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Estimating light-use efficiency by the separated Solar-induced
chlorophyll fluorescence from canopy spectral data
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Abstract: Light-use efficiency (LUE) is a critical parameter in many primary production models for estimating ecosystem
carbon exchange. The application of these models on regional and global scale is restricted because of the difficulty of retrieving
LUE from airborne and satellite remote sensing images. Vegetation chlorophyll fluorescence is a direct indicator of plant physi-
ology. In this paper, a diurnal experiment was carried on maize on July 5, 2008. The canopy radiance spectra and tower-based
flux data were acquired synchronously to test the possibility of retrieving LUE by the solar-induced vegetation ChlF signals. The
canopy net primary production (NEP) values were calculated using eddy covariance measurement by a CSAT3-Li7500 Flux
system, and the gross primary production (GPP) was also calculated by adding the simulated day time respiration. Two kinds of
LUE based on GPP (LUEgpp) and NEP (LUEngp) were defined by dividing the absorbed photosynthetic active radiation (APAR).
The ChiF signals at 760nm and 688nm were also separated from the reflected radiance spectra based on Fraunhofer line depth
algorithm in the two oxygen absorption bands. The ChIF signals were strongly correlated with photosynthetic active radiation
(PAR), especially the ChIF at 760nm (R?>0.99). Both NEP and GPP had a significant correlation with ChIF. Furthermore,
LUEgepr Was negatively correlated with the ChIF’s relative intensity at 688nm and 760nm, with a correlation coefficient R? of
0.6331 and 0.7861 respectively. Moreover, the LUE models based on the solar-induced vegetation ChlF signals were compared
to some popular vegetation Indices (VIs) from the canopy reflected spectra. Canopy LUEgpe Was proved able to be estimated
from the remotely sensed ChlF signals.
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1 INTRODUCTION

Terrestrial ecosystems can fix about 60Gt of carbon annually
through the physiological process of photosynthesis. Mean-
while, autotrophic and heterotrophic respirations on the earth’s
surface release about the same amount of carbon back into the
atmosphere thereby closing the terrestrial carbon cycle (Janzen,
2004). Even tiny alterations in the terrestrial carbon balance are
likely to cause significant change on atmospheric CO,
concentrations. For this reason, the estimation of land-
atmosphere carbon cycle is becoming a focus in the research of
global climate change. Among most of the productivity models,
only the models based on light-use efficiency (LUE) are widely
used in regional and global vegetation productivity estimation,
because of their advantages of simplicity in calculation and less
input parameters (Potter et al., 1993; Running et al., 1999; Xiao
et al., 2005; Hilker et al., 2008).
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LUE is a critical parameter in the primary production mod-
els, which can be defined as the efficiency of plant converting
absorbed light energy into dry matter. At regional or global
scale, LUE can only be estimated by prior parameters, such as
land cover types, light, temperature and water status retrieved
from remote sensing or in situ measurements. Therefore, the
development of the LUE based productivity models is limited.
So far, the Eddy covariance (EC) technique is the only way to
measure carbon dioxide and water-heat exchange between at-
mosphere and vegetation canopy directly. This method can
acquire LUE on canopy or landscape scale, and verify the re-
mote sensing production estimation on regional scale.

