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Abstract: The strong correlation between gross primary production (GPP) and sun-induced chloro-
phyll fluorescence (SIF) has been reported in many studies and is the basis of the SIF-based GPP
estimation. However, GPP and SIF are not fully synchronous under various environmental condi-
tions, which may destroy a stable GPP–SIF relationship. Therefore, exploring the difference between
responses of GPP and SIF to the environment is essential to correctly understand the GPP–SIF rela-
tionship. As the common driver of GPP and SIF, the incident radiation could cause GPP and SIF to
have similar responses to the environment, which may obscure the discrepancies in the responses
of GPP and SIF to the other environmental variables, and further result in the ambiguity of the
GPP–SIF relationship and uncertainties in the application of SIF. Therefore, we tried to exclude the
dominant role of radiation in the responses of GPP and SIF to the environment based on the binning
method, in which continuous tower-based SIF, satellite SIF, and eddy covariance GPP data from two
growing seasons were used to investigate the differences in the responses of GPP and SIF to radiation,
air temperature (Ta), and evaporation fraction (EF). We found that the following: (1) At both the
site and satellite scales, there were divergences in the light response speeds between GPP and SIF
which were affected by Ta and EF. (2) SIF and its light response curves were insensitive to EF and
Ta compared to GPP, and the consistency in GPP and SIF light responses was gradually improved
with the improvement of Ta and EF. (3) The dynamic slope values of the GPP–SIF relationship were
mostly caused by the different sensitivities of GPP and SIF to EF and Ta. Our results highlighted that
GPP and SIF were not highly consistent, having differences in environmental responses that further
confused the GPP–SIF relationship, leading to complex SIF application.

Keywords: GPP; SIF; TROPOMI SIF; binning method; environmental responses; GPP–SIF relationship

1. Introduction

Vegetation, as an important component of terrestrial ecosystem, assimilates carbon
dioxide into carbohydrate and releases oxygen through photosynthesis, which drives the
global carbon cycle [1–4]. The gross primary production (GPP) is defined as the total
carbon absorbed by vegetation through photosynthesis, which is an indicator of the carbon
fixation capacity of vegetation and constitutes the largest carbon flux between the terrestrial
biosphere and atmosphere [5–8]. Therefore, the quantification of GPP is key to the global
carbon cycle and assessment of vegetation functions. Thus far, many models have been
developed to estimate GPP based on remote sensing data [9–13]. However, due to different
model theories and methods, large uncertainties in the GPP estimation still exist [1,14].
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Sun-induced chlorophyll fluorescence (SIF) is the irradiance re-emitted from chloro-
phyll molecules in the 650–800 nm range during light reactions under excitation by solar
radiation, which is directly linked with photosynthesis [15]. Compared with traditional
vegetation indices, the physiological information included in SIF has great potential and
advantages in GPP estimation [4]. In the light use efficiency (LUE) model, GPP and SIF can
be expressed as similar expressions:

GPP = FPAR × PAR × ΦP (1)

SIF = FPAR × PAR × ΦF × fesc (2)

where FPAR is the fraction of absorbed photosynthetically active radiation (APAR), PAR is
photosynthetically active radiation, and ΦP is the efficiency of the light used for photosyn-
thesis [12,16]. ΦF is the chlorophyll fluorescence emission yield and fesc is the fraction of SIF
photons escaping the canopy [17]. Based on Equations (1) and (2), APAR (FPAR × PAR),
as the common driver of GPP and SIF, could lead to similar trends of GPP and SIF, which
are the basis of the linear GPP–SIF relationship to some degree. However, vegetation has
unique survival strategies that try to regulate the efficiency of photosynthesis under various
environmental conditions [18,19]. Chlorophyll fluorescence is one of the byproducts of
this strategy to avoid light damage of photosynthetic system, which means that SIF is the
result of photosynthesis (GPP) adapting to the environment [20]. Therefore, an incomplete
synchronization between GPP and SIF theoretically exists. Indeed, an increasing number of
studies have highlighted the fact that GPP and SIF are not fully synchronous. For example,
Yang et al. [21] found that GPP and red SIF exhibited different responses to radiation under
different environmental conditions in an evergreen forest. Paul-Limoges et al. [22] indicated
that the sensitivities of SIF and GPP to the environment are different. Pierrat et al. [23]
found a seasonal dependency on GPP–SIF relationship, which indicated that the responses
of GPP and SIF to the environment had seasonal variations. Several studies found the
spatio-temporal variations in the GPP–SIF ratio, which also indicated the asynchronous
environmental responses of GPP and SIF [24–27]. Additionally, diverse responses of GPP
and SIF to the environment were found under environmental stress [28–31]. Some studies
also extracted physiological information from SIF signals using NIRv (the product of NIR
reflectance and NDVI) to explore the relationship between photosynthesis and chlorophyll
fluorescence, leading to inconsistent conclusions about the GPP–SIF relationship [32–35].
Although many existing studies tried to investigate the responses of GPP and SIF to various
environmental conditions based on multiple methods, uncertainties and inconsistencies
still persist, causing bias in SIF application.

