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Abstract. Precise estimation of carotenoids (Car) content in plants, from remotely sensed data,
is challenging due to their small proportion in the overall total pigment content and to the over-
lapping of spectral absorption features with chlorophyll (Chl) in the blue region of the spectrum.
The use of narrow band vegetation indices (VIs) obtained from hyperspectral data has been
considered an effective way to estimate Car content. However, VIs have proved to lack sensi-
tivity to low or high Car content in a number of studies. In this study, the carotenoid triangle ratio
index (CTRI), derived from the existing modified triangular vegetation index and a single band
reflectance at 531 nm, was proposed and employed to estimate Car canopy content. We tested the
potential of three categories of hyperspectral indices earlier proposed for Car, Chl, Car/Chl ratio
estimation, and the new CTRI index, for Car canopy content assessment in winter wheat and
corn. Spectral reflectance representing plant canopies were simulated using the PROSPECT and
SAIL radiative transfer model, with the aim of analyzing saturation effects of these indices, as
well as Chl effects on the relationship between spectral indices and Car content. The result
showed that the majority of the spectral indices tested, saturated with the increase of Car canopy
content above 28 to 64 ug/cm?. Conversely, the CTRI index was more robust and was linearly
and highly sensitive to Car content in winter wheat and corn datasets, with coefficients of deter-
mination of 0.92 and 0.75, respectively. The corresponding root mean square error of prediction
were 6.01 and 9.70 ug/cm?, respectively. Furthermore, the CTRI index did not show a saturation
effect and was not greatly influenced by changes of Chl values, outperforming all the other
indices tested. Estimation of Car canopy content using the CTRI index provides an insight
into diagnosing plant physiological status and environmental stress. © 2016 Society of Photo-
Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JRS.10.026035]
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1 Introduction

Carotenoids (Car) are indicators of plant physiological status, being crucial components of
plants’ response to environmental conditions. They also play an important role in the process
of plant growth such as light-harvesting and energy transformation,'™ as well as in the
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photoprotection function, due to xanthophyll, an important ingredient of Car. The xanthophyll
cycle, consisting of reversible conversion of the xanthophyll pigment violaxanthin tozeaxanthin
viaantheraxanthin, is a significant mechanism that protects plant photosynthetic systems from
excess light.*” It should be noted that the changes of Car content in plants are closely related to
environmental stress, including water shortage® or low nitrogen supply,’ or with high irradiance
and high temperature environments.>® Stressed plants often show symptoms of leaf yellowing
due to decreased Chl and increased Car content, as a consequence of environmental changes.
Therefore, the ability to quantify Car content accurately would provide an effective way to
understand the physiological status of plants and the interaction between vegetation and the
environment, especially under the early stages of stress, when green pigment degradation begins.

Methods to quantify photosynthetic pigment content from remotely sensed data have been
reported in many studies in recent years, showing a great potential for diagnosing plant con-
ditions and phenology nondestructively.>!'*~'? However, in practice, precise estimation of Car
content from remotely sensed data faces a large number of difficulties, making its inversion
accuracy lower when compared with the results obtained for Chl content estimation.'*!*!* Plant
pigments are mainly made up of Chl, Car, and anthocyanin, but the proportion of Chl in the total
pigment content is larger compared with the others.'® Thus, the change of total pigment content
is greatly influenced by Chl and only marginally affected by Car. Furthermore, canopy spectral
reflectance contains information which integrates vegetation, soil, and external environment fac-
tors, some of which are functionally linked to plant pigment content, especially in the visible and
near infrared regions. Ideally, different parts of the spectrum should be sensitive to the different
pigments mentioned above, according to their spectral attributes. However, these absorption fea-
tures overlap in some spectral wavelengths, such as the convolution of Chl and Car absorption
features in the blue region.'®!>!® These may be the reasons why remotely accurate estimation of
Car content is still a challenge.