Light absorbed by a leaf can be dissipated as heat, or used
for photochemistry, or emitted as fluorescence, there is a recip-
rocal relationship among three of them. Chlorophyll fluores-
cence (ChIF) is considered as an ideal probe of photosynthetic
activity because of the characteristics of rapid and non-invasive
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reflection of plant photosynthesis state (Schreiber, 1994).
Therefore, it can be used to monitor instantaneous vegetation
Light-use efficiency. The observed apparent vegetation reflec-
tance signal includes contributions from both reflected and
fluoresced radiations. Although the intensity of the ChlF emis-
sion is relatively low, many researches (Moya et al., 2004; Liu
et al., 2005; Louis et al., 2005; Liu et al., 2006) proved it pos-
sible to separate solar-induced ChIF radiation from observed
apparent vegetation reflectance by Fraunhofer Line Detection
(FLD) algorithm. So far, most researches mainly focus on ac-
tive fluorescence detection of photosynthetic activity, while
research on passive fluorescence detection of photosynthetic
activity is still at the preliminary stage. Therefore, a diurnal
change experiment was carried out to test possibility of retrieve
LUE from the solar-induced ChiF signals. Canopy ChiF signals
were calculated from the canopy radiance spectra, and also the
canopy LUE was retrieved synchronously from carbon dioxide
flux measured by Eddy covariance (EC) method. Based on the
statistical relations between ChIF signals and primary produc-
tivity parameters, the feasibility of detecting canopy LUE by
vegetation ChlIF was discussed, which may be a reliable remote
sensing approach to retrieve LUE on canopy and regional scale.

2 MATERIALS AND METHODS

2.1 Experimental designs

A diurnal change experiment was designed for summer
maize to acquire the canopy-level spectra, radiation and CO,
flux values. The experiment was performed on July 5 2008 at
Yingke Irrigation Area, Zhangye, Gansu Province (38.85° N,
100.41° E), and the maize was at the big trumpet period with a
mean height of 1.76m. The vegetation coverage was about 95%
measured from canopy digital photo with the algorithm de-
scribed in Li et al. (2004). The experimental field had normal
fertilizer management and uniform growth, and its size was
about 3.3><10* m% And an eddy flux tower was fixed in the

center of the field. The day was sunny and clear, with the pho-
tosynthetic active radiation (PAR) around 200—2000 pmol m2
s and wind speed less than 1.5m s

2.2 Canopy spectra data

The canopy spectral measurements were taken from the
canopy using an ASD FieldSpec FR spectrometer. All the can-
opy and panel radiance spectra were taken every 60 min from
10:00 to 16:00 and every 30 min from 16:00 to 20:00. The
spectrometer was fitted with a 25° field-of-view bare fiber-optic
cable, and operated in the 350—2500 nm spectral region with a
sampling interval of 1.4 nm between 350 and 1050 nm and
2 nm between 1050 and 2500 nm. The spectral resolution (or
FWHM) was 3 nm for the 350—1000 nm region and 10 nm for

the 1000—2500 nm region. As shown in Fig.1, the fiber optics
was fixed at the southern end of a north—south direction hori-

Reference panel

Flux tower

Erect turntable

Fig. 1 Photo of detecting canopy spectrum

zontal pole, which was fixed by an erect turntable. All canopy
spectra were taken 2.3 m above the canopy. A 0.5m><0.5m

BaSO, panel was selected as the calibration reference with a
reflectance about 45% in visible and near-infrared region. The
reference panel was raised horizontally by another vertical pole
with center almost 0.5m right under the optical probe when it
was measured. Radiance observation pattern was adopted for
the field spectrometer in this experiment. Each spectrum was
averaged from 10 individual measurements of the maize target.
Then, the spectrometer was quickly rotated 180 degrees right
above the reference panel to measure the panel radiance spec-
trum.

2.3 Radiometric measurements

The photosynthetic active radiation (PAR) was measured
with a SunScan Canopy Analysis System (Delta Inc., England).
The sensor was held toward the south and kept horizontal using
an air bubble beside the handset controller. Four parts of PAR
was measured in this experiment: the incident PAR (PAR)), the
canopy reflected PAR (PAR)), the canopy transmitted PAR
(PARy) and the PAR reflected by the soil background (PARy),
both the PAR; and PAR, were taken at a hight of 20 cm above
the canopy. Three representative positions were chosen to ac-
quire PAR;, PAR;, PAR;, and PAR respectively, and the average
absorbed photosynthetically active radiation (APAR) was cal-
culated as follows (Jenkins et al., 2007),

APAR =PAR;-PAR, —PAR +PAR, @)

2.4 Flux and meteorological data

An Eddy covariance system and a DYNAMET Weather Sta-
tion were installed in the field to acquire meteorological data,
and to measure the materials and energy exchange between
canopy and atmosphere.

