottii occupy more than 95% of the evergreen coniferous plantation plot, which was
established in the 1980s [29]. The mean canopy height of the forest is 15.5 m [30].

Remote Sens. 2021, 13, x FOR PEER REVIEW 3 of 18 
 

 

monsoon subtropical forests in East Asia accounted for 8% of the global forest NEP [27]. 
A recent study reported that the rapid increase of afforestation in the past 30 years 
resulted in the large carbon sink in mainland China, especially in Southwest China, in 
which the carbon uptake accounted for approximately one-third of the carbon uptake in 
mainland China [28]. Due to the highly significant correlation of chlorophyll fluorescence 
and photosynthesis, accurately quantifying the SIF dynamics of this vital ecosystem is 
essential both for verifying satellite observation data and interpreting the underlying 
driving forces in the global terrestrial carbon cycle. 

Therefore, the practical issue is how we can accurately estimate SIF for the 
subtropical evergreen coniferous forests. We evaluated the performances of two 
approaches, i.e., (1) the CCC approach and (2) the backward approach from GPP, for 
diurnal SIF estimation using measured and simulated data for a typical subtropical 
evergreen coniferous forest site in eastern China. In this study, our objectives are: (1) 
interpreting the diurnal dynamics of chlorophyll fluorescence (Fs and SIF) of a subtropical 
evergreen coniferous forest; (2) quantitatively evaluating the performance of the two 
approaches for estimating SIF by comparing with the timulation of the SCOPE model.  

2. Materials and Methods 
2.1. Study Site 

The study was conducted at the flux tower of the Qianyanzhou (QYZ) Ecological 
Research Station (26°44′48″ N, 115°04′13″ E, elevation 110.8 m), located in the Ji’an, Jiangxi 
Province in southern China (Figure 1). QYZ site has a typical subtropical monsoon 
climate. The annual average solar radiation is 4661 MJ·m−2 and the annual average air 
temperature is 17.9 °C. The annual average precipitation is 1485.1 mm and the rainfall 
occurs mainly from March to June. The soil taxonomy of the site is red soil. The evergreen 
coniferous forest covers 90% of the flux tower surrounding area. Major species including 
Pinus massoniana, Pinus elliottii occupy more than 95% of the evergreen coniferous 
plantation plot, which was established in the 1980s [29]. The mean canopy height of the 
forest is 15.5 m [30]. 

 
Figure 1. Location of the flux tower at Qianyanzhou (QYZ) site. Figure 1. Location of the flux tower at Qianyanzhou (QYZ) site.



Remote Sens. 2021, 13, 3143 4 of 18

2.2. In Situ Measurements
2.2.1. Eddy Flux and Ancillary Measurement

Eddy covariance (EC) system was fixed at the height of 23 m on the flux tower to
measure the net ecosystem exchange of CO2 (NEE). The EC system comprises an open-path
infrared gas analyzer (LI-7500, LI-COR Inc., Lincoln, NE, USA) for the measurement of
CO2/H2O concentrations and a three-dimensional sonic anemometer (CSAT3, Campbell
Scientific Inc., Logan, UT, USA) for the measurement of wind speed and virtual temperature.
All raw EC data were recorded at 10 Hz frequency by a data logger (CR5000, Campbell
Scientific, Logan, UT, USA) and then stored as the 30 min average of the EC data. Data
quality control and processing were conducted using the EddyPro software (LI-COR Inc.,
Lincoln, NE, USA) for the production of NEE estimates. A flux partitioning algorithm [31]
was employed to estimate EC-measured GPP (GPPEC) using NEE and daytime ecosystem
respiration (Re).

GPPEC = −NER + Re (1)

Ancillary environmental variables at canopy level were measured synchronously with
EC flux measurements. The environmental variables included downward shortwave radia-
tion (Rin) and longwave radiation (Rli) (CMP11, Kipp & Zonen, Delft, The Netherlands),
PAR incident above the canopy (PARcanopy) (LI-190SB, LI-COR Inc., Lincoln, NE, USA),
air temperature (Ta) (HMP45C, Vaisala Group, Helsinki, Finland), air pressure (p) and
atmospheric vapor pressure (ea) (CS105, Vaisala Group, Helsinki, Finland), wind speed (u)
(A100R, Vector Instruments, North Wales, UK) and volumetric soil moisture content (SMC,
20 cm depth) (CS615-L, Campbell Scientific Inc., Logan, UT, USA).