In recent studies, substantial efforts were spent in the retrieval of Car content from vegetation
indices (VIs) at both leaf and canopy scales. These studies have demonstrated that a high spectral
resolution, i.e., the use of narrow bands, is essential to discriminate leaf biochemical components
(e.g., Car content from Chl),'” since broadband indices are unable to exploit the subtle spectral
features of these pigments.'® At the same time, the use of full spectral information, e.g., employ-
ing chemometric techniques,'” would limit the practical use of such approaches to the availabil-
ity of hyperspectral data, which is not common, especially for spaceborne sensors. In addition,
these techniques can be computationally intensive and highly data-specific, i.e., not easily gen-
eralized. Narrow-band indices, originally developed for the estimation of Chl content or the ratio
of Car to Chl, were commonly used for Car estimation, due to the close relationship between the
two pigments.’*?* Several studies have been devoted to the development of an improved index,
on the basis of existing indices, to increase the sensitivity to, and linearity with, pigment
content.”>>> However, many VIs have proved to lack sensitivity to low or high Car content
and performed poorly for total Car assessment. For example, Blackburn'' found that nar-
row-band reflectance at 470 nm was the optimum individual waveband for Car estimation.
He proposed indices based on the simple ratio and the normalized difference of reflectance
at 470 nm and 800 nm from in situ canopy spectral reflectance and showed high level of cor-
relations (i.e., R? values higher than 0.9) between two indices and Car content. Neither of the
models was linear. Chl content was regarded as the main interference in Car content
estimation.'®? In an attempt to find spectral indices that can uncouple the effect of Car
from Chl, Chappelle et al.'’ suggested that combinations of band ratios can minimize the effects
of spectral convolution. They developed an index, ratio analysis of reflectance spectra (RARS),
from in situ hyperspectral data that had a linear relationship with Car in soybean. However,
RARS displayed a highly curvilinear relationship and little sensitivity to high Car content in
the report of Blackburn.'! Reciprocal reflectance in spectral bands located at 550 and
700 nm were used by Gitelson et al.'” to remove the Chl effect on reciprocal reflectance at
510 nm. Red edge carotenoid reflectance index (Carygcqoe) Was developed by Gitelson
et al.,’> who reported a new method called three-band conceptual model, to retrieve Car content
using spectrometer data. The results showed that more than 70% of Car variation can be
explained by this index. Nevertheless, Fassnacht et al.'* pointed out that Careg cqge index
was sensitive to low Car content and exhibited saturation at high Car levels.
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The objective of this study was to develop a new spectral index, using both in sifu and simu-
lated hyperspectral data, that is suitable to estimate Car content at the canopy scale simply and
accurately, which is less sensitive to saturation phenomena as compared with previously pro-
posed indices. Canopy reflectance spectra and Car content of winter wheat and corn have been
investigated.

In the first step, we developed a new index based on an existing index and tested and
validated several published spectral indices as well as the new index using these datasets.
Subsequently, we focused on the exploration of the saturation levels of these indices to Car
variation and on the effects of Chl changes on the relationship between Car and spectral indices
by means of simulations carried out with the PROSPECT and SAIL (PROSAIL) model, in order
to find the best predictor of plant Car content. It should be noted that the focus of this study was
Car content estimation at the canopy scale, relying on the overall characteristics of plant assemb-
lages, so as to avoid the influence of leaf-level Car content deficiency, that only represents indi-
vidual plant conditions.

2 Materials and Methods

2.1 Study Site and Experimental Design

Datasets from different sites in China were employed for this study. The study areas for the
winter wheat experiments were located in the Changping (116°12’E, 40°13.2'N), Shunyi
(116°39’E, 40°7.8’N), and Tongxian (116°42.2’E, 39°55.2'N) districts, Beijing, in 2004 and
2005. The contents of nutrients in topsoil (0 to 0.20 m depth) were as follows: Changping:
1.4% to 2.89% of organic material, 0.1% to 0.16% of total nitrogen, 5.9 to 17.0 mg - kg~!
of available phosphorus, and 92.5 to 169.5 mg - kg=! of available potassium; Shunyi: 1.2%
to 2.2% of organic material, 0.07% to 0.12% of total nitrogen, 7.7 to 24.0 mg - kg™' of available
phosphorus, and 85.2 to 118.2 mg - kg~! of available potassium; Tongxian: 1.16% to 2.2% of
organic material, 0.09% to 0.12% of total nitrogen, 3.7 to 31.7 mg - kg~! of available phospho-
rus, and 91.7 to 213.2 mg - kg~! of available potassium. The experiments included three winter
wheat cultivars, i.e., 9428, Jingwang 10 and Nongda 3291. Agronomic management was carried
out according to local practice, with ample water and plant nutrients, sufficient to meet the needs
of the vegetation growth.

The field experiment on corn was conducted in the farm of the Chinese Academy of
Agricultural Sciences (116°18’E, 39°57.8’N), Beijing, in 2003. The nutrients of surface soil
(0- to 0.2-m depth) were as follows: organic matter, 1.92% to 2.22%; alkali-hydrolyzablenitro-
gen, 16.17 to 18.03 mg - kg~!; available phosphorus, 15.2 to 17.6 mg - kg~!; available potas-
sium, 225 to 230 mg - kg~!. Eight cultivars of corn (i.e., Jingyv 7, Tangyv 10, Gaoyou 115,
Tangkang 5, Zhongyuandan 32, Hudan 2000, Zhongdan 9409, Jingshibai 1) were compared,
grouped into compact and semicompact types due to plant shape and set to three nitrogen stress
treatments (0, 75 and 150 kg - ha™!). Nitrogen fertilizer was applied two times during the grow-
ing season: at stem elongation stage and booting stage.

2.2 Canopy Spectral Reflectance Measurement

An ASD FieldSpec 3 spectroradiometer was used to measure canopy spectral reflectance of
winter wheat and corn under clear sky conditions between 10:00 a.m. and 14:00 p.m.
(Beijing local time). It records the spectral radiance between 350 and 1050 nm with a sampling
interval of 1.40 nm and a resolution of 3 nm, and between 1000 and 2500 nm with a sampling
interval of 2 nm and a resolution of 10 nm. The instrument field of view was 25 deg and
the measurement height above the crop canopies was about 1.5 m. Each spectral measurement
was preceded by an optimization measurement and a white reference measurement using a
Spectralon white reference panel. Twenty scans were performed, which were averaged and
used as the canopy spectral reflectance data for each spot. The spectral datasets used in this
study were collected during typical winter wheat and corn growth seasons from stem elongation
stage to milk stage: 17 April, 28 April, 18 May and 3 June in 2004 and 2005 for winter wheat;
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Fig. 1 Average measured reflectance spectra for winter wheat of 2005, 2004, and corn of 2003.

