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Abstract: During recent decades, solar-induced chlorophyll fluorescence (SIF) has shown to be a
good proxy for gross primary production (GPP), promoting the development of ground-based SIF
observation systems and supporting a greater understanding of the relationship between SIF and GPP.
However, it is unclear whether such SIF-oriented observation systems built from different materials
and of different configurations are able to acquire consistent SIF signals from the same target. In this
study, we used four different observation systems to measure the same targets together in order to
investigate whether SIF from different systems is comparable. Integration time (IT), reflectance, and
SIF retrieved from different systems with hemispherical-conical (hemi-con) and bi-hemispherical
(bi-hemi) configurations were also evaluated. A newly built prism system (SIFprism, using prism to
collect both solar and target radiation) has the shortest IT and highest signal to noise ratio (SNR).
Reflectance collected from the different systems showed small differences, and the diurnal patterns of
both red and far-red SIF derived from different systems showed a marginal difference when measuring
the homogeneous vegetation canopy (grassland). However, when the target is heterogeneous, e.g., the
Epipremnum aureum canopy, the values and diurnal pattern of far-red SIF derived from systems with a
bi-hemi configuration were obviously different with those derived from the system with hemi-con
configuration. These results demonstrate that different SIF systems are able to acquire consistent SIF
for landscapes with a homogeneous canopy. However, SIF retrieved from bi-hemi and hemi-con
configurations may be distinctive when the target is a heterogeneous (or discontinuous) canopy
due to the different fields of view and viewing geometries. Our findings suggest that the bi-hemi
configuration has an advantage to measure heterogeneous canopies due to the large field of view for
upwelling sensors being representative for the footprint of the eddy covariance flux measurements.

Keywords: solar-induced chlorophyll fluorescence; in situ; prism; splitter fiber; hemispherical-conical;
bi-hemispherical
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1. Introduction

Remote sensing methods have long been used for monitoring vegetation, usually using
reflectance-based vegetation indices (VIs) and other vegetation parameters derived from spectral
measurements [1]. However, these VIs may fail to detect short-term changes in plant function as most
of them do not have a direct connection with the photosynthetic functioning of the plants [2]. Recently,
the remote sensing of solar-induced chlorophyll fluorescence (SIF) has become a promising tool to
monitor a plant’s physiological condition thanks to developments in observational technology during
the last decade. Satellite SIF products have been used to estimate regional and global distributions of
ecosystem gross primary production (GPP) [3–11].

In support of promoting the application of space-borne SIF in indicating functional parameters
and processes, airborne and ground-based image or non-image canopy spectroscopy observations are
conducted to investigate the spatiotemporal character of SIF at different observational scales [12–19].
Compared to airborne platforms, either manned or unmanned aircraft, ground-based platforms are
easier to operate and can be adapted to various vegetation types. An imaging spectrometer named
SPECIM (Spectral Imaging Ltd., Oulu, Finland) has been setup for SIF observation [15]. However,
the operation and maintenance of imaging equipment for long-term observations costs too much;
therefore, many studies have deployed non-imaging devices. During the past few years, many kinds of
instruments were employed for continuous vegetation canopy spectra observation and were usually set
up at flux tower sites [20]. Based on prototypes (e.g., TriFLEX, MRI, SFLUOR box, SIF-system) [12,21,22],
many improved systems (e.g., FluoSpec, SIFSpec, PhotoSpec) [13,18,23,24] were developed in addition
to existing commercial products such as FLoX (JB Hyperspectral Devices UG, Düsseldorf, Germany)
and Piccolo Doppio (University of Edinburgh, Edinburgh, UK) [14]. Thus far, the widely accepted
spectrometer for SIF measurement is QEPro (Ocean Optics Inc., Dunedin, FL, USA), which has a
typical signal to noise ratio (SNR) of 1000 and can be customized with red and far-red regions (mostly
730–780 nm or 650–800 nm) granting the full width half maximum less than 0.3 nm. A spectrometer
with full spectral range from 300–1000 nm, such as FLAME, USB2000, HR2000, or HR4000 (all from
Ocean Optics Inc.), is often used to measure canopy reflectance, which can be used to calculate typical
VIs (e.g., normalized difference vegetation index (NDVI), enhanced vegetation index (EVI)). To collect
high-precision data, spectrometers are usually embedded in temperature-controlled box, keeping away
from humidity and fluctuation of temperature, which may cause reduces of SNR. Such automatic and
long-term mounted systems are able to collect temporally continuous data and to monitor diurnal and
seasonal dynamics of SIF, especially to analyze SIF with concurrently measured bioclimatic parameters
and carbon flux [18,25–28].

Under natural conditions, the critical process in the measurement of SIF is how to precisely and
synchronously measure solar and vegetation radiation as a spectrometer has only one optical path.
The ideal case is using two sensors (i.e., two spectrometers for now) to capture the solar spectrum and
vegetation spectrum at the same time. However, in practice, the two sensors need highly accurate
cross-calibration in order to avoid any spectral shifts and biases created in the data, which is almost
impossible for such high spectral resolution spectrometers used for SIF retrieval [29–33]. Therefore,
a construction using one spectrometer and with extra protocols enabling a single optical channel to
measure both solar and vegetation radiation is recommended. Two general protocols can be considered,
namely the single field of view (SFOV), whereby one fiber optic is directly connected to the spectrometer
and the fore optic, where light enters the system, rotates upward and downward to collect solar
and vegetation irradiance (cosine corrector is mandatory) [17,34] and the duel field of view (DFOV)
whereby two fore optics are fixed to measure downwelling and upwelling radiation, respectively, and
an extra device (e.g., shutter or prism) is needed to switch between these two paths before light reaches
the spectrometer [1,34,35]. Both protocols have their own advantages and disadvantages, e.g., the
SFOV one can avoid spectral shift but the mobile joint where the fore optic rotates repeatedly may
cause a bending or loss of light and noise to the spectrum, and the DFOV one keeps both two optical
paths steady and may be easier to automate without a moving part but hard to avoid light loss and
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spectral shift in the switching part [1,34,35]. A couple of systems with different constructions are
derived from the second protocol [1,13,17,18,20,22,36,37], which is also used in this study. It has the
benefit of being adopted with either hemispherical-conical (hemi-con) or bi-hemispherical (bi-hemi)
configurations, i.e., whether the upwelling sensor is bare fiber or equipped with a cosine corrector.