This EC tower consisted of a fast-response 3D sonic ane-
mometer (CSAT3, Campell Scientific Inc., USA) and an
open-path gas analyzer (L1-7500, Li-Cor Inc., USA) with data
recorded at 10Hz and fluxes such as CO,, latent heat, sensible
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heat and momentum calculated every 30 min. A positive flux
value indicates a direction of material propagation was upward.
Before 30 min productions were produced, WPL corrections
were applied (Webb et al., 1980), and abnormal data caused by
instrument malfunctions or sudden changes in the weather was
deleted. The DYNAMET Weather Station fixed at the tower
was used to record the weather parameters, such as PAR, tem-
perature, rain, and winds every 10 min.

3 RESULTS AND ANALYSIS

3.1 Extraction of Canopy ChlF

The emitted chlorophyll fluorescence, mixed by vegetation
reflection of incident sunlight, only accounts for less than 3%
of the apparent reflectance light energy (Grace et al., 2007).
Therefore, it is important to find an effective way to extract the
tiny ChIF signal from the apparent reflectance spectrum. The
simple and feasible chlorophyll fluorescence spectrum separa-
tion algorithm based on Fraunhofer Line principles had been
successfully applied in some researches on emission ChlF spec-
trum at certain wavelengths (Moya et al., 2004; Liu et al., 2005;
Louis et al., 2005; Liu et al., 2006). Evain et al. (2001), Moya
et al. (2004) even developed fluorescence spectrum detection
instrumentation based on Fraunhofer Line principles.

The tiny dark absorption lines in the spectrum of the sun,
caused by atmospheric absorption of the sun and the earth, are
called Fraunhofer Lines. Its FWHM is commonly between 0.1
nm and 10 nm, such as 486 nm, 527 nm, 589 nm, 688 nm and
760 nm. The idea of ChIF spectral separation algorithm sup-
poses that the reflectance is stable around the Fraunhofer lines
and vegetation emitted ChIF can fill the Fraunhofer “well” to a
certain degree. Therefore, vegetation ChlF radiance can be
extracted by comparison of incident solar radiance and vegeta-
tion reflected radiance in certain wavelengths. The ChIF (f )
was calculated as follows,

_axd-cxb
~ a-b
where a and b represent the detected irradiance from the refer-
ence panel in and out of the oxygen-absorption feature. Simi-
larly, ¢ and d represent the detected radiance from the target at
the border and at the bottom of the band. Not only the ChIF but
also the relative ChlF (R-ChIF, f*) can be extracted from the
reflectance spectrum. According to Eq. (2), the R-ChlIF can be
calculated as,

f 2

f*(%)=i><100:ag_cs
a a” —al

x100 ©)

Liu et al. (2006) successfully extracted vegetation ChlF spec-
trum at 688 nm and 760 nm bands with ASD spectrometer by
Eq. (2) and Eq. (3), which confirmed the feasibility to extract
vegetation ChIF spectrum by this ChIF spectrum separation
algorithm.

The ChlIF’s diurnal change curves of summer maize (C4
plant) at 688 nm and 760 nm wavelength were shown in Fig.2,
which demonstrated a characteristic of higher intensity at noon
than that at morning and evening. Moreover ChIF intensity at
688 nm band was significantly higher than that at 760 nm band.
This result was different from Liu et al. (2006)’s study on win-
ter wheat (C3 plant), but the same as the study on ivy (C4 plant)
(Liu et al., 2006). This indicates different physiological mecha-
nism of photosynthesis for the C3 and C4 plant functional types.
However, no reliable interpretation was found to interpret the
relationship between the different photosynthesis ways and
fluorescence yield.
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Fig. 2 Diurnal changes of chlorophyll fluorescence (ChlF) at 688nm
and 760nm