Photosynthesis is influenced by three primary factors: radiation, temperature, and
water availability. Meanwhile, incident radiation, as the common driver of GPP and SIF,
could cause similarities in the environmental responses of GPP and SIF, which may obscure
the tiny discrepancies in the responses of GPP and SIF to other environmental variables,
leading to ambiguity in the GPP–SIF relationship. In this study, we used continuous data
from a corn flux tower site during two growing seasons, satellite SIF data, and AmeriFlux
data to analyze the differences in the responses of GPP and SIF to the environment based
on the binning method. For this, we split all environmental variables into several bins in
order to exclude the dominant role of radiation on the environmental responses of GPP
and SIF. We aimed to investigate the difference in the sensitivities of GPP and SIF to the
environment and the impact of this difference on the GPP–SIF relationship.

2. Data and Methods
2.1. Data Collection
2.1.1. SIF Data at DM Site

The SIF data used in this study were collected through continuous half-hourly obser-
vations in an irrigated corn field at the Daman (DM) site (100.372◦ E, 38.856◦ N), which
is located in south of Zhangye, Gansu Province, China [17], as displayed in Figure 1. We
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obtained SIF data from two growing seasons: 2018 (1 June to 29 September) and 2019
(1 June to 30 September). The spectrometer was installed on a 25-m flux tower to detect SIF
signals and far-red SIF signals in the 740 to 780 nm range by fitting windows using singular
vector decomposition (SVD) method. We excluded negative SIF values and converted
all half-hourly data into a daily scale. More details about the retrievals and instrument
specifications can be found in Liu, X. et al. [17].
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2.1.2. Eddy Covariance GPP and Environmental Variables at DM Site

Data were measured at different flux tower heights with a 10 HZ sampling rate, including
net ecosystem exchange (NEE) of CO2, PAR, air temperature (Ta), sensible heat flux (H),
latent heat flux (LE), etc. The raw data were converted to 10 min averages using Eddypro
post-processing software (https://data.tpdc.ac.cn/en/, accessed on 22 May 2022) [36,37]. To
match the 30 min averaged step of SIF, we aggregated 10 min averaged flux data into 30 min
averaged flux data. Before partitioning NEE, we preprocessed the 30 min averaged data to
reduce the uncertainties of the measurements under unfavorable weather conditions, including
marking the data one hour before and after precipitation and negative NEE values at night
as data gaps. Then, we used the online Eddy covariance data processing tool Reddyproc
(https://www.bgc-jena.mpg.de/REddyProc/brew/REddyProc.rhtml), developed by Max
Planck Institute for Biogeochemistry, to identify conditions with insufficient turbulence, marked
those conditions as data gaps based on the Moving Point Test (MPT) method, and then filled
these data gaps [38–40]. Finally, the NEE was partitioned into GPP and ecosystem respiration
(Reco) based on the night-time flux partitioning method through the ReddyProc tool [40,41]. In
this study, we chose parameters including GPP, Ta, H, LE, and PAR for analysis. Meanwhile,
we removed negative GPP values and converted the half-hourly data into a daily scale.

2.1.3. AmeriFlux Data

We selected AmeriFlux data to analyze the responses of GPP and satellite SIF to the envi-
ronment since AmeriFlux provides the latest GPP and meteorological data (https://ameriflux.
lbl.gov/, accessed on 22 October 2022). We selected all sites that had GPP and meteorological
data after 2018, and chose daily variables including GPP based on the night-time partitioning
method, Ta, incoming shortwave radiation (SW), LE, and H, as well as screening out negative
GPP values. Finally, we obtained 64 flux sites that had flux data after 2018.

2.1.4. TROPOMI SIF

The payload mounted on the Sentinal-5 Precursor, TROPOMI (TROPOspheric Moni-
toring Instrument), was launched on 13 October 2017. The wide swath width (~2600 km)
makes the TROPOMI achieve a daily global coverage of almost 7 km × 3.5 km spatial
resolution at the nadir [42,43]. The TROPOMI SIF (TROPOSIF) product has two versions:

https://data.tpdc.ac.cn/en/
https://www.bgc-jena.mpg.de/REddyProc/brew/REddyProc.rhtml
https://ameriflux.lbl.gov/
https://ameriflux.lbl.gov/
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L2 and L2B. In the L2B TROPOSIF product, the far-red SIF was retrieved from two fit-
ting windows, 743–758 nm and 735–758 nm, based on a data-driven method [44]. The
743–758 nm fitting window corresponds to an overcast sky which is derived using the ob-
servations with a cloud fraction below 0.8, and the 735–758 nm fitting window corresponds
to a clear sky, which is derived using observations with a cloud fraction below 0.2. In this
study, we chose the L2B TROPOSIF in the 743–758 nm fitting windows for data from 2018
to 2021 to extract the daily TROPOSIF values corresponding to flux sites in Section 2.1.3
(https://s5p-troposif.noveltis.fr/data-access/, accessed on 10 November 2022). We took
the central longitude and latitude of TROPOSIF pixel as the center, and took the spatial
buffer 0.01◦ × 0.01◦ to extract the TROPOSIF values where flux tower sites resided in the
buffer (0.01◦ × 0.01◦). Then, we eliminated negative SIF values, and screened out data with
a cloud fraction of less than 0.2 for these extracted SIF data points.