Thus far, it seems that the hemi-con configuration was used more in the field than it’s
counterpart [20,23] although each of them have their own merits. The upwelling sensor of the
hemi-con configuration can be installed at the nadir or off-nadir point at any places of interests but
is strongly influenced by the sun-target-viewer geometry, which needs to be considered at either a
diurnal or seasonal scale [16,38–40]. The bi-hemi configuration collects downwelling and upwelling
irradiance in the nadir view direction, having a great advantage of covering a wide area of the target
from its almost hemispheric view [17,34] whereas, in contrast, it may also capture non-vegetation
signals due to its large view. Another drawback of the bi-hemi configuration is the attenuation of light
by the cosine corrector (may up to 70%) that may increase the integration time (IT) of the spectrometer
and reduce the SNR.

During the last decade, a variety of observation systems oriented to SIF retrieval were developed
and conducted to collect long-term continuous data from different ecosystems. Along with the
establishment of SpecNet and EUROSpec, ChinaSpec is also under development [41] but uses different
systems from different research groups. To our best knowledge, differences in these existing systems,
especially SIF from different systems, have not been specifically investigated yet. In this study, to
gather some information about whether SIF from different systems is comparable, we collected four
different systems and ran them together with two main aims, namely to compare four systems with
different constructions and to compare the two different configurations (hemi-con and bi-hemi) in SIF
in situ measurements and their effects on SIF retrievals.

2. Materials and Methods

2.1. Instrumental Constructions

In this study, we chose four observation systems of DFOV protocol for test. Both hemi-con and
bi-hemi configurations were also tested. Figure 1A shows the setup of the observation systems. To
measure both solar radiation and canopy radiation for SIF retrieval, in most of the SIF observation
systems in use, TTL (Ocean Optics Inc., Dunedin, FL, USA), an optical shutter, and splitter fiber are
often used to separate the single optical path of the spectrometer into two channels, and to switch
between them. Figure 1B shows the schematic diagram of this construction. Three of the four systems
used in this study are built from this kind of construction.

We have also developed a new SIF observation system replacing TTL with a device contained a
prism for achieving the function of TTL (SIFprism), of which construction is schematically shown in
Figure 1C. The main distinction between the two kinds of systems is the different optical path switching
methods, which are either TTL with a splitter fiber [18,27] or a prism with a single fiber. The prism is
embedded in a box along with an electric motor and is connected to spectrometer by the single fiber
optic. The motor controls the directions (right and left) of the prism to receive the downwelling or
upwelling radiation, which is then reflected to the output port connected with the spectrometer via the
single fiber optic.

SIFprism is controlled by a MATLAB GUI program called NJUspec Controller (Figure A1).
NJUspec Controller runs all the tasks of SIFprism, including regulating the temperature of TCB,
managing the position of the prism, closing or opening the shutter of the light path, setting the
integration time of each spectrum, displaying the running status of the SIFprism system. The collecting
processes of spectra through the NJUspec Controller are as follows:

Once the system is started, the NJUspec Controller enables the external TEC of the TCB to ensure
the spectrometer is working in a constant 25 ◦C ambient environment (Figure A2). The internal
temperature of the spectrometer is controlled by an internal TEC to ensure that the temperature of
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charge-coupled device (CCD) is constantly −10 ◦C (Figure A2). Moreover, temperature and relative
humidity sensors are put into the TCB to monitor the environmental dynamic (Figure A2). The
temperature and the relative humidity inside and outside of TCB are displayed on the interface (the
bottom left in Figure A1) of NJUspec Controller.Remote Sens. 2019, 11, x FOR PEER REVIEW 4 of 28 

 

 
Figure 1. (A) Installation diagram of solar-induced chlorophyll fluorescence (SIF) observation systems. 
The downwelling fiber is equipped with cosine correctors (CC-3; Ocean Optics, Dunedin, FL, USA) 
and the upwelling fiber is bare, called hemi-con. The downwelling fiber and the upwelling fiber are 
both equipped with CC-3, called bi-hemi. The downwelling sensor vertically pointed toward the sky 
to measure bi-hemispheric irradiance and the upwelling was mounted vertically downward to 
measure the reflected radiance (B) Schematic diagram of SIF observation systems equipped with TTL 
and splitter fiber for switching between two optical paths (irradiance and radiance). Temperature 
control box (TCB) providing a constant temperature environment, is composed of an external 
thermoelectric cooler (TEC) and spectrometer (C) Schematic diagram of SIF observation systems 
equipped with prism box. 
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Figure 1. (A) Installation diagram of solar-induced chlorophyll fluorescence (SIF) observation systems.
The downwelling fiber is equipped with cosine correctors (CC-3; Ocean Optics, Dunedin, FL, USA) and
the upwelling fiber is bare, called hemi-con. The downwelling fiber and the upwelling fiber are both
equipped with CC-3, called bi-hemi. The downwelling sensor vertically pointed toward the sky to
measure bi-hemispheric irradiance and the upwelling was mounted vertically downward to measure
the reflected radiance (B) Schematic diagram of SIF observation systems equipped with TTL and splitter
fiber for switching between two optical paths (irradiance and radiance). Temperature control box (TCB)
providing a constant temperature environment, is composed of an external thermoelectric cooler (TEC)
and spectrometer (C) Schematic diagram of SIF observation systems equipped with prism box.

NJUspec Controller controls the motor to change directions (right and left) of the prism switching
between the radiation received from the downwelling and upwelling fiber optics. As data quality
is mostly decided by IT, a simple optimal algorithm based on the work of Yang et al. [27] is used to
calculate the optimized IT for each spectral measurement to adapt changeable weather conditions.
Sequentially, measurements of incident solar radiation, corresponding dark current (DC), reflected
canopy radiation and corresponding DC are carried out around every 45 s.