2.2.2. Canopy Reflectance

The AMSPEC II spectra system [32] was installed at 31 m height of the flux tower to
measure the reflectance of the canopy. The system consists of a UniSpec-DC dual-channel
spectrometer (PP Systems, Amesbury, MA, USA), a PTU-D46 automatic tilt rotation device
(FLIR Systems, Goleta, CA, USA), a computer and some accessories [30]. The spectrometer
is equipped with both up-looking and down-looking fibers and covers a spectral range
from around 300 to 1100 nm with 256 contiguous bands and 3.1–3.4 nm of FWHM. The
up-looking fiber equipped with a cosine receptor is used to collect hemisphere incident
irradiance, while the down-looking bare fiber simultaneously measures canopy radiance
with an instantaneous field of view (IFOV) of 20◦. Then, the canopy reflectance was
calculated to be the ratio of the canopy radiance and incident irradiance, see [30] for details.
The canopy reflectance was sampled every 2–3 s and recorded every 15 min from sunrise
to sunset [33].

2.2.3. Leaf Chlorophyll Fluorescence and Photosynthesis Rates

Leaf chlorophyll fluorescence and photosynthesis rates of two major species (i.e.,
Pinus massoniana and Pinus elliottii) were measured on a wooden platform of 14 m height
next to the flux tower. An open gas exchange system (LI-6400XT, LI-COR Inc., Lincoln,
NE, USA) with an integrated leaf chamber fluorometer (LCF) (LI-6400-40, LI-COR Inc.,
Lincoln, NE, USA) was used to simultaneously measure the leaf chlorophyll fluorescence
and photosynthesis rates. Meanwhile, some environmental variables at the leaf level were
measured, including the PAR incident on the leaves (PARleaf), leaf temperature and leaf
humidity. We randomly selected 3 clusters of the upper canopy needles of each species
for in situ measurement every month during the 2017 growing season, namely 21 April,
22 May, 1 July, 22 July, 31 August, 24 September, 23 October and 25 November. When we
used LI-6400XT to measure, the cluster of needles was flattened and they covered the entire
leaf chamber to avoid measurement errors caused by overlapping leaves or gaps between
leaves [33].

The selected needles were wrapped in tin foil for at least 30 min [34] before the
dark-adapted measurements at around 8:00. Then, they were measured once an hour for
light-adapted measurements till 17:00. After being placed in the dark for at least 30 min,
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the leaves were shined on by a weak red light from the LCF and the initial minimum
fluorescence (Fo) was detected. Net photosynthetic rate (Pnet, µmol m−2 s−1) of the leaves
was recorded together with the measurements of Fo. The Pnet under dark-adapted light
ambient was regarded as dark respiration. Next, when the leaves were exposed to a
saturating pulse, the fluorescence immediately rose to an initial maximal level (Fm) [26].
After the dark-adapted process, all leaves were exposed to ambient light to prepare for the
light-adapted process. In this process, LCF provided an actinic light at an intensity equal
to the ambient light. Then, the steady-state fluorescence (Fs) and Pnet were recorded once
they fluctuated in allowed ranges after the leaves were illuminated for 20–30 min. The
Pnet was quantified under an ambient-synchronized light intensity (i.e., PARleaf) and CO2
level, except for the first measurement under a dark-adapted light ambient. Then, the leaf
apparent photosynthesis (Papparent) was calculated as the sum of dark respiration and Pnet
at a given ambient light intensity [35].