8 July, 19 July, 28 July, 6 August, 11 August, 20 August, 29 August, 8 September in 2003 for
corn. Overall 153 spectra (72 samples in 2004, 81 samples in 2005) of wheat and 108 spectra of
corn (in 2003) were obtained, respectively. Average measured reflectance spectra in 400 to
1000 nm for both wheat and corn are shown in Fig. 1. There was a strong similarity between
average measured reflectance spectra for winter wheat in 2005 and in 2004, both of them show-
ing generally smaller reflectance values than corn.

2.3 Quantification of Car Canopy Content

From the spectroradiometer-scanned location of each spot, all samples of winter wheat and corn
in the plot (0.6 m X 0.6 m area), within the footprint of canopy reflectance spectra acquisitions,
were harvested by cutting the plants at the soil level, collecting them in cooled black plastic bags,
and immediately transporting them to the laboratory. Extraction of Car from leaf samples was
carried out by immersing small pieces (<0.25 mm?) in 10 ml of aqueous 80% acetone. After
extraction, the absorbance was measured with a UV-VIS spectrophotometer (Perkin-Elmer,
Lambda 5, Massachusetts) at 440, 644, and 663 nm and then Car concentration was determined
(Car, mg/g) using the equation provided by Lichtenthaler et al.>” Car content (ug/cm?) at the
canopy scale was calculated by the following equation:*

Car canopy content(ug/cm?) = Car(mg/g) X SLW(g/cm?) x 1000 x LAI, (1)

where specific leaf weight (SLW) was calculated as leaf dry weight per unit area.” Leaf area
index (LAI), was determined in the lab, where the leaf area of a subsample of plant leaves was
measured with a Li-Cor 3100 area meter (Lincoln, Nebraska) and the weight of leaves was
recorded to scale up to the LAI of the 0.6 X 0.6 m? sample area. More detailed information
about LAI measurement can be found in Huang et al.*

2.4 Vegetation Indices for Car Estimation

In this study, a set of narrow-band VIs developed in earlier studies were tested to explore their
potential for Car canopy content estimation. They can be divided into three categories:
Car-related indices, Chl-related indices, and indices related to the Car/Chl ratio.

The first group of indices (Table 1), i.e., Car-related, have a direct relationship to plant
Car content. The pigment-specific simple ratio (PSSRc) and the pigment-specific normalized
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Table 1 Hyperspectral indices used in this analysis.

Indices Formula References
PSSRc Peao "
PSNDc R s "
CRlsso Rs{o — Asdo 2
CRI700 Rsio — Rdo ?

PRI A ¥
SIPI A °
PSRI Rsso;;:sco 32
MCARI [(Fz00 = Rezo) — 0.2(Fr00 — Asso)] (722 2

R
[(R700—Re70)—0-2(R700—Rss0)] (%)

23
MCARI/OSAVI (7+0.16) (Rg00—Re70)/ (Faoo - Re70+0.16)
TCARI 3((Rro0 ~ Rero) = 0.2(Rroo — Rsso) 2] .

3 [(Hmo‘ﬁem)—O-Z(Hyoo—ﬁsso)%] )
TCARI/OSAVI (770.16)(Ra00—Rer0)/ (Flaoo - Rero +0.16)
TVI 0.5[120(R750 — Rss0) — 200( Re70 — Rsso)] .
TGI —0.5((4670 — Aago) (Re70 — Rss0) — (Ae70 — 4s50) (Re70 — Raso)] 37
MTVIH 12[1 '2(H800 . R550) — 2'5(H670 _ R55O)] 04
CTRI MTVH i sty

A stands for the wavelength (nm), and R, stands for the reflectance at a particular wavelength 4.

difference (PSNDc), which were developed by Blackburn et al.,!! were selected on the basis of
Car optimum spectral absorption at the 470-nm waveband and the maximum reflectance in the
near infrared caused by leaf cellular structure. These two indices have strong nonlinear relation-
ships with Car content, with power model and exponential model, respectively. Furthermore,
PSNDc index is quite sensitive to fairly low Car content.!' Carotenoid reflectance index at
550 or 700 nm (CRIss, and CRIyq,) can remove the Chl effect on Car assessment and have
linear relationship with Car content.'?