When the target remains stable, ChlF intensity is mainly af-
fected by environment variations, mostly by the incident PAR.
The correlation between the solar-induced ChlF radiation and
PAR given in Fig.3 showed the positive linear correlations at
688 nm and 760 nm, with a correlation coefficient (R®) of
0.8874 and 0.9938, respectively. The result favored the
self-protective mechanism of ChIF at high irradiance level.
Plant would convert more light energy into fluorescence when
the incident light was stronger, to avoid damage to vegetation
photosynthetic organs under high incident light intensity. Some
researches (Dobrowski et al., 2005; Louis et al., 2005) showed
that ChlIF at 688 nm would be absorbed by chlorophyll again.
This might be the reason for lower correlation coefficients of
ChlF and PAR at 688 nm than that at 760 nm (Fig.3).

3.2 Vegetation primary productivity and ChlF

3.21 NEP
The ecosystem-atmosphere CO, flux (net ecosystem ex-
change, NEE) was measured with an eddy covariance system,
which was negative when CO, was diffused from the atmos-
phere into the ecosystem. NEE shared the same absolute value
with net ecosystem production (NEP) but the opposite symbol,
NEP = -NEE (4)
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Fig. 3 Relationship between PAR and chlorophyll fluorescence at
688nm and 760nm Fig. 4 Relationship between NEP and chlorophyll fluorescence at

In this experiment, NEP and solar-induced ChIF were
mainly affected by environmental conditions. Fig.4 showed a
positive linear correlation between NEP and the separated ChlF
at 688 nm and 760 nm with the correlation coefficients (R?) to
be 0.7552 and 0.9092 respectively. The result suggested that
both solar-induced ChIF and NEP had the same response for the
short-term environmental change; and NEP short-term changes
could be retrieved from vegetation emitted ChlF.

322 GPP

Nighttime NEE acquired by EC system represents nighttime
ecosystem respiration (RE) because plants do not photosynthe-
size at night. Many researches have proved that nighttime NEE
can be described by an exponential function of temperature
(Lloyd and Taylor, 1994; Nichol et al., 2000; Wang et al., 2004;
Zhang et al., 2007). Soil temperatures were measured at differ-
ent depth and variance of ecosystem respiration was generally
explained by air temperature (Reichstein et al., 2005). Hence,
2m height air temperature measured by weather station instead
of average air temperature (Ta) was used as input for the RE-T
empirical formula. The expression was described as follows,

RE = AeBTa (5)
where A and B are constants determined from nighttime T, and

CO, flux data (namely NEE). Daytime RE can be evaluated
with Eq. (5) under the assumption that daytime RE responsence

688nm and 760nm

to T, is identical with nighttime (Zhang et al., 2007). Some
researches reported that the RE measured by the eddy covari-
ance method was significantly lower than the true value (Goul-
den et al., 1996; Law et al., 1999). To minimize the bias, only
those NEE data from periods of high friction velocity (u*>0.15
m s™1) were used as nighttime respiration (Zhang et al., 2007).
So, only 30% of nighttime data between 2008-07-04 and
2008-07-09 were used in daytime RE estimation. A and B, cal-
culated by nighttime data, was 2.8898 and 0.0591 respectively
(R?=0.4703, n=15). Then, the daytime RE values were calcu-
lated from Eq. (5).