2.2.4. Leaf Traits and Canopy Structure

After each photosynthetic measurement, a Chlorophyll Content Meter CCM 300 (Opti-
Sciences, Inc., Hudson, NH, USA) was used to measure the Cab of the same leaves (Table 1).
The chlorophyll contents of leaves were measured at least five times and averaged for
the final values. Plant canopy analyzer LAI-2200 (LI-COR Inc., Lincoln, NE, USA) was
used to measure the effective LAI (i.e., LAIe) on the same day as leaf fluorescence and
photosynthesis measurements. In order to minimize the impact of multiple scattering
of solar radiation, we measured LAIe at overcast days or near sunset [36]. We averaged
around thirty values to obtain the final LAIe value of the day. Then, the effect of foliage
clumping was considered on true LAI (LAI = (1 − α) × LAIe × γE/ΩE) with average
shoot projected area (α = 0.07 [37]), needle-to-shoot area ratio (γE = 1.45 [38]) and clumping
index (ΩE = 0.81 [38]). The maximum rate of Rubisco carboxylation (Vcmax) was obtained
from [33], which observed the same tree species during the same period.

Table 1. Leaf chlorophyll content (Cab) and canopy structure variable (LAI) used in this study.

Date 21 April 22 May 1 July 22 July 31 August 24
September 23 October 25

November

Cab (µg cm−2) 43.53 ± 3.51 43.83 ± 3.14 45.42 ± 3.25 41.76 ± 3.82 40.87 ± 6.36 43.48 ± 5.38 46.23 ± 5.59 42.88 ± 3.26
LAI (m2 m−2) 4.31 ± 0.58 4.37 ± 1.07 4.56 ± 0.49 4.85 ± 1.07 4.63 ± 0.62 4.41 ± 0.68 4.37 ± 0.40 4.24 ± 0.48

2.3. SIF Simulation by SCOPE Model
2.3.1. SCOPE Model Description

We used the SCOPE model to retrieve vegetation parameters from the measured
canopy reflectance (Ref) and then to simulate the canopy SIF (SIFSCOPE). SCOPE is an
integrated energy balance and radiative transfer model [20,39], which integrates the energy
balance process with the radiative transfer of solar radiation (RTMo), thermal radiation
emitted by the vegetation (RTMt) and re-emission as fluorescence (RTMf). In the energy
balance process, a biochemical module processes the emission efficiency of fluorescence
according to the other two energy de-excitation pathways: photochemical quenching via
photochemical and non-photochemical quenching via heat dissipation. SCOPE can com-
plete the calculations of canopy reflected radiation, thermal radiation and SIF in company
with energy, carbon and water flux. In our study, we applied SCOPE version 2.0 to simulate
SIFSCOPE. To perform the simulation, the model needs input data associated with leaf
optical and biochemical properties, canopy structure, meteorology and sun-view geometry
(Table 2) [21]. The major input variables were derived from field measurements and model
inversion. Other required variables of the SCOPE model were assumed as their default val-
ues. Our analysis concentrated on the SIF estimation results at 687 nm and 760 nm (SIF687
and SIF760), standing for the red and far-red solar-induced fluorescence, respectively.
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Table 2. Major input data of SCOPE model used in our study.

Variables Definition Unit Range Value/Source

Leaf traits
Cab chlorophyll a and b content µg cm−2 0–100 measurement
Cca carotenoid content µg cm−2 0–25 inversion

Cdm dry matter content g cm−2 0–0.02 inversion
Cw equivalent water thickness cm 0–0.2 inversion
Cs brown pigments a.u. 0–1 inversion
N leaf structure parameter – 1–3.5 inversion

Leaf biochemical

Vcmax maximum rate of Rubisco carboxylation
(at optimum temperature) µmol m−2 s−1 0–200 literature

m Ball-Berry stomatal conductance
parameter – 5–20 9

Canopy structure
LAI leaf area index m2 m−2 0–7 measurement
hc vegetation height m / measurement

LIDFa leaf inclination – −1–1 inversion
LIDFb variation in leaf inclination – −1–1 inversion

leafwidth leaf width m / 0.001

Meteorology
Rin broadband incoming shortwave radiation W m−2 0–1400 measurement
Rli broadband incoming longwave radiation W m−2 200–500 measurement
Ta air temperature ◦C −10–50 measurement
p air pressure hPa 900–1100 measurement
ea atmospheric vapor pressure hPa 0–60 measurement
u wind speed at canopy height m s−1 0–50 measurement