2.2. Methods
2.2.1. EF Calculation

In this study, we used an evaporative fraction (EF) to characterize the water availability
of the environment. The EF can be calculated as the follows:

EF =
LE

LE + H
(3)

where LE (W/m2) is latent heat flux and H (W/m2) is sensible heat flux.

2.2.2. Standardize Variables

To make all variables comparable, we standardized all variables based on the following
formula:

Standardize =
X − x

Std(x)
(4)

where X is the original value of each variable, x is the mean value of each variable, and
Std(x) is the standard deviation of each variable.

2.2.3. Binning

To reduce the dominant role of radiation on the responses of GPP and SIF to the environment,
we used the binning method to exclude the interaction of multiple environmental variables to
some degree. This method aims to spilt an environmental variable into several bins and assumes
that there is no large variation in this variable in each bin. Then the responses of GPP and SIF to
other environmental variables in each bin for the above variables are analyzed [45,46]. In this
study, we investigated the responses of GPP and SIF to radiation (PAR/SW) under different EF
and Ta bins, and to EF and Ta under different radiation (PAR/SW) bins, respectively.

For the responses of GPP and SIF to radiation under different EF and Ta bins, the
process was as follows: Based on the standardized environmental variables, we first sorted
PAR(SW), Ta, and EF into 8 bins with a 0.5 interval without changing the temporal match
of all data. Next, within each EF or Ta bin (i = 1, 2, 3, . . ., 8), data were further ranked
according to PAR(SW) bins from minimum bin to maximum bin. Finally, the averages of
GPP and SIF in the corresponding PAR(SW) bins in each Ta or EF bin were used to quantify
the responses of GPP and SIF to the radiation in each Ta or EF bin. For the responses of
GPP and SIF to EF and Ta under different radiation bins, the process was similar to the
above-mentioned method, which is just needed to replace the parameter EF or Ta with
PAR(SW) and replace PAR(SW) with EF or Ta in the second step, respectively. We aimed
to explore the response of SIF to PAR under different EF bins, and so we carried out the
following based on the standardized data:

(i) Dividing EF into 8 bins (i = 1, 2, 3, . . ., 8) and ranking the bins of EF from minimum to
maximum;

(ii) In each EF bin, further dividing PAR into 8 bins (j = 1, 2, 3, . . ., 8) and ranking the bins
of PAR from minimum to maximum;

https://s5p-troposif.noveltis.fr/data-access/
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(iii) Calculating the mean values of SIF within each PAR bin under different EF bins to
characterize the responses of SIF to PAR under different EF intervals. The response of
SIF to PAR under different EF intervals can be described as follows:

SIFPARij |EFi
=

1
n
×

n

∑
1

SIFn (5)

where i is the index number of ith EF bins, j is the index number of jth PAR bins in ith EF
bins. n is the number of SIF within jth PAR bins.

2.2.4. The Calculation of Importance Based on the Random Forest Method

The random forest method (RF) can accurately predict high-dimensional data. More
importantly, the RF method can assess the importance of the predictors in the outcome
variable that needs to be predicted [47]. In this study, one of the analyses was about the
responses of GPP and SIF to radiation under different Ta and EF conditions. To explore the
influence of environmental variables and photosynthesis on the SIF light response curves, we
calculated the importance of the GPP/PAR(SW) ratio (slopes of GPP light response curves),
EF, and Ta in SIF/PAR(SW) ratio (slopes of SIF light response curves) for both TROPOSIF
and tower-based data at the DM site based on the RF. Meanwhile, the importance of Ta, EF,
and the SIF/PAR(SW) ratio in the GPP/PAR(SW) ratio was also calculated.

3. Results
3.1. The Responses of GPP and SIF to the Environment
3.1.1. The Responses of GPP and SIF to Radiation under Different EF and Ta Conditions at
the DM Site

We analyzed the responses of GPP and SIF to the environment based on half-hourly
and daily data at the DM site using a binning method (all variables were standardized).
Figure 2 shows the half-hourly light response curves of GPP and SIF under different EF
bins. In general, GPP and SIF had similar light responses which increased with increasing
PAR in each EF bin. However, SIF increased faster than GPP especially in lower EF bins,
and the difference between the increase speeds of GPP and SIF was gradually reduced with
increasing EF. As shown in Figure S1, there were divergences in the slopes of the SIF and
GPP light response curves within each EF bin. The slopes of the SIF light response curves
were higher than those of GPP at the lower EF bins (EF ∈ [−2, −1.5), EF ∈ [−1.5, −1.0))
which indicated that SIF increased faster than GPP when the water availability was not high.
With the increase in EF, the difference between the slopes of SIF and GPP light response
curves gradually weakened (EF ∈ [−1, 0.5)); until EF was higher (EF ∈ [0.5, 1.5]), the slopes
of GPP light response curves were higher than that of SIF before the light saturation point.
Figure S2 showed the daily GPP and SIF light responses at DM site under different EF
bins which was similar to the half-hourly GPP and SIF light responses. SIF increased faster
than GPP in lower EF bins and the difference between the response speeds of GPP and SIF
gradually reduced with increasing EF. In addition, EF had more influence on the GPP light
response than on SIF at both half-hourly and daily scales.