The spectra of radiance and irradiance, and their ITs are displayed on the interface of NJUspec
controller (upper-left of Figure A1). The reflectance and both red and far-red SIF of the target are
retrieved and also displayed on the interface (upper-right of Figure A1, bottom right of Figure A1),
respectively. All these data are saved in a Matlab file (.mat) every 30 min.

In this study, four deliberate observation systems we chose with different constructions (Table 1)
to compare SIF retrieved from them. Spectrometers used in all systems were the same model (QEpro)
but with different spectral regions and sizes of slit, which were all customized to measure radiance
in the fluorescence emission wavelength range. SIF observation system I (SI) and III (SIII) had the
same construction, except for the spectral resolution (Full-Width at Half Maximum, FWHM) of the
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spectrometer (Table 1). Two different optical paths switching methods (Table 1), i.e., TTL and prism, are
used in the four systems. SIF observation system II (SII) was the newly built SIFprism. Spectrometers
of SI, SII, and SIII were equipped with the same slit (25 µm width), of which the width is much larger
than that of the SIF observation system IV (SIV, 5 µm width), which is a widely-used commercial
product FLoX (Dual FLuorescence boX; JB Hyperspectral Devices UG, Dusseldorf, Germany).

Table 1. Instrumental constructions of the four SIF observation systems.

Systems Systems Name Spectrometer (Spectral Range
(nm), FWHM (nm), Slit (µm)) Optical Switching Methods

SI SIFspec2 QEpro (650–800, 0.3, 25) TTL and splitter fiber
SII SIFprism QEpro (650–800, 0.3, 25) Prism and single fiber
SIII Fluospec2 QEpro (730–780, 0.17, 25) TTL and splitter fiber
SIV FLoX QEpro (650–800, 0.3, 5) TTL and splitter fiber

All systems were radiometrically calibrated using the same and standard procedure in laboratory
for several times during the study period to make sure the calibration coefficients could reveal the
real-time status of the instruments. Radiometric calibration of the hemispheric fibers CC-3 were
performed with a halogen light source (HL-3, Ocean Optics Inc., Dunedin, FL, USA), and the conical
bare fibers were done with an integrating sphere (Labsphere, North Sutton, NH, USA).

2.2. Experimental Setup

The experiment was conducted in the Xianlin campus of Nanjing University (32.1147 N, 118.9567
E) of China from May to August 2019. Four observation systems were used to continuously collect
spectra of vegetation, soil, and standard reference of grey panel (Labsphere, North Sutton, NH, USA).
Epipremnum aureum (E. aureum, the right in Figure 2) has a small leaf inclination angle which can reduce
the influence of canopy structure and was planted in a plastic flowerpot. In total, thirty flowerpots
with little difference in terms of growth status were used in this study. In order to reduce the impact of
the background, a black cloth was laid beneath all the flowerpots (the left in Figure 2). E. aureums were
placed outside for 3 weeks before the experiment to adapt to the high light conditions. In addition, dry
soil and grey reference with reflectance around 0.5 were chosen as the observation targets to evaluate
the stability of the four systems. In this study, two different installation configurations, i.e., hemi-con
(the upper in Figure 1A) and bi-hemi (the lower in Figure 1A) were employed to do four tests (Figure 3)
as shown below.

Test 1: Inter-comparison of the four systems of hemi-con configuration.
The configuration of hemi-con was adopted for all four observation systems (the upper in

Figure 1A) to compare the consistency and difference among the four systems. The downwelling fibers
(Figure 2A) pointed toward the sky were bundled together and the height between the fibers and
the ground was 1.8 m. The upwelling fibers (Figure 2B) with nadir view were bundled together to
measure E. aureums canopy, soil surface, and grey panel. The heights between the upwelling fibers
and the three targets were 2.6 m (1.15 m diameter FOV), 2.9 m (1.29 m diameter FOV), and 15 cm
(6.65 cm diameter FOV), respectively. Figure 4 showed the experiment setup and the bare fiber with
25 degrees field of view (FOV) downward pointing to the vegetation. During the experiment, the
measurement of E. aureums canopy and soil was conducted from 07:00 to 18:00 local time, and the
measurement of grey panel was from 10:00 to 14:00 local time. IT, reflectance, and retrieved SIF from
the four systems will be analyzed to evaluate the performance of them when measuring different
targets under different conditions.

Test 2: Comparison of bi-hemi and hemi-con configurations with similar field of view (FOV).
Different from Test 1, the configuration of bi-hemi was adopted in SI, SII and SIII, while their

downwelling fibers were the same as Test 1 to compare the difference between hemi-con and bi-hemi
configurations. The heights between the fibers and E. aureums canopy and soil surface were 0.7 m and
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1 m, respectively. The hemi-con configuration of SIV remained unchanged and treated as a reference
for comparison, the measurements of which proved to be reliable. The heights between the upwelling
fiber of SIV and E. aureums canopy and soil surface were still 2.6 m and 2.9 m, respectively. The lower
heights of SI, SII and SIII were set to restrict the FOV of their upwelling sensors mainly covering the
vegetation canopy. The measurement of E. aureums canopy and soil was conducted from 07:00 to 18:00
local time.
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Figure 2. Experimental setup (left) and the conical footprint (right) of the four systems. (A) in the left
shows the position of downwelling sensor and (B) shows that of upwelling sensor. The red ring in the
right represents the field of view (FOV) of the conical upwelling sensor.

Test 3: Comparison of bi-hemi and hemi-con configurations with same upwelling view heights.
Test 2 tested the configurations of bi-hemi and hemi-con at different heights. Considering SIF

retrieved from sensors at different heights may be affected by different viewing and atmospheric
conditions, the only difference in here Test 3 from Test 2 was that the same height between the upwelling
fibers of four observation systems and E. aureums canopy were 0.7 m, and the observation target was
only E. aureums to directly compare the difference between conical and hemispheric upwelling sensor.