SMC volumetric soil moisture content % 5–55 measurement

Geometry
LAT latitude decimal deg / measurement
LON longitude decimal deg / measurement

tto observation zenith angle decimal deg 0–60 0

2.3.2. Parameter Inversion and SIF Simulation

The values of some vegetation parameters (see details in Table 2) were retrieved from
the reflectance apectra (400 to 850 nm) using the optical radiative transfer routine of SCOPE
(i.e., RTMo). We used the numerical optimization (NO) method for the retrieval of required
leaf and canopy parameters (Cca, Cdm, Cw, Cs, N, LIDFa and LIDFb). NO method aims to
minimize the cost function that quantifies the difference between measured and simulated
data by successively changing the input parameters. One set of parameter values were
retrieved separately for each of the measurement days, using the canopy reflectance mea-
sured at midday [40]. Before the method started, the measured canopy reflectance spectra
were linearly interpolated to a resolution of 1 nm to match the simulated one. We used the
‘lsqnonlin’ function listed in the optimization toolbox of MatlabR2017 and chose the ‘Trust
Region algorithm’ for updating the values of required parameters within the ranges in [41].
With the retrieved vegetation parameters and half-hourly meteorological variables as input,
we simulated diurnal cycles of SIF (SIFSCOPE, i.e., SIF687 and SIF760), GPP (GPPSCOPE) and
canopy reflectance (RefSCOPE) using the full SCOPE model. The SCOPE model outputs the
net canopy photosynthesis, representing the total gross photosynthesis minus the CO2 flux
caused by leaf respiration [21]. Therefore, we added the total photosynthesis rate of leaf as
one of the outputs for the codes of the biochemical module in the SCOPE model, then the
total gross photosynthesis rate of the canopy, known as GPPSCOPE, was calculated as the
same way of net photosynthesis. The measured GPPEC and Ref were compared with the
simulated ones to validate the accuracy of SCOPE model simulation (Figure 2).
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2.4. Evaluation of the Two SIF Estimation Approaches by Comparing with SCOPE Model
2.4.1. SIF Estimation of the CCC Approach

It was found that CCC (canopy chlorophyll concentration) had a non-linear logarith-
mic relationship with canopy SIF for the deciduous mixed forest plantation, which was
used to estimate spatial SIF [25]. Thus, we supposed that the CCC might be an approach to
estimate the diurnal dynamics of SIF. In the CCC approach, SIF is described as a logarithmic
function of CCC as follows:

SIFCCC = a× In(CCC) + b (2)

where CCC was calculated by the product of Cab and LAI.

2.4.2. SIF Estimation of the Backward Approach

The backward approach is a reverse process of GPP estimation. With the given leaf-
based parameter, namely, Papparent

c×Fs
, GPP was forward estimated using SIF measurements [26].

Therefore, we could reversely estimate SIF using GPP measurements and the parameter:

SIFBACK = GPPEC ×
c× Fs

Papparent
(3)

where c is the correction coefficient, which is proven to be a typical constant of 0.0001
(mW m−2 sr−1 nm−1 per Fs count) [26].

However, the coefficient c was obtained under a given incident PAR at the light
intensity of 600 µmol m−2 s−1 [26], so we improved the backward approach through a
correction factor (k), a ratio of PARleaf and the given PAR.