Figure 3 showed the half-hourly GPP and SIF light responses under different Ta bins
at DM site. The overall trends of GPP and SIF were similar which both increased with
increasing PAR. While the response speeds of SIF and GPP to the light energy also had
difference. As shown in Figure S3, when temperature was lower, the slopes of SIF light
response curves were higher than that of GPP which indicated that SIF increased faster
than GPP (Ta ∈ [−2, −0.5)). With increase in temperature, the difference between the
slope values of SIF and GPP light response curves gradually reduced until temperature
was higher in which GPP increased faster than SIF before light saturation point. Figure S4
showed the daily GPP and SIF light responses at DM site under different Ta bins which
were similar to the half-hourly GPP and SIF light responses. Similar to EF, the GPP light
response was more dependent on Ta than on SIF at both half-hourly and daily scales.
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3.1.2. The Responses of GPP and SIF to EF and Ta under Different Radiation Bins

Section 3.1.1 found that the radiation drove the increase in GPP and SIF simultaneously.
However, the increasing Ta and EF also could drive the increase in GPP and SIF. To under-
stand the impact of Ta and EF on GPP and SIF, we investigated the half-hourly responses
of GPP and SIF to the Ta and EF under different PAR bins, respectively. Figures 4 and 5
showed the responses of GPP and SIF to EF and Ta in different PAR bins, respectively.
Obviously, the impacts of EF and Ta on GPP and SIF were smaller than that of PAR though
GPP and SIF both increased with increasing EF and Ta. The responses of GPP and SIF to EF
and Ta also had difference. For the GPP and SIF EF responses, GPP increased faster than SIF
in each PAR bin which indicated that EF had more influence on GPP than on SIF. Similarly,
for the GPP and SIF Ta responses, GPP and SIF both increased first then decreased with
increasing Ta bins, while GPP increased and decreased faster than SIF which indicated that
GPP was more sensitive to Ta. In general, PAR was the main factor driving the increase in
GPP and SIF, and EF and Ta had less influence on GPP and SIF than PAR especially on SIF.
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3.1.3. The Light Responses of GPP and TROPOSIF

Figure 6 showed the responses of TROPOSIF and GPP to SW in different EF bins. GPP
and SIF exhibited similar responses to SW which both increased with increasing SW. While
in the lower EF bins, SIF increased faster than GPP, and the increase speeds of GPP were
gradually higher than that of SIF with increasing EF which indicated that SIF was more
sensitive to SW than GPP when the water status was not well. Moreover, both SIF and GPP
showed positive correlation with EF, and the GPP increased larger than SIF and EF had more
influence on GPP than on SIF. Figure 7 showed the light responses of GPP and TROPOSIF
under different Ta bins. In general, GPP and SIF had similar responses to the SW which both
increased with increasing SW bins. However, the difference between the responses of GPP
and SIF to SW in different Ta bins was not as significant as that in different EF bins.

Appl. Sci. 2024, 11, x FOR PEER REVIEW 8 of 17 
 

 
Figure 6. The responses of SIF (a) and GPP (b) to SW in different EF bins. 

 
Figure 7. The responses of SIF (a) and GPP (b) to SW in different Ta bins. 

3.2. The Factors Influenced the Slopes of SIF and GPP Light Response Curves 
Section 3.1 illustrated that the slopes of SIF light response curves were less influenced 

by EF and Ta than that of GPP, and were always related to the slopes of GPP light response 
curves which were more sensitive to EF and Ta. Therefore, to explore whether the 
dynamics of the slopes of SIF light response curves were regulated by the environmental 
variables (EF and Ta) or induced by the changes of GPP light response curves related to 
EF and Ta, we calculated the importance of GPP/PAR(SW) ratio (slopes of GPP light 
response curves), EF and Ta in SIF/PAR(SW) ratio (slopes of SIF light response curves) for 
both TROPOSIF and site-observed data at DM site based on RF. The importance of 
SIF/PAR(SW) ratio, Ta and EF in GPP/PAR(SW) ratio were also calculated. The calculation 
of the importance (Figures 8 and 9) illustrated whether the dynamics in slopes of SIF light 
response curves were induced by GPP/PAR(SW) ratio related to EF and Ta or directly by 
EF and Ta, or which controlled it more. Figure 8 showed that at DM site, the GPP/PAR 
ratio had the highest importance in SIF/PAR at both half-hourly (43.84%) and daily 
(72.5%) scales, and the importance of Ta and EF were lower than that of GPP/PAR ratio 
(half-hourly: 30.25%, 25.91%; daily: 16.76%, 10.75%). While the environmental variables 
(EF and Ta) had the higher importance in GPP/PAR ratio at half-hourly scale which 
demonstrated that the slopes of GPP light response curves were more influenced by the 
environmental parameters. For the daily scale at DM site, though the importance of 
SIF/PAR ratio was higher than EF and Ta, the importance of Ta and EF was higher than 
that in SIF/PAR ratio. For the daily TROPOSIF and GPP, the results of importance 
calculation were similar to that of the DM site (Figure 9). The importance of GPP/SW ratio 
was higher than that of Ta and EF in SIF/SW. For the GPP/SW ratio, the EF had the most 
importance, followed by Ta, the SIF/SW ratio had the lowest importance. 