Test 4: Comparison of bi-hemi and hemi-con configurations over homogeneous canopy.
Grass canopy is more homogeneous than the E. aureums canopy and is continuous, reducing

the effects of canopy heterogeneity and interference from background. Therefore, we designed Test
4 for a comparison of SIF retrieved from bi-hemi and hemi-con configurations between these two
different canopies. The direct aim of this test is to find out if the results of bi-hemi and hemi-con
configurations could be the same as the results of the two configurations in Tests 2 and 3, which were
quite different. The configurations of bi-hemi and hemi-con were only adopted in SII and SIV (Figure 4),
respectively. Their upwelling fibers were mounted at the same height (0.5 m) above the canopy of
relatively homogeneous grass to measure reflected spectra. Furthermore, the upwelling fiber of SII
and the upwelling fiber of SIV were then mounted 0.5 m and 1 m above the canopy to test if different
heights of the upwelling sensors affect the results, respectively.

Finally, we compared the performance of the four observation systems and the two different
configurations (hemi-con and bi-hemi) according to integration time (IT), reflectance, and SIF from
them, respectively (the orange ellipse in Figure 3).
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footprint (red circle) with systems II and IV (SII and SIV) at a homogenous grassland field.

2.3. A Test for the FOV of CC-3

Conceptually, a cosine corrector can collect incident light from 180◦ FOV [42]. However,
Liu et al. [43] simulated the FOV of CC-3 and indicated that about 90% radiation captured by CC-3
was supplied by 140◦ FOV. Therefore, we designed a test to measure the “true” FOV of CC-3 (Figure 5).
First, a piece of 5 m2 black cloth was laid on the ground to shield the signal of the ground. Second,
we selected two pots of E. aureums with good growth status put on a removable pallet. Third, the
configuration of bi-hemi was adopted in SII, and the upwelling fiber was mounted at 1 m height from
E. aureums canopy. Finally, we moved the pallet from the center of CC-3 FOV under the upwelling
fiber every 0.2 m from the origin to 3 m. The experiment was conducted around noon local time and
finished within half an hour to make sure it was done under stable and constant illumination.
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2.4. SIF Retrievals

Algorithms based on the Fraunhofer line depth (FLD) principle [44,45] are most commonly used
for SIF retrievals at the canopy level. The FLD method needs spectral measurements at two channels,
one inside and one outside a Fraunhofer line [46]. It assumes that reflectance (r) and SIF are constant at
the two channels. However, in fact, these two variables have significant differences at the two channels,
especially for r at 687 nm and SIF at 760 nm [37,47]. One of the FLD-based algorithms, the three-band
FLD (3FLD) method, has been proposed and proved to be robust and simple for SIF retrieval [48].
3FLD are based on the assumption that the r and SIF vary linearly in the spectral domain considered,
which overcomes the limitations given by FLD assumptions. In this way, the 3FLD-based SIF can be
derived as Equation (1):

SIFin =

(
Ele f t ×wle f t + Eright ×wright

)
× Lin −

(
Lle f t ×wle f t + Lright × Eright

)
× Ein(

Ele f t ×wle f t + Eright ×wright
)
− Ein

(1)

where wle f t and wright are the weight of the channel, which is proportional to the length between
the longer/shorter channel and the inner channel. E and L are the downwelling irradiance and the
upwelling radiance arriving at the top of the canopy, respectively. The subscripts “in”, “left” and
“right” represent the channels inside, at the left of and at the right of the absorption domain (758 nm,
760 nm, and 770 nm for O2A absorption domain; 680 nm, 684 nm, and 690 nm for O2B absorption
domain), respectively.

2.5. Statistical Data Analysis

All four system were well calibrated following the radiometric calibration protocol using the
reference light sources of HL-3 (Ocean Optics Inc., Dunedin, FL, USA) to calibrate the hemispherical
sensor and an integrated sphere to calibrate the conical sensor in the lab, ensuring that synchronously
measured incident irradiance and reflected radiance have no systematical difference obtained from these
four systems. After preprocesses, such as dark current correction, quality checking, and the calculation
of irradiance and radiance from digital numbers, data were then used to calculate reflectance and to
retrieve SIF. In total, data observing grey reference and bare soil background, four days measuring
E. aureums with four systems and another four days measuring lawn plot with two systems were
collected and analyzed in this study.

IT and reflectance were chosen to be the indicators for the comparison of the four systems and
different configurations (i.e. hemi-con and bi-hemi configurations). In the test for FOV of CC-3, the
“true” footprint of hemispherical sensor (CC-3) was tested by moving a potted E. aureums away from
the center of the sensor FOV. Diurnal patterns of instantaneously acquired SIF from different systems
and configurations were also compared to evaluate the consistency of SIF obtained from a variety
of devices when observing the same target, something which has not yet been reported. Statistical
analyses were performed using MATLAB and Microsoft Excel software.



Remote Sens. 2019, 11, 2642 9 of 27

3. Results

3.1. Measurements of Grey Reference and Soil Background

Irradiance, radiance, and reflectance are the first things should be checked to investigate the quality
of data collected from observation systems. Figure 6 shows the irradiance, radiance and reflectance
measured by different systems of hemi-con configuration while the downwelling bare fiber pointing
toward grey reference around noon under slightly cloudy (left volume) and changeable (right volume)
conditions. The irradiance measured by these four systems showed marginal difference, while radiance
from different systems varied dramatically (Appendix A.3 and Figure A3 as a complement showing
the consistency of the radiance acquired from the four systems under clear and stable illumination
condition). As the four systems all using sequential observation are measuring the incident irradiance
first and then the reflected radiance, under changeable weather conditions, irradiance and radiance
are measured asynchronously and probably under different radiation conditions, causing variations
of measured reflectance. The radiation conditions were more stable at 12:04 than that at 11:06. The
standard reflectance of the grey reference is 0.5 at far-red region, and reflectance measured by SI, SII,
and SIII were close to this value at 12:04, but reflectance measured by all four systems were less than 0.5
at 11:06. Generally, reflectance measured by SII and SII were closer to 0.5 than the other two systems at
different time, indicating the stability of SII and SIII used in fast changing weather situations.
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Figure 6. Irradiance, radiance and reflectance measured by different systems while the downwelling
bare fiber pointing toward grey reference around noon under slightly cloudy (A,C,E) and changeable
(B,D,F) conditions.