SIFBACK∗ = GPPEC ×
k× c× Fs

Papparent
(4)
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2.4.3. Evaluation Process of the Two Approaches

Taking SIF simulated by the SCOPE model (SIFSCOPE) at the canopy level as a bench-
mark, we compared the diurnal variations in SIF estimated by both CCC and backward
approaches with the SIFSCOPE (Figure 3). The performances of relationships between
SIFSCOPE and SIF estimated from different approaches were evaluated by the coefficient
of determination (R2). Cab, Fs and Papparent were measured hourly; thereby, half-hourly
GPPEC and SIFSCOPE were averaged to every hour to match the time resolution of the
others. Due to a malfunction of the LI-6400XT, the erroneous observation data on 22 May
was eliminated.
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3. Results
3.1. Parameters Retrieved from In Situ Measurements for SCOPE Model

The leaf traits and canopy structure parameters, including Cab, Cca, Cs, Cw, Cdm, N,
LIDFa, LIDFb and LAI, together govern the changes in the canopy reflectance. Based on
the inversion procedure as shown in Figure 2, vegetation parameters including Cca, Cdm,
Cw, Cs, N, LIDFa and LIDFb were retrieved on the eight fieldwork days (Table 3). Cab and
LAI were obtained from field measurements. The results showed that the Cca varied from
2.86 µg cm−2 to 13.14 µg cm−2 on different days of the growing season, although Cab of
the subtropical evergreen forest did not change significantly during the year (Table 1). Cdm
and Cw remained almost stable at 0.02 and 0.05, respectively, during the whole growing
season. N was also stable at 3, except for a relatively low value in July. Cs varied greatly
throughout the year, showing higher values in spring and autumn and lower values in
summer. The seasonal variation in LAI ranged from 4.85 m2 m−2 to 4.24 m2 m−2, with the
highest in July and lowest in November (Table 1). The seasonal variation in the pattern
of LIDFa and LIDFb showed that the leaf inclination and its distribution both changed
during the growing season. The model reproduced the measured canopy reflectance well
with sum squared residuals (SSR) between 0.02 and 1.02 (Table 3). The results also showed
that the simulated half-hourly GPPSCOPE significantly correlated to the measured GPPEC
(R2 = 0.80, p < 0.001, Figure 4). The linear relationship between GPPSCOPE and GPPEC was
close to the 1:1 line, in spite of some data spread caused by the uncertainty of measured
meteorological data and the simplify of the model processes. All these results proved
that the SCOPE model could accurately retrieve the characteristics of leaf trait and canopy
structure using the measured reflectance as a constraint.
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Table 3. Retrieved parameters from measured canopy reflectance by SCOPE model on fieldwork days in 2017 for the
subtropical evergreen coniferous forest at QYZ site.

Date 21 April 22 May 1 July 22 July 31 August 24 September 23 October 25 November

Cca 5.02 6.23 8.59 10.13 9.65 13.14 7.20 2.86
Cdm 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Cw 0.050 0.05 0.049 0.050 0.050 0.049 0.050 0.050
Cs 0.72 0.34 0.64 0.25 0.26 0.24 0.33 0.69
N 3.00 3.00 3.00 2.17 3.00 2.96 3.00 3.00

LIDFa 0.91 −0.45 −0.51 −0.75 −0.89 −1.00 −0.97 0.00
LIDFb −0.40 1.00 0.78 −0.09 1.00 0.65 1.00 1.00

SSR of Ref 1.02 0.16 0.14 0.02 0.04 0.02 0.04 0.28
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3.2. Diurnal Variations of Chlorophyll Fluorescence on Different Days during the Season

The canopy SIF simulated by the SCOPE model showed that canopy SIF687 and SIF760
had similar seasonal and diurnal variations (Figure 5a,b). They both reached their peaks in
the summer across all these days and their daily maximum appeared near noon (12:00). The
variations of canopy SIF closely correlated to the PAR incident above the canopy (SIF687:
R2 = 0.67, p < 0.001; SIF760: R2 = 0.89, p < 0.001). Noticing that an extremely high PAR
occurred on July 22th at both SIF687 and SIF760. However, the GPP on that day did not
show significant high values. We inferred that the excess light was emitted in the form
of fluorescence to avert damage to the photosynthetic apparatus of the leaves. For the
leaf level, the results illustrated that the value of Fs remained stable throughout one given
daylight, although it held seasonal variations with lower in spring and higher in autumn.
The variations in leaf PAR and photosynthesis rate (PARleaf and Papparent) were consistent
with these of PAR and GPP in the canopy (Figures 5 and 6). The Papparent also happened to
be at the lowest level on 22 July with the high incident PAR (Figure 6c).
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3.3. Evaluation of the CCC Approach Compared with the SCOPE Model