Figure 6. The responses of SIF (a) and GPP (b) to SW in different EF bins.

Appl. Sci. 2024, 11, x FOR PEER REVIEW 8 of 17 
 

 
Figure 6. The responses of SIF (a) and GPP (b) to SW in different EF bins. 

 
Figure 7. The responses of SIF (a) and GPP (b) to SW in different Ta bins. 

3.2. The Factors Influenced the Slopes of SIF and GPP Light Response Curves 
Section 3.1 illustrated that the slopes of SIF light response curves were less influenced 

by EF and Ta than that of GPP, and were always related to the slopes of GPP light response 
curves which were more sensitive to EF and Ta. Therefore, to explore whether the 
dynamics of the slopes of SIF light response curves were regulated by the environmental 
variables (EF and Ta) or induced by the changes of GPP light response curves related to 
EF and Ta, we calculated the importance of GPP/PAR(SW) ratio (slopes of GPP light 
response curves), EF and Ta in SIF/PAR(SW) ratio (slopes of SIF light response curves) for 
both TROPOSIF and site-observed data at DM site based on RF. The importance of 
SIF/PAR(SW) ratio, Ta and EF in GPP/PAR(SW) ratio were also calculated. The calculation 
of the importance (Figures 8 and 9) illustrated whether the dynamics in slopes of SIF light 
response curves were induced by GPP/PAR(SW) ratio related to EF and Ta or directly by 
EF and Ta, or which controlled it more. Figure 8 showed that at DM site, the GPP/PAR 
ratio had the highest importance in SIF/PAR at both half-hourly (43.84%) and daily 
(72.5%) scales, and the importance of Ta and EF were lower than that of GPP/PAR ratio 
(half-hourly: 30.25%, 25.91%; daily: 16.76%, 10.75%). While the environmental variables 
(EF and Ta) had the higher importance in GPP/PAR ratio at half-hourly scale which 
demonstrated that the slopes of GPP light response curves were more influenced by the 
environmental parameters. For the daily scale at DM site, though the importance of 
SIF/PAR ratio was higher than EF and Ta, the importance of Ta and EF was higher than 
that in SIF/PAR ratio. For the daily TROPOSIF and GPP, the results of importance 
calculation were similar to that of the DM site (Figure 9). The importance of GPP/SW ratio 
was higher than that of Ta and EF in SIF/SW. For the GPP/SW ratio, the EF had the most 
importance, followed by Ta, the SIF/SW ratio had the lowest importance. 

Figure 7. The responses of SIF (a) and GPP (b) to SW in different Ta bins.

3.2. The Factors Influenced the Slopes of SIF and GPP Light Response Curves

Section 3.1 illustrated that the slopes of SIF light response curves were less influenced
by EF and Ta than that of GPP, and were always related to the slopes of GPP light response
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curves which were more sensitive to EF and Ta. Therefore, to explore whether the dynamics
of the slopes of SIF light response curves were regulated by the environmental variables
(EF and Ta) or induced by the changes of GPP light response curves related to EF and Ta,
we calculated the importance of GPP/PAR(SW) ratio (slopes of GPP light response curves),
EF and Ta in SIF/PAR(SW) ratio (slopes of SIF light response curves) for both TROPOSIF
and site-observed data at DM site based on RF. The importance of SIF/PAR(SW) ratio, Ta
and EF in GPP/PAR(SW) ratio were also calculated. The calculation of the importance
(Figures 8 and 9) illustrated whether the dynamics in slopes of SIF light response curves
were induced by GPP/PAR(SW) ratio related to EF and Ta or directly by EF and Ta, or
which controlled it more. Figure 8 showed that at DM site, the GPP/PAR ratio had the
highest importance in SIF/PAR at both half-hourly (43.84%) and daily (72.5%) scales, and
the importance of Ta and EF were lower than that of GPP/PAR ratio (half-hourly: 30.25%,
25.91%; daily: 16.76%, 10.75%). While the environmental variables (EF and Ta) had the
higher importance in GPP/PAR ratio at half-hourly scale which demonstrated that the
slopes of GPP light response curves were more influenced by the environmental parameters.
For the daily scale at DM site, though the importance of SIF/PAR ratio was higher than
EF and Ta, the importance of Ta and EF was higher than that in SIF/PAR ratio. For the
daily TROPOSIF and GPP, the results of importance calculation were similar to that of the
DM site (Figure 9). The importance of GPP/SW ratio was higher than that of Ta and EF
in SIF/SW. For the GPP/SW ratio, the EF had the most importance, followed by Ta, the
SIF/SW ratio had the lowest importance.
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3.3. Effects of Different Responses of GPP and SIF to Environment on the GPP–SIF Relationship