All downward pointing sensors of the four systems with the hemi-con configuration were
conducted to measure bare soil ground for entire days. Integration time (IT) could be a useful factor to
evaluate the efficiency of these systems. Figure 7 displays the diurnal variations of ITs of different
systems measuring (A and B) irradiance and (C and D) radiance. ITs of SI and SII were much lower
than the other two systems. IT of SIV was always the longest and reaching the offset maximum
IT (Figure 7C) when measuring soil ground. IT of SII was around half of that of SI, showing high
observation efficiency, which was also the reason for SII having high SNR.
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Figure 7. Diurnal variations of integration time (A,B) irradiance and (C,D) radiance of different systems
with hemi-con configuration while the downward bare fiber pointing toward bare soil background.
The right volume is the magnification of integration times (ITs) of systems I and II (SI and SII).

The main difference between hemi-con and bi-hemi configurations is the different viewing
geometry as that the hemi-con measurements can be taken by observing the canopy at nadir or
off nadir, while both nadir and off-nadir contribute to the bi-hemi measurements but in different
weights [28]. Reflectance of soil ground measured from SI, SII and SIII of hemi-con (Figure 8A) and
bi-hemi (Figure 8B) configurations of are shown in Figure 8. Reflectances measured by different
systems had marginal difference by the bare fiber for hemi-con configuration, and those from the cosine
corrector for bi-hemi configuration were also similar. Even though measurements of the downward
sensor with bare fiber and cosine corrector have different viewing geometries, the soil was generally
homogeneous, such that the reflectances measured by the bare fiber and cosine corrector were almost
not affected by different viewing geometries.

3.2. Measurements of Vegetation Canopy

Both hemi-con and bi-hemi configurations for SI, SII and SIII were conducted to measure vegetation
canopy during the days, while only SIV of hemi-con configuration was setup as a reference. The
upwelling hemispherical sensors of the three systems and the conical sensor of SIV were mounted at
different height but had almost the same FOV. Similar to measuring soil ground, diurnal variations of
IT of the four systems with conical sensors (9th May) and with hemispherical sensors for the upwelling
channel (12th May) are shown in Figure 9. On 9th May, when the downward pointing sensors of all
systems measured with conical sensors, ITs of SI and SII were much lower than the other two, and the
IT of SII was about half of that of SI, which was same as measuring the bare soil ground. On May 12th,
when the downward sensors of SI, SII, and SIII were equipped with cosine correctors, all ITs became
longer. And IT of SII was closer to but still much lower than that of SIV compared to the results on
May 9th. Similar patterns have been found when the upwelling hemispherical sensors of the three
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systems and the conical sensor of SIV were mounted at the same height but had different fields of
view, as shown in Figure A5. Whether the upwelling sensor equipped with cosine corrector or not, SII
always has the shortest IT, i.e., the greatest efficiency.

Figure 10 showed the irradiance, radiance and reflectance of SI and SII when downward pointing
sensors (Figure 10A,B) were conical sensors and (Figure 10C,D) were hemispherical sensors measuring
vegetation canopy. The irradiance and radiance measured by the two systems were very close. Hence,
the reflectance calculated from these two systems was also quite similar. The small fluorescence peak
of reflectance at 687 nm could be observed from both SI and SII. In contrast, the fluorescence peak
of reflectance at 760 nm was clear from SII while that from SI had an abnormal vibration, which was
possibly due to spectral shifting caused by the impalpable difference between the two paths of the
splitter fiber. Whether it was downward pointing conical sensors or hemispherical sensors, the shapes
of reflectance had no difference. SII shows its advantage of avoiding spectral shifting and being able to
measure “perfect” shape of vegetation reflectance.Remote Sens. 2019, 11, x FOR PEER REVIEW 11 of 28 
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Reflectance measured by the four systems of hemi-con and bi-hemi configurations at different
(Figure 11A,C) and the same heights (Figure 11B,D) were displayed in Figure 11. All reflectances were
measured under similar illumination condition. Figure 11A,B shows differences among reflectance
from four systems, which were similar to those shown in Figure 6, probably owing to the different IT
of the four systems and asynchronous measurements of incident irradiance and reflected radiance.
Either at different or the same heights, reflectance measured with hemispherical sensors (Figure 11C,D)
exhibited obvious differences to those measured with conical sensors (Figure 11A,B), with relatively
higher reflectance in red region and lower reflectance in far-red region. Even though the FOV of the
hemispherical sensor was theoretically covered by vegetation, it seems the reflectance measured by
hemispherical sensor contains the signal of background. To test the usefulness of cosine corrector in
measuring reflected radiance of vegetation, we conducted another experiment to clarify the “real” FOV
of it.
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As described in Section 2.3 for the test of CC-3 FOV (Figure 6), two pots of E. aureums were placed
under the horizontal center (origin shown in Figure 12) of the hemispherical sensor FOV at first with
1.0 m vertical distance between the sensor and the top of the canopy, and was moved away from the
center at a 0.2 m step. Figure 12 shows the variations of SIF, reflectance at 760 nm and NDVI with
the distance between E. aureums and the center. When E. aureums was moved away from the FOV
center, SIF, reflectance at 760 nm, and NDVI all dramatically decreased with an increase of distance.
Once the distance was larger than one meter, the decreases of the three parameters with distance were
slackened. Reflectance at 760 nm remained invariant since the distance reached 1.4 m, while SIF and
NDVI kept slowly decreasing until SIF became negative and NDVI turned to be steady around 0.05
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when E. aureums was pulled 2.0 m away from the FOV center. The underlying picture indicates the
vegetation canopy and the transparency of the rings represents the contributions of different places of
the canopy to the SIF signal captured by the cosine corrector. The theoretical radius of the footprint of
the cosine corrector simulated by Liu et al. [43] should be 2.7 m above the canopy here. Our findings
suggested that the measured SIF signal was limited at 2.0 m the same as NDVI behaved. This result
also indicates the far-red SIF signal of vegetation measured by the spectrometer is beyond the range
expressed by reflectance at 760 nm when the reflectance was already invariant before that distance.
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Figure 11. Reflectance measured by the four systems (A,B) of hemi-con and three systems (C,D) of
bi-hemi configurations while the upwelling sensors pointing toward vegetation. (C) shows the data
that the upwelling sensors of the three systems have almost same field of view as the conical sensor of
SIV (different viewer height), while (D) shows that those three upwelling sensors were mounted at the
same heights as that of SIV (different field of view).