It has been observed that a very close relationship exists between Chl and Car content at leaf
and canopy levels.!""'*?? Therefore, a series of spectral indices related to Chl content or to the
ratio of Car/Chl can be also used as indirect predictors of Car content (Table 1). Most of Car/Chl-
related indices were based on the comparison between reflectance in Car absorption peak (400 to
500 nm) region and reflectance in the red region. The photochemical reflectance index (PRI) was
originally developed by Gamon et al.,*' aiming to indicate changes in the xanthophyll cycle
pigment changes and track diurnal changes in photosynthetic light use efficiency. In fact, it
was also widely used in the estimation of Car content’ and the ratio of Car to Ch].!>!32°
The structure-insensitive pigment index (SIPI) was proposed to minimize the confounding
effects from leaf structure for the Car/chl ratio assessment.’ Additionally, the plant senescence
reflectance index (PSRI) developed by Merzlyak et al.*> was also tested.

Concerning Chl-related indices, a variety of spectral indices were proposed by researchers.
Daughtry et al.”* developed the modified chlorophyll absorption ratio index (MCARTI), which
was the simplified version of the chlorophyll absorption ratio index (CARI),* with the aim of
reducing the impact of nonphotosynthetic material on photosynthetic active radiation. However,
it has been shown that MCARI was sensitive to background reflectance variations, especially at
low vegetation cover.”® Therefore, the transformed chlorophyll absorption ratio index (TCARI)
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was proposed by Haboudane et al.,** aiming to compensate for contributions of the background

(i.e., soil) and increase the sensitivity to lower Chl content. Subsequently, spectral VIs that
included the optimized soil-adjusted vegetation index (OSAVI),* i.e., the MCARI/OSAVI
and TCARI/OSAVI indices were proposed by Daughtry et al.”> and Haboudane et al.,** for
the purpose of reducing the sensitivity to soil reflectance.

The triangular vegetation index (TVI) was calculated as the area of the triangle defined by the
green peak, the Chl absorption maximum in the red region, and the near infrared (NIR) shoulder
in spectral space. This index was based on the fact that with the increase of Chl content, both Chl
spectral absorption in the red region and the reflectance in NIR region increase, leading to a relative
increase of the triangle area.*® Just like the TVI, the triangular greenness index (TGI) was defined
as the triangle area consisting of three vertices in the blue, green, and red wavebands.?’

In addition to these indices, we propose, a carotenoid triangle ratio index (CTRI) that aims to
predict Car content at the canopy scale with higher accuracy (Table 1). The general idea behind
the index was to try to maximize the sensitivity to Car variation as well as to avoid saturation at
high Car values, occurring in most spectral indices previously developed. The CTRI was derived
from the earlier developed spectral index MTVI1 and a single band reflectance at 53 1nm. It was
formulated as

1.2[1.2(Rggo — Rss0) — 2.5(Re70 — Rss0)]

CTRI = MTVI1/Rs3; = e . )
531

The MTVI1 index, developed by Haboudane et al.,>* was an improvement based on the TVI
index. It was selected in the new index due to its three main merits as follows: (1) it reflects the
comprehensive information of spectral regions spanning from visible to near-infrared; (2) com-
pared with the TVI, the spectral reflectance at 750 nm is replaced by the reflectance at 800 nm,
eliminating the effects of light scattering caused by the leaf surface and canopy structure®!'?;
(3) it was first developed for the retrieval of LAI without interference of Chl content changes
that have strong relationships with Car variation and it proved less sensitive to the saturation
phenomenon.**

The 531-nm waveband was considered useful to identify, in the reflectance spectra of intact
leaves and plant canopies, the conversion of different xanthophyll pigments, i.e., the de-epox-
idation of violaxanthin to zeaxanthin through the intermediate antheraxanthin due to the
availability of absorbed photosynthetically active radiation.* Furthermore, it was used in the
PRI index, mentioned above, to assess Car content.”%3

Therefore, the CTRI index incorporating the MTVI1 index with spectral reflectance at
531 nm should be potentially suitable for Car content estimation.

2.5 PROSAIL Model Simulation

We applied the PROSPECT leaf optical model® and the scattering by arbitrary inclined leaves
(SAIL) model*’ to simulate spectral reflectance at canopy level. It is important to note that we
used the simulated data only to compare saturation levels of different VIs for Car estimation and
to illustrate Chl effects on the relationship between VIs and Car content, whereas the calibration
of indices was based on real experimental data. PROSPECT-5 model has the capability to sim-
ulate leaf spectral reflectance between 400 and 2500 nm at 1 nm increments and to separate plant
pigment contributions to the visible spectrum.*' Leaf chlorophyll content (Chl, ), carotenoid
content (Car), dry matter (Cm), equivalent water thickness (EWT), and a leaf mesophyll struc-
ture parameter (N) are the inputs of the PROSPECT-5model (Table 2). Initially, only the leaf Car
input parameter was varied with the aim of examining the saturation limitation of each VI. We
simulated an increase of Car from 1 to 24 ug/cm? at a step of 1 ug/cm?, while the other param-
eters were set to fixed constants at their respective mean values, which were derived from the
field leaf measurements. Subsequently, in order to further analyze effects of Chl changes on the
relationship of VIs versus Car content, leaf Car, and Chl content were varied as input parameters,
with Car varied as described above (increased from 1 to 24 ug/cm? at a step of 1 ug/cm?) and
Chl increased in proportion, always keeping the ratio of Car to Chl to 0.25, i.e., increasing Chl
from 4 to 96 ug/cm? at a step of 4 ug/cm?. Note that this ratio of Car to Chl was based on our
field measured data, which varied from 0.15 to 0.3, but the average was 0.25, and it makes model
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Table 2 PROSAIL model input parameters that were used in this study to simulate plant canopy
reflectance spectra.