We analyzed the variations in the GPP–SIF relationship under different environmental
conditions. Since the responses of the site-observed SIF and TROPOSIF to the environment
were similar, so we just showed the GPP–SIF relationship under different environmental
conditions at DM site here. Figures 10 and 11 showed the half-hourly and daily GPP–SIF
relationship at DM site in different EF, Ta and PAR bins, respectively. For both temporal
scales, the GPP–SIF relationship showed similar patterns. In different EF, Ta and PAR bins,
GPP and SIF exhibited positive correlation. The difference in the GPP–SIF relationship
under these three environmental parameters was the dynamics in the slope values of the
GPP–SIF relationship. The GPP–SIF relationship appeared non-linear in each EF bin and
the slope values of the GPP–SIF relationship improved with increasing EF bins. Under
different Ta bins, GPP and SIF also had non-linear relationship in each Ta bins and the slope
values of GPP–SIF relationship increased with increasing Ta except for the highest Ta bin
(Ta ∈ [1.5, 2.0]). For the GPP–SIF relationship in different PAR bins, there were no much
difference in the slope values of GPP–SIF relationship especially at the daily scales.
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Figure 12 showed the half-hourly GPP–SIF relationship at DM site in different EF and
Ta bins, respectively. Table 1 was the corresponding fitted equations and parameters for
Figure 12. The correlation between GPP and SIF was gradually improved with increasing
EF (R2 values increased from 0.18 to 0.76). With increasing in EF, the slope values of the
regression line (a values in Table 1) were also improved (a values increased from 0.52 to
1.55). For the GPP–SIF relationship in different Ta bins, the R2 values were from 0.23 to 0.50
and the correlation between GPP and SIF first increased then decreased with increasing Ta.
The slope values of the fitted lines (a values in Table 1) increased with increasing Ta bins
(a values increased from 0.45 to 1.49). In general, GPP and SIF showed a various relationship
influenced by the environment related to EF and Ta.

Appl. Sci. 2024, 11, x FOR PEER REVIEW 11 of 17 
 

 
Figure 12. The half-hourly GPP–SIF relationship at DM site in different EF (a) and Ta (b) bins. 

Table 1. The fitted equations and parameters for Figure 12. 

 
GPP–SIF (EF Bins) 𝐆𝐏𝐏 = 𝒂 × 𝑺𝑰𝑭𝒃 + 𝑺𝑰𝑭 

GPP–SIF (Ta Bins) 𝐆𝐏𝐏 = 𝒂 × 𝑺𝑰𝑭𝒃 + 𝑺𝑰𝑭 

[−2, −1.5) a = 0.52, b = 0.35, R2 = 0.18 a = 0.45, b = 0.2, R2 = 0.23 
[−1.5, −1.0) a = 0.71, b = 0.51, R2 = 0.38 a = 0.54, b = 0.29, R2 = 0.26 
[−1.0, −0.5) a = 1.03, b = 0.68, R2 = 0.42 a = 0.76, b = 0.40, R2 = 0.39 

[−0.5, 0) a = 1.065, b = 0.56, R2 = 0.56 a = 0.93, b = 0.44, R2 = 0.40 
[0, 0.5) a = 1.21, b = 0.73, R2 = 0.58 a = 1.37, b = 0.94, R2 = 0.48 

[0.5, 1.0) a = 1.36, b = 0.80, R2 = 0.63 a = 1.45, b = 0.92, R2 = 0.50 
[1.0,1.5) a = 1.55, b = 0.98, R2 = 0.76 a = 1.45, b = 0.97, R2 = 0.47 
[1.5, 2.0]  a = 1.49, b = 1.15, R2 = 0.44 

4. Discussion 
4.1. The Different Responses of GPP and SIF to the Environment 

In this study, we investigated the responses of GPP and SIF to the different 
environmental variables from a corn tower-based SIF and TROPOSIF based on the 
binning method. The difference between GPP and SIF light responses had been reported 
in previous studies [21,23]. Our results also found that at both site and satellite scales, 
there were divergencies in the light response speeds between GPP and SIF which was 
affected by Ta and EF though their light response curves were similar. When Ta and EF 
were lower, SIF increased faster than GPP. With the increase in Ta and EF, the difference 
between increase speeds of GPP and SIF was gradually reduced. Additionally, the 
sensitivities of GPP and SIF to radiation, temperature, and water availability were 
different. SIF was more sensitive to radiation than to Ta and EF, and the sensitivity of GPP 
to radiation was more regulated by the Ta and EF, which was consistent with studies by 
Yang, Magney, Albert, Richardson, Frankenberg, Stutz, Grossmann, Burns, 
Seyednasrollah, Blanken, and Bowling [21]. The above results highlighted the fact that, 
although light energy is the common driver for both GPP and SIF, the sensitivities of GPP 
and SIF to radiation were different and relied on the environmental conditions related to 
temperature and water availability. 