3.3. Retrievals of SIF from Four Systems

SIF retrieved from the four systems of hemi-con configuration measuring the plot of E. aureums
were compared (Figure 13). Diurnal variations of SIF shown in Figure 13A,C were acquired under
slightly cloudy but stable sky conditions and those in Figure 13B,D were acquired under changeable
cloudy conditions. All far-red SIF obtained from four systems exhibited minor differences as all sensors
have the equivalent FOV and measured the same spot of the canopy with synchronously changed
sun-viewer geometry across the day. On May 9th, red SIF obtained from SIV were a little lower
than those from another two systems under slightly cloudy conditions (Figure 13C), probably due
to its longer IT (Figure 9) and lower SNR (Figure A4) which affect the detection of red SIF signal,
which is much weaker than far-red SIF signal. These results indicate that different constructions and
spectrometers used in the four systems have a rare influence on the retrieval of far-red SIF, but may
affect retrieval of red SIF if the SNR is not high enough (usually > 1000:1), and a new-built prism
system (SII) is effective to acquire a SIF signal.

As SIFprism (SII) had proven able to obtain SIF as other systems, we specifically equipped the
upwelling sensor with a cosine corrector (CC-3) to measure the hemispherical radiance of the canopy
and used the FLoX (SIV) of hemi-con configuration as a reference. Downward sensors of SII of
bi-hemi configuration and SIV of hemi-con configuration were set to measure a field of grassland, of
which canopy was very homogeneous and large in respect to the FOV of upwelling hemispherical
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fiber. Diurnal variations of retrieved far-red and red SIF from the two systems showed quite similar
values and features both at the same (Figure 14A–D) and different heights (Figure 14E–H) under
different weather conditions, varying with changes of photosynthetic active radiation (PAR, shaded
area) measured by a sunshine sensor BF5 (Delta-T Devices Ltd., Cambridge, UK). Either the upwelling
sensors of the two systems set at the same or different heights, the footprints and viewing geometry of
hemispherical sensor and conical senor were different, proving that this difference does not affect the
variations of SIF signal in the homogenous field. Data shown in this figure were filtered according to
the criteria of quality-control presented by Cogliati et al. [12], such that there were some small gaps
while there were two big gaps in Figure 14A,C due to system failure. On these four days, whether
under clear or cloudy conditions, the weather changed very fast, and SII was able to reveal the influence
of changeable illumination on SIF observation as it has a shorter IT than that of SIV, and is consequently
able to reject poor-quality data.
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As shown in Figure 11, the reflectance measured by SI, SII, and SIII of hemi-con configuration were
different from those of bi-hemi configuration when measuring E. aureums plot, of which canopy was
considered as heterogeneous due to background effects. When the SIV of the hemi-con configuration was
used as a reference, the values of far-red SIF retrieved from the other three systems were much lower
than that from FLoX (SIV) on two days under different weather conditions (Figure 15A,B). Meanwhile,
diurnal patterns of far-red SIF from SIV were significantly different with that from systems of bi-hemi
configuration which did not have clear diurnal patterns. On the contrary, diurnal courses of red SIF
retrieved from the three systems (SI, SII and SIV) exhibited a non-significant difference when the upwelling
sensors were mounted at different heights but had general same FOV (Figure 15C) and a little higher
values of SIF from SIV than the other two when the upwelling sensors were mounted at the same height
(Figure 15D). These results indicate that, for a heterogeneous canopy, different configurations affect the
observation of red and far-red SIF in different ways owing to different footprint sizes, viewing geometries,
and radiative transfer regimes of different bands, which will hereafter be specifically discussed.
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cloudy sky). Shaded areas represent diurnal course of photosynthetic active radiation (PAR) measured
by a sunshine sensor BF5.
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hemispherical sensors and conical sensor set at different height, and b and show those set at the
same height.



Remote Sens. 2019, 11, 2642 18 of 27

4. Discussion

4.1. Comparison of Different SIF Systems

Several types of ground-based systems have been employed for continuously monitor vegetation
SIF during the past few years. Up to now, the most acceptable construction of this kind of system
(e.g., FLoX, FluoSpec2, Photospec and FAME) integrates spectrometers from Ocean Optics Inc.:
FLAME/HR2000+, QEPro, with splitters fiber and inline TTL for sequentially measuring and switching
between solar irradiance and vegetation radiance [18,23,27]. Our new built SIFprism was derived from
a prism system developed by Ari Kornfeld and Joe Berry (Department of Global Ecology, Carnegie
Institution for Science), and the part of splitter fiber and inline TTL was replaced with a rotary prism
box. For the first time, we tested four different constructed systems (SI–SIV) of different configurations
to analyze the feasibility of monitoring SIF acquired from different sites using different devices across
the world. SI and SIII were built by our team based on existing constructions, and SIV (FLoX)
was a commercial product we bought, all of which could be treated as existing well-accepted SIF
observation systems. SII was newly developed and built, which was specifically compared with the
other three systems.

The IT of four systems measuring soil ground (Figure 7) and vegetation (Figures 9 and A4) were
compared. The spectrometer with a larger spectral range (650–800 nm) or slit (25 um) has a larger
FWHM but higher light sensitivity. Therefore, the ITs of SI and SII were much shorter than those of
the other two. Prism can reduce more than 50% the light loss through splitter fiber and inline TTL
as IT of SIFprsim (SII) was about half of SI whether the upwelling sensors were equipped CC-3 or
not. A shorter IT could help to improve the SNR (Figure A2) and enable the almost simultaneous
measurements of downwelling and upwelling radiation to minimize the temporal mismatch between
them as much as possible [35]. This will also be helpful for high-quality data acquisition under fast
changing weather conditions and in the precision of SIF retrieval [34].