Models Parameters Description Values
PROSPECT-5 model Chly p Chlorophyll content (xg/cm?) 4 to 96
Car Carotenoid content (¢g/cm?) 1t024
EWT Equivalent water thickness (cm) 0.013
Cnm Dry matter (g/cm?) 0.0045
N Leaf mesophyll structure parameter 1.55
SAIL model LAI Leaf area index 4
LAD Leaf angle distribution Spherical
Tts Solar zenith angle (°) 30
Tto View zenith angle (°) 0
Psi View azimuth angle (°) 0
Hspot Hot spot size 0.15
psoil Soil moisture parameter 1
Skyl Fraction of diffuse incident radiation 0.23

parameterization closer to a realistic state of the plants. In addition, we have used N = 1.55 as an
average value for wheat and corn, as suggested by Haboudane et al.>*. The spectral reflectance at
leaf scale simulated by PROSPECT-5 model was used as an input into the SAIL model to sim-
ulate canopy spectral reflectance, adding other parameters i.e., LAI, leaf angle distribution, hot
spot size, solar zenith angle, view zenith angle, view azimuth angle, soil moisture parameter, and
fraction of diffuse incident radiation (Table 2). Solar zenith angle was set on the basis of the mean
value occurring during the radiometric measurement campaigns. LAI, view zenith angle, and
view azimuth angle were also derived from average field measurements conditions. In addition,
the values of hot spot size and fraction of diffuse incident radiation were assumed to be those
proposed by Yu et al.*> and Francois et al.** As shown in Fig. 2, the field measured and cor-
responding simulated spectra were roughly in agreement, though the model underestimated
reflectance in the visible part and overestimated in the NIR.

2.6 Statistical Analysis

Linear regression was used to model the relationship between VIs and Car canopy content due to
its simplicity and general applicability. The coefficients of determination (R?), root mean square
error (RMSE), and the values of the slope and intercept indicating correlation between measured
and estimated Car canopy content, were employed as the accuracy indicators to test the perfor-
mances of different VIs in prediction. The higher the R? and the lower the RMSE the better
accuracy of the index or model.* A slope closes to one when the intercept is close to zero
would indicate high accuracy.** Additionally, the relative sensitivity (S,) was used to compare
the performance of every two VIs (X and Y) with respect to Car canopy content, which was
quantified by the following equation:*>

S, = (dX/dY) x (AX/AY)7!, 3)

where dX and dY are the first derivatives of the corresponding Vs, i.e., the slope of linear regres-
sion model in which Car content is the independent variable and the VIs are the dependent
variables. AX and AY are the differences between the maxima and minima X and Y values.
Values S, > 1 indicate that the index X is more sensitive than Y. The larger the value, either
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Fig. 2 Field measured spectrum and simulated spectrum by PROSAIL model, in which input
parameters were roughly based on field measurement.

positive or negative, the more sensitive is index X to Car content. Values S, = 1 indicate the
sensitivities of two indices are equal. Values of S, < 1 indicate that the index Y is more sensitive
than X. The closer the value to zero, either positive or negative, the more sensitive is index Y to
Car content.

For the wheat dataset, 81 samples, obtained in 2005, were used to calibrate the Car estimation
model, and 72 samples, obtained in 2004, were used to validate the calibration model. For corn,
72 samples were used as a calibration set and the remaining 36 to validate the model.

3 Results and Analysis

3.1 Car Canopy Content Estimation and Validation

For winter wheat, 81 samples acquired in 2005 were used to study the relationship between
different VIs and Car canopy content. Model results are shown in Fig. 3, showing that the
new hyperspectral index CTRI outperformed all the other indices tested, achieving the highest
value of the coefficient of determination (R> = 0.92). This index was strongly and linearly
related to Car variation. Furthermore, the CTRI was more sensitive to Car canopy content
than any other VIs, because the S, values to Car of CTRI vs. the other VIs were larger than
one (Table 3). PSSRc and PRI indices also achieved good results, with coefficients of determi-
nation, R2, higher than 0.86, and the PRI seemed slightly more sensitive to Car than the PSSRc,
with S, value of 1.02. Note that in some cases the PRI values were negative, meaning that the
relative reflectance of 570 nm waveband was higher than that of 531-nm band. At the same time,
scattering points in TVI and MTVI1 models exhibited a similar distribution, whereas the MTVI1
model created higher R? (0.82), confirming its potential on crop Car canopy content estimation
compared with the TVI in our study. In addition, the two Car-related indices CRIss, and CRI;,
also showed good linear relationship with Car canopy content. However, the R? values of the
indices designed to measure Chl content, except for MCARI and TVI, were relatively lower
(Fig. 3), and the S, values to Car of these indices versus eleven other indices were less than
one (Table 3), which showed that they were less sensitive to Car content.