The impact of ecosystem respiration on carbon exchange
was distinctive among different ecosystems. However, gross
primary production (GPP) represents the total carbon fixed by
photochemical reaction without any respiration, and can be
expressed as Eqg. (6) (Wang et al., 2004; Yuan et al., 2007;
Coops et al., 2007),

GPP = NEP + RE (6)

Diurnal changes of NEP, GPP and RE were shown in Fig. 5.
RE accounted for 30% of GPP all day, and reached to 77% and
100% at morning and evening respectively. The integral of all
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Fig. 5 Diurnal changes of net ecosystem production (NEP), gross R=08514 (n=15)

primary production (GPP) and ecosystem respiration (RE)

day GPP:NEP:RE equaled to 0.5:0.3:0.2. These results showed
that RE value can not be ignored in vegetation GPP and NEP
estimation. Especially, after 18:00, NEP dropped to zero due to
low light irradiance, while the GPP still kept around 13.58
umol m2 s™ because of persistent high temperature. Autotro-
phic respiration was preponderating at this time, organic carbon
created by photosynthesis was not sufficient to counteract eco-
system respiration.

ChlF emissions of vegetation canopies are indicative of leaf
photosynthesis condition, and insignificant to respiration. Thus,
it would be reasonable to establish reliable relationship between
canopy solar-induced ChIF and vegetation GPP. Fig.6 showed a
positive linear correlation between GPP and the separated ChlF
at 688 nm and 760 nm with the correlation coefficients (R?) to
be 0.6688 and 0.8514 respectively.

Fig. 4 and Fig. 6 showed that vegetation ChIF was signifi-
cantly positive correlated with both NEP and GPP, especially R?
at 760nm were above 0.85. The results showed ChIF can be
used in vegetation LUE detection.

3.3 LUE and relative ChlF

Commonly, light-use efficiency (LUE) can be calculated as
follows,

LUE(%) =

x100 @
APAR

where, APAR is calculated from Eq. (1), P is varied with the
different export parameters of LUE models. Ultilizing flux
measurement data, the LUE is calculated based on NEP
(LUEngp) and GPP (LUEgpp) respectively,

NEP

LUE %) = —x100
nep (%) APAR -

GPP
LUE %) =—x100
crp (%) APAR

®)

Both ChIF emissions of vegetation and GPP are direct produc-
tion of photosynthesis process. ChlF is irrelevant to vegetation

GPP/(umol m™s ™)

0 10 20 30 40 50 60
ChIF at 760nm/(W m :;un sy

Fig. 6 Relationship between GPP and chlorophyll fluorescence at
688nm and 760nm

autotrophic respiration. Taking the total organic carbon fixed by
photochemical reaction as an input of the LUE model can
compensate the ecosystem respiration dissipation of the photo-
synthetic carbon fixation. The physical mechanism between
ChlF and LUEgpp is more directly, and LUEgpp and LUEygp
were calculated respectively according to Eq. (8).

Consistent with LUE conception, the R-ChIF defined in
Eq. (3) is sensitive to diurnal changes of vegetation LUE. The
relationship between the R-ChlIF and LUEgpr was given in
Fig.7. The figure showed a negative correlation between
LUEgpp and R-ChIF at 688 nm and 760 nm with the correlation
coefficients (R?) to be 0.6331 and 0.7861 respectively. Higher
R-ChIF led to lower LUE. In the mean time, no reliable relation
was found between the LUEgp calculated from Eq. (8) and
LUE (the figure was not shown here). Therefore, it is feasible to
detect LUEgpp With the Fraunhofer Line Principle.

3.4 Photosynthesis detection with Vegetation Indices

Vegetation indices (VIs) could reflect various plant physio-
logical and non-physical information solely from reflection
spectra without any other auxiliary data. Accordingly, VIs were
widely used in evaluation of vegetation cover and growing
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condition qualitatively and quantitatively (Tian et al., 1998).
Both solar-induced ChIF and VIs were extracted from canopy
reflected spectrum. Several VIs relating to vegetation cover and
photosynthesis (Table 1) were chosen to analysis the relation
between these Vs and the parameters such as PAR, NEP, GPP
and LUEgpp, in order to confirm the advantage of ChIF in
vegetation photosynthesis detection.