When four systems were setup to measure grey reference under fast changeable (in seconds)
radiation, irradiances from four systems were consistent while radiances and reflectance were different
(Figure 6). As these four systems are well radiometric calibrated, there are two possible reasons causing
this result. The sampling temporal interval was set as one minute for all the four systems, thus the
irradiances from the four systems were almost synchronously. However, due to different ITs, the
sequential acquisition of radiances from them was non-synchronous. A shorter IT of SII makes it
more relatively simultaneously measure irradiance and radiance comparing to other systems. Another
potential reason is that even the four upwelling sensors were bound together and pointed to the grey
reference, and they may measure different spots of the grey reference of different reflected radiance,
which is hard to avoid.

Spectral shifting is an obstacle to guaranteeing the precision of SIF measurement [29,35]. The
prism system is able to avoid spectral shifting as all light from two channels penetrating through
unique optical path into spectrometer without light mixing via the splitter fiber. This issue for the
system with splitter fiber is inevitable and hard to be resolved. One possible way is keeping straight
and slack in the joint place of the splitter fiber, which may need many tests to get a ‘right’ shape of
reflectance. An alternative option is to perform wavelength calibration respectively for each optical
path and to recalculate the wavelength for each band of the two channels [14,32].

Solar irradiance and canopy radiance measured precisely at the same wavelengths and with the
same accuracy is an ideal case for SIF observation, which is unachievable with exist technology for
now [34]. Nevertheless, red and far-red SIF from the four systems of hemi-con configuration varied
parallel over the day even under variable weather conditions (Figure 13). Even though the accuracy of
SIF retrieved from these systems is unable to be assessed, these results prove that all these constructions
of SIF-measuring instruments are effective to monitor in situ SIF.
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4.2. Comparison of Hemi-Con and Bi-Hemi Configurations

When the upwelling sensor was equipped with a diffuser (CC-3), the IT of this sensor may be
doubled due to the light attenuation of the diffuse material of the cosine corrector. Even so, the ITs of
SI and SII were still much lower than SIV (as reference) (Figures 7 and 9). Therefore, the most affected
by the bi-hemi configuration are vegetation reflectances and SIF.

Reflectances measured with the hemi-con and bi-hemi configurations were indistinguishable
when the target was soil ground (Figure 8). However, the differences of reflectance are notable when the
target was the plot of E. aureums as the hemispherical reflectance was higher in the visible region and
lower in the near infrared region than the conical reflectance (Figure 11). This is similar with the feature
that the soil reflectance is also higher in the visible region and lower in the near infrared region than
the vegetation reflectance, indicating that soil ground signals may be captured by hemispherical sensor
when measuring the small E. aureums plot (only 2.5 × 2.5 m2). As the soil ground is homogeneous and
continuous while the vegetation plot is heterogeneous and discontinuous at this small scale, different
viewing geometries and footprints of hemispherical and conical sensors resulted in the differences
of vegetation reflectance even though more than 90% of the conical signal is from the vegetation
canopy [43], but also had a rare influence on ground reflectance (Figure 16). This result impelled us to
test what the footprint of CC-3 may truly be.
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hemi-con configuration.

The photon-receiving part of CC-3 is built 1–2 mm below the rim, meaning that the actual FOV is
definitely less than 180◦. Liu et al. [43] reported that 90% of the total radiation captured by CC-3 is
from an FOV of 144◦, of which the radius is approximately triple the sensor’s height from the canopy.
By moving the vegetation target away from the center of FOV, we found that far-red SIF signal became
negative before the radius of FOV reached triple of the sensor height (Figure 12). Meanwhile, the
far-red SIF of the plot of E. aureums measured with bi-hemi configuration were much lower than those
measured with hemi-con one (Figure 15) but were consistent when measuring a plot of grassland
(Figure 14). This is probably due to multiple scattering of heterogeneous canopy in the far-red region
causing a mismatch between estimated and real footprints. Furthermore, the actual viewing geometry
may be different with the assumed one when hemispherical and conical sensors were set at different
heights (Figure 15A). Therefore, considering the shape of canopy reflectance of E. aureums (Figure 11),
far-red SIF of this kind of heterogeneous canopy is interfered with by the soil ground signal. However,
the case is different for red SIF, which is highly reabsorbed by the canopy but rarely multiple scattered
thus measured red SIF is mainly from top of the canopy. As long as the assumed footprints of upwelling
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hemispherical and conical sensors were the same (Figure 15C), red SIF values were the same even the
viewing geometry were different. While all upwelling sensors were set at the same height, red SIF from
conical sensor was larger than others as the conical sensor has a smaller footprint but larger probability
of seeing more sunlit leaves in its FOV when the solar zenith angle is small (around noon) (Figure 15D).

4.3. Implications for Future Work

Our newly built prism system (SIFprism) showed its consistency with commercial products
(FLoX, SIV) and widely used systems (SI and SIII) for measuring reflectance and deriving SIF for a
homogeneous canopy. Short IT enables SIFprism system to be used for changeable weather condition
and to obtain high-precise SIF measurements [34]. However, the essential point of the prism system,
whether it can be reliably used for long-term field operation, is the repeatability of the rotation of the
prism to ensure the two optical paths are stable. As a newly built system, it still needs to be run in situ
for a long time to investigate its stability. The prism system is suitable for measuring hemispherical
canopy radiance taking the advantage of short IT, even CC-3 may dampen more than half of the
light density.

The bi-hemi configuration has an advantage in that it is able to capture signals from a large
footprint area even the upwelling sensor is not mounted at high altitude. For monitoring photosynthesis
derived from eddy covariance (EC) measurement using EC tower-based SIF measurement, mismatch
between the footprints of these two measurements is a critical issue must be considered [34]. The
footprint of EC measurement, which is usually tens of times the distance between the sensor and the
canopy, is designed to represent the average condition of the canopy, no matter whether the canopy is
homogeneous or heterogeneous. The SIF system of hemi-con configuration is probably suitable for
homogeneous canopy but is hard to be representative for heterogeneous canopy when its diameter of
FOV is still less than 10 m even the sensor is mounted 20 m above the canopy. In contrast, for upwelling
channel, hemispherical sensor has a much larger FOV than conical sensor (almost 7 times) [43] and
is better at matching an EC footprint. Therefore, the bi-hemi configuration can be well used above
a heterogeneous canopy to acquire average information. But this configuration is non-preferable
for a discontinuous canopy, such as small plots in the controlling experiment, needing to make sure
the upwelling signal is not beyond the canopy. Another important thing is that proper atmospheric
correction is necessary for SIF retrieval with the use of a cosine corrector to collect vegetation radiation
due to long light path at large view angles [30].

5. Conclusions

In this study, we conducted a field experiment for SIF measurements from four different observation
systems (SI and SIII built from existing construction, SII newly built and SIV bought as a commercial
product) together to find out whether SIF from different systems are comparable. We also investigated
the impacts of different FOV on the SIF observations. IT, reflectance, and SIF retrieved from different
systems with hemi-con and bi-hemi configurations were compared. Generally, the IT of spectrometer
with large spectral range or a large slit is much shorter than the opposite one. We have demonstrated
that the newly built prism system (SIFprism, SII) has the shortest IT and highest SNR giving credits to
less light loss than splitter fiber and higher efficiency nearly two times of the construction using TTL and
splitter fiber (SI). This advantage is also helpful to improve the data quality for SIF retrieval, especially
where the weather is changeable. Reflectance collected from different systems showed small difference
when measuring different targets, and correspondingly, diurnal courses of SIF (either red or far-red
SIF) retrieved from different systems displayed marginal difference, either with hemi-con or bi-hemi
configuration when (only) measuring homogeneous (continuous) vegetation canopy (grassland),
demonstrating the consistency of different systems for spectra and SIF observations. We found that,
however, when the target is heterogeneous (discontinuous) as in the E. aureums plot, the values and
diurnal pattern of far-red SIF derived from systems (SI, SII and SIII) with a bi-hemi configuration
were obviously distinct from those derived from the system (SIV) with a hemi-con configuration.
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This is probably due to the different footprint sizes and viewing geometries between hemispherical
and conical upwelling sensor attributed by multiple scattering at the far-red region. A larger FOV
of the hemispherical sensor than conical sensor is suitable for the observation of a heterogeneous
canopy and better matches the footprint of EC measurements, but was restricted for observation of a
discontinuous canopy (such as small plots of control experiment). Our results highlight the importance
of conducting the bi-hemi measurements for SIF retrievals to integrate with EC flux measurements
which have a larger footprint. This study is of more technical than scientific importance, but it may
nevertheless serve further studies on the comparison of SIF acquired from various sites with different
observation systems.
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Figure. S1 Software interface of NJUspec Controller. The box in the upper-left of the interface 

displays the values and shapes of radiance and irradiance, and their integration time. The box in the 

upper-right of the interface displays the reflectance of measurement targets. The bottom left of the 

interface displays the local time, the name of last saved file name, the temperature of inner chamber, 

outer chamber and motherboard, and the relative humidity of inner chamber and outer chamber. 

The box in the bottom right of the interface displays the solar-induced chlorophyll fluorescence (SIF) 

values. 

Appendix B. Inner environmental conditions of SIFprism 

Figure A1. Software interface of NJUspec Controller. The box in the upper-left of the interface displays
the values and shapes of radiance and irradiance, and their integration time. The box in the upper-right
of the interface displays the reflectance of measurement targets. The bottom left of the interface displays
the local time, the name of last saved file name, the temperature of inner chamber, outer chamber and
motherboard, and the relative humidity of inner chamber and outer chamber. The box in the bottom
right of the interface displays the solar-induced chlorophyll fluorescence (SIF) values.
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Appendix A.2. Inner Environmental Conditions of SIFprism
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Figure A2. The temporal dynamics of temperature (Temp.) and relative humidity (RH) of Temperature
Control BOX (TCB), Charge Coupled Device (CCD) and air.

Appendix A.3. Radiance of Four Systems Acquired under Stable Illumination Condition

Radiance observed from 11:40 to 12:00 on May 9th when illumination condition was quite stable
and shown in Figure A3. Radiance acquired from the four systems varied slightly with changes in
illumination and were similar but with minor difference due to small different field of view of each
system measuring heterogeneous canopy.

Appendix A.4. Estimation of Signal to Noise Ratio (SNR) of the Four Systems

Based on measurements of grey reference, the spectral signal to noise ratio (SNR) of the four
systems were calculated [49] and shown in Figure A4.

SNR =
S
N

=
RDN,total −RDN,dark(

σ2
(
RDN,total

)
+ σ2
(
RDN,dark

))1/2
(A1)

where RDN,total and RDN,dark represent total measured signal and dark current, respectively. DN means
digital number, and σ is the standard deviation. The total signal refers to the average of repeated
measurements of a grey reference panel (Spectralon, Labsphere, NH, USA) at noon under a relatively
stable sky condition. Ambient light is ensured during the measurements to guarantee the relatively
high radiance levels, which is usually present in naturally illuminated scenes.

During the measurements (around 15 min), 10–20 spectra data for each system were acquired.
Generally, SII has the highest SNR while SIV has the lowest SNR, probably due to more incident light
input into the spectrometer of SII using 25 um slit than that of SIV using 5 um slit.
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Appendix A.5. Estimation of Signal to Noise Ratio (SNR) of the Four Systems

Similar to Figure 10, when downward sensors with bare fiber and with cosine corrector were kept
at the same height, different field of view in another word, differences among diurnal patterns of ITs of
the four systems showed the same features as those shown in Figure A5, when the bare fiber and cosine
corrector were set at different heights. The IT of SII was always the shortest and was generally shorter
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than 1 second, proving that using prism to switch between the downwelling and upwelling optic paths
could reducing photons loss compared to using splitter fiber add TTL to switch between the two paths.
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