Previous studies have shown that VIs tend to reach a saturation level with increasing
Car content.'"'* As shown in Fig. 3, the PSNDc model had high R? value (R* = 0.78).
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Fig. 3 Calibration of the relationships between VIs and Car canopy content for the winter wheat
dataset of 2005. Each VI dataset was divided into a calibration set (black diamonds) and validation
set (red squares). The winter wheat dataset of 2005 (n = 81) was used as for calibration, whereas
the 2004 winter wheat dataset (n = 72) was used for validation.

However, judging by the scattering points distribution, it was suitably fitted to the data using
nonlinear equations, as well as the SIPI and PSRI models, which showed that they were less
sensitive to high Car canopy content and had limitation of saturation.

To evaluate the general applicability of VIs and the prediction precision of models, an in-
dependent set of winter wheat data collected in 2004 was used for validation. Only indices whose
scattering points expressed linear distributions were considered, i.e., all VIs tested except for
PSNDc, SIPI, and PSRI, since these are not affected by saturation. Comparision between mea-
sured and estimated Car canopy content was carried out, with corresponding results summarized
in Table 4. We found that the CTRI, PSSRc, and PRI predictions had led to high coefficients of
determination (R? > 0.70) and good RMSE values. It should be noted that a similarity in the
linear regressions was obtained between the calibration and validation sets of the three indices
(Fig. 3). In order to identify the best index to predict Car canopy content accurately, scatter plots
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Table 4 Validation of the relationships between measured and estimated Car canopy content on
the winter wheat dataset of 2004 (n = 72) and the corn dataset (n = 36).

Indices R? RMSE(ug/cm?) Slope Intercept

Winter wheat

PSSRc 0.74 6.67 0.99 1.97
CRlss50 0.52 10.48 0.93 4.71

CRilyg 0.43 11.19 0.8 8.24
PRI 0.71 8.28 0.71 5.79
MCARI 0.3 9.92 0.46 12.21
MCARI/OSAVI 0.04 12.73 0.012 21.69
TCARI 0.14 10.92 0.25 16.74
TCARI/OSAVI 0.31 9.47 0.34 15.56
TGl 0.12 10.59 0.19 17.59
TVI 0.58 7.76 0.79 5.58
MTVI1 0.61 7.6 0.8 5.56

CTRI 0.79 6.01 1.02 0.99

Corn

PSSRc 0.74 12.0 0.71 12.28
CRilsgg 0.45 17.39 0.39 27.09
CRlzg0 0.36 18.64 0.35 29.47
PRI 0.57 15.36 0.6 17.18
TVI 0.5 16.58 0.53 21.27
MTVI1 0.54 15.89 0.55 19.06
CTRI 0.81 9.70 0.83 8.75

of the most promising three indices are shown in Fig. 4. The CTRI model was superior to the
other two models, with the highest R? value (R? = 0.79) and RMSE of 6.01 ug/cm?. Moreover,
the regression line was almost close to the 1:I line, with excellent slope and the interception
values (1.03 and 0.98, respectively), showing its strong stability and predictability.
Meanwhile, the plot of PRI seemed to deviate from the 1:1 line. As for MTVI1 and TVI,
they have similar predictive ability, while the MTVI1 generated slightly better result than
the TVI. Nevertheless, all Chl-related indices except for the TVI yielded the relative weaker
prediction accuracy than two CRI indices (Table 4).

PSSRc ~ PRI ~ CTRI
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Fig. 4 Scatterplots between measured and estimated Car canopy content using the PSSRc, PRI,
and CTRI indices for the 2004 winter wheat dataset.
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Fig. 5 Relationships between Vls and Car canopy content for the corn dataset (n = 72). Each VI
dataset was divided to the calibration set (72) and the validation set (36). The black diamonds
correspond to the calibration set, and the red squares to the validation set.

In the case of corn, 72 samples were randomly selected to build the calibration models. The
form of the estimation models describing the relationship between VIs and Car canopy content
were roughly similar to those presented for winter wheat. As shown in Fig. 5, the CTRI had a
significant linear relationship with Car canopy content and had the highest coefficient of deter-
mination (R?> = 0.75) amongst all indices, improving the performance of many previously pro-
posed VIs. S, values far larger than one were obtained when the CTRI was compared with the
other VIs (Table 5), indicating that the CTRI was the most sensitive to Car canopy content
amongst all the VIs tested. The PRI also showed strong ability in corn Car canopy content esti-
mation, although less powerful than CTRI and PSSRc, confirming the conclusion of Garrity
et al.”> Also the TVI and MTVII indices have generated moderate coefficients of determination
(ranging from 0.52 to 0.56). However, compared with winter wheat, both the CRIs5, and CRI;q
models were less accurate, especially the latter. Six Chl-related VIs except for the TVI were not
good for the characterization of Car canopy content in this study, with coefficients of determi-
nation lower than 0.15.
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For corn, saturation phenomena occurred for some indices. As shown in Fig. 5, among 12
indices, the characteristics of scattering point distribution indicated that PSNDc, PSRI, and SIPI
suffered more from saturation drawbacks than other indices as Car canopy content increased,
although their R? values were relatively high (R?> = 0.62, 0.60 and 0.53, respectively). The result
was identical with what presented for winter wheat.