Kolari et al. [48] found that the regulation mechanisms of light and dark reactions 
were different. Light reactions are more sensitive to radiation but relatively less sensitive 
to temperature and water availability. In contrast, dark reactions are totally determined 
by plenty of biochemical reactions, which are more sensitive to the parameters that 

Figure 12. The half-hourly GPP–SIF relationship at DM site in different EF (a) and Ta (b) bins.

Table 1. The fitted equations and parameters for Figure 12.

GPP–SIF (EF Bins)
GPP= a×SIF

b+SIF

GPP–SIF (Ta Bins)
GPP= a×SIF
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[−2, −1.5) a = 0.52, b = 0.35, R2 = 0.18 a = 0.45, b = 0.2, R2 = 0.23
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[−1.0, −0.5) a = 1.03, b = 0.68, R2 = 0.42 a = 0.76, b = 0.40, R2 = 0.39

[−0.5, 0) a = 1.065, b = 0.56, R2 = 0.56 a = 0.93, b = 0.44, R2 = 0.40
[0, 0.5) a = 1.21, b = 0.73, R2 = 0.58 a = 1.37, b = 0.94, R2 = 0.48

[0.5, 1.0) a = 1.36, b = 0.80, R2 = 0.63 a = 1.45, b = 0.92, R2 = 0.50
[1.0,1.5) a = 1.55, b = 0.98, R2 = 0.76 a = 1.45, b = 0.97, R2 = 0.47
[1.5, 2.0] a = 1.49, b = 1.15, R2 = 0.44

4. Discussion
4.1. The Different Responses of GPP and SIF to the Environment

In this study, we investigated the responses of GPP and SIF to the different envi-
ronmental variables from a corn tower-based SIF and TROPOSIF based on the binning
method. The difference between GPP and SIF light responses had been reported in previ-
ous studies [21,23]. Our results also found that at both site and satellite scales, there were
divergencies in the light response speeds between GPP and SIF which was affected by Ta
and EF though their light response curves were similar. When Ta and EF were lower, SIF
increased faster than GPP. With the increase in Ta and EF, the difference between increase
speeds of GPP and SIF was gradually reduced. Additionally, the sensitivities of GPP and
SIF to radiation, temperature, and water availability were different. SIF was more sensitive
to radiation than to Ta and EF, and the sensitivity of GPP to radiation was more regulated
by the Ta and EF, which was consistent with studies by Yang, Magney, Albert, Richardson,
Frankenberg, Stutz, Grossmann, Burns, Seyednasrollah, Blanken, and Bowling [21]. The
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above results highlighted the fact that, although light energy is the common driver for both
GPP and SIF, the sensitivities of GPP and SIF to radiation were different and relied on the
environmental conditions related to temperature and water availability.

Kolari et al. [48] found that the regulation mechanisms of light and dark reactions
were different. Light reactions are more sensitive to radiation but relatively less sensitive to
temperature and water availability. In contrast, dark reactions are totally determined by
plenty of biochemical reactions, which are more sensitive to the parameters that influence
the enzyme activity with related to temperature. In addition, carbon fixation is also
influenced by intercellular CO2 concentration, which is affected by stomatal conductance
related to water availability. GPP is the result of light and dark reactions, while chlorophyll
fluorescence is more involved in light reactions. Therefore, GPP light response curves were
more influenced by temperature and EF than SIF light response curves, as our results show
in Section 3.1, indicating that SIF was more sensitive to radiation and less sensitive to EF
and Ta than GPP. Additionally, the lower sensitivity of SIF to Ta and EF may result in the
decoupling of GPP and SIF, especially in the lower EF and Ta, which provides important
evidence that SIF is no longer a strong proxy of GPP when the temperature and water
status were not suitable for the vegetation growth.

In the aspect of light energy utilization, SIF is one of the energy excitation pathways used
to balance the absorbed and utilized energy in photosynthesis and to avoid light damage
in the photosystem (e.g., high light intensity but in cold or dry environments) [4,20,49–51].
When environmental conditions are not suitable for vegetation growth (low temperature or
drought), the vegetation adjusts its strategy of light energy utilization by adjusting light
energy partitioning to avoid light damage in the photosystem, which could lead to the
relative changes in the efficiency of converting per unit photon into GPP and SIF [4,51].
Consistent with our results, the slopes of SIF light response curves were higher than those
of GPP in lower EF and Ta bins (SIF increased faster than GPP in lower EF and Ta), which
indicated that the efficiency of converting per unit photon into SIF was higher than that of
GPP, in order to dissipate light energy quickly. With the improvement of EF and Ta, tem-
perature and water status became increasingly suitable for vegetation growth. As shown in
our results, the slopes of GPP light response curves were close to or higher than those of SIF,
which indicated that vegetation may try to seek the maximum photosynthesis efficiency
under suitable conditions. The above-mentioned points illustrate that the dynamics in the
slopes of SIF light response curves may be induced by the regulation of photosynthesis,
related to EF and Ta to some degree. Consistent with our hypothesis, we found that the
importance of GPP/PAR (SW) ratio was higher than that of Ta and EF in the SIF/PAR
(SW) ratio (Figures 8 and 9), which indicated that the response of SIF to incident radiation
was more regulated by photosynthesis, rather than directly influenced by environmental
parameters (EF and Ta). The divergent and unstable relationship between the light use
efficiency of GPP and SIF has been reported in many studies [35,52–56], largely because
SIF is not the only pathway of energy excitation regulated by photosynthesis [18–20]. Non-
photochemical quenching (NPQ) is another important energy excitation pathway regulated
by photosynthesis, which may be the reason why the importance of the predicator-SIF/PAR
(SW) ratio in the GPP/PAR(SW) ratio prediction was lower. The byproducts of photosyn-
thesis regulation include not only SIF but also NPQ, which further implies that only using
SIF to characterize the light use efficiency of photosynthesis may not be a better option.

4.2. The Influence of Different Responses of GPP and SIF to the Environment on the GPP–SIF
Relationship

We have found that the consistency of GPP and SIF light responses was influenced
by EF and Ta (Section 3.1). When temperature and water status were not suitable for the
vegetation growth (lower EF and Ta), the consistency between GPP and SIF was destroyed
and the correlation between GPP and SIF was lower, as shown in Table 1. With the
improvement in Ta and EF, the correlation between GPP and SIF was improved because
the consistency of the SIF and GPP light responses gradually improved. The dynamics
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in the GPP–SIF correlation further indicated that, when the environmental conditions are
not suitable for the vegetation growth, directly using SIF to quantify GPP causes greater
uncertainty.

The strong linear and non-linear GPP–SIF relationship has been reported in many
studies. Here, we found that the half-hourly and daily GPP–SIF relationship at the DM site
was non-linear. For the non-linear GPP–SIF relationship at the DM site, the slope values of
the fitted GPP–SIF relationship curves increased with increasing Ta and EF, mostly caused
by the different sensitivities of GPP and SIF to temperature and water status. As shown in
Section 3.1, GPP was more sensitive to EF and Ta than SIF, and in any radiation bins, GPP
varied with EF and Ta faster than SIF.

4.3. Limitations

In this study, we investigated the responses of GPP and SIF to different environmental
conditions based on the binning method and found that the responses of GPP and SIF to
different environmental parameters had fundamental differences, which further resulted
in a dynamic GPP–SIF relationship under different environmental conditions. Though
these results were consistent with some previous studies, we had to highlight some limi-
tations in this study. Firstly, the SIF derived from remote sensing was different from the
traditional measurements of the chlorophyll fluorescence at a leaf scale [4]. Therefore,
when we interpret and apply the conclusions of our study, we must recognize that these
conclusions are applicable to remote sensing SIF and not necessarily to laboratory data.
Moreover, we did not quantify NPQ to explain the dynamic GPP–SIF relationship in this
study. Though we discussed the potential impact of NPQ on the difference in the GPP and
SIF light response curves in Section 4.1, we cannot find a suitable indicator characterizing
NPQ to explore and validate the exact role of NPQ on the GPP–SIF relationship, which
is mostly caused by the difficulties in the quantification of NPQ through remote sensing.
Although many studies had shown that PRI (photochemical reflectance index) may be an
effective indicator of NPQ, there were still many controversies and uncertainties [57,58].
The photoprotective mechanisms of the photosynthetic apparatus consist of not only SIF,
but also NPQ [49,50,59,60]. Therefore, considering NPQ is very important to correctly
understand the GPP–SIF relationship. Future research should be dedicated to determining
an appropriate method to measure NPQ and apply it in the GPP–SIF relationship. Finally,
the site-observed dataset we used in this study was from a corn site: the C4 plant. There-
fore, the conclusions obtained in this study may not be applicable in the C3 plant. We
need to investigate the relationship between GPP and SIF further for other plant function
types (PFTs).

5. Conclusions

In this study, we used tower-based SIF, satellite-derived SIF and eddy covariance
GPP data from two continuous growing seasons to investigate the difference between
the responses of GPP and SIF to the environmental variables, including radiation, air
temperature, and EF, based on the binning method. The conclusions are as follows:

(1) GPP and SIF had similar light response trends, which both increased with increasing
radiation, while the rates of increases in GPP and SIF exhibited divergence related
to air temperature and water availability. When Ta and EF values were lower, SIF
increased faster than GPP. With the increase in Ta and EF, the difference between the
increase rates of GPP and SIF gradually reduced.

(2) The GPP–SIF relationship was decoupled when the environment was not suitable for
vegetation growth, and the correlation between GPP and SIF was gradually improved
with increasing Ta and EF.

(3) The slope of the GPP–SIF relationship was mainly affected by Ta and EF, which
increased with increasing EF and Ta.
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