Many studies have declared good correlation between pho-
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6 1
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Fig. 7 Relationship between LUEgpp and relative chlorophyll fluores-
cence (R-ChlIF) at 688nm and 760nm

Table 1 Summary of the Vegetation Indices

Vegetation Index Definition Source
Reoo — Reso Lichtenthaler et al.
NDVI —_—
R0 + Reso (1996)
RBDO - R445
SIPI R _R. Penuelas et al. (1995)
800 — 680
R531 - R570
PRI I E— Gamon (1992)
Rsa1 + Rezo
CUR R%gs Zarco-Tejada et al.
Re75 X Rego (2000)
R
CARI CAR x 1% Kim et al. (1994)

670

R: Reflectance; cag /2670 Rmo+b 5 R0 —Reo g —
@ 150

ax550

tochemical reflectance index (PRI) and LUE (Chen et al., 2008),
which was reconfirmed by the correlation coefficients (R?)
shown in Table 2. All these VIs could not establish reliable
correlation with other photosynthesis parameters. Oppositely,
combination of vegetation ChlF and R-ChlF could retrieve PAR
and CO, assimilation rate as well as follow short-time LUEgpp
change. The result showed that solar-induced ChIF was more
applicable and reliable in LUE detection compared with other
Vls.

Table 2 Coefficients of determination (R?) between Vegetation
Indices and photosynthetic parameters

NDVI SIPI PRI CUR CARI

PAR 0.0034 0.0001 0.3777 0.0663 0.4068
NEP 0.0002 0.0019 0.2592 0.0101 0.3137
GPP 0.0044 0.0127 0.1503 0.0001 0.2957
LUEgep 0.0232 0.0848 0.7108 0.0635 0.3792

4 CONCLUSIONS AND DISCUSSIONS

Remote-sensing monitoring of vegetation productivity is a
research focus in global climatic change. Benefited from the
advantage of large-scale  remote-sensing  monitoring,
LUE-based vegetation productivity models were widely used in
monitoring and evaluation of regional agricultural and forestry
ecosystems even global ecosystem. As an important input pa-
rameter of these LUE-based models, the precision of LUE de-
termines the potential application of the models. Due to the
difficulty in LUE detection using remote sensing, a diurnal
change experiment was designed on maize to detect LUE using
vegetation solar-induced ChIF, based on the physiological
mechanism connection between them. The experiment acquired
canopy radiance spectra and ecosystem net productivity syn-
chronously, and confirmed the feasibility of detecting LUE
using vegetation solar-induced ChiF.

The intensity of ecosystem respiration impacts ecosystem
GPP calculation. But, GPP and ecosystem respiration can
hardly be distinguished directly by eddy covariance technique.
The paper retrieved daytime respiration from empirical expo-
nential model of measured nighttime RE (equal to NEE) and air
temperature. This applicable method was adopted in a lot of
studies(Wang et al., 2004; Zhang et al., 2007; Yang et al., 2007)
under conditions when plant physiologic and biochemical pa-
rameters were hard to achieve. Coops et al. (2007) reported that
since the EC method derives daytime respiration using night-
time flux-temperature relationships ignoring the reduction
caused by photo inhibition in leaf respiration in light relative to
darkness, thus, the EC method tends to overestimate GPP.

The R-ChIF retrieved from Fraunhofer Line Principle, to a
certain extent, can eliminate the influence of incident light en-
ergy on the fluorescence intensity, and thus can monitor LUE
variation more sensitively. GPP is corresponding to photo-
chemical organism accumulation. And a significantly negative
correlation was illustrated between R-ChIF and LUEgpp, In ad-
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dition, The VIs, interrelated with vegetation cover and photo-
synthesis, were calculated, and the correlation between these
VIs and the photosynthesis parameters, such as PAR, NEP, GPP
and LUEgpp, were analyzed. The results further verified the
advantage of ChIF in detection of LUE and other vegetation
photosynthesis parameters.
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