In testing the predictive power of the VIs for corn Car canopy content estimation, the remain-
ing 36 samples were used to validate the models. Based on the analyses presented above, the
following VIs were selected for validation: PSSRc, CRlIssy, CRI;y, PRI, TVI, MTVII, and
CTRI, and the results were presented in Table 4. Also in this case, figures and regression param-
eters (Table 4) showed a very consistent agreement between Car canopy values measured in the
field and those estimated by CTRI index, with significant R> and RMSE values of 0.81 and
9.70 ug/cm?, respectively. Moreover, the slope and the intercept of CTRI model seemed to
be relatively closer to one (0.83) and zero (8.75), respectively, than all other indices’ models.
The regression lines of calibration and validation sets of the CTRI were very similar (Fig. 5). The
results indicated that it was reliable to predict Car canopy content by CTRI. The PSSRc index
also achieved good results and performed as the second best (R*> = 0.74, RMSE = 12 ug/cm?).
These were followed by the PRI, MTVII, and TVI. However, for all the indices the prediction of
corn Car canopy content was worse than for winter wheat.

3.2 Saturation Analysis

From the analyses presented in Sec. 3.1, it was apparent that some VIs saturated with high Car
canopy contents, both for winter wheat and corn, whereas some others did not. An objective of
this study was to determine whether the new CTRI index was able to overcome the saturation
limitation. A further focus of this study was, therefore, to explore the saturation levels of the VIs
only to Car canopy content, by means of PROSAIL model simulations. The values of the
PROSAIL input parameters used are presented in Table 2. For this analysis, only leaf Car
was varied, whereas the other parameters were kept fixed. Figure 6 showed the simulated rela-
tionships between VIs and Car values. The CTRI value showed a remarkably linear relationship
with increasing Car content, and the dynamic range was relatively wide (from about 11.24 to
29.66), exhibiting a strong resistance to saturation effects, with clear sensitivity to Car canopy
content variability. The PRI index had also an approximate linear relationship with Car content
and was sensitive to high Car values, confirming the results by Garrity et al.*> However, the
simulated PSSRc relationship to Car was in contrast to the field measurements, being less sen-
sitive to high Car canopy values, though consistently with the results of Blackburn.'!

Moreover, the scatter trends of PSNDc, PSRI, and SIPI indices were markedly curvilinear,
indicating that they saturated at high Car canopy levels, i.e., higher than 28 ug/cm? approxi-
mately. These results were in accord with our field measured data. Both the CRIss5, and CRI;
gradually tended to saturate when Car canopy content exceeds 64 ug/cm?. In addition, MCARI,
MCARI/OSAVI, TCARI, TCARI/OSAVI, TGI, TVI, and MTVI1 showed a similar behavior in
many regards. They changed within narrow margins and seemed parallel to a horizontal line
(values changed less than 0.5), i.e., they were less sensitive to Car content compared with
other indices. The indices analyzed in the study, therefore, all had the limitation of saturation,
except for the CTRI and PRI, and were not suitable for characterization of high Car canopy
contents.

3.3 Effects of Chl Changes on the Relationship Between VIs and Car Canopy
Content

Due to Car-Chl covariation of absorption features in the visible part of the spectrum, it has not
been possible to design a spectral index that is sensitive only to Car content, which is one of the
main difficulties when trying to estimate Car content from remote sensing data. However, Chl
effects on the relationship between VIs and Car content should not be ignored in order to
improve Car estimate, although that is inevitable. To evaluate this influence, VIs used in
this study were simulated by PROSAIL model, in which both leaf Car and Chl content
were varied as inputs and other parameters kept constant based on field measured values
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Fig. 6 Saturation analysis of VIs to Car canopy variation (for leaf Car values increasing from 1 to
24 ug/cm? with a step of 1 ug/cm?) from simulations of canopy reflectance spectra by the
PROSAIL model.

(Table 2). The relationships between simulated VIs and Car canopy content were shown in
Fig. 7. Indeed, the CTRI index had still an excellent linear relationship with Car and showed
no saturated with low or high Car canopy content, similarly to the results shown in Fig. 6
(PROSAIL model with only leaf Car as variable), seemingly not greatly influenced by changes
of Chl value. This result suggests that estimation of Car content using the new index CTRI,
would be robust and with strong generality.

Judging by the shape of the relationship between VIs and Car canopy content, compared with
Fig. 6, the PSSRc, PSNDc, and PSRI models changed little, but had the saturation limitation at
high levels of Car canopy content. However, the shapes of remaining VIs led to a relatively large
disturbance due to Chl changes, i.e., they were sensitive to Chl content variation and were not
good estimates of Car canopy content changes. For example, the dynamic range of all six
Chl-related VIs was far wider than that of simulations with only Car as variable (Fig. 6).
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Fig. 7 Effects of Chl changes on the relationship between Car canopy content and VIs simulated
by PROSAIL model. Leaf Car increased from 1 to 24 ug/cm? at a step of 1 ug/cm?, leaf Chl
increased from 4 to 96 ug/cm? at a step of 4 ug/cm? and always kept the ratio of Car to Chl
was 0.25.