Figure 7 showed the logarithmic relationship between both SIF687 and SIF760 with the
canopy chlorophyll concentration (CCC). The results showed that CCC ranged from 1.6 to
2.2 g m−2 during the experimental days and it could not capture the diurnal variation in
either SIF687 or SIF760 (R2 = 0.01 and R2 = 0.00, respectively) with the logarithmic function.
The CCC was the product of Cab and LAI. LAI remained unchanged throughout the day;
thus, the diurnal variations of CCC depended on the Cab dynamics. However, the diurnal
cycle of Cab is no obvious (Figure 6b). Thus, it can be seen that the CCC approach may
not be suitable to track the diurnal variations in canopy SIF for the subtropical evergreen
coniferous forest.
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3.4. Evaluation of the Backward Approach Compared with the SCOPE Model

Although the forward estimation of GPP by SIF observations was also designed for
its temporal variation through seasons, we assessed the backward approach from GPP
for the estimation of diurnal SIF dynamics. Figure 8 illustrated that the SIFBACK using the
direct backward approach did not significantly correlate with SIF687 (R2 = 0.00) or SIF760
(R2 = 0.03). It was also found that the high value of SIFBACK was usually accompanied
by high VPD. Considering the coefficient c in the raw forward approach was obtained
under the given PAR, the correction factor k was used in our study to improve the ap-
proach. Using the improved backward approach, the SIFBACK* accounted for 21% and
36% of temporal variations of SIF687 and SIF760, respectively (R2 = 0.21, p < 0.001; R2 = 0.36,
p < 0.001) (Figure 9a,b). The parabola regressions showed higher coefficients of determi-
nation (Figure 9), which was caused by the interference of high VPD on their positive
correlation. After removing the abnormal points under drought stress (VPD > 2.7), the R2

between SIFBACK* and SIFSCOPE improved to 0.53 for SIF687 (p < 0.001) and 0.72 for SIF760
(p < 0.001). The high VPD appeared on 22 July, when the subtropical forest experienced the
seasonal drought. That also explained the lower GPP on this day. Thereby, the improved
backward approach offers a new insight to estimate the diurnal canopy SIF dynamics
without the water stress for subtropical coniferous forests.
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4. Discussion
4.1. Variations of Chlorophyll Fluorescence across Scales

In our study, the diurnal changes of the canopy SIF687 and SIF760 both showed typical
single-peaks (Figure 5a,b), similar with the pattern of the irradiance incident above the
canopy (Figure 5d).The variation in canopy SIF was dominated by the incident PAR above
the canopy [42,43] and even more correlated to the absorbed PAR than GPP at short-time
resolution [44]. In contrast, the variation of leaf Fs was non-obvious during the daytime
(Figure 6a). Although the changes of leaf Fs are also related to the irradiance [45,46], the
correlation was weakened in this study because of the average of Fs across leaves under
different illumination due to the canopy geometry and varied solar irradiance. The incident
irradiance field is required to be carefully characterized when we compare spectra-based
SIF observations with PAM fluorescence measurements. The values and diurnal variations
of PARleaf were both less than that of PARcanopy in our results (Figures 5d and 6d). Another
explanation might be the influence of different fluorescence emission bands for canopy
SIF and Fs. SIF was usually measured at narrow wavelengths of O2-A (687 nm) and O2-B
(760 nm) at canopy and landscape levels, whereas leaf Fs was measured over a broad
spectral range between 700 and 715 nm. ChlF signal emitted from plants contains two
crests in the range of 650–800 nm: One in the red spectral region (650–700 nm) with a
maximum around 687 nm is mainly contributed by photosystem II (PSII) and the other in
the near-infrared spectral region (700–800 nm) with a maximum near 740 nm is contributed
by both photosystem I (PSI) and PSII [2]. Some model-based studies found the different
sensitivities of SIF bands to leaf biochemistry and canopy structure [22,47].

Canopy SIF signal changed throughout the season. Canopy structure and leaf pig-
ments matter on the variation of canopy SIF on the seasonal scale except for the illumination
effect. Despite no sizeable seasonal variation of LAI, it displayed a slight increase in sum-
mer, which might lead to a rise in SIF emitted by total leaves. Leaf chlorophyll content
modulates light absorption and fluorescence reabsorption, thereby regulating ChlF. Leaf
chlorophyll content usually varies within the seasonal range, which is especially obvious
due to leaf development and senescence [48,49]. However, the adjustments in chlorophyll
content rarely occurred in these subtropical evergreen needles during the seasons. How-
ever, the retrieved carotenoid content varied a large range from 2.86 to 13.14 µg cm−2. In
addition, the effects of xanthophyll pigment also need to be taken into consideration to
comprehend the seasonal variability of SIF for evergreen forests [5].

4.2. Explanations and Limitations of the CCC Approach and the Backward Approach

A non-linear logarithmic relationship (R2 > 0.9, p < 0.05) was shown between simulated
SIF by SCOPE model and CCC calculated by measured LAI and leaf Cab in a deciduous
mixed forest plantation [25]. Based on this, the CCC approach was presented to estimate
spatial SIF using the empirical relationship. However, the CCC did not capture the varia-
tions of SIF with the logarithmic function in our study (Figure 7). We infer that the different
result is caused by the much fewer changes in the canopy chlorophyll that occurs in the
evergreen forest than that in deciduous forest. In contrast to crops and deciduous plants,
the canopy structure of forests is generally considered to be constant throughout the day.
The LAI of the subtropical evergreen forests, which this study focused on, rarely even had
large seasonal changes (Table 1). Therefore, the diurnal changes of SIF for the same canopy
would hardly be disturbed by the canopy structure. The diurnal SIF dynamics estimated
from the canopy chlorophyll concentration (CCC) mainly depended on the diurnal changes
of leaf chlorophyll content. However, changes in the leaf chlorophyll content have rarely
been found during the season (Table 1) nor the days (Figure 6b). There is a link between the
amount of chlorophyll in leaves and the fluorescence emitted by chlorophyll, but the CCC
typically represents a kind of potential fluorescence emission when all available chlorophyll
is used at maximum efficiency. In fact, many regulation mechanisms make the efficiency
could not fully used. The fewer canopy chlorophyll changes in the evergreen forest might
be regulated by long-term environmental adaptation in the subtropical area. Radiance,
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rather than canopy chlorophyll, matters for the fluorescence emission for evergreen forests.
CCC could be a valuable approach to estimate spatial SIF at landscape scale using the
empirical logarithmic relationship between CCC and SIF [25]. Still, the application of the
CCC approach needs more evidence for the temporal SIF estimation, especially in the
evergreen forests.

The backward approach estimates canopy SIF through an inverse way from [26], in
which the estimation of GPP from the forward model using tower-based SIF and leaf-level
Fs measurements agreed well with flux tower observations of GPP (R2 = 0.68, p < 0.0001).
We proved that the backward approach improved with the correction factor k could
capture the diurnal dynamics of canopy SIF under normal weather conditions. Although
the coefficient of determination of SIFBACK* and SIF760 was higher than that of SIFBACK* and
SIF687, but the values of SIFBACK* and SIF687 were much closer. This might be caused by
the different scattering and reabsorption effects on different wavelengths. One assumption
of the backward approach is that both photosynthesis and fluorescence can be calculated
as a product of the absorbed radiance and light conversion efficiency across different
spatial levels. However, the top-of-canopy SIF observed from the tower is not merely
the accumulative signal of SIF emitted by all leaves of the forest canopy but contains an
additional term quantifying the effect of canopy scattering and reabsorption. Considering
the escape probability of all SIF photons emitted from all leaves to the outer canopy
(fesc), we have SIF = APAR × εFC × fesc [4,50,51]. In addition, the fesc differed with the
wavelength [52], which caused different degrees of underestimation of SIF687 and SIF760
using the backward approach (Figure 9). The fesc and another correction factor FCVI,
both designed to eliminate the effects of PAR scattering and reabsorption in the canopy,
are used to downscale SIF from canopy level to leaf level, which is more directly related
to photosynthesis [51–53]. The neglect of the scattering and reabsorption led to some
uncertainties of the backward approach. Thus, we suggest the downscaling of canopy SIF
signals with the fesc or FCVI might benefit the application of the approach we proposed
here if further research was made to improve the approach.

4.3. Impact of Seasonal Drought on the SIF Estimation

Despite the plentiful water and heat resources of the subtropical forests, changes
in their seasonal cycles lead to frequent occurrences of seasonal drought, which affect
the function of forest ecosystems (e.g., photosynthesis) [54,55]. In our study, the high
VPD interfere the performance of the GPP backward approach for the SIF estimation.
Photosynthesis contains light reaction and dark reaction, but these two reactions show
different sensitivities to environmental factors such as illumination, temperature and water
availability [56,57]. The emission of ChlF occurs in the light reaction stage, while the CO2
fixation in the dark reaction stage is directly restricted by stomatal conductance. Water
stress usually leads to the closure of stomata, thereby slowing the dark reaction rate and,
thus, photosynthesis rate. The light and dark reactions are interdependent and restrict
each other, so the decrease in stomatal conductance will theoretically-inevitably lead to
the reduction of fluorescence quantum yield [58]. Some researchers found that the ChlF
would decrease due to water stress while the vegetation canopy greenness would remain
unchanged during drought [58,59]. Thereby, SIF anomaly was applied to monitor the
drought events [60–62].

However, recent research found that with the treatment of stomatal closure, no obvious
change occurred in SIF or Fs, despite evident reductions in stomatal conductance and
carbon assimilation in leaves [63]. Responses of fluorescence emission and photosynthesis
could decouple during drought, representing that vegetation photosynthesis might still be
suppressed in spite of the variation in ChlF signal. Most works on SIF assumed a constant
ratio of photosynthetic quantum efficiency (εP) and fluorescence quantum efficiency (εF)
to establish the linear relationship between GPP and SIF, which was consistent with
observations at large scales. Nevertheless, the assumption was questioned by a recent
research, which suggested that SIF captured the variations of linear electron transport rate,
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thus only providing insights into the light reactions of photosynthesis, without the dark
reactions [17]. This explained why the SIF estimated by the backward approach under high
VPD was poorly correlated with the SIF simulated by the SCOPE model. When fluorescence
and photosynthesis are decoupled under environmental stress, the improved backward
approach cannot be used validly. While the backward approach from GPP offers new
insight into estimating canopy SIF, we suggest that the application of the approach under
drought stress should be utilized properly and further experiments and research need to
be done to interpret the influence of drought interfered with the stomata in response to
future climate change.

5. Conclusions

In this study, we explored the practical approaches for the estimation of diurnal SIF dy-
namics using measured and simulated data for a typical subtropical evergreen coniferous
forest site in eastern China. We described the diurnal changes in leaf and canopy chloro-
phyll fluorescence and compared the CCC (canopy chlorophyll concentration) approach
and the backward GPP approach with the SCOPE model to evaluate their performance
for estimating the temporal changes in canopy SIF. We found that the canopy SIF had
similar seasonal and diurnal variations with the incident PAR above the canopy, while
the leaf Fs remained stable throughout the daylight. The diurnal cycles of CCC relied on
the leaf chlorophyll content, whose changes could not capture the canopy SIF dynamics.
The raw backward approach did not work either. However, after improving the backward
approach with a correction factor of normalized PARleaf, the simulated canopy SIFBACK*
accounted for more than half of the diurnal variations of canopy SIF for the subtropical
evergreen coniferous forest without water stress. This approach offers a unique insight into
the estimation of diurnal canopy SIF and can help understand the response of vegetation
to future climate change. In addition, the application of the approach should be utilized
with care, especially under environmental stress.
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