4 Discussion

In this study, we proposed a new index (CTRI) for Car canopy content estimation and compared
its performance against a series of earlier proposed indices related to Car, Chl, and ratio of Car
and Chl, using datasets of field measurements carried out on winter wheat and corn. PROSAIL
model was used to assess the sensitivity of the indices to Car and to investigate the occurrence of
possible saturation phenomena at high Car contents. The CTRI and PRI indices showed the
highest sensitivity to Car content at the canopy scale and were the least sensitive to saturation.
Both of them employ reflectance at 531 nm, which was originally proposed to assess the inter-
conversion of xanthophyll cycle pigments.* Since xanthophyll is one of important components of
Car in plants, reflectance at 531 nm is useful to assess Car.”>*® The MTVI1 was proposed for the
026035-16
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estimation of crop LAI being particularly insensitive to Chl changes,>* which is the major factor
that influences Car retrieval from reflectance data. Since Car content at the canopy scale is the
product of leaf Car content and LAI, the MTVI1 index was included in the CTRI. In addition, we
examined the potential of TVI and MTVII indices in Car canopy content for both winter wheat
and corn. The results showed that both indices provided good results, but the MTVI1 better
captured Car canopy content than the TVI in the modeling and prediction (Figs. 3 and 5,
Table 3). In the saturation analysis, nevertheless, the dynamic ranges of MTVIIl and TVI
were relatively short and showed lack of sensitivity to Car variation (Fig. 6). However, the
ratio of MTVII and wavelength 531 nm, i.e., the CTRI index, may attenuate the effects of
Chl, to improve the linearity and overcome the saturation limitation of MTVII index and pro-
viding a robust and accurate Car canopy content estimation, not only for filed measured data
(i.e., winter wheat and corn datasets) but also for simulated data based on PROSAIL model.
However, more research is needed to investigate whether the CTRI index can be applied in
other vegetation canopies, e.g., forest or grassland ecosystems, with a wide range of leaf struc-
tures and plant functional types.

The linear models of CRIs5y, and CRI;y, were consistent with those proposed by Gitelson
et al.,'” who concluded that the difference between (Rs;o)~' and (Rsso)™! or (Rsg)~" can
remove the Chl contribution to Car content estimation. Both of them showed almost the
same pattern, owing to their similar mathematical forms. The R? of the CRIss, was higher
than the CRI;y,, which may be due to the strongest reflectance of Chl around 550 nm.

Concerning five VIs designed for Chl estimation, i.e., MCARI, MCARI/OSAVI, TCARI,
TCARI/OSAV], and TGI, they performed relatively weaker correlations with Car for both winter
wheat and corn datasets, except for the MCARI for winter wheat (R? = 0.60), because they
depended more on changes of Chl content than of Car (Fig. 7).

Nonlinear scatter point distribution describing relationships between Car content and certain
VIs, including the SIPI and PSRI, and their saturation limitation at high Car levels, were clearly
identifiable in Figs. 3, 5, and 6. The most likely reason was that these indices are based on 670 to
680 nm wavebands, for which absorption can be easily saturated when Chl content is low.'*>>47
Results in this study confirmed the results of Blackburn'' who found that the strongest relation-
ship between PSNDc and Car content was nonlinear.

The CTRI index, based on the 531 nm xanthophyll detection wavelength, was able to esti-
mate Car canopy content for winter wheat and corn. However, the results were not satisfactory
when the data for both crops were pooled together. This can be partly explained by discrepancies
in the proportion of background targets (e.g., soil and nonphotosynthetic components) within the
25 deg field of view, having an effect on the field spectral reflectance. On the other hand,
differences in the xanthophyll cycle pigments occurred, owing to the completely different peri-
ods of acquisition of the two datasets. The winter wheat dataset was obtained from April to June,
whereas the corn dataset from July to September, when solar light intensity for plant growth was
different, affecting the xanthophyll cycle pigments. Another factor that led to variability in xan-
thophyll cycle pigments was that field experiments for corn included different nitrogen stress
treatments.*® Because xanthophyll pigment content undergo large changes in response to envi-
ronment,”** our assessment of Car canopy content may be greatly influenced by these pigments.

5 Conclusions

This study showed that the proposed CTRI index was the most suitable for Car canopy content
estimation from remote sensing data amongst all the indices tested and previously employed.
Compared with the estimation of Chl content, estimation of Car content is difficult. Most of the
earlier proposed narrow-band indices analyzed in this study tend to saturate with high Car levels,
suggesting that they lack the ability of estimation across the whole Car content range. However,
we found that the CTRI index was resistant to saturation effect and was highly sensitive to Car
estimation (the best linear behavior with Car variation), showing its advantages over the other
indices, at least for winter wheat and corn in current study. Importantly, assessing Car content in
the early stage of stress will have more practical significance to vegetation phenology and crop
yield in the